1420

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 10, OCTOBER 1982

Infrared Optical Fibers

TADASHI MIYASHITA anp TOYOTAKA MANABE

(Invited Paper)

Abstract—A state of the art review of nonsilica based infrared fibers is
presented. Two types of fiber materials have been investigated— crystals
and glasses. Crystal fiber work appears to be focused on development
of short haul CO; laser power delivering lines at 10.6 um. The maxi-
mum delivering power of the CW CO, laser has reached up to about
100 W by the polycrystalline KRS-5 fiber. A number of glass fibers are
being developed in fluorides, sulfides, and heavy metal oxides. The best
optical attenuation of each glass fiber has been respectively reduced to
21 dB/km at 2.55 um for ZrF4-based glass fiber with a core-clad struc-
ture, 78 dB/km at 2.4 um for As-S unclad glass fiber, and 13 dB/km at
2.05 um (70 dB/km at 2.40 um) for GeQ,-Sb, 03 glass fiber with a
core-clad structure. Recent progress of these infrared fibers offers great
potential for new wavelength fiber links operating in the 2-10 um region
which have not been realized by silica-based fiber.

I. INTRODUCTION

ECENTLY, nonsilica based infrared fiber materials have
become a center of interest as candidates for the ex-
tremely low loss optical fiber materials exceeded silica glass.

Historically, nonsilica based IR fibers were already fabricated
in the early 1960’s for imaging-bundles, IR remote sensors,
and so on, and these had losses of typically 20 000 dB/km
[1]. Since the announcement in 1970 of a 20 dB/km silica-
based optical fiber [2], however, no significant progress was
made in the development of nonsilica-based IR fibers, while
rapid advances have been made in the development of low-
attenuation silica-based optical fibers. As a result of consider-
able progress in silica-based fiber fabrication technique, it was
clarified that the intrinsic optical attenuation in silica-based
fibers originates from Rayleigh scattering, IR absorption edge,
and UV absorption tail, and a 0.2 dB/km silica-based fiber has
been obtained experimentally in 1979 [3]. The optical atten-
vation value almost corresponds to the ultimate intrinsic loss
value for a silica-based fiber. This means that, if lower optical
attenuation fibers are needed, it is necessary to develop new
infrared fiber materials which have the infrared absorption
edge at longer wavelength or smaller Rayleigh scattering loss
compared with silica-based glass.

In 1977-1978, Pinnow et al. [4], Van Uitert and Wemple
[51, and Goodman [6] discussed the possibility of ultralow
loss, less than 1072 dB/km, for IR transmitting materials, and
these discussions motivated the investigations of nonsilica-
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based IR fiber materials anew. Potential materials for ultralow
loss fibers could be classified into the following three large
groups: halides, chalcogenides, and heavy metal oxides.

Halides have been considered to have the most appropriate
optical properties for ultralow loss fiber because their bandgap
is large and their multiphonon absorption is located in a longer
wavelength region than that for silica glass. However, familiar
glass compositions had been limited to BeF, and ZnCl, until
Poulain et al. discovered ZiF,-based glasses [18]. Van Uitert
and Wemple discussed BeF, and ZnCl, glasses for ultralow
loss fiber material, and predicted their intrinsic losses could be
about 1072 dB/km at 1.05 um for BeF, glass and about 1073
dB/km around 3.5-4.0 um for ZnCl, glass [5]. Both halide
glasses were easily drawn into fiber form, but low optical at-
tenuation has not been achieved yet.

Following Pinnow et al. many kinds of polycrystalline fibers,
such as KRS-5 [7], KC1 [8], [9], NaCl [9], CsI [8], KBr [9],
AgCl [10], etc., were fabricated by the extrusion method and
their optical attenuations were reported. While the lowest
optical absorption loss for halide crystals was measured with
a bulk KCI single crystal by a laser calorimetry method [73],
the lowest optical attenuation for halide polycrystalline fibers
has been 300 dB/km, which was achieved with KRS-5 at 10.6
um wavelength in 1978 by Gentile ez al. [7]. Recently, scat-
tering loss [11] and weak absorption tail {12] in halide crystals
have been studied, but no more advances have been made in
reducing optical attenuation of polycrystalline halide fibers.
On the other hand, short haul applications at 10.6 um have
been considerably studied, and CO, laser power transmitting
capabilities of polycrystalline KRS-5 fiber with 1 mm diameter
have increased up to about 100 W [13] and a 10 m long poly-
crystalline KRS-5 fiber has been fabricated with a loss of 1.0
dB/m [14].

Some efforts have also been made in devising single crystal
fiber fabrication. The single crystalline fiber was first reported
with KCI in 1973 [76], and after the suggestion by Goodman
in 1978 [6], a few kinds of single crystal fibers, such as AgBr
[15], KRS-5 [16], CsBr [17], CsI [17], etc., have been fabri-
cated. Logically, perfect single crystal fiber is the ideal form
for the ultralow loss fiber, However, practically, the lowest
optical loss for halide single crystal fibers has been 5000
dB/km, which was measured with a single crystal CsBr fiber
at 10.6 um [17], and the loss value has been larger than that
of KRS-5 polycrystalline fibers. While single crystal fibers
themselves would be useful in the active fiber devices such as a
fiber laser, some breakthrough is required in the single crystal

0018-9480/82/1000-1420$00.75 © 1982 IEEE



MIYASHITA AND MANABE: INFRARED OPTICAL FIBERS

fiber fabrication techniques to prepare ultralow loss fibers.

Since ZrF, based glasses were discovered by Poulain er al.
in 1975 [18], considerable progress has been made on the
BeF, free fluoride glasses in the improvement of glass stability,
the characteristics of optical and thermal properties, and in
fiber drawing techniques,

Fluoride glass compositions for IR fiber material have been
focused on multicomponent glasses based on ZrF,, HfF,, and
AlF;. The minimum loss for ZrF,-, HfF,-, and AlF;-based
glasses was predicted as 1072-1073 dB/km around the 2-5 um
wavelength region [19], [20]. The zero material dispersion
point occurs around 1.6-1.7 um for ZrF,- and HfF,-based
glasses and at 1.48 um for an AlF;-based glass [21]-[24]. The
impurity absorption losses in ZrF,-based glass were also deter-
mined quantitatively and it was shown that the absorption
intensities for transition metal ions and rare earth ions would
be relatively weak in the 2-5 um wavelength region [25], [26].

A fluoride glass fiber was first fabricated by the rod drawing
technique in 1980 [27] and remarkable progress has been
made in reducing fiber loss. Mitachi ez al. have broken through
some barriers for fabrication of Z1F,-BaF,-GdF; glass fibers,
improving the glass stability against crystallization [28], adopt-
ing Teflon FEP coating [28], and developing a build-in casting
technique to form a core-cladding structure [29]. They have
recently succeeded in preparing a 21 dB/km fiber [30].

The other fluoride glass fibers have been drawn continuously
with AlF;-based [31] and ZrF, (or HfF,)-BaF,-LaF;-based
multicomponent glasses by rod drawing and crucible drawing
techniques [32], [33], respectively. Remarkable advances
have been made in developing new glass compositions with
improved glass stability as well as with increased viscosity near
the drawing temperature. Although lower loss values than 100
dB/km have not yet been obtained in these glass fibers, these
new glasses may lead to applications such as laser windows,
housings, and short haul IR transmission lines for the 2-5 um
‘region because their fabrication is relatively easy.

Chalcogenide glasses, such as Ge-S [34], As-S [35], As-Se
[35], etc., have also been studied again for infrared fiber
materials. Sulfide glasses are predicted to have the losses in
the 107 dB/km range [34], [35], and an uncladded As-S
glass fiber with the loss of 78 dB/km has already been fabri-
cated [36]. Comparing fluoride glasses, the advantages of
chalcogenide glasses are that their crystallization rate is rela-
tively slow and homogeneous longer fiber is easily fabricated,
and that their infrared absorption edge lies in longer wave-
length.

Recently, GeO,-Sb, 05 glass fiber was prepared by the VAD
method [37]. The predicted minimum loss for GeQ, glass is
in the 0.1 dB/km range and extremely lower loss than silica
fiber could not be expected, but useful applications around
the 2 um band can be expected.

Recent progress of a new family of nonsilica-based IR fiber
materials offers great potential for ultralong repeaterless fiber
links and short haul applications, such as IR remote sensors,
IR power transmission lines, IR windows, etc., will be prac-
tically advanced.

This paper presents a state of the art review on infrared opti-
cal fibers. Particular attention is paid to fiber materials and
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fiber fabrication techniques, their optical characteristics, and
some applications.

II. MATERIALS

The most important criteria in the selection of an infrared
fiber material are that it could be formed into a homogeneous
fiber of considerable length and that it would have low optical
loss potential. The materials used for the production of infra-
red fibers fall into two categories—glass and crystal. Glass
materials are, in general, suitable for the fabrication of the
practical fiber, although a suitable composition should be
selected to form sufficiently stable glass without devitrifica-
tion during the fiber fabrication process, especially the fiber
drawing process. Crystalline materials from which fiber could
be practically prepared are limited to certain families of crystals.
One kind of these materials is a crystal that has great ductility
and could be processed in solid state. The other kind of ma-
terial for fiber is a crystal that could be grown from melt phase
or from vapor phase.

Fig. 1 shows schematic optical attenuation mechanisms in
fibers. Optical attenuation consists of absorption and scatter-
ing, which are classified into extrinsic and intrinsic factors.
Extrinsic absorption losses originate from impurities, such as
transition metal ions, rare earth metal ions, and OH ions.
Extrinsic scattering losses are caused by such imperfections as
bubble, stria, microcrystal, and core-cladding boundary fluctu-
ation, which mostly depend on fiber fabrication conditions.
Intrinsic losses are composed of ultraviolet and infrared ab-
sorptions, as well as Rayleigh scattering.

