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Our approach to developing low-loss waveguides involves three interrelatad
tasks: (L) fiber materials preparation, (2) fiber fabrication, and

(3) optical evaluation and analvsis. In the first task, we have Jombined
our reactive atmosphere process (RAP) chemistrv techniques, which have
proven so successtul for alkali halides and zone refininv; to prepare
thallium haiide crvstals tor use in rfiber fabrication. While we nave et
to evaluate these crvstals opticallv, we expect substantial reducticn in
the anion impurity concentration.

In the second task, we devoted the majority of our efforts to the fabri-
cation of SC fibers. The fabrication of SC fibers holds, we feel, the
greatest promise for achieving the program goal of 10~3 dB/km. Bv going
from poly- to single-crystal waveguides, we will minimize scattering
losses associated with grain boundaries (impurities decorating grains,
inherent surface roughness, and grain boundary separation), and with the
fabrication process (for example, stress-induced birefringence during
extrusion). Our first attempts at SC fiber growth involved an inverted |
Czochralski method, combined with RAP chemistry to grow SC KCl fiber. In
this method, molten KCl in the presence of a RAP environment is directed
vertically downward through a quartz, fiber-forming orifice. To date, we
have not been able to prepare any SC fiber using this apparatus because
of the inability to precisely control the temperature at the liquid-
solid interface. Another SC fiber growth method we have developed uses
our extrusion apparatus. In this pressure-fed SC fiber growth, only a
small portion of the solid is melted near the exit of the extrusion die.
This forms the growth interface for fabrication of SC fibers.

The third task, optical evaluation and analysis, has been directed at
understanding the nature of scattering and absorptive losses in our IR
fibers. Using a scattering sphere we measured the attenuation due to
scattering, g, and the total attenuation, ap, as a function of IR laser
wavelength. We found that for most fibers the scattered light varies
between 40 and 607 of the total light. Further, we found that JT‘~\'2,
and that there is no simple wavelength dependence for g. This, we feel,
is a result of scattered light being re-absorbed at the surface of the
fiber. In general, our scattering measurements reveal that the surface
quality of our fibers is a major source of fiber attenuation. Additional
measurements of the attenuation in KRS-5 fiber while the fiber is under a
constant tensile load have indicated the possibility that stress-induced
birefringence may also be a major contributor to the fiber's losses. In
particular, KRS-5, and very likely other ductile fiber materials (the
thallium and silver halides), exhibits residual strain induced during the
extrusion process. This strain and resultant variation in the index of
refraction contributes to the attenuation coefficient due to scattering.
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SECTION 1

INTRODUCTION AND SUMMARY

for the past several years, Hughes Research Laboratories has been actively
engaged in the development of ultra-low-loss fiber waveguides for future long-
distance communications systems. With support from contract (ONR, DARPA/NRL,
and RADC) and Hughes IR&D funds, we have fabricated fibers from highly trans-
missive, infrared (IR) crystals. The projected losses for the alkali and
thallium halides we have studied are near 10_'3 dB/km. Unfortunately, the best
crystalline IR fiber made from KRS-5 (T1BrI) has a measured loss of 300 dB/km
at 10.6 um — three orders of magnitude above the intrinsic loss for KRS-5 at i
this wavelength, and far above the program goal of 10—3 dB/km.

Our approach to achieving the ultimate low-loss fiber has concentrated
on developing waveguides from crystalline materials. This approach is based
on theoretical predictions which show that a variety of IR crystals should
have losses no greater than 10-3 dB/km near 5 um.l>2 For review, we show
projected losses for KRS-5 and KCl in Figure 1, along with those of fused
$i0, for comparison. From these familiar V-shaped loss curves, we see that
the advantage of crystalline materials derives from the shift of the multi-
phonon edge (Reststrahl peak) to longer wavelengths. For fused SiOp or other
oxide glasses, the multiphonon edge occurs at shorter wavelengths because of
the high vibrational frequencies of the $i-0 bond.

From Figure 1 we see that this limits the ultimate loss in these materials
to 0.2 dB/km at 1.55 um, a value only recently achieved in kilometer-long
lengths of silica-~based fiber3. The crystalline materials, therefore, are in
principle, excellent candidates for next generation waveguides if we can reduce
the dominant extrinsic attenuation losses that now severely limit our crystal-
line fibers.

During the second year of our ONR program we have studied the purification
of thallous halides and developed new methods to fabricate single crystal (SC)

fibers. Combining reactive atmosphere process (RAP) chemistry techniques,

which have proven so successful for alkali halides and zone refining, we have

prepared thallous halide crystals for use in fiber fabrication. While we have
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vet to evaluate these crystals opticallv, we expect substantial reduction in
the anion impurity concentration. The fabrication of SC fibers holds, we feel,

-3 dB/xm. 3By going

the greatest promise for achieving the program goal of 10
from poly to single crystal waveguides, we will minimize scattering losses
associated with grain boundaries (impurities decorating grains, inherent sur-
face roughness, and grain boundary separation), and with the fabrication pro-
cess (for example, stress-induced birefringence during extrusion).

Our first attemps at SC fiber growth involved an inverted Czochralski
method, combined with RAP chemistry to grow SC KCl fiber. 1In this methed,
molten KCl is directed vertically downward through a quartz, fiber-forming
orifice. The melt and fiber are enclosed in an RAP atmosphere, both to purifyv
the KCl and to reduce the surface tension between the quartz orifice and KCl!
fiber. To date, we have not been able to prepare any SC fiber using this
apparatus because of the inability to precisely control the temperature at the
liquid-solid interface. For better temperature control we have added an
auxiliary heater to the apparatus.

