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Optiical Studies on Rare Earth Lasing Materials
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- J.N.V. University, Jodhpur-342 001.

ABSTRACT

Neodymium-doped borate and phosphate glass specimens have been prepared by
melt-quenching technique. Their absorption spectra have been recorded in the region 400 - 900 nm.
From observed absorption spectra, Judd Ofelt (JO), Qi, parameters (1 =2, 4 and 6) have been computed.
They have been used to calculate the laser parameters, viz., spontaneous emission probability (4),
fluorescence branching ratio (B) and stimulated emission cross-section (5). They exhibit the suitability
of the present glass spetimen for laser action. The effects of composition and concentration of the
dopant on thes¢ parameters have been discussed. A comparative study of stimulated emission
cross-section'of different types of doped glasses has also been made.

1. INTRODUCTION,

Nd:YAG laser were developed for high peak
powerl and high repetition frequencies®. Though
many other lasers are fow ayailable3'4, Nd:YAG
lasers continue to have many applications. Since
Nd: YAG is very cxpcﬁsive, search was made for a
substitute for it. It is well-known that the
spectroscopic properties of rare ‘earth ions are
strongly affected by glass compositionss. This
makes it possible to tailor the host glass
compositions with specftroscopic features of rare
earth ions suitable for efficient laser performance.
Moreover, trivalent rare earth ions present a unique
opportunitL' for a priori calculations to be made
from absqrption and flugrescence spectra of small
samples. Such predictions are vgry important for
preparing materials based on ttansparent media
doped with rare earth ions. Thq performance of
glass lasers can be predicted |with reasonable
accuracyl based 'on such calculations of laser
puramclqrs6. This avoids the preparation of large
samples ‘at the initial stage. Only small samples of
Na** doped glass‘speoimens need to be studied.

In the present paper, the preparation, spectral
properties and comparative study of predicted laser
performance in borate, phosphate and other glasses
doped with Nd** ions have been discussed.

2. ‘ EXPERIMENTAL DETAILS

Borate and phosphate glass specimens were
prepared by melt-quenching tc.achniquga,7 using the
silicon-carbide furnace capable of attaining a
temperature bf 1450 °C, which was fabricated in
the laboratory. In this furnace, the temperature is
maintained by a digital electronic_controller and
read with the help of Pt-Rh thermocouple with a
control accuracy of #+4 °C. It is lined inside with
high quality alumina cement and has a hearth area
of 300 cm”. Weighed quantities of constituents
were ground in an automatic mortar for 4 hr to
attain homogeneity. The temperature of alumina
crucible containing a small amount of the batch
material was slowly raised to 3Q0 °C and then it
was.maintained at this temperature till whole of the
batch material had been charged into the crucible.
Charging of the whole batch at a time was restricted
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Table 1. Compositions (wt %) of varlous undoped and Nd* ton doped borate and phosphate gluss specimens
|

Specimen  Former ' Intermediate Dopant :podopant
code Primary Secondary )

BUOI 8203‘(75.00) Ca0(05.00)

BDO02 B,03(73.78) Ca0(04.92) NdzOs(l.G?)

BDO3 B203(73.66) Ca0(04.92) Nd203(1.62) Ce02(0.16)
BUO4 B203(48.27) Al03(30.23),

BDO5 B203(47.50) ! A03(29.73) Nd03(1.62)

BU06 B203(56.00) Al03(15.00)

BDO7 B203(55.20) Al203(14.78) Nd203(1.45)

BDO08 B203(54.40) Al 03(14.58) Nd>03(2.85)

BDO09 B,03(55.11) Ah03(14.76) Nd»03(1,45) Ce02(0.14).
BU10 B203(56.00) Mg0(10.00) A203(05.00)

BD11 B203(55.11) Mg0(09.84) A1203(04.92) Nd203(1.45) Ce02(0.14)
BU12 B203(56.00) C40(10.00) ' A 03(05.00)

BD13 B203(54.42) Ca0(09.71) Al203(04.85) Nd»03(2.85)

BD14 B203(55.11) Ca0(09.84) Al 03(04.92) Nd503(1.45) Ce02(0.14)
BU1S B205(56.00) Ba0(10.00) A203(05.00) | !

