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Introduction A
Yy
r A
Currently, neodymium doped glass matrix lasers show perhaps the greatest o
promise for high powered pulsed-laser applications. Recent developments in g
sol-gel glass technology have permitted the fabrication of high purity silica Do
glasses at much lower temperatures than traditional meit glass techniques. The e
following report describes an attempt to apply this technology to the production :}_’.;E:
of neodymium glasses in order to determine the possibility of producing a :Z-,":'.;ﬁ':
Nd:glass laser material with a high purity silica matrix. If successful this material f-,!v
would be expected to have properties superior to currently used glass laser “
. )
materials. ';:.:'-‘::
AT
Ay
R ':3:
Background 4
.’:-\.
Current technology at GELTECH, Inc. makes it possible to prepare silica -?&:;?
glass by the sol-gel process. In this process a silicon-containing precursor, such :&5,’.-».
as tetramethyl or tetraethylorthosilicate, is hydrolyzed to form a sol. After . ®
complete homogenization, this sol is cast into molds where it sets into a very '_:Sﬁ |
TR
porous, wet ge! having the shape of the mold. The gel is then dried to give a Z-:}";
oo
transparent, silica monolith (see picture 1). The resulting dry gel can be further r":;"
heat-treated to strengthen it and at the same time reduce its porosity. Although V' b
this process removes most of the water, heating to temperatures necessary to I-;E;T_
fully densify the silica gel normally results in bloating of the sample due to 1:;-_:'.5
residual water being trapped in the porous structure. If a dehydration step is ':_:3-::
carried out before the final densification, the bloating problem is avoided and ..
fully dense glass can be obtained.! For a summary of the overall process see R
figure 1. Y
The sol-gel process lends itself to the incorporation of other elements into ..
A
the glass in at least two different ways (see figure 1): :::::C; )
NN
1. Doping by Impregnation: Impregnation of the stabilized but still PO
porous pure silica. 0‘
AN
l.;\'.‘i g
R
:a:»,’;
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o
2. Doping by Mixing: Addition of soluble saits of the elements desired Ef-‘ y
to the other starting materials in the gel preparation. :.‘ 4

\“(‘\-“.'\’-
This report describes work done using both of these methods. The initial tf.:,; )

work has been done using discs, since discs would bring fewer variables into the ?.-'\';ﬁ
process at the beginning. Work was done meanwhile to begin to optimize the zﬁﬁ
process for the production of rods (see picture 2.) * 2
Y

:.':.J."-\‘
_ BRLG

in mpregnation R

.
In order to control the doping of porous silica monoliths it was first Y '.'-
necessary to quantify changes the gels undergo during the stabilization 2 .:.,':
treatment. Figure 2 shows the changes in pore volume and surface area of the IN ;;.‘;
pure silica gels as a function of processing temperature. Measurements were a"

"l'l.'

Pd

& %
ey
P

made using a nitrogen adsorption/desorption technique on an Autosorb 6
(Quantachrome Corp.). Accompanying the change in porosity is a decrease in

NI A
e

diameter, as shown in figure 3. Knowing the pore volume of the gel makes it “:{-.E:

possible to calculate the solution concentration of the salt necessary to give the —
desired percentage of metal oxide in the gel after further processing. Efft
After doping a gel the same dehydration procedure used for pure silica was ,_:;
attempted in order to fully densify the glass. This was the expected route as ,\,r%‘
described in the original proposal. However, the dehydration procedure E:;f:’f-;-
currently used caused the gels to become white and opaque, as shown in “:I:
picture 3. Even after modifying schedules and sources of dehydrating agent the x,:,.
same result was obtained. X-ray analysis of the white, opaque sample indicated S
that it was still amorphous, so as yet the exact cause of the white color and \
opaqueness are not known (see figure 4). Further attempts to avoid this problem "‘\
by modifying experimental conditions yielded similar results. e
o
DX
Doping by Mixing :}_:‘,;:::-'
VAN
Because of problems encountered with the dehydration procedure used " _:f
after doping gels by impregnation, and in order to explore alternatives, the ;_:?-:f:'
oty
S
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&
doping by mixing approach was also taken. This technique has permitted the ::.'.'_’."
preparation of neodymium doped silica monoliths up to stabilization without any ‘i'.i
problem. When the dehydration treatment is performed on these gels in the .;Q

same way as with pure silica and Nd gels doped by impregnation, the same
white, opaque material results. However, the presence of the neodymium salt 2
from the beginning appears to influence the initial gel structure, and this has led
to some promising results in an alternative approach.

