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ABSTRACT

N.eodymium-doped borate and phosphate glass specimens have been prepared by
melt~uenching technique. Their absorption spectra have been recorded in the region 400 -900 nm.
Frol1;1 observed absorption spectra, 1udd Ofelt (10), .Q!, parameters (I = 2, 4 and 6) have been computed.

They have been used to calculate the laser parameters, viz., spontaneous emission probability (A),,
fluorescence branching ratio (P) and stimulated emission cross-section (a). 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-sectionlof different t~pes of doped glasses has also been made.

I. INTRODUCTION I.
I

Nd:YAG laser were developed for high peak

powerl and high repetition frequencies2. Thou.gh

many other lasers, are Jow a.vailable3,4, Nd:YAG

lasers continue to have many applications. Since

Nd: YAG is very expensive, search was made fo! a

substitute for it. It is well-known th~t the

spectroscopic propertieS' of rare. earth ions are

strongly affected by glass compositi()ns5. This

makes it possible to tailor the host glass

compositions with spedtroscopic features of rare
,

earth ions suitable for efficient laser performance.

Moreover, Itrivalent rare earth ions present a unique

opportunity for a priori calcu\ations to be made

from abs9rption ~nd flu?rescenca spectra of ~mall

samples. Such predictions are v<fry impor,tant for

preparing materi;Jls based on ttansparent media

doped with rare earth ions. Th~ performance of

glass lasers can be predicted Iwith reasonable

accuracyi based 'on such calculations of laser

paramet~rs6. This avoids the preparation of large

samples ~t the initial stage. Only small samples of

Nd3+ doped glass Ispe~imens 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 Nd3+ ions have been discussed.

2. EXPERIMENTAL DETAILS
I

Borate and phosphate glass specimens were

prepared Iby melt-quenching techniqu.e.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 ele~tronic controller and

read with the help of Pt-Rh thermocouple with a

controi accuracy of :!:4 °C. It is lined inside with

high qualit~ alumina cement and has a hearth area

of 300 cm2. Weighed quantities of constituents

were ground in an automatic mortar for 4 hr to
attain homogeneity. The temperature of alumina

c~cible containing a small amount of the batch

material was slowly raised to 3qo °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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}+ I
Tllble I. CUllIPU81tlul18 (wt %) ur VIlrluII8 ulllklped I\lId Nd 1011 duped borl\te I\nd pho.ph~te gl14...pecllnen.

I.

~Q.t?!-.-: Intermediate Dopant :C:odopant

Secondary I

Specimen
code

--~
Former

Prinjllry

BUOI

BDO2

BDO3

BU04

BDOS

BUO6

BDO7

BDO8

BDO9

BUIO

BDil

BU12

BD13

BD14

BUIS

BD16

PU17

PD18

PD19

PU20

PD2l

PU22

PD23

PD24

PD2S

PD26

PD27

PU28

PD29

PJ?30

PD3l

B203(75.00)

B203(73.78)

B203(73.66)

B203(48.27)

B203(47.50)

B203(56.00)

B203(55.20)

B203(54.40)

B203(55.11)

B203(56.00)

B203(55.11)

B203(56.00)

B203(54.42)

B203(55.11)

B203(56.00)

B203(55.11)

P20s(56.00)

P20s(55.20)

P20s(55.11)

P20s(56.00)

P20s(55.20)

P20s(56.00)

P20s(55.20)

P20s(54.90)

P20s(54.82)

P20s(54.73)

P20s(54.58)

P20s(56.00)

P20s(55.20)

P20s(54.42)

P20s(55.11)

Cai::>(05.00)

CaO(O4.92)

CaO(O4.92)

Nd203(1.62)
,

Nd203(1.62) CeO2(0.16)

AI203(30.23) I
I
AhO3(29.73)

AhO3(15.00)

Aha3( 14.78)

Aha3(14.58)

Aha3( 14.76)

Aha3(05.00)
Aha3(04.92)

Aha3(05.00)

Aha3(04.85)

AhO3(04.92)

Aha3(05.00) I
I

Aha3(04.92)

Aha3( 15.00)
I

Aha3(14.78)

Aha3(14.76)

