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‘3 The approach being used to develop these very transparent waveguides

is to fabricate fiber from IR transmitting crystalline materials. The
materials studied were the alkali and thallium halides. We found that
we could not successfully apply our extrusion technology, developed
for the thallium halides, to fabricate alkali halide fibers. Extrudéd
KCl or Csl fibers, for example, always had poor surface quality due

to surface cracks (fish-scale appearance). We therefore abandoned
extrusion methods for the alkall halides in favor of other fiber
fabrication techniques. ™)

'ina alternative technique used was single crystal (SC) fiber growth.

SC fibers represent a potentially ideal waveguide because they are
free from mechanical defects (such as strain fields associated with
grain boundaries in extruded polycrystalline fibers) and thus should
have less scattering losses than polycrystalline waveguides. To make
SC fibers we used an inverted Czochralski growth technique and
applied the method to KCl. By the end of the program we had not yet
produced any SC KCl fiber, but. we expect to do so shortly.

The optical losses in our extruded KRS-5 (TI1BrI) fiber were evaluated
and related to the mechanical and structural properties of the fiber.
We found that the recrystallization temperature of the fiber (3 um
average grain size) is 105°C and that fiber transmission decreases

as the fiber is bent in a loop. This decrease is caused by parting

at grain boundaries. We also calculated the zero materials dispersion
for our crystalline materials.
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PREFACE

This final technical report describes work on low-loss IR fiber
waveguides performed during the period 1 August 1979 to 26 September 1980,
This period covers our part of the first phase of a technology assess-

ment designed to evaluate the feasibility of fabricating ultra~low-loss
IR fibers for future needs.

The principal investigator was James A, Harrington. Overall pro-

gram coordination was provided by D. Michael Henderson.

Participating in the research program were the following personnel:
Arlie Standlee extruded the KCl and KRS-5 fiber and performed the optical
measurements; Roger Turk and Nelson Ramirez made the mechanical measure-
ments; Tony Pastor and Tino Lee performed the single crystal fiber

studies; and Jim Harrington and Mike Henderson carried out the analysis,
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SECTION 1

INTRODUCTION AND SUMMARY

Current long distance communications links employing silica fibers
are limited, by material losses, to lengths no greater than 100 km.

Communication systems now envisioned, however, will require repeater-

less links thousands of kilometers long. To meet these future needs
will require developing fiber waveguides from non-oxide (silica type)
materials whose potential loss is as low as 10_3 dB/km. The primary
objective of this research program is to develop a new class of fibers

from highly transparent crystalline materials. This is part of an over-

2 i Tl St B

all technology~assessment effort to determine the feasibility of fabri-
cating ultra-low-loss optical fibers with losses near 10-3 dB/km.

The approach we have takeﬁhto develop these very transparent wave-
guides is to fabricate fiber from our best IR transmitting crystalline
materials. Initially, we chose to study KCl because this material had
exhibited the lowest loss measured to date for a non-oxide crystal1
(absorption coefficient equal to 10—6 cm-l or 4.0 dB/km at 5.3 ym). To
form a fiber from this material, we used our existing extrusion press
because extrusion had proven so successful for the thallium halides.z_a
After an extensive 2-year research program (funded in large part by RADC),
our resuits for extruded KCl were not encouraging. The KCl fiber was
found to have poor surface quality (fish-scale appearance), and the best
transmission we obtained was 4,200 dB/km (on a 20-cm length of 500-pm-
diameter fiber) — far above the program goal. Therefore, we decided

to abandon the extrusion of KCl in favor of other fiber fabrication

techniques.

Two techniques other than extrusion appear promising for preparing
alkali or other metal halide fibers., One of these is hot rolling to
form polycrystalline fibers; the other is single-crystal (SC) fiber
growth. 1In this program we initiated a study on the growth of SC KCl
fibers, Our approach to SC fiber growth was unique because the fibers

e e — e

were grown in a reactive atmosphere process (RAP)5 environment used to

maintain the purity of the KC1l, After studying three different methods




of growing SC fibers in a RAP environment, we selected one, an inverted
Czochralski procedure, for implementation. We made several attempts

at growth but were unable before the end of the program to produce any
SC KC1 fiber. But we believe that the design of the apparatus has been
improved sufficiently so that a short (30 cm) length of SC KCl will soon
be obtained. We feel strongly that SC fibers are potentially very low
in loss because the scattering and absorptive losses in such an ideal
waveguide would be very small.

An important part of our investigation of low-loss IR fiber has
been an evaluation of the optical and mechanical properties of selected
crystalline materials. Our calculations3’4 show that KCl and KRS-5
(T1BrI), as well as many other halide materials,6 have projected theoreti-
cal losses near 5 um that are several orders of magnitude below that
of silica.4 The best IR fibers, however, have losses that are 3 to 5
orders of magnitude greater than the theoretical predictions for these

3,4 (KRS-5 fiber loss is 400 dB/km at 10 um). To reach the
3

materials
program goal of 10~ dB/km, extrinsic losses — those resulting from
chemical impurities, mechanical imperfections, and irregularities in the
fiber's surface — must be greatly reduced. This program has examined
one particular aspect of extrinsic loss mechanisms: the relationship
between certain mechanical and structural properties of polycrystalline
KRS-5 fiber and the fiber's transmission. Our measurements involving
fiber grain size and temperature revealed that the recrystallization
temperature of KRS-5 fiber is 105°C and that substantial grain growth
will occur in fibers left for hours at this temperature (grain size
increased by a factor of 8). In another set of experiments, we found
that the transmission degraded when the fiber was subjected to a loop
stress (10% decrease for a 20-cm~diameter loop in 250-um-diameter KRS-5
fiber). This information led us to conclude that polycrystalline fibers
are inherently limited by problems associated with grain boundaries.

The fibers part at grain boundaries, which we suspect causes the
decrease in transmission observed in our flexure experiments. In addi-
tion, the instability of fiber grain size with time and temperature
implies that the fiber will weaken over time, which would be deleterious

10
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in future applications. For these reasons, we will pursue SC fiber

technology to meet our goals.

Specifically, we recommend the following directions for the next

phase of this program to assess ultra-low-loss technology:

Stop all work to fabricate polycrystalline fibers by extrusion.
We feel that the polycrystalline guides will be too lossy
because of problems associated with grain boundaries (mechanical
weakness, excess scattering from strain fields, etc.).

Develop SC fiber technology for the Tl halides. The T1
halides are particularly attractive because they are ductile,
readily form fiber, and do not cleave (alkali halides do).

Continue to evaluate and analyze bulk and fiber materials.

This should include careful analysis of absorptive and scatter-
ing losses and the correlation of these losses with both
starting material purity and fabrication technique.

Develop RAP chemistry methods for purifying the Tl halides.
These techniques have proven so successful for the alkali
halides that we must now apply similar methods to KRS-5,
TlBr, etc. to obtain better fiber material.