-...-' P
c
LPLIA

Nty -_': >

At least two differences appear when the neodymium salt is added to the x
pure silica process: S
First, the gels containing neodymium have repeatedly demonstrated an N
ability to withstand heat treatment much better than pure silica gels. Pure silica N §
gels undergo serious surface cracking and sometimes breakage under Ny
conditions where the neodymium gels have repeatedly survived completely 0§~
intact. At the present time it appears that the surface crack problem may be ;:3::
related to the pore structure of the gel. The presence of neodymium ions may be ’-‘EEE'
altering this structure. However, mapping of the actual pore structure of the gel is Zz_‘i;:
impossible by typical methods, such as microscopy or mercury porosimetry, .9
because the pores are too small.23 IE’}:
Ay
A second difference, and even more important, is the fact that the E‘-Z‘-
neodymium gels have been able to withstand much higher temperatures than X
pure silica before beginning to foam (or bloat). This is important because it may ?.j:. )
make it possible to remove enough water in the process to be able to densify the :ﬁ\
glass without the dehydration treatment which has already shown to cause ,"{:_:::
serious problems, as described above. Picture 4 shows Nd doped gels t‘
prepared at different processing temperatures. f-ji;'f
L
Figure 5 shows the change in gel texture with respect to processing R
temperature for the neodymium gels. Figure 6 shows the accompanying trend in ~9
shrinkage. When porosity becomes very low the nitrogen adsorption technique is 3::_'.:'i.
less reliable, so after treatment at temperatures above 900 to 1000°C other f“;
characterization techniques such as bulk density are necessary to understand ;:-:L'»
the changes taking place in the gels. In figure 7 the bulk densities of the gels are o
reported as a function of the processing temperature. The densities were E&Eﬁ
\:‘"'
Y
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measured using mercury displacement pycnometry. One problem which exists

is the lack of knowledge of the theoretical density of the gels containing ;:‘:-’r";._

neodymium. However, one would expect to see a levelling off in the density ’J '_

curve, and a final density above 2.2 g/cc, the theoretical density of vitreous silica. SRR
For processing temperatures at or above 1075°C the density is already greater o J};’

than 2.2 g/cc. The decline in density at even higher temperatures can be :" Sl
explained by the sample beginning to bloat. )
Optical preperties of pure silica and neodymium gels are shown in figures ‘_;ﬁ::;

8a to 8d. Spectra were run on a Perkin Elmer Lambda 9 uv/vis/nir -;.x"
spectrophotometer. Figure 8a shows the spectrum of pure silica after drying,

before any further dehydration / densification treatment. The absorption bands in NG ?:

the near infrared region are due primarily to the presence of OH, either bonded ..:','.‘5

to silica or in water molecules adsorbed on the silica surface. Table 1 lists the YAl

prominent bands and their assignments. The removal of these bands after ;\'_‘0:.
dehydration and subsequent densification is obvious from ihe spectrum in 8b. l.::ij

. . 2"!:‘0

Figures 8c & 8d show the spectra of neodymium gels before and after :!t.:"g
processing. The effect of the neodymium includes peaks in the visible region, as c a2

expected (300-800 nm). The initial loss in the uv cutoff in the low temperature :22_’-;: '
neodymium gel is regained after processing. :Z.:f-‘.-ji
n nm Assignment ;:(',3

945 Si--OH Harmonic }::.:.:;:E':

1380 Si--OH Harmonic A

1400 Si--OH Harmonic o

1896 H--OH i

2220 Si--OH Stretching/Bending o

2730 Si--OH Free OH and OH--H R

Table 1: Peak Assignments for Pure Silica, nir Spectra45 ?;:.:_-:j

:f-::':j:':-.

Thermogravimetric Analysis (TGA) was performed on a neodymium gel to ;‘;;2;3
study the changes taking place in the gels upon heating (see figure 9). An initial * .

loss of water around 100°C appears to be followed by a gradual loss in weight :t:,::s'.?.

::';:::?

NN

» ,,-‘
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as organic materials left from processing are burned out and the nitrate salt of
neodymium decomposes to the oxide. The literature indicates that the
decomposition of the nitrate salt is complete at 830°C,® which agrees with the
leveling off of the TGA curve above 800°C. FTIR spectroscopy shows a change

due to processing, which is presumably the loss of the nitrate. (see figures 10a
& 10b).

in order to find out if and when crystallization may be taking place in the
gels, a sample was analyzed by Differential Thermal Analysis (DTA). In this
technique the temperature of the sample is recorded relative to a standard
material, over the temperature range under consideration. Endothermic or
exothermic processes taking place in the material will be represented as a valley
or peak in the curve. Figure 11 shows a DTA curve for a neodymium gel doped
by mixing and heated to moderate temperatures prior to being run. The initial
endotherm corresponds to a loss of adsorbed water. The last exotherm is very
likely the result of crystallization taking place in the gel. Since the sample is run
as a powder crystallization is much more likely to occur than if it were a monolith.
When heating a monolith, therefore, crystallization may be avoided by traversing

very rapidly the temperature region indicated by the DTA curve to be the likely
crystallization range.”

