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I. Summary

There were two major objectives of this contract:

1. To develop and study strengthened radiation hardened communi-
cations grade optical fibers.
2. The development and study of new fluoride glasses.

The first of these objectives was concerned with obptical
waveguides which transmit in the wvisible and near infrared,
while the second objective was concerned with new glasses
transmitting from the visible through the mid IR and which could
lead to new optical wavequide glasses. The approaches to these
two objectives are very different and thus the contract was
divided into two independent projects.

The first project consisted primarily of evaluating and
improving processes developed under past research grants and
determining their applicability to strengthening and radiation
hardening. The second project consisted of developing new

processes and materials.

A. Strengthened Radiation Hardened Optical Fibers

Two approaches to the first project were undertaken. The
first was a study of the application of a "partial leaching"
process, developed for strengthenina glass, to the development
of a strong radiation hardened optical fiber wavequide. The

part tal leaching process consists of the following stages:

1., Melting phase-separable, alkali borosilicate glasses and

drawing them into rod preforms 0.6 - 1.0 cm in diameter by 1

meter long.
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2. Heat-treating these rods to 1induce a liquid-liquid phase
separation throughout the glass in order to form a high sili-
ica phase and a high alkali borate phase.

3. Leaching out the alkali borate phase within a thin surface
layer of the glass rod, thus forming a porous high silica
cladding region.

4. Sintering the porous cladding region to form a glass rod
with a step index profile having a high index alkali boro-
silicate core and a low index, high silica clad. During
cooling the difference 1in expansion coefficient between the
core and clad induces a high compressive stress on the rod
surface which acts to strengthen the glass. Prestressing
values of greater than 30,000 psi have been obtained by this
process.

5. Drawing the rod preform into an optical fiber.

6. In this process radiation hardening might be accomplished by
adding hardening agents to the base glass during melting and
or to the porous clad region after leaching.

The research conducted under this first approach was to
evaluate this process for optical fiber use. Since pre-stress-—
ing and strengthening had already been demonstrated, the initial
concern was that the core, consisting of a phase separable boro-
silicate glass would scatter light at an unacceptable level.
Tests were conducted of scattering levels in both the fabricated
partially leached preforms and the fibers. The tests consisted
of Rayleigh scattering measurements made relative to scattering

in fused silica of optical fiber quality. The results showed
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that partially leached fibers, despite a small residual
microstructure, exhibit low light scattering (less than 2-3 time
fused silica) and therefore could be used for optical fibers.

The core of the fibers is formed by conventional melting
procedures, therefore, extreme precautions are necessary to
avoid contamination by transition metal impurities and o result-
ing high absorption. This could not be achieved within the
scope of the contract, therefore, all fibers made by this method
had very high absorption losses. It is anticipated that melting
techniques similar to those used for fibers made by the double
crucible process would yield low loss fibers.

A second problem with this approach was indicated by the
results of refractive index measurements on the core and clad
regions which showed a small difference in refraction index, n,

leading to numerical apertures of less than 0.2 =1.47,

(Ncore
nclad=l.46). To increase the numerical aperture to more useful
levels would require the use of a base glass very different from
the alkali borosilicate glasses previously studied by us for
phase separation and leaching. The studies required to develop
new base glass compositions were also beyond the scope of this
contract. It was thus concluded that this approach would not
lead to communication grade fibers without a large additional
research effort.

The second approach to the first project was to study
radiation hardening in molecular stuffed fibers doped with

cerium oxide. The molecular stuffing process 1is being used

commercially to produce fibers with less than 10 dB/km
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attenuation. The molecular stuffing process consists of the

following staqges:

1. Melting phase separable, alkali borosilicate glasses and
drawing them into rod preforms 0.6 - l.0cm in diameter by 1lm
Long.

2. Heat-treating these rods to induce a liguid-liguid phase
separation throughout the glass in order to form a high sil-
ica phase and a high alkali borate phase.

3. Leaching out the alkali borate phase throughout the rods and
carefully washing the remaining porous skeleton. The major-
ity of transition metal impurities are removed with the
alkali borate phase and thus a high purity skeleton is
obtained.

4. Diffusing cesium nitrate or other index modifiers and cerium
nitrate salts into the porous rods to form the core region.

5. Drying and sintering the glass to form a core-clad preform
composed of a high index core containing an index modifier
such as CSZO and a low index, high silica clad glass. Ceoé
was deposited in both core and cladding regions to act as a
radiation hardening agent.

The major efforts in this approach were the preparation ot
samples and the determination of the role that CeO2 would play
in the response of fibers to radiation damage, especially in the
presence of non-negligible quantities of Fe and Cu impurities.
Rod prelorms containing CeO2 were formed with a great initial

difficulty due to breakage of the porous glass skeletons. After
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this problem was solved, 1irradiation tests were conducted on
cerium doped glasses which 1indicated that hole centers asso-
ciated with SiO2 were very stable in these glasses and that they
could not be quenched by cerium. One would expect to see simi-
lar results in other high silica glasses which may explain the

failure of cerium oxide as a hardening agent in thesc glasses.

B. Flouride Glasses

The objective of this part of the contract was to ztudy the
glass forming regions of glasses based on either irk, or HtF,
and to improve the optical quality of these glasses. Glasses in
these families have been shown to have excellent potential as
materials for optical components operating in the mid-IR (2-5
um).

As part of this study it was desired to improve the glass
forming characteristics of the glasses by increasing the differ-
ence between the crystalization temperature, Tx, and glass tran-
sition temperature, Tg. By increasing this temperature diifer-
ence it is found that the tendency to crystalize 1is suppressed.
The result 1s an ability to form larger better quality glass
forms.

The effects of composition on glass forming werc examined
by making a systematic melting study of the system
Hth—BaFa-LaF3 in the range 55-65% HEPQ, 10-40% BaFZ, and 3-10%
LaF, by mole percent. The effects of other additives including
PbFZ, CsF, GdE‘3 and AlF3 were also studied for this system.
Finally the glass 62% ZrF, - 33% BaF, - 5% LaF, was studied.
The values of Tg and Tx were determined for these glasses using

a scanning calorimeter.
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In addition to the evaluation of glasses produced at
Catholic University a number of glasses tfrom the HfF“—BaFZ—LaFJ
and act’ -balF,-LaF tamilies produced at RADC Hanscom AFB were
exanmined. Values of Tx and Tg were determined for tnese
glasses.

To improve the optical gquality of these glasses reguires
tne oliminat:ion ot impurities in the lasses. One oL the anae-
sireable impuritlies which results in ecxcess attenuation is -Oi.
A study was conducted to determine whether the -OH was 1in tne
buik of the glass or merely in a surface layer. It was {ound
that melting 1in a CCl“ atmosphere was helpful 1in eliminating
bulk -OH and that any surface -OH formed appears to be staple
over time 1indicating a very small rate of surtace attacx by
atmospheric H,O.

The results of this work on flouride glasses are incourag-
ing and we believe that continued work in this area is Justi-
fied.

I[T. Partial Leaching Study

A, }Q}pggggp}on

Partial leaching 1is a process for making compressively
strengthened glass articles that was developed at Cathol:c
University!. In that research, strengthened rods were obtained
having a high si1lica c¢lad and an alkali borosilicate core. It
was known that the clad had a lower index than the core and thus
1t was expected that tibers drawn from such rods would act as

optical wavequides. Since the core was phase separated it was
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thought that scattering losses would be relatively high, By
minor changes in composition and or fiber drawing conditions it
was hoped that phase separation and thus light scattering could
be suppressed to an acceptable level.