11
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SECTION 2

TECHNICAL PROGRESS AND DISCUSSION

A. GENERAL CONSIDERATIONS

The development of next-generation, ultra-low-loss fibers for

long-distance communication links requires using a new class of non-
oxide-containing materials and unconventional fiber fabrication methods.
Present silica or other oxide glass fibers have, in many cases, losses
equal to the projected theoretical losses for these materials. In partic-
ular, silica fiber has a measured loss of 0.25 dB/km at 1.6 um.7 Fig-
ure 1 shows the projected transmission of silica plotted along with that
of KC1 and KRS-5 (T1BrI), two candidate materials for ultra-low-loss
fibers. These data show that the measured loss in silica occurs at the
minimum in the V-shaped loss curve; this indicates that no further
improvement in silica fiber transmission 1s possible. Figure 1 also
shows, however, that certain crystalline materials (KCl and KRS-5 are
only two of these) have theoretical losses well below that of silica.
In this research program, we are exploiting the theoretical advantage of
these and other halide crystalline materials to fabricate — by extrusion,
hot rolling, and single-crystal growth — fibers from materials with pro-
jected losses in the 10_3 dB/km range.

Although the V curve for silica plotted in Figure 1 has been verified
experimentally, the predicted losses for the halide materials are still
far below present IR fiber losses. The best IR fiber to date has been
KRS-5, which has a measured loss of 400 dB/km at 10.6 um.a This is
approximately three orders of magnitude above the intrinsic loss at
10 ym (see V curve in Figure 1) and well above the minima at 5 um. We
feel that these excess losses result from impurities in the material and
nonoptimized fabrication methods. In this program, we attempted to use
the highest purity materials available and devised new methods, such as

SC fiber growth, in an attempt to overcome the current IR fiber

limitations.
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In developing highly transparent waveguides, the researcher is
confronted with a large class of potentially low-loss materials. On the
surface, it would appear that the 20 alkali halides (group IA-VII) would
be excellent candidates, in part because of their already established
low absorption in some bulk crystals.1 Of the 20 alkali halides, we
would in fact select KCl as an ideal candidate based on transparency
1 (107 cn™? = 0.4 dB/kn
at 5.3 um) of any material at IR wavelengths. As discussed in Section 2.B,

alone, for KCl has exhibited the lowest loss cm
however, KCl proved intractable for extrusion into good-quality fiber.
All 20 alkali halides and certain of their physical properties are
listed in Table 1. In addition to KCl, the more ductile CsI (lower
melting point, MP) is also a good candidate.

Materials other than the alkali halides that are suitable for IR
6

fibers are special (non-oxide) glasses such as ZnClz, Ber,6 and halide
glassess’9 and the more ductile crystalline materials such as the Tla
and Aglo halides. The multicomponent fluoride glasses (an example of

which is ZrF‘.-ThFa-Ban)8 have the obviously attractive capability of
being drawn into fiber. One group has drawn 34 m of fluoride glass
fiber, and their lowest loss for a 1 m sample of fiber was 0.45 dB/m
at 3.39 um.ll Although fluoride glasses are potentially very exciting
because they are amenable to conventional glass fiber forming tech-
nologies, there do remain numerous problems to be solved before low-
loss fibers are produced. Experimentally, the temperature range in
which these materials form glass is narrow, which results in frequent
devitrification of both fiber and bulk material. On the theoretical
side, virtually nothing is known about scattering losses in these
materials. We expect, however, that Rayleigh scattering is a significant
loss mechanism due to both inherent scattering from density fluctuations
present in all glasses and scattering from compositional fluctuations
resulting from the multicomponent nature of the glasses. (Some fluoride
glasses have as many as seven components!)

The Tl and Ag halides are particularly attractive candidates not
only because their projected losses (see Figure 1) are low, but also

because they are more.ductile than the alkali halides. We have our most

15
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extensive IR fiber technology base in the Tl halides (in particular
KRS-5), and we feel that extruded KRS-5 is a very good fiber for near-
term (short length) applications. As we show in Section 2.B, however,
extrusion is a very rough process mechanically and hence is probably
unsuitable for non-ductile materials. For this reason, we have decided
to explore SC fibers as a means of producing the ultimate transparent

waveguide for long-distance applications.
B. FIBER EXTRUSION TECHNOLOGY

1. KCl Fibers — A Review

Our initial approach to fabricating low-loss fiber involved
extruding KCl fiber. As explained above, the primary motivation for
choosing KC1 was the availability of ultrapure single-crystal KC1l
(purified using RAP) with the lowest losses measured to date at IR wave-
lengths. Beginning with RAP KCl, we extruded numerous KCl fibers under
a variety of experimental conditions. To summarize, we extruded
(1) unlubricated KCl from 25 to 740°C, (2) lubricated KCl (best lubri-
cant Parafilm M, which is a mixture of polyetheylene and parafin), and
(3) KC1 into an inert atmosphere (Cerechor). The KCl fiber produced
from this effort (funded in large part by RADC under contract F19628-78-
C-0109) always had poor surface quality. The KCl surfaces were fish
scaled, which led, as expected, to poor transmission (high scattering
losses). Figure 2 shows the irregular surface structure present in
unlubricated KC1 — a structure that persists even at high extrusion
temperatures (740°C) very near the MP for KC1 (790°C). We found that
lubricated KC1 fiber had less of a fish~scale appearance because the
lubricants reduced the friction between the extrusion die and KCl
(friction leads to surface tearing and microcleavage cracks in the
fiber); but, once the lubricant was removed, the surface of the fiber
was still poor. Our lowest loss KCl fiber (coated with Parafilm M lubri-
cant) had a loss of 4.20 dB/m at 10.6 um. From this study we concluded
that extrusion is not a viable fiber fabrication method for KCl. Fur-
thermore, we belleve, based on the extrusion of other alkali halides,

that it is probably not applicable to alkali halides in general,
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Figure 2., High-temperature extrusion of KCl fiber.
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2. Csl Fibers

To determine if there are alkali halides that in fact are amenable
to extrusion into fiber, we decided to extrude CsI. We note from Table 1
that CsI has a significantly lower MP than KCl (621°C versus 790°C) and
is more ductile. It would, therefore, seem reasonable to suspect that
CsI would produce less friction as it passes through the die and thus the
surface of the film would experience less tearing. Beginning with an
unlubricated billet (5.3 mm diameter, 7.0 cm long) of Harshaw single-
crystal CslI, we extruded 500~um-diameter fiber at temperatures between
200 and 500°C., All of the fiber had the rough, irregular surface charac-
teristic of extruded KCl fiber. The surface was so rough that the fiber
appeared white. Etching the CsI fiber to reveal the microstructure
showed the surface to be somewhat pitted (see Figure 3). We believe that
this is due to attack by moisture; this problem is more serious in CsI
fiber than in KCl fiber because CsI is more soluble (see Table 1). The
grain size of the polycrystalline fibers is quite evident in Figure 3.
Table 2 shows the curious result for these fibers that the average grain
size does not increase as the extrusion temperature is increased. If,
however, the 200°C grain size is anomalous (i.e,, too large), then the
grain size increases with temperature, as expected. This is the usual
result observed for Tl halide and KCl fibers., In general, CsI has not
yielded fiber with smooth surfaces. This result coupled with our data

on KCl fibers reinforces our position that the alkali halides are not

extrudable,
Table 2. Grain Sizes for Extruded
Csl Fiber
Extrusion Temperature, °C Grain Size, um
200 140
260 84
350 98
500 100
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Figure 3(a).