Gels having three different concentrations of neodymium have been
prepared, and are shown in picture 5. The primary part of the work done to date
has been with gels having five percent neodymium, although initial evidence
indicates that gels having a lower neodymium content respond in a similar way
during processing. Gels codoped with neodymium and erbium have also been
prepared (see picture 6.) Upon heat treatment they appear to respond similarly
to gels having Nd only.

The homogeneity of the neodymium gels has been measured using SEM
EDXA. Preliminary data suggests that the center of the gel contains less
neodymium than the edges, by a factor of three. This means that the neodymium
is not actually being chemically incorporated into the network under the
conditions of gel preparation. However, improvement of the homogeneity should
be possible by altering the drying procedure.

SBIR-Final Report 5 February 12, 1988
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The most critical initial evaluation of these materials to determine their
suitability for laser materials is the decay time of their fluorescence emission.

e

%

The decay times of various samples were measured for GELTECH by Litton \E
Laser Systems in Apopka, Florida. A dye laser was used to focus light of 585 nm e
wavelength into the bulk of the samples, and the resulting fluorescence spectra ia:
were measured by focusing the output onto a fast photomultiplier. The &_,-‘
fluorescence lifetimes were also measured at the peak intensity of the N
fluorescence spectrum for each sample using an oscilloscope to monitor the 2;:?.:::\
photomultiplier output. The results of these tests are shown in figure 12 a-d.8 NN
Fluorescence decay times are summarized in table 2. A Nd:phosphate rod was :E;ZIE:ZZ:
used as a reference.
B
. . S El Lifetime (usec) ;-)3: E
9% Nd, Nd:Phosphate Kigre, Inc. 170 e
5% Nd, Nd:SiOo GELTECH, Inc. 7 -
5% Nd, Nd:SiO5 GELTECH, Inc. 7 o
(with alternate treatment) ,’.:Cf.':g
4% Nd/1%Er, Nd/Er:Si02  GELTECH, Inc. 8 het
o
Table 2: Fluorescence Lifetimes of GELTECH samples ;:;I:"
N
J""-. X
.2,
Both porous and densified samples were given for testing to see what '.:'.'-'.:’:{-‘
difference, if any, the porosity would have on the fluorescence behavior. The ,‘-:‘-.;
fluorescence decay times of the porous materials were similar to those of the BRON
fully dense, but the fluorescence spectra were difficult to measure due to a -3
"bleaching effect” which caused the fluorescence signal to decay to the level of '~..:.,\
the detector noise after about five minutes of continuously pumping the sample E:;.’:E‘
with radiation. BN
&
It appears from the data that the GELTECH samples, as prepared, would ~‘.
not be satisfactory for a laser material due to the very short decay times. A \\
second group of samples prepared by doping by impregnation but without ROV
further densification was submitted to Litton Laser Systems for analysis, and the ) _'
results of those tests were very similar to the first group.® Ev'j:
SBIR-Final Report 6 February 12, 1988 NI
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These short decay times are consistent with results of Namikawa, et. al., S
who prepared neodymium doped pure silica by a chemical vapor deposition wir
process. In this process neodymium and silicon chlorides are reacted in the 7 i
vapor phase in the presence of oxygen gas, using a plasma torch, to produce the ; N ’,Ef
neodymium doped silica.'® The decay times they measured were of two types, 2 _.ﬁ:
one very short but more intense, and another longer but of very low intensity. L
Neither was considered suitable for laser action. They concluded that the low :;ﬁ::ﬁ:;
solubility of neodymium oxide in a pure silica matrix caused the neodymium ions :::'{Z
to cluster together and cause concentration quenching to occur.!’ This low _S
solubility of Nd>Og is cited as a reason why fused silica had not been made to L
lase with Nd*+3.12 Stone and Burrus'3 report the successful incorporation of .".,,‘
neodymium into fused silica fibers which lased at 1.08 um, but the concentration -.6“4!"'
of Nd was less than one weight percent. Eﬁ{;
[ )
Although sol-gel processing requires substantially lower temperatures for E;j
densification compared to temperatures required to melt glass, the work done ;f:';f-:-:.’-
during phase 1 seems to indicate that the neodymium ions still have a tendency ::“_.;A’ i

to cluster in the silica matrix, and that unless another component is added to the
matrix which will prevent the clustering of Nd*3 ions, laser action will be
impossibie. Because of these problems, evidently inherent in the Nd>O4/SiOo
system, it appears that in order to prepare neodymium doped silica with Nd
concentrations high enough to make it suitable for use in most laser
applications, at least one other component must be added which will prevent the
neodymium from clustering and give longer decay times, while causing minimal
deviation from the desirable thermal and optical properties of pure silica.