Another SC fiber growth method we have developed used our extrusion
apparatus. In this pressure-fed SC fiber growth, only a small portion of the
solid is melted near the exit of the extrusion die. This forms the growth
interface for fabrication of SC fibers.

In addition to fabricating IR fibers, we have been evaluating the optical
and mechanical properties of the waveguides. Our optical studies have
endeavored to separate scattering and absorptive losses in polycrystalline
KRS-5 fibers. Using a scattering sphere we measured the attenuation due to

scattering, B and the total attentuation, as a function of IR laser

1,1,,
wavelength. We found that for most fibers the scattered light varies between
40 and 60% of the total light. Further, we found that ap v \—2, and that
there is no simple wavelength dependence for ig. This, we feel, is a result
of scattered light being re-absorbed at the surface of the fiber. In general,
our scattering measurements reveal that the surface quality of our fibers is
a major source of fiber attenuation.

Additional measurements of the attenuation in KRS-5 fiber while the fiber
is under a constant tensile load have indicated the possibility that stress~

induced birefringence may also be a major contributor to the fiber's losses.




In particular, KRS-53, and very likely octher ductile fiber materials ithe
thallium and silver halides), exhibits residual strain induced during cthe
extrusion process. This strain and resulting variation in the index of rerfrac-
tion contributes to the attenuation coefficient due to scattering.

In Sections 2 through 4 we discuss the technical progress in three areas:
Section 2, Fiber material preparation; Section 3, Fiber fabrication; and
Section 4, Fiber evaluation. In Section 5, our recommendations for future

work are given.

10




SECTION 2

FIBER MATERIALS PREPARATICON

A INTRODUCTIUXN

The fabrication of low-loss crystalline fibers requires ultra pure
starting materials and new fiber fabrication techniques. In this section we
describe the chemistry involved in purifying thallous halides and our attempts
to prepare this material in ultra-pure form. Because we have been so success-
ful in the extrusion of polycrystalline thallous halides, we have devoted our
efforts toward preparing very pure thallous halides for use in both extrusion
and single-crystal (SC) fiber growth. The primary emphasis has been on the
binary, medium-melting solid solution of thallous bromide and thallous iodide,
or KRS-5. The composition of this material is T1Br

0.4670.54°

B. APPROACHES TO BE TAKEN

In order to obtain uniformity and homogeneity in the SC fiber, crystal
growth must be carried out as a steady-state operation, with the crystal
growth direction along the fiber axis. Because of the relatively long crvstal
dimension in this direction, a fast crystal growth rate is essentia.; and,
therefore, a melt growth method, such as the Czochralski method, the Bridgman
method, or some method that is derivative of these, is much preferred over
solution or flux growth methods.

To obtain fast, steady-state crystal growth from the melt, the charge
material must be a congruent melter. This means that the charge material
must have identical chemical compositions in its crystalline and molten phases.
(In that case, no segregation or partition takes place across the crystal-to-
melt interface; therefore, the compositions of the crystal and the melt are
invariant during crystal growth - a necessary condition for steady-state crvs-
tal growth.) 1In the ideal sense; melting congruency may be interpreted to
mean that the material is a pure chemical compound which is thermochemicilly
stable in the vicinity of its melting point. In less strict and more rvealistic

terms, it is sufficient that the concentrations of any impurities present in

11




the material be below partitionable levels. We have emploved the technigue

Oof zone refining under a stream of reactive gases 'RAP zone rafining) -o raise
the purity levels of commercially available thallous halides to the level »f
melting congruency of these materials.

There is already some evidence derived :Irom extruded polvervstalline
KRS-5 fibers that suggests that the mechanical properties of this material,
namely, its yield strength, could be improved. Such improvement may be
brought about by the addition of controlled quantities of specific impurities.
For example, yvield strength may be increased by blocking slip, which in turn
may be accomplished by rendering slip planes less ''smooth' through the sub-
stitution of size- or coordination-mismatched impurity species for some host
ions. Dopants that may strengthen the thallous halides include Sr++, Rb+,
Ag+, and Eu++. In the past, Rb+ and Sr++ have greatly strengthened the
alkali halides.

C. EXPERIMENTS AND RESULTS IN MATERIALS SELECTION AND PREPARATION

The components in KRS-5 are thallous bromide and thallous iodide; those
of KRS-6 are thallous bromide and thallous chloride. The unary thallous
halides were obtained by us in the form of ultrapure-grade powders from Alfa
Products, Thiokol/Ventron Division. These compounds are susceptible to hvdrol-
vsis by moisture from the air, and therefore their anion purity is subject to
progressive degradation even with intermittent exposure to the atmosphere.
Hydrolysis will convert the thallous halide to thallous hydroxide, as in

the reaction,
TIX(s) + HZO(g) -~ T10H(s) + HX(g), (a)

where X=I", Br , or Cl . Although this reaction may be incident only on the

surface of the solid, it may occur extensively in the raw materials since

these are in powder form.