BDI16 B203(55.11) Ba0(09.84) A1203(04'.92) Ndz03(1.45) Ce02(0.14)
PU17 P205(56.00) Al203(15.00)

PD18 P205(55.20) A1203(14.78)‘ Nd203(1.45)

PD19 P205(55.11) Alh03(14.76) Nc}zOg(l .45) Ce03(0.14)
PU20 P205(56.00) Mg0(10.00) Al203(05.00)

PD21 P205(55.20) Mg0(09.85) AlL03(04.92) Nd203'(1.45)

PU22 P205(56.00) Ca0(10.00) Al03(05.00)

PD23 P205(55.20) Ca0(09.85) Ah03(04.92) Nd203(l.45")

PD24 P205(54.90) Ca0(09.80) Al203(04.90) Nd»03(2.00)

PD25 P205(54.82) Ca0(09.78) Alz‘03(04.88) Nd203(2.14)

PD26 P205(54.73) Ca0(09.78) Ah03(04.88) Ndz‘O;?.l4) BiCl3(0.14)
PD27 P205(54.58) Ca0(09.95) A203(04.86) Nd203(2.14) BiCl3(0.42)
PU28 P205(56.00) Ba0(10.00) 1 A203(05.00)

PD29 P205(55.20) Ba0(09.85) | Ah03(04.92) Nd203(1.45)

PD30 P205(54.42) Ba0(09.71) Al 03(04.85) Nd203(2.85)

PD31 P205(55.11) Ca0(09.84) AL 03(04.92) M‘dzO;(l 45) Ce02(0.14)
BU : Undoped borate( glass specimen '

BD : Doped borate glass specimen

PU : Undoped phosphate glass specimen :

PD : Doped phosphate glass specimen ;

batch material had attained a tgmperature of

due to evolution of CO, and water vapours
300 °C, the! crucible was further, heated to a

resulting in excessive frothing. After the whole
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Figure 1. X-ray dil'fraclqgram of undoped and neods'mium
doped borate and phosphate glass specimens. !

working temperatute of 900 °C for phosphate
glasses and 1000 °C' for borate glasses. The
working température was maintained for 5 hr to
ensure the mqlt'l to be free from gases. Before
pouring, the mglt was stirred several times to
ensure homogeneity. The melt was quickly poured
into the graphi‘te mould fitted on a heavy copper
block. The specimen was then:removed from the
mould and kept for anndaling in Therelak furnace
at 10 - 20 °C above sdftening temperature so as to
remove stresses and give thermal stability and
strength to the specimen. The glass samples were
polished using cerium oxide powder. They were
again annealed for '2 hr to remove mechanical
stresses, which might‘ have developed during

lapping and polishing-.| The final compositions of .

the borate and phosphate glass specimens are given
in Table 1. Glass specimens contain no crystalline
phases as revealed by X-ray diffraclograms. A
representative diffractogram is given in Fig. 1.

The absorption spectra were recorded using
"Hitachi’, fluorescence spectrophotometer
model-3000 in both scan modes in the wavelength
range 400-1(])0 ni. Absorption spectra in the region
800-900 nm were measured on Carl Zeiss Jena
spectrophqtometer, model,'VSU-2P’. The densities
of glass specimens were measured by displacement
method using A.R. grade benzede and sensitive
single pan balance reading correct fip to 107 g. The
refractive indices of the glass fpecimens were
determined using Abbe refractometer.

Table 2. Physical properties of various undoped and Nd>* ion
doped borate and phosphate glass specimens

Specimen ‘Thickness Density  Mean refractive
code (cm) (g/cm3) index
BULu: U.355 2.380 1.579
BD02 0.420 2.575 1.585
BDO3 0.415 2.591 1.583
BU04 0.273 2‘308 1.559
BDO05 0.325 2.330 1.562
BUO6 0.382 2.408 1.569
BDO07 0.31¢ 2435 1.57
BDO08 0.399 2.454 1.575
BD09 0.336 2.44] 1.575
BU10 0.371 2470 1.576
BDI1 0.351 2.486 1.578
BUI12 0.382l 2519 1.577
BD13 0.380 2.545 1.581
BDI14 0.334 2.539 1.580
BUI1S 0.345 2.624 1.581
BD16 0.408 2.639 1.583
PU17 0.404 2.681 1.513
PD18 0.395 2.696 1.515
PD19 0.402 2.699 1.514
PU20 ° 0.406 2.702 1.517
PD21 0.370 2.720 1.518
PU22 0.341 2.752 1.521
PD23 0.351 2.781 1.525
PD24 0.375 2.796 1.526
PD2‘5 0.275 2.809 1.528°
PD26 0.325 2.812 1.531
PD27 0.374 2.814 1.533 -
PU28 0.355 2911 1.538
PD29 0.333 2.927 1.539
PD30 0.301 2.949 1.141
PD31 0.330 2.934 1.140

3. RESULTS & DISCUSSION

The physical properties of glass specimens are
given in Table 2. Representative absorption spectra
of Na** ion in borate and phosphate glasses are
shown in Fig. 2. Nine bands have been observed in
the region 400-900 nm. It is important to note that
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Figure 2. Absorption spectra of bo:iate and phosphate glass
specimens,

the second derivative spectrum (Fig. 3) reveals that
the bands appearing at 746, 583 and 462 nm are
composite in nature. Consequently, their intensities
have been considéred to be due to the transitions
from ground state "‘19/2 to (*F 7,2 and 4S9,2), 419,2 to
(4G'5/2 and 2G7/2),and 419/2 to (2D,2P)3/2
respectively. The mean peak values of the
absorption bands and line strengths for the
observed bands have been computed from their
integrated intensity and their values are collected
in Tables 3 and 4. The observed energies and line
strengths of bands can be used for calculation of
interaction and Judd-Ofelt parameters,
respectively.
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Figure 3. Second derivative spectrum of glass specimen

