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Final Report: Grant AFOSR-87-0058
Novel Fiber Preforms: Rare Earth Doping
October 31, 1986-November 1, 1987
T.F. Morse. Professor of Engineering
Division of Engineering
W. Risen, Jr., Professor of Chemistry
Department of Chemistry, Brown University, Providence, R.I. 02912

Within the Division of Engineering at Brown University there has been established a
Laboratory for Lightwave Technology that involves a multidisciplinary research in a variety
of topics. (See Appendix). Equipment grants from the National Science Foundation, from
the Department of Defense, and from the Bell Communications Research Laboratory have
been responsible for the growth of this facility. Perhaps the key equipment grant was
from the Department of Defense that permitted the acquisition of a complete optical
fiber draw facility and ancillary characterization equipment. This equipment has been
operational for approximately six months. The preform deposition facility has been in
operation for over a year, and we have gained much valuable experience with this equipment
and our ability to design and fabricate preforms. With our draw facility in operation,
and a new fiber and preform characterization laboratory, we can now design preforms,
fabricate them, pull the final preform into optical fiber, and analyze the fiber. We have
recently installed a York Technology FCM 1000 fiber analyzer, a donation from the Bell
Communications Laboratory. This has the capability of measuring fiber attenuation as a
function of wavelength, fiber end surface condition, near field spot size, and fiber index
profile.

In conjunction with our research of novel dopants in optical fibers, we have initiated
a program of cooperative research with Major J. Rotger, Frank J. Seiler UI.S. Air Force

Research Laboratory, Colorado Springs, and with Dr. Ulf Osterberg, a member of Prof.

Stegeman’s group at the University of Arizona, Optical Science Center. Dr. Qcterberp, ]
. : . : : . : @]
whom I recently visited, is carrying on some of his second harmenie experiments with
phosphorus doped silica based fibers supplied by our laboratory. Dr. Osterberg is also
setting up some experiments in conjunction with Major Rotger in the area of frequency
doubling, and fibers from our facility are being used in this effort. The goal will be to  .des
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increase the efficiency of this process, and to understand the basic mechanism responsible

for this unexpected phenomenon. To this latter end, we have already obtained NMR
spectra of our phosphorus doped fibers, and hope to obtain sufficient lengths of Nd:YAG
irradiated fibers from Dr. Osterberg at the University of Arizona to use in Prof. Bray’s
(Department of Physics, Brown University) NMR facility. This may provide some insight
into the details of the mechanism responsible for the breaking of the symmetry that permits
second order harmonic generation in an amorphous glass. The fiber group at the University
of Southhampton, Southhampton, England, has recently obtained 10% efliciency in their
frequency doubling experiments.

We are also continuing our efforts in rare earth doped glasses, with the ultimate use
as fiber lasers or fiber sensors. The glass-science aspect of our efforts in this area has
been carried out in the laboratory of Prof. Risen, of the Department of Chemistry. Dr.
Kang Sun recently completed his Ph.D. degree in the area of rare earth glasses, and recent
publications associated with this work are attached.

In summary;progress has been made in the following areas: further experience with

-O&IMCVDj preform facility, and the establishment of ot optical draw tower provides-as. ‘“hr g

with Withan ability to create state-of-the-art fibers with a host of novel dopants. We will
continue to concentrate on fibers doped with rare earth elements by several techniques,
and to continue studies of bulk formation of rare earth glasses, *‘Vitll Prof. W. Risen, Jr.
(Chemis‘try "Department )S;{nd to study certain aspects of second harmonic generation in
rare earth doped silica based fibers, This work will be undertaken in conjunction with Dr.
Osterberg in Prof. Stegeman’s group at the University of Arizona, and Major Rotger’s

group at Colorado Springs.
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RARE EARTH PHOSPHATE GLASSES

Kang Sun and William M. Risen, Jr.
Department of Chemistry, Brown University, Providence, RI 02912, U.S.A.

(Received 4 September 1986 by J. Tauc)

Praseodymium phosphate and dysprosium phosphate glasses with compositions
an203(1—x)P205 have been synthesized and analyzed to be in the x=0.158-0.30 range.
Their structures have been studied by infrared. far infrared and laser Raman
spectroscopy, and the dependences of the magnetic and thermal properties of the giasses
on stoichiometry and structure have been investigated.

Introduction

The characteristics of glasses containing high
concentrations of rare earth ions are of considerable interest
for applications in optical data transmission, detection,
sensing, and laser technologies. Such glasses can have high
magnetic  susceptibilities and strong, sharp electronic
absorptions in the ultraviolet to near infrared region, and
thus may be useful as Faraday rotator modulators. opucal
isolators, fiber lasers, and opuical signal couplers.

While there are many complex multicomponent rare
earth glasses, phosphates hold special interest as binary
rare earth glasses of variable composition whose propert{eg
can be changed systemaucally. Segal and coworkers *'~
have reported the rmagnetooptic properties of one
cornposition of each of the rare earth phosphates, but to gain
control over such materials it is important to determine how
the spectral, magnetic and thermal characteristics vary with
composition. We report the synthesis, analysis and key
features of the laser Raman and infrared spectra, the glass
transition behavior and the magnetic susceptibilities of the
binary glasses xPr,04(1-x)P,0g and xDy,03(1-x1P50x,
with x in the 0.18 to 0.30 range. These lanthanide
elements, Pr and Dy, were chosen in order to include both
large and small valence-stable rare earth ions, since cation
size is an important determinant of the glass forming
regions of rare earth glasses, and to include ions with both
high and low free ion magnetic susceptbilities, x, since the
Verdet constant depends strongly on x.

Experimental

Glasses with compositions xPr,04(1-x)P50,
(x=0.18-0.28) and xDy,04(1-x)P,0, (x=0.24-0.29) have
been obtained from 09.9% %’rq((lot;l.;. 99.99% DyvqCO414
and 99.9% P,0, by quenching in air melts of muxtures of
LnniCO4}q and P.,Os that were heated in covered Pt
crucibles at 1400°C for one hour. A wide range of ratuos of
amounts of starung materials were used In attempts to
prepare glasses outside of the x=0.2-0.3 composition range,
but the only resuitant homogeneous wvitreous materials
formed by this method fell in that range. All reported
materials were examined by x-ray diffraction.

The elemental compositions were determined to within
+0.01 weight percent bv eiectron microprove anaivsis. The
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microprobe data were measured with a Cameca Microprobe
using a 15kV - 10nA beam at a 40° take o!ff angie. The
glass transition temperatures. Tg. were measured under N,
on a DuPont 9900 DTA/DSC thermal anaivzer on anneaiea
samples in Pt cells with Al,O4 as the reference. Magneuc
susceptibilities were measured at 25°C on a Faradav
balance with a field strength of 10.40kOe and field cradient.
H{dH/dz), of 17.93. Raman spectra were measured on a
Spex 1403 spectrometer with 514.5nm  Ar ion  laser
radiation using the 920° scattering geometrv. Infrarea
measurements were made on a Dimlab FTS8-15B as KBr
pellets from 3800-400cm™ " and as low density poivethviene
pellets (50-500cm™"). Spectral resoiution was 2 cm™* or
better in all cases.

Results and Discussion

The microprobe anatyses of the glasses formed showed
them w have the compositions listed in Table 1. Since the
analysis of 40 randomly selected 0.154 remons on eacn
glass gave identical resuits and x-ray diffraction and Raman
spectra gave no evidence of crystallinitv, these materiais are
amorphous and are homogeneous with no vossible phase
separauon at a level greater than about 0.074.

The range of compositions, approximatelv x=0.2 to
x=0.3 for an,,O.-,,(l-xIPqO‘_—). corresponds 10 classes with
P:O ratos of 0.34n to 0.318. At x=0.25 this ratio 1s 03353
and the glass has the metaphosphate composition. Whije
there are several possible structural tvpes at  chus
composttion, 'PO'I'n chains dominate n J.Kai
metaphosphate glasses.” At values of x betow 0,25, some of
the ring and bridge structures of P:()-‘ should be present
along with (PO41 . chain secments 1n the network, When x
exceeds .25, the phosphate portion of the network s
expected to be composed of shorter chains and to approacn
the P04 U on at x =0.33

Thus, this composition regon inciudes ciasses wnose
network structures should range from partial ring-paru.a
chain, o long chan, to short chain in character.  [he
experimental questions, once the glass tormation reqon i~
defined, are: whether these structural conmectures are
supported by spectroscopic  data: thow thev  ana  the
properties of the rare earth ions atfect the ciass transition:
and. how the structure and composition are refated o oo
magnetic properties of the plasses
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6938 RARE EARTH PHOSPHATE GLASSES Vel

The Raman and infrared spectra of all glasses in these
series were obtained, and those of three xPrQOBl l-x)Pr_)Os
glasses, selected w represent the results over the range in x,
are in Figures 1 and 2. The complete spectra and
vibrational assignments will be reported elsewhere. The
spectra exhibit major vanations as a function of rare earth
concentration, x. over the x=0.202 w x=0.284 range.
These are evident in the 1200-1400, 850-1150 and
600-800 cm™ , as well as lower frequency regmons of the
Raman spectra in Figure 1. For comparnison, the x=0.202
spectrum is repeated as a dashed line without offset relative
to that of x=0.234.

== Q. 202

Scattered i1ntensaity

200 400 800 800 1000

Wavenumber (cm™)

1200 1400 1600

Figure 1. Raman spectra of xPr203 t1-x)P»O¢ glasses at x
values noted for solid lines. The dashed Tine repeats the
x=0.202 spectrum without offset.