If the impurities are eliminated by purification and if the
defects mentioned above are sufficiently minimized, then only
the intrinsic loss mechanisms would remain. Inherent optical
loss o; can be written as

A _
OL,— = —XE"‘BI 'eBZ/}\ + Cl e CZ/K.

(1)
Here, coefficients of 4, B,, B,, C,, and C, are the constants
and A is wavelength. The first term shows Rayleigh scattering
loss, and the second and the third terms show ultraviolet and
infrared absorptions, respectively. The uliraviolet absorption
originates from the electronic bandgap transitions and Rayleigh
scattering is caused by microfluctuation in the refractive index,
These two factors decrease with increasing wavelength. On the
other hand, the infrared absorption, which is due to multi-
phonon absorption, increases with wavelength. Spectral loss in
fiber is given by the superposition of these mechanisms.

As is illustrated in Fig. 1, in general, the materials would
possess valley type transmission characteristics if the extrinsic
factors were satisfactorily suppressed. The level at the bottom
of the valley, therefore, depends on the slopes and separation
of these three inherent factors.

The major criterion in the choice of material having low loss
in the infrared wavelength region is that the infrared absorption
band should be located at a sufficiently long wavelength. The
Szigeti equation on the fundamental phonon frequency indi-
cates that heavier ions and weaker bonding forces are preferable
for a wide and deep valley of optical transmission in the in-
frared region [38].
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Fig. 1. Schematic optical attenuation mechanisms in fibers.
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Fig. 2. Calculated loss spectra for various materials.
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Fig. 2 illustrates the calculated loss spectra for fibers made
from the following four groups of candidate materials for
infrared use: halide, chalcogenide, and heavy metal oxide
glasses, and a halide crystal. Each term in (1) can be deter-
mined based on the empirical data on bulk materials, or by
calculation using a theoretical model. As is shown in Fig. 2,
the oxide glass has a relatively narrow transmission band and
will not exhibit ultralow loss. Fluoride glasses have ultralow
loss potential at the 2-4 um band and chalcogenide glasses,
for example, germanium-sulfide glasses have a longer cutoff
wavelength than the former two groups. Halide crystalline
fiber exhibits significantly low loss and wide transmission band
if there were no defects giving rise to additional states within
the bandgap. In addition to the feasibility of fiber fabrication
and low optical loss potential, the selection of materials for IR
fiber must also take into consideration other properties, e.g.,
chemical stability including durability and mechanical strength.

The relative merits of the various materials, which have been
investigated for infrared fiber, should be evaluated in the course
of developmental research in the future,

A. Halide Glasses

Table I lists halide glasses which were drawn into fibers and
investigated in regard to their optical properties up to date.
Halide glasses fall into two categories. The first consists of
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TABLE I

TypicaL HALIDE Grasses FOR INFRARED FIBERsS
Composition Fiber type Reference
BeF, (40) ~MgF,, (20) ~SrF, (20) ~ALF ; (20) unclad 41
72X, (61.8) -BaF,, (32.3)~GAF, (3,9) -ALF, (2) clad 2
z:F4(60)—BaF2(31)-—GdF3(4)—LaF3(l)—AlF3(2.5)— * 50
PbFz(l.S)
ZrF4(57)-BaF2(34)-LaF3(5)-AlF3(4) * 63
2rF, (57.5) -BaF, (33.5)~LaF_(5.5)-AlF, (3.5) unclad 33
ZrF4(S7)—EaF2(36)—LaF3(3)—AlF3(4) unclad 32
2zF, (51)-BaF2(l6)-LaF3( 5)-LiF(20)—AlF3( 3)- unclad 44
PbFz( 5)
ZrF4(58)-BaFZ(lS)—LaFB(G)-AlFB(4)—NaF(21) unciad 45
2rF, (62) -BaF, (33) ~ThF, (5) * 24
2xF ; (60) ~BaF, (33)~ThF ,(7) * 11
2rF, (57.5) -BaF, (33.7) -ThF, (8.8) * 10
HfF4(62)'~BaE‘2(33)-LaF3(5) * 24
HEF | (58) -BaF, (33) -ThF,, (9) * 24
HfF4 (62)-BaF2(lS)—LaFB(‘SV‘)—AlF3(2)—PbF2(10)— plastic clad 32
CsF(6)
A1F3(43)-BaFZ(20)—CaF2(20)—YF3(17) unclad 41
2nF, (29)-BaF, (20) ~ToF (22.2)-YF, (14.4)-AIP_(14.4) * 63
ZnClZ unclad 5
B1C1,-KCl * 48

* not reported on fiber drawing

fluoride glasses and the second consists of chloride glasses.
Fluoride glasses have been prepared based on a variety of glass-
formers, including BeF,, ZtF,, and HfF, as well as binary
systems such as AlF;-BaF, .

BeF, based glasses were identified over 50 years ago and
extensive studies were performed on glass formation and
optical properties. BeF,, like SiO,, easily forms a glass on
cooling from the molten state and has unique optical disper-
sion. In spite of these potentially attractive properties, few
trials of making fiber from fluoroberyllate glasses have been
carried out except for the BeF, -StF, -MgF,-AlF; glass system
{41] because the materials are highly toxic and too hygroscopic
for practical handling and use,

A family of glasses based on the heavy metal fluorides has
been developed by Lucas, Poulain, and co-workers [18].
Since their discovery in 1975, extensive studies have shown
that these glasses can be considered as promising candidates
for infrared technology. The glasses generally contain 60-70
mole% ZrF, as the primary constituent and 30 mole% BaF,
as a network modifier with a small amount of another metal
fluoride, like ThF, or rare earth fluoride, playing the role of
the glass stabilizer.

The ZrF, based glasses are low melting materials; the crystal-
lization, fusion, and glass transition temperatures are in the
370-450°C, 550-600°C, and about 330°C ranges, respec-
tively. The thermal expansion coefficient is rather high, about
170 X 1077/°C. The refractive index(np) is about 1.52.

It must be noted that, in these multicomponent fluoride
glasses, the composition can be readily and extensively varied
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by substituting for the third constituent another rare earth
element or actinides, or alkali fluoride, or even by adding
fluorides like NaF, LiF, AlF;, and PbF,. The versatility of
these systems provides a handle of some of the physical prop-
erties of the materials, which is indispensible to fiber fabrica-
tion. The differences between crystallization temperatures
and T, which are indicative of the stability for these glasses,
are generally between 70-100°C.

Glass forming region and various properties are described
below in the ZrF,-based system, particularly with respect to
the ZrF,-BaF,-GdF; system, which provides the most prefer-
able material for low-loss fiber [42]. Fig. 3 shows the glass
forming and fiber drawing regions in the ZrF,-BaF,-GdF,
system. The GdF; containing system has a larger glass forming
area than other rare earth fluorides containing systems. The
fiber-drawing region was defined by drawing homogeneous fi-
ber without devitrification by a conventional preform method.
Fig. 4 shows a DTA curve for the ZrF, -BaF,-GdF; glass. Glass
transition temperature T, and crystallization temperature T,
are 310 and 376°C, respectively. Deformation temperature
T, is determined as 332°C by TMA. Thermal expansion coef-
ficients varied from 146 to 206 (X1077/°C) for the ZrF,-BaF,-
GdF; glass forming region. Since the fluorozirconate glasses
contain only cations of large mass number, their density is
quite high, with 4.6 g/cm®.

Table II summarizes the physical properties for ZrF,-BaF,-
GdF; glass. The refractive index(np) is typically in the neigh-
borhood of 1.52. It is noted that refractive index varies little
according to base glass composition change., This means that
some dopants are required to be added into the base glass for
controlling refractive index. Fig. 5 shows the relations be-
tween dopant concentrations and refractive indexes in the
Z:F,(63)-BaF,(33)-GdF;(4) system [42]. PbF, and BiF; in-
crease the refractive indexes. On the other hand, LiF, NaF,
and AlF; decrease the refractive indexes. Among these mate-
rials, AlF; is found to be the most preferable dopant for form-
ing a core cladding refractive index profile from the point of
view of thermal behaviors such as expansion coefficient and
deformation point.

A typical transmission spectrum for a bulk sample is shown
in Fig. 6 for ZrF,-BaF,-GdF;. The optical transparency
interval for 50 percent transmittance is about 0.23-7 um with
no other absorption bands between these limits. The wide IR
transparency for fluorozirconate glasses is clearly related to a
large mass of the component elements and a correspondingly
small value of the bond force constants. The fiber is fabri-
cated from the base glass composed of Z1F,(63)-BaF,(33)-
GdF;(4), which is located at the center of the fiber-forming
region, as shown in Fig. 3.

Z1F 4 -based glass, containing other metal fluorides like LaF,
and ThF,, have been extensively investigated [24], [32],
[33], [44], [45]. Many research efforts have been carried out
on a variety of these glasses, covering subjects such as glass
preparation, viscosity, thermal properties, UV and IR absorp-
tions, dispersive properties, and fiber fabrication.