3.1 Energy Interaction Parameters

The energy E; can be expressed in terms of
interaction parametérs - ('Slater'-Condon) F)’s and
(Lande) E4¢ by Taylor series gxpansion for a small
variation of energies A‘Ej In the first order
approximation, the enFrgy E; of the j"' level is

given by8'9 | l

 3E
E; (Fio 49 =Eoj (Fo Eap 4 Y, a—F‘LAFk
’ k=246 ¢
oE; AE
+ o a
ag“f 4f )

where

E,jis the zero order energy of'j'h level and AF,
and Afyy are the small challlg s in the corresponding
parameters. The values of zero order energy (Eg;)
and partial derivatives 0Ey/0F and JE;/d€s for the
observed levels of Nd>* ions calculated by Wong8
have been used. - P

{
The F; and &4¢ pasameters are\ then evaluated
using equations :

Fy = Fy + AF @
\
Ear = Edp+ ALyp @
wheré _ |

Fq and &} are the' iero order values® of the
parameters Fy and &5, respectively. The computed

values of F, and & pbrameters have been
Sompu‘lied using stro4ng pea‘lc's due4to tranzsitions to
Fans *Fsia *Fan, *Gspa, *Gan, *Gopal “Gopp and
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Table 3. Experimental and calculated line strengths ‘S*

BDO2 ~ BDO3

of N&** ion in borate glass specithens

BDOS BDO7 BDO08

Bands Wave-  S(pm?) Wave-  S(pm?* Wave-  S(pm? Wave- S(pm?2) Wave-  S(pm?)

lengt length length length length

(nm) E)spt. Cal. ; (nm) iExpt. Cal. (nm) Expt. Cal. (nm) Expt. Cal. (nm) Expt. Cal.
Fan 875.0 1216 1.047 8750 1218 1.017 875.0 1238 noax 875.0 1.229 1.081 8750 1226 1.355
Hon,*Fs) 803.0 3.728 3.222 803.0 3.733 3.291 803.0 3.794 803.( 3.768 3.342 803. 3.757 3.595
483/2,4F7/2 1 743.4 3.338 3.114 l148.6 3.697 3.269 735.0 3.173 7400 3.315 3.268 740. 3.330 3.276
*Fon 681.2 1.064 0.225 680.6 1.058 0.232 6822 1.300 684.0 0.572 0.233 682.¢ 0.404 0.241
*Hun l625.4 0.305 0.056 1628.0 0.090 0.058 625.0 10.230 631.< 0.361 0.059 6284 0.092 0.061
2Gn, Gspy 582.2 9.811 9.288 [582.4 8.579 8.151 582.4 11.855 584.0 7.648 7.431 584.C 7.457 7.358
21(13,2,“07,1 524.8 1.7961 1.386 525.0 2.193 1.300 525.2 2.517 526.§ 0.987 1.287 526.6 1.882 1.422
‘Gon 511.6 1.006 0.427 5112 1.253 0.420 512.0 '1.690 512.8 1.022 0433 5126 1.041 0.207
*Kisn, Gon 4736 0.53Q 0.203° 473.8 0.565 0.205 475.2 1.046 475.8 0.291 0209 474.0 0.287 0.231
‘Gun(D’Pyn 4582 0.136 0120 4556 0.333 0.118 461.4 0.731 461.2 0.184 0.125 4612 0.167° 0.153
P12, Dss 428.6 0.603 0.138 428.6 0.564 0.132 4302 0438 4304 0358 0.142 4304 0.119 0.186
Goodness of fit 0.275 0.390 ! 0.854 0.119 0.124