CsI fiber (500 ym diameter) extruded at
260°C,

Figure 3(b).
Csl fiber (500 pym diameter) extruded at
350°C. Note pitting produced bv moisture,

Figure 3(c).

Csl fiber (500 ym diameter) extruded at
500°c.
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3. ZnSe Fiber

Zinc selenide has been used as a low-loss IR window material for
many years. We felt that this material might be extrudable into fiber
even though it is considerably more brittle than the halide materials.

To extrude ZnSe, however, requires high extrusion temperatures because
the MP of ZnSe is high (1525°C). To achieve a high extrusion temperature,
we used our high temperature heater and carefully insulated the heater
and die assembly.

The starting billet of ZnSe was cut from Raytheon CVD material. A
500-pm-diameter diamond die (~100:1 area reduction) was used and the
extrusion temperature was 800°C (maximum temperature). Applying a maxi-
mum force of 24 kN, we were not able to extrude fiber through the die.
Instead, some of the ZnSe squirted out between the diamond die holder
and the main die assembly. At these pressures and temperatures, we found
that materials would weaken, thus leading to an opening through which
the ZnSe could flow more readily than through the diamond die. At this
time, we feel that it is unwise to go to even higher extrusion tempera-
tures because of weakness in the materials making up the extrusion
assembly. In addition, at these elevated temperatures, materials like
ZnSe, GaAs, and CdTe may decompose with the result that fiber material
would not be stoichiometric. 1In particular, GaAs should probably not be
extruded above 600°C since As might be given off. Given these considera-
tions, it seems reasonable to abandon actively pursuing the extrusion

of ZnSe, GaAs, CdTe, or other similar semiconducting materials.

4. KRS-5 Fiber

The foundation of our IR fiber technology is the extrusion of KRS-5
fiber. Over the past four years, we have made numerous extrusions of
this material and, as mentioned in Section 2.A, this is our best IR fiber.
The optical and mechanical properties of this fiber have been well
documented (see the Appendix for further background).a

In this program, several KRS-5 fiber extrusion runs were made to

provide fiber for our optical and mechanical testing. The unclad KRS-5

21




fiber extruded was either 250 or 500 Ym in diameter in lengths ranging
from 1 to 2 m. Figures 4 and 5 show an overview and detail of the con-
trols of our extrusion press. Using this press, we can extrude ~25 m

. of 250-um-diameter fiber in one run. Generally, the fiber is removed in 4

1- to 2-m lengths as it is extruded, although the fiber can be auto-

matically wound on the take-up reel (see Figure 4) if desired. Immedi-

ately after extrusion, the fiber is evaluated optically using our i

10.6-pym insertion-loss apparatus (shown diagrammed in Figure 6). The

fibers used in this study had losses from 0.8 to 2.0 dB/m.

5. Optical and Mechanical Properties of KRS-5 Fiber

i Z DINGES T R b

The important mechanical properties of fibers studied include
tensile strength and grain size. Although some work has been done on
these basic properties (see the Appendix ), we have extended these
results to include other fiber diameters and a wider range of grain
sizes. To prepare fiber with different grain sizes for mechanical test-
ing, we used two techniques. The first method (discussed in the Appendix)
involves extruding the fiber at different extrusion temperatures (200 to
350°C) and at different quench gas temperatures (LN2 cooled N2 to room
temperature). The second uses a post-extrusion anneal (described below).
With these methods, we have Pprepared fiber with average grain sizes
between 3 and 50 um.

The KRS-5 fiber was tensile tested using our Instron machine. A
typical stress-strain curve for KRS-5 fiber, which has an average grain
size of 3 uym, is shown in Figure 7. These data show the large region of

plastic flow (anelasticity) typical of our polycrystalline fibers. The

photomicrographs at the top of Figure 7 indicate the failure mechanisms

of the fiber. At some point in the elongation (presumably near the

fracture or ultimate failure point), the fiber grains begin to part

(Figure 7(b)). When the fiber fractures, the individual grains are i

clearly revealed (Figures 7(c) and 7(d)). Interestingly, the optical e
! transmission does not degrade dramatically as one moves from the linear i

(Hooke's law) to the anelastic region of a fiber. Instead, we find that

the transmission decreases monotonically as stress increases (see

discussion below).
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Figure 5. Detail of extruder controls showing temperature
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Data such as those given in Figure 7 for a fiber grain size of 3 um
were taken for other grain sizes., These data, presented in Figure 8 for
a 250-pm-diameter fiber and in the Appendix for a 100-um-diameter fiber,
lead to several important conclusions. First and most important, fiber
strength increases as the grain size decreases. This is as predicted by
the empirical Hall-Petch relation (Oy o d_llz, where Oy is the average
grain size), although in Figure 8 this dependence is not obeyed at the
smallest fiber grain sizes. Below 7 um grain size, fiber strength levels
off rather than increases. An explanation for this effect lies in the
ultimate failure mechanism for these fibers: parting at grain boundaries
(see Figure 7(d)). Because the grain boundaries are weaker than the
material (usually not the case in polycrystalline metals), there will be
a point where the added strength resulting from smaller grains will be
exactly compensated for by the weakness caused by increasing the density
of grain boundaries through smaller grain sizes. Figure 8 suggests that
this point seems to be at a grain size of about 6 to 7 um. Below this
size, any further decrease in the grain size will not strengthen the
fiber further. We conclude that greater fiber strength will result from
using smaller grain size fibers unless the grain boundaries themselves
are strengthened (such as by adding an impurity ion).

We also note from Figure 8 that the curves for yield and ultimate
strength diverge at smaller grain sizes. This follows from the mode of
plastic flow of KRS-5: separation at grain boundaries. At the yield
point, finer grains yield locally by boundary separation, but, since
crack propagation is impeded by the fine-grained structure, a
higher ultimate strength is reached after considerable elongation in the
form of grain-boundary opening. Large grains separate at the yield
point to form openings that rapidly connect to cause failure with very
little elongation. These curves will intersect when grain size
approaches fiber diameter.

Figure 8 and Figure 5 in the Appendix show that the larger (250-pym-
diameter) fiber had a greater yield strength than the smaller (100-um-

diameter) fiber. This most likely results because separation starts at
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surface boundaries, and the smaller fiber, which has a higher percentage
of boundaries intersecting the surface, yields at a lower unit stress.

Our studies of structural properties were concerned with establish-
ing the grain growth pattern with respect to thermél conditioning. In
the first experiment, lengths of KRS-5 fiber (250 um diameter) were heat
treated at five temperatures between 100 to 127°C for 15 min. Figure 9
show the resulting grain growth. In this cycle, the average grain size
increased from 4.1 um (room temperature through 100°C) to 10.0 um at
127°C. We conclude from these limited data that the recrystallization
temperature (the temperature where grains begin to grow) for this fiber
is about 105°C. This temperature is dependent on the fiber grain size
and the extrusion parameters used in fabricating the fiber.