Thallous hydroxide readily decompoases upon heating wia the reaction,

2TI0H(s) YSSTE*- TllO(s) + H:Otg). 5

Note that the water molecule that is a product of reaction (b) mav serve as a
reactant in reaction (a). If the water is completely recycled, the overall

reaction will be

2T1X(s) + H,0(g) - T120(s) + 2HX(g), (c)

139°C

in which case each mole of water will displace two moles of halide ion. How-
ever, part of the water produced in reaction (b) is lost during calcination,
and the actual extent of hydrolytic degradation will result in an {X ] to
[H,0] ratio between one and two.¥

) Thallous oxide (T120) is a basic oxide, and has a melting point of 300°C,
which is far below the melting points of thallous iodide, thallous bromide, or
thallous chloride. (These are, respectively, 442.5 *1.0, 461.5 #1.0, and
431.5 *1.0°C by our own DTA measurements.) In molten form, thallous oxide
will react with silica, and consequently cannot be contained by vitreous-silica
ware. Indeed, our initial experiences with the "ultrapure" thallous halide
powders in glass or fused-quartz containers lead us to the inevitable conclu-
sion that these materials would have to be stripped of their hydroxide and/or
oxide content before they could be melted in such containers.

The chemical stripping process that we adopted was the reversal of

reaction (a) or (¢), viz.,

T10H(s) + HX(g) — T1X(s) + HZO(g), (d)

—_
<139°C

and

*These anion impurities, OH and O , derived from the action of water, degrade
the optical transparency of the host in the infrared. The oxvgen-to-hydrogen
stretch 1s active at ~3 um, and the oxygen-to-metal stretch is active at ~10 um.




Il,0(s) + 2HX(g) 2TIN(S) + H.0(g)s

300°C

i.e., heating the contaminated thallous halide powder under a stream of the
corresponding hvdrogen nalide gas without melting its thallous oxiie content.
Helium was used as the carrier gas so that the HX gas flow rate could be main-
tained at controllable levels. After approximately five hours of this treat-
ment the thallous halide powder could be melted in vitreous-silica ware with-
out corrosion of the latter.

Further purification of the thallous halide was carried out by RAP-zone
refining with the same gas mixture. The iterative crystallization process,
which is the basis of zone refining, serves to clean up the charge material
via the mechanism of segregation; i.e., the expulsion from the crystal lattice
of species that are alien to it. However, there are compensation reactions,
either between two different alien species or between alien species and native
point defects that may inhibit the segregation mechanism. In RAP-zone refin-
ing, in which a second mechanism is simultaneously provided for anion purifica-
tion, many of these compensation reactions become inoperative, and the segrega-
tion mechanism is more potent.

Figures 2 and 3 show comparative DTA thermograms of pre- and post-RAP-
zone-refined thallous iodide and thallous bromide, respectively. More sig-
nificant than the raising of the melting point of the material by the RAP-
zone-refining in both cases (2.5°C for TlI and 2.0°C for T1Br) is the sharpen-
ing of the knee of the melting endotherm, which is characteristic of melting
congruency.

RAP-zone~-refined thallous bromide and thallous iodide were used to zrow
an SC ingot of KRS-5. Its melting point was 414.0 #1.0°C by DTA measurement.
Another SC ingot of KRS-5 doped with strontium iodide to a starting concentra-
tion of 100 Sr2+ ions per million cations was similarly grown. Its melting
point did not deviate from that of its undoped counterpart within the limits
of accuracy of the measuring procedure. There was also evidence of incomplete

dissolution of the dopant.




Figure 2. Comparative composite thermogram of (a) ALFA ultrapure thallous
iodide and (b) its RAP zone refined counterpart. The melting
point read from (a) is 440°C, and that from (b) is 442.5°C.

The solid-solid transition occurs at 197.5°C in (a) and at
182.5° in (b). The shallow endotherm at around 90°C in (a),
presumably the evaporation of moisture, does not appear in (b).

15
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_— (a) ]

aT (b)

Figure 3. Comparative composite thermogram of (a) ALFA ultrapure thallous
bromide and (b) its RAP-zone-refined counterpart. The melting
point read from (a) is 459.5°C; that from (b) is 461.5°C.

16




It is expected that our zone-rerfining work on the thallous nhalides

will lead to purer starting macerials, and thererore lower-ioss iters,
. 4 ; . : . . C o
Recently, Artvushenko, et al. at the Lebedev Russian Institute repeorted Hulix

_ . L ! - -5 -1 e e
absorption coefficients between 3-5 x 1O em o, or Li-22 i3

bulk KRs-5, TLCl, and KRS-6 (T1BrCl). Thev have indicated tnat H, v and other
anion impurities such as coé', and HCO_, and c10; limited the buli transmission,
and that their "repeated crystallization'" (probably zone-refining) improved

the material. So far, we have not optically evaluated our puriried materials,
but we plan to do IR laser calorimetry and evaluate fibers made from these

zone-refined mate.ials during the upcoming vear.




FHECEDING PAGE BLANK~NOT FILMED

—d

SECTION 3

FIBER FABRICATION

AL INTRODUCTION

The major emphasis in fiber fabrication has been on single-cryscal (SC)
fiber growth. SC fibers offer significant advantages over polycrystalline
fibers. Some advantages are smaller scattering losses through reduction in
strain birefringence, elimination of grain boundaries, and rerter surface

quality. During the past year we have examined the chemistry and kinetics of

SC fiber growth using an inverted Czochralski growth method, and have attempted i

to prepare SC fibers using a modified extrusion technique.