- BD11 UL ‘

*rin 875.0 \1.226 1.124 8750 1.223 1.203 8750 1.3, 105U 8O0 1.086  875.0 1.059
Hon*Fsn 803.0 3,757 3.505 803.0 3.748 3.486 803.0 3.739 3613 803.0 3.502  803.0 3.593
*San,*Fin 741.0 3.4b6 3.452 742.8 3.552 3320 741.6 3243 3319 7562 3.502  745.0 3.659
*Fona 683.0 0.705 0.245 682.2 0.269 0.239 6842 0.288 0244 6814 0.247 687.2 0.257
4Hmz §2§.4 0.237 0.062 627.2 0.033 0.060 625.6 0.095 0.062 631.4 0.062 628.0 0.065
%Gin,*Gsn 583.8 7.100 7.011 584.2 7.462 7.239 584.6 8.435 8.428 584.6 6.658 584.8 7.164
Kisn Gz 5262 1.023 1297 5266 1.828 1340 5274 1432 1.480 5268 1260 527.8 1.291
Gop :';12.2 0.468 0.469 513.4 0.672 0463 513.2 0.713 0.500 513.0 0.439  514.0 0.442
Kisn, 2Gora ~ 474.4 0.189 0.219¢ 474.4 0.254 0220 4762 0.183 0.231 4736 0217 4744 0.222
‘GunD*Pan 457.4 0.054 0.130 4582 0.434 0.137 463.2 0.055 0.151 457.6 0.126  457.6 0.124
Pin.’Dspy 4302 0.367 0.147 430.2 1.052 0.161 431.8 0.248 0.181 4304 0.140 4284 0.135
Goodness of fit 0.053 | 0.167 nn12 ’ w2y _._:]_[]UI
ZD5/2 levels-for one specimen each of borate and parameter!! (b”z) can be calculated from F,

phosphate glasses and are presented in Table. 5.
These parameters chn also be evaluated
empirically10 using the expressions

Fy = 12.4 (2-34) @

L= 142Z - 7648 )

where !

Z is the atomic number of the rare earth ion.
The empirical values of F, and &4 are 322.4 and
858 cm™!, espectively. These values are in cflose
agreementlwith the respective experimental values
(Table 5). Nephelauxetic ratio'' (B) and bonding

values. Their values are given in Table 5. They
reveal covalent nature of the glass specimens under
study.

' Racah parameters (Ek) have been deduced
from F, parameters'“ (Table 5). The ratios of
Racah parameters E!/E3 and EY/E3 are about 10 and
0.05 respectively, which are almost equal to the
hydrogenic ratio'®. This implies that Na>* ions at
different doping concentrations are subjected to
similar force fields.

3.2 Judd-Ofelt Intensity Parameters
The observed intensities of the absorption
bands of rare earth ions were explained by Judd!?
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f ' )
Table 4. Experimental and calculated line strengths ‘S’ olNd3+ fon in phosphate glass specimens

T‘ —

PDIS PDIY PD21 PD23 PD24

Bands Wave- S(pm©) Wave- S(pm®) Wave- S(pm°®) Wave- S(pmz) Wave- S(pmz)
length length length length length
(nm) Expt. Cal. (nm) Expt. Cal. (nm) Expt. Cal. (nm) Expt, C'al. (nm) Expt. Cal

*Fiz 875.0 1.481 1.551 8750 1.483 1.624 875.0 1.487 1.491 875.0 1470 1459 875.0 1.469 1.461
2Hon,*Fsn2 803.0 4.318 3.977 803.0 4.325 4.079 803.0 4.337 3.943 803.0 4.286 4.062 803.0 4.283 4.005
4S32.°Fin 739.2 3.359 3.420 739.6 3.503 3.612 741.8 3.720 3.547 .738.6 3.807 3.803 738.6 3.861 3.730
Fon 683.4 0.500 0.264 683.4 0.461 0.272 681.6 0.407 0.215 684.0 0.462 0.276 682.0 0.596 0.271
‘Hun 628.8 0.118 0.065 630.0 0.089 0.053 626.4 '0.299 0.067 6282 0.098 0.070 629.0 0.080 0.069
2Gin,*Gsn2 584.0 10.752 10.612 583.8 7.960 7.917 582.6 11.173 10.915 582.8 7.934 '7.832 583.2 7.827 7.628
K3, G 526.8 1.754 1.738 526.4 1.596 1.620 525.8 2.206 1.738 525.6 1.479 1.547 525.8 1.983 1.529
*Gon 513.8 0.839 0.568 513.4 0.877 0.582 512.6°'1.299 0.560 512.8 0.925 0.‘549 512.8 1.046 0.545
2Kisn, 2Gon 476.0 0.703 0.254 476.6 0.299 0.264 475.6 0.533 0.254 474.0 0,442 0.258 476.8 0.546 0.255
“Gun.CD?P)yn 4614 0279 0.174 462.2 0204 0.183 462.6 0385 0.168 459.2 0.128 0.166 4624 0.334 0.166
2P12,2Dsn2 431.4 0.227 0.217 430.6 0.158 0.227 430.6 0.387 0.206 431.0 0}277 0.198 430.6 0.244 0.199
Goodness of fit 0.061 0.028 0.158 _' 0.035 0.101