Fiber drawing often leads to devitrification, which is largely
due to a narrow working range and a steep viscosity~tempera-
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TABLE II
OPTICAL AND THERMOMECHANICAL P ROPEI{]TIES IN
ZrFy(63)-BaF,(33)-GdF3(4) GLass

Transmission range (ym) 0.23,- 7.0 (4mm thick)
Refractive index (nD) 1.529
Thermal expansion coefficient(“c_l) 175 % lO_7
Glass transition temperature(°C) 310
beformation temperature({°C) 332
Crystallization temperature(°C) 376
Density(g.cm—:;) 4.6
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Fig. 5. The relations between dopant concentration and refractive
index in the ZrF4(63)-BaF,(33)-GdF3(4) system. (1) PbF,. (2)
BiF3. (3) LiF. (4) NaF. (5) AlF3.
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ture relation. Improvement in glass stability is the basic prob-
lem to be solved for preparing high quality fiber. Attempts on
improvement in glass stability are taken by doping additives
into the base composition. Alkali fluorides such as LiF and NaF,
AlF;,and PbF, are found to be useful for suppression of devit-
rification or for extension of glass working range. ZrF,(57)-
BaF,(36)-LaF;(3)-AlF;(4) composition glasses were provided
for fiber fabrication by the crucible technique [32] in which the
crucible apparatus was specially designed for avoiding devitrifi-
cation during the drawing process. Multimeter lengths of
uncladded fiber have been prepared, while no detailed evalua-
tion has yet been reported in terms of optical attenuation.
The PbF, doped ZiF,-BaF,-LaF;-AlF;-LiF glass enables
drawing fibers reaching 1 km by a conventional crucible
technique [44]. The NaF doped ZrF,(58)-BaF,(15)-LaF;(6)-
AlF;(4) was also provided for fiber fabrication [45]. A family
of ZrF,-based glass substituting LaF; or GdF; by ThF, was
developed [10], [11], [24]. However, fiber drawing has not
been reported yet.

Glasses based on heavier HfF,, which is virtually chemically
identical to ZrF,, were studied. These glasses are transparent
out to longer wavelengths than the corresponding ZrF,-based
glasses [24]. Thus, at a certain wavelength, the absorption
coefficient for HfF,-based glass should be lower than that for
an analogous ZrF,-based glass. As is shown in Fig. 7, the
multiphonon absorption edges for HfF,-based glasses were
shifted to longer wavelengths with respect to the ZrF,-based
glasses.  Plastic clad fiber was prepared using HfF,(62)-
BaF, (15)-LaF;(5)-AlF;(2)-PbF, (10)-CsF(6) glass, but there
have been few data on optical attenuation in the drawn fiber
[32].

A number of multicomponent fluoride glass systems with
ZrF, and HfF, free compositions have been reported, includ-
ing ZnF,/ThF, [46], BaF,/ThF, [24], BaF,/ZnF, [63]
compositions, and the AlF;-based system [31]. These glasses,
however, are less stable than ZrF,- and HfF,-based glasses,
and are not yet drawn into fibers, except for the AlF;-based
system. Using the AlF;(43)-BaF,(20)-CaF,(20)-YF3(17)
composition, unclad fibers were prepared by the rod drawing
technique [41]. Although the minimum loss was obtained
with 100 dB/km at 2.5 um in the AIF;-based glass fiber, it
might be very difficult to reduce transmission loss further
because of devitrification occuring during the fiber drawing
process.

Chloride glasses would be alternate candidates for IR glass
fibers, although they are too hygroscopic for practical handling.
Only ZnCl, was drawn into the unclad fiber by the crucible
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Fig. 7. Multiphonon absorption coefficients for fluoride glasses [24].
ZBL: Z:F,-BaF,-1aF; system. HBL: HfF4-BaF,-LaF3 system.

technique, but its optical loss characteristics have not been
measured [5]. Glass formation in the BiCl;-KCl system has
also been reported [48].

B. Chalcogenide Glasses

Chalcogenide glasses containing the elements As, Ge, P and
S, Se, and Te are available with a stable vitreous state and a
wide transmission range [47]. Many research projects on
fabrication process, optical properties, and physical and chem-
ical characteristics have been undertaken for several varieties
of chalcogenide glasses. Chalcogenide glasses have a large glass
forming area, stability against moisture, larger refractive index,
and longer cutoff wavelength compared with fluoride and
oxide glasses. Some of the glasses are widely used for infrared
applications such as window materials and optical devices for
CO, laser wavelength. However, there is yet little information
available on fiber fabrication with the chalcogenide glasses.

Table III lists typical chalcogenide materials from which
fiber has been fabricated up to date. The arsenic~sulphur
glasses are one of the most practical choices of chalcogenide
glasses for infrared fiber optics. Variations of arsenic-sulphur
glass systems are easily available, which have the necessary
physical properties for the fabrication of clad type fibers with
suitable numerical apertures. This glass has a softening point
of 205°C and a thermal expansion coefficient of 250(X 1077/
°C). It gives a fairly broad range of transmission between 0.6
and 10 um (10 mm thick) and has a relatively high refractive
index of 2.41.

From the arsenic-sulphur glasses, fibers were first prepared
by Kapany and Simms, which showed relatively high optical
loss of 20 dB/m at 5.5 um wavelength [1]. Recently, unclad
fibers were drawn from the As,S; rod [36] and clad type
fibers were also prepared by a double crucible technique using
As35S¢, glass as a core and As;sS¢s as a cladding [49]. Itis
noted that arsenic-sulphur glass has a tendency toward devitri-
fication during fiber fabrication process, depending on the
drawing technique. Fig. 8 illustrates composition ranges which
can be drawn into fiber by the preform and the crucible tech-
niques. Arsenic-selenide glass has a longer cutoff wavelength
than arsenic-sulfide glass. A combination of As,Se; as a core
and As,S; as a cladding was used for fiber preparation [35].

A second group of chalcogenide glass, which was studied for
use as a fiber material, is germanium-sulfide glass [34], [52],
[53]. It has relatively higher softening temperature, large
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i TABLE III

TyricAL CHALCOGENIDE GLASSES FOR INFRARED FIBERS
Composition Fiber type Reference
Aszs3 unclad, clad 1, 36
AS38562 - ASSSSGS clad 49
A52563 unclad 51
A525e3 - A5253 clad 35
Ges3 unclad,plastic clad 53, 52
Ge3}?S7_5 unclad 34
Ge30A5155e55 unclad 54
La-Ga-Ge-Se * 55

*  not reported on fiber drawing

Asx$100-X
X= 44 42 40 38
BULK _—

N
—_—

ROD DRAWING
CRUCIBLE DRAWING

Fig. 8. Fiber drawing regions in As-S system by preform and crucible
techniques.

glass forming area, and low toxicity. Fig. 9 shows glass form-
ing and fiber-drawing compositions for the Ge-P-S glass system.
The latter is narrower as compared with the former because of
devitrification in the Ge rich region and sublimation of sulphur
in the S rich region at a temperature above the softening point.
The appropriate glass composition in Ge-S system for drawing
fibers is limited to composition GeS, , where x ranges from 2
to 4, Addition of phosphorous to the germanium sulfide glass
increases glass forming ability and optical homogeneity if the
amount of phosphorous was less than 10 mole%.

Table IV lists the physical properties of GeS; glass. Physical
properties strongly depend on the glass compositions; Tg, Ty,
Ty, and Knoop hardness decrease with increasing sulphur (or
phosphorus) content. The optical transmission range for
germanium-~sulphur glass is almost identical to that for arsenic-
sulphur glass, giving a broad transmission between 0.5 and 11
pum (2 mm thickness). Germanium-sulphur glasses have a rela-
tively low refractive index (np) of about 2.1 among chalco-
genide glasses, which is favorable for low loss because Rayleigh
scattering loss is proportional to n8. Unclad and silicone clad
fibers have been drawn from GeS,,, GeS3, and GeyPS+ 5
glasses. : ’

Among varieties of selenide glasses, Ge3gAs;sSess glass was
used for preparing fiber [S4] and the La-Ga-Ge-Se system is
also known to be highly transparent in the infrared region
[55].

C. Oxide Glasses

Some heavy metal oxide glasses can transmit the longer wave-
length light beyond 2 um. Typical glasses for midinfrared
transmission are La,03;, GeO, and TeO, based glasses, and
Ca0-Al,05 glass [56]. However, the materials from which
long fibers were drawn and whose fiber properties were ex-
amined have been limited to only a few glasses. Table V lists
typical heavy metal oxide glasses for infrared fibers.
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Fig. 9. Glass forming and fiber drawing regions for Ge-P-S system.

TABLE IV
OpT1iCAL AND THERMOMECHANICAL PROPERTIES IN GeS; GLass
Transmission range (am) 0.5 - 11
Refractive index(nD) 2.113 -
Thermal expansion coefficaent 250 x 10
Glass transition temperature(°C) 260
Deformation temperature(°C) 340
Crystallization temperature (°C) 500
Density (g.cm ) 2.5

TABLE V
TyPiCAL OXIDE GLASSES FOR INFRARED FIBERS
Composition Fiber type Reference
GeOZ—szO5 clad 37, 64
Te0, (70)-2n0(20) -Ba0(10)  unclad 54

Although a lanthanate glass was selected for the 0.4-5 ym
infrared fiber optics 20 years ago [1], details on fiber fabrica-
tion and its optical properties have not been described. The
feasibility of using GeQ, as the base glass for fiber has been
known for several years. Recently, germanate glass was sug-
gested to be useful for infrared fiber with a minimum loss of
less than 0.2 dB/km at 2.5 um and zero material dispersion
of near 1.69 um [39]. Germanate glass has been synthesized
by the vapor-phase axial deposition (VAD) method [37],
which was developed for preparing high silica glass fiber pre-
forms. Antimony was doped into the base GeO, for stabiliz-
ing the vitreous state and for controlling the refractive index
profile. Germanate glasses have a cutoff wavelength of about
5 um for a 2 mm thick sample. No absorption can be found
near 3 um due to OH for the glass prepared by the VAD
method while a large amount of OH is usually contained for
glass prepared by the crucible technique. The refractive index
for the germanate glass increases almost linearly with an in-
crease in antimony content. Long lengths of fiber reaching
400 m were successfully prepared from the GeO,-Sb,05 glass.