Using the chemical vapor deposition process as described above the same
group has been able to use aluminum or phosphorus as codopants to
successfully produce materials with substantially higher decay times, but without
drastically changing the macroscopic properties of the silica glass.'4 Another
group successfully prepared silica-based optical fibers doped with neodymium
and phosphorus with similar results.'> Because of these results, some very
preliminary investigations have been initiated at GELTECH to test the feasibility R
of adding aluminum or phosphorus to the silica matrix using the sol-gel process.

SBIR-Final Report 7 Fabruary 12, 1988 o
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The objectives of the original proposal were primarily concerned with
controlling concentrations of one or more dopants and then determining the
eftects of sensitizers such as cerium and erbium. During the course of the work it
soon became evident that the densification process used for pure silica could not
be adapted directly to gels doped with neodymium. This report, therefore,
contains primarily a description of more basic process development work that
was necessary in working toward the same goal of producing a more efficient
laser glass by the sol-gel process. As a result of this six-month research
program the following objectives were achieved:

1. Preparation of Nd doped sol-gel monoliths.

2. Preparation of gels of three different neodymium concentrations.

3. Preparation of gels codoped with neodymium and erbium.

4. Definition of a process to prepare Nd doped glass with a density close to
the theoretical density of Nd silica glass, and higher than the density of pure
silica.

5. Collection of a set of characteristics of Nd doped glass, such as texture
and optical properties.

6. Fluorescence testing of the gels to determine the feasibility of using the
sol-gel process to prepare Nd and Nd/Er doped materials for laser applications.

The unusually short fluorescence decay times measured for samples
prepared by the sol-gel process correspond to results given in the literature for
Nd doped silica glasses prepared by another process. Producing Nd doped
silica laser materials with fluorescence lifetimes comparable to those in use
today appears to be virtually impossible, due to an apparent clustering of
neodymium ions caused by low solubility of neodymium oxide in silica. The
addition of a third component is necessary to improve that solubility. This
approach has been shown to result in materials with fluorescence characteristics
more appropriate for laser action.

SBIR-Final Report 8 February 12, 1988

£

'.‘_.

¥

AN Y YU A NS
v.'l.l"?" S5

« v '
IR AU
]

“yr ‘0,0
L
N "




~
@
Yy

e

LTECH, Inc. - One Progress Blvd. #18, Alachua, Florida 32615 - USA Ph: (904) 462 2358 - FAX: (904) 462 2993 = ':;’
',."_h"-

feren v
Ly W

..

1. J. Phalippou, T. Woignier, and J. Zarzycki, pp.70-87 in Ultrastructure ig_; )

Processing of Ceramics, Glasses, and Composites, L. L. Hench and D. R. '.,':I::

Ulrich, eds., John Wiley & Sons, NY, 1984 ey

2. G. W. Scherer; Review Article in Sol-Gel Processing Short Course, N
American Ceramic Society & National Institute of Ceramic Engineers, “j:

1987 .

3. S. Lowell and J. E. Shields, Powder Surface Area and Porosity, 2d ed., :.:4
Chapman and Hall, NY, 1984 .

4. T. Woignier; Ph. D. Dissertation, University of Montpellier, Montpellier,

oo
)lJl‘

France (1984) "::.:'?.‘-:E
T
5. P. Danielson, p. 825 in Encyclopedia of Glass, Ceramics, Clay, and j;::'{:?_
Cement, M. Grayson, ed., John Wiley & Sons, NY, 1985

()
6. W.W. Wendlandt; Analytica Chimica Acta, 15 435-439 (1956)
7. J. Zarzycki; Les Verres Et L'Etat Vitreux, Masson, NY (1982) ’
8. Litton Laser Systems, Inc., private communication -

9. Litton Laser Systems, Inc., private communication ..o

10. H. Namikawa, K. Arai, K. Kumata, Y. Ishii, and H. Tanaka; Japan. J. Appl. ;I;:?_‘;.

Phys., 21 L360-L362 (1982) g

11. K. Arai, H. Namikawa, K. Kumata, Y. Ishii, H. Tanaka, and |. lida; Japan. J. :::'.ijls

Appl. Phys., 22 1L.397-L399 (1983) 0,

12. E. Snitzer; Appl. Opt., 5[10] 1487-1499 (1966) '.3::::‘.;

13. J. Stone and C. A. Burrus; Appl. Phys. Lett., 23[7] 388-389 (1973) A

14. K. Arai, H. Namikawa, K. Kumata, T. Honda, Y. Ishii, and T. Handa; J. App/. Z;?.;'_:C;

Phys., 59[10] 3430-3436 (1986) 9.,

15. B. J. Ainslie, S. P. Craig, and S. T. Davey; Mater. Lett., 5[4] 143-146 Ry

(1987) \ ,
¥
i
A
e
N
P
":-.l" 3
CAOAS
AN

‘BIR-Final Report 9 February 12, 1988

&

b9
0

y

N




A aa-a e o U o0 oA~ 40 o0 P8 S Af
e
h ’N V“
o

“’l‘( "-." ?-' i

K]
-ﬂ)'-

a
h )
fl

Cd

Si PRECURSOR DIW + ADDITIVE (DCCA)