PD25 PD26 PD27 PD29 PD30
3F3/2 875.0 1.461 1268 875.0 1.463 1.435 875.0 1.467 1.641 875.0 1.454 1.359 875.0 1.452 1.231
2Hon,*Fsn 803.0 4260 3.869 803.0 4.266 3.885 803.0 4.276 4.032 803.0 4.240 4.036 '803.0 4.234 3.853
483/2,4F7/2 747.0 3911 3.588 741.6 3.680 3.579 7430 3.332 3.536 743.4 4.102 3.899 1741.2 4.104 3.797
“For 682.0 0.687 0.269 682.2 0.462 0.215 683.4 0236 0264 684.4 0.466 0.279 '682.4 0.763 0.270
*Hun 625.8 0.154 0.068 628.8 0.117 0.066 629.0 0.135 0.067 623.4 0.387 0.07Q '625.2 0.466 0.068
2Gin.*Gsn 582.8 7.735 7.497 582.6 8.089 7.871 582.6 6.891 6.902 582.8 7.710 7.517 582.6 8.325 8.002
2K13/2,4G7/2 525.4 1.438 1.428 5252 1.704 l’.520 525.4 1.244 1559 525.6 1.980 1.485 !525.4 2.103 1.442
‘Gon 512.6 0.522 0.499 512.6 1.023 0.534 512.6 0.830 0.578 512.2 0.354'1 3.526 512.2 0.587 0.493
Kisr2, 2Gon 4722 0.485 0242 477.0 0.538 0.248 476.6 0.325 0.262 470.2 0.209 0.254 -471.0 0.606 0.240
4Gy (CDP)y 458.6 0483 0.146 4616 0.549 0.163 4612 Q.I183 0.184 4544 0.200 0.156 459.0 0.157 0.142
2P1/2,2Ds/2 429.6 0.621 0.167 430.8 0.313 0.196 430.8 Q091 0.230 427.6 0.896 0.181 429.0 0.765 0.181
Goodness of fit 0.114 ! 0.098 0.040 0.136 0214
— PD31 - forbidden. The asymmétries produced by vibronic
3 875.0 1.455 1456 . . . .
0 g \ coupling of the -central metal' ion with its
Hon, Fsn2 803.0 4.244 4275 ) ) . i
4$32.%F1n2 7390 4.072 4.129 surrounding ions can induce elictnc-dlpole
*Fon 683.6 0.144 0.295 transitions. {These induced electric-dipole
*Hun 624.6 0.112 0.075 transitions can also occur due to the interaction of
2Gin.*Gsn 582.4 6.374 6.427 tHe central ion with the surroun’ding ions mixing
K132, "G 525.4 1.147 1.484 into' the 14" configuration Istates from
:G9/2 , 512.4 0577 0555 configurations of opposite parity and thus relaxing
4K’5’2' 202’2 471.0 0.031 0268 the parity restriction. On this basis Judd and Ofelt
Gu2,("D*P)arz 457.0 0.078 0.167 \ ' T )
2112, 2Ds12 430.6 0.388 0.194 expressed the elecmc-dlpolf line str.ength.as a Sl.lm
Goodness of fit | 0.030 of products of phenompnologxcal intensity

f
and Ofelt!* by treating them as induced
electric-dipole transitions, pure ones being parity

230

parameters €, and matrix elcmentq of tensor
operator U connecting states of , 4/". The
Judd-Ofelt approach is 4pplicable to transition



{

TANDON, er al : OPTICAL STUDIES ON RARE EARTH LASING MATERIALS

i
{ .
Table 5. Slater Cond on, l@ndc', bonding and Racah parameters

of Nd°* ion deed borate and phosphate glass
| specimens

Parametgrs Borate glass Phosphate glass

F 325.435 330.874

1‘34 45472 42.514

6 . 4.922 5.185

landé

Ea 962.466 10#2.960

Bonding

B 0.983 0.999

b'? 0.093 0.021

Racah

E; | 4793.222 4818.217

E! : 24.830 26.625
484.031 479.186

between Stark lev'pls. For transition between J
manifolds, the line strength has the simple form

SU )= Y 0 <4f aSLI HHUD N 4f s'LT 52
=246 ' (6)
where

| 4f" oSLJ > are the basis states in the LS
coupling scheme and o represents an extra quantum
number that might bel necessary to describe the
states completely. The Q, parameters for a given
ion-host combination are Idt:ri}ved("ls'm from a least
square fit of calculated'and observed line strengths.
The validity of thq Judd-Ofelt treatment has been
tested for most of the trivalent rare earths in
crystals”'w, liquidszo'zf’t, powders27 and
glasses3'5'28'37 " :

According to Judd-OfeltB’M, the oscillator
strength of an electri¢c-dipole transition between
initial | 4f" o SLJ > levels and terminal
| 4f" a’S’L’J’ > levels of the rare earth ion is given
by38 ‘ ‘

4

.( ) )2.
9

fir= 81:211: c/3h(2J+1)nA S(J,J) )