Using this information on recrystallization temperature, we per-
formed another exéeriment to determine the effect of heating KRS-5 fiber
for an extended time. These data along with the recrystallization point
data enable us to predict how the strength of our fiber will be affected
in applications involving thermal cycling. The data for thermally soak-
ing 250-pym-diameter KRS-5 fiber at a constant temperature of 105°C are
given in Figure 10. Again beginning with 4.1 um grain size fiber, the

grain size increased markedly after 1 to 2 hr. After 16 hr, the grain
size had increased to 24.9 pym. Figure 10 indicates that the sharpest
increase in grain size occurred between 1 and 5 hr. Between 5 hr

(17.6 um) and 16 hr (24.9 um), the fiber grain size began to level off.
Clearly, if given sufficient time, grain size should approach an
asymtotote as the thermal energy supplied becomes less than the energy

required for grain growth. The data also indicate that the fiber can

withstand short (less than 1 hr) periods of 105°C heat without its

structural properties being greatly affected. :
The mechanical and structural properties (strength and grain size)

of a fiber can also be related to its optical properties. This is in

general rather complex because of the many interrelationships involved,

but we have made an initial attempt to study this by investigating the

fiber's transmission while under tensile stress. In doing this, we

hoped to learn how loading a fiber affects its loss.
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The simplest way to obtain this information is to apply a uniform

load to the fiber, as illustrated in the stress-strain data in Figure 7,
while measuring the transmission. We would expect a priori that the :

fiber would exhibit one behavior in the linear (Hooke's law) region and f
another, appreciable effect as the fiber is plastically deformed (see

Figure 7). For ease of experimentation, we decided to put a loop (of

diameter D) in the fiber (of diameter d) while the fiber is illuminated

by the CO2 laser (insertion loss measurement). The loop stress O is

then given by:

where E is Young's modulus. This formula is only applicable to the pro-

portional limit (yield point). The smallest diameter of the loop, Dy’

that can be placed in the fiber with Eq. 1 still valid can be estimated

from the data in Figure 7 and the measured value of E (for 250-um-diameter

fiber, 1.16 x 10° psi). Using o = 0y = 5.9 x 10° psi and Eq. 1, we find

that Dy is equal to 4.7 cm. At smaller loop diameters, the fiber is

plastically deformed (when restraightened, the fiber is found to have a

permanent bend or set in it).
To relate load data (up to the yield point) to fiber transmission,

we measured loss as a function of loop diameter, The data are sum-

marized in Figure 11. The fiber was 250-um-diameter, 170-cm-long KRS-5;

the initial loss was 1.50 dB/m. The figure shows that the loss increased

monotonically through the yield point and into the anelastic region.

There was no observable discontinuity in the loss at the yield point.
Also, when restraightened, the fiber's transmission usually did not return

to its original value regardless of whether the loop diameter was greater

(linear region) or less (anelastic region) than Dy. We interpret this
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hysteresis as being due to grain boundary separation or changes in
residual strain fields under load (leads to scattering). In passing, we
note that the fiber transmission remained within 10% of its initial value
for loop diameters greater than 18 cm (0 at 18 cm is 1.45 x 103 psi).
Finally, this experiment was a very simple attempt to correlate tensile
stress and bend radius with fiber loss. Further experiments are needed
to determine the relation between grain size, residual strain (strain
birefringence), and true tensile stress on optical properties (absorption

and scattering losses).
C. SINGLE~CRYSTAL TECHNOLOGY

1. Overview

Early during this research program, we demonstrated that it is not
feasible to extrude alkali halide fibers. Therefore, we began to develop
new fiber-fabrication techniques for forming alkali or other metal
halide fibers. The method we selected for extensive study was single-
crystal fiber growth. We felt that SC fibers offered the greatest
potential for ultra-low loss, primarily because scattering losses should
be extremely small for this type of structure. We began by assessing
three possible methods for making SC fibers (at first in short, ~12-in.-
lengths). After reviewing the chemical kinetics and advantages of each,
we chose Czochralski growth of KC1 fibers for our first attempt. But we
failed to pull any fiber due to the difficulty in seeding the melt.
Thus, we devoted the majority of the effort to inverted Czochralski
growth. And although we have been unable to grow any SC fiber using
this method, we continue to feel that the principle is sound and that SC
fibers will be produced in the near future. This section presents our
ideas and preliminary experiments designed to produce SC KC1 (RAP
purified) fiber.
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2. Czochralski Growth of KCl Fibers

To achieve SC growth with a uniform cross section to lengths that
are many orders of magnitude greater than the cross-sectional diameter,
the crystal growth system must be capable of maintaining steady-state
operation through the desired length of crystal. During steady-state
Czochralski growth of a crystal, the melt in the vicinity of the growth
interface must be held steadily at its melting point. The growth
interface acts as an isothermal heat source, itself at the melting
point, and steady-state growth will progress only if the latent heat of
crystallization issuing from this source is channeled away from the melt
side of the growth interface at a rate matching the growth rate of the
crystal. This matching of heat production and heat sinking rates is
expressable as a heat balance equation. If it is assumed that the heat
is withdrawn from the interface exclusively by thermal conduction
longitudinally through the growing crystal, the heat balance across the

interface will yield an expression for the growth rate:

R = —— — (2)

where k is the thermal conductivity of the crystal in the growth direc-
tion, M is its molecular weight, p is its density at or just below its
melting point, Hc is its molar latent heat of crystallization, and

dT/dz is the longitudinal thermal gradient in the crystal just above the
growth interface.

That this model of steady-state Czochralski growth is oversimplified
becomes apparent when it is noted that there are only two variables in
Eq. 2, R and dT/dz, related to each other linearly, so that ﬁ may be
increased without limit merely by increasing dT/dz. This absurdity
results from the fact that the heat-balance equation involves only the
equilibrium states before and after the phase transformation and does
not allow for the finite rate at which the transformation itself takes

place. This inadequacy of the model can be compensated for by assuming
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that there exists a maximum value of R (characteristic of the growth
material), corresponding to a maximum value of dT/dz (characteristic of
the crystal growth system), beyond which single-crystal growth is not
feasible. Clearly, a crystal growth system would not be adequate for the
growth of monocrystalline filaments unless it could provide this limiting
value of the temperature gradient dT/dz on the crystal of the desired
composition and configuration. Now consider the constraint in the steady-
state model that the efflux of heat is confined solely to the conductive
mode in the direction of the crystal axis (i.e., that there is negligibly
little or no lateral heat loss from the crystal through conduction in

the radial direction and from the exposed surface of the crystal through
radiation and convection). These questions should be considered. Is
this condition really necessary? If so, is it practicable?

Figure 12(a) shows the crystal-melt system at and around the growth
interface for the contrary situation — transverse heat flow. The curved
lines with the arrowheads on them represent some heat flow lines, and
the growth interface is drawn as an isothermal surface that is every-
where orthogonal to the heat flow lines. (Isotropicity of thermal con-
ductivity in the solid is assumed in this descriptive treatment.) The
direction of crystal growth at each point on this surface is normal to it
and is therefore parallel, but countercurrent, to the heat flow line at
that point. It is worth noting that a spurious nucleation at any point
on the growth interface — except on the crystal axis — will result in
spurious growth propagation into the crystal. Bubbles, for example,
would tend to converge at the crystal axis and cause the crystal to
become hollow, or tubular. Furthermore, because of the teadency of the
crystal to grow inward even at the edge of the growth interface, a
delicate balance between the growth rate and the pull rate would have
to be maintained to keep the diameter of the growing crystal constant.