The change in frequency and relative intensity of th
band maximum at 1265 cm™ " to a shouider at 1220 cm”
with a change in x of 0.082 15 quite dramatc. It and
analogous results for Dy-based glasses reveal changes that
are great enough w serve as an analvticai probe to
determine the composition of rare earth phosphate glasses w
an accuracy of at least £0.01 in x. Band contour analvsis
shows that this feature 15 not due w one band shifting but to
the change 1n relative intensity of two bands, at ca 1285 and
1220 cm™*. whose convoluted band maximum shifts. These
bands are due o the asvmmetric PQ, stretch of PO, units
in the chain but d:fferent bonding contizurations relatine to
the i‘ure earth ons. As X increases a shoulder at ca 1450
em” . due w stretches of uncoorainated P=0 unis.
disappears. and the stronpest band. due to the PO,
svmmetric streten broadens andg shitts from 1188 em ' 1o
lower frequency.  In Dv-basea classes. contamng tne
smaller but adentcainv charged Dy 7 jon, this band it

0= emTt Gt dow v ang decreases anaiocousiy Part op the
broanening ol the e em Peak o os due 1o the Incre osae 40
the L2200 emTt bas UL A IMaor Dart s Jue to the aramatig
Credse 1IN scatt Yomtensty an the ShD=10000

tenon. Tois s g

Ned ta vinrations ot PO ens crouns

SNeese rancentratn Ot Nes L e phoasBiate CnaLn o neth

B e N A I URY

0

Absorption

1600 1200 8co 400

Wavenumber (cm™))

Figure 2. Infrared spectra of xPraQq11-x)P.0j giasses, at x
values noted. 1n the 300-1600 cm™ * remon.

These spectral changes are consistent with the
structural hvpotheses aiscussed above. The interpretation is
supported further by the behavior of the lower frequency
Raman bands and by the infrared spectra above +00 ¢m™ ",
which are shown in Figure 2. The Raman band at 670
cm”° in the x=0.202 giass. 15 assigned to a predominateiv
P-O-P stretching mode inveiving unperturbed chain and
residual ring umits in the PoO¢ - rich glasses. It appears at
640 cm™  in pure P:Os glass, 1n which there are no caution
perturbations and the chain structure 1s not domimnant. and
above 700 cm”™  in glasses near the metapnosohate
composttion. It decreases mn intensity and s replacea ov the
band at ca 715 em™' when x exceeds 0.238. Thus. the
decrease of this band from one of the strongest in this
spectrum to one of essenually zero intensity occurs with a
change in x of as lLittle as U.036. and provides an excellent
probe  of stoichiometry  and  structure near  the
metaphosphate composition.

The infrared spectra above 400 em”! contain a2 number
of strong, extensiveiv convoiuted bands. While thev refiect
compositien uniquely, most of the bandg shape changes are
less aramatc tnan those i the Raman. However. the
growth of the 1170 cm™' band. due o  increased
concentration of PO, end croups as the phosohate cnain
becomes shorter when Y increases., 1s evidenced by s
change trom a smali stowder at A= 0,202 to 4 stronyg band
at x=0.25%4. Moreaver, the shitt of the stronge »-PO.,.
asvmmetric stretching tand structure trom 1250 ta 1250
em b s clear and consistent with tne Raman anaivees
discussed anove  Detaied band analvas reveass taaitional
features anchuaing the crowth of 90 and 720 em @ anas.
whnich are conustent with these assienments Overaa, 2o
vibrational snectra chew tnat o manor siructarag o

oceur sn the v = 0 2 to o0 Srangee. Thev e congstent wen
e NETWOCK VATVIR ITOM DArtig D0 =Dartian « B, e onge
Claan, to Shortt cnann an character W here o e gty
are avadable tor aRall AaNd At dne earth poastnatos g
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Table 1

Magneuc Suscepubihities of Rare Earth
Phosphate Glasses

xPraUqt1-x1Pa0y xDva041 1-x1P,04

X 1077 vmu moir
L3
54
62
.16
.83

X' 10" emu.mols X
90

=)
<
S
da
2

SO DLW w
=
to
[o1}
to

oty
N
1
1
ot
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The values of the magneuc susceptibihties, x, given in
Table | are in units of emu per mole of glass compound
forrmutated as anSOSvl-xJPQO,-“ so the number of Ln~ >
ions per mole increases with x. When these data are plotted
it 15 seen that x vanes nearly linearly with x. The slope of
the best fit ine which aiso includes x = 0 ie.. x s 1x107
for diamagneuc suscepubility) at x=0 1s 0.950x107° emu
imol giass:™* tmol anog;“ for the Dy—containing glasses
and 1.01x10™” for “those contaming Pr. The oniy
paramargnetc species present are the Ln ions, so theirr
magnetuc moments can be obtamned from x using Mogp =
2.828 xT:*“ if the yx values are normalized for
composition. This gives y e Dy) = 10.62 BM and uagPry
= 3.46 BM at 298K. These may be compared to the ¢

values expected from giJ(J+ 1)]1“2

3

, which are 10.64BM for

the SH,. , staw of Dy~

and 3.58BM for the “H state of

Pr3 The linear vartaton of x with x and the comparison
of calculated and observed values of o show that neiner
the Lzand nfeld of the phosphate network nor anv
intercationic coupiing i1s great enough to lut the 12J+ 1-fold
degeneracy of the ion states and that both are relatively
small.

The glass transition temperatures, plotted in Figure 3.
are found w vary linearly with x 1n each case and show two
trends. First. Dy—containing glasses have higher Tg's at
each value of x than do the Pr glusses‘.q This 15 due

720 .
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primariiy to the fact that the smaner Dv 10N wxerts a
stronger electrostatic hield on the netwark and increases the
WOrk required 1o overcome Interionic torces and aiow the
network segments (o rearrange at the giass transition,’
Second, 1n voth cases T increases with x. This 1 due w
trade offs between severa. etffects.  As X 1NCreases iapove
0.25. the fraction ¢f P atoms parucipaung in terminal
charged P()q UnILs Increases and the chains yecome snorter,
With the same variation, tne rutio of Ln ' to pnospnate
increases and the numoer «f tome crossiinking interacuons
per mole increases. Both the increase in the fraction of
shorter, suffer cnamns ung tne increase 1 strong 1omic
crossiinks serve tw increase To. A smaller counteracting
trend 15 a decrease 1n P-0O-P crossiinking as x increases. but
there are few ring-and crosshnk-structures invaiving such

bonds above X = U.24, s0 their gecrease 1§ not . maor
effect.
The far infrared spectra of the giasses reflect the

changes in the M 7 '—network interachion as x 1s varea. As
shown tn Figure 4. the vand siructure -1ue to vibrations of
the cation reiative 10 I11S NEWRDONND PNOSPNJIE NetWOrK
sites  appears in the  150-275 remen, 1o
metaphospnates this caton-motion Lang 1% 4t

kel
102 em " Yor

-
m

CsPO,, for example, ana mcreases to 212 cm ' for NuPO,
In M and M T metannostnaie series. generanv, ot
decreases_ with caton muss and . ACredses  owirn
charge. "'’ Amons metaphe~onaies wiitn couons of

mass but increased charce, tne bana ncreases 1n Ireuency

from 102 cm™* for Cs A% amuty e oem fonan Ba T
(137 amus and, as shown in Froure 4. to 170-205 0m”™" for
Pr 7141 amu,,
o3 e 1.0
) -
N e o Vom0
Forure 5 Par mioaredg spectra of b b 0 0P 00 iaaes
N OO D Cm T S G Ve Lotey
Ihee compisator R SSTRSTINEN t TN e e
Srructutes Tor e by e AT L OITaeN A e, e
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700 RARE EARTH PHOSPHATE GLASSES v

to cation-network stretches in which the network segments
are PO, units in (PO, chains and carry a net charge of
-1, while those near 220 cm™" invoive termnal PO, units
carrving a charge of -2. Cleariy the cation-network forces

Jol. w0, to.

smaller and has a higher charge to radius ratio.
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reflected in the far infrared increase with x, as does Tg.
The spectra of Dy glasses are simuar to those of Pr glasses,
] although broadened to higher frequency. This is due o the
fact that while Dy i1s some 24 amu heavier than Pr it is
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SOL-GEL PREPARATION OF RARE-EARTH SILICATE GLASSES

Kang SUN, Wook-Hwan LEE and William M. RISEN Jr

Department of Cherustry, Brown University, Providence, R 02912, USA

Received 16 February 1987

Rare-earth silicate glasses have been obtained by a sol-gel method starting with the rare easth
carbonates of Pr. Dy and Er and TEOS (tetraethoxysilane). Expressed 1n the form xLn.Oy1-—
X810, the glasses have compositions in the range x = 0.009 to 0.052, which corresponds to 0.9 to
5.2 mol% or up to 23 wt% rare earth oxide as determined by electron microprobe. The glasses were
produced by densification at 800 ° C. Infrared and visible spectra and magnenc susceptbilities are
reported.

1. Introduction

The characteristics of binary silica-based rare-earth glasses are of particular
interest for optical applications in which silica-based materials with large
Verdet constants and lasing ability are required. This is especially important in
optical fiber technology, where binary rare-earth silicates are needed to create
nonreciprocal devices, such as isolators and circulators, and magnetic field
sensors. Of course, glasses with these compositions also are of interest in
geological. chemical and other optical fields.

Due to the extremely high melting points of rare-earth oxides and SiO..
however, the preparation of binary rare-earth silicates from melts requires
temperatures of 1800°C or higher. Moreover, the melt method is limited to
compositions for which quench techniques are sufficiently fast to avoid phase
separation problems. This has caused experimental difficulties and often leads
to low-quality glasses [1]. 4

The sol-gel method provides an approach to obtaining binary rare-carth
silicates as pure, homogeneous glasses at much lower temperatures than
required bv conventional melt-quench techniques. There have been several
atempts to prepare such glasses using sol-gel methods. Mukhenee et al. [2)
prepared ulasses by melting compositions which were present onginally as
crvstalline materials or gels, so gels were involved. but since melung was
required these cannot be considered sol-gel glasses. Wang and Hench (3]
reported the preparation of sol-gel denved silica opucal filters, using the
DCCA approach, inctuding a rare-carth sthicate deseribed as a 1% (mol%) Nd
sthea pel heated to X502 C) However, it carefully wis not deseribed as a glass,
ard s vistble spectrum was found to differ sigmificantly from that of the
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for the evolution of most of the CO,. This solution was added dropwise over
10-15 min to a stirred solution made by mixing 10.00 ¢ of TEOS and 10 ¢ of
absolute ethanol. This corresponds to 0.004 mol Pr* and 0.04% mol Si. and
should lead to a glass of composition 0.04Pr,O,-0.96Si0,. Its elemental
analysis. when dried and densified. showed it to be 0.052Pr.O, - 0.948S10,.