B. CZOCHRALSKI GROWTH OF SC FIBERS

We began our study of SC fiber growth by examining the kinetics of crystal
growth for a system (fiber) which must be grown at a very uniform rate for good
surface quality. The key factor in producing a uniform riber is the surface
tension of the melt. This factor will determine the kinetics of heat and mass
transport at the growth interface.

The crystal growth rate, ﬁ, based exclusively on a heat balance across

the growth interface, is given by

a1a
][]

-
QC

where k is the thermal conductivity of the crystal in the growth direction, M
is its molecular weight, p is its density just below the melting point, HC is
its molar latent heat at crystallization, and dT/dz is the longitudinal or
axial thermal gradient in the crystal just inside the growth interface. The

, 2
rate of momentum transport from melt to crystal is Tr . oR°*R. or

2 7
2 s2 _wr” (kM dT\" n
Tr “oR —-D (_H dZ) ’ (2)
c
where r is the radius of the fiber,.
19




The inverted Czochralski apparatus that we proposed using is shown in
Figure 4. The molten halide salt is formed into fiber in the precision bore
capillary. An auxiliary heater is used to obtain precise control of the growth
interface. The entire svstem is made of quartz. In our considerations »f
fiber growth kinetics, the friction between the capillary may be important.

Our experiments will give us empirical values for this force.

The virtual force in Equation (2) may now be included in the force-

balance equation for the inverted Czochralski system. We have, for the force-

balance equation,
2.y 2 .2
7r hpg = 27 rv + r o R , 3

where h is the hydrostatic head of melt over the growth interface, o' is its
density, and y its surface tension. (The error in using the same r for both
the melt and the crystal is negligible.) 1If these are indeed the only forces
that come into play at the growth interface, then a comparison of the two

terms on the right-hand side of the equation will yield (assuming r = 0.015 cm,

and R ~ 10 cm/hr)

ZE_EI_.k 107 . (4)
2 .2
Tr pR

However, this equation is really incomplete in that it does not take into

account the resistance to fluid flow through the capillary duct. At R=10cm/hr,

it is safe to assume viscous flow, and the Hagen-Poiseuille equation applies;
i.e.,
8uLR .
bp = =, (5)
r
where Ap is the pressure drop across a length, L, of duct due to resistance to
flow by a fluid of viscosity, u (which has been estimated as equal to 1.l c¢p

for molten KCl from parameters tabulated in Janz' Molten Salts Handbook,

Academic Press, 1967). Setting L/h = 1/2, and comparing this resistive force

to the driving force (i.e., the hydrostatic force), we will obtain the rutio,

dcaax A - R O P OV U N U S U _LJ




)
=P - 0.0003.
“rThe g

vur initial attempts at growing SC potassium chloride fiber were carried
out in a fused-quartz crucible, shown schematically in Figure 3. we used
h =12 cmand L = 3 cm. It eventually became apparent that control of the
growth would require a closer control of the temperature of the capillary duct.
To achieve this we used an auxiliary heater for this duct. This current
apparatus is shown in Figure 4. Using the first inverted Czochralski apparatus
for KC1 fiber growth, we were unsuccessful in producing any fiber. With the
better temperature control afforded by the second growth apparatus (Fig-
ure 4), we will be able to grow alkali and thallous halide fibers in next

year's program.

C. PRESSURE-FED SC FIBER GROWTH

We have developed a new method of growing SC fibers using the extrusion
apparatus normally used to fabricate polycrystalline fibers. 1In this method
only a small portion of the crystal is melted. Figure 6 shows the special die
we ne2ded for forming SC fiber. The solid KRS-5 or T1Br (materials we have
tried to date) are placed in the extrusion die body as normally done in the
extrusion of polycrystalline fiber and the material is forced through the
special die. In the narrow fiber-forming region of the die the crystal is
melted and an SC fiber results. This method, which we call pressure-fed
crystal growth, has an advantage over the first approach by having a very small
melt zone, with minimal exposure to the contaminating outside environment.
Furthermore, since the method used cur fiber extruder, long fiber lengths are
possible from the start. Finally, there is no pulling on the finished fiber.
In other ST fiber techniques, the fiber is pulled by a take-up reel. This may
incduce strain in the fiber which can lead to scattering losses.

We have attempted a number of pressure-fed SC fiber growths using both
quartz and stainless steel dies in the shape shown in ..:ure 6. All quartz

dies cracked. We now believe this is due primarily to attack of the quartz by

7 SIS
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T10H, and not the pressure placed on the die in the quasi-extrusion process.

The metal die also failed during our first attempt because the melt became too
hot and adhered to the metal. Future work will use other die materials, such

as sapphire, to prevent interaction between the halide and the die capillarv.
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SECTION 4

FIBER EVALUATION

IomAean et .._‘_......,\.;_.._1. -

INTRODUCTLON

e

The optical evaluation of both fiber and bulk materials provides the
foundation of our understanding of loss mechanisms in transparent materials.
Our analysis of the optical attenuation in cryscalline IR fibers has involved
determining the total absorption coefficient, ap, as well as the attenuation

from scattering, ., and absorption,a,, processes. In general,

S A

A, 0= A, +oa, (6)

so that evaluation of aT, % s and aA provides a thorough understanding of the

loss mechanisms in fibers.

