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because these crystalline materials have, in the case of KCl, some of the

lowest bulk losses measured to date at IR wavelengths.

The first method w-Eused to fabricate KCl fiber was extrusion. Although
this method had worked well for the thallium halides, it proved unsuccess-
ful for KCl and other alkali halides. In every case, we-4ound-tha---Z
extruded KCI (or CsI and PbCI2 ) fiber had an irregular, fish-scale sur-
face, from which we concluded that extrusion techniques should be aban-
doned for the alkali halides.

Based on these results, we began to develop new fiber-fabrication methods
for KCl. The method chosen for study wa :bot rolling,*, The advantage of
hot rolling over extrusion is that there is less friction between the
fiber and forming surface (roller or die) and smaller reductions per pass.
At this point, we have madelone 50-cm-long KCl fiber with improved sur-
face quality (compared to extrusion),) Further work on hot rolling is
planned next year. -

"f Studies of the optical properties of our fibers and bulk materials con-
centrated on determining the scattering and absorption contributions to
the total attenuation.,, For the first time, we measured the scattering
loss in fibers at 10.6 Tm using an integrating sphere. Our measurements
showed that, for KRS-5 (TlBrI) fibers, the absorptive and scattering
losses were approximatelf equal, Similar results were obtained in bulk
KCI single crystals from our Rayleigh-Brillouin light-scattering measure-
ments. These significan4 results indicate that better fibers should
result from the use of h her-purity starting material and improved
fabrication techniques. luring the next year, we will use purified
thallium halides and explre other fiber-forming methods, such as single-
crystal fiber growth, to f bricate lower-loss fiber.

UNCLASSIFIED
SECURtYV CLASSIfICATION Oi 

T
HIS PAOGErWn be#e Fw.ed)



TABLE OF CONTENTS

SECTION PAGE

PREFACE ....... .................... 7

1 INTRODUCTION AND SUMMARY. ..... ............ 9

2 TECHNICAL PROGRESS AN]) DISCUSSION. ............ 13

A. General Considerations .. ............... 13

B. Fiber Materials. ................... 15

C. Fiber Fabrication. .................. 16

D. Optical Evaluation .. ................. 28

3 FUTURE PLANS AND RECOMMENDATIONS .. ............ 43

REFERENCES .. ........................ 45

APPENDIX: SCATTERING LOSSES IN SINGLE AND POLYCRYSTALLINE

MATERIALS FOR INFRARED FIBER APPLICATIONS. ........ 47

3



PRECE11kJ PA4 BL&MC-Z40 FILMLD

LIST OF ILLUSTRATIONS

FIGURE PAGE

1 Large extruder for making billets or fiber ......... ... 17

2 Extruded polycrystalline rod for use as

starting billet in small fiber extruder .. ........ .. 18

3 Heel of KRS-5 billet showing 4:1 area
reduction used to make billets .... ............ . 18

4 Overall view of extruder showing controls and
fiber take-up reel ....... ................... ... 20

5 Detail of extruder controls showing temperature
and pressure controls and extrusion chamber ... ...... 21

6 Extruded KCl fiber showing irregular surface

structure ......... ....................... ... 22

7 Extruded lead chloride fiber ..... .............. ... 23

8 Schematic of hot rollers ...... ................ ... 25

9 KCI stuck in roller groove after only three

reductions ......... ....................... ... 27

10 Etched surface of rolled KCl fiber ... ........... ... 27

11 CO2 laser insertion loss apparatus ... ........... ... 29

12 Scattering sphere measurements on KRS-5 fiber

at 10.6 pm ......... ....................... ... 33

13 Integrated scattering data obtained from data
in Figure 12 ......... ...................... ... 37

5



FRECEMIM PAM BLANLKNO nIUD

PREFACE

This interim technical report describes development work on low-loss

fiber waveguides performed during the period 1 August 1979 to 31 July

1980. This period represents the first year of work on this research

program.

The principal investigator was James A. Harrington. Assisting in

the program were Arlie Standlee, who extruded the fibers and made many

of the optical measurements; Roger Turk and Nelson Ramirez, who developed

the hot rolling techniques for fiber fabrication; and Bradley Bobbs and

Rubin Braunstein, who performed the Rayleigh-Brillouin light-scattering

studies.
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SECTION 1

INTRODUCTION AND SUMMARY

For the past four years, Hughes Research Laboratories (HRL) has

been actively engaged in the development of highly transmitting infra-

red (IR) fiber waveguides for use in sensor and communication systems

and for applications requiring power delivery, such as in CO2 laser

surgery. During this time, IR fibers fabricated from KRS-5 (thallium

bromoiodide) have successfully been used in short lengths (less than

2 m) to relay information to cooled-focal-plane arrays; to receive coded

CO 2-TEA laser pulses and transmit this information to photodetectors;

and to deliver up to 9 W of cw, CO2 laser radiation for heating and

cutting. Future systems needs will require longer lengths of high-

transparency fiber. In particular, long-distance communication links

may take advantage of the extremely low loss potential ('0 - 3 dB/km) pre-

dicted theoretically for a large class of IR fiber materials near 5 pm.

To realize this potential, however, the optical properties of our fibers

must be significantly improved over the current lowest loss of 300 dB/km

(KRS-5 fiber).

The primary objective of the present research program is the develop-

ment of low-loss fiber waveguides whose potential loss is near 10- 3 dB/km.

Our approach to developing these waveguides has been the extrusion of

polycrystalline thallium and alkali halide fibers. The alkali halides

were chosen for their high purity and especially high transparency •

(measured in bulk single crystals). KCl, for example, has a measured

bulk loss of 0.4 dB/km at 5.2 lim. Although the alkali halides have

lower loss than do the thallium or silver halides, they are far less

ductile and, therefore, have not readily been adapted to the extrusion

process. The thallium halides have yielded the best optical IR fibers

to date. For KRS-5 and TlBr, measured bulk and fiber losses are essen-

tia~ly equal at 10.6 pm, and further improvement (two orders of magnitude

are theoretically possible at 10.6 pm and much more at 5 Pm) will require

purer starting material.
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Our development of low-loss waveguides has, during this first year

of ONR-supported research, emphasized three related areas of research:

* Fiber billet preparation

" Fiber fabrication

* Optical evaluation and analysis.

We began the year by carefully selecting the low-loss starting materials

that we felt had the greatest potential for fabrication into highly

transparent fibers. The materials we chose were reactive atmosphere

processed (RAP) alkali halides and thallium halides. The alkali halides,

and KCl in particular, are materials that had proven to be some of the

lowest-loss crystalline materials ever measured at ER wavelengths.

These materials, however, had not successfully been fabricated into

fibers. The thallium halides are an ideal choice because they are more

ductile than the alkali halides and they have been successfully extruded

into the best transmitting IR fibers made to date. Their losses, how-

ever, are not as low as bulk KCl.

The results of our extrusion experiments on KCl were quite dis-

couraging. We found that, using many different extrusion parameters

(such as temperature, pressure, quench-gas flow, ambient atmosphere,

type of lubricant), we were unable to produce good-quality KCl fiber by

extrusion. En general, the surface quality was poor, exhibiting a fish-

scale appearance that resulted from friction between the die and the

surface of the fiber. We have to conclude that extrusion, although suc-

cessful for the ductile thallium halides, is not a good method for the

alkali halides.

Based on these results, we decided to abandon the extrusion process

for all materials except the thallium halides. As an alternative fiber

fabrication technique for the alkali halides, we began developing a hot-

rolling method. In this method, the billet is successively reduced, in

small reductions per pass, to a polycrystalline fiber. The advantage of

rolling over extrusion is reduced friction between the roller and billet

material (rolling versus sliding friction) and smaller reductions. At

this point in the program, we have demonstrated hot rolling of KCl. The

10



first fiber produced, although rather lossy, did not have the fish-sca~e

surface produced in extrusion. We are encouraged by these results, and

further work with better-quality rollers will be carried out during the

second year of the program.