‘(
PACAL

.ﬁﬁ?}??

AR

)

A *, s _'-'.'~.-
NN
s A

v
. -"v"\,.

DOPING BY
[ MIXING j4— MIXING

.
<

o
l'.J

AGING

\__/
T ] ;:::S

NANSN
T - «
AINTWASS
XN

A5
2

AR

e
DRYING ) L

h )
\,‘-’

.c";‘ Pk S
v
P4 .. "d. l'l.\ ~

< DOPING BY e
IMPREGNATION T

DEHYDRATION 2
DENSIFICATION 8585

( STABILIZATION ) R

Figure 1: The Different Steps of the Sol-Gel Processing N
and the Two Doping Options o
&




=Y

N

23 I

Ve

2k

Ure

I'g
hY

-,

..

. e At At e’ nte " aha® lhe® TR
Y o> AW W Attt ) PAATAE S8 4 ) A Al ¢ A o AN W W M W W LM WL

800 0.50
4 g MP Area i
°
_ Pore Voume L 0.40
z\E:» 600 - - 5
I}
3 1 30 =
o 0. g
g 400 - [ 5
< (¢}
© - 020 =
o 1 ©
© )
g I a
D 200 -
= 0.10
1 s
0 v-— Y v — T r — r 0.00
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 2: Pore Volume and Specific Surface Area vs. Processing
Temperature for Pure Silica Gels.

27
— 26 =
E
E 7
g 7
g 9
@ 24 -
8 |
(%)
a 234
£ ]
[50]
o 27
m -
[
o 214
>
< -

20 ¥ Sy T v 1 v T o T v

0 200 400 600 800 1000 1200

Temperature (°C)

Figure 3: Shrinkage During Processing - Sample Diameter vs.
Processing Temperature for Pure Silica Gels.

RGO NN O T O I I N T T et T e I N T TN o O o e N M AN AN ALY

ANy

D 0 U A Y g

>

e -
X
13

" r‘.r '.r..r\v 5

R

EXAANAL

Y T a7

v

(. R W Iagleg

rd

%%



=

g
o .
g .w,bwLuﬂllmln L e ettt ity re
‘ it stant 7. ——t ¥ T . 2 et ¢
L
(-. -
o NI ERS3R0ESRIT [RER=) =
LY
"
1'\
. & ———
>
N l
D & ) s
N
N
o ===
; ——— ;s- -
;E == e N R e s ks by ~HIN A N RRR RN H[:_—' ot
’E—';"id.. = Eg.x.‘.l -
l"‘ ‘
=
i = [Rhaeliaend BUp R Runel Enerdenpatnead N B EEE
_ 'Du T § o e T e d T S it 9 o T a1 b e Jﬁ’ﬂn:m:» =0
.‘___: e BeE=s ‘"’T‘rr*—"::::::
- HELER .—;t::_—...dz"r::"ﬂ'*-‘{ui[ [(H[[‘[Llr:.z!l.t._‘.lf_::lh._'_lli.HL.J [EHH L
.I' == [ b ot 10 b 2 — l-“J o (e et
oSS EuEs!
,! I T et e TR
N T RN e
= s R
’_: ] —
I payd s
2 I ‘ e T
o HEE I == RS
, ; ey e S S
.;:' ‘, T LS ng::—.;:::::‘
e e e e R
s |EE == '*.E’:'-_l e e Er L T ||
; _@ww L A R TLH| TR TEEIT PRI
———reyp TR g Beg 11 114 - .
T SEEE Il TN R R R A [ =
4 TLHE 1 THE R R R R R L s
M nLr-‘:-uei*'-'mv“’?m e el AlE==t
. VR e s R S S r R R T TR EEEr PO H A e e RS e

g o ;
Lo et

'

-

20 = §°

Q
N

Results of X-Ray Diffraction of White, Opaque
Neodymium Gel After Dehydration / Densification

Figure 4

| ~l .w " ~. ~"V~'~f~r \ff.'f\¢

Cu Radiation, 40KV, 20ma

500 cps 3%min

Sarpha i pty

R NS T
LAY DSl

Lphe e Ata Bt

LA A AA A ‘g\.\.