Aha3(05.00)

AhO3(04.92)

Aha3(05.00)

Aba3(04.92)

Aha3(04.90)

Aha3(04.88)

Aha3(04.88)

Aha3(04.86~

, Aha3(05.00)
f Aha3(04.92)

Aha3(04.85)

Aha3(04.92)

Nd203(1.62)

Nd203~1.45)

Nd203(2.85)

Nd203(1145) CeO2(0.14)

MgO(IO.OO)

MgO(09.84)

C.!,O(IO.OO)

CaO(O9.71)

CaO(O9.84)

BaO(IO.OO)

BaO(O9.84)

Nd203(1.4S) CeO2(0.14)

Nd203(2.85)

Nd203(1.45)
,

CeO2(0.14)

Nd203(1.45) CeO2(0.14)

Nd2q3(1.45)

N4203(1.45) CeO2(0.14)

MgO(10.00)

MgO(09.85)

CaO(10.00)

CaO(O9.85)

CaO(O9.80)

CaO(O9.78)

CaO(O9.78)

CaO(O9.95)

BaO(10.00)

BaO(O9.85)

BaO(O9.71)

CaO(O9.84)

,, .
Nd203(1.45) I

Nd203(1.45)
,

Nd203(2.00)

Nd203(2.14)
1

Nd203~.14)

Nd203<;2.14)

BiCI3(0.14)

BiCI3(0.42)

Nd203(1.45)

NtJ203(2.85)
t

Nd203(1.45) CeO2(0.14)

BU : Undoped borat9 glass specimen

BD : Doped borate glass specimen

PU : Undoped phosphate glass specimen

PD : Doped phosphate glass specimen

f
\

b'atcy material had attained a tfmperature of
3,00 ()C. the I crucible was further, heated to a

due to evolution of CO2 and water vapours
resulting in excessive frothing. After the whole
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Table 2. Physical properties or various undoped and N~+ ion

doped borate and phosphate glass specimens

N.~~~~~
I I

Specimen
code

BUOl

Bbo2

IJ ()()3

B\lO4

BDO5

BUO6

BDO7

BDO8

BDO9

BUIO

BDll

BU12

BD13

BD14

BU15

BD16

PU17

PD18

PD19

PU20

PD21

PU22

PD23

PD24

PD25
\

PD26

PD27

PU28

PD29

PD30

PD31

Thickness

(cm)
Density
(g/cm3)

~

Mean refractive

index

0.355

0.420

0.415

0.273

0.325

0.382

0.31~

0.399

0.336

0.371

0.351

0.382
I

0.380

0.334

0.345

0.408

0.404

0.395

0.402

0.406

0.370.