Tellurium oxide-based glasses have been prepared for IR
fibers. TeO,-W0;-Ta,05, TeO,-W0O3-Bi, 05, TeO,-Ba0-ZnO,
and TeO, -Ba0-PbO glass systems were studied on glass forming
region, absorption spectra, and refractive indexes [54]. The
TeO, -Zn0-Ba0 has a cutoff of 6 um in the infrared wavelength
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region for 5 mm thick plate and a refractive index of 2.0.
From these glasses, which were prepared by a dehydration
process, fibers were made 200 um in diameter and spectral
loss measurements were carried out from 0.5 to 12 um.

D. Crystal

Halide materials are a logical choice since the fundamental
phonon absorption bands are located in the far infrared. The
optical transparency of these materials covers a much broader
spectral range than those of other IR materials. Transmission
wavelength band extends from approximately 0.13 um in the
UV to 35 um in the IR range. Theoretical calculations indi-
cate the superiority of halide crystals as fiber materials with
predicted losses as low as 107> dB/km, or lower than that at
selected near infrared wavelengths [4]. Some of halide mate-
rials also possess suitable mechanical and physical properties
to allow fiber fabrication.

Table VI lists typical halide crystals from which fibers have
been made. They are segregated into two categories: poly-
crystal and single crystal. In general, the former fiber can be
extruded from a solid and the latter fiber is grown from a
melt.

KRS-5(TIBrI) has been most extensively investigated for IR
fiber since the first announcement in 1977 by Pinnow et al. at
Hughes Research Laboratories [4]. KRS-5 is superior in
mechanical and chemical properties to other crystals for IR
fiber. KRS-5 has a melting point of 415°C which is relatively
low compared with other alkali halides and has a high tensile
strength of 3.8 kg/mm?. It has some solubility in water around
5X 1072 gin 100 g H,O. KRS-5 is transparent from 0.63 um
in the visible to 35 um in the infrared. Minimum loss is calcu-
lated to be 107 dBfkm at 7.0 um. Its transparency decreases
gradually in the shorter wavelength region. Refractive index
for this material is 2.37 at 10.6 um. Only unclad or loose
plastic clad fibers have been prepared from KRS-5. Crystalline
cladding has not been achieved, although some attempts at
TIBr cladding on the KRS-5 core have been tried.

KRS-6(TIBrCl) and TIBr which have similar properties to
KRS-5 are also used for IR fiber., However, these materials
have the inferiority of relatively high solubility in water.

The silver halide (AgBr) also has a low melting point of
449°C, very little solubility in water of 3 X 10™* g per 100 g
H,0(25°C), and a refractive index of 1.98. Because of their
great ductility, the silver halides have been successfully ex-
truded into polycrystalline fiber with continuous length up
to 200 m [10].

Recently, single crystalline fibers have also been grown from
KRS-5 and AgBr [15], [16], respectively. These fibers offer
alternatives to the polycrystalline fibers because they would
not have scattering centers associated with grain boundaries in
polycrystal fibers. Alkali halides such as KCl, CsBr, and Csl
are used for fabrication of crystalline fiber, mostly single
crystal fiber [11], [17], [59] because it is very difficult to
form these materials into fiber by extrusion techniques because
of their high solubility and high melting points. One attempt
has been tried to extrude KCl; however, it was found that the
surface quality for KCl fiber extruded was very poor, which
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TABLE VI
TyPiCAL CRYSTALLINE MATERIALS FOR INFRARED FIBERS

Composition Fiber type Reference

KRS-5 (T1BrI)

poly plastic loose clad 4,7,13

single unclad 16
T1Br

poly plastic loose clad 7
AgCl

poly unclad 10
AgBr

poly plastic loose clad 7.10

single unclad 15
KCl

poly unclad 60

single unclad 11
CsBr

single plastic loose clad 17
CsI

Single plastic loose clad 59

results from friction between the KCI and the extrusion die
because KCl readily forms microcleavage cracks [60].

Csl with a melting point of 621°C has been used for growth
of single crystalline fiber and its optical attenuation has been
measured in the 0.63~10.6 um wavelength range. Absorption
losses for other alkali halides such as NaCl, KBr, and CsBr have
been measured on bulk materials and it was suggested that a
weak absorption tail except for Urbach edge would exist and
would determine the loss value [74]. However, the mechanism
of the weak absorption tail observed in alkali halide crystals
has not been clarified as yet, even if it originates from some
intrinsic or extrinsic defects,

IIT. FiBerR FABRICATION PROCESS

The fiber fabrication process, in general, consists of two
steps: the preparation of bulk material and the formation of a
thin and long fiber from the bulk. There are many variations
in the bulk preparation and fiber formation processes. There
is also considerable difference in fabrication processes between
glass and crystalline fibers. The two basic processes, e.g., pre-
form and crucible techniques are extensively used in glass fiber
fabrication. On the other hand, crystalline fibers are prepared
by extrusion techniques which are widely used in plastic and
metal cable industries, and by crystal growth techniques based
on the edge-defined film-fed growth (EFG) technique.

A. Fluoride Glass Fiber

Two methods have been used for fabricating fluoride glass
fibers. The first involves preform fabrication, which is carried
out by a casting process, and the second is the crucible tech-
nique, which would be modified for the present purpose.
These two processes each have their advantages and their dis-
advantages, respectively. The former technique is carried out
at relatively low temperatures and materials are thermally
reworked at low viscosity and at a temperature far from the
crystallization temperature, although it is difficult to form a
smooth interface between core and cladding. On the other
hand, in the latter technique, fiber formation is carried out at
a considerably high temperature and the material tends to
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crystallize during the drawing process. A core-cladding struc-

ture will be easily formed by the crucible technique, if the
viscosity is sufficiently increased at the drawing temperature.

The preform method, in which a novel technique had to be
developed to form a core-cladding structure [29], is used for
preparing the ZrF,-based glass fiber in the NTT laboratory.
Details are described below. The Z1F,(63)-BaF,(33)-GdF;(4)
system is used for the base glass and AIF; is used as a dopant
for controlling the refractive index. Starting materials are
Z:1F,, BaF,, GdF;, and AlF; of four-9’s purity. The mixture
of the starting materials was treated with NH,F - HF at 400°C
for 30 min and melted at 900°C for 2 h in a gold crucible,
The glass rod is prepared by pouring the melt into a cylindrical
brass mold preheated at about 300°C and then by annealing it
for 20 h. :

A preform with a core and cladding structure is prepared by
a build-in casting method, which was originally developed for
preparing fluoride glass fiber. Fig. 10 shows a sequence dia-
gram for the process. The cladding glass melt is cast into the
mold, which is preheated at near glass transition temperature
and then upset. The melt in the central part in the mold flows
out, and the core glass melt is instantly cast into the central
hollow part and then annealed, Thus, preform with a core-
cladding structure made of fluoride glass in both core and
cladding parts can be obtained. In the present process, clad-
ding is carried out in a quasi-liquid phase. Therefore, a smooth
core-cladding boundary can be obtained. The preform is
jacketed with a Teflon FEP tube, and then, it is zonally heated
at 350-400°C by an electric furnace and drawn into the fiber.
-The fiber is wound on a plastic bobbin. Designed core diameter,
ranging from 20 to 80 um, and outer diameter, ranging from
100 to 300 um, can be easily achieved. Fiber lengths reach
500 m. The relative refractive index difference between core
and cladding could be realized up to 0.5 percent. Fig, 11
shows an interference microscope photograph of a cross section
of a fiber with a core diameter of 37 um, a cladding diameter
of 198 um, and An of 0.33 percent.

Drexhage ef al. reported a crucible technique,
crucible apparatus used to prepare fluoride glass fibers is
depicted in Fig. 12. It consists of a high purity platinum cru-
cible with a lid and a tapered downpipe held within a resistance
heated furnace. The crucible is charged with a premelted
cullet. Separate thermal control is provided for the nozzle
assembly, The design permits the use of inert or reactive (e.g.,
N, or CCl,) atmosphere above the melt and about the fiber.
A cooling fixture is employed . to quench the glass as it exits
the downpipe orifice.  The fiber passes through a coating appli-
cator prior to being wound on a drum. Multimeter lengths of
plastic clad fiber are obtained. The working range for fluoride
glasses is much narrower than that for silicate glasses in general,
i.e., the temperature range for fiber fabrication is limited. This
problem is compounded by the high rate of crystallization in
the vicinity -of 350-400°C. Therefore, fibers must be drawn
through the application of ‘a modified single crucible design.
HfF,-BaF,-LaF; and Z:F,-BaF,-LaF; based fluoride glass
fibers have been prepared. Recently, Tran ef al. succeeded in
preparing fibers approaching 1 km in length by a specially

The single
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Fig. 10. Schematic of a build-in casting process for a fluoride glass
preform.