In other words, steady-state growth would be difficult or impossible to
achieve. Therefore, radiative-convective cooling must be reduced to

negligible proportions if steady-state growth is to be realized.
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A further point about concave-interface operation is noteworthy,
Even assuming that steady-state growth were achieved under these condi-
tions (i.e., R is the same, in the axial direction, everywhere on the
interface and is constant through time), the growth rate along the
direction of growth would vary from point to point on the interface.
Such growth conditions are conducive to variations in defect concentra-
tions over the cross section of the grown crystal, which may be manifested
as optical inhomogeneity of the crystal.

Figure 12(b) shows schematically a system that demonstrates the
practicability of the Czochralski operation, in which radiative-
convective losses near the growth interface are reduced to negligible
levels. The crucible and baffle (drawn as one continuous piece) are
made of highly thermally conductive material and therefore its tempera-
ture tends to remain uniform. The vapor space inside the crucible
functions as an isothermal enclosure and prevents radiative heat loss
from that segment of the crystal near the growth interface. The amount
of convection loss is limited by the volume of that vapor space and the
free area at the opening in the baffle.

The design of our first KCi fiber puller was based on the preceding
considerations. Although the proper size of the baffle opening had to
be determined by trial-and-error experimentation, there were practical
minimum limits to its size imposed by the diameter of the pulling rod
and the misalignment between the axes of the pulling rod and the baffle.
(Incidentally, it is this unavoidable eccentricity that the rotation of
the puller is meant to compensate for, but this feature will have to be
avoided in a full-scale system; the present system has been designed to
pull to a maximum range of 10 in.)

Our plan for KC1 fiber pulling was to establish the minimum diameter
of KCl1 filament that could be pulled through each of the three orifices.
Unfortunately, the heating element burned out before we could nucleate
our first growth. And, the localized overheating resulting from the

burnout also caused damage to the crucible itself.
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Another method used to pull SC fibers is related to one used by
Bridges et al.12 for growing SC AgBr fibers. Although that method does
conform to the steady-state growth conditions outlined above, it has not
been adapted to the RAP environment required for KCl fibers. Rather,
Bridges et al. prepared their fibers in air, and their fiber losses were
high (~1 x 10_2 cm—l). Since converting a non-RAP system to a RAP
system is a major change, we have designed all these systems to use a
RAP environment.

Figure 13 shows the RAP-modified Bridges system. The priﬁcipal
feature to note is that the system has two separate vapor chambers;
within each chamber a steady-state gas flow will have to be maintained.
Although these two chambers are separated, they are not independent.

The hydrostatic pressure differential between these two chambers will
determine the rate at which the melt flows through the capillary tubing
and hence the rate at which the filament grows. Therefore, it is
essential to have precise control instrumentation to monitor that
pressure differential.

The diagram is only a schematic, The fact that no provision is
shown for introducing the charge material into the melting chamber is not
meant to imply that this would be only a trivial problem in designing
the apparatus., The limitation to the length of fiber specimens that can
be pulled, which is implicit in the diagram, is quite real, however.
Although a winding spool could conceivably be enclosed in the uppermost
chamber to replace the pulling rod, this would entail expanding the
volume of that chamber, which would reduce the system's sensitivity to
the pressure differential control instrument.

Figure 14 shows the third system schematically. 1In this system,
gavity favors the flow of melt through the capillary tube in the growth
direction. We know from experience that RAP potassium chloride melt
does not wet fused-silica surfaces that have also been subjected to RAP
treatment., Therefore, the melt should not leak spontaneously through
the capillary tube if the inside diameter of that tube is sufficiently
small; our experience suggests that 0.3 mm is small enough. In this

inverted configuration, we expect that the rate of flow of melt through
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the orifice can be controlled by adjusting the RAP gas pressure over the
melt and the hydrostatic head of the melt itself. We assume that,

since the exit end of the lower gas chamber is wide open, the pressure
in that chamber is essentially constant at near ambient levels. The
former may be regulated with a throttle valve at the exit end of the

RAP gas chamber, while the latter may be determined by the amount of
charge material in the melting chamber.

Several advantages of this system over the RAP-modified Bridges
system are immediately evident. (1) No fiber pulling mechanism is
needed, at least not for the 1-ft-long experimental specimens. (2) There
is no physical limit to the length of fiber specimens that can be drawn.
(3) There will be less tendency for potassium chloride vapor to condense
on the glass envelope around the growth orifice.

The big question on the inverted Czochralski system is whether it is
indeed possible to maintain steady-state fiber growth inside the capil-
lary tube, that is, without the fiber pulling out due to its own weight
before it becomes long enough. Unlike the situation in the Bridges sys-
tem, the growth interface in the inverted Czochralski system must be
within the capillary tube. How far inside it should be can only be
determined by experimentation. In this respect, the Bridges system has
an advantage over the inverted Czochralski system since we know that

Bridges et al. were able to maintain steady-state fiber growth with it.

3. Kinetics of SC Fiber Growth

Figure 15(a) schematically represents the RAP-modified Bridge's
system. If we let r be the radius of the filamentary column of molten

potassium chloride, then

anAP ﬂrzhpg + 2oy

AP = hpg + 2y/r ,
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where p and Yy are the density and the surface tension, respectively, of
molten potassium chloride at its melting point. These data (obtained

from Molten Salts Handbook, Academic Press, 1967) are:

Y = 175.14 - 0.0730 x 1043 = 99.00 dyn/cm

6

P = 2.1359 - 0.5831 x 107° x 1049 - 2.1353 g/cm>

Setting r equal to 0.015 cm yields

AP = (2094h + 13000)dyn/cm’

or

]

Ap (1.571h + 9,751)mm of Hg ,

where h is in centimeters. To sustain steady-state SC growth on top of
the filamentary column of the melt, we estimate that fluctuations in the
level of the interface SR should not exceed 0.01 cm. This means that
pressure fluctuations 8P must be held down to ~0.02 mm of mercury. Since
this pressure must be maintained by a flowing gas (the RAP mixture}

system, this constraint on pressure fluctuations is a severe one.*

*To make this more apparent, consider that effluent RAP gas must be
scrubbed before it is discarded into the atmosphere. Scrubbing is
achieved by bubbling the gas through a column of sodium hydroxide solu-
tion. To avoid the reverse diffusion of water vapor in the RAP outlet
line, the outlet nozzle is immersed in a heavy hydrophobic liquid — a
fluorocarbon compound — at the bottom of the scrubbing column. The
constraint on the pressure fluctuation is equivalent to the constraint
that the stream of bubbles should not be allowed to cause ripples to

form on the liquid~liquid interface with amplitudes of 0.2 mm or
greater,




For the inverted Czochralski system, shown schematically in

Figure 15(b), the force-balance equation is:

ﬂrzhog 2nry .

=2
]

2y/rog .

Using the same values of r, p, and Y, we obtain h = 6.3 cm. This result
is to be interpreted to mean that, as long as the fluid head in the feed
chamber exceeds 6.3 cm, there is no need to apply a pressure differential
over the melt to cause it to flow through the capillary sink. On the
other hand, the rate of flow of charge material through this capillary
channel should be controllable with the temperature along that channel.
For example, if the channel temperature is allowed to drop below the
melting point of the charge far above the nozzle, or outlet end, the
solidified charge will clog the channel and shut off flow. The ideal
situation would probably be one in which there is a sharp thermal gradient
on the channel so that the crystallization temperature is located just
upstream from the nozzle. At this point, a balance must be established
between the weight of the crystallized filament on the one hand and sur-
face tension and fluid flow friction on the other if steady-state cyrstal

growth is to be achieved.