It was further recognized that low optical losses could
only be obtained by ultra clean melting. Egquipment tor skull
melting was available at RADC and a modest cooperative ctfort to
produce pure base glasses at RADC was envisioned. The possibii-
ity of high purity conventional melting at Catholic University
was also to be examined as well as the purchase of high purity
glasses from commerical sources if possible,.

If the wavequide properties of partial leached fibers
appeared promising, a program of 1incorporating radlation harden-
ing dopants in the glasses was to be undertaken. These were to
be added to the base glass and or to the porous clad prior to
sintering.

B. Processing

The method used to produce partially leached preforms was
basically that developed by Martin Drexhage during his Ph.D
research?. This process was optimized by him to process base
glass with a composition 57.8% SiOz, 35% 8203, 1.9% Nazo, and
5.3% K,O. Other compositions in that family were studied having
the following component ranges: Sio2 (55-56), 8203 (29-37),
total alkali (4-8) in mole %. NaZO/KZO ratios ranged from 1.6
to 0.5. The majority of the work done in this contract was with
a base glass melted in our laboratories or obtained trom Ameri-

can Cystoscope Makers, Inc. and Pilkington Brothers with a
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HODinal cui s itian gl aYr SLUZ, s3.d% n{uj, 3.6¢ Nudu ana 3.6
| N Modirications Lo Lrexhage's procedure were nade Lo reduce
Oreasade Jduring processing for this composition,  The procedure

USed T aoven e lows

1. nees rreatment at 515°C for 120 hours

it i Y Laroance-anneal,
. Bt ot st HF (vel. %) for 5 minutes.
t. Leoexchiing to the clad thickenss to radius ratio

Aot UL25 1in 3N HCL.

. Moo wash tor about 24 hours, providing at least

e cnanae after 2 hours wash.
b. Vavuom drying for 24 hours (4 hours at room temperature

4 20 pours at 75°C).

. Perperature jump to 68U°C.

T. ooltawsing under reduced oxygen pressure (~ 200 mm Hg)
Wit 1 heating rate ot 50°C / hour to 850°C.
. Deliny to room temperature in oair.

Tnce there 1s no purification, except of the clad, i1nner-
Nt 0 thio process (in contrast with the molecular stutfing
orocess  to e discussed  in section 111) if low optical
attengation is  to be achleved ultra clean melting technigues
Ut e uned to produce the base glass. Ultra clean melting and
subrcoraient low optical attenuation has been achieved in severval
research laboratories so it was expected that 1f partial leach-

ing showed promise as a preform making process low losses could

De: achieved,
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One possible technique for clean melting i{s known as skull
melting. In this method the gylass 1s melted by RF heating with-
in a cooled crucible. The inner surface of the crucible becomes
coated with a skin ot the glass being melted so crucible contam-
ination 1is prevented. This method was attempted at RADC. 'The
alkali content ot the base glass was too low to provide adequate
coupling to the RF field and no heating was observed. Before
any other methods of clean melting could be attempted the deci-
sion to discontinue the effort in partial leaching had bheen

reached.

C. Property Measurements

To make an evaluation of the applicability of the partial
leaching process in achieving the contract goals a number of
properties were evaluated as discussed below:

1. Thermomechanical Properties

The strengthening obtained in the partial leaching process
is controlled by the ditferential contraction between the core
and clad when the fiber is cooled after drawing. The expansion
coefficient a, glass transition Tg and softening temperatures Ts

of the core and clad glass were measured.

Table 1
Core Clad
a (below Tg) 65x1077/°C 8x 1077 /°C
a (above Tg) 280x 1077 /°C
Tg 455+ 5°C g20°¢C
T 600°C

S
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since the clad solidifies at 820°C, while the core 1s stilld
liquid, the clad will be placed 1n compression by the relatively
larger contraction of the liquid core. Further compression of
the clad 1s obtained below the Tg of the core since :1ts sub Ty
expansion coetticient 1s still much larger than that of the
clad. Using a simple model developed by Krohn and Cooper?® one
can predict the magnitude of the surface compression with the
above data, the clad and core thicknesses, and the elastic modu-
li. Drexhage? has shown that these estimates agree well with
the clad compression observed photoelastically and with improved
strength as measured in modulus of rupture tests.

Measurements ot the clad compression 1in typical partially
leached pretorms made during this contract ranged from 25 ksi to
35 ksi.

2. Optical Properties

a} Light Scattering Measurements

Brillouin scattering experiments were performed on two par-
tially leached (PL) fibers supplied to us by RADC. The measure-
ment was needed to determine a baseline for scattering losses in
partially leached fibers. One of the tasks of this contract was
to determine to what extent the scattering losses can be con-
trolled by composition changes in the base glass and drawing
conditions.

The tibers supplied to us were from a batch having a nomi-
nal composition of 57.8% Sioz, 35% 8203, 1.9% NaZO and 5.3% Kzo.

The fibers were furnace drawn in a graphite furnace. One fiber

was supplied coated and the other uncoated.
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The Landau Placzek ratios of the two fibers werc 51 for the
uncoated fiber and 59 for the coated fiber. This LP ratio 1is
about 2.5 times that for fused silica so the Rayleiqgh scattering
of such fibers would be less than 10 db/km at .8uym. 'This 1s an
acceptable level for moderate loss [ibers.

The Brillouin shifts were also determined for the core
glass of the fiber. They were 11.9 GHz for the transvecrse and

20.3 GHz for the longitudinal sound waves.

b) Total Attenuation Measurements

The attenuation of fiber drawn from partially leached pre-
forms was measured at the Vitreous State Laboratory and at
RADC/ESM, Hanscomb, with similar results. The minimum
attenuation was greater than 1000 dB/km, as shown in Figure 1.
The iron and copper content of the batch glass was measured by
colorimetric analysis to be 1 ppm or less.

The attenuation of the core glass alone was determined by
making transmission measurements on several bare fibers drawn
from batch glass. The attenuation 1is shown for two such fibers
in Figure 1. The peak at 0.83um is not understood and may be an
artifact. The batch glass attenuation 1is nearly the same as
that of the partially leached fibers but slightly worse. Since
the purified clad in the partially leached fibers carries some
of the transmitted energy, this may explain its slightly better
performance. In both cases, however, the attenuation is high.

We show for comparison a curve (curve B in Figure 1) of
batch glass produced at the Vitreous State Laboratory at a time

when the melt furnace was new and relatively clean. Kven in

|



Figure 1.
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Optical attenuation of several batch
glass fibers A, B; of a partially
leached fiber C; and a

molecular stuffed fiber D.

-
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this case, however, the losses are too high for useful fibers
and for radiation damage studies.

To obtain lower losses would require building a melt tacil-
ity 1n a clean room environment. This was judged to be outside

the scope of the contract.

c) Bgtractive Index Measurements

The scattering and attenuation data on the partially
leached fibers indicated that one should expect to obtain moder-
ate loss fibers from this process. To be practical, moderate
loss fibers should have a high numerical aperature. Measurement
of the refractive index of the core and clad of partially
leached preforms 1i1ndicated refractive indices of 1.47 and 1.46
respectively. This would give a numerical aperature of less
than 0.2 which 1is less than 1is desired for moderate loss multi-
mode fibers.