Fig. 11. An interference microscope photograph of a cross section of'a
fluoride glass fiber with 37 um core diameter, 198 um cladding diam-
eter, and An of 0.33 percent.
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Fig.12. Single crucible apparétus used to make ﬂuoride\glass fibers [32].

designed crucible from a ZrF,-BaF,-LaF;-AlF;-LiF-PbF,
glass system having improved viscosity-temperature character-
istics [44]. Fiber drawing was carried out by using a two.
crucible draw setup. Bulk fluoride glasses were preheated to
a molten state in a specially designed Pt crucible and were
transferred to a gradient free furnace preheated at the glass
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softening temperature (about 315°C) for fiber drawing. Alter-
natively, as shown in Fig. 13, the molten fluoride glasses were
drained from an upper melting crucible to a lower single draw
crucible maintained at the glass softening temperature range
prior to fiber drawing,

B. Chalcogenide Glass Fiber

In general, prior to fiber drawing, bulk materials must be
synthesized. Arsenic-sulfide glasses are prepared using six-9’s
pure arsenic and five-9’s sulphur, which is distilled in a reactive
S,Cl, gas atmosphere to eliminate water contained in the glass
[36]. Reagents to yield 50 g of glass are weighed out into a
quartz ampoule with 4 mm thick walls, which is then evacu-
ated and sealed still under a vacuum. The sealed ampoules are
heated at 700-900°C for 20-100 h in a rocking furnace to
mix the constituents. The ampoules are withdrawn from the
furnace to cool naturally in air. Glass rods 8~15 mm in diam-
eter and 80-120 mm in length are obtained. ’

The obtained glass rod is zonally heated in an inert atmo-
sphere and drawn into a fiber. The problems encountered in
fabricating tubes of cladding glass and rod of core glass with
optical polished surfaces are severe. Therefore, the preform
method is usually limited to fabrication of only unclad fiber.

Kapany and Simms developed the specially designed concen-
tric crucible for drawing arsenic~-sulphur glass fibers. Recently,
an author and his co-workers succeeded in preparing chalco-
genide fiber using a Pyrex glass double crucible assembly, as
is shown in Fig. 14. Its design is very similar to the conven-
tional platinum double crucible used for producing silicate
fibers, with the exception of a rather long nozzle pipe which is
useful for cooling the glass as it exists through the nozzle.
This is required due to rather narrow working range in arsenic-
sulphur glass.

The crucible is charged with a core glass of As;3S¢, in the
inner section and a cladding glass of As;sS¢s in the outer
section and is then fitted into the electric furnace. The inside
of the furnace is maintained under an inert atmosphere to
prevent the formation of arsenic and sulphur oxides. The
temperature of the assembly is increased to about 400°C.
The core and cladding glasses descend from the nozzle and
form a small drawing cone beneath it. The drawing is carried
out satisfactorily, if a stable symmetrical cone of flowing glass
exists beneath the nozzle. The core to cladding diameter ratio
can be varied by changing the nozzle diameter ratio between
the inner and outer crucibles. Fibers longer than 1 km are
easily fabricated. The fiber diameter ranges from 100 to 300
um. Fig. 15 shows a clad type arsenic-sulphur fiber wound
on a plastic bobbin and Fig. 16 shows a photomicrograph of
its cross section.

Bornstein et al. have developed a technique of preparing the
raw materials and drawing fibers, giving special attention to
avoid the forming of oxygen compounds [51].

C. Oxide Glass Fiber

High GeO, glass fiber has been fabricated by the VAD pro-
cess [37]. Germanium tetrachloride (GeCly) is used as the
main raw material and antimony pentachloride (SbCls ) is used
as the dopant raw material. GeCl, and SbCl; are bubbled
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Fig. 13. A two crucible setup used to draw fluoride glass fibers [78].

HEATER

Fig. 14. A Pyrex glass double crucible assembly for preparing arsenic~
sulphur glass fibers.

Fig. 15. An arsenic-sulphur glass fiber wound on a bobbin.

‘ A
Fig. 16. An interference microscope photograph of a cross section of
an arsenic-sulphur glass fiber with 130 um core diameter, 220 um
cladding diameter, and An of 1.0 percent.

with Ar gas and transfered into the oxyhydrogen flame where
they are hydrolyzed into oxide particulates, which are de-
posited on the end of a starting substrate. The substrate is
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spinned and lifted vertically at the constant speed following
the oxide deposit growth. A porous preform is sintered to the
transparent preform by an electric furnace which is charged
with helium gas. The size of the sintered preform is normally
15 mm in diameter and 100 mm in length. The obtained
preform is drawn by using the fiber drawing machine which is
used for the high silica preform. The furnace temperature is
held at about 1000°C. A fiber with 400 m length and 120 um
diameter has been drawn. The fiber was coated with silicone,
In the present process, precise control of dopant antimony
distribution is not easy due to high volatility of antimony
oxide.

A conventional crucible technique can be applied to prepara-
tion of various heavy metal oxide glass fibers. Tellurium oxide
based glass fibers have been prepared with gold crucibles [54].

D. Crystalline Fiber

Two approaches have been taken to form crystalline fibers.
The first involves solid-state recrystallization by extrusion
from the original crystal rod. Using this method, long poly-
crystalline fibers can be prepared at relatively high speed,
although the fiber prepared is generally fragile. The second
method consists of growth technique from melt phase, which
enables forming single crystal fiber at a rather siow rate,

Polycrystalline fibers without cladding have been extensively
made from KRS-5, KRS-6, and TIBr by the extrusion method
{71, [16]. The fabrication of KRS-5 fibers is as follows, The
starting material is melted in a nitrogen atmosphere, being cast
and sealed into glass ampoules. The material is crystallized by
the vertical Bridgeman method. The crystal ingot is shaped by
mechanical machining to 10 mm in diameter and 30-40 mm
in length, ready to be utilized as a fiber preform, which is then
extruded into the fiber form through a diamond-wire die built
into an apparatus exerting high pressure on a preform in the
container. The extrusion temperature is varied from 200 to
350°C, and the extrusion pressure is settled at such a point
that a extrusion rate of a few centimeters per minute could be
realized. The surface of the KRS-5 fiber thus prepared is ob-
served to be smooth enough, except that it carries a few
scratches 1-2 um in width. AgCl can also be easily extruded
into fiber.

EFG (edge-defined film-fed growth) technique or a modifi-
cation of this technique is used for materials that are difficult
or impossible to extrude or that do not form glasses. Single
crystal optical fibers have been grown from AgBr, Csl, and so
on. Bridges et al. reported the growth experiment with AgBr
[15]. Fig. 17 shows a schematic of fiber crystal growing ap-
paratus. The liquid charge is contained in a fused-quartz U
tube, which is kept molten by a surrounding oven. Fiber
growth occurs close to the exit of a nozzle, which terminates
one arm of the U tube. The rate of liquid fed to the nozzle
can be sensitively controlled by N, gas pressure applied to the
other arm of the U tube. A small oven around the nozzle tip
with independently adjustable temperature and a water cooled
element adjustable in position enable the interface to be
accurately positioned. Smooth clear fibers with diameters
between 0.35 and 0.75 mm have been grown at rates up to
2 cm/min. Stable crystal growth is indicated with the (100)
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Fig. 17. Schematic of AgBr fiber single crystal growing apparatus {15].

direction along the fiber axis. Crystalline imperfections, which
appear under insufficiently stable growth conditions, appear
to be low-angle dislocations or grain boundaries.

Csl fiber have been grown from the melt utilizing the modi-
fied pulling down method [59]. Crystalline fibers with diam-
eters between 0.7 and 1.0 mm, and lengths up to 1.5 m have
been grown at rates between 5 and 6 mm/min.

In addition, filaments of alkali halides such as LiF, NaCl, and
CaF, are grown from the melt. However, their optical proper-
ties have not yet been reported [6].

IV. OpTicAL PROPERTIES

Spectral loss and dispersion are two fundamental character-
istics for infrared fibers, similarly for silica glass fibers. In this
section, techniques for measuring these characteristics are
described first and then spectral loss and dispersion for various
infrared fibers are summarized.

A. Measurement Techniques

Loss measurements for infrared fiber have been carried out
in the spectral range from visible to mid-infrared wavelength
by using monochromators or lasers. Refractive index spectra
have been measured for several bulk materials and dispersion
characteristics have been numerically estimated from their
measured data. The characterization techniques for infrared
fibers are the same in principle as for silica fibers, except
optical devices operating in the wavelength of interest should
be used.

1) Spectral Loss: Spectral loss for infrared fibers is mea-
sured in the wide wavelength range from 0.7 to 11 um [61].
The 0.7-1.8 um band can be covered with the conventional
test set developed for the silica fiber. In the wavelength range
from 1.8 to 11 um, the optoelectronics system was specially
designed, which is shown in Fig. 18. This system is composed
of a platinum resistance heater as a light source, a stepscanning
monochromator, an InSb detector or an HgCdTe detector
cooled with liquid N, , a current-sensitive preamplifier, alock-in
amplifier, a digital voltmeter, a minicomputer, and a hard copy
unit. The platinum lamp with 100 W power generates high
output power in the infrared wavelength. The monochromatic
light, with about 50 A half power linewidth, is obtained by the
monochromator with gratings blazed for 3.5 and 7.5 um.
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Fig. 18. Speciral loss measurement system for infrared fibers.

In order to eliminate the second-order spectrum in the out-
put spectrum from the grating monochromator, four kinds of
infrared bandpass filters with cutoff wavelengths of 1.8, 2.5,
4.3, and 7.6 um are used, They are inserted automatically into
the optical system. The optical system is composed of infrared
mirrors. The numerical aperture in the light injection can be
varied in the range from 0.01 to 0.2.