4
Table 6. Judd-Ofelt parameters of Nd3+ fon doped borate and
phosphate glass specimens

Specimen ~ Judd-Ofelt (Q) Barameters [pm21
code Q, Qa‘ Q¢
BD02 7.278
BDO03 6.028
BDO05 9.142
BDO07 5.116
BDO08 4.309
BD09 4.591
BD11 4.599
BDI13 5.478
BlDM 4,338
BDI16 4.949
PD18 7.139
PD19 4.199
PD2I 7.627
PD23 4.578
PD24 4.354
PD25 4.741
PD26 4.655
PD27 3.102
PD29 4.534
PD30 5.358
PD31° 3.177
where

S(J, J’) (line strength) is given by Eqn (6). For
Nd3+, J=9/2 and the factor (n2+2)2/ 9 is the local
field correction using the tight binding
approximation. "

From the experimentally observed spectra of

the Nd>* ion, the oscillator strength foxpr s
calculated by the relation

{
-9
forps = 4.318 x 10
expt J'band

e(A) d\ @®

where

A is the mean wavelength of the transition and
e(\) is the molar extinction coefficient.

 Substituting the oscillator strength from
Eqn (8) in Eqn (7) and applying the least-square fit
methodlé, using doubly reduced unit tensor
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operator calculated in the intermediate coupling
scheme, Q, parameters can be computed. These €,
parameters contain the effect of the odd-symmetry
crystal field terms, radial integrals and energy
denominators. Since the values for the unit tensor
elements exhibit neglrgrble change with host
constituents, their values reported by Carnall!*16
have been used.

The Q; parameters were computed23 for each
specimen by using least-square fit method taking
into consideration all the absorption peaks
observed. The values obtained are given in Table 6.
Using these Q, values, the line strengths (S.) have
been calculated (Tables 3 and 4). The low values of
goodness of fit between the so calculated S, and
measured S, values show the applicability of
Judd-Ofelt theory.

The Q, parameter involves the long range
terms in the crystal field potential and is most
sensitive>® to the local structural changes. For
Nd**ion, the intensity of the *Io;, —> G5y, *Gp
transition is the principal determiner of €. This
transition satisfies the rule IAJI €2 and is known as
hypersensitive transition. In ge'ncrnl, the Q4 and the
Qg parameters for phosphate glasses are more than
those for borate glasses.

In borate glasses (Table 6), when the primary
modifier is changed from Li,O to Na,0, the val'ues
of parameters 4 and Qg increase, but when the
secondary modifier is changed through MgO, CaO
and BaO, it is observed that the value of Q4
parameter decreases while that of Qg parameter
increases. These changes in value of the parameters
have a mixed effect on the laser parameters. When
sensitizer CeO, is used as a codopant, it is observed
that the change in Qg parameter is more pronounced
as compared to the change in Q4 parameter.

In phosphate'glasses (Table 6), Na,0 has been
used as the primary modifier for all specimens,
while the secondary modifier is varied through
MgO, CaO and BaO. The value of Q4 is found to
increase, while that of Q¢ decreases continuously.
Sensitizers CeOj and BiCl3 have been used as
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codopants. It has been observed that higher
concentration of BiCl3 produces the same effect as
low concentration of CeQ,, suggesting the latter to
be more efficient. CeO, produc':es an effect on Q4
and Qg and similar to that in borate glasses.

3.3 Laser Parameters '

N d3+ 40,41

ion is kngwn to exhibit transitions
*Fap—> “lgp 921 nm), *F3p - ‘Ip
(1052-1057 nn}) in phosbhate glasses and
1054-1062 nm in borate glasses) F3/2 —> 113/2
(1320 1370 nm) and IF3/2 —> 115/2 (1800 nm).
For F3/2 - ‘ll“/z transmon the effectlve line
width of the peak ﬂuoresqerlce ranges % from 22 to
35 nm for phosphate glasses and from 34 to 38 nm
for borate glasses. These spectral data and
Judd-Ofelt parameters, given in Table 6, have been
used for calculating various laser narameters.

3.3.1 Spontaneous Emission Pr"obability
The spontaneous emission probability (A)
from an initial manifol I'(S', LhJ > to final
manifolds V@S, 0D)T > is given'by ‘
1
AL B D) =4 e Lw’+2)
3h(2)' + > 9
|

U

S
(€))

1 1

where .
SV, 7) = 92 | U(2)I2| + QL U 4 g 1 UOP
For Nd3+ lon J’—3/2 and the doubly reduced

unit tensor operators reported by Krupke have

bedn lrsed »

. The A vadlues for different transitions for the
same specimen depeni upon the emission
wavelength reduced matrix elements for the
particular transition and the tvalues of Q4 and 96
It is interesting to note that A has maximum value
(Table 7) for the transition 4F3/2——>‘ 41“,2 ,
making this as the most probable laser transmon
Smce the values of A for! F3/2 —> 113/2 and

F3/2 —> 115/2 transitions. are very small, it is not
possible to observe them as laser transm,ons The
value of A for F3,2 —> 19/2 transition| suggests
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that under suitable circumstances it can also appear
as lasqr transition. The total value of spontaneous
emission probab:hty, Ar, for the F3,2 state has
been obtained by surpmmg up A values for different
transitions. This is ysed for calculating branching
ratio for different transitions.