The cornerstone of our fibef development is the evaluation and

analysis of fiber and bulk materials. In the past, we have routinely

measured the insertion loss, aT, of our fibers at 10.6 pm. This year

for the first time we have also measured the scattering losses, OS,

directly in both fiber and bulk materials. Since aT is the sum of a- and

the absorptive losses, aA, we are now able to get a better understanding

of the individual mechanisms contributing to the total fiber losses.

For our extruded, polycrystalline KRS-5 fibers, we found, by using an

integrating sphere in our measurements, that a s and aA are approximately

equal. This significant result tells us that better fiber should result

both from using higher purity starting material and improved fabrication

techniques. In the next year of the program, we will be using RAP

Tl-halides to, we hope, reduce scattering and absorptive losses; we also

will be exploring other methods, such as single-crystal fiber growth, to

minimize a S '

After one year of development effort on low-loss fibers, we have

reached the following conclusions:

* The extrusion of alkali halides is not feasible

* The new technique of hot rolling, developed in part under
this contract, appears promising for fabricating alkali
halide fibers

* Extruded KRS-5 fibers continue to be the best IR fibers
although their present losses (0.4 dB/m at 10.6 wm) are
many orders of magnitude above the theoretical limit

0 Scattering and absorptive losses are, as shown for the
first time on this program, approximately equal in KRS-5
fiber. This suggests that both the purity of the material
and the fiber fabricvtion technique are important if fibers
are to be made with the projected losses of 0-3 dB/km.

111
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Based on these conclusions, we make the following recommendations for

next year's efforts:

" Develop further hot rolling of alkali halide fibers

" Study single-crystal (SC) fiber growth of alkali halides.
We feel that SC fibers should be the ultimate fiber because
of the small residual scattering expected.

" Continue study of individual loss mechanisms in fiber and
bulk materials. These studies will again be used to pro-
vide feedback to both our material purification work and
our fiber fabrication technology so that a better fiber
can be produced.

" Launch a small study aimed at cladding our waveguides.
Both pre- and post-fabrication cladding techniques will
be investigated.

12
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SECTION 2

TECHNICAL PROGRESS AND DISCUSSION

A. GENERAL CONSIDERATIONS

To develop fiber waveguides with losses well below those of

conventional silica waveguides (0.25 dB/km at 1.6 pm) requires using a

new class of materials and novel fiber fabrication techniques. The

materials that show the greatest promise for ultralow loss fall into two

categories: nonoxide glasses and crystalline solids. In the first
2

category, the noncrystalline materials of interest include BeF 2, mixed

fluoride glasses, 3 ,4 and ZnCl2.2 Several investigators have successfully

grown large pieces of multicomponent fluoride glasses (such as ZrF 4-
3

ThF4 -BaF2) and, in some cases, have drawn fibers from these glasses
4 2' 5

(lowest fiber loss reported is 0.45 dB/m at 3.39 um). In addition to

materials purity, many problems still remain to be solved before non-

oxide glasses can be fabricated into highly transparent waveguides.

(One serious problem, for example, is devitrification of the glass in

either bulk or fiber form). Our approach to developing extremely low

loss fibers is to concentrate our efforts in the second category,
6-9

crystalline solids. Although crystalline materials such as the alkali

and thallium halides are unfortunately not amenable to fiber formation

using conventional fiber-drawing techniques, they nevertheless have

exhibited some of the lowest losses measured1
0 (KCl loss was 10

- 6 cm- I ,

or 0.4 dB/km at 4.2 um). The approaches that we have tried in fabricating

fiber from halide crystals include extrusion, hot rolling, and single

crystal fiber growth. Our best polycrystalline (extruded) fiber has

been KRS-5 (TIBrI) with losses of 0.4 dB/m at 10.6 Pm.

The successful development of new fibers for future long-distance

communications links will involve a combined research effort in three

interrelated areas: materials preparation, fiber fabrication, and

evaluation. During this first year of the program, we have addressed

each area, but paid greatest attention to evaluation and analysis. In

particular, making a better waveguide than the present KRS-5 fiber will

require purer starting material and a suitable fiber forming technology.

13
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Our extensive past work on the TI halides (notably KRS-5) has enabled us

to extrude our best polycrystalline fiber even though his fiber is well
-3

above the theoretical limit (<10 dB/km at 6 --m) for this material. KRS-5,

moreover, is ductile and therefore readily lends itself to the hot extru-

sion process for fiber formation. The alkali halides, however, have much

lower bulk losses than the thallium halides. This is a result of the many

years of development on these materials for applications as high-energy
11

laser windows. During the past decade, reactive atmosphere 
processing

has been developed for the alkali halides, with the result that extremely

high-purity, low-loss KCl, KBr, and NaCl are available for fiber research.

Unfortunately, our extensive research on extruding KCl has shown that

this material and probably the alkali halides in general cannot be

extruded into good-quality fiber. The best extruded KCl fiber (500 ;1m

diameter, 25 cm long) had a loss of 4.2 dB/m at 10.6 'im; this is 10 times

greater than the loss for KRS-5 and orders of magnitude greater than KCI's

projected intrinsic loss (see Appendix). We found that the losses in

KCl fiber resulted from the poor surface quality of the fiber (surface

had fish-scale appearance). The surface irregularities are caused in

the extrusion process by friction between the diamond die and the KC1.

We concluded from our work that this friction cannot be reduced suf-

ficiently for any alkali halide to be extruded successfully and hence

that alternative fiber fabrication techniques must be used. -Two methods

that show promise for the alkali halides (KCl in particular) are hot

rolling and single-crystal fiber growth. Section 2.C describes our

efforts to hot roll KCl into optical fiber.

A thorough analysis of our bulk materials and fibers is essential

for understanding the fundamental loss mechanisms. Our basic loss

measurements include fiber insertion loss at 10.6 and 5.2 pm, RB scat-

tering on bulk KCl, and scattering studies on KRS-5 fiber at 10.6 'om

using an integrating sphere. These measurements have helped us correlate

the optical and structural properties of our polycrystalline w'veguides

(for example, fiber grain size as a function of transmission) as well as

learn about the fraction (of the total fiber attenuation) that is

scattered out of the fiber. In one instance, we determined that the

14



output end of our fiber scattered light excessively and that this loss

could be significantly reduced by using a different end-polishing

technique.

B. FIBER MATERIALS

In principle, there are many crystalline materials with the potential

for extremely low loss. But in practice, the choice of material is

severely limited by the available fabrication techniques. The extrusion

process, for example, requires a ductile material. Those materials

which have already proven suitable for extrusion include the thallium

and silver halides. Table 1 lists these and other candidate materials

and their melting points. In general, the lower melting point solids

are malleable and lend themselves to the extrusion process. In this

process, the area reductions are greater than 100:1 (typically 450:1).

For the T1 and Ag halides, this reduction does not lead to a fish scaled

surface as it does in the alkali halides. Instead, the fiber surface

is smooth because the surfaces of these ductile materials are recon-

stituted on passing through the diamond extrusion die.

In an effort to find new materials (other than the TI and Ag

halides) that are extrudable into fiber, we prepared billets from sev-

eral of the other materials in Table 1. Specifically, we made billets

from our own PbCl 2 and from Harshaw NaF and LiF. Lead chloride was

chosen, even though it is not cubic (orthorhombic), because its melting

point falls midway between that of the Tl (extrudable) and K (not

extrudable) halides. Sodium and lithium fluoride were selected for

limited study only because we had not tried a fluoride compound and felt

that the extrusion properties of fluorides might differ from those of

the other alkali halides. The billets prepared were 5.3 mm in diameter

by approximately 7.5 cm in length.