&f

.y

it

g

Y

L AN

AT

e,

"
o
e

PP

»
b

'y

2w

h Pl

‘:"‘l‘i

<
[N

"
5(..

S

»

cho

-

.:.. ¢

-{-l' .l‘ I,

"r’z'l'.' oW L KN

g

¢,

¥

Eads

'
L% PP T ‘-:r

eyt 5.



d
=1 .
L AR TR

- 2
el "~
= = - ")

800 o MP Area 050 N
. -~ Pore Volume | b
i 3
: —0.40 oy
. o 600 5 ")
2 £ t [ e} w

Y 8- 8 \'.

b 2 -0.30 o o

: pet E
» 2 400 i 3 L.
> -

& § I -020 o -

b= o o

-, 3 - a -:'
% D 200 b
K -0.10 =
]

5 | W)
":‘ o A 1 A 1 A L " A _o‘oo (

y 0 200 400 600 800 1000 1200 ~
~ e oy
A’. ‘ 5: i
x Temperature (°C) )
by Figure 5: Pore Volume and Specific Surface Area vs. Processing %‘;

,, Temperature for Nd Doped Silica Gels. 2

~
'
o

w
i 26 )
\‘-“ -l oO— ’:l
- :u"
a3 25 A
’ E : 3
's
b 3 24 - ’.:
Q PR
- ch T -
o) S .3
- S B P
a
s 3
B W I el
|« 7] 22
A o) W .
o
o i r:'
&5 $ 214 '~
3 .
g E"
:.J' 20 — T v T — T T v T - \-':
< 0 200 400 600 800 1000 1200 o
B, Temperature (°C) Y
' )
.
- Figure 6: Shrinkage During Processing - Sample Diameter vs. 7
be Processing Temperature for Nd Doped Silica Gels. Y
&
> .
U N
K
N3

------- [T )
P W WD LW W W WA M g g N g W AWV RI LI LI T 4 V- L] -f.'- 'J'.J"J"U"J'.I“f.f.--’-f‘ﬂ‘f ) ’-¢ N A -p“l-f ol
T fie it l‘n'.-- AT n i, 4 "" cJo.. A .n.. .'l » Y ! » w SNt N e S e N N e S e



P o R O IR I R O v - g g aen Bie 2t A A At Ata d% A%, o -

» - v
B R R - s TN WY eV (AN RN A S

2.4
2.2
- k_"\f-
8 #0 NN
o I
) N
> 7 A
g . s ol
D 1.6 oy
Q Ity
£ 4
@ 1.4 ),
- ',,JQ(‘
— '.,c: {
F LN % |
. ..
1.0 — r r . e T v r - ';:
200 400 600 800 1000 1200 A
r_'_(::-' .
Temperature (°C) T-n

o7

Figure 7: Bulk Density vs. Processing Temperature for Nd
Doped Silica Gels

&
.:’

ST
C
RSN

»
.

l" A
LA
By

"I
vy
BV

ves

i e
¢

’

"-

P S

'l,. l‘ .' " “ .

«“ ST,
LN

‘/'.{'{'I/

.'.I./I"f

’
2




W N -l-vu-l A--.-f.{J-., P » £, N A ﬂnf.tun!t LR N A Gy .-..- N LR . N
N&N\\.\.\. ....... \.4......‘ ‘e .&... P ..f.”ah.d_...... ...\\..v. x ‘w..\\\..... ) ...... ...... . \.. ...... N haNY . o . e, ......... P XA A
A B O R R R A AR o A

_ !
_ ___ ] T _
. R i e
i i
| I |
|
i '3
_f;_ _;:
(it 1l
1 1 |
a5 I _ _“ 5
ditfli & L , s
lithe: & I e <
@ | " @
| i it
it I8 I 8
.fbj m.lh.u _ i m
\ﬁ I “ é ﬂw P ﬁ c
1 : «
N | 5 it it 5.8
/ i - _ ol
. thetil _m o o=
.ﬂ | ! ! m .m
M S - £ e
: i ik + ila £ 48
I e 82
! Q Q

(I T 4 w ) ” o

R HIIE MR DI u P
; HHEL . c
"ﬁfw ittt i it 5o | * -,
e e I P~ | £
il il T - it Se
{11! i 30 _ 50
i | ” | Al
_ _ _“ i 1 i

: ! lilt
— _ X | : __ LX)
i | : : o file __ @
. 4 : v N w
[mHan = g Bl ___: &
N T Al el i o
T ]t o _; ;_ .n_ _?_ o
™ N il il ic

SN
W

.

N
e e

-y - ..
™ -i. K “,‘-‘.\.,

A IO |
L g Py

.' “. "\"‘-.\l*\*)..‘i.