All glasses were examined by X-ray diffraction and shown to be amorphous.
The elemental compositions of the glasses were determined to within =0.0]
wt‘% by electron microprobe analvsis. calibrated with accuratelv known stan-
dard. The microprobe data were measured with a Cameca Microprobe (take
off angle 40°) at an excitation voltage of 20 kV and beam current of 15 nA.
Infrared spectra were obtained on a Digilab FTS-15B spectrometer. The KBr
pellet technique was used. At least 200 scans at a resolution of 2 ¢m ~' were
signal-averaged. Magnetic susceptibility measurements were performed on a
Faraday Balance equipped with a Cahn electrobalance (model RG) at room
temperature. Measurements were made at field strength 10.40 kQe and field
gradient, H(dH/d:), of 17.93. Thermal gravimetric analvsis (TGA) was
performed on a System 113 thermal gravimetric analvzer. Visible absorption
spectra were obtained on a Cary 17 UV, Visible spectrophotometer.

3. Results and discussion

The lanthanide silicate glasses prepared by this method were designed to
have 0.9 to 5.2 mol% rare earth, where the mol% is given by x in the formula
xLn,0:(1-x)S10,. When they were analyvzed after initial densification at
600° C, with about 2 h at 800°C. the lanthanide and silicon concentrations
were slightly less than expected. The materials contained from 0.2 to 6 wt% of
another component, which was assumed to be H.O. since no chlerine was
present. Samples of these materials were studied by thermogravimetric analy-
sis and found to give off volatiles constituting this weight percentage in the
800-850°C range when heated over about 3 h. Therefore the glasses were
heated further at 800°C for 10 h and newly analyzed by electron microprobe.

Each glass was analvzed at 10-40 randomly selected 20 um remions. The
analysis at each spot on a given sample gave identical results. The composi-
tions were determined to an accuracy of =001 wtc and are given in table 1.
All analvses accounted for 99.5 = 0.5 wit of the glasses m terms of Ln .0,
and Si0,, and are given in table 1 in terms of x 10 xUn,O,(1 = ¥)1SiO,.

The fact that the glasses were X-ray amorphous and the fact that all 20 pm
spots gave identical analvses, show that these materials are amorphous and
homogencous, with no possible phase separation at a level greater than ca 20
pm.

The infrared and ultraviolet-visible spectra of the glasses were measured.
The mtrared spectra of one of the glasses, AErOul = xiSi10. v =10.035,
tihen both ufter mital and final densaification. are shown e the 200- 1800
em ' oremon an iz 1 The spectrum of the alass taken atter treatment .t
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!

1220 cm ™!, However, the shapes and relative intensities of these bands differ
somewhat from those of Si0O,. of course. due to the presence of the rare-carth
ions, but no new separate bands are introduced. This is shown in fig. 2, where
the 450-1400 cm™' spectra of a series of dysprosium silicate glasses with
increasing Dy content are presented. The main regions of interest are 600-640
cm”!, where the absorbance decreases slightlv as Dy ~* ions are introduced.
and near 900 cm ™', where the absorbance increases significantly. On close
inspection of the spectra in fig. 1 and analogous spectra in which the
rare-earth content is constant, it is seen that the decrease occurs near 620
cm~! as densification cccurs, but that no increase occurs near 900 c¢m '
Thus, we believe that the small decrease in the 600-640 ¢m ™! region 1s
associated with the network. and that the increase at 920 cm ! s due
primarily to the presence of the rare-earth ions. Since the $70-930 ¢m !
region is quite typical for the infrared active M-O stretch of oxvgens bound to
highly charged metal ions (7], the absorbance increase at 920 ¢cm ™', propor-
tional to the Ln*? concentration, is assignable to such a wibration. This
assignment must be taken to be tentative. however. in the light of the
well-known complexity of silicate spectra.

The glasses treated only to 600° C show evidence of incomplete formation
of the network and of the presence of H,O. Thus. in fig. 1(a) the band at 1620
cm ' is due to the H-O-H bending mode. It is largelv removed by extended
heating at 800°C, as shown in fig. 1(b). In regions not shown. the 600°C
treated glass also shows the presence of water by a broad absorbance in the
2000-3700 cm "' region, which is lost upon treatment at 800°C.

The usefulness of a glass as a Faraday rotator depends on both its
absorption spectrum and its magnetic susceptibility. The visible absorbance
spectrum also serves as a basis for comparision of the heand fields of the
rare-earth ions in these glasses with those in melt-quenched glasses containing
them. Although exact comparisons are not available, spectra of rare carths in
glasses with other networks can be used. The spectrum of one of the erbium
silicate glasses is shown in fig. 3. The bands correspond to the transitions
assigned in table 2 and compared to the bands reported for erbium borate
glasses [8]. Thev correspond quite closelv, as do those of the praseodyvnium
silicate glass to the transitions found in Pr* " in the melt-prepared phosphate
glasses [9]. This result can be contrasted to the situation in N gels reported by
Wang and Hench [3], who found that the spectrum of the gel was guite
different from that of the melt-quench glass. Thus, i the sol-gel prepared
glasses reported here, the optical absorptions of the rare-carth 1ons are as
expected for fully formed glasses.

The magnetie properties of the rare-earth glusses are central to thar
potental apphication. The magnetie suscepubihitv, xois strongly related 1o the
Verdet constant, which measures the magmitude of the Faraday effect. The
magnetic susceptibilities of these sol wel prepared glasses are presented
table 1. The vatues of x reported here are corrected for diamagnetic contribu-
nons, and represent the paramagnctic susceptibihition assoated wath the
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magnetically in the network at room temperature. This is the expected
behavior for rare-carth ions, whose magnetic properties are due pnmanly (o
unpaired electrons in f orbitals. The magnetic moments are quite close to those
expected for the *H, state of Pr*> the "H . , state of Dy~ and the *I,. -
state of Er =3 [10].

The key to success in this sol-gel method involves control of the introduc-
tion of the rare-earth ions. Analogous preparations in which there was
significantly more H.O or in which the rare-earth tons were introduced as
their soluble chlorides or nitrates were not successful. Moreover. if the initially
dissolved rare-earth carbonate was allowed to stand 1n air for more than 1 h.
the efficiency of introduction of the tons (the concentration attainable) de-
creased significantly. From these results, we infer that the release of CO. by
acidification of the carbonate. under the conditions used. leaves the rare-earth
ions essentially as hvdrated ions which do not torm hvdrexides. because of the
acidity. or other unreactive or insoluble 1ons. within the time required for
additon to the alcoholic TEOS solution. Thus. the kev seems to be to obtain
ions in concentrated solution (so there s as httle water as possabler and o
react them with TEOS before they undergo reactions with Cl. H.O or O, w0
form unreactive complexes. The storchiometry as crucial as welll because
increasing the amount of H.O used to dissolve the rare-earth 1on senves to
limit the concentration of Ln~* in the glass bv increasing the amount of TEOS
solvolvzed. Thus, the stoichiometry and the kinetics of the mital stages of
reaction must be controlled. Recognizing the importance of the metal 1on
coordination chemistry is even crucial to prepanng transition metal sihicate
glasses.

The analysis of these materials not only provided the Ln ", Si and O
contents, it also showed that no C or Cl remained in the glasses. This means
that HCI is lost completely and that the heaung schedule leads o comptete
evaporation of the ethanol present both as solvent and as a product of
solvolvsis of the TEOS. The water present in the svstem was lost more slowiy,
as indicated by the fact that the last 0.2 to 6 wi% was removed at So0<
Presumably it also would be removed. but more slowlv, at 600 ¢

In this work the objective was to prepare slasses of controflable compos-
ton i the 0-6 mol% Ln.O, range bv i1 sol-gel method, and 1t was found
possible to do so without heating abose 860 °C. Such lanthantde concentra-
tons represent the range over which a4 region inan opucal Hiber would be
evpected to vary as 1t progresses radialhy from a concentrated region to a pure
sthea regron. Moreover, 1t s near a cutectic at which congruent melting could
occur without phase separation. including that due 1o hiqud hquid micro-
phuase separaton. Sice it was not the ohrective to mahe monolithie structures,
the 2l was broken up from time to ume durning denvtication catter 2l
formationy to enhance evaporation of solatde components. This v not neces-
sary o ponaple. so other macroscopie forms are posable. The materials
obtimed ranced trom smuadl particies to preces about 0. cnan diameter,
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Actinide Silicate Binary Glasses: Low Temperature Sol-Gel Preparation

of Uranium and Thorium Silicate Glasses

Wook-Hwan Lee, Kang Sun and William M. Risen, Jr.

Department of Chemistry
Brown University

Providence, Rhode Island 02912

Binary uranium silicate and thorium silicate glasses have been obtained by a sol-gel
method starting with the oxides and TEQOS (tetraethylorthosilicate). Expressed in the form
xM, 0y (1-x)SiOg, the glasses fall in the range; 0.0017 to0 0.047, which corresponds to 0.17
to 4.68 mole percent and, for uranium up to 19 weight% UOg. as determined by electron
microprobe. These elements were incorporated as U(VI) (in the L'OQ-Z form: and ThiI\™.
The glasses were produced by densification at temperatures of 7000 C or less. Parual
crystallization of uranium silicate occurs on heating at 8000 C or above. The infrared and

visible spectra are reported.

Introduction

One approach to storing uranium. plutonium and other actinides {rom rartially spent
fuel in fission reactors is to incorporate in glasses the portion that cannot be recvcied
usefully. The requirements for a successful glass system are demanding, and include high
chemical stability of the initially formed glass. iong range containment of the actinides and
of the materials formed during the decav of the actinides and their fission products. and

compatibility with other elements placed into the glass. Opuimizinz a complete storaze
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system demands consideration of many other factors as weli - 1. One sucnh factor 1s the
glass forming process itself. which must be carried out so that the elements are contained
during processing. That as well as other materials and energyv-related issues tend to make

high temperature melt quench or glass sintering processes complex and costly.