In addition to these "nw materials, KCl and KRS-5 were also pre-

pared in billet form. We selected RAP-grown KCl prepared earlier in

our laser window research programs. Billets of this high-purity, low-

absorption (2 to 4 x 10- cm- at 10.6 pim) material were used in our

hot rolling experiments. We used single-crystal billets of KRS-5

15
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Table 1. Melting Point of Some Fiber Materials

Material Melting Point, "C

Thallium bromoiodide (KRS-5) 414.5

Silver chloride (AgCl) 457.7

Thallium bromide (TlBr) 460

Lead chloride (PbCI2 ) 501

Potassium chloride (CKl) 776

Lithium fluoride (LiF) 870

Sodium fluoride (NaF) 992

Cadmium telluride (CdTe) 1000

Gallium arsenide (GaAs) 1238

Zinc selenide (ZnSe) 1525

purchased from Harshaw Chemical Co. Since we wished to use polycrystal-

line material for some experiments, we converted several 12-mm-diameter

Harshaw billets into long, polycrystalline rods for use as starting

billets on our small fiber extruder. The conversion was done by placing

the original billets into a large extrusion press (shown in Figure 1)

and extruding them. One of these rods (%38 cm long) is shown in

Figure 2. The heel of the extruded KRS-5 billet is shown in Figure 3

(this shows the 4:1 reduction used). The long rods were cut into

7.5-cm-long pieces for extrusion into fiber.

C. FIBER FABRICATION

1. Extrusion

The hot extrusion of crystalline materials into fibers continues
6-8

to be our best method of fiber fabrication. This method has proven

highly successful for the ductile thallium6- 8 and silver halides,9 but

unsuccessful for alkali halides such as KCl. During this past year, we

extruded KCl, PbCl2, and KRS-5 into optical fiber using our small

extruder (uses 5.3-mm-diameter starting billets). This extruder,

16
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Figure 1. Large extruder for making billets

or fiber.
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Figure 2. Extruded polycrystalline rod for use as starting
billet in small fiber extruder.

Figure 3. Heel of
KRS-5 billet showing
4:1 area reduction
used to make billets.

18



shown in Figures 4 and 5, can automatically spool the fiber (sometimes

used for KRS-5), but most experimental fiber is removed in 1-m lengths

for measurement. Temperatures up to 800C are possible.

To take advantage of our high-quality (RAP) KCl, we launched an

extensive research program, funded in part by RADC, to extrude KCI fiber.

After two years' research, we are forced to conclude that it is not

possible to extrude low-loss KCl fiber. From these results as well as

limited results for CsI, we feel that it is unlikely that, as a class,

the alkali halides are extrudable.

A variety of experimental conditions were used in the KCl extrusion.

In summary (further details may be found in the Final Technical Report,

Contract No. F19628-78-C-D109, September 1980 sponsored by RADC), we

tried lubricants, inert atmospheres, temperatures between 25 and 740*C,

different die materials (tungsten carbide and diamond), and reduction

ratios from 400:1 to 4:1 all without success. In general, the KCl fiber

surface was irregular (often fish scaled), and the fiber had the poor

optical properties expected from such poor surfaces. Figure 6 (taken

from the RADC report) illustrates the problems we encountered in

extruding KCI. Even at high temperatures (740*C), the surface of the

fiber was poor. These results have led us to abandon attempts to

extrude KC1 in favor of the more promising fabrication techniques of hot

rolling and single-crystal fiber growth.

We made a limited effort to extrude PbCl 2  Although not cubic, we

felt PbCl 2 to be worth study because it is more ductile than the alkali

halides. With a melting point of 501°C, it falls between the melting

points of the Tl and Ag halides and the alkali halides (see Table 1).

Therefore, we felt that PbCl 2 may be more extrudable than KCl.

The extrusion of 500-Pm-diameter PbCI 2 fiber was carried out at

temperatures between 250 and 425C using slow (1 mm/hr) and fast

(1 cm/min) extrusion rates. In every case, the fiber was brittle and

the surface appeared cloudy. Photomicrographs (Figure 7) revealed a

fish-scaled surface similar to that obtained for KCl. Evidently, PbCl 2

does not behave like the TI and Ag halides and we conclude that this is

not a good material to extrude into optical fibers.

19
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Figure 4. Overall view of extruder showing controls
and fiber take-up reel.
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Figure 5. Detail of extruder controls showing temperature

and pressure controls and extrusion chamber.
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*500 IA m DIAMETER
10lOX MAGNIFICATION

3000C 4000C 7400 C

EXTRUSION TEMPERATURE

Figure 6. Extruded KCl fiber showing irregular surface
structure.
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(a)

(b)

Figure 7. Extruded lead chloride fiber.

Note fish-scale surface char-
acteristic of the alkali
halides. (a) lOOx, (b) 200x.
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Several KRS-5 fiber extrusion runs were made during the year to

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

(250 and 500 pim in diameter) was extruded. In a typical extrusion, 25 m

of 25-p~m-diameter and about 6 m of 500-urn-diameter fiber were obtained.

Generally, the fiber was removed from the extruder in 1-rn lengths and

evaluated immediately (10.6-vim insertion loss measurement).

2. Hot Rolling

Hot rolling appears to be a promising technique for forming fibers

from crystalline materials. We feel that it has several distinct

advantages over extrusion, especially for the less ductile alkali halides.

In the rolling process, there is less surface friction between the fiber

and roll than is present between the fiber and die in extrusion. Fur-

thermore, the area reduction per pass in rolling is considerably less

than in extrusion. In our rollers, for example, the average reduction

per pass is about 15%. En passing through the rollers, the fiber's

surface is configured by the roller's surface. Since we can get a good

optical finish on the rollers, the surface of the rolled fiber should

also be of good optical quality. In general, hot rolling materials into

f ibers is a more gentle process than extrusion and, we hope, will pro-

duce fibers from KCl (and other materials) with smooth surfaces.

The hot-rolling apparatus used in this program was built around a

commercial jewelry rolling mill. The rolling mill was modified for our

application by adding heating elements (for temperatures up to 400%C)

and a motor drive. The entire apparatus (see Figure 8) was enclosed in

a sealed, insulated box so that an inert atmosphere (argon) could sur-

round the rollers and sample during heating and rolling. The rollers

themselves were polished and Ni plated to minimize sticking and to pro-

vide a good optical surface.

Our first series of experiments on rolling KCl (at 3000C) revealed

that the KCl adhered to the roller grooves. Adhesion is a function of

the finish on the roller and the shape of the groove. En this case, the

grooves are round with ears at the point of contact between the upper

and lower rollers. The purpose of the ears, which comprise 6.4% of the

24
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Figure 8. Schematic of hot rollers.
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round groove area, is to allow for the expansion of the reduced material

and hence to prevent flashing (material squeezed out between the rollers).

But we found that KCl would overfill the ears and produce flashing

unless the amount of reduction was carefully controlled. This flashing

would in turn lead to adhesion between the KC1 and the rollers. Figure 9

shows a piece of KCl stuck in a large groove as a result of the KCI

overfilling the groove. In other cases, microscopic pits in the grooves

created points for adhesion between the KCI and the metal. We were able

to solve this problem by plating the rollers with copper followed by

nickel to fill in the pits. Finally, the rollers were polished to an

optical finish.

We had one successful hot rolling run on KCl. Beginning with a

0.200-in.-diameter single-crystal KC1 rod, we successfully rolled a

0.060-in.-diameter (1.5-mm-diameter), 50-cm-long fiber. The rolling

temperature was 300*C, and the linear velocity of rolling was 1.5 cm/min.

The fiber was passed through 15 grooves, with an average reduction of

13.4% per groove. The rolled fiber surface was free of any fish scale.

The photomicrograph given in Figure 10 shows the rolled KCl surface after

etching in concentrated HCl. The average grain size appears to be about

25 tim for this fiber. Finally, the insertion loss measurement at 10.6 jim

indicated a high loss of 23.7 dB/m for this fiber.