To increase the refractive index of the core would require
the use of a base glass with a much different composition than
those previously studies by us. An extensive phase diagram stu-

dy was beyond the resources available under this contract.

D. Conclusions

The major conclusion to be reached from our evaluation of
the partial leaching process 1is that in its present state of
development it does not satisfy the goals of this contract.
Although no tundamental obstacles were incountered, a major
ettfort would be required to yield very high quality fibers. No

particular advantage over other competing processes was

i T
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discovered that would justify that effort at the present time.
The major problems of the process are the requirement for ultra
clean melting, the low numerical apertures produced using pre-
sently studied compositions and the yet unknown radiation damage
characteristics.

III. Molecular Stuffing

A. Introduction

The molecular stuffing process“’® is a multistep process
which can be used to produce high silica preforms for fiber
optics production. It is an interesting process because it 1is
suitable for batch production, it can be used to give compres-
sively strengthened fibers and it offers the possibility of
dopant combinations not easily obtained by traditional glass
melting or by the various vapor phase oxidation techniques. It
has the disadvantage as a multistep process of being compli-
cated. Not all of the steps of the process are fully understood
as they involve complex glass and solution chemistry and thus
many of the steps have been discovered empirically. Each new
dopant combination reqguires modifications of some of the steps
and time consuming experiments to discover procedure variations
which yield successful samples. The steps of the process are
briefly:

1. glass melting

2. heat treatment

3. leaching
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4. dopant deposition

5. dopant profiling

6. drying

7. sintering

Following the leaching step one has a purified high silica
skeleton. Doping is accomplished by diffusing soluble salts
into the pores and precipitating them 1in situ. Previous work
under contract Fl19628-77-C-0084 had led to procedures for
obtaining strengthened step index and parabolic index profiles
using multiple dopants. It was planned to use these technigues
to produce glasses doped with Cs and or strontium as 1index mod-
ifier, with cerium as a radiation hardening agent, and with Fe
and Cu to act as indicators of radiation damage and healing
effects. Experiments 1in radiation damage kinetics were con-

ducted with such glasses at Argonne National Laboratories.

B. Sample Preparation

1. Glass Melting

Glass 1s melted at 1450° C from high purity 1industrial
grade Sioz, H3Boj, NaZCO3 and chos' These materials typically
have less than lppm transition metal impurities. The glass is
formed into 0.7 to 1 cm by 1 meter rods by drawing from the
melt.

2. Heat Treatment

1
The glass rods are heat treated for l-. to three hours at
2

550°C to cause phase separation. The phases have a totally

interconnected structure,.

—~—
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3. Leaching

The rods are given a surface cleaning with 5% HF for one
minute. The alkali borate phase 1s dissolved by placing the
rods in 3N HCl at 95°C for 24 hours. The remaining porous high
silica skeleton is washed in de-ionized water for 24 hours to
remove the acid, any remaining leaching products and some of the
silica gel from the pores. The resultant skeleton 1is a high
purity 96% silica structure having interconnected pores approxi-
mately 100A in dimension.

4, Dopant Deposition

The porous rod is soaked in the stuffing solution contain-
ing the desired dopants (solutions used are given in Table II)
for 4 hours at 105°C. After this time the dopant solution is
uniformly distributed in the porous rod.

5. Dopant Profiling

The stuffed rod 1is placed in the appropriate unstuffing
solution (which 1s the same as the stutfing solution less the
CsNOS). The unstuffing solution 1is at 4°C which causes the
dopants to precipitate in the pores. Since the unstutfing solu-
tion contains all of tne dopants except cesium nitrate the
cesium nitrate 1is dissolved from a layer at the rod surface.
The cesium free layer leads to a low index optical clad in the
final preform. Unstuffing 1is allowed to proceed until the
desired clad thickness is obtained. The rod 1s then soaked for
four hours in a 4°C methanol solution containing all ot the
dopants except cesium nitrate. This is followed by pnlacing the

rod in ether at 4°C for twenty minutes. This step 1nsures
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complete precipitation of all the remaining dopants. This
process gives a step index protfile due to the cesium distribu-
tion. The remaining dopants are uniformly distributed

throughout the rod.

6. Drying and Sintering

The solvent in the preforms 1is evaporated under vacuum at
4°C. The temperature is then slowly raised (15°C/hr) trom roon
temperature to 625°C. Depending on whether reducing or oxidiz-
ing conditions are desired foaming gas (95% Nz’ S%Hz)or O2 1S
tlowed over the samples for 3 hours at 625°C, The temperature
is then ramped to 900°C at 50°C/hr to sinter the rods. The rods
are then air quenched to room temperature.

C. Spectral and Radiation Kinetics Studies

Samples for spectroscopic analysis were prepared from rods
made according to the list in Table II. A specturm of each,
trom 2600 nm to 190 nm was run on a Spectrophotometer. The sam-
ples were then taken to Argonne National Laboritories for

radiation tests as described below.




~19-

TABLE II
Dopant Stutfing Solution* Redox Condition Dopant State
(Nitrate)
1) None - 0 ) -
2) Cs 60% by weight
CsNO, in H O 0 -
3 2
3) Fe 0.5M Fe(NO3}3
Cs in H,0 0 Fets
4) Ce 0.5M Ce(NO3)3 " }
Cs in H,O 0 Ce™™
5) Fe 0.5M Fe(NO,), g 0 rets, cetv
Ce 0.1M Ce(NO3)3
Cs in H.O
2
6) None R -
7) Cs 60% by weight
CsNO, in H,O R -
3 2
8) Fe 0.5M Fe(N03)3 ,
Cs in H,0 R ret?
9) Ce 0.5M Ce(NO,), R cets
Cs in H_ O
2
10)  Fe 0.1M Fe(NC,), R rFet?, cet?
Ce 0.5M Ce(N03)3
Cs in HZO

* The Stuffing Solutions all contained 60% CsNO3 by weight
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L. Introduction

A major source of radiation-—induced attenuation of optical
transmission in tiber-optic materials 1s the cleavage of neutral
vonded units in the matrix to form sites which are electron-
detricient and sites which have excess electrons., wWhen an elec-
tron excess 1s created at, or in the close vicinity of, an ele-
ment of the matrix which contains an red? impurity it tenas to
undergo stabilization through conversion ot Fe3t to Fe?*t. The
latter speclies has a strong (approximately 4 dB « km™! « ppo7l)
absorption band 1in the 8U0-1100 nm region, which is of great
1nterest 1n optical fiber communications. Another contribution
to the radiation-induced loss originates in absorption bands due
to electron-excess and electron-deficiency centers which have
not been affected by impurities. These bands are usually very
broad, strongly dependent on the composition of the matrix, and
although their peaks lie at shorter wavelengths they tail into
the near-IR region®™9.