3.3.2 )"luorescenqe Branching Ratio

The fluorescehce branching ratio (B) for
transition from an initial manifold I(S’f LYJ > to
final manifolds I (S, L) 7 > is given by

avet ma mmm ANV BTN
D WY (CfF s -
5L |
where tﬂe sum is ovel all possible terminal

manifolds. In the case 9f N3t ion, the terminal
manifolds are 19/2, 1”/? 113,2 and 1]5/2

(10)

The B values depend upon Q4 and Qg, which,
in their turn, depend upon glass composition. The
value of B in the case of both borate and phosphate

glasses is maximum. for F3/2 —> 1”/2 transition
(Table 7). This shov}s tlhe suitability of both borate
and phosphate 'glasses to obtain laser action in near
infrared region due to F3,2 -—> 1“/2 transition.

3 Radiativg Life Time
The radiat:ive lifetime (1g) is given by

1

TR

' SAUS, LG DT
|

S.LJ

-1
=A Total (l l)

where the sum 1s over all pqssnblc terminal
manifolds ( 19/2, ll‘l/2 , 113/2 and 115/2)

The radiative llfetlme for a particular
transition (t) and -radiative lifetime for the
corresponding state (1:,;) are reciprocal of A and A,
respectively. The t; value for state 4F3/2)and T
values for transitions ‘F3;, —> gy, *F3 —>
*l12 *Fap —> *1y32 and *F3, —> *Iy5)5 for both
borate and phosphate glasses have been given in
Table 7. Minimum 1 values have been obtained for

4F3/2 —> 41”72 transition, suggesting it to be the
most suitable laser transition.

3.3.4  Stimulated Emission Cross-Section

The stimulated emission cross-section (o) for
transition from an initial manifold 1(S’, L") J’ > to
final manifolds | (S, L) 7 > is expressed as

4
;"P ’ 23 T\ T f{
o=—""5 AUS, LY ;S D)) 12)
8ren”AN, ¢
where

Ap is the peak fluorescence wavelength of the
emission band and Mef is the effective
flhorescence line width.

The rate of energy extraction from a laser
material is dependent on the istimulated emission
cross-section. Three methods have been used for its
calculation based on (i) integrated absorption data
and the Landenburg-Fuchtbaur equation using
partial decomposition of the emission spectra into
transition between individual Stark levels, (ii)
Integrated absorption data and the Landenburg-
Fuchtbaur equation using no decomposition and an
average over all Stark levels from the initial and
final J manifolds,’ and (iii) Judd-Ofelt intensity
parameters.

The first two methods were used by Lempicki,

et al.42, while the third one was widely used by

Weber, er al.’, Tandon, er a1.30'3_2'35 and

Olhers28’36'37'44’45.

The first method yields-a higher value of o,
while the other two methods yield nearly equal
values. Since an average over the Stark levels is
more in the spirit of Judd-Ofelt approach, the
radiative lifetime predicted by the last method is
comparable with the experimental lifetime
observed in the glass specimens with low
concentration of Nd>* ion having negligible
quenchmg of fluorescence radiations.

The' formet BO;3 in borate glasses is
known*®*" 10 have a triangular structure, while
PO4 in phosphate glasses has a tetrahedral
structure. This difference in structure is expected to
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Table 7 : Laser parameters of Nd3+ ion doped borate and phosphate glass specimens for “F:yz

1
t

> 4111/2 laser transition

1

Specimen Spontaneous Fluorescence Radiative Radiative Stimulated
code emission branching lifetime quantum emission
probability ratio T efficiency cross-section
Als"] (B) [ps) "tk [s) op [pm’)