Although our initial studies show that hot rolling may be feasible

for fabricating fibers, there remains considerable developmental work to

be done before good-quality halide fibers can be produced. To improve

our hot-rolling technique, we are procuring a new set of rollers with

elliptical grooves and a finer optical finish. The final roller plating

and polishing should help produce a better-surface-quality fiber (fiber

surface takes on the roller finish), while the elliptical groove design

should permit the fiber to expand more without flashing. In addition,

the new rollers will have 28 grooves, with the smallest being 250 Wm in

diameter (the present rollers have 21 grooves, with the smallest being

500 irm in diameter).

26
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Figure 9. KCl stuck in roller groove
after only three reductions.
Magnification is 4x.

10239-5

Figure 10. Etched surface of rolled KC1

fiber. Magnification 200x.
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D. OPTICAL EVALUATION

The optical evaluation of both fiber and bulk materials provides

the foundation of our understanding of loss mechanisms in transparent

solids. Our loss measurements on fibers include independent measure-

ments of the total attenuation coefficient (a ) and the attenuation due
T

to scattering (aS).. The losses due to absorptive processes (4A) are

then calculated from the simple relationship

aT = 
4S + -A

From these measurements, we are able to relate the optical properties of

jur waveguides to the fiber's structural features, the fabrication

process, and the material's purity.

The total attenuation coefficient aT is determined by an insertion-

loss measurement. Our CO2 insertion-loss apparatus, shown in Figure 11,

is conventional except for the addition of a ZnSe beam splitter used to

monitor the incident power, I . The beam splitter is essential becauseo

the input end of the fiber reflects enough light (17%) to disturb the

CO2 laser cavity and thus change I . In this arrangement, the true I

may be determined by noting the value of I at the time the transmitted
0

intensity I is measured. This ensures that a reliable value of aT is

calculated.

During the first year of this program, numerous fiber loss measure-

ments were made at 10.6 pm. In general, we found that the extruded

KRS-5 fiber (250 and 500 pm diameter) had insertion losses that varied

from 0.5 to 2.5 dB/m. The wide variation resulted from the use of dif-

ferent extrusion parameters (mainly extrusion temperature, speed, and

quench gas temperature) and starting KRS-5 material (Harshaw Chemical

Co. or British Drug House). Although we are not able to account, in

detail, for the nature and source of the fiber loss, we have learned

that certain extrusion parameters and the purity of the starting material

are important if high quality fiber is to be fabricated. We have found,

for example, that KRS-5 from Harshaw produces higher-quality fiber than

KRS-5 from BDH. In fact, we found that not only was the initial
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transmission of the BDH fiber worse, but also that its transmission

degraded rapidly with time. In several cases, 1-m lengths of 500-m-

diameter BDH fiber had transmission coefficients of 45 to 55% (2.0 to

1.1 dB/m) immediately after extrusion which declined to less than 5%

(11.6 dB/m) within 48 hr. This effect, which we have only seen in BDH

material, is most likely due to impure starting material. We feel that

their KRS-5 either may not be minimum melting point material (which is

true KRS-5) or may be more susceptible to attack by moisture. Further

studies are needed to determine the exact nature of this effect.

During this past year, we have made our first fiber-loss measure-

ments at 5.3 pm using a CO laser as a source. The values of ctT obtained

in these measurements were always less than the corresponding values

measured at 10.6 pm. Our results, shown in Table 2 for KRS-5 fiber

(lengths ranged between 85 and 100 cm), indicate that the best fiber

is actually only one-half as transparent at 5.3 vim as it is at 10.6 pm.

In general, the losses are rather high at 5.3 pm. The lowest loss is

about 3 dB/m, but most of the fibers have losses near 9 dB/m.

The most likely explanation for the higher loss at CO laser wave-

lengths is increased scattering. Table 3 gives the increase in cLT that

would be expected if all of the extra loss at 5.3 pm were due to Rayleigh-

type scattering mechanisms (varies as X 4). These data, which are

normalized to 10.6 pm, indicate that the scattering loss at 5.3 Wm

would be expected to be 16 times greater than at 10.6 vim. But we

observed, as Table 2 shows, lesser increases. Therefore, we conclude

that the excess loss at 5.3 vm is not due to X-4-type scattering alone.

Impurities in the material are another likely cause. Our future experi-

ments will separate a S and aA at 5.3 vm and help us determine the precise

nature of the 5.3-im losses.

We have used two methods to measure the attenuation coefficient due

to scattering (aS). One method uses an integrating sphere to detect the

total scattered light at the laser wavelength of interest. The other

technique measures the RB spectrum using a Fabry-Perot interferometer

and an Ar+ laser as a source. Using the integrating or scattering

sphere, we determine aS for our KRS-5 fibers at 10.6 vm. With this

30



Table 2. Insertion Loss at 5.3 and 10.6 Pm
in KRS-5 Fiber

Fiber Fiber Fiber Loss in dB/m at

No. Diameter, cmNm 5.3 i1m 10.6 pm

108.6 500 100.0 8.03 4.24

108.5 500 103.5 2.98 1.01

107.1 500 105.0 3.44 0.72

107 400 99.0 12.1 2.24

109 250 95.5 11.6 1.17

110-11 250 108.0 16.1 2.79

110-10 250 105.0 8.56 4.20

112.1 250 87.5 10.1 1.94

110-9A 250 101.0 11.2 2.62

110-9C 250 101.0 7.53 2.51

114-4 250 97.0 8.65 1.79

111-21 250 102.5 7.32 1.44

7282

Table 3. Rayleigh-type (X- 4 ) Scattering Losses
at IR Laser Wavelengths (normalized to

CO2 laser wavelengths)

X, X-, (10.6)L

Pm Mm-4  _4

10.6 7.92 x 10 - 5  1

5.3 1.27 x 10 - 3  16.0

3.8 4.80 x 10 - 3  60.6

2.8 1.63 x 10 - 2  206

7282
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information and the insertion loss data (a T ), we determine the absorptive

contribution, a A (= aT.. - as). The RB spectra enable us to study details

of the Rayleigh scattering spectrum (normalized to the Brillouin scat-

tered light) and thus, in principle, to isolate the various scattering

mechanisms.

The integrating sphere has been used to measure scattered light in

conventional silica fibers. 12We have adopted some of these same tech-

niques for our IR fibers, the only difference being that IR components

are used. The sphere itself is 2.5 cm in diameter and coated on the

inside with diffuse gold. A pyroelectric detector with a built-in

op-amp detects and amplifies the signal obtained from the light scattered

out of that portion of the fiber contained in the sphere. Generally,

the scattered light signal is a few tenths of milliwatts with an incident

power of 100 to 500 mW. In the actual measurements, the sphere is placed

at the input end of the fiber and then moved every 2.5 cm to the output

end for a complete set of scattering losses. Figure 12 illustrates the

type of scattering data obtained from the point-by-point (differential

light scattering) analysis just described. For this fiber, the scattered

light decreases from the input end toward the middle of the fiber, as

expected. The increased scattering at the 20-cm point is a hot spot of

unknown origin (likely due to a structural change or impurity). The

large scattering signal at the output end of the fiber, however, is

rather unexpected. We have observed this behavior to varying extents in

every fiber studied. The explanation is related in part to the finish

on the end of the fiber. Figure 12 also shows data for two different

end finishes on the same fiber. The standard finish was prepared by

rubbing the end of the fiber with polishing paper (alumina-grit-

impregnated paper), the hot-forged finish by pressing the end of the

fiber against a hot tungsten carbide plate. Figure 12 shows that less

light is scattered by the hot forged ends, although scattering is still

strong. From th~ese and similar data, we have found that the finish on

the output end affects the amount of light scattered. In addition, we

feel that the excess scattering occurring at this end results from

higher-order modes. Since we do not strip these modes (mode stripping
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is virtually impossible at these high refractive indices), we have the

possibility of propagating higher-order modes, which generally are quite

lossy. Future experiments will be made to separate the contribution of

the finish on the fiber end from that of higher-order modes.