A method which has been found effective 1in controlling
radiation-induced transmission loss in the case of optical
ylass!? as well as in the case of fibers!! is the introduction
of cerium. Cerium can be present in glass in two forms, as Cedt

or as Ce“*'. The beneficial effect of Ce37¥

1s probably due to
1ts ability to undergo oxidation by the strongly oxidizing
electron-deficiency centers, (h+), while belng converted to
Ce**, whicn has an absorption peak between 250-320 nm, depending
on the composition of the medium!<. Conversely, the presence of

Ce*t results in the elimination of electron-excess enters (¢7)
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and the formation of Ce3%, which has uan absorption  maximuan

around 230-250 nm. In both cases UV bands dare tormed, replacing
absorption bands 1in the visible and near-1R regions which are
detrimental in optical fiber communications. However, the pres-—
ence of Ce“? may have a second role which is probably not less
important than the elimination of ¢7, since Cotocan react with
radiation-produced Fe?% and oxidize it back to Fed3t (Ce*?t + pelt
> Ced3t + Fed3t). Both Cce3t and rFe3t have very low uabsorptivities

in the near-IR region.

2. Experimental Results

The experiments carried out consisted ot preparation and
irradiation of high-silica glasses doped with 1ron and cerium.
Two series of high-silica samples were prepared. In both cases
molecular doping technigues were used to introduce iron and/ov
cerium into a porous high-silica matrix, produced through phase
separation, acid leaching and washing of an alkali borosilicate
glass. The doping was carried out 1in the presence of a larae
excess of cesium (introduced as CSNOS) to facilitate the incor-
poration of Fe and/or Ce nitrates into the porous glass through
thermal precipitation of CsNO, during the doping stage. This
stage was followed by washing, drying, thermal decomposition of
the nitrates to oxides, and consolidation of tihe porous struc-
ture into solid glass around 900°C, and rapid guenching i1n air.
The resulting introduction of about 13 wt.3 Cs,0 into the glass
structure serves to make the Fe and Ce oxides miscible with sil-
ica, which 1s the major constituent ot the glass. The only oth-
er components are 8203 (about 4%) and Nazo and KZO (about 0.04-

each).
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The oxidation statce ot thoe dopants s determined prinarily
py the composttion ot the atmosphere under whicn the glass g
consoulidated. The tirst series of samples which were usca in
the present studies were prepared under oxygen, ensdring tne
vresence of the dopants 1in their higner oxidation state. The
samples 1ncluded a ylass do d with Ce, predominantly in tne
Ce*t state, a glass doped with 0.5 M Fe, predominantly in tne

+

3% and 0.1 M Ce ™,

Fe3t state, and a glass contain. ; 0.5 M Fe
Each of these glasses contained 13% CSZO. The last sample was
:ntended tor the study of a possible reaction between radiation-
produced Fe?? and Ce**, while the others were intended tc study
the scavenging of e~ by Fedt and Ce%*t individually, and to serve
as blank tests which would permit the isolation and identifica-
tion of a Fe2* - Ce** recombination process 1in the composite
sample.

A second sceries of samples were prepared in a reducing
environment consisting of foaming gas (5% H, + 95% N_ ). In

2 2

analogy with the first series, these samples, all of them con-

taining 13% CsZO, included glasses doped with 0.5 M Ce3+, 0.5 M
Fe2t and 0.5 M Ce3t + 0.1 M Fe?*, respectively. Again, it was
hoped that the single-dopant samples would make it possible to
detect the formation of Fedt and Ce“* as a result of h' scaveng-
ing, and in the case of the composite sample it would be possi-
ble to monitor the reaction between Fe2’ and ce“™.

It should be noted that in order to make the study of a

possible recombination process as direct and uncomplicated as

possible, we have used a five-fold excess of Fe3%t over Ce“? in
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the combined sample of the oxidized series, so that initially

the bulk of the reactive reducing radicals arc trapped by Fet?

“*t to form Cedt and

to form Fe?%, which later might react with Ce
Fe3*. The direct formation of Ce3%t due to competition between
Ce*t and Fe3* with respect to reaction with the trans:ent
electron-excess radicals 1s minimized 1in thls case because oL
the use of a glass doped with a small concentration of Ce*?t
relative to Fe3?, For an analogous reason we have used 1n the
case of the reduced series a combined sample containing a five-~
fold excess of Ce3?t over Fe?* so as to direct most of the tran-
sient hole trapping process towards the oxidation of cedt to
Cce**, which might subsequently react with Fe?%, and to minimize
the direct formation of Fe2™.

Spectrophotometric observations on the samples showed that
the iron was present to an extent of >99% as Fe3* in the samples
consolidated under oxygen and to the same extent as Fe<t in the
samples prepared under foaming gas.

The positions and intensities of the major absorption bands
associated with Fe3*t and re?2t in high-silica glasses as esta-
blished by observations on glasses prepared under oxygen and
under foaming gas, respectively, are shown 1in Table 1II. The
identification of cerium species was more difficult since the
absorption bands of Ce*t and Ce3* lie in the UV region, where
interference due to scattering is most serious. In the present
study, measurements on Ce-containing glasses showed a signifi-
cant amount of scattering, particularly in the case of oxidized

samples, due to some residual microscopic phase separation. In
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TABLE III

Absorption Spectra of Oxidized and
Reduced Iron in High-Silica Glasses

Dopant Feature? A _ _Absorptivity
nm M~ lem™! dBkm™ ! ppb~*

Fe(III) sh 470 2.8 0.01

s 437 6.4 0.25

S 413 7.4 0.29

S 375 25 0.99

ae 301 628 24.7
Fe(ll) sh 950 91 3.6

S 115 115 4.5

ae 280 <800 <30
a

sh--shoulder; s--strong peak; ae--uv absorption edge
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addition, the surface finish was not optically clear. For thesc
reasons, combined with tne fact that absorption bands due to
ce3* and ce*? in glasses both lie in the 230-330nm region and
are both subject to strong environmental effectsl!?, no positive
identifications of Ce3% and Ce“' were made in the present study.
The spectroscopic data reported for these by A.  Paul et. al.l?
in NaZO - 8203 glasses and by other 1investigators indicate that
above 350nm the absorption of both Ce species is less than
2dB+km~ ! +PPb~!, and while "the intensity of Ce3% [as well as of
Ce**] also changes with glass composition, in all the qglasscs
the molar extinction coefficient of Ce**? is 5 to 10 times
stronger than that of Ce3*.12

Finally, the absorption bands of radiation-produced
electron-deficiency (h+) and electron-excess (e~ ) centers in
alkali silicate glasses, based on studies by Stroud®™ and by
Bishay? (see above), indicate that the h' centers are responsi-
ble for the bulk of the radiation-induced absorption in the
visible region while the e~ centers have a major contribution to
the UV absorption bands.

The spectroscopic features presented in Table II1 served as
the basis for the selection of wavelength regions where tran-
sient and permanent radiation effects were monitored. The ivra-
diation source was the Argonne National Laboratory linear eclec-
tron accelerator. 15 MeV, 4 - 40ns pulses were used and the
intensity of the radiation-induced absorption was ftollowed as a
function of time. Using a Faraday cup integrator, all the

radiation-induced absorptions were nomalized to correspond to a
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standard pulse 1intensity corresponding to a 10 ns pulse ot
approximatey 5x10°® eV/g. (Irradiations with pulses ranqging from
4 to 40ns on the same sample show the integration to be valia
within 5% over the entire range.) The samples, which were rods
with a diameter of (0.65:20.05)cm, were placed perpenaicular to
the electron beam and a l-cm long sectlon was exposed to irra-
diation. The analyz:ing light passed along the long axis of the
rod. All the mecasurements were carried out at 23°C.