[t would be advantageous to have a low temperature. atmospheric pressure way of
preparing stable glass containing actinides, lanthanides 121 and other e¢lements present in
nuclear waste, and the sol-gel method is one obvious choice. To this end a number of ways
of ion exchanging metal ions on silica surfaces (3) coprecipitation and coagulation of
colloids. and use of mixed network glass forming solutions ' 4, 3) have been investigated. It
seems clear that both for storage purposes and to obtain materials in which the role of the
metals can be studied, it would be advantageous to have a way to prepare stable
homogenous binary actinide silicate glasses with a method which does not require the use
of reagents that are difficult to handle. containment conditions that are hard to attain. or
temperatures that can lead to vaporization of the acunides. In princple it is possible to
achieve this by using sol-gel techniques. but no binary silicate glasses of this tvpe have

been reported to our knowledge.

In this paper, we report the preparation of homogeneous binary uranium and thorium
silicate glasses by sol-gel methods. The chemistry emploved to muake tne uranium
. . i =2 - . ; 4
silicates containing U0, units shouid be applicable to Np. Pu and Am. as well. since
-2 . . . R n
they also form MO, species +6:. The cnemistry of Th rand Pa- 1s enouzh different from

that of U that a slightly modified sol-gel method has been empioyed to obtain binary

thorium silicate glasses.

Glasses with the formal composition xUO4-:1-x810, have been prepared in the
range 0<xsx0.047. or up to about 5 mole percent UO.. This range corresponas to 0-18.9
weight percent UOg4 or 0-13.8 weizht percent uramwum. A 5 mole percent lass of this

type would be (U050« 19 210,, Thorium siasses have been prepared 1n the range 0 <x
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PAGE 3

Jor * < 0.0319, or to about 3 mole percent.
,’ .

The uranium glass synthesis has been designed to incorporate the element in the +6

l . .
5 formal oxidation state. since U™ 3 is easily oxidized to rTd by air, U™ * can be oxidized
$ . . +2 . ~92
':. readily and CT6is quite stable in the form UO, ~ “. The well known stability of U0, -
: is ascribed to the unusually strong U-0 bonds in the linear U-U-0 structure. The design .
N
N also is based on the approach to sol-gel binary silicates we developed for the preparation of
) ;
. larthanide silicates (2). It involves the reaction of UOj5 (or other sources of the well known
) -2 . . o
¥, uranyl ion, U0, 7, and O, such as U0,C04+ HyO) with tetraethylorthosilicate (Si(OR),
W, J
! R=C,H3), and HQO. via the overall reaction, stated for UOj in a form which highlights '
e . +~9 p
'’ the presence of "'0O, ~: '
~
N COq + ¥ SilOR)4 + 2yH,0 - (U0,)0-ySiOy + 4yROH :
A.' (]
[ L : .
o While this is a straightforward approach in principle, it is important to recognize that )
N a number of competing proceses can occur as the gel 1s formed or transformed to glass. i
)
N They could lead to the presence of lower valent oxides in the glass or as separate phases.
»
The preparation of the thorium giasses proceeds more conveniently in a somewhat
i (T . ) A ¢
- different way. Although the oxide. ThO,, and certain carbonate species. such as
Cq
- Th(OH‘)2CO3- 2H20. can be sources of the oxide, thorium hydroxide is more appropriate.
v
‘ Two forms of "Th/OH"," can be precipitated from ThiNO,., solutions by alkali hvdroxide

(7). One of them is a hydrated amorphous gel containing Th'OH" tetrahedra that are

rre

e
a s ¥

weakly connected by H-bond bridges. It 1s stable thermally, and, although it can pick up

N .
¥ ambient COQ to form the hvdrated hvdroxvcarbonate. it 1s readuy soluble in HCL
S ‘
*
'-‘.- :
~ Experimental
-
~l
Al : :
The glasses were made by combining two solutions. A and B, to torm a sclution, that
- _ )
. was allowed to gel and then dried and densified. Solution A was prepared by d:ssolving 3
4 h
s X
[~
51
~
s A
N
h
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PAGE s
TEOQOS, tetraethyvlorthosilicate tor tetraethoxysilane) «Si(OC2H5=41 'Aldrich: in absciute
ethanol. CoH-OH. Solution B was prepared by dissolving UOg5 tor ThiOH, - zH,0) in a
minimum of 12M HCl. adding H,O and dissolving this solution in absolute ethanol.
Solution B was added dropwise with stirring to solution A over a period of about 3 minutes
beginning within 5 minutes of preparation of solution B. The homogeneous soiution which
was formed gelled in a loosely covered beaker in 8-10 hours at 250 C. The gel was cured
at 25°9C for 6-14 days. Then it was heated slowly (ca 19 C/min.) from 25°C to 600° C
(7000 C for Th) and held at 6009 C for periods ranging from 2 hours to 64 hours (7000 C,

24 hr. for Th).

In a typical preparation of the "5" mole percent glass, 0.7226g (2.525 x 10'3 moler of
UO3 was added to 1.0g 12M HC] and 5.184g H,0 with stirring and allowed to react for
one minute. This solution was added to 5.0g absolute ethanol to form soluuion B. Solution
B was added dropwise with vigorous stirring to a polypropylene beaker containing soiution
A, 10.00 g TEOS and 5.0 g absolute ethanol, over a 5 minute period. When addition was
complete the beaker was loosely capped and stirring was continued unul geiation had
occurred (about 8 hours). The gel was allowed to age on standing for 8 days. The gel was
transferred to a platinum crucible and placed in a temperature programmed furnace whose
temperature was raised at 12 C'min. to 6000 C. It was held at 600°C for 64 hours and
the glass was removed for analvsis. Electron microprobe analysis showed it o contain
4.68 mole percent UOB. The difference between 4.68 and the theoretical content of .97

mole percent results from the presence of some U053+ 2H,0 in the UO; reactant.

To make thorium silicate glasses. thorium hydroxide, “ThiOH",". was made from
thorium nitrate. Th(.\'03)4-4H30. Excess aqueous sodium hydroxide 10.0¢ mol. 2.1g
was added to an aqueous solution of 3.5212g 0.0l mol ¢f thorium utrate.
ThiNOgi 4+ 4HpO. with stirring, to produce the white ThiOHi,+zH,0 zei. The gel was

separated, washed with water 5 times, and dried at 120°C for I dav. As discussed
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above, this resulting material is hvdrated Th(OH),, but it can become carboxylated

partially on standing.

an

In a typical preparation of the "3" mole percent thorium silicate glass, 0.4453 ¢
{which corresponds to 1.484 x 10—3 mole on the basis of "Thl,OH)4") was dissolved in 1.2 g
12 M HCL and 5.184 g HQO and 5.0 g of absolute ethanol were added to form solution B.
Solution B was added dropwise over 5 min to stirred solution A, made by mixing 10.00 g
of TEOS and 5.00 g of absolute ethanol. The resulting solution (sol) gelled in about 10
hours in a loosely closed beaker in air. The gel was aged at 25°C for 5 dayvs, and then
heated to 7000 C at a controlled heating rate of 1° C/min. It then was densified at 7000 C
for 24 hours to convert it fully to glass. Electron microprobe analysis showed it to contain

2.63 mole percent ThO,, as would be the case if the thorium hydroxide corresponded to

the trihydrate, ThiOH) ,+ 3H,0.

e

r
¢

The glasses were analvzed oy x-ray diffraction. infrared and visible spectroscopy, and

.

A ad

electron microprobe techniques. The infrared spectra were measured on powdered samples

"

‘2

i

dispersed in KBr pellets using an IBM IR-98 Fourier Transform infrared spectrometer.

a,
a

The visible spectra and near infrared :300-1400 nm) were measured on ground and

g *

. . . R - o . - g - Ly s '*
polished thin glass sections of cross section ca 5 mm~ using a Cary 17 UV-visibie ::‘_
, I

. A -5 Y%

spectrometer. The electron microprobe measurements were made on 5-20 randomly o

selected 15 micron spots using a Cameca Microprobe itake off angle +0¢ « at an excitation

AL 4
P

voltage of 15 KV and beam current of 10.3-10.6 nA. The metal and zilicon contents were

e 5 ®
» e S
.
1

probed and the compositions were calcuiated on the bases of UOgior ThO,' and SiOa,

since oxyvgen was not measured. Total compositions accounted for nearlvy 100 weight

¥ 4

percent, eg (98.6-99.4) in the case of uranium giasses. using melt-synthesized

S NN
-

multicomponent glasses for references.

20
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Results and Discussion
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The preparation of the starting solutions proceeded smoothly. and the gels formed
with steadily increasing viscosity until brittle solids were obtained. After aging, the
uranium—containing gels were heated at 1° C,min to 600° C. to remove H,0. CoH-OH and
HC!. and then heated at 600° C for 2-64 hours. In the case of thorium. the gels were

heated similarly to 700° C and then heated at that temperature for 24 hours.

The x-ray scattering of powdered samples showed them to be x-ray amorphous. The
compositions of the glasses, obtained in terms of their Th or U to Si ratio by microprobe
are given in Table 1. and expressed for the dehvdrated samples on the basiz of 3\103 or
MO,) and SiO5. The infrared spectra confirmed that they are nearly free of H,0 and HCI
within the detection limits inherent to the technique used to disperse a crusned powder in
KBr for measurement of the spectra of the pellets. This is shown for the case of the
USi300 glass in Figure 1, where the entire infrared spectrum is displayed {rom 3800-500
em™>. The expanded scale infrared spectra of the 0.73. 2.90 and 4.68 mole percent

COj3- Si0, glasses are shown in the ¢00-1300 em™! region in Figure 2. and the visible

spectra of the latter two are shown in Figure 3 in the 300-600 nm region. No absorption

bands were observed in the 600-1400 nm region.