The attenuation coefficient due to scattering a can be calculated

from data such as given in Figure 12 and values of a T as determined

in the insertion-loss measurements. The amount of light scattered from

a length dx of fiber at a distance x from the input end is given by

dIs(X) = -I(x)asdx , (1)

where I(x) = 1oexp(-aTx), and I° is the incident intensity. In Eq. 1,

an exponential decay of the scattered light signal is assumed. Inte-

grating Eq. 1 from x to x2 gives the amount of light scattered from the

fiber in this length:

Ic
AIS = Is(x 2) - (x) = [exp(-aX - exp(-cTxl)] (2)

Setting AIT equal to

Io [exp(-aTX2 ) - exp(-tTxl)]

yields (from Eq. 2) the following ratio:

S S

OLT AlT

Solving for aS, we have simply

AIS

LS = aT AI (3)

T
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A similar relationship exists for aA when the subscript S is replaced

by A in Eq. 3. These relationships indicate the expected proportionality

between the attenuation coefficients and the respective light intensities.

We have used Eq. 3 to determine a for several different KRS-5 fibers;
S

a A was then computed from aA f aT - aS. Table 4 lists the results

obtained for aT, as, and aA at 10.6 Pm.

The data generated by moving the integrating sphere along the fiber

(see Figure 12) can be integrated using Eq. 3 to obtain an average as

for the whole fiber (from x1 . 0 to x2 = L, where L is the length of the

fiber). The integrated scattering intensity can then be plotted as a

function of position along the fiber by adding the intensities point-by-

point from x2 = L to x1 = 0. These data, shown in Figure 13, are based

on the data in Figure 12. Structure is absent in the integrated data of

Figure 13 (hot spots are smoothed out in the integration), and the

expected exponential dependence is absent for the entire length of the

fiber. Instead, Figure 13 shows that the intensity of scattered light

decays exponentially only for the region x - 0 to x = 100 cm. The out-

put "end" of the fiber (x = 100 to x = 135 cm) shows a region of higher

loss. This, of course, is expected from the differential scattering

data (Figure 12). The values of a calculated from Eq. 3 are given in

Table 4. Because these values were calculated assuming a constant aT,

they should be regarded as average values.

Table 4. Attenuation Coefficients for KRS-5 Fiber at 10.6 im

Fiber Diameter, Length, a.T9, aS, aA,
No. Pm cm dB/m dB/m dB/m Comments

119-3 500 135 0.57 0.31 0.26 Standard end finish

0.57 0.27 0.30 Hot-forged ends

114-6 500 100 2.72 1.02 1.70 Standard end finish

2.40 1.08 1.32 Turned end for end

1.97 0.443 1.53 Hot-forged end

117-3 500 200 2.04 0.911 1.13 Standard end finish

115-6 500 136 2.28 0.089 2.19 BDG material

7282
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The attenuation coefficients given in Table 4 indicate that "A is

less than aA' although the two are approximately equal in most cases.

In one unusual case (No. 115-6), the scattering was very small. We

attribute this to the different starting material (BDH). This material

seemed softer (lower extrusion pressure) and therefore the surface of

the fiber may have been better (less scattering). But otherwise, BDH

KRS-5 proved ineffective because the fiber's transmission degraded (see

Section 2.C) greatly in only a few days. The data in Table 4 lead us to

conclude that improvements both in materials (which would affect oS and

(Y and fabrication techniques (which would affect mainly aS ) are

required to produce a better waveguide.

The other method used in studying scattering losses in fiber

materials is to measure the RB spectra of transparent solids using a

Fabry-Perot interferometer. We have measured the RB spectra of undoped

and doped, polycrystalline and single-crystal bulk KCl to obtain informa-

tion on the attenuation due to various scattering mechanisms in these

ultrapure materials. We recently gave a preliminary account of this work

at the Physics of Fiber Optics Meeting held at the annual American Ceramic

Society Meeting (.Chicago, Illinois, 28-30 April 1980). A paper sum-

marizing this research, which was funded in part by RADC (Contract

No. F19628-78-C-0109), is included as an appendix. This paper gives the

background required for understanding the light-scattering data pre-

sented in this section.

During this past year, the light-scattering apparatus was upgraded

to provide better signal detection and processing. Data handling, which

previously had relied on a multichannel analyzer for storage and

processing, was considerably improved by interfacing the photon counting

electronics via a CAMAC system to an LSI-11 computer. This system was

programuned to function as a multichannel scaler to accumulate photon

counts over many scans of the spectrum. The accumulated spectrum was

then displaynd on an oscilloscope (or chart recorder) and analyzed for

peak amplitudes, positions, widths and for estimated uncertainties.

Besides being much more efficient and convenient than the Northern

multichannel analyzer used previously, this system allowed more accurate
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calculations that would have been too tedious to perform before. For

example, peak amplitudes may be determined by averaging over the peak

width. This minimizes statistical fluctuations and errors due to the

discreteness of the channels.

A 5-pass corner cube arrangement was implemented on our Fabry-Perot

interferometer for comparison with the 3-pass arrangement that we nor-

mally use. Results on a crystalline KCl sample for equal run times and

laser powers indicate that although the 5-pass system has, as expected,

a higher contrast ratio, its lower throughput and S/N makes this modifi-

cation unnecessary. Although a 5-pass system should theoretically yield

a higher instrument finesse than a 3-pass system, we found the opposite

to be true, probably because it is more difficult to stabilize the

Fabry-Perot plates when the light signal is smaller. We conclude that

the 3-pass corner cube arrangement is preferred for these studies.

The data obtained on undoped, polycrystalline KCl are summarized

in Table 5. Four polarizations were studied, and the Rayleigh (IR ) and

Brillouin (IB ) scattered light intensities are given for each configura-

tion. From these intensities, the Landau-Placzek ratios (R.p, which is

equal to IR/21B) were calculated. In general, the scattering was greater

in polycrystalline KCI than in single-crystal KCl. Also, the sound

velocity (VS ) data in Table 5 show that there are three distinct Brillouin

lines. The highest velocity matches the longitudinal mode observed in

single-crystal KCl, while the lower velocities most likely correspond

to mixed modes that are both longitudinal and transverse in character.

The Krishnan ratio, ph IR(VH)/IR(HH), was found to be 0.384 for this

sample. This ratio is theoretically predicted to be i, but for most

materials it is less than 1. We hope that a study of ph will help us

identify the various Rayleigh scattering mechanisms. At this time,

however, we do not have an interpretation for h .

Table 6 gives, as a consistency check, data on a crystalline sample

that had been run six months earlier. Over this period, changes in the

system included new photon counting electronics, collection and collima-

tion lenses, and plate spacing. These changes are expected to affect

the absolute amplitudes of the peaks, but one anticipates that the
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Table 5. Data for Polycrystalline KCl B150

Polarization 
IBz

Hz/W of Incident Power m/sec

VV 1.36 x 106 3080 220 2650

19900 34 3941

VH 1.57 x 105 78.6 998 2360

99.8 787 3960

HV 1.67 x 105 292 285 2679

810 103 3950

HH 4.09 x 105 349 586 2353

317 644 2662

Krishnan ratio h = 0.384

Table 6. Data for Crystalline KCl B153

Date Polarization

Hz/W of Incident Power m/sec

8 Aug 80 VV 8.81 x 105 18000 24 4021

VH 5.16 x 104 1160 22 1823

HV 4.12 x 104 901 23 1841

HH 1.81 x 105 271 334 4009

h = 0.285

8 Feb 80 vv 2.46 x 106 12900 95 3669

VII 4.54 x 104 991 23 1676

HV 5.29 x 104 861 31 1706

HH 1.99 x 105 332 300 3680

h 0.228
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ratios RLp and Ph will be fixed properties of the sample. The agreement

between the two runs is reasonably good, with the notable exception of

the VV polarization. We noted that, by adjusting the sample position,

the VV Rayleigh peak varied, while the Brillouin peak was constant to

within ±7%. Since an RLp as large as 147 could be obtained this way,

this could account for the large RLp of the earlier run.