The results of the measurements are presented in Table 1V,
where the 1intensity of the radiation~-induced absorption at
various wavelengths 1s given (for the time range of 1077 s to
1071 s tollowing the electron pulse) in absorbance units
loglO(Io/I), (where I, is the intensity of the light passing
through the sample before the pulse and I is the corresponding
intensity measured at a certain time following the pulse).

The results obtained with 0.5 M Ce3* show the presence of
two radiation-produced absorption bands, one of which peaks at
low wavelengths (< 368nm) while the other peaks at high wavel-
engths (»820nm). The two bands cannot' be associated witn the
same center, since the low-wavelength band decays only by 40:¢
between 1077 s and 107! s after the pulse while the
high-wavelength band decreases by a factor of 9. It 1is likely

that the low-wavelength band 1s associated with the formation ot

Ce*t since the maximum occurs below 368 nm, and since Ce“*t can
be expeced to be relatively stable. The high-wavelength hand
can be considered to be due ¢ither to stabilized (solvated) h+,

or to stabilized e~ . However, the observations that even at
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1077 3 this band is stronger by 30% when 0.5 M Ced3?t ig¢ present
than when 0.5 M Ce*% is present, and that in the latter case
this absorption completely dissappears in the course of a period
107! 5 fullowing the pulse, are strong indications of this band
being associated with an electron-excess center e  rather than
with a hole center h¥. The apearance of a transient electron
center at the region around 800nm agrees very well with similar
observations in a variety of oxide glasses!3/1%

The observation that 1in the presence of 0.5 M rFe2* the
low-wavelength absorption band does not appear provides very
strong support for the assignment of the corresponding band in
the case of 0.5 M Ce3' to the formation of Ce*t. No Fe3' ;s
observed to form, as indicated by the non-appearance of the
characteristic sharp band at 375nm. The results obtained with
0.5 M Fe3t show that the absorbance at 820nm is initially small-
er by a factor of 2.5 than when the same level of Ce"?t is pre-
sent.  This probably means that Fe3t is more reactive than Ce“?*
towards the precursor of the stabilized electron-excess center.
However, at long times the residual absorption observed in the
Fe3t glass is higher than in the case of the Ce*? glass, and
this residual absorption 1is probably due to Fe2t which has a
much lower absorptivity 1in the high waveclength range than c¢7,
The latter assumption 1is backed by a large body of data which
indicate that the molar absorptivity of electron centers sol-

vated in various media is usually in excess of 10* M7! cm™! 1n

the 800nm peak region.!?

s wn w—




-29-

The results obtained in the two combined systems are not
indicative of any significant extent of reaction between Ce*t
and Fe2't over the time range explored (1077 s--10"1 s3). 1In the
case of the reduced system, the results obtained in the low-wav-
elength range in 0.1 M Fe2t + 0.5 M ce3t are not signiticantly
different from those obtained in 0.5 M Ce3+, retlecting the tor-
mation of relatively stable Ce*¥; the results obtained in tne
high-wavelength range in 0.1 M ce*t + 0.5 M re?t are practically
identical with those obtained in 0.5 M Fe3t alone, reflecting
the depressed yield of stabilized e~ in the presence Felt and
the probable presence of residual absorption due to Fel .

On the whole, the high-silica glass appears to be a medium
where reactions involving radiation-produced species are nuch
less noticeable than other oxide glasses. For instance, compar-
ison of the yield of the stabilized e~ center based on observa-
tions of the initial absorption at 820nm in 0.5 M cedt, 0.5 M
Ce*t and 0.5 M Fed? glasses, respectively indicate that 0.5 M
Ce**t scavenges only 30%, and 0.5 M Fe3?t only 88%, of the active
electron~excess precursor. In phosphate glasses, mild oxidizing
agents (Agt, T1t, ca?*, pb2*) react with 50% of the rcactive ¢~
at a concentration of 0.05 M, and with 99.9% at a concentration

* 1o Fe’dt due to trapping ot

of 0.5 M3, The conversion of Fel
hole centers and the reaction between Ce** and re?* are not
observed at all in the high-silica matrix. This 1s probably due
to the high rigidity and network density ot this matrix compatrod

with those of oxide glasses with a higher network moditier (e.q.

alkali) content, and a lower network former content. Another

4




-30-

manifestation of the highly bonded, uninterrupted nature of the
matrix is the small intensity of the radiation-induced absorp-
tion in high-silica glasses as compared with the intensity
observed 1in alkali silicate glasses wunder comparable doses.
Dopants such as Ce and Fe are probably trapped in matrix-forming
sites rather than on non-bridging oxygen sites, resulting 1in a
much smaller reactivity, for instance in redox processes such as
the ones studied here. It should be noted that the spectral
characteristics of absorption and emission bands due to dopants
are much less susceptible to the introduction of small amounts
of basic or acidic additives in high~silica glasses than in
alkalil silicate glasses, probably for the same reason.

From an applied point of view, the findings summarized in
Table IV indicate that at room temperature, over the period stu-
died so far (1077 s--1071 s after the irradiation pulse), the
introduction of Ce 1is not shown to be useful in suppressing tie
radiation-induced absorption band due either to centers asso-
ciated with the high-silica matrix itself or to centers origi-
nating in the presence of Fe impurities. An extension of the
present studies to a longer time scale is likely to be very use-
ful in establishing whether Ce 1s more efficient in reducing the
intensity ot the residual, "permanent"” radiation-induced absorp-
tion. As a more immediate objective, we believe that extension
of the studies on the oxidized samples listed in Table 1V, to
the low wavelength region as well as extension of the studies on
the Fe’*t - containing samples to the high-wavelength region

could qgo a long way towards substantiation of the conclusions
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reported above with respect to the nature of the radiation-

produced species.

IV Fluoride Glasses

A. Introduction

Glasses based on Zrf, and HfF“ show excellent potential as
materials for optical components operating in the mid-IR (2-5
pm)16r17_ Earlier glasses of this type were primarily based on
ZrF, . A recent investigation!® showed, however,  that glassces
based on the heavier Hqu, which 1is otherwise virtually ident:i-
cal chemically to ZrF“, were apt to be transparent out to longer
wavelengths than the corresponding ZrF“—based glasses. 1n this
section we describe a systematic 1investigation of the glass
forming region in the Hqu—Ban—Lan system. In addition a stu-
dy of glass formation in Hqu—based glasses containing a number
of other components has been carried out, along with differen-
tial scanning calorimetry (DSC) determinations of glass transi-
tion and crystallization temperatures of a number of composi-

tions based on either ZrF“ or Hqu.

B. Experimental Procedure

Chemicals used in glass synthesis were as follows:

HfO, (9%, Teledyne Wah Chang Albany for earlier melts; 99.999%,
Apache Chemical, Inc. for later melts)

ZrO2 (99+%, Alfa Products)

BaF_ (99%, Alfa Products)

2
La203 (99.999%, Aldrich Chemical co.)
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PbFz (98%, Alfa Products)
Gdzoj (99.9%, Alfa Products)
CsF (99.9%, Alfa Products)
Al (99.9% metallic powder, Alfa Products)

NHHF-HF (Alfa Products)

During the earlier parts of this study the glass synthesis

rocedure was varied somewhat from melt to melt, in an effort to

C

improve the procedure. The majority of the qlasses were pre-
pared using the following method, which we found to be ovtimum
at that time.