The ultraviolet visible spectrum of 2.90 and +.68 mole percent L'O3- Si0, glasses in
the 320 - 700 nm region exhibit a band centered at 425 nm and the onset of stronger
absorption at shorter wavelength. Uranium ions have distinctive visible spectral features.
which have been analyzed in detaii for the various oxidation states with a wide range of
ligands in crystalline. solution, gas phase and amorphous states. The common

. . . -2 . \ .
characteristic of systems containing uranvl, UO5 ~. ions is a reasonabiyv intense 'ioc e~
1-2) band centered in the 410 -430 nm region. This 1s wideiv observed in classes

. . -9 -~ : . = . -

containing UO, ~ 2. The band appears at 413 nm peak'maxium: 515 nm tana center

in agueous HClO:’ solutions 19, while in crvsatals or non-agqueous sgiution: n which

. | -
UlLiUnE 0o wnicn ta
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i~ =2 . : - oo e
L0, ion has associated anions. eg. LOm.\OErB. the band s ~hiftea 0 on
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wavelengths with the band center nearer to 450 nm 110). When the nearest neighoor
environment is ordered. the vibrational structure of the electronic transition ¢ resoived.
but when the L'02+2 lons are distributed over a range of tyvpes of neighboring sites the
environment is reflected in asvmmetry of the band. The presence of + somewnat
asymmetric band at 426 nm thus is consistent with absorbance due to L’O.z'-g ions in a
range of environments which are comprised of oxygens which, on average. exert a ligand
field that is somewhat more negatively charged than that of six equitorial H50 moucules
but somewhat more positive than that of three NOg3™ or CH,CO,™ itons at the nptimum

spacings they assume in crystals (11, 12; or dissolved complex 1ons.

The visible spectral features. including the high frequency absorbance due to the onset
) X -

of the bands known as B and C of UO, = -9. 13 thus are consistent with the presence of
uranyl 1ons in disordered silicate environments having a net charge of -2 and conta:ning

two nonbridging {NBO/ cxygens ‘one on each of two Si atoms) and four bridging $:1-O-Si:

AT

oxygens at averagze U-O distances greater than the 2.5 A at which the oxvgens of

Y

N
A
~
-
N
7,
'
N

L0, CH,CO, 5, for example. appear in the equitorial plane of discrete compiex tons 112

'f ~l

There are. no doubt. in the distribution of sites some with oxvgens present ¢i1 Si attached

TN 4

e

to two NBf's as well. but there is not vet evidence of their presence in large proporton.

PRI
.,'- '),l

There s no evidence in the spectra for either U/VI) uranate species. which would be

expected neur 540 nm. or for UV or UIV' which would have absorbances :n the

L

700-1400 nm region,

n,{\

"
’

The nfrared spectra of the uranium silicate glasses shown in Fig 2. surport thes

LI A4
" %

the

. . .- - . “ .
interpretaton. As the concentraton of Q5 T 1s increased several features of

spectrum change. The men frequency saoulder of the main 210, bang centeren a1 1100

!
-1 . ) S
cm become: more pronounced. of expectedg Srom the mthaueton of Si-0 s s

SHICON »Ites Wit one non-tonaines oxsgen. In acdicon, oosmal band srovas oo

t

cm and the main rand (roadens somewndat to the oW e tueney side. The it
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effect 1s assigned to the presence of a very low concentration of S1 with two NBO's and
. . . . iy =2
possibly to vibrauons of gluss network vxygens in the neighborhood of the U0, on.
. . . -1 | ,
The principal new band 1s that at ca 900 cm “rprecise posiuon =S8 em™ ' . which s
- . . - \ .
assigned to the asvmmetric stretch v . of a neariy lineuar U0, 7 jon. This mode appears
at 895 - 910 cm-l in the spectra of the UO,  salts and solutions, [t s infrared active
and would be ungerade in the fully linear species. Thus, 1t 1s not the primary contributor
to the vibrational structure of the electronic transiuon near 420 nm., which 1s between
ungerade states and thus requires the gerade vibration (p 1!+ which 1s at ca 855 em™ b in
the ground and 7!5 cm™* (ave) in the excited electronic states 19). The infrared active

-9
p(U-0i of CO, 7 1s well knowr and has been analvzed for a wide range of uranyl salts.

and has been correlated to the RiU-O: distance by Veall. et ¢/ 14+ and Stegel 151 bv the

23

exp:ession R(U-0y = 81.2 p - 0.55. From the S8% cm™ ! band. the U - O distance '
found to be 1.72 A for these giasses. This compares well 10 the value 1.71 A found in

The visible spectrum of the clear. coloriess thorium silicate glasses 1s featureiess. of

. . . - -1 \
course. but the infrared spectra exhibit absorption in the 606-1400 cm™ * remon. These
spectra are simtlar to those of the uranium glasses except that there is no band at 900

-1 . o - ) .
cm” © or anaiogous to it since Th: IV does not form an analogous ionic MO, species.

I
™)
=
o,
o
<
o
-
o
-5
to

Upon heating the uranium glasse - 24 hours they darken 10 4 ceep
orange color, and with exteniad heaung at <002 C or at hizher temperature thev
eventually acquire a very deep coloration which makes them appear biack., Some evidence

of crystallization first appears with extended heaung at T00¢ C. All aprear homovensous
under +0x microscopic examinauon. However. x-rav stucy of powders of these materials
snows that they contain ¢rvstaliine cumponents. \Whie 1T 15 B0 ODVIOUS 14T crvetdinsaton

shouid occur in this temperature rivse she uranmem oxide phase hasram L0 shuws dhat

[PRES

-

-

{ N v . A Ny - -
for LO‘ COmpositions near X = . U0 s ransarmed o 4 mixture of UO L ant U O ang
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PAGE 0
that a range of cryvstalline urantum oxide compositions can be formed. The crystalline
components formed at 300¢C appear to Le L'Og’gnby x-rayv powder pattern, but
presumably UOs5 gy~ or U;,0,5 and U;0; These transformations and concomitant

silicate composition and changes cecur as the ume of heating at 3000 C s increased.

The keyv features of this method are control of the amount of HQO available for
gelation and kinetic control of the form of the metal—containing ion. If there is too much
water available. the concentraton of Si-OH moieties is increased in the initial stages of the
reaction and tends to favor Si0, formation and exclusion of the cation. The iatter control
is exerted in order to combine a form of the ions in which the ligands to be replaced are
HJO or its fracments or are labile on the gelation time scale. It can be exerted by acid
hyvdroivsis of either a carbonate. leading to exciusion of COZ' or an oxige which is soluble
in an acid whose anmion 15 weaklv ligating and wnich acid vaporizes but does nct cecompose
upon drving and densification of the glass. In the present preparation HCl was used as the

acid.

Since the more common wayv to ntroduce metai 1ons by a soi-gei methoad :

o
o
=3
b
[
[#]
o
I3

metal alkoxides with TEOS. or another newwork former. it

usefur 10 consider the

th

feasipility of introducing UV or Th/IV" in that manner. Giiman ¢t c! 17 have reported
the preparation of U'VI) alkoxides. which couwid e used in thus wav., Uramium VI
ethoxide, prepared by oxidizing UV ethexide by benzov. peroxice,

can be distilled under vacuum at 7539 C and s solubie 10 a range ¢f arzanic solvents, It

N

extremely moisture sensitive and hvdroivzes to give soiutions conzaming the UQ,  ~ ion.
Thorium also forms subsututed aicohoiates, wnien may be useful recursors, While these

approaches may vield interesunc materiais. the chemistry

§ much more nvo,ved than

that used in this work.
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Studies to determine tne properties of nese uinary actin

their potential role in nuclear waste ~toraJe. i particular tne syninesis of muticomponent
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PAGE 10
silicates based on complex mixtures of actinides. rare earths and other important metals.

will be reported separately.
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Table 1

Composition of Typical xAcOn(l-x)Si02 Glasses

P tad Xy

S oy

oA

Glass No. n  mole % AcO, \\'elgthAcOn Mole % Si0, Swichiometry

ThSi 023

(3]

0.17 0.75 99.8 O.OOlTThOQ- 0.9988i02

ThSi 200 2 1.64 6.73 98.36 0.0164ThO,. 0.984510,
ThSi 300

[Sv]
[ 3]

.63 10.62 97.37 0.0263Th02- 0.974S5i10,
ThSi 500

o
[J%]
2
o
[
(]
(o2}
[o>]
<O
D
w

0.052ThQO,- 0.968Si0,

CSi 100 3 0.73 3.36 99.3 0.0073L'03- 0.9938i0,

L% \?‘-"‘u“'7¢ - -, ". 7 P {'

USi 300

W
1o
{e]
o
—
to
=N
(%]
<O
~1
—

0.0290U03- 0.9718i04

USi 500 3 4.68 18.94 95.3 0.0465[:03- 0.953810,
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. Figure Captions r
d
I
Wy
Figure 1. Infrared spectrum of the uranium siicate glass. xUOgz« 1-x"8i05, with x = :,,-
) - v
.
0.029 in the 500-3500 cm L region. Tne baseline due to the KBr in the pellet has not :
been subtracted.
Figure 2. Infrared spectra of uranium silicate glasses. xUOq+1-x'Si0,, with x = 0.007
{a). 0.029 (b), and 0.047 (¢!, in the 600 - 1800 <:m‘1 region.
Figure 3. Visibie absorbance spectra of thin sections of uranium :iicate glasses, -.',:'_'
- . —~ . L — N . ~ -~ . ."-..
xLO3-f1—x;mOr,. with x = 0.047 'as and 0.029 'b1. in the 300 -~ 600 nm region. The N

thickness differ.
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Appendix: Laboratory for Lightwave Technology

Division of Engineering, Brown University, Providence, R.I. 02912

Introduction

A Laboratory for Lightwave Technology has been established within the Division of

Engineering at Brown University. This facility consists of an MCVD (Modified Chemi-

s

cal Vapor Deposition) laboratory, a fiber characterization laboratory, and an optical fiber

-~
b""..

draw tower. Brown is one of the few U.S. universities at which it is possible to design and

fabricate novel optical fibers for sensor and other opto-electronic applications. This equip-

'\",-

ment presently represents a total of nearly a million dollars in our laboratory alone, and

g *
‘."i"

it is supplemented by NMR and Raman equipment for bulk characterization of inorganic

oY

glasses in the Departments of Physics and Chemistry. Research is being carried out in co-
operation with faculty from the Department of Chemistry, Physics, and also with faculty
and staff from electrical and materials engineering. In addition, cooperative research is in
progress with the University of Illinois, Northeastern University and two laboratories in

the Ruhr University, Bochum, Germany.