To investigate further this variation in Rayleigh scattering, we

studied a crystalline KC1 sample cut in a (100)-oriented parallelopiped

with dimensions of 10 x 10 x 38 mm. If scattering from the surfaces of

the sample contributes to the Rayleigh peak in the spectrum, this con-

tribution should be distinguished by a dependence on geometric factors

such as the path length of the laser beam inside the sample. Table 7

summarizes data for positions of the sample oriented to give a short or

long path length. For each position, the sample was first translated to

a spot where the Rayleigh peak was at a minimum. The table shows that

the scattering was slightly lower for the shorter path length. Then the

sample was translated parallel to the beam a distance of about I mm until

the Rayleigh peak was at a maximum. Moving the sample in this way kept

the points on the surface where the beam enters and exits from moving.

The table shows that, for VV, this approximately doubled I . The sample

was then translated transverse to the beam so that the beam hits dif-

ferent spots on the surface. We should expect the variation of IR to be

larger in this case, since the beam might hit dust or defects on the

surface. And for VV, Table 7 does indeed show a maximum IR that is about

20% larger than for parallel translation. But for VH, the trends are

not clear, possibly due to the difficulty in trying to minimize or

maximize a very small signal. This topic deserves further investigation,

perhaps comparing large and small pieces cut from the same sample.

A major emphasis in our future light-scattering studies will be on

the nature and source of the Rayleigh-scattered light. To obtain mean-

ingful and readily interpretable Rayleigh data, we have selected matched

sets of single and polycrystalline KCI (doped and undoped) for extensive

study. These samples are matched by selecting polycrystalline and

single-crystal samples made from the same KCI ingot. Table 8 lists
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Table 7. Rayleigh Variation in Crystalline KC1 B169-1A

Path I R min I R max (1) 1IR max (D) I B avg
Polarization Length, m a1

mm Hz/W Incident Power

VV 10 62300 123000 153000 2660 80

38 73500 145000 168000 2170 120

VH 10 2590 3220 3340 147 ± 7

38 3180 5500 3920 128 ± 3

Table 8. KC1 Samples for Light-Scattering Studies

Sample a Dopant Orientation
No. Structure Forging Conditions Concentration

35 S.... (100) ± 2

59 P 71.8%, 250-C -- Rectangular

115-3 SP -- Eu , 500 ppm (100)

127-3 SP 65%, -- SR++,lO0 ppm (100)

150-1 SP 68%, .... (100)

151-3 SP 68.3%, .... (100)

153 s .... (100)

154-5A SP 60.9%, 250-C -- (100)

156-5 SP 71.8%, 280-C Rb+ , 0.75% (100)

158-3 S -- Rb, 1.75% (10G)

164 SP 67.1%, 300-C Rb+ , 1.75% (100)

166 S -- Rb+ , 0.75% Cylinder

167-6 S,P 68.4%, 300°C -- (100)

169-IA S .... (100)

179 S .... Twinned,

rectangular

aS = single crystal, P = polycrystalline.
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these materials, the dopants, amount of hot forging, and crystal

orientation. We will measure the scattering intensities in these materi-

als at room temperature and as a function of temperature. At elevated

temperatures, we would expect the impurities to move and thus the inten-

sities of the Rayleigh scattered light to change. Other measurements

planned to delineate elastic scattered light mechanisms include studies

of the dependence of the scattered light on frequency and on scattering

angle.
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SECTION 3

FUTURE PLANS AND RECOMMENDATIONS

During the first year of research in low-loss fibers, we began to

develop new fabrication techniques for preparing metal halide fibers.

Next year, we will abandon extrusion techniques for the alkali halides

in favor of (1) single-crystal fiber growth and (2) hot-rolling fibers.

The first approach will be attempted as a means of producing the ulti-

mate low-loss fiber, one essentially free of gross scattering centers

such as grain boundaries. The single-crystal growth procedure will

involve a closed crucible system for growing, at first, KCl fibers. The

closed crucible will permit introducing RAP conditions to purify the

melt as well as to grow KCl fibers. Fibers will be extruded from the

melt through a quartz-orifice, which is used to provide the smooth

surface and uniform diameter of the pulled fiber (RAP leads to minimal

surface tension between the fiber and quartz surfaces). If the first

short lengths (%25 cm) of fiber appear successful, the process will be

modified to allow spooling the fiber (also under RAP conditions) for

longer lengths. Other materials, including the thallium halides, may

also be subjected to single-crystal growth once the system has been

tested with KCl. The second approach uses hot-rolling to roll poly-

crystalline fibers. We will use our new rollers to provide a smoother,

nonsticking surface for KCl. In addition to the alkali halides, some

limited rolling will be done on the thallium halides.

A new area we wish to develop during the next year is cladding for

our IR fiber. We propose to first study post-extrusion cladding tech-

niques for KRS-5 fiber and later for single-crystal fibers. One method

used to clad the fiber will be ion exchange. Specifically, the sub-

stitution Br -I in KRS-5 will be emphasized. This would provide a core

(TlBrI) index of 2.37 and a clad (TlBr) index of 2.33. Our earlier

studies showed that ion exchanging Cl for Br and I in KRS-5 led to a

uniform-looking cladding, but that the transmission was poor. These

studies were terminated before a thorough analysis had been done, and

we now feel that the Br -1 exchange may lead to a fiber with better
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optical quality. Ion exchange will be attempted using liquid (e.g., HBr)

and gas phase chemistry on extruded KRS-5 fiber.

The fiber developed, both clad and unclad, will be evaluated opti-

cally using insertion-loss and scattering measurements. Insertion-loss

measurements will be carried out at 3.8, 5.2, and 10.6 pim. Scattering

measurements will be made using an integrating sphere and also our

Brillouin scattering spectrometer for measurement of the RB spectra of

bulk and fiber materials. Grain boundary scattering will continue to be

emphasized, and theories will be sought to correlate the optical and

structural properties of our fibers. Additional analytic facilities,

such as an SEM (for index profiling and general structural features),

laser calorimetry (for absorption coefficient measurements on bulk

materials), and Zeeman atomic absorption (for determination of impurity

content) will be used as needed in the optical evaluation of our fibers.
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ABSTRACT

Polycrystalline fiber waveguides, fabricated from infrared

transparent solids such as KRS-5 and KCl, have measured losses

much greater than conventional silica fibers. One major source of

these losses is scattering from grain boundaries present in the

polycrystalline fibers. To improve the optical transmission of our

infrared waveguides, we have studied the losses due to scattering

in single and polycrystalline materials which are suitable for

fabrication into infrared transmissive waveguides.
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INTRODUCTION

Optical fiber waveguides made from crystalline materials such

as KRS-5 (TIBrI), TIBr, AgCl, and KCl have been used for a variety

1-4
of 10.6-"m, CO2 laser applications. The losses in the current

tR fibers, however, are high (lowest loss measured is 300 dB/km at

10.6 wm in KRS-5) and applications in sensor and laser power

delivery systems have been limited to short (1- to 2-m) lengths of

fiber. - This measured IR fiber attenuation is considerably

higher than that predicted theoretically for these and related IR

transparent materials. '
5  In fact, Gentile et al. 2 and van Uitert

and Wemple5 have shown that these materials have projected losses

as low as 10- 3 dB/km near 5 iim. To develop this ultra-low-loss

potential, for such applications as long-distance communication

links, requires a careful analysis of the nature of the attenuation

mechanisms present in IR transparent waveguides. In this paper, we

address the contribution of scattering to the total attenuation in

bulk materials that have the potential for being fabricated into

highly transparent fibers.