Determination of the various attenuation coefficients can be accomplished
in several different ways. In Table 1 we summarize the various experimental
methods which are most commonly used. In our measurements we determined JT
using both IR laser sources (insertion loss) and a small IR spectrometer of
our own construction. The scattering losses were obtained using a scattering

sphere. Finally, o, was obtained from a_ and a_ using Equation (6).

A T S
Even more information is obtained about the individual loss mechanisms

if we study o as a function of wavelength, A. In particular, we expect a

priori that o, will be a strong function of A (Ravleigh scattering). There-

S
fore, we rewrite Equation (6) to incorporate an explicit wavelength

dependence:

~4

)

A
AN = (— + + ).
) = €7D+ ) (
A represents Rayleigh scattering mechanisms, while B accounts for the
frequency-independent scattering from particles whose size is large with
respect to the wavelength. Equation (7) has been used5 quite successfully

to account for the observed aT(A) behavior in silica-based fibers. Thus, bv




TABLE &
COMMON METHODS CUSED TO MEASURE ATTELU
IN OPTICAL FIBERS

3
rod
<
e

oo

Attenuation

R Experimental Technigue
Cuefricient

b Insertion-loss measurement with
laser IR spectroscopy

15 Scar.tering sphere
Rayleigh-Brillouin scattering
2y Laser calorimetry

analogy, we anticipated that it would apply to our fibers at IR wavelengths.
However, our experiments demonstrate that IS(K) does not have as simple a wave-

length dependence as that expressed in Equation (7).

B. EXPERIMENTAL METHODS

The insertion loss measurements were made at 10.6, 5.2, 3.8, and 2.8 .m

using CO CO and DF/HF lasers. A diagram of the apparatus used at 10.6 um

is shownzin Figure 7. A unique feature of this set-up is the blockage of the
signal reflected from the input end of the fiber. Because of the high refrac-
tive indices of our fibers, a large fraction (17% for KRS-5) is reflected at
the front surface. This reflected energy can alter the laser output, creating
a different incident intensity than that measured without the fiber in place.
We blocked the reflected beam by using the quarter-wave plate and wire-grid
polarizer, thus eliminating any enhancement of the incident energy.

Spectral information is obtained by using a broadband source (Nernst
glower) and a simple monochromator. In Figure 8 we have diagrammed the
essential features of our IR fiber monochromator. The wavelength selection
is performed by rotating an OCLl filter wheel (2.5 to l4.5 im) at the output
end of the fiber. Data are first recorded with the fiber in place, then a

background or reference spectrum is recorded. The sample and reference data

are established and the transmission is arbitrarily set equal to 1.0 at 10.6 .m,
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Figure 8.
spectral information.
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Scatlering medsurements were made usinyg 1 sMacrl, 2.2 om diaemeler

TlDelr TedasureTienis

scattering sphere. Scattering spheres have bdeen used ror
jal

L, n . . ... -
on silica-glass ribers  and have been adadted for us«e on R Jiders. The

radiation scatfered within the dirruse sold=o el spherse 15 ol lecfed DV g

1

orvozlectric detector (see Figure 9).  The laser bdeam is chopped and phase
sensitive detection is used to eliminate background radiation. The measure-—
ment is made by caretfully sliding the sphere along the fiber and recording
the difrferential scattered light as a rfunction of position of the sphere
along the fiber. The sphere and detector are calibrated at the end of the

measurement by drawing the output end of the fiber into the sphere and mea-

suring the detector signal for a known-power output of the fiber. The tfibers
were studied at various IR laser wavelengths (see Figure 9) to obtain our

trequency dependent data.

c. TRANSMISSION SPECTRA OF KRS-5 FIBER

The relative transmission of two l-m long KRS-5 fibers is given in Fig-
ure 10. The solid line shows a fiber with some impurity absorption, while
the dashed line represents a fiber free of observable impurity efrfects. The
absorption of 6.l um is due to H,0, and the 9.6 um band is probably due to
a C-0 bonded impurity. The latt;r band has been seen in alkali halidesg,

but its exact source has never been identified. In the case of the fibers we

feel that the impurity absorption is on the surface of the fiber, and the fiber
is acting like an ATR (attenuated total reflection) plate to reveal surface con-

taminants. The most striking feature of the data, however, is the decrease in

-

transmission at the shorter wavelengths. Later, we will show that By oo T,
This behavior is characteristic of the fiber; bulk KRS-5 exhibits no decrease in
transmission over this wavelength range. The most reasonable explanation for the
decrease in transmission is scattering. In the next section, we will discuss the
scattering measurements in greater detail and offer an explanation for the
observed spectral characteristics. The transmission of the fiber (solid line

in Figure 10) at IR laser wavelengths, made by insertion loss techniques, is
detailed in the table in Figure 10. When these points are plotted, along

with the spectral data, we see that there is good agreement between the two

measurements.
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D. SCAITERING SPHERE MEASUREMENTS

The calculation of 15 has been discussed in last vear's UNR contract

: . . T . . .
rcpnr:.' We summarize the basic relationships necded to Jetermine .. In
N

Fizure ll. From the defining equativan for the amount or liant, jLs. scdttered

from 4 length, dx, of fiber at a distance ,x, [rom the end of the [iber,

dIS = -I(x)asdx, (3)

from which we obtain age The actual value of g depends on whether dg is
obtained by integrating Equation (8) from x=0 to x=/ or whether *g is obtained
at a few selected points using Equation (8) directly. In the first case, an

average value, a is obtained which includes the strong scattering contri-

s
bution from the iutput end (x=1) of the fiber (see Figure 12).