4. Results of Inverted Czochralski Growth of SC Fibers

Our attempts at the inverted Czochralski growth of KC1l fibers have
failed because, as hindsight now makes evident, the surface of the quartz
capillary tubing was not adequately reactive atmosphere processed. This
caused the surface of the tubing to remain wettable with the KCl melt,
contrary to the assumption on which we had based the design of the entire
inverted Czochralski fiber growing device. The contrast between the

wetting and nonwetting situations at the business end of the capillary

tubing is shown in Figure 16,
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Figure 16. Sticking problems associated with
inverted Czochralski SC fiber
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To correct for the wetting problem, we decided to RAP-coat the

capillary tubing with carbon in a separate operation. Our first try at
achieving this yielded a carbon coat that tended to flake off, from
which we concluded that the process had been carried out too rapidly.

The second RAP-coating attempt was carried out more slowly (in twice the
time) and yielded a coat that was better but still with room for improve-
ment. But unfortunately, the carbon coating was inadvertently burned off
during the glassblowing operation of mounting the coated piece into the

crucible. We are presently preparing for a third RAP-coating attempt.

D. FUNDAMENTAL LOSS MECHANISMS

The present losses in our best KRS-5 fibers are, as indicated in
Section 2.A, far above the projected loss. Figure 1 presents projected
losses for two of the most studied fiber materials, KCl1 and KRS-5, and
for fused SiO2 as a reference. Silica losses have now been reduced to
the value of the minimum in the V curve of Figure 1. This value of
0.2 dB/km at 1.6 um for 8102 has been achieved in kilometer lengths of
silica fiber.7 Therefore, to reduce loss further, we must turn to our
crystalline and special glass materials.

The low energy limit (right side of V curve) to a material's trans-
parency is multiphonon absorption. This absorption mechanism has been
well studied and is known to increase exponentially as the wavelength
increases toward the Reststrahl peak (one phonon cutoff). Analytically,

this multiphonon edge is found to be proportional t013

O * exp (2?0) , 3)

where w is the frequency of interest, Wy is an average single phonon
frequency, and B is a constant which depends on the material. In Fig-

ure 1, we plotted a . for KCl and KRS-5 using IR spectroscopic data and

ph - -
then extrapolated aph to obtain the curve below 10 3 cm 1. This is the
customary approach, based on Eq. 3, even though no one has veri-

fied experimentally that the multiphonon losses actually do decrease
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exponentially beyond w = Swo. We believe, however, that this exponential
behavior is a good approximation for predicting ultimate losses in the
long wavelength limit,

The high energy limit (left side of V curve) on transparency is
scattering loss. This loss characteristically varies as A_A for
Rayleigh, Brillouin, and Raman scattering, For ideal (perfect) crystal-
line materials, we would expect only the contribution from inelastic
scattering (Brillouin) to be significant. The attenuation coefficient

for Brillouin scattering Ogo is given by14

8 2
R S S Tl “
sc 3 A4 pvz ’

where A is the optical wavelength in free space, k is Boltzmann's con-

stant, T is the absolute temperature, n is the refractive index, Pl2 is
the Pockel's coefficient, p is the density, and V is the longitudinal
mode acoustic velocity. Eq. 4 has been used to calculate the entire
(i.e., no experimental data are used) scattering loss curve in Figure 1
for KC1 and KRS-5.

The importance of the V curves for IR transparent materials is, of
course, their tantalizingly low minima, which generally fall between

4 and 6 pm. We note that KRS-5 has a slightly greater minimum than KC1l

although it is still well below that of silica. The reason for this is
the greater amount of scattering in KRS-5 due to the higher value of n

(2.37 versus 1.45 for KC1 at 10 um) for KRS-5 (asc, from Eq. 4, goes as

n8). To achieve these small residual losses in fibers, we will have to
eliminate all other extrinsic losses. Based on our results to date, we
feel that SC fibers offer the best hope of reaching this goal because

they should have the least amount of extrinsic (mechanical, chemical, and

surface) absorption. Specifically, we favor the Tl halides such as KRS-5
because these materials do not cleave (cleavage steps could lead to

fiber surface irregularities) and they are readily formed into fiber.
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E. PULSE DISPERSION

An important consideration in future communication links made from
these materials is pulse dispersion. The pulse dispersion arises from
several sources. One source is the linewidth of the source itself and
the dispersion of the material from which the waveguide is fabricated.
The other source results from the guided modes (modal dispersion). We
consider here the pulse spreading that arises from the dispersive nature
of the materiél and, in particular, determine at what wavelength A the
guide should be operated so that the material dispersion is zero. CThis
is the zero material dispersion (or crossover) point, and it occurs very
near the minimum in the V curve for our materials.

The pulse delay T due to dispersion in the material is proportional
to the group velocity of the pulse and, therefore, to the dispersion,
dn/d\. From this it follows that the spreading of the pulse, &1, is

related to the derivative of the dispersion, or

2
61 = (E)E—%d)\ , (5)
C d)‘

where L 1is the length of the fiber, A is the wavelength of the light, and
c is the speed of 1ight.15 The dispersions of most common IR materials
have been tabulated. Figure 17 shows a compilation of these data taken
from the AIP Handbook.16 From these data, we can determine the value

of A when dn/d\ = 0. This is the crossover wavelength AC; we find that
Xc is 6.5 uym for KRS-5 and is 3.0 um for KCl. In passing, we note that
AC is slightly less than the minimum wavelength, xmin‘ in the V curve
for both KRS~5 and KCl (from Figure 1, Amin is 6.8 um for KRS-5 and

4.6 um for KC1). This is also true for silica.

Using the data in Figure 17 for KRS-5, we have graphically calculated
materials dispersion (for pulse spreading we need d2nldA2). These data
are plotted in Figure 18. This plot of (A/c)(dzn/dkz) versus A (see
Eq. 5) clearly shows the zero value for material pulse spreading which
in the case of KRS-5 occurs at about 6.5 um. Therefore, for single-mode

waveguides of KRS-5 operated near 6.5 um, there should be neither any
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pulse dispersion due to guided modes (single mode fiber) nor any due to
the material. In this ideal case, the pulse width would only be a

function of the source.

F. CONCLUSIONS AND RECOMMENDATIONS

The primary purpose of this research program has been to assess the
technology involved in fabricating future ultra-low-loss communication
waveguides from crystalline materials, At the outset, we felt strongly
that the alkali halides, especially KC1l, held the greatest near-term
promise for fabrication into high-quality fibers. This optimism
stemmed from the availability of high-quality, bulk, single-crystal KC1,
which we possessed as a result of our extensive research program in IR
laser windows. Our initial approach to fabricating fiber using our RAP
KCl was by extrusion. After many attempts, we were forced to abandon
the extrusion process for KCl because of the poor surface quality of the
fiber.