\I ..- -.l N

Our research program emphasizes new techniques of preform fabrication, the study of

Lg

7.
I

specially doped preforms for use as sensors, fiber lasers, polarization maintaining fibers,

1 if'

studies of stress induced effects in fibers, and nonlinear phenomena in fibers. We are also

"

’ﬂ

Py

engaged in NMR and Raman studies of the incorporation of novel as well as traditional

dopants and how processing affects the manner in which these dopants are incorporated
into a glass matrix. Emphasis is placed not on the traditional telecommunications fiber,
but on special fibers and fibers associated with sensor applications.

The use of specialty optical fibers as sensors in such disparate fields as solid mechanics,

chemical species detection, bivlogy and medicine, creates a seemingly endless list of possible

areas of application. We are clearly not in a position to pursue active research into all of

T
)

the areas in which we believe optical fibers will play an increasingly important 1oie. Qur

'l‘ L)
n"‘" LI

main thrust will be to develop a fundamental understanding of the matetial and structural

P

attributes of specialty fibers. We also hope to initiate a program in noun-linear etfects in

W el

8

»
-

fibers and to study the effects of novel dopants on Raman gain. As can be seen, the unique
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advantages offered by the Laboratory for Lightwave Technology can only be utilized with
participants who can contribute to the multidisciplinary aspects of the research.

A series of proposals have been written and submitted to various agencies with the in-
tention of supporting joint activity outside of our group in the Division of Engineering. At
the present time, there are four Ph.D. students within the Division of Engineering and one
in the Department of Chemistry associated directly with the activities of our laboratory.
It is expected that this number will double in the near future. Participants in the activities
of our laboratory include Prof. K.S. Kim (University of Illinois), an expert in both optics
and solid mechanics, and Prof. J. Cipolla, a professor of Mechanical Engineering from
Northeastern University who has been closely involved with the theoretical aspects of this
work. The faculty at Brown University are: two professors of chemistry; Prof. W. Risen,
an expert in amorphous glasses, and Prof. A. Wold, a chaired professor and editor of the
Journal of Solid State Chemistry); Prof. N. Lawandy, from electrical engineering (recip-
ient of a Presidential Young Investigator award from the National Science Foundation),
and Prof. B. Caswell, and Prof. E. Suuberg, two professors from the Fluid Mechanics.
Thermodynamics and Chemical Processing group: Prof. P. Bray, a chaired professor from
the physics department specializing in NMR studies of glasses. All will be contributing
their expertise toward increasing our understanding of various materials and fabrication
problems as well as applications of lightguides. In addition, Prof. Stiles (strained super
latice semiconductors), Prof. Nurmikko, (ultra-fast optical processes in semiconductors),
and Prof. Rosenberg (fast electronic devices) are participating in a cooperative program
involving semiconductor/fiber devices. We are also collaborating on some novel concepts

of “soot” deposition with Prof. M. Fiebig of the Rulir Universitaet, Bochum. Germany.

Research Topics

Although there are several techniques for the fabrication of high performance, low
loss optical fibers such as OVPO (external deposition, Corning Glass), PCVD (wicrowave
discharge, internal, Phillips), MCVD (internal, AT&T and Bell Laboratoriesi, and VAD
(vapor axial deposition, Japan), they all have in common the deposition of glass from

reactions that occur in the vapor phase. Perhaps the most flexible of these techniques is
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MCVD (Modified Chemical Vapor Deposition). This is the process that will be used in
our laboratory in the fabrication of novel lightguides for sensor applications.

In the following, we list several research topics and support for our present progran.
Since our facility enables us to design and fabricate fibers for a variety of purposes, other

topics not cited here may well be pursued in the future.

[ 1.] Rare Earth Doping of Optical Fibers

There is great interest in the doping of fiber preforimns with rare earth elements.
(AFOSR Physics Branch, $280.000. 24 months) These rare earth elements are difficult
to obtain in the vapor phase. and we hope to introduce a novel procedure for the incorpo-
ration of rare-earth dopants into a silica matrix. First, however, it is perhaps appropriate
to discuss, albeit briefly, the motivation hehind this project.

When light propagates through a glass doped with these elements its electric field
vector rotates by an amount proportional to the strength of an external magnetic field and
the length of interaction. The constant of proportionality is called the Verdet constant,
which is large for the rare earth elements. By vensing the rotation of the field, fibers doped
with such materials can be used as electric and magnetic field sensors. In addition, the
rotation of the electric field within the fiber (in the presence of a magnetic field) allows
the creation of non-reciprocal devices such as isolators and circulators, which are now in
common use in the microwave region. One of the possible barriers to the fabrication of
such devices is the difficulty of incorporating the lanthanide elements into a silica based
glass in the vapor phase. The group at Southampton (D. Payne, S. Poole. et.al.) have
developed a double burner technique for introducing rare earth chlorides into the MCVD
gas stream, and have produced a host of fiber lasers. (J. Lightwave Technology, July 1986)
The disadvantage of this technique is that it is difficult to obtain axial uniformity in the
dopant. An alternate proceedure used by this group, as well as by the gronp at ATET Bell
Laboratory, is to de-mount the preform from the glass lathe, immerse it for several honrs
in an acqueous solution containing the desired rare earth salt, and theu dehydrate the
tube. Since the rare earth salts of interest (in particular Nd) are soluble in polar erganie
liquids, we plan to consider the introduction of the rare carth salts in polar Huor-carbons

in the form of an aerosol spray. This would eliminate the problem of axial non-uniformity
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e as well as the lengthy dehydration time. The focus of this research will be in a study of “

o, (
’

fiber sensing devices and fiber lasers.

[ 2.] Second Harmonic Generation in Silica Based Fibers

This work is being carried out in conjunction with NMajor J. Rotger, Frank .J. Seiler

Laboratory, U.S.A.F., Colorado Springs. and Dr. Ulf Osterberg, of Prof. Stegeman’s group

at the Unaiversity of Arizona.

Second harmonic frequency generation can occur in transparent materials lacking a

Il A A

R
particular center of symmetry. In these materials, it is possible for two photons of frequency '
w to interact with a lattice to produce one photon of frequency 2w. In certain non-linear !
crystals, the efficiency with which this can be done depends on a host of parameters such as ]
crystal orientation, phase matching conditions, and can be as high as 40%. These crystals
can be quite expensive, of the order of several hundred to several thousand dollars. Such =
crystals are in comumon use in a host of lasers, and, in particular, in the Nd:YAG laser. -
This doubles the frequency from 1.06 u to .53 u where, in the green, the radiation can :
serve as a pump for dye lasers. Such frequency doubling with an intra-cavity nonlinear :
crystal can perhaps also be used in conjunction with a tunable alexandrite laser. 5
There are a host of applications for nonlinear optical elements capable of frequency 5
doubling, or frequency mixing, and, unfortunately, these effects, until quite recently have ::
been seen only in crystalline materials. A particular geometry in which such devices could g
be particularly exploited is that of an optical fiber. Since the fibers are so small, the :
outer diameter of the order of 100 g, it is possible to achieve high intensities needed for -
A
the generation of such nonlinear effects even with diode lasers. However, it can be shown i
that second harmonic generation can not be produced in isotropic materials since y\; is ':,
essentially zero. For this reason, there have been attemipts to grow ervstal fihers and K
¢
to exploit the strain induced asymmetry of polarization maintaining fibers in the hope of E
obtaining fibers capable of nonlinear effects. The advantage of fibers, in particulay fibere of :
amorphous as opposed to crystalline material, is that they can be inexpensively produced R
in large lengths. E.!
Thus, what would be most desirable is a fiber fabricated with the technigues developed R
—
by the optical fiber industry (MCVD), that will exhibit the needed asymmetry of structure -
7
6 :.
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to obtain second harmonic generation. A sertes of experiments (Osterbery and Stargulis, s
Optics Letters. August 1986, February 1987) have recently indicated such a possibility f-
by creating anisotropic radiation induced defects in a silica based fiber with phosphorous "
doping in the core as well as the cladding. The raised core index was from germanium
doping. These experiments indicate an exciting possibility of studying not only funda-
A
mental aspects of radiation induced anisotropies in glass. but of taking advantage of this
phenomenon for a host of nonlinear tiber devices. :
The experiment was fundamentally simple. (Osterberg and Margulis. 1986, 19%7) A \
cw modelocked Nd:YAG laser was () switched to provide 100-130 psec pulsesin () switched ,
trains that lasted for 250 nse¢ (FWHNM). This 1.06 x radiation was focussed into a tiber, -
described above. Since the \; coeflicient is zero for a glass, no second harmonic generation :
was noted. However, after a period of several hours of pumping with this source, the -:
light in the output was green, indicating a frequency doubling. This output in the green l!
increased exponentially with time until saturation was reached after about twelve hours
of pumping with the Nd:YAG laser. The conversion effeciency was 5%, and occurred only
with phosphorous doping in the core as well as in the cladding. The pumping laser was
polarized, and the nonlinear doubling seemed to emanate from the portion of the fiber from .
20-40 cm. Beyond this length, no further frequency doubling occurred, and the pump and
=
frequency doubled component did not interact with one another. Speculation might lead .:
.
one to conclude that in the first 20 cm of fiber cladding modes interferred with the phase -
matching condition that was naturally present. Following this section. the green light was ‘:
no longer coherently coupled to the pump source. and freqency doubling did not occur. ;"_'.
A possible mechanism for this nonlinear action might well be found in the fact that i::
the polarized pump beam could induce defects that would destroy the syvmmetry of the .
material, and thus create a \,. A recent article by Stolen and Tom (Optics Letters, August :’:‘,
.
1987) proposes a theory for the existence of this new phenomena of second harmaonie 3;
frequency generation. The experiments performed by this gronp found. however onle 17 ¥

effeciency of frequency doubling, as contrasted with the 3% obtained by tiie Swedish grong.
It is clear that there is much to be done, both theoretically and experitientally in thiis area,

and our laboratory is uniquely suited to pursue this topic.
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[ 3.] Novel Preform Fabrication Processes
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Supported by the National Science Foundation: $222.000, three vears. We have shown
that laser heating of the aerosol deposited in the MOVD (Modified Chemical Vapor De-

position) fabrication of the preforms from which optical fibers are formed can have a

L0 Rt R T T T T

dramatic eflect on both the rate and quality of deposition.  With equipment that will

allow us to create state-of-the-art optical fiber preforms, we plan to study the effects of

f’l.\,\{‘i e Wit 4

laser enhanced thermophoretic deposition on optical fiber preforins and the fibers pulled

S

]

from these preforms. In addition, we will study the collapse rate of preform tubes with

o "

> T

the addition of axial laser radiation from a 250 W MNlodel 11" C'oherent Radiation car-

"
r

bon dioxide laser. We plan to examine this phenomenon experimentally and theoretically.
Increasing the diameter of preform tubes to obtain more fiber can increase the time of
tube collapse considerably, and a study of the influence of internal laser heating may yield
information on how this step in optical fiber fabrication can be shortened. Nuch effort

has been spent in the development of computer codes. including three dimensional eftects,

h o Jh)

that describe fundamental heat and mass transfer processes in MCVD. The results of this

g

work have appeared in publications that such as the Journal of Heat Transter. Journal

5y

of Colloidal and Interfacial Sciences, Journal of the Ceramic Society, to the Journal of

Lightwave Technology.