N ICATNIAT

-_.n.,-’-)-}I

.
o “y

" atat "
-‘\J‘\.

Y

AN

e

n{-'.



. P i il ] -
oy [}
-

- » e . . .wh-nv-h-;- ..--(.-..-.ff.-.
. Ny =« Ay, . l-nv}. v)a-\n.--.-\- -'--'- oo, N -.>“.-. .*'\- -I-\.-- -o-n(..nlnnfn . r.- -.- \-.\.c\. \f-\-
- l N X .... \-.-1.-4 LAL LN .Yu-nu.- -\.V\ s .\ . ..\-n f-l- ‘f -f .-'.f“ o \ -.-\--.P-P- A AN AN
v ¥ QL AL TS LA AN Sich il LA RN
-~ [N yroat < ‘-\ ~20 _-u\u MY Y] ,-\.- N .u.\.a.. ) .\-. ® x-\f\-&l\ &.l.- Ly \-\.-\-.L..\I., SIS e S S -
: , . . y ) LS s
B, -s.—--n-\ --I\ @ |f\l--f\. & ..._-... .‘_. ”-db- "y f‘-\p- -nJ 'f-..r FNORN JLa ¥ XA
5 l. -. ‘ ' - € . a s &8
AR I R

.
)

|
B
[ =9
2 <
| )
< 3
8 E
. O E
v m m
2 g
: o
g =
o L ]
3 | m O
_. z m
|
: 3
« u e
. : :
i 2 i
, L& - £
“m - )
.., % L3
. £ 0N Q
-m lw c
. 2 2 3 0.
. ' w w
: i 30
.u m_“ — g .
A _1.“ L] “
: I S ;
2 (it P u
- _n“ 5 m
Y, ,_q:_ | rn.m S
. :_ 2
i (18
It




N YT ) I

r.f.”...fuf.”‘.-.ru.\ \\I\-ﬁ n / A.... \r..‘............n. ® \-#-”-.-\.A- ry X4 \-\ Pl ol g i’ .' .f oy ~ .r.f-f
r\ NN .\..».ﬂ.....‘....r.. b 2 e ] ...”... Yl N\ Y \ 2 ,...J.............., .\ fx.‘z NN
T.
4
YI
-t t
m
3 0] t + + 4 4 4 + + 4 1 4 . : : -t
- o Al v T L4 ng 2 4 4
i !}
;
-4
LY
‘& Il _
= M 4 =
b & O
b ¥ m E
£S5 3
: ‘ E
b0 f i °
t 3 m”.... MW
L D 2
oW o,
L=
B o
f m .M
- ne E
) 5 S
3 f vm )
-
- 5
, Hg B
| "y E
£
. Y
!
| TR
. o
) m.ﬁ o
[l vt u
2o k] i &
1 mm ! L
W u & m ]
j 1
iy i
—t
!
w 5b m —t gttt —t—4

(%) 14Bvep




LA P e\ o

n
. Q9
a 4
o 4
"y
g
£9
[
&)
W
-
W
c:‘
™
& - |
Pure Silica/ :
:‘.;- |[ .
- a
N
1400 1275 11S3  102%S 00 77S 650 525 4ao
R KAavEMUMEER
Figure 10a: FTIR Spectrum of Pure Silica and Neodymium Gels
. After Drying
b R n
h 9 -
PR
n
o <
n
n 4
&. R
s ‘
w
U Su
els =
}—
Q
')
-
W
W gy A
c .
e efore Procassing
n
. N o
After Processing
D]
n
1800 1275 1is0 102 9S00 ¥7S  6s0 S2s  sa;
_ . .. waverumeen -
Figure 10b: FTIR Spectrum of Neodymium Gels Before and
After Processing
0, 4o h A OHATAN S




" ™ o st g - o A Gl Sak Bel’
v R e e T e YW s aln? o A O S A W g W Wy Wy W Ta Wm ™« L Sulk B L) TR R

5*.3 .

| ]

[ 4
]

’

g

e

’

R

hs

Samples HUBT~4301-7 Lotns 132-No--87 Times 15 46543 ?
Sires B.15 OTA Filas DTA/ND. 31 OTA#4 ")
Rates 10/MIN Dperator: RK -:’
8 —t - ———e -
J 2,
( 1 o
a9+ -+ :...
|

. { o
0

ES
3
T

.

s

Tempaerature Difference (*75
2
‘.;ﬁ;ﬂ'l‘l'l'l- [ J

"y %

g

L

AL S

-24 4

NSNS
et e

A %
L

-4+ -

SRl 1

AT AL

-84 : <+

]
v
'

s} ige 2r0 320 4880 500 ' ecg o 7{"5 i ege gee 12c8 ligg
L J
Tnmpnruﬁurq o DuPomt 1059

LAy Ve, 1, ¢
g Ay r's /"'

Figure 11: Differential Thermal Analysis of a Neodymium Gel

oy

I.