BD02 1132-1158 0.486-0.509 863-883 429-440 1.942-2.288
BD03 1163-1190 0.495-0.520 840-859 426-437 2.000-2.358
BDOS 955- 977 0.475-0.498 1023-1047 497-509 1.687-1.988
BD07 1151-1178 0.488-0.512 849-869 424-434 2.010-2.369
BDO8 1233-1262 0.462-0.483 792-811 ' 374-383 2.152-2.526
BD09 1222-1249 0.490-0.514 800-818 401-411 2.123-2.500
BD11 1213-1241 0.477-0.500 806-824 394-403 2.099-2.474
BD13 1254-1282 0.466-0.487 780-797 371-380 2.162-2.546
BD14 1238-1266 0.496-0.520 789-807 400-411 2.137-2.518
BD16 1282-1311 0.504-0.529 762-780 393-404 2.205-2.597
PD18 1185-1201 0.456-0.471 832-844 385-392 2.3"97-3.938
PD19 1243-1261 0.457-0.464 793-804 368-374 2.520-4.146
PD21 1187-1204 0.465-0.480 830-842 392-399 $.421-3.981
PD23 1283-1302 0.476-0.492 768-779 371-378 2.361-4.214
PD24 1266-1285 0.473-0.489 778-790 374-381 2.524-4.153
PD25 1253-1271 0.492-0.509 787-798 392-401 2.475-4.071
PD26 1238-1256 0.471-0.487 796-807 380-387 2.453-4.035
PD27 1268-1286 0.454-0.468 777-788 358-364 2.522-4.147
PD29 1322-1340 0.488-0.506 746-756 369-377 2.592-4.260
PD30 1270-1288 0.496-0.514 776-787 ' 391-399 2.484-4.084
PD31 '1401-1421 0.486-0.503 704-714 ' 347-354 2.749-4.522

Radiative lifetime for state F 31

influence ¢ value. In general, the ¢ value for
phosphate glasses'has been found to be greaterthan
that for borate glasses ( Table 7).

The role of the modifier is very important for
tailoring the stimulated emission cross-section.
When two modifiers are used, one having higher
percentage is known as the primary modifier and
the other one as the secondary modifier. Usually,
for the same valency of the modifier, ¢ increases
with increase in the size of the cation. A systematic
study40 using alkali oxides as the primary modifier
with P05 as glass former shows that the value of
o changes from'3.8 to 4.3 pm in changing from
lithium oxide to Sodium oxide and it varies between
4.3 and 4.7 pm2 for other alkali oxides. This shows
that sodium oxide is a good primary modifier and
has been used widely. The use of alkaline ‘earth
oxides instead' of alkali oxides as primary
modifier*? gives a still poorer value of ¢ ( 2.0 to
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3.5 pm2). Consequently‘; lithium oxide was used for
three specimens only, while sodium oxide was
chosen as the primary' modifier for thee rest of the
specimens. Increase in percentage of the primary
modnfler beyond a certain value does not further
mcre?se the o value. Addition of the secondary
modifier further increases the o value. In the
present work, MgO, CdO and BaO h'ave been used
as secondary modifiers. The o values increase with
the increase of the size of thg cation of the modifier,
viz., MgO < CaO < BaO. '

Intermediates like Li20'3 and Al0} have been
used to improve the quality of glags and to
minimize the quenching effect of dopants. Al,03
has been shown®? to be bétter than Li03. Hence,
Al;03 has been used as an'intermediate. Excess of
intermediate lower the o value. Decrease in
percentage of intermediate Al,05 from 29.73 to
14.78 shows an gincrease of 19 per cent in the value

!
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i
of o. This suggests that use of excessive amount of

the intermediate lowers the o vajues. Consequently,
the percentage of the intermediate has been kept
five pgr cent in all the specimens containing
secondary modlflers I

It is well cstablnLhcd 8 that high percentage of
dopant results in qdenching of the fluorescence
radiatioT. It is found that percentage of dopant
beyond '1.5 does not increase the o value in the
presence of the secdndary modifier. Taking this fact
into consideration, finally the percentag; of Nd,03
was kept at 1.45 per} cent for both borate and
phosphate glass specimens. Codopams like Cr, Mn,
Ce and Bi have becn used®® to enhance the
fluorescence of Nd>* . CeO, and BiCl, have been
shown>"3! to be better than other codopants. Both
of them were used in the present:work. The use of
CeOqy incfcascs the ¢ valpe by 3 per cent in calibo
glass specimens (BD02,BD03) , by 5.6 per cent in
borate glass specimens (BD07, BD09) and by 5-6
per cent in phosphate glags specimens (PD18, PD19
and PD29, PD31). In specimens PD25 and PD26,
addition of 0.14 per cent BiCl3 lowers value by 1
per cent, however, when its percentage is raised to
0.42, the o value increases by 2 per cent (PD25,
PD27). A companlative study of both these
codopants shows that d.42 per cent BiCly increases
o by about 2 per cent, while 0.14 per cent CeO,
increases ¢ by 'about 5-6 per cent. Thus, CeO,
appears to be 4 better codopant in the role of
sensitizer. Hence, it has been used for specimens
BD16 and PD31.

Comparison of calf:ulated c values for borate
and phosphate glassés with those rcported for
silicate, fluoroberyllate, and ‘tellurite glasses
(Fig. 4) shows that tcllu}itc glasses are best and
phosphate glasses the next best. However, tellurite
glasses have low transmission in the desired region
(near i.r.) due to high value 9f refractive index.
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