The fiber output signals are detected with InSb in the 1.8-
5.5 um and with HgCdTe in the 5-11 pum wavelength regions.
Maximum detectivity (D*) is 1.4 X 10! cm - Hz/W at 10.6 um
for the HgCdTe detector. Both detectors have 2 mm diameter
active areas. The detected optical signal is amplified by the
current-sensitive preamplifier with an amplification factor of
50 dB and fed into the lock-in amplifier. The amplified sig-
nals are measured with a signal voltmeter with IEEE 488 com-
patible interface. Then, they are stored in a minicomputer
(Tektronix 4051). In the present system, data correcting,
data processing, and graphic display are carried out by the
minicomputer. Measured results are obtained from a hard-
copy unit.

Table VII shows specifications for the present spectral loss
measuring set. The dynamic range for the present system is
about 25 dB in the 2-10 um wavelength region. The error is
estimated to be smaller than +0.05 dB/km for a 50 m long
fiber with 20 dB/km. In addition to spectral loss, transmission
losses are measured at several specific wavelengths by using
various lasers such as HF, DF, CO, and CO, lasers. The trans-
mission loss measurement is usually carried out by the con-
ventional cut-back method.

2) Spectral Refractive Index: The refractive index is mea-
sured on a triangular shaped bulk prism by the minimum
deviation method. A precision spectrometer (Kalnew GMR-18S)
is used to determine the spectral refractive index in the NTT
laboratory [23]. It covers the wavelength range from 0.4 to
4.26 um, in which refractive index behavior is significant for
almost all infrared materials. Refractive indexes are measured
at 42 wavelengths, Mercury, helium, and hydrogen emission
lines are used for wavelengths up to 2.5 um. Beyond 2 um,
a platinum wire heater is used and the measuring wavelengths
are identified by the absorption bands of 1.2.4-trichloroben-
zene and polystyrene.

A photomultiplier with high sensitivity is used as a detector
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TABLE VII
SPECIFICATION OF SPECTRAL L0ss MEASURING SET FOR INFRARED FIBERS
Wavelength range (pm) 0.7 - 11
Wavelength interval(}m) 0.01
Linewidth (‘);m) 0.005
Dynamic range (3B) 25
Numerical aperture 0.01 - 0.2
Accuracy (dB/km} 0.01 (20 dB/km X 50 m fiber)

for the emission line spectra in the wavelength range of 0.4~
0.8 um and an indium antimonide detector operated at liquid
nitrogen temperature for the longer wavelengths. In both
cases, the incident light flux is chopped at 270 Hz and the
detected optical signal is amplified by a low-noise current
sensitive preamplifier. The amplified output signal is fed into
a lock-in amplifier and the lock-in amplifier output signal is
recorded as a function of the minimum-deviation angles for
each line. All measurements are made at 23 + 1.0°C. Mea-
surement error in the present apparatus is within 0.0001.

The measured refractive indexes are fitted to the conven-
tional dispersion of the following form:

n(x)=%+%+c+m2+m4 (2)
where A is the wavelength and coefficients A-F are constant.
Material dispersion M(X) can be obtained as

N d*n(0) 2 (104 3B
M()\)=;' d?\(2)=;(7\5 +)\—3+D)\+6E7\3>. 3)

B. Loss Characteristics

Spectral losses have been measured for fluoride glass fibers in
the wavelength range from 0.7 to 4.2 um, for chalcogenide
fibers in the 0.7-11 um, for heavy metal oxide glass fibers
in the 0.7-12 um, and for halide crystal fibers in the 0.6-
11 pm, including several laser wavelengths.

1) Fluoride Glass Fiber: Transmission loss spectra have
been obtained for two kinds of fibers. The first is plastic clad
fiber—fluoride glass core-Teflon FEP cladding. The second is
clad type fiber—fluoride glass core-fluoride glass cladding. Fig.
18 shows a transmission loss spectrum for a Teflon FEP clad
fiber, which is drawn from an AlIF; doped ZrF,-based glass
rod cladded with a Teflon FEP tube [62]. The core diameter
is 200 um and the outer diameter is 300 um, and refractive
indexes of core and cladding are 1.517 and 1.338, respectively.
Transmission loss decreases with increasing wavelength in the
shorter wavelength region and increases steeply with wavelength
in the longer wavelength range. The former is due to metal
impurities, which will be described in detail in the following.
The latter arises dominantly from the infrared vibrational
absorption of the glass. Several of the peaks appear in the
measured wavelength region. The large peak centered at 2.9
um is caused by the fundamental stretching vibration of OH
ions. The small hump at 4.1 um originates from the Teflon
FEP cladding. Minimum transmission losses are 88 dB/km
at 2.6 um and 470 dB/km at 3.5 um.

Fig. 20 shows a loss spectrum for a fluoride glass clad type
fiber [30]. The core diameter 2z is 37 um and the cladding
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Fig. 20. Spectral loss for a fluoride glass core-fluoride glass cladding
fiber.

diameter is 198 um. Then the cladding-core diameter ratio is
5.26. The refractive index difference between core n; and
cladding n, is 0.33 percent (numerical aperture =0.123),
which is almost constant in the 0.546-4 um wavelength re-
gion. Normalized frequency V at the wavelength of operation
A is given as follows:

2na
=3 Nz )]

In the present fiber, ¥ value is 5.6 at 2.55 um, at which the
minimum loss is obtained as mentioned below. The funda-
mental to the fifth modes could be transmitted at 2.55 ym.
Beyond A =59 um, V becomes less than 2.405 and single
mode condition is satisfied. Single mode operation would be
achieved at A =2.55 um, if the core diameter was smaller than
15.8 um in case of 0.3 percent refractive index difference
between core and cladding.

A smooth core-cladding boundary, which is formed by the
build-in casting technique, leads to a remarkable reduction of
optical loss. The feature of spectral loss of the present fiber
is very similar to that for the Teflon FEP clad fiber. However,
the small hump centered at 4.3 um, which is observed in the
latter, disappears in the former. This is due to the fact that
the transmitted power is sufficiently confined to the core in
the fiber cladded with fluoride glass. The huge attenuation in
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a shorter wavelength range of less than 2.5 um is caused by
impurity metal ions. Spectral absorptions of 3d transition
metal ions and rare earth ions are quantitatively measured in
Z1F4-based glass [25], [26]. The 3d transition elements such
as Fe, Cu, Cr, etc., have their absorption peaks in the near
infrared wavelength region shorter than 2.5 yum. On the other
hand, some of the rare earth ions show large absorptions
beyond the 2.5 um region. Based on these data, the fiber loss
spectrum can be analyzed and the result indicates that Fe®*
and Cu®* are the dominant obstacles, which contaminate the
glass with 1 ppm level or less. It was also clarified that impurity
concentration in fluoride glass fibers should be reduced to a
1 ppb level or less in order to attain an ultralow loss value,

The small peaks at 2.25 and 2.45 um are due to combined
overtones between the OH stretching vibration and glass
matrix vibration of Zr-F and Ba-F bonds, respectively. The
minimum loss is 21 dB/km at 2.55 um, which is three orders
of magnitude smaller than the loss at the same wavelength
in high silica fiber.

Optical transparency of numerous ZrF,-based glasses other
than the ZrF,-BaF,-GdF; system has been examined spectro-
scopically. For example, Lucas has measured optical trans-
mission for bulk glass in a system with a composition giving
a candidate for fiber processing [63]: ZrF,(57)-BaF,(34)-
LaF;(5)-AlF;(4). Examination of UV and IR edges indicates
the optical windaw lies from 0.2-0.3 to 6~7 um,

HfF, -based glasses have also been tested optically in which
the multiphonon absorption edge locates in the longer wave-
length side with respect to the ZrF,-based materials mentioned
above [24]. A series of fluoride glasses which do not contain
hafnium or zirconium such as ThF,-based rare earth based and
combined BaF,-ZnF, glasses exhibit enhanced infrared trans-
mission extending from 0.25 um to 9-10 um [24]. However,
their optical losses have not yet been measured for drawn
fibers.

ZnCl, is suggested to be a potentially useful material for
ultralow loss fibers in the 3.5-4 um wavelength region, based
on the numerical estimation of scattering and lattice absorp-
tion losses [5]. However, its optical fiber characteristics have
not been reported.

2) Chalcogenide Glass Fiber: Kapany and Simms [1] ob-
tained spectral transmission data on As-S fiber in 1965, which
showed relatively high loss, Recently, the authors measured
spectral losses for an unclad fiber drawn from an As-S glass rod
[36], and for a clad type fiber drawn by the double crucible
technique [49]. Fig. 21 shows the spectral loss for the unclad
arsenic-sulphide glass fiber, Transmission loss decreases with
wavelength in the shorter wavelength region. This part in the
curve corresponds to a tail of the fundamental absorption
edge, which may in fact be related to some defects and im-
purities in the glass. It is worthwhile to note that the absorp-
tion tail in the present fiber is considerably lower than the one
presented by Wood and Tauc [77]. This enabled us to obtain
low loss in the 2 um band. Several of the peaks which appear
in the measured wavelength region are caused by hydrogen
impurities in the material. The peak at 2.92 arises from the
fundamental stretching vibration of the OH ion combined to
arsenic.’ The small peak at 1.43 um is assigned to the second
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Fig. 21. Spectral loss for an unclad arsenic-sulfide glass fiber: 200 um
diameter.

overtone of the fundamental OH vibration. A small hump
observed from 2.28 um is the result of the combinational
vibration between the fundamental OH ion vibration and the
As-S bond vibration. This peak height is observed to be pro-
portional to absorption intensities for the fundamental OH
ion vibration around 3.0 um for the various arsenic-sulphide
fibers.