Based on these results, we decided early in the program to explore
new fiber fabrication techniques for KCl. Two methods appear promising:
hot-rolling and SC growth. We selected SC growth for study because SC
fibers represent the ultimate low~loss fiber if they can be made. This
is mainly because scattering and absorptive losses would be minimal in
such an ideal waveguide. Our attempts at growing an SC fiber, however,
have not as yet been successful because of technical difficulties with
the apparatus., We expect our first successful results shortly.

Our theoretical calculations of projected losses in crystalline
materials continue to encourage optimism for future waveguides made from
materials like KC1l and KRS-5. At this point, however, we recommend that
work on polycrystalline fibers be terminated for this application.
Instead, we feel strongly that SC fiber work should be emphasized and
that most of the effort should be placed on the Tl halides. These
materials are readily formed into polycrystalline fibers and do not
cleave. (Cleavage cracks can occur in alkali halide fibers.) For
these reasons, we believe that the next phase of this technology assess-

ment should concentrate on SC Tl halide fibers.
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Abstract

Advances in the technolopy of tabricating IR transmissive 1iber wvaveguides have resulted in the development
of tibera that otter unigue solutions to near- and long-term IR systems problems.  Short 2 m) links o
polvervstalline KRS-» (thallium bromoiodide) fiber have already been successtfully used to relav information to
remote photodetectors. Future long=distance communicat ions links may take advantage of the extremelvy low loss
potent ial T dB/km) predicted theoretically for a lavge class of IR fiber materials near 5 ,m.

[ntroduct ion

Convent ional (plass) fiber-optic waveguides have been successtully used in a varicty ot communications and
military svstems.  Certain sensor and communicat ions systems, however, require fiber waveguides that operate
at wavelengths longer than 2 pm the approximate cutoff of silica fibers. To meet present and future demands
tor hiphly transmitting IR tiber optics, we have fabricated IR fibers from alkali and thallium halides, which
transmit IR wavelengths up to 25 jum.  These materials used for fiber waveguides of fer solutions to several IR
svstems problems, including (1) the dissection of images in the focal plane tor ephanced detection and signal
processing with tocal plane arravs, (2) the relay of focal planes to remote photodetectors, (3) tlexible
transmission of high=-power CO and CO, laser beams tfor heating and machining in remote or inaccessible loca-
tions, and (4) extremely low-loss nuzdud communications links. We have developed KRS-5 (thallium bromoiodide)
tibers that are suitable tor the tirst three applications.  Additional work in waveguide design and material
puritication will be required before tibers are usable for ultra-low-loss communicat ions links.  The potential
tor such Links osiog halide fibers operating near 5 pm is very great since their losses are theoretically pre-
aivted to be near 1073 dB/kim, or a factor of 1000 better than the best glass (silica) tibers at 1.6 ,.m. The
achicvement ot IR tibers with these fosses would greatty affect numerous communicat ions svstems that require
Kitometer=lony, repeaterless tiber links,

Optical Properties of IR Fibers

There are many highly transmissive 1R muturials,l but only a few have been tabricated into IR fiber wave-
wuides.  The ductile thallium?s? and silver halides have been successtully extruded into IR tibers with tiber
diameters ranging from 75 to 1000 jm. Other halides such as KC13 and €sl have also been extruded, but with
much poorer optical quality than, for example, our best KRS-5 fiber (300 dB/km). In this paper, our emphasis
will be on KRS-5 fiber since this fiber has proven to be the best tiber for €O laser applications.

The transparency of IR materials is limited by extrinsic and intrinsic loss mechanisms.  The ultimate
limiting loss mechanisms in solids are multiphonon absorplionl at long wavelengths and scattering and olec-
tronic absorptions at the shorter wavelengths.  Since, at the IR wavelengths of interest (2 to 10 om), the
clectronic bamd edge (Urbach tail) is pencrally a verv small contributor to total attenuation,? the seattering
and mul(fphungn contributions combine to give the net intrinsic loss. These losses are shown in Figgru 1 tor
fused silica,” KC1,? and KRS-5. Each material shows a characteristic V-shape curve composed of a "% -tyvpe
scattering loss (Ravleigh/Brillouin scattering) and an exponential multiphonon tail. The minimum attenuation
in silica is near 1.4 um (0.3 dB/km), and these losses have in fact been achieved in both bulk materials and
fibersP (i.c., the V-curve for silica has been cxperimentally verified). The intrinsic losses tor RCL and
KRS=5 are scen trom Figure | to be considerably less than for fused silica.  For these crvstalline materials,
as well as for other alkali halidus.1°7 TlBr,;‘ and ZnCl) glass,7 the minima in the V-curve is peonerally 1000
times less than tor silica. Unlike silica, however, the measured losses in both bulk crvstalline matorials
and fibers in these hosts is well above the intrinsic limits embodicd in these V-curves. For example, the
lowest-loss bulk IR material measured to date is KC18 (absorption cocfficient R = 1070 em™1 = 0.4 dB/km at
S oum), which is still three orders of magnitude above the intrinsic limit.

IR transmissive materials have not realized this potential for ultralow loss because extrinsic absorption
mechanisms (e.g., impurity, mechanical defect, and surface absorption) dominate the total attenuation.,  These
mechanisms  are important in bulk IR materials.9 In our polverystalline fibers, addit jonal mechanisms (c.ov.,
scattering from grain boundaries and irregularities in the surface of the fiber) are expected to strongls
increase fiber losses.  Theretore, a major task is the elimination of extrinsic sources of absorption, by, tor
example, using purer materials and better fiber fabrication techniques,

Veohave extruded polvervstalline KC1, TIBr, KRS-5, and Csl fiber using a speciallv built extrusion press.
Extrusion temperatures were in the range of 200 to 350°C for the thallium halides and 25 to 740°C for the
alkali halides.  Table 1 gives the measured absorption coefficients for the extruded tibers at 10,6 um and,
for comparison, the values of the calorimetrically8:910 measured loss in the bulk material (note that fiber
losses are given tn dB/m since this unit more accurately represents the lengths of fiber actually measured
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Figure 1. Intrinsic absorption limits in transparent
materials. Short wavelength absorption is due to
scattering while the long wavelength absorp-

tion is due to multiphonon process.

from 0.5 to 1.5 m). With its Internal loss of V7% per meter, KRS-5 is the best fiber material of the group.
Another representation of this loss is given in Figure 2 for a 250-um-diameter KRS-5 fiber. This fiber has an
internal loss of 0.57 dB/m (external Fresnel loss for KRS-5 is 1.45 dB); extrapolating the data back to the
ordinate indicates that there is very little surface absorption. Extruded 500-pm-diameter KCl fiber has
much highe - losses because its very poor surface quality (fish-scale appearance) results in much of the light
being scattered at the surface. Attempts to extrude KCl with a lubricant to reduce friction between the extru-
sion die and the fiber have not greatly improved the ortical quality of the fiber. Results similar to those
for KC1 have also been obtained for Csl.