L0 NMR Studies of Vapor Deposited Preforms and Fibers

o .

o -

o

Several techniques will be used to gain an assessment of the structure of the tibers

fabricated in our laboratory. One of these. NMR (Nuclear Magnetic Resonance), will be

P

o

employed in a fundamental study of the incorporation of dopants into optical fibers. Prof.

P

P. Bray, of the Department of Physics will be guiding this aspect of the program. It is of
great interest to characterize and possibly explain the differences between glasses formed
from the melt, and those formed from vapor phase deposited glasses. This is particularly
true for an understanding of the radiation induced damage associated with nonlivear second
harmonic generation in silica based fibers. Having already made some silica hased tihers
with phosphorons doping in the cladding as well as the core, we plan to exomine the effect of
Nd:YAG radiation on the mocrostructure of the phosphorus honding to determine the sxact
symmetry breaking conditions that permit second harmonie generation in an ostensibly

isotropic, amorphous material.

o, I o W o TN
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Measurements of dipolar broadening, quadropolar effects, chemical shifts, and spin-

lattice and spin-spin relaxation times will be used to determine whether dopants (or glass
components) are aggregated or dispersed, and to characterize the bonding confignrations
and structural groupings formed in the glasses.

Studies are already in progress involving boron and fluorine in fibers provided from
industrial sources. Detailed studies of phosphorous in silica fibers have been published from
another laboratory. Since the process for producing fiber preforms can yield materials not
achievable from the melt, a new and large family of elements can be studied by NMR to
determine the coordination, bondings, structural groupings. and other characteristics on

an atomic scale that determine the microscopic characteristics of the fiber.

[ 5.] Polarization Maintaining Fibers

The impetus for creating polarization maintaining fibers comes from two different
sources. Perhaps the most inunediate of these isin optical fiber sensors in which deviations
from a specific state of polarization may be associated with the presence of, for example,
an electric or magnetic field. It is necessary for these fibers to maintain polarization in
the absence of the external disturbance i.e., magnetic or electric field, which the sensors
attempt to measure. A further need for high quality polarization maintaining fibers might
be in some future coherent communications system,

Polarization preservation in fibers may be generically divided into two different types:
low birefringence, and high birefringence. If we can envision a low birefringence single mode
fiber that in some sense is “perfect”™ with regard to uniformity of dopant and uniformity of
external influences on the fiber, then this ideal device will maintain its polarization. Unfor-
tunately, there are a myriad number of internal as well as external influences that disturb
this ideal depiction. Any physical ilmperfections in the fiber itself, as a consequence of lack
of circularity from some quirk in the production pro ess. or any micro-hnbbhles or cracks in
the fiber will cause a random interaction between the two propagating medes of difterent
polarization that are present in a single mode fiber, and the polarization raintainme char
acteristics of the fiber will be lost. In addition. any asymmetrical lateral stressg of cirher
internal or external nature, bending, tension, torsion, and electric and magnetic fields, will

also destroy polarization maintaining features. For example, a small axial scratch on the
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surface of a drawn fiber produces a huge stress singularity if the fiber is subjected even

wTmee e 1 & e "W

to a slight twist. All of these effects influence the polarization coupling of the different
modes that propagate in the fiber and degrade the ability of the fiber to maintain a single
polarization.

Since low birefringence fibers can be affected in a number of ways by internal imper-
fections or ~xternal disturbances, we consider an alternate approach taken by other re-
searchers, that is to increase the birefringence of the preform, and hence the fiber, through
y the deliberate introduction of a high degree of internal stress and azimuthal asymmetry
: in the fiber. It is upon this latter aspect that this research shall focus. This work will be
carried out in coopertion with Prof. K.S. Kim. of the University of Illinois.

To insure that a high birefringence fiber has the capability of maintaining a specific
state of polarization, it is necessary that some asymmetry in the azimuthal direction be
included in the fiber. There are several ways in which this may be done. Japanese manu-
facturers, in particular Sumitomo and Hitachi, rely on an elliptical core within a circular
cladding. Depending upon the cladding material and profile. the fast axis may be along
either the semi-major or the semi-minor axis. Bell Laboratories has recently reported on
the polarization preserving characteristics of a fiber pulled from a preform that had been
flattened on two sides before being pulled. This seemed to have the advantage that the pre-
ferred axis could be located from the external shape of the pulled fiber. Another method,
introduc~d by the group under Professor A. Gambling at the University of Southhampton,

England, attempts to make fuller use of the mechanics of stress induced birefringence in

fibers in order to create the desired degree of azimuthal asymmetry. This is done by local-
ized heating to remove dopants leaving an azimuthally asymmetric dopant profile in the

preform. We plan to investigate multi-dimensional effects of stress birefringence in pre-

i

w
s
K
"
“
"
N,
o

forms and fibers. Qur theoretical program will be complimented by experimental «tudies
employing laser etching of dopants to achieve a highly controlled degree of azpmutiial stress

asymmetry in the preforms fabricated in our laboratory. Significant progress has already

oA

/.

been made in optimizing stress distributions in fibers and preforms.
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[ 6.] A Zinc Chloride Fiber
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Zinc chloride, an extremely hygroscopic material, has the ability to form a low tem-
perature glass. It transmits best in the mid infrared. and its infrared edge absorption
allows transmission up to 10.6 microns. We are investigating the possibility of vapor phase
deposition of this material via a suitable organic precursor, with subsequent removal of
water by flowing HCI through our deposition system. A possible substrate tube would be
polyvanilidine fluoride which is quite impervious to water. If this material is easily obtain-
able in rods or tubes, it could be used as a substrate in an MCVD process for obtaining

dry, glassy zinc chloride that could result in a graded index preform (when doped with

barium chloride).

[ 7.] Nonlinear Interactions in Glasses and Fibers

With the ability to dope fiber preforms with special elements, it is of interest to study
non-linear effects in fibers. As a consequence of their small core diameters, it is possible to
achieve non-linear effects in single mode fibers with modest laser powers. The two main
thrusts which we would like to address are nonlinear frequency generation in optical fibers
and nonlinear propagation and material damage in glasses and fibers. The first of these
efforts will focus on understanding the behavior of the nonlinear second order susceptibility
of glasses using tunable stimulated scattering in fibers with emphasis on coherent phonon
contributions to the response. Secondly we will study the effects of explosive phonon build
up on problems of laser induced damage in glasses. This effort will utilize self focusing

effects and filament characteristics to study the problem.
fa.] Raman Amplification in Single Mode Fibers

The use of intense pump sources to generate gain at the sum and difference freqiencies
of the pump and a molecular resonance has been well studied. This effect hias been chown
to produce enormous gains at the lower Stokes frequency in liquid and solid media

dne

to the high atomic densities available. Recently, several experiments have demoustrated
that optical fibers are excellent candidates for generating Stokes gain aud lasing at the
down converted frequency. This is primarally due to two reasons: 1) fibers may support

several tens of watts of pump power in extremely small cross sectional areas (20 microns?)
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satisfying the requirement for large intensities required for nonlinear frequency generation, o
N
and 2) fibers may provide extremely long interaction lengths in a small volume. »
Raman amplification has been demonstrated at 1.2 microns with a 1.06 micron puimnp :::
\.
by Koepf. et. al, and has generated a gain of 10* in 1 km with only 1.4 Watts of pump ::.
-,
L]
power. This experiment has defined the other physical mechanisms, such as Brillouin 4
-,
scattering effects, which limit the gain, allowing for a reasonable engineering design to
achieve a given power output at the desired wavelength. o
\-
. . . . '
The recent development and characterization of Alexandrite lasers has resulted in a AR
tunable intense source between 7000-8000 A. The tunability and intensity will allow for S
. . . : . ®
the experimental probing of the molecular Raman scattering cross sections behavior in <7
glasses by frequency resolved gain and pump measurements. The work will be aimed at N
W
understanding the effects of other coherent processes such as stimulated forward and back- };
N
- . . . 3 ol . ~
ward Brillouin scattering on the stimulated Raman scattering (SRS) process. In particular, g

the quenching of phonon processes in glasses may be studied in this way by temperature

e
.
o

TSN
dependent experiments on SRS gain. :::,'.'
-

[b.] Self Focusing and Laser Induced Damage :'.

e
It is well known that materials which have positive Kerr nonlinearities result in self ~'£.
focusing and filament formation. The effect is due to the positive intensity dependent ";::
lens which results in a Kerr medium due to the peaked transverse intensity distribution :;f"*
of the propagating beam. This effect has resulted in light filaments less than | micron in "j
diameter at visible wavelengths. This focusing results in damage in most materials, and _"f:
o
the phenomenon is not understood. The primary problem lies in the fact that not enough "_'.:":

power is absorbed to result in simple thermal damage. We would like to study the problem

..