Differential light scattering intensity for two KRS-5 fibers is shown
as a function of position along the fiber in Figure 12. In the top curve,
we note the presence of a hot spot in the fiber 28 cm from the input end.
The hot spot occurs where the fiber hung in the extruder overnight. At this
point, the grains are large. Generally, we observe few hot spots in our
present fibers, and the differential light scattering data appear as shown
in the lower curve of Figure 2. Both sets of data, however, reveal exces-
sive scattering from the output end of the fiber. This is characteristic of
all our fibers and results from strong end reflections (17%) which couple
lighr into higher order lossy modes. 1t is not possible to eliminate these
end effects by terminating the output in an index matching fluid because
there is no suitable matching liquid with a refractive index as high as that
of KRS-5 (n=2.37). Instead, we mathematically eliminate the end effect by

calculating o, from Equation (8) at several points near the middle of the

The diffzrencial light scattering data of Figure 12 is used to calculate
ag. For the lower curve in Figure 12 we have plotted the values, g (calcu-
lated using Equation (8))in Figure 13. As expected, the data show that 2g
is fairly constant over most of the fiber's length (note the break in abcissa
in Figure 13). The solid circles are data taken on a fiber with ends polished

using 0.3 um grit paper. This is our standard end finish for most fiber
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measurements. From Figure 13 we see that the increase in tg at x=. Jepends on

the end finish, and that the coarse grit, 9 um polish leads to the greatest
increase in 15 at the output end. The coarse end finish leads to more

-

scattering at the end surface and thus greater losses, as expected. The Zest
polish reduces end scattering losses to the point where there is little change
in ls over the length of the fiber. We also note from Equation 13 that the

average value %. of 0.407 dB/m (includes output end scattering) for the

S

solid-circle data is greater than the value of i = 0.3 dB/m obtained from

Equation (8) and data taken near the beginning of the fiber. Therefore, we

can regard as=

loss of the bulk fiber.

0.3 dB/m as more accurately representing the true scattering

The effect of end scattering is even more pronounced at shorter wave-
lengths. Figure l4 shows data on the same fiber shown in Figure 13 with a
standard end finish at two laser wavelengths. At 10.6 um (solid line in

Figure 14), a_ is observed to be relatively constant (note expanded ordinate

S
scale as compared to Figure 13). At 5.3 um, however, the end scattering
losses are severe, increasing almost an order of magnitude over the constant
value of as. We expected this effect at shorter wavelengths because scat-
tering increases as the wavelength decreases.

It seems reasonable to attribute scattering losses to the polycrystalline
nature of the waveguide. Specifically, the grain size would appear influen-
tial in determining the optical properties of the fiber. To check this
hypothesis, we extruded two KRS-5 fibers from the same starting billet with
different grain sizes. Figure 15 shows the surfaces of the 3 um and 34 um
average grain size fibers, along with the measured attenuation coefficients
at l0.6 um. We observed that even though an varied slightly for each fiber,
the ratio, as/aT, was nearly identical for the two fibers. This means that
the scattering contribution does not depend on grain size, at least within
these limited test data. This is reasonable because these are cubic mate-
rials, and therefore, the random orientation of the grains by themselves
should not lead to scattering losses. It is possible, however, that impuri-
ties decorating grain boundaries and inhomogeneous strain fields could lead

to apparent grain size effects. At this point, we have not seen any evidence

of these effects.
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It3

we have collected all scattering measurements at lJ.o .o O study th

fraction of the total light scattered out or the fiber. The histogram in

Figure lo gives the number of fibers within a small ¢ op range. Tt is

3
evident that mest fibers studied scatzer between ) to od7 of the ool liznt,
some [ibers, however, scdtter only a few perceant. [n these cases, tfhe tfota:

tiber loss is not reduced through the reduction of QS as might be expected.
Instead, e i3 as high or higher than fibers scattering 507 of the light.
Finally, the fiber attenuatiown data at four laser wavelengths is given

-1
in Figure 17. In the two curves, o is plotted versus 1} to help reveal
the inverse power dependence expected for g from Equation 7. We observe from
the data that for the two fibers studied, 2

) T

as \ 7, However, QS does not exhibit any simple wavelength dependence. The
h)

50lid lines in the Ag graph show that T or \-4 (Rayleigh scattering) do not

fit the data. We must conclude that the simple frequencyv dependence of

varies, to a good approximation,

Equation 7 for QS does not hold for our fibers.

E. INTERPRETATION OF SCATTERING SPHERE RESULTS

The following two observations summarize the primary results of our

attenuation measurements on KRS-5 fibers:

N The total attenuation coefficient, aT, varies as % ~ from 2.8 to
10.6 um.
. X C. . . A
. The scattering attenuation coefficient, 3o, is not given by {(— + B).
_— 4
\«

At the outset, we expected that scattering and absorptive losses could
be treated independently, or that JT = lA + as. Further, we assumed ls could
be broken down into a frequency dependent term which describes Rayleigh-type
scattering losses, and a frequency independent term representing scattering
from defects much larger than the wavelength of light. This general form of
analysis has been applied to silica fibers with excellent success. Qur results
indicate that the situation is not so simple for our fibers. This, we feel,
is due to an interaction between scattered and absorbed light which prevents
us from treating each contribution separately, as described by Equation 6.