1.0 T - 9467 2
- T— KRS-5 FIBER p
Table 1. Bulk Material and Fiber Losses at NO 92-15
Coz l.aser Wavelengths 08 - 250 um DIAMETER —_
®
Absorption Cocfiicivnt at 10.6 um, ;
- dB
Haterial cm™" (dB/m) 9 0.6 — 0.57 d8/m —
Bulk Fiber 5
4 2 oa |-
KRS-5 7% 107% 0.1 7y 107 (0.} w = -1
TOTAL FRESNEL
-3 -3 LOSS - 1.45 d8
T1Br 1 x 1077 (0.43) 1 x 1077 (0.43) 02 |~ ]
L -5 35 I x 1072 (4.2
KC1 8 x 10 (0.03%5) | x .2) 0 1 | n
-5 05 10 15
KBr 1 x 10 (0.0004) LENGTH, M

Figure 2. Bulk and surface absorption
in KRS~5 fiber.

Measurement of the scattering losscs in our fibers has been mostly qualitative. By placing liquid-crvstal
paper on top of a KRS-5 fiber as a means of visually inspecting the heating of a fiber irradiated with a Co,
laser, we have found that the amount of heating ubserved is uniformly small over the entire length of the fiber
in our best fibers. Older fibers of poorer optical quality have shown hot spots on the liquid-crystal paper or
were uniformly very lossy. The hot spots can be removed — and the transmission Improved - bv cutting the
fiber. Losses are also "visible" at points of sharp bends (<l-in. radius). When the fiber is straightencd,
the losses generally decrease unless the fiber has been permanently damaged (sec¢ the next section). tHore
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INFRARED FIBER OPTICS FOR CO; LASER APPLICATIONS
quant itative experiments are underway to evaluate the scattering contribution independently by measuring the
Ravlcigh/Brillouin scattering spectrum of the single and polverystalline tiber materials,

Ihe power-handling capability ol KRS-5 tibers has been investigated using a €Oy laser source.  Figure 3
shows a A0-um-~d iametey KRS=95 tiber delivering 2 W ot €U, laser radiation,

M12169

Figure 3. (0, laser power delivery by a S500-pm-diameter KRS-9 fiber.

2

The KRS-5 and TIBr tibers that we have been using tor €O, laser applications are generally unclad.  We have
been unable to successfully clad the fiber using the convent ional method tor cladding silica fibers.  Coextru-
ston, tor example, of TICL (n = 2.19) cladding on a KRS-5 (n = 2.37) corce has produced a diftuse clad-core
interface, caused by diffusion of TIC] into the KRS-% core (along grain boundaries). This tiber had excessive
losses,  Similar results were obtained when post-cladding methods (such as ion exchange) were tried.  The best
cladding we have tound has been loose-titting polvethylene tubing.  This technique works well because there is
minimal contact between the fiber and the tubing3 and thus leakage is small,

Hechanical properties of (R fibers

The extruded fibers are polyerystaitine with fiber grain sizes that range between 3oand 40 om. The prain
size is a function of (he extrusion temperature: H'w higher the temperatore, the larger the grain size,
Figure 4 shows 100-pim~diamcter KRS-9 fiber extruded at two ditferent temperatures,

Fiber strength is g function of Fiber grain size. Yiceld and oltimate strength are greatest tor small grain
size fiber, deereasing as grain size increases (sce Figure 5). Good 10.6-im transmission has been measured
tor both small and large grain fibers.  But the stronger, small-grain-size tiber is more desirable for mast
COy laser applications,  Table 2 summarizes the mechanical properties of our 100-pm-diamcter fiber,

The flexural propertices of IR and plass (silica) fibers are, of course, quite ditterent. TIBr tiber s very
flexible at room temperaturce, as shown qualitatively in Figure 6. KRS=Y fiber (U9%0-,m diameter) mav he bent to
a radins of 6 in. without depradation, Warming the fiber slipghtlyv above room temperature mahes this 1iber evien
more flexible.

Fiber tailure vecurs when grain boundaries separate.  This mav be seen in Figure 7 for KRS=% tiher,
fiber in Figure 7(a1) has been stretched, vevealing the separated prain bomndarices (note, tiber docs not neck-
down). A complete break (Figure 7(0)) occurs at grain boundaries, leaving 4 jarped tiber ond.

Applications of 1R tibers

The applications of IR Pibers are post ecasilv disegssed in terms of Jaser power trapsmission or the . ommuni-
cation of intormation. Power applications using €O, lasers relv on the delivery ot rebatfvely small amounts of
power to remote or inaceessible locations,  0ne such use would be in Laser surveryvy where a tlesible tiber
would deliver laser radiation tor applications in dentistry, nearosurpers, ophthalmolopy, and urology.  Another
power application invalves laser cutting and drilling. In this use, a tiber bundle coubd accept €Oy Taser
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Table 2. echanical Propertics of IR Fibers A
8000
B . 181
Tensile Tests” KRS-5 T1Br \{
. b N e
Ulcimate strength, 9000 (6) 3800 (4) v
asi 6000 Ly,
i ~ 47‘5
g (251 ~ ke
Yield strength, 54000 (9) 3200 (4) 19 ~ IVGTH
- -~ _YELp ~
psi ~~ 0 STRen - (10}
4000 L ~<ENGTH ~
. . ~— ~al
Elongation, 3.1 (%) 1.2 (4) it R,
[}y
. - 1.8 x 10" (&) 0.8 x 10" (%)
Modulus of 80X .8 x 4 2000
elasticity
a
Tests made at 10 em gaupe length,
0,02 em/min strain rate. —_ I . R ,_J

h.\'umlwr ot samples tested, 0 5 10 15 20 25 30 35
AVERAGE GRAIN SIZE jum

Fipure oo Strength of 100-m-diamcter KRS-5 1 iber as
a tunction ot tiber praim size,

LLAPALY Y

Figure 6. Coiled I'lBr fiber to show 1 lexaral propertios.

radfatfon and distribute power to remote locations,  Potential uses include cloth cutting and multiple hale
drilling.

The ultralow loss potential of IR fibers (see Figure 1) has enormous importance to futore communicat jons
1inks. Fabrication of IR fiber with losses as low as 1073 dB/km will allow long-distance communicat fons sva-
tems to be built in which repeaters would not be needed,  For example, an wndersaa (vrepeat et Tesn) commimiea-
tion link thousands of kilometers long is anticipated.  Our work on KCL tiber s divec tod toward under standing
limiting losses in fibers and preparing ultra-low-loss IR tiber,
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Figure 7. Mechanical failure of KRS-5 fibuer.

Nearer-term applications necessarily involve shorter lengths of IR fiber (I to 2 m), Defense syvstems may k
take advantage of the IR transparency of KRS-5 fiber (2 to 25 um) to relay information from remote areas to .
photodetectors. In this application, the IR fiber would serve as a passive detector of IR radiation with the ¥

usual fiber advantages of immunity to clectromagnetic interference (EMI) and resistance to jamming. We suc-
cessfully tested this application by building an IR fiber receiver using two 250-pim-diameter KRS-5 fibers
(each 60 cm long) to link the received signal (C02 laser pulses) to two cooled photodetectors. A similar
application could be made in pyrometry. The long-wavelength blackbody radiation transmitted by KRS-5 fiber
(near 10 um) makes the measurement of low temperatures (less than 100°C) possible.

Conclusions

The art of fabricating IR transmissive waveguides has progressed to the point that many short-length (<10 m)
applications are now possible. These applications include CO, laser power tramsmission and transmission of
information at IR wavelengths. The effect on future communications systems will be great if the ultra-low-
loss potential of these IR fiber materials can be realized.
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