The more pronounced peak centered at 4.09 um is due to
SH ions, contaminating the material during the preparation
process. The peak at 2.08 can be assigned to overtones of the
fundamental vibration of the SH ion at 4.09 um and the peaks
at 2.54 and 3.11 um originate from the combinatorial vibration
between the SH ion and the glass matrix As-S bond vibrations,
respectively. These are in fact hardly observed for a low SH
content fiber. Although the curve is not shown in Fig, 21, it is
confirmed that the optical loss shows a rapid increase with
wavelength in a wavelength region longer than 6.0 um. This
arises from multiphonon absorption in the glass matrix.

As is shown in Fig. 21, the lowest loss of 78 dB/km at 2.40
pm is obtained and the minimum losses of 92 dB/km at 1.85
pm, 295 dB/km at 3.30 um, and 164 dB/km at 5.30 um are
observed. The loss at the CO laser wavelength of 5.25 um is
170 dB/km, which may be the result of slight contamination
by an oxide impurity.

The spectral loss for the clad type arsenic~sulphur glass fiber
exhibits almost the same characteristics as that for unclad
fiber, as mentioned above.

For an As,Se; core-As,S3 cladding fiber, the losses of 10
dB/m in the spectral range of 4.5-6 um are obtained, while the
predicted minimum losses in these glasses are close to 0.05
dB/km in the spectral region 4-5 um [35]. A CO, laser trans-
mission measurement was carried out on the As,Se; fiber,
which was drawn from oxygen-free raw material inside an Ar
atmosphere glove box [5S1]. Preliminary attenuation measure-
ments indicate that the attenuation is better than 0.1 dB/cm.

Fig, 22 shows a loss spectrum for GeS; unclad fiber which is
drawn from a glass rod [52], which is subjected to OH, SH
reduction treatment. Strong absorption peaks at about 3, 4,
and 5 pm wavelengths originate from OH, SH, and C impu-
rities, respectively. The GeS; glass fiber shows four optical
windows with losses lower than 1 dB/m: 0.36 dB/m at 2.4 um,
0.85 dB/m at 3.3 um, 0.56 dB/m at 4.7 um, and 1 dB/m at
5.1 ym. Thelowest optical loss for GeS; isat 2.4 um. Ge;PS, 5
unclad fiber is also drawn and shows a spectral loss similar to
that for GeS; fiber [34].

Fig. 23 shows spectral loss for an unclad arsenic triselenide

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 10, OCTOBER 1982

102

101

LOSS (dB/m)

100 -

10! L L L L )
1 2 3 4 5 6

WAVELENGTH (gm)
Fig. 22. Spectral loss for a GeS3 glass unclad fiber: 200 um diameter.

2a=230pm

LOSS (dB/km)

102lL ] L | ! 1 L /
20 30 40 50 60 70 80 90

WAVELENGTH (zm)
Fig. 23. Spectral loss for an As, Se; glass unclad fiber: 200 um diameter.

glass fiber [49]. It has relatively high and flattish losses in the
wavelength range measured. Loss spectrum is also obtained in
the 3-11 um wavelength range for unclad As;sGe;oSess glass
fibers, which are drawn from rods synthesized in sealed silica
ampoules at 1000°C. They have losses of 10 dB/m in the
wavelength range from 5.5 to 7 um and 20 dB/m from 8.5 to
10.6 um [54]. ' ‘

La-Ga-Ge-Se glass is well known to be highly transparent in
a wide band [S55]. However, fiber drawing has not been re-
ported yet. .

3) Oxide Glass Fiber: Fig. 24 shows the loss spectrum for a
germanate glass fiber with Sb, 05 -doped GeO, core and GeO,
cladding [64]. Several absorption peaks due to silicone resin
coating and OH ions are observed, and the attenuation loss
decreases with increasing wavelength in the shorter wavelength
region. A minimum loss as low as 13 dB/km has been achieved
at 2.05 um and the second minimum loss is 70 dB/km at 2.4
pm. It is suggested that the attenuation in the longer wave-
length region beyond 2.1 um up to 2.6 um would be consider-
ably reduced if germanate glass cladding with sufficient thick-
ness were provided and an excellent dehydration technique
were introduced into the preform fabrication process.

The analytical research indicates that an attenuation less
than 0.1 dB/km couid be achieved in a practical sense around
2.2-2.4 ym wavelength [39]. Another estimation of UV and

IR absorptions as well as Rayleigh scattering showed that the
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predicted minimum loss in GeQ, glass is close to 0,25 dB/km
at 2 um [35]. This discrepancy should be clarified in the
course of fabrication of practical low loss fiber.

The loss spectrum for 200 um diameter TeO,-based glass
fiber [54], which is made from dehydrated glass by using a
conventional drawing apparatus at 400°C, is obtained. It
shows relatively high losses of 1 dB/m at 2 ym and 20 dB/m
at 4 um. . .

4) Halide Crystal Fiber: The theoretical analysis shows
that a minimum intrinsic attenuation in the projected curve is
extremely low for crystalline fibers among various IR fibers.
The obtained losses in practical crystalline fibers, however, are
substantially greater than those projected.

Among many crystalline fibers, polycrystalline KRS-5 fibeis
have been the most extensively investigated. The optical trans-
parency of these fibers covers a much broader spectral range
and extends from dpproximately 0.6 um in the visible to 35
pm in the IR, Bulk loss measurements are made by the stan-
dard calorimetric techniques and fiber attenuation has generally
been measured by usirig CO, CO,, HF, and DF laser sources.

In general, optical loss decreases monotonically with increas-
ing wavelength, This is a result of decreased scattering loss
with wavelength, which might be due to the existence of micro
grains. The reported transmission loss at 10.6 um ranges from
less than 0.4 dB/m to 0.7 dB/m, in which the lowest loss of
0.35 dB/m is obtained for the best quality fiber [13]. Loss
at 5 um is twice that at 10.6 um. The nature of fiber loss has
been determined by measuring the scattering loss [65]. The
experiment indicates that scattering loss and absorptive loss
are approximately equal at 10.6 um. The effects of fiber grain
size and bending radius on transmission loss have also been
studied [14]. It is found that polycrystalline KRS-5 fiber is
frail against bending. Transmission losses for polycrystalline
AgCl and AgBr fibers were measured in 2.5-25 um. The mini-
mum loss of 0.06 dB/cm was obtained at 14 yum for the former
fiber [10]. Similar transmission results were obtained on
AgBr fibers, although the transmission window for the latter
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extends to longer wavelength up to 25 um than that for the
former.

The ultimate low losses for single crystal fibers grown from
TIC], TIBr, KRS-5, KRS-6, AgCl, KBr, and KCl are evaluated
to be 102-10"5 dB/km. However, the materials for which
fiber loss measurement have been carried out are limited to a
small number of crystals,

The experiment on AgBr single crystal fiber indicates a loss
of about 2 X 1072 c¢cm™ 4t 10.6 um, which appears to be due
to impurity absorption [15]. The ultimate loss of pure AgBr
would be estimated to be 10~ dB/km range around 5 um
[15].

Transmission loss measurements are also carried out for Csl
and CsBr single crystal fibers [59]. The losses for 0.7 mm
diameter and 1.5 m long Csl fiber with a Teflon FEP loose
cladding and that for CsBr fiber are 80 and 5 dB/m, respec-
tively. It requires material purification and a great improve-
ment in the fabrication process to reduce optical loss further
in both poly- and single-crystal fibers,

C. Dispersion Characteristics

The dispersion is a very important parameter, Wthh is re-
lated to the transmission bandwidth of the fiber.

To date, however, .dispersion characteristics have not been
measured on practical infrared fibers and only numerical evalu-
ations -of the material dispersion have been carried out based
on the measured spectral refractive index in several infrared
materials.

1) Fluoride Glass Fibers: Material dispersion in fluoride
glass has been most extensively investigated among infrared
materials for optical fibers. It was clarified that zero-material
dispersion wavelengths are located at the 1.4~1.8 um band and
the slope of the dispersion versus wavelength is gentle compared
with that for high silica fiber [22], [23].

Fig. 25 shows the refractive index spectra for ZrF4-BaF2-
GdF; and AIF;-BaF,-CaF;-YF; glasses. The curves are re-
markably smooth and the fit between the measured point and
the curve is excellent because of the high measurement accu-
racy and the high optical-quality in the tested fluoride glasses.
The computed coefficients A~E in (2) for the glasses are shown
in Table VIII. Material dispersion M () can be obtained using
(3). The computed material dispersion spectra are given in
Fig. 26. The zero-material dispersion wavelength is 1.62 um
for Z1F,-BaF,-GdF; glass and 1.48 um for AlF,-BaF,-CaF, -
YF; glass, as listed in Table VIII. It is noted that zero material
dispersion wavelengths are somewhat shorter than the predicted
minimum-loss wavelengths. Fortunately, however, the slopes
of the dispersion curves are gentle, as their refractive indexes
change gently with wavelengths. Material dispersions at the
projected minimum loss wavelengths are 3.2 ps/A - km at
3.4 um for the ZrF,-based glass and 2.5 ps/A - km at 2.7 um
for the AlF;-based glass.