One of the major sources of attenuation is the surface quality of the

fiber. Because these fibers are extruded, the surface is not as smooth as the
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Tree—rfarmed surface orf drawn zlass rfibers. he IR Iiber surface is ilso

susceptible to chemical contamination from moisture, dust, and hvdrocarhbons.

T3

we see the erffects of such contamination in the spectral data of Figure [4.

shen plzang s scattered in the fiber from chemical derfects or resiluadl sorain

tledds. seme o1 the light will be scattered at angles nesr the crizical angle
! {257 for KR$-3). This light will escape along the surface of the riber and
some will be absorbed by the surface. Thus, we will not collect this scattered

light in our scactering sphere, and hence, this light will not properlyv con-

tribute to i This interaction between scattering and absorption leads to
an effectively smaller g owing to the reabsorption of scattered light. We
notice this trend in the *g curve in Figure [7. We expect a strong
scattering dependence, but in fact observe a much weaker dependence of x5 on

1, especially at the shorter waveieng.ns. The data show that Xg does not
-2

even varyv as \

The best correlation of attenuation and wavelength is observed (see
~2
Figure 17) in the ax data. Here, ap varies as )

associated with surface absorptionlo; and .because scattering and absorption

-2
A A “-dependence can be

losses are interrelated, it may seem reasonable that Xy could be described
; -2 L .
bv a composite A “-type term. This is, however, speculative, and further
-2
analysis is necessary to properly explain the observed 2p ~ A7 behavior.

F. STRESS-INDUCED BIREFRINGENCE IN FIBERS

The effect of strain on the optical properties of IR fibers is particu-
larly important in the ductile fiber materials where the stress-induced bire-
fringence can be signifi:ant. To determine the role of strain and its rela-
tion to the attenuation in polycrystalline KRS-5 fibers, we have undertaken a
T %g° and aA
as a function of applied uniaxial stress on a KRS-5 fiber. Our results

series of experiments to measure the attenuation coefficients a a

indicate a strong increase in the attenuation as the fiber is loaded up to

its ultimate strength.

b4




G EXPERIMENTAL SET-UP AND RESULTS

The measurements were carried out at 0.6 .m using cthe opticil apparatus
described in Section 4B. The fiber was suspended vertical:y and loaded wizh
£nown dmounts of wdter added to a vessel nanging from a1 botoem clamp.  lhe
gauge length was approximately 75 ¢m or 3,4 of the fiber's length. As each
load was added, tp and 15 were recorded. The measurements continued to the
tracture point of the fiber.

A typical stress-strain curve of a KRS-5 fiber is shown in Figure 3.
This curve can be used to determine the strain in our measurements, although
this was not done. We note from Figure 18 the large region of plastic flow
bevond the yield point. This is characteristic of these ductile polyvcrvstal-
line fibers. In practice, the strain beyond yield is a function of the gauge
length and loading time because this elongation is due partly to creep.

The data in Figure 19 shows the strong increase in both xp and xg as
the applied load is increased. Below the yield point, the fiber loss alwavs
returns to the zero load value when the load is removed (no hysteresis).
Above the yield point, the plastically deformed fiber does not return to its
original loss value; instead, an extra absorption proportional to the amount
of plastic deformation is added. In Figure 20 we have replotted the data in
Figure 19 after subtracting the attenuation at zero load. The excess loss in
Figure 20 is seen to obey a simple power law relationship with respect to
applied stress.

The most likely source of the excess attenuation is stress-induced bire-
fringence. Photomicrographs of KRS-5 fiber placed between crossed polarizers
in both a relaxed and stressed state indicate considerable birefringence.
This birefringence, of course, leads to scattering as a result of variations
in the refractive index. M. Sparksll has recently shown that within the pro-
portional limit fiber losses resulting from inhomogeneous strains should vary

as the square of the change in refractive index, Ain, or

an am? v qo)?, (9)
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witere ~ L3 the applied stress, and q is the stress-optic coerfiicient. ur
2.0 2.3
resulcs rfrom Figure 20 show that ‘o R and 13 .o . This is in zo02
agreement with Spark's calculations. Furture experiments will Turther weril-
hese results, especlally o, and a more complete Cheors will o osloier Lo
D
eiroects of volds introduced along zsrain boundaries and disilocations.

H. INTERPRETATION OF ATTENUATION IN STRESSED FIBERS

Qur measurements of attenuation in stressed fibers have shown that scrain
birefringence is a significant loss mechanism in our tfibers. The veryv forma-
tion of a polycrystalline fiber by extrusion induces enormous strain in the
tiber. This fact, coupled with the ready deformation of these ductile mate-
rials, means that large strains will always be present in the as-extruded
fiber. 1In fact, we now believe that, along with the surface quality, stress-
induced variations in the refractive index (birefringence) may be a major
source of fiber loss. In the future we will index profile the fibers to
measure An directly.

The removal of strain will be difficult in our polycrystalline fibers.
Annealing above 100°C will induce grain growth and weaken the waveguide.

The solution seems to be single crystal fibers. SC fibers should be inher-
ently less strained because the fabrication methods are less mechanically
severe than extrusion. Further, 5C fibers can be annealed to remove process-

relation strain.
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SECTION 5

FUTURE PLANS AND RECOMMENDATIONS

AL TIBER FABRICATION

i a2 Bl

The first two years of ONR sponsored research has indicated several new
directions for future work. The most important is the method of fabrication.