The attenuation mechanisms present in low-loss solids are

illustrated in Fig. 1 for fused silica. At the shortest wavelengths,

electronic processes (Urbach tail) contribute heavily to the total

loss. At the IR wavelengths of interest, however, two mechanisms -

scattering and multiphonon absorption - have been identified as the

ultimate, limiting loss processes. 2 In Fig. 1, the curves for
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scattering (which decreases as A- 4 with increasing wavelength) and

lattice (multiphonon) absorption (which increases exponentially

with increasing wavelength) cross to yield a minimum in the total

attenuation. For fused silica, this minimum, which is about

0.25 dB/ka at 1.6 pm, has been achieved in kilometer-long fibers.
6

For certain crystalline as well as special glassy solids, minima

occur near 5 us with projected losses well below the intrinsic

losses measured in silica (projected losses are given in the next

section).

The total attenuation coefficient T may be written as the

sum

IT ,S+ 'A (1)

where a s and (A are the contributions due to scattering and absorp-

tion, respectively. Each term in Eq. 1 can be measured independently,

thus allowing the individual mechanisms contributing to the overall

optical loss in solids to be studied. For example, aT can be

obtained from standard spectroscopic and fiber insertion loss

measurements while laser calorimetry has been used very successfully

to determine residual absorption a A in weakly absorbing materials.

The scattering terms a has not been as well studied. Measurements

using integrating spheres for both bulk and fiber materials are

generally used to obtain a total integrated scattering (TIS) loss.
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These methods, however, have the disadvantage of being unable to

distinguish among the various individual scattering mechanisms con-

tributing to TIS. To elucidate the various scattering mechanisms

as well as to obtain a value for ass we have chosen to study the

light scattering spectra of solids. These spectra are composed of

elastically (Rayleigh) scattered light that results from various

nonpropagating fluctuations in the materials index of refraction

and inelastically (Brillouin) scattered light that results from

the interaction of light and the thermal motion of ions (sound

waves). Although Rayleigh-Brillouin (RB) spectra have been used to

7
measure aS in glasses, this technique has not been expressly used

before to study scattering losses in single- and poly-crystalline

materials. In this work, we have measured RB scattering at 90" in

bulk single- and poly-crystalline KC1. As discussed in the next

section, we expect very little Rayleigh scattering in single-

crystal materials; for polycrystalline samples, however, intuition

suggests that the residual strain and grain boundaries associated

with the hot press-forged, polycrystalline material should lead to

larger amounts of scattering. Our preliminary results support this

presumption, but we have not yet been able to account for the

source of each scattering mechanism contributing to the RB spectra.

GENERAL CONSIDERATIONS

The limiting attenuation mechanisms in transparent solids are

scattering and multiphonon absorption. These contributions have
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been considered by several investigators in the context of projecting

future ultra-low-loss materials for the next generation of fiber

waveguides. Van Uitert and Wemple5 have studied the potential of

ZnCl 2 (a glass former) while Gentile et al.
2 and Pinnow et al. 1

have concentrated on the crystalline materials. In Fig. 2, we con-

sider the projected transmission for KRS-5 and KC1 and compare these

predictions to fused silica. The curves in Fig. 2 show the charac-

teristic V shape resulting from the crossing of the scattering

(short wavelength) and multiphonon (long wavelength) attenuation

mechanisms. The only scattering mechanism assumed in calculating

the A-4-dependent scattering curve for KRS-5 and KC1 was Brillouin

scattering (cLB - see below). As mentioned above, the V-shaped

curve for silica has essentially been traced out experimentally

and thus silica fiber losses are now intrinsic. For KCl and KRS-5

(as well as for many other non-oxide ionic solids), however, Fig. 2

shows the extremely low loss potential for these materials near

5 lim.

To determine aS from RB light scattering experiments requires

a careful measurement of the intensity of both the Brillouin- and

Rayleigh-scattered light. Brillouin scattering results from light

that has been inelastically scattered (Bragg scattering) from

acoust:'cal phonons (sound waves). The frequency of the scattered

light is Doppler shifted from the frequency of the laser light

wL by an amount ±0:

51



41TnV sin(6/2)

X
0

where n is the index of refraction of the medium, v is the velocity

of sound, 6 is the scattering angle, and X is the vacuum wavelength0

of the light. This frequency shift has been well studied in alkali

halides. 8 The Rayleigh-scattered light (central maximum at WL) is

due to scattering of light from nonpropagating fluctuations in the

dielectric constant. In glasses, mechanisms which give rise td

these fluctuations include: density variations resulting from the

frozen-in, random variations in dielectric constant inherent in a

disordered solid; concentration fluctuations resulting from the

local compositional variations present in mixtures; and entropy

fluctuations resulting from temperature variations. Of the three,

only entropy fluctuations, which are very weak, would be present

in an ideal single crystal.

To obtain a,, we first evaluate the intensity ratio of the

Rayleigh (IR) to the total Brillouin (21B) scattered light. This

ratio is called, based on its use in light scattering in liquids,

the Landau-Placzek ratio RLp and is defined 7 as

IR
RLp E 21 •(2)

B

Strictly speaking, since IR and thus Rp are related to specific

scattering mechanisms (such as those discussed above for glasses),

52



measured values of RLp are generally regarded as a property of a

given material (e.g., fused SiO 2 has an R1 p 1 23, while 33K 20-67SIO 2

9
has an RLp 2! 10). In our experiments, we measure IR without, in

general, knowing the specific mechanisms contributing to the

Rayleigh component of scattered light. Therefore, we should more

appropriately speak of an effective Landau-Placzek ratio with IR

representing the intensity of the central maximum.

The measured RLp is then used to calculate as, as described

by Pinnow et al.10 and others, '9 from the relationship

a s M aB(RLp + l) , (3)

where aB, is the small residual attenuation coefficient due to

Brillouin scattering alone. It is given by

S87t 3 1 (n 8P2 ) k TB , (4)

B 4 1 B T
0

where P1 2 is the photoelastic (Pockels) coefficient, T is the

temperature, k is Boltzmann's constant, and BT is the isothermal
BT

compressibility. For ideal single crystals, IR 1 0, thus Rp 1 0

and (from Eq. 3) aS 21 aB. This leads to the scattering curves in

Fig. 2 for KRS-5 and KC1, which were calculated from Eq. 4 alone,

while the scattering for fused silica was calculated from Eq. 3

using R.Lp - 23.
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An interesting feature of measured RLpS for crystalline solids

is their dependence on polarization. For our single-crystal

measurements in KCI, a (100] crystal orientation was used for most

samples studies. With incoming light along the 1100) direction

and scattered light along the [010], the polarization of the inci-

dent and analyzed scattered light was either vertical (V) or

horizontal (H) with respect to the scattering plane. For this

geometry, we may determine the intensities of the Brillouin compo-

nents from the selection rules for the rock salt structure (Oh

and the differential cross section. The intensities I and

allowed vibrational modes for the various polarizations (phonon

momentum q along [110] direction) are summarized in the matrix

given in Table la. Using the known photoelastic (P12 and P4 4) and
12

elastic (Cll, C1 2, and C4 4) constants for KC1, we calculate the

matrix elements in Table la and give them, normalized to IHH (the

weakest intensity), in Table lb. Table lb shows that the intensi-

ties of the longitudinal modes (frequency equal to 15.8 GHz) in VV

polarization are much stronger than those in the other polariza-

tions (transverse mode frequency equal to 7.2 GHz). This means

that measured Landau-Placzek ratios may vary greatly depending on

crystal orientation and polarization, with the smallest Rp occur-

ring for the VV polarization.
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LIGHT SCATTERING MEASUREMENTS

The RB spectra were recorded using as a source an Ar-ion laser

(Spectra Physics Model 165) delivering 10 to 300 mW of single-line

power and a PZT-scanned Fabry-Perot spectrometer. The experimental

set-up is shown in the block diagram in Fig. 3. The spectrometer

is a Burleigh Instruments, Inc., actively stabilized Fabry-Perot

interferometer with its associated photon counting electronics.

Data acquisition is provided by a 512-channel Tracor-Northern

multichannel analyzer (MCA). This MCA has proven essential for

obtaining good S/N ratios for these crystals (between 2000 and

20,000 scans are generally accumulated for each spectrum).