A glass batch (typically ~ 20g) consisting of the metal
oxides, metal fluorides and Al metal calculated to give the
tinal desired fluoride glass composition was weighed 1into a
plastic jar. 20g NH FeHF was then added and thoroughly mixed
with the batch. The NH _FeHF converts oxides to fluorides via

recactions of the form:
iHfO, (s) + 4 NH, Feut(s) 300-400"5]‘

HEF, (s) + 2 H,0(g) + 4 NH_F(qg)
Al metal presumably reacts with O2 in the furnace atmosphere and
then undergoes tluoridation.
tluoridation and melting were carried out in a Hoskins cru-
cible furnace. A flow of dry N2 gas through the furnace was
maintained by introducing a N2 stream through a Vycor glass tube
entering through the furnace bottom. The top of the furnace was

closed with a cover made ot Transite or Marinite; the cover
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contained two small holes for insertion of a chromel-alunel
thermocouple to monitor furnace temperature and to allow cscapo
of water vapor and NH F and Z2rF,  particulates formed trom vapors
from the reaction mixture.

The batch was placed in a 100 ml Pt crucible loosely
covered with a Pt lid and placed in the f{urnace for lh at about
320°C to allow fluoridation to occur. The crucible was them
removed from the furnace and the hot crystalline mixturc broken
up with a Pt rod. To ensure complete flouridation, an addition-
al 20g ZVH“F-HF was then mixed 1n with the fluorides and the
loosely covered crucible replaced in the furnace at 320°C. The
furnace temperature was raised to about 760°C at a rate ot about
15°C/min, held there until heavy evolution of NHHF fumes had
abated, and then heated at 760°C for an additonal 10 min.

At this point the fluoride mixture should be completely
molten. However the Pt crucible may have volatilized sol:id zrvh
deposits on the cooler parts of the inner walls. 1In order to
avoid contaminating the melt with these solid particles during
casting, the melt was poured into a clean 25 mL Pt crucible, 10y
NH“F-HF added to the surface, and the loosely covered crucible
replaced in the furnace at 760°C. It was again hcated until
heavy fume evolution had stopped plus an additional LU min and
removed briefly from the furnace for inspection. The melt at
this point was usually clear; 1if it had a grayish color (vrob-
ably due to the presence of lower valent metallic cations), it
was reheated at 760°C tor an additional 5-10 min. This generaly

caused the melt to become clear, presumably by oxidation of the

RS
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lower valent species, since oxygen had been admitted to  tne
farnace atmosphere in removing the melt tor inspection.

The melts were cast into rectangular glass pleces a tew man
thick by pouring them into a mold at room temperature itormed by
arrunging tour brass bars on a brass sheet. After (illing tne
mold witih the melt, the surtface was guenched by Juickly placing
a brass sheet on top ot the melt. In cases where the melt devi-
tritfied during this casting procedure, an attempt was made to
lorm very tuin gluass sheets by rapid quenching; a small amount
Ot melt was poured onto 4 brass plate and a second plate gquickly
placed on top ot 1it.

Atter casting, glass specimens were immediately placed in a
muftle tfurnace preset to an appropriate temperature for anneal-
ing (300°C). After 1isothermal annealing for a brief time, the
furnace was turned off and the glasses allowed to cool to room
temperature inside the furnace.

NSC scans were carried out using a Perkin-Elmer Model DsC-2
ditterential scanning calorimeter on a large number of specimens
to determine the glass transition tempevatures, Tg, and the tem-
peratures ot onset of crystallization, Ty, during heating. Tae
DSC samples were contained in gold sample pans, and a heating

rate of 10°C/min was employed.

C. Results and Discussion

l. Glass-Forming Region in the HfF -BaF,-LaF, System
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In Fig. 2 is shown the glass-forming region in the system
HfF“-BaFZ-LaF3 as determined 1in a preliminary study during the
very early part of this project. (Compositions 1n F1iq, 2 and
in the remainder of this report are given in mole percent metal
fluorides.) In this region crystal-free glass specimens a few nun
thick could be cast. Fig. 2 also shows for comparison the glass-
forming region in the ZrF“—BaFZ—LaF3 system, as reported by Lec-
og, Poulain and Lucas!?. As expected from the chemical and phy-
sical similarities between HfF_ and ZrF , the two glass-torminy

regions are also very similar.
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Fig. 2. Comparison of glass-forming regins in
HH‘“—BaFZ-LaF3 and ZrFL'-BaFZ—LaF3 systems.

P e I e !
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2. More Recent Gla§§7Formatlon §£udies

Table V lists the fluoride melts studied for glass forma-
tion during the later parts of this project; these were all pre-
pared using the melting procedure described previously. The:
comments in the "Results" column indicate the following:

"Very good glass"” Glasses of good 4qguality, inclusion-
free to the eye, could be cast in
thicknesses up to 3.5 mm.

"Glass" Glasses containing a few crystaliine
inclusions or with slight surface
devitrification could be cast in
thicknesses up to 3.5 mm.

"Glass on fast quenching" Only thin glass specimens (< 1 mmj
could be prepared by guenching
between two brass plates; thicker
samples showed substantial devitrifi-

cation.

"Not a glass" Even melts subjected to fast gquench-
ing were largely or wholly devitri-
fied.

The optimum composition for glass formation in the HfF“-
BaF,~-LaF; system is roughly 62 Hka—BB BaF2—5 LaF3. As shown in
Table V, up to 10 mole% of the BaF, may be replaed by CsF and up
to 18 moles of the BaF, may be replaced by PbF2 with no great
sacrifice in glass quality. Replacement of BaF, by both CsF ana
PbF, 1is also possible. Small amounts of AlF3 can be incorpo-

rated into these last glasses,

C. Thermal Analysis

In Fig. 3 1is shown a typical DSC scan at a 10°C/min heat-
ing rate. Tg, the glass transition temperature, marks the ten-
perature region in which the glass begins to exhibit liquid-like

properties and corresponds to a shear viscosity of 1011-1012

Paes (1012-10'3 p). The glass
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D5SC scan at 10°C/min heating rate of 58

HEF -33 Balb -~9LaF, glass. Glass transition
temperature, Tg, and temperature of onset
of crystallization during heating, Ty

are indicated.
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annecaling temperature should be chosen to be a few degrees below
Tg. Crystallization ot the glass during heating above Tg 1is
marked by a substantial exothermic peak in the DSC scan; T, 1s

the onset temperature of this crystallization exotherm. T, pre-

X
sumably marks the temperature at which the viscosity of the melt
becomes low enough that crystal growth can proceed at a substan-
tial rate. Numerous workers have suagggested a correlation
between the separation of Tg and Ty and the glass torming abili-

ty of the melt. Melts with larger values of (Tx—Tg) are
expected to be better glass formers.

In Table VI are given Tg and T, values for a large number
of the glasses listed in Table V. Samples number 10/4(22/4) and
10/4(23/4) are separately melted glass batches of the same com-
position, as are samples number 16/5, 16/5(20/5) and 16/5(21/5).
There is excellent agreement among the Tg and T, values measured
tor samples of the same composition from different batches.

Tg's for all of the glasses in Table V are guite similar,
i.ec., ~ 300°C. Addition of either or both CsF or PbF2 at the
expensce of BaF2 to a HfF‘L’-—BaFZ—LaF3 glass appears to lead to
small decreases 1in Tg.