4 Since the primary objective remains to develop low-luss fibers, we have

decided to devote the majority of our fiber fabrication to SC fiber growth.

In addition to the two approaches outlined in Section 3 to prepare SC fibers,

namely, pressure-fed growth using the extruder, and the inverted Czochralski

technique, we propose to add a new and novel growth method. This method is a
laser initiated, crucibleless growth technique.

In this technique, laser beams are directed at the surface of the crvstal
to melt only a small portion of the surface of the fiber material. A seed rod
(for example, a platinum wire) is dipped in the melt and a fiber is pulled
vertically upward as in Czochralski growth. Figure 21 is a diagram of the
concept. The advantages of this method over other SC techniques are: %

. The fiber surface is not formed by any guide (such as a quartz

capillary). Instead, the surface is free-formed. By analogy with

glass drawing, we can expect a very smooth surface, and thus greatly
reduced losses from surface roughness.

. There is less contamination of the melt by the surrounding envrion-
ment because the melt is contained by its own crucible (the sur-
rounding solid fiber material) rather than by a conventional
crucible. As the melt is depleted during fiber growth, new mate-
rial is melted.

o Better control of the fiber diameter is expected as opposed to

conventional Czochralski growth.

Using laser heating, we may finely control the laser power to control
the thermal profile. In our past experiments to seed a fiber from a KC!
melt contained in a standard resistance-heated cruitible we were unable to
start the fiber because we could not control the temperature at the seed-

liquid interface. With laser heating we have a much smaller melt region, and

we expect not only easier seeding, but also good control of the fiber diameter

by using an optical monitor to vary the laser power.
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Figure 21. Laser heating for crucible-less SC fiber growth.
Thermal expansion pushes melt up.




Our rirst laser heating experiments will be carried out on the zhaliiunm

halides. KRS-5 and TlBr absorb strongly in the blue~green region; chus, we
will use an Ar ion laser for melting. In a simple test, we required oniyv 2 W
of unfocused multiline Ar fon laser power to melt KRS-3. In the iczual Ilber
growch experiments, we anticipate using an auxiliary resistance neater to bring
the material close to the melting point (MP for KRS-5 is 410°C). The laser
beams (minimum of two) would then be used to melt a smalli portion of the solid.
We also have available a COj laser for heating. A simple vertical pulling
apparatus will be used to make the first SC fiber.

A small effort will continue in the extrusion of thallium halide fibers.
These fibers allow us to study the basic loss mechanisms in IR fibers and
eventually will serve as a useful comparison to the SC fibers made from the
same materials. We also will be extruding some of our new purified RAP

thallium halides.

B. OPTICAL EVALUATION AND ANALYSIS

The optical evaluation of our fibers will center on measurement of IT’
Ggs and QA at infrared wavelengths. In particular, we want to study the fre-
quency dependence of the absorption to learn more about the absorptive and
scattering losses.

We will measure the index of refraction variations in our fibers by index
profiling, and by evaluating the waveguides' birefringence. In the latter
case, we will use a laser polariscope to obtain the average value of the bire-
fringence across the fiber. As discussed in Section 2, we believe .n may be
quite large for our fibers and for mrst of the ductile crystalline materials
in general. i

We feel that a major portion of our present fiber losses are a result of
surface roughness. Polycrystalline fibers are prone to a certain amount of
surface roughness because of the finite grain size. We will study the effect

of grain size on the fiber's attenuation by measuring, a and a, in

T s’ A
fibers with different grain sizes. Grain size variation in fibers will be

o]

accomplished by thermally inducing grain growth in fibers. The surface
roughness of SC fibers is expected to be substantially less than in polvcrys-

talline fibers. However, surface irregularities may result from the SC growth
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srocess decause of the difficulty in controlling the rfiber diameter. Similar
vy<orprion measurements will be made on the SC fibers, and the resuits will He
ccmoared to those for polverystalline fibers.

“inuaily, turther limited studies will be made using our Tabrv-Perat

laterrerometer. Measurements of Rayleigh-Brillouin scattering will continue

on duped and pure KCl, and scattering in the thallium halides will be initiated.

These light scattering studies have helped us understand the nature of the
Ravleigh scattering in bulk fiber materials. By making polarization-~
dependent light scattering measurements, and by evaluating the Landau-Placzek

ratio, R as a function of temperature, we are able, in principle, to

Lp’
differentiate between the various elastic light scattering mechanisms. The
thrust into the thallium halides will supplement our integrating sphere mea-
surements on KRS-5 fibers, and thus help us understand the nature of our

scattering losses in fibers.

C. MATERIAL CONSIDERATIONS

Throughout our development of low-loss IR fibers, we have emphasized the
metal halides because of their potentially small residual absorption. Lately,
we have focused our attention on the thallium halides, even though these
crystals have not exhibited the low-loss already demonstrated for bulk alkali
halides,4 in particular,KCl. We feel stroungly that the thallium halides afford
the best near-term solution for obtaining SC fibers with losses near 10-1 dB/km
(year-end goal). One reason for this is the ease with which fibers can be
made from these low melting point, ductile materials. Another is that these
materials do not cleave, so that microcleavage cracks, which plagued extruded
KCl fibers, will not occur in SC thallium fibers. The problem with the thal-
lium halides is that they have not been as thoroughly studied as the alkali

halides, and thus the impurity levels are greater in these materials than, for

example, KCl.
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