€

1
LIy

with a focus on non linear coherent generation of phonons at the self focusing catastrophe

P

x

point. The generation rate of phonons has been shown to be unstable in SRS due to the

LA
LI 2
. woag

A

boson behavior of the phonons. This approach to the damage proble:m could be stndied

B J

AR

in glasses with both amorphous and crystalline structure in order te assess the effects of

coherently induced phonons in the optical damage problem. Needless to say. self focusiug

2

‘Yer,

of this magnitude could play an important role in coupling into fibers for energy transfor,
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[ 8.] “Smart Skin" Materials with Embedded Fiber Sensors
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As increased demands are placed upon the development of composite materials to be
emploved near the limits of new technologies. it becomes necessary to monitor their state
with regard to temperature and strain in a continuous manner. A technique that holds
promise of fulfilling this goal is that of embedding optical fiber sensors in the material
as it is being processed. These fibers must be able to operate over the same range of
temperature and strain as the host composite. By measuring the light passing through the
fiber, it is possible to determine information on the state of the surrounding composite.

Thus far, with few exceptions fibers. have been designed primarally for telecommnm-
nication, and, in spite of the rapidly growing sensor market, not sufficient effort has heen
expended to optimize the fiber design for its specific sensing role. This question must he
addressed if there is to be any hope of embedded fibers fulfilling their promise. As noted
above, Brown is one of the very few universities capable of designing and fabricating all
stages of state-of-the-art optical fibers. Fiber design with respect to novel dopants that can
maximize the sensitivity to temperature and strain will be one emphasis of our program.
It has been noted that certain rare earth elements, in particular Nd. exhibit a marked
temperature sensitivity, and we will study the effects of dopant levels upon temperature
sensitivity for embedded fibers. Since we will limit ourselves to consider maximum lengths
of fiber of the order of a hundred meters or so. attenuation due to higher dopant levels
will not be a limiting factor as would be in the case of the design of a telecommunications
fiber.

One of the techniques used in the interrogation of a specific fiber section is that
of OTDR (Optical Time Domain Reflectometer). In this technique. an optical signal of
short duration is launched into an optical fiber. At each point in the fiber. there is some
amount of backscatter from this pulse. The amount of backscatter is dependent upon
the fiber design, both geometry, the material with which the fiber is doped. the level
of doping, and the the local state of temperature and stress. Clearly this is a syetem
with many parameters. Knowing the speed of propagation of the wave in the filer, and
knowing the time difference between the introduction of the pulse into thie hiber and the
time of the return of the back scattered wave, it is possible to obtain information on the
local position from which the pulse was scattered. This back scattered pulze can provide

information on temperature, strain, and other characteristics of the fiber locally. One of the
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problems associated with such a technique is that the speed of light travels approximately N
-
»
30 ci/nsec, and thus, if we wish a resolution (spatially) of 1 cm, we must have a shutter e
]
system that can open and close in 1,30 of a nsec. It is possible to introduce splices. or n
M [
discontinuities in the fiber that increase backscatter, and if their location is known. they v
*
can increase the spatial resolution for this technique. However, splicing of fibers over a
length of many meters, or even tens or hundreds of meters, is not a practical solution to
the problem of enhancing backscatter or increasing spactial resolution.
We propose the following technique, which is simple to implement in an on line manner
on an optical fiber draw tower. It is well known that radiation can induce structural defects
@
in glass that can enhance scattering. We consider a laser mounted on a draw tower. pulsing g
i - - \
. . . . . . . ’
at regular intervals to intersect the prior to coating. The intensity could be varied. or the N
A !
pattern of radiation induced defects could be changed, depending upon the laser pulse
)
shape and duration. Thus, the reflected signal would be associated with a specific region :
of the fiber that. in conjunction with standard OTDR techniques, could markedly increase e
Y
. o ld
spatial resolution. -
“
I'his work is to he carried out with Prof. K.S. Kim. of the Theoretical and Applied o

¢

Mechanics Group at the University of [lliois, Urbana, Ill., and with Prof. J. Cornie, of the

e

M.LLT. Laboratory for the Characterization of Composite Materials.

[ 9.] MCVD Deposition for Gradient Index Lenses

Supported by the Army Research Office, Durham, N.C'., $300.000, 36 months. Within

recent yvears there has been increasing interest in the use of gradient index lenses in nu-

merous oplical situations. In such a device, either a radial, or axial (or both) variation in
the index of refraction causes the light passing through it to be bent. The classic example
is the Wood lens in which there is a radial variation in the index of refraction. Depending

on the index profile, a flat lens of this design can serve either as a convereing or <l erging

lens. Another configuration of the same genre is the optical fiber pretforn. with which eur
laboratory has had much experience. Although perhaps not strictly classificd ax a gradicnt
index lens. the optical fiber is a classic example of how structured aradients can channel
light to achieve low loss transmission of information at a density that wonld have heen

inconceivable a decade ago. New technologies have been developed to insure the extremely
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tight tolerances on geometry and impurity levels. In all of these techniques, the goal is to
structure a preform rod of extremely high purity, with a radial (or, in the case of polarizing
maintaining fibers, azimuthal) distribution of dopants that will insure that the incoming
light will be confined within the fiber. Much of the behavior of such fibers can be described
with conventional ray optics, and, driven by; commercial incentives, the work in this area
in our leading industrial laboratories has been extensive.

In this proposed research, we wish to employ the techniques of optical fiber preform
fabrication, in particular MCVD (Modified Chemical Vapor Deposition, to he described
below) to the fabrication of preform rods that could serve as radially structured gradient
index lenses. In the development of preforms for optical fibers, the chief design criterion
is the need for ultra-high purity to insure that fiber pulled from the preform will have low
losses, of the order of a few Db/km. For a radially structured preform rod to be used as a
gradient index lens (i.e., the preform rod is sliced to produce many lenses), the stringent
requirements on low absorption may be relaxed: however, a more carefully structured index
of refraction (as a function of radius) is required. This gives us the freedom to consider a
host of glasses that have traditionally been used as optical elements but whose absorption
renders them unsuitable for use in optical fibers. Prof. D. Moore, of the University of
Rochester Institute of Optics, has worked extensively in this field over the past years, and

we have been in close contact with him in structuring the goals of this proposals.

Equipment and Facilities

As noted above, there are three components of our laboratory: 1). an MCVD (Modi-
fi-d Chemical Vapor Deposition) Laboratory in which vapor phase techniques are employed
to fabricate silica based preforms designed in our laboratory, 2). a fiber characterization
laboratory containing a York Technology Preform Analyzer the provides a three dimen-
sional profile of the index of refraction of our preforms, and a York Technology FOMN 1000
Fiber Characterization Station (a donation from the Bell Communications Reseaich, amd
3.) a complete optical fiber draw facility. This equipment was purchased {iom Special Cas
Controls and is an eight meter draw tower with a 25,000 W carbon resistance furnace, two
ultraviolet cured coating stages, and the possibility of a thermally cured silicone coating

stage. There are three Beta gauges, one for feedback and one for for fiber diameter control.
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and two coating diameter monitors. The tower has been operational since Angust 1987, :-.:
Our first fiber (a phosphorus-germaniuimn core fiber to study second harmonic generation) ;’.
was drawn to 125 g with a tolerance of +0.2yu. f:'

. . . . .. ‘5
A Micro-Vax II has been installed on an Ethernet link to a series of larger Digital ::.\
"

. . . . o
Equipment machines and will be used to control and coordinate some of our laboratory N
<

activities. In addition, we have two Model 41C' Coherent Radiation carbon dioxide in-

N

)

dustrial lasers. The output is approximately 270 W. One laser was a gift of the 1BM .‘_-"
Corporation to our laboratory. and the other was donated by the Florsheim Shoe (Com- ;::'
pany of Chicago, Ill. We also have a smaller “home built” carbon dioxide laser, and a ;

pulsed 1 J carbon dioxide TEA laser. Further, there are two fume hoods. including a floor
“walk in” model. Other equipment in this laboratory consists of oscilloscopes. detectors.
pumps, He-Ne lasers, and an optical table. There is also a full machine shop available for

any work that might need to be done in the construction of equipment.

=

In addition to the equipment cited above in our laboratory, the laboratories of Prof. -

Risen (Chemistry) and Bray (Physics) contain considerable equipment used for glass re- j-:'.:
search. These include NMR spectrometers nsed primarally for "Li, "B, 7O, and '*F. A ’

~
“.

)
P

new FTNMR will be truly multinuclear. of great importance for the rare earth elements

we wish to consider. (Prof. Bray). In the laboratory of Prof. Risen. there is a new Spex _,":.
Ramalog MicroRaman spectrometer with Spectra Physics 1 W (all lines) Ar” laser. The 2
Microraman has a spatial resolution of 2 microns. In the infrared and far-infrared there is E__
a Digilab FTS15B Fourier Transform Infrared Spectrometer that can take relatively good :E

.

spectra between 50-4000 cm ™', In addition, the Optical Facility has purchased a BOMENM

(4

’ v

DA3.1 FTIR with its initial configuration having a range of 30-40.000 cm™' as well as
microscopic infrared capabilities. There are a number of high temperature furnaces, the
most advanced of which is a C'M Rapid Temp 1700B Furnace with a sustained temperature

to 1600 °C. In addition, there are also extensive facilities available for the mieasurement of

fast optical processes, electron microscopes, ion microprobes, as well az a complete micro-

electronics laboratory for vapor deposition and encapsulation. This latter equipment niay
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play a role in future structuring of devices on fibers.

Our present equipment provides a natural complement to the extensive hulk charac-
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terization facilities for the physical properties of glasses. We will be able to analyze our
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preforms with a sophisticated FTNMR. This will be particularly important for studies in
which we wish to determine the manner in which dopants are incorporated into vapor phase
deposited preforms. Further, a micro Raman probe in the laboratory of Prof. Risen of the
Chemistry Department will enable us to scan preforms and fibers with a a high degree of
spatial resolution. This equipment will prove of great value in detailed characterization of
the preforms and fiber samples that are produced in our laboratory. We will be able to

produce new glass structures and compositions not attainable with crucible techniques.
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