In Table VII we have compared the (Tx-Tg) values of Table
VI with the qualitative observations of glass-forming ability
presented in Table V. There sccems to be a fair correlation,
such that melts which form a "very good glass" tend to have the
lorger (Tg-Tx) values. Addition of CsF and Pde to
HtF, -Bal,-LaF, glasses increases (Ty-Tg), an expected improve=

ment 1n glass-forming ability on increasing the number of melt
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FABLE VI, Glass transition temperature Ty and temperatures
of onsct of crystallization, Tx, at 107¢/min
heating rate for fluoride glasses melted at
Catholic University of America
Composition (mol %)

Sample No, Trby e, Lab . Gl g ALY Bul-': Phi, sk Lg"ey Int o
30/11 . 60 5 - - 35 - - 315 384
11/12 02 3 - - 35 - - 319 301 s
17/4 - 62 b - - 33 - 312 395
271 - 62 5 - - 30 - 3 311 382

7/1 - 62 5 - - 28 . 5 316 390
16/1 . 62 S - - 20 - 7 315 398
5/1 - 62 5 - - 23 - 10 306 391
2371 - 62 5 - - 27 i 5 313 393
J0/3 - 62 5 - - 15 10 8 295 392
/a4 (2./9 - 62 5 - - 15 10 8 295 393
/4 (23/4) - 62 5 - - 15 10 8 BRI 393
J6/3 - 05 b - - io 12 8 SO0 390
8/4 - (S - - - 15 15 8 277 340
3/4 - 62 5 - - 15 18 - 292 362
2/4 - 62 5 - 2 15 10 1 300 427
16/5 62 - 5 - - 33 - - 308 380
16/5 (20/5) 02 - 5 - - 33 - - 300 372
16/5% (21/5) 02 - 5 - - 33 - - 304 3Ty
6/3 - 62 - 8 - 25 - K] 304 377
27/3 - 65 - 5 - 12 10 8 286 349




TABLEVII.

Sample No,

2/4
10/4
20/3
26/3
15/1
16/1
17/4
23/1
7/1
30/11
6/3
11/12
16/5
21/1
3/4
8/4
27/3
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Correlation between qualitative observations of
glass-forming ability (Table I) and (Tx—Tg)

(Table II).

(T,=T8) (°0)

118
98
97
94
85
85
83
80
74
74
73
72
71
71
70
63
63

ave

ave

Glass-forming ability

Very good glass
Very good glass
Very good glass
Very good glass
Very good glass
Very good glass
Very good glass
Glass

Very good glass
Glass

Glass on fast quenching
Glass

Very good glass
Very good glass
Glass

Very good glass

Glass on fast quenching
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components, The largest value to (Ty-Tqg) in Table Il is [or
sample no. 2/4 containing 2 molet% A1F3; small AlFﬁ additions
appear to enhance glass formation in these melts. The  two
glasses (nos. 6/3 and 27/3) in which LaFJ has been replaced by
GdF3 having fairly low (T,-Tg) values and form glasses only on
fast quenching, suggesting that GdFJ 1s deleterious to qglass
formation in these systems.

In Table VIII are listed Tg and T, values for a number ot 4
ZrFq— or HfF“-based glasses containing between four and nine
components. These were melted by Dr. Martin Drexhage of the
Solid State Sciences, RADC, Hanscom AFBMA, using techniques very
similar to those employed by us. The Tg and (T,-Tg) values are
comparable to those for the Catholic University glasses listed
in Table VI. It appears that one reaches a point of diminishing
returns in enhancement of glass-forming ability by qgoing to a

very large number of components, particularly 1f these are dif- l

ferent alkali flourides.

D. -OH Impurities

l. Introduction

Recently synthesized glasses based on ZrF,  and i{fPhld_ZU
exhibit considerable promise as ultrahigh transparency materials
for the mid-IR (2 - 5ym)l®/18+21,  oOne source ot extrinsic
absorption in this regin is a peak at 3400 cm™! (2.9um) due to
hydroxyl groups!7722, Preliminary results!’ indicated that a
substantial part of the -0OH giving rise to this pecak mignt lie
on the surface rather than in the bulk of the glass. To sc¢par-

ate contributions from surface and bulk -OH absorption, we have
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measured the intensity of the 3400 cm™! pecak as a tunction ot
thickness for several 4rF - and HfF“—based glasses melted under

varying conditions.

2. Experimental Procedure

Six glasses in the ZrF“—BaFZ—LaFj or HfF“-BaFZ-LaFg sSys-=
tems, with compositions near the middle of the respective
glass-forming regionglér17/19 = were gsynthesized. Starting

materials were Zr02 or HfOZ, BaF, and La203 or LaF3, all of »

5
99% purity, mixed with an excess of NH FeHF. Melting procedures
were similar to those described previously!’ 18, Four batches
were exposed only to N2 atmosphere during melting; two were sub-
jected to a reactive atmosphere of C(_‘lu22 entrained in Ar during
the last stage of melting. Designations of the glasses (HBL-1,
ZBL-1, etc.), batch compositions and melting atmospheres are
given in Table IX.

The glasses were cast into thin plates a few mm thick and
annealed. The plates were given a rough polish*on the oppposite
faces with Sic paper using lapping oil as a lubricant. Final
stages of polishing were done with Suym and 0.05 um Alzo3 using
vater as a lubricant, except in one case described below. After
polishing, the plates were wiped c¢lean with lens tissuce mois-
tened with methanol and their IR spectra** recorded both on a

normal transmission scale and on a transmission scale cxpanded

* . .
Minimet Polisher, Buehler Ltd., Evanstan, IL

* %
Model 467 IR Spectrometer, Perkin Elmer Corp., Norwalk, CT




Table IX

Glass

HBL.-1
HBI,-2
4sBL-1
LBL=-2
ZBL=-3

2BL-4

T WO T TR

—-48-

Compositions, melting conditions and thickness dependence
of absorption loss at 3400 cm™! -OH peak for fluorozirconat.
and tluorohatnate glasses.

Composition Melting %bulk Std.

(mol %) atm Lem™1) B bev.

60 Hth—35 BaFZ—S LaF‘3 N2 0.19 0.008 0.006
62 Hqu—}} BaFZ~5 LaF3 CCl“ 0.01 0.008 0.003
62 ZrfF -33 BaF,-5 Lal, N, 0.08 0.001 0.001
62 ZrF“-jj BaF2~5 Lan N, -0.01 0.012 0.003
62 Zth—JJ BaFZ-S LaF‘3 CCl“ 0.01 0.006 0.002

62 ZrFu—33 BaF2-5 LaF3 N —_—— ——— ———
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5X. Following this one of the glass plates (Z2BL-4) was lett
mounted on its IR spectrometer specimen holder and 1ts spectrum
remeasured periodically for one month. During this time the
glass was covered loosely so that 1t was orotected from dust,
but otherwise exposed to the amblent laboratory atmosphere. The
other five glass plates were reduced 1in thickness 1n scveral
stages using the polisher; the IR spectrum was recorded tor each
thickness. For one of these glasses (HBL-1) water and lapping
0il were used alternately as lubricants during the final stage
of polishing to assess any effects of the lubricant on the

intensity of the -OH absorption.