Fig. 27 shows refractive index spectra for AlF;-doped ZrF,-
based glasses in the 0.7-4 um wavelength region. It is noted
that the 0.33 percent refractive index difference between
2 mol% AlF;-doped glass and 6 mol% AlF;-doped glass is
almost constant in the wavelength region measured. For other
Z1F, -based glasses such as ZrF,-BaF,-LaF; and HfF,-based
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TABLE VIII
DisPERSION CHARACTERISTICS OF FLUORIDE GLASSES

Composition Coefficients in egn.2

*
ax10° Bx10° [ bx10° Ex10° Ag

ZrF4(63)—B3F2(33)—GdF3(4) 93.6707  2,94329 1.51236 -1.25045 -4.01026 1.62

AlFBQO)—BaE‘Z(ZO)—CaFZQO)—EE‘S(ZO) 7.67742 2.16195 1.42969 -1.28304 -5.35487 1.48

* Zero-material dispersion wavelengt;h()nn)

@\ (1)
- N\ 2
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Fig. 26. Material dispersion spectra for fluoride glasses compared with
that for pure silica glass. = (1) ZrF4(63)-BaF;(33)-GdF3(4). (2)
AlF3(40)-BaF,(22)-CaF2(22)-YF3(16). (3) Si0,.

glasses, several studies have also been carried out on refractive
index and material dispersion [22], [66]. The examinations
indicate that the zero-material dispersion wavelengths are in
the vicinity of 1.6-1.7 um for both glassés and the dispersion
curve is considerably flatter. The trends are very similar to
that for ZrF,-BaF,-GdF; glass described above. The feature
holds true in glasses containing additional components. These
results compare favorably with theoretical predictions by
Nassau [21].
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In addition to material dispersion, taking into consideration
waveguide dispersion, which compensates material dispersion,
the range of choice in An and core diameter available to give
zero total dispersion at particular wavelengths was discussed
by Gannon [55]. For example, the optimum core size would
appear to be around 12 um, which would give zero total dis-
persion at a wavelength of 2.5 um. At the lower loss wave-
length of 3 um, a total dispersion of about 3 ps/A + km would
be estimated. This would allow a system bandwidth of beyond
300 GHz/A - km. Thus, fluoride glasses offer the potential
for very large information carrying bandwidths over a wide
spectral range. )

2) Chalcogenide Glass Fiber: The refractive index of arsenic

 trisulfide glass was measured and constants for the dispersion

equation were given by Malitson ef al. [16]. Material disper-
sion calculated from the data is shown in Fig. 28. Material
dispersion of As,S; glass falls to zero at 4.89 um, which coin-
cides fortunately with the predicted loss minimum wavelength.
It is also noted that the slope of the curve is relatively lower,
compared with oxide or fluoride glasses. The refractive index
spectrum of GeS; glass was also obtained in the wavelength
range from 0.5 to 3.5 um [68].

3) Oxide Glass Fiber: The refractive index spectrum of
GeO, glass has been measured in the optical range 0.5-2.5 um.
From the result of the measurement, material dispersion is
calculated and zero dispersion wavelength is estimated to be
1.69 um [39]. For other oxide glasses for infrared fiber, few
refractive index spectra have been reported.

4) Halide Crystalline Fiber: Refractive indexes for several
halide crystals in infrared fiber have been available in pértinent
literature. From these data, dispetsion characteristics could be
discussed. Recently, however, based on the optical oscillator
strengths and excitation energies [69], the zero material dis-
persion wavelength is identified for a wide range of oxides,
fluorides, chlorides, and bromiides by Nassau [70], including
halide crystals for infrared fibers. Theoretically calculated
zero material dispersion wavelengths for typical halide fiber
materials ate given in [21]. They are located in a considerably
longer wavelength side than those for oxide, fluoride, and chal-
cogenide glasses. This might be related to the fact that halide
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cryétals transmit in a broader wavelength range than the other
materials. The material dispersion slope at zero dispersion
wavelength is also calculated. The result indicates that halide
crystals such as KRS-5 and Csl show much smaller slopes than
oxide, chalcogenide, and fluoride glasses.

V. APPLICATIONS

Applications of infrared fibers can be classified into the fol-
lowing two fields: long distance communication and short
length application.

Infrared fiber has a potential ultralow loss of 0.01 dB/km
or less in the mid-infrared wavelength range from 2 to 6 um,
as mentioned above. The achievement of such ultralow loss
fibers would find applications in very long repeaterless com-
munication links. Transmission in the infrared region would
exhibit great merits of not only ultralow loss but also large
tolerance at splices and low dispersion, as described above.
Recently, Jeunhomme discussed single mode fiber design for
the 4 um band, taking into consideration the splicing and
cabling added losses and showed that added losses as small as
0.01 dB/km could be obtained with suitable fiber design and
careful handling [71].

The lowest loss achieved to date in infrared fiber is 21
dB/km, which is higher by four orders of magnitude or more
than that predicted. In order to reduce transmission loss
further and reach the intrinsic material-limited loss, great
improvements should be made in both the fabrication process
and material.

The second type of application of infrared fibers is a short
length application: delivery of high powers such as for laser
surgery and machining, and remote infrared sensors such as
temperature, thermal images, and radiation. For these appli-
cations, low loss is desired, but losses as high as 0.3 dB/m are
tolerable, and dispersion chararcteristics are not important.
However, mechanical properties as well as power handling
capability are matters of great concern.

Among infrared fibers developed polycrystalline KRS-5
fiber has most extensively been used as the flexible lightguide
for CO, laser power. Tensile strength and power transmission
capability were tested for KRS-5 fibers [13], [14]. The 250
um diameter fiber with an average grain size of 4 um shows the
average yield strength of 5800 psi and the average ultimate
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strength of 9200 psi, respectively, under the test conditions

" of 0.02 cm/min crosshead speed and 10 cm gauge length. It

was found that the tensile strength is strongly dependent on
the fiber grain size and, in general, the smaller the grain size,
the greater the strength.

Power transmission capability has also been measured by
several researchers [13], [14]. It has been experimentally
demonstrated that a CW laser output power of 68 W is trans-
mitted by a KRS-5 fiber with 1 mm in diameter and 0.87 m in
length. Transmission as a function of bend radius and cyclic
flexure has also been measured [14]. The test shows that
transmission remains constant until a bend radius reaches 3.5
cm for 500 yum, or 2.0 cm for 250 um diameter fibers. It was
also demonstrated that transmission over a 1.0 mm diameter
fiber remains almost unchanged under 50 000 times cyclic
deformation of the minimum bend radius of 20 cm. It should
be pointed out that a small radius bend may cause a perma-
nent deformation in fiber because of the large ductility of
KRS-5 and may cause a degradation in optical transmission,
Therefore, the fiber should be cabled to minimize bending

- deformation of the fiber.

At the CO, laser wavelength, the absorption coefficient
for biological tissues is greater than 1000 cm™ and the scatter-
ing coefficient is essentially zero [75]. Therefore, the CO,
laser has clear advantages for use in laser surgery to produce
well-controlled incisions. The flexible cable for CO, laser
surgical use is being developed using KRS-5 fiber [13]. It is
designed to deliver 20 W of CW CO, laser and to bend down
to 20 cm of radius in any direction. "

Infrared fiber could be applicable to a laser machining sys-
tem, especially laser machining equipment with relatively
lower power. Machining of plastic, wood, and cloth has been
tried by using KRS-5 fiber cable as a light guide of CO, laser.
The output end of the fiber is easily mounted on the end of
a marker pen of the conventional X-Y plotter.

For Z1F, -based glass fibers, the 2.7 um-band power delivery
characteristics have been investigated using an HF laser emit-
ting at 2.6-3.0 um wavelengths [72]. Fig. 29 shows a layout
diagram for the energy transmission experiment. The fiber
consists of a 300 um fluoride glass core and a 400 um Teflon
FEP cladding. Typical delivered power, without fiber damage,
exceeds 0.6 W for a 4 m long fiber, corresponding to a trans-
mission efficiency of about 30 percent. The power transmis-
sion capability in the 2.7 um band makes the fluoride glass
fiber attractive as a flexible lightguide for laser printers and
other applications such as electronic parts machining.

Infrared fiber can also be applicable to remote monitoring of
temperature, infrared image, and radiation. Fig. 30 shows the
blackbody radiation maximum wavelength versus temperature,
given by Wien’s displacement law. As is shown in this figure,
radiation at the 10.6 um band gives rise to a good means of
sensing relatively low temperature around room temperature.
Infrared fiber will be used for temperature monitoring of un-
accessible bodies. Infrared fibers could also be adoptable for
a receiver detecting CO, laser radiation [14]. The transmis-
sion characteristics of laser pulses through KRS-5 fiber demon-
strates that the fibers may be used to form the basis of an
infrared fiber early warning receiver on an aircraft.



1436

HF LASER

FILTER

[Ban-CaFe-VFa-AIFa
GLASS ROD

-

|

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 10, OCTOBER 1982

CaF, LENS

TEST FIBER

[Ban-GdFa-ZrF4-AIF3J
FIBER

_ THERMAL
PRINTER
PAPER

MINI-COMPUTER

X-Y PLOTTER

Fig. 29. Layout diagram for laser printer system using a fluoride glass
fiber as a power guide.

WAVELENGTH ({z2m)
R
= N W H GO N®O© O =

i ] L 1 L 1 1 1 i | i L Il 1
0 200 400 600 800 1000 1200 1400

TEMPERATURE (C)

Fig. 30. Radiation maximum wavelength versus temperature in black
body.

Infrared fiber will find increasing applications in a variety
of fields. These applications, however, require material and
process developments.

VI. CONCLUSION

This paper describes the present state of the art review on
infrared fibers. Investigations on the theoretical and experi-
mental problems associated with the selection and evalution of
materials suitable for infrared fiber have been carried out. The
basic technology of fiber fabrication has also been developed.
As a consequence of extensive investigations, various glass and
crystalline fibers have been developed which are capable of
transmitting infrared wavelength light and fundamental prop-
erties have been examined. Thus, infrared fibers have passed
through the initial barrier in the course of their development.
Infrared fiber technology is a growing field of great interest
and, in the future, it will show remarkable progress. Further
investigations will be directed toward the development of the
respective fibers suitable for various application fields.
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