To improve the contrast of the spectrometer, we added a three-

pass attachment to the interferometer. This allowed us to readily

detect the Brillouin components in the polycrystalline materials

where the Rayleigh scattering is more intense. Fig. 4 shows the

results of a 90* scattering measurement on polycrystalline KCI

doped with 1.75% RbCl taken with the light passing once (one-pass)

or thrice (three-pass) through the interferometer. The improved

contrast in the three-pass case is obvious. Note in particular

the resolution of the transverse modes in the three-pass case that

has been lost in the Rayleigh wing in the one-pass case. Clearly,

the three-pass arrangement, which has been used in all our neasured

data, is necessary to obtain a reliable RLP. The resolution of

the triple-pass Fabry-Perot spectrometer was 0.03 cm-1 (finesse

equal to 50).
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RESULTS OF LIGHT SCATTERING EXPERIMENTS

Measurements of scattering losses were made at 488.0 nm in

bulk single and polycrystalline KCI. The KCl was reactive atmos-

phere process (RAP) single-crystal material 1 3 which was either

used in oriented single-crystal (SC) or in hot-press forged,

polycrystalline (P) form. The RB scattering data shown in Fig. 5

are for pure, single-crystal KCl oriented as shown in the insert.

From the data, we can see the intense stokes (S) and anti-stakes

(AS) longitudinal Brillouin components in the VV polarization. The

Brillouin components are also seen to become weaker in V (or HV)

and HH polarization, which is in qualitative agreement with the

results stated in Table 1 for this scattering geometry. Similar

results were obtained for other RAP-grown KCl (SC) although the

RLps were found to vary somewhat from sample to sample.

The data for polycrystalline KCl (average grain size, 10 pm) are

shown for two polarizations in Fig. 6. We can see from these data

the intense Rayleigh scattering typical of our polycrystalline

samples. In this sample, we also note the presence of only longi-

tudinal modes in VV polarization and transverse modes in VH

polarization. This leads us to conclude that we have, by chance,

illuminated an axis of high symmetry in this sample. Specifically,

it would appear from the data that the crystallites are oriented

along the (100] direction for this particular experiment. In

general, we would expect to observe an admixture of L and T modes
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consistent with a random orientation of polycrystalline

samples.

Effective Landau-Placzek ratios have been calculated for these

two samples from the data in Figs. 5 and 6. These data are sum-

marized in Table 2. For the single-crystal KCl, Rp is lowest for

the VV polarization, as discussed above, but the Rps for other

polarizations do not scale with the predicted Brillouin intensi-

ties (see Table 1). This is due to the polarization dependence of

the Rayleigh-scattered light. Our measurements of IR indicate that

the Rayleigh scattered light is, as expected, most intense for the

VV polarization. For this polarization, IR is approximately

8 to 10 times stronger than when measured under KV, VH, or HR con-

ditions. More detailed studies of the depolarization ratio might

give insight into the nature of the static defect contribution to

elastic scattering. In general, the values for Rp obtained for

polycrystalline KCl(P) are higher than those for KCl(SC) (see

Table 2). Again, the VV polarization for this unoriented poly

sample yields the lowest RLP and the HH case yields the highest

LP (this trend was also seen in another KCl(P) sample).

Table 2 also gives the values of a calculated from Eqs. 3

and 4, which, for KCl at 488.0 nm, reduce to,

as In 1.5 x 10
- 6 (RLp + ) cm- 1
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These attenuation coefficients due to scattering may be compared

to the absorption coefficients obtained for KCl by laser calorimet-

ric measurements at 488.0 nm by Harrington et al.14  They found

aA 3 x 10- 4 cm-1 for KCl(P) and aA < 2 x 10- 5 cm-1 for KCl(SC).

We see, therefore, that the total attenuation aT(- aA + cS) is

largely due to scattering.

The nature of the Rayleigh scattering in our crystalline

samples is not completely understood. The results indicate sub-

stantial elastic scattering beyond that predicted above theoretically

from entropy fluctuations. One may consider this excess parasitic

scattering as arising from mechanical and chemical defects in the

crystal. Although all the KC1 has been RAP purified, we cannot

rule out different amounts of chemical impurities in each sample.

It is also evident that residual strain is present in both single

and polycrystalline samples (observed as birefringence in crossed

polarizers). This strain, which one would intuitively expect to

be greater in the hot-forged polycrystalline materials, can lead

to substantial elastic scattering. In particular, one would sus-

pect grain boundaries as a potentially strong source of Rayleigh

scattering because impurities, voids, and high strain would be

more prevalent in these areas.

In our polycrystalline samples, it was not possible to examine

the scattering from a single grain boundary because the average

grain size (10 pm) was much smaller than the scattering volume
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(cylindrical volume, 350 um long by 30 Um in diameter). Brody
15

et al., however, were able to study elastic scattering from a

single grain boundary in polycrystalline calcium fluoride

(Irtran-3). In their measurements, the grain size (150 Um) was

larger than the scattering volume and they found essentially no

difference in the intensity of light scattered from within a

crystallite to that scattered from a volume containing a grain

boundary. One might conclude from their results that grain

boundaries do not contribute to elastic scattering; however, to

assess the effect of grain boundaries properly, one must study

high-purity material with a low Rayleigh background. Our future

experiments will look more closely at the effect as well as the

importance of residual strain on the Rayleigh scattered light.

SLMARY

Our RB scattering studies on bulk KCl have been an initial

attempt to probe the mechanisms responsible for scattering losses

in highly transparent materials. We have found that polycrystal-

line materials scatter more strongly than do single-crystal

materials, but we have not as yet been able to explicitly associ-

ate a particular elastic scattering process with a finite con-

tribution to the total scattering. Our results, however, do indi-

cate that, even in these very pure KCl samples, there is more

scattering than predicted for the ideal KC1 crystals and thus

future fiber waveguides from these low-loss materials may be limited
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more by scattering than absorption losses. Consequently, it is

important to study scattering in poly- and single-crystal materials

to understand the origin of the Rayleigh scattering and thereby to

determine methods of minimizing this contribution to the attenuation.
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TABLE I

Intensities of Brillouin Components for a Rocksalt Crystal

Mode I w  IVH ' IHV IHH

(110) L 4P2 0 4P2

C11 + C12 + C44 CI + C 12 + C44

(a) (170) T 0 0 0

(001) T 0 p2 0
44

2C 44

Mode IVy IVH IHH

(110) L 133 0 1

(b) (10) T 0 0 0

(001) T 0 4.8 0

Ii "
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TABLE II

Effective RLp and Calculated Values of aS

Structure Polarization (cm 1)

Single VV 26.2 4.1 x 10- 5

Crystal VH 38.5 5.9 x 10- 5

(SC) HV 44.9 6.9 x 10
- 5

HH 276.4 4.2 x 10- 4

Polycrystalline VV 496 7.5 x 10-4

(P) VH 830 1.2 x 10- 3

HV 1598 2.4 x 10 - 3

HH >5000 >7.5 x 10 - 3
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FIGURE CAPTIONS

Fig. 1 - Schematic representation of optical attenuation mechanisms

in solids.

Fig. 2 - Projected losses for some IR transparent materials.

Short wavelengths are bounded by 1/04-scattering and

long wavelengths by multiphonon absorption.

Fig. 3 - Block diagram of scanning Fabry-Perot interferometer for

measuring RB spectra.

Fig. 4 - Improved contrast in RB spectra of poly KC1 + 1.75% RbCl

through the use of 3-pass attachment on Fabry-Perot

interferometer. The spectra were all recorded using the

3-pass configuration.

Fig. 5 - Scattering spectra for single-crystal KCI for three dif-

ferent polarizations. Landau-Placzek ratios are given

in Table 2 for these data.

Fig. 6 - Scattering spectra for polycrystalline KC1 (average grain

size is 10 pm). Landau-Placzek ratios are given in

Table 2 for these data.
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