3. Results and Discussion

Figure 4 shows a typical IR spectrum. The upper spectrum,
from 1000 to 4000 cm™!, has been measured on the normal scale
for transmission, T; the discontinuity at about 2000 cm™! is due
to a grating change. The lower spectrum, from 2000 to 4000
cem !, was measured on a transmission scale expanded 5X. The
graduai decrease in transmission below 2200 cm™! is due to
intrinsic multiphonon absorption and has been discussed
elsewherel®~18_  rThe weak, poorly resolved absorption bands at
about 2900 cm~! are from C-H vibrations of organic surtace
contaminants!’?. Finally, the prominent broad absorption pcak at
about 3400 cm™! is due to -OH.

Fig. 5 shows expanded scale IR spectra in the vicinity ot
the ~OH peak for different thicknesses, x, of two glasses. The
intensity of the -OH absorption on the expanded scale is desig-

nated by (To,ex'Tex)' where To,ex 1s the measured transmission

in a flat region of the sgpectrum where apparent losses are Jduce

R L B T

RSP RTI .




Fig.

4.
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Ir spectrum of 60 HEFH—35 BaF -5 LaF,
glass (HBL-1) 0.185 cm thick ©on normal
and 5X expanded transmission scales.

B T okt o n
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Fig.

5.

5X expanded scale IR spectra in the vacinity
of the -OH absorption peak for different
thicknesses of 60 HfF -35 BaF_-5 LaE‘3
(HBL-1) and 62 HfF _-33 BaF -5 LaF,

(HBL-2) glasses.

Ty
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only to reflection, and Ty the measured transmission at the
3400cm™ ! peak.  For the HBL-1 glass, melted only under N, atmos-

phere, (T -T decreases with decreasing thickness, indicat-

0,eX ex)
ing that a substantial amount of the =0OH responsible tor the
3400 cm~! peak is contained in the bulk of the glass. For the

HBL-2 glass, melted under CClq atmosphere, (To,ex'T 1s much

ex)
smatiler than for the HBL-L! glass and independent of thickness
within experimental error. Hence the amount of -OH in the HBL-2
glass 1s much smaller than in the HBL-1 glass and 1is situated
primarily on the surface.

In a case in which both surface and bulk components contri-
bute to a weak absorption band, the dependence of the band

intensity on sample thickness, x, should be given to a good

approximation by

ln(TO/T) = abulkx + B (l)

wh»re T 1s the transmission at the absorption peak measured on
the normal spectrometer scale, T, the normal scale transmission
in an adjacent spectral region where only reflectivity losses
occur (cf. Fig. 1), ap,1k the absorption coefficient at the
peak due to material in the bulk of the specimen, and B the con-
tribution to In(T,/T) from surface material. For our glasses T

at the 3400 cm~! pecak was evaluated from the 5X expanded scale

spectra via the expression:

~3
]
=3

o~ (To,ex Tex)/5 (2)
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In Figs. 6 and 7 In(T,/T) 1is plotted versus glass tnick-
ness for the five glass specimens. The lines are least squarces
fits to Eq. (1l); the corresponding least squares parameters are
given in Table IX. Standard deviations from the fits are of the
order of the estimated experimental uncertainity in
In(Ty/T),*0.004. The uncertainty in the 3400 cem™l bulk -0l
absorption coefficient, ap, x, evaluated by this method 1is
roughly * 0.0l cm™!.

For the glasses (HBL-1, ZBL-1, ZBL-2) melted only under Nz
atmosphere, ap,}x 1s of variable magnitude, ranging from zero
within experimental error to 0.19 cm™!. Melting under 1nert
atmosphere thus leaves a varied and uncontrolled amount of -OH
in the bulk glass. On the other hand, ay, | for the glasses
(HBL-2, ZBL-3) melted under CCll+ reactive atmosphere 1s zero
within #0.01 cm™! .Hence this procedure, developed by Robinson ot
al.22, appears to be a reliable method for purging the bulk melt
of -OH. These authors?? reported an absorption coefficient of
0.006 cm~! measured calorimetrically with an HF laser at 2.8 uym
(3600 cm™!) for a 60 ZrF, -33BaF,~7 ThF,. The intensity of the
-OH peak at 3600 cm~! is about half its value at 3400 cm™!, so
that our results for ZrFq— or HfFu-based glasses melted under

ccl, would give an upper limit of about 0.005% c¢m™! for the bulk

4
-OH absorption at 3600 cm~!. This is in good agreement with the
results of Robinson et al.??, presuming that their calorimetric

method is sensitive primarily to bulk absorption.




Fig.
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Thickness dependence of 1n(T,/T) at the
3400 cm™! ~OH peak for HfF, ~BaF, -LaF
glasses

e R b
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Thickness dependence of 1n(T
3400 cm~! ~OH peak for ZrF, -
glasses

B

/T) at the
aFZ—LaF3
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ZBL-1
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Knowing the band shape of the ~-0H peak from yglasses con-
taining large amounts of -OH, our upper limit of about 0.0l cm™!
at 3400 cm™! for the bulk -OH absorption coefficient in glasses
melted under CClh can be used to estimate bulk -OH absorpt:ion
coefficients at cther wavelengths for the latter glasses., For
example, the 1intensity of the -OH band has dropped to about i0%
of 1its peak value by 3000 cm™), so that at this fregquency an
upper limit of about 1073 cm™! can be set for the bulk -OH
absorption coefficient of glasses melted under cCi, .

As shown in Fig. 6 for the HBL-1 glass, the intensity of
the -OH absorption band for a given thickness is independent of
whether the final stages of polishing are done with lapping oil
or with pure water as a lubricant. Consequently no special pre-
cautions need be taken to protect these glasses from water dur-
ing polishing to avoid formation of surface films. Rather, it
appears that the surface -OH observed in the IR spectum is pro-
duced after polishing by attack of environmental water on the
fresh surtace.

Figure 8 shows the time dependence of 1n(T,/T) at the 3400
cm/1 -OH peak for the ZBL-4 glass exposed to the ambient labora-
tory atmosphere over a 1 month period. The mean value of
In(T,/T), shown by the dashed line, is 0.015 * 0.004 cm™!, and
only one point in Figqg. 8 departs by more than 2 standard
deviations from this mean. Since the estimated experimental
accuracy of 1In(T,/T) is also t 0.004, there is no evidence of
increase 1n thickness of the surface -0OH layer due to attack hy

atmospheric water over this period. This underscores the




Fig.
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Time dependence of 1In(T,/T) at the
3400 cm ! -OH peak for 62 ZrF -33 BaF
glass exposed to ambient laboratory a

-5 L,aF%
fmospheke.
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previously reported4%:22 chemical inertness of thesce glasses in
a neutral or basic aqueous environment.

Table IX shows the value of B in kdq. (LY, i.e., the con-
tribution to 1n(T,/T) at 3400 cm™! from surface -OH, is of the
order of 0.0l for the five glasses studied. This corresponds to
a thickness independent loss in transmitted light intensity of
about 1% at 3400 cm™!, with correspondingly lower losscs at fro-
quencies removed from -OH band maximum. Losses ot this magni-
tude are inconsequential for applications 1involving low to
medium light intensities, e.g., fiber optic waveguides, but

could become objectionable for high power applications, e.qg.,

high energy laser windows.
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