3

I | W'
~ll..'.’f,

‘."'.‘. 4 "l .'-
L]

P

N,
5"1 5 %%

LS
’,
£

NS 1@,

® 255

b




h e PI 2L BN B ]

M IR eI - O W

[
-]

» W s a & v 8 @
X

»
44

°;_
10000 10100 10200 10300 10400 10800 10600 10700 10800 10900 11000
Uaveiengtnhcang)

Fluorescence Spectrum Fluorescence Lifetime
§$85 nm Pump S0 usec/Large Division
t¢ = 170 psec

Figure 12a: Fiuorescence Spectrum and Fluorescence Lifetime of
Nd:Phosphate Rod from Kigre, Inc., 9% Nd

-
-]

o
p -
z‘; R e 4 —
—
o — "8
203 oy
o = AT
- — A &
+ e Y
18 i L“‘
t 4 S
ra A
10 4— " W
p b el
I Y ol
I . St
94 gt
T— -
1 -3
-

i

10000 10100 10200 10300 10490 10800 10600 10700 10800 10900 11000

Wavelang th<ang)
Fluorescence Spectrum Fluorescence Lifetime
585 nm Pump 2 usec/Large Division

t =7 psec

Figure 12b: Fiuorescence Spectrum and Fluorescence Lifetime of
Nd:Silica Disc from Geltech, Inc., 5% Nd

-

AL

S S N S N N RS R e



RV Rah et t A . Y gt

20
. <
1
M 4
LYY
18 + A —
I AL 4
d AU
i K SN |
e 3 o
10 . T
izt )
: >
i e
o —- ,
vod Ql
Py
o—— et
g+

10000 10100 10200 10300 10400 10800 10400 10700 10800 10%00 11000

Haveiength(anyg)
Fluorescence Spectrum
585 nm Pump

Figure 12c: Fluorescence Spectrum and Fluorescence Lifetime of

¢+ AN

Fluorescence Lifetime
2 usec/Large Division
t=7usec

Nd:Silica Disc from GELTECH, Inc., 5% Nd with
Alternate Treatment

20
154 A
N
A v
ta) 1
1 o L —
104 i ha) PILTH l
h ;lﬁJ‘ “Y‘t i .
i
.
. 7 ‘ W
T . .
ol
Y
o

10000 10100 10200 10300 10400 10500 10609 10700 10800 19900 11000

........ e PR -
A AL LA NN CA ALY \\\'.*.' ARt g

Ravelangthtang?

Fluorescence Spectrum
5§85 nm Pump

Fluorescence Lifetime
2 pusec/Large Division
t¢=8 usec

Figure 12d: Fluorescence Spectrum and Fluorescence Lifetime of
Nd:Silica Disc from Geltech, Inc., 4% Nd / 1% Er

.(-\-r__.r AL Y x"\"; TR AR AT A T
A O ol . R il o a

R AR
&‘.'-- ) \\'\'l'-
L ' PR
LN N (AR EA
{"?"i:f.‘n'."'axz.’.

Sis
o {
':' -“.,

~N
A
~* v

;.é.

Ny
5

&
B
v\

%
¥
o) F 4

~ oy
}:?-,5"‘3&’
ol

'e?
[4
by

N\
<
4

AN
R

R
Y

R

NG R <

)

»
LI I «
l‘l,'l‘l.l

.\\.'\_w"-'\'n
»
B

s
s %
PR e |
2545%%

oL T,

S

'}'DJ' :

SNy

<

.
[N
hl

@ ¥

'.l /':"l:,.: QJ

Pl A a4

£ v
"-“l":ll‘,l‘,ll.;"

4

FAX

Yy r & 3
L]
e

g a, A s

/.f rr
s.{
Pd



GELTECH, Inc. - One Progress Blvd. #18, Alachua, Florida 32615 - USA Ph: (904) 462 2358 - FAX: (904) 462 2993 =

O A

._
v"

4

5

4
AGYTYHL S SN

R R UL N

L] e e e T 2

. -
]

MR AT Y e

Picture 1: Monoliths Prepared by the Sc'-Gel Process

[k S8 SR 4
.

BT B Pu LI R

-.. » 'f'-"[’l- 0

. v
e 0 e e

Picture 2: Neodymium Doped Rods After Drying, and after Stabilization p

SBIR-Final Report February 12, 1988




L

Picture 3: Neodymium Gels After Dehydration / Densification

Picture 4: Effect of Processing Temperature on Neodymium Gels
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