0.341

0.351

0.375

0.275

0.325

0.374
j

0.325

0.333

0.301

0.330

2.380

2.575

2'.591

21308
2.330

2.408

2.435

2.4541

2.441

2.470

2.486

2.519

2.545

2.539

2.624

2.639

2.681

2.696

2.699

2.702

2.720

2.752

2.781

2.796

2.809

2.812

,2.814

2.911

2.927

2.949

2.934

1.579

1.5R5

1.583

1.559

1.562

1.569

1.571

1.575

1.575

1.576

1.578

1.577

1.581

1.580

1.581

1.583

1.513

1.515

1.514

1.517

1.518

1.521

1.525

1.526

1.528

1.531

1.533 ,

1.538

1.539

1.141

1.140

~'L.,J\'-M/Jl-~~ ~

~~~~~=20 40
I 60 80

28

Figure I. X-ray diffractogram of I.Indoped and neod~mium

doped borate and phosphate glass specimens. I

working temperatu~e of 900 °c for phosphate
glasses and 1000 °c I for borate glasses. The

working temperature was maintained for 5 hr to
,

ensure the meltl to be free from gases. Before
I

pouring, the mtjlt was stirred several time;s to

ensure homoge:neity. The melt was quickly poured

into the graph~te mould fitted on a heavy copper

block. The specimen w3ls thenl removed from the

mould and kept for anndaling in Therelak furnace

at 10- 20 °c above sdftening temperature so as to

remove stresses and givq thermal stability and

strength to the specimel!l. The glass ~amples were

polished using cerium pxide poiNder. They were

again annealed for 12 hr to remove mechanical
stresses, which r:night J have developed during

lapping and polishing.. The final compositions of
I

the borate and phosphate glass specimens are giv.en

in Table I. Glass specimens contai:n no crystalline

phases as revealed by X-ray diffractograms. A

representative diffractogram is given in Fig. 1.

The absorption sp~ctra were recorded using
'Hitachi' , fluoresoence spectrophotometer

model-3000 in both scan modes in the wavelength

range 400-~00 ntn. Absorption spectra in the region
800-900 nln were measured OJjl Carl Zeiss !ena

spectroph9tometer, modell 'VSU-2P'. The densities
of glass specimens' were measured Iby displa.cement

method using A.I{. grade benzer\e and sensitive

singlc pan balance reading correct ~p to 10-4 g. The
refractive indices of the glass ~pecimens were

determine,d using Abbe refractometer.

3. RESULTS & DISCUSSION

The physical properties of glass specimens are

given in Table 2. Representative absorption spectra

of NdJ+ ion in borate and phosphate glasses are

sho.wn in Fig. 2. Nine bands have peen observed in

the region 400-900 nm. It is imporl:lnt to note that

227



DEF SCI I, VOL 47, NO 2, APRIL 1997

0.013

0.022

349.9 600.0 800.0 900.0

WAVELENGTH (nm)

Figure 3. Secon.d derivative.spectrum or glass specimen

3.i Energy Interaction Parameters
,

The energy Ej can be 'expressed in terms of

interaction parameters -~Slater-Condon) F k 's and

(tande) ;4f by Taylor series ~xpansion for a small
,

variation o~ en'ergies L\Ej .In the first order

approximation, the enFrgy Ej of the /h level is

given by8.9 , 1

~Mk
dFk

Ej (F k' E.4ft = Eoj (F k' E;4J) ~ L
, 1

k=2,4,6

aE.
l~ ~~4f ( 1 )

+~

where

Figure 2. Absorption spectra or bo~ate and phosphate glass

specimens.
I

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 considered to be due to the transi~ions
4 4 4 4from ground state ,19/2 to ( F712 and 89/2)' 19/2 to

4 2 4 2 2
( G512 and G71z},and 19/2 to ( D, ?)3/2
respectively. The mean peak values of f 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

i n terac tio 11 a'n d J u d d-O fe I t parame te rs ,

respecti vely .

Eoj is the zero order energy of'jth level and M k

and ~~f are the small chahg~s in the corresponding

parameters. Th.e values of z~ro order energy (Eoj)

and, p~rtial derivatives aE ./aF k and aEJ./a~f for the
.3+ j .8

observed levels of Nd ions calculated by Wong

have been used. f I.
t

The F k and ~f palameters ari then evaluated
using equations I

(2)Fk = ~+Mk
t
,

~f= ~+~~
(3)

wherJ
, I

Fk and c:4t are thej tero order values9 of the

parametFrs F k and ~f' respectively. The computed

values of F k and ~f pbrameters have been

computed using strong peaks due to transitions to
4 4 4 4 4 4 1 2

F3/2, F5/2, F7/2' G5/2' G7/2, G9/2 G9/2 and
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Table 3. Experimental and calculated line strengths'S' or N~ Ion in borate glass specirhens

BDO2

S(pm1 Wave-

length
Cal. j (nm) 'Expt.

BDOJ

S(pm2

BOOS

Wave- S(pm2

length

(nm) Expt.

Bands BDO7
Wave- S(pm2;

length

(nm) Expt. Cal

Wave'-

leogt~
(om)

BDO8

Wave- S(pm2)

length

(nm) Expt,

Expt. Cal. Cal. Cal.

1.355

3.595

3.276

0.241

0.061

7.358

1.422

0.207

0.231

0.153

0.186

F3/2 875.0 1.047 875.0 ..218 1.017

2H9/2.4F5/2 803.0 3.72's 3.222 803.0 3.733 3.291

4S3/2.4F7/2 743.4 3.338 3.114 ~48.6 3.6~7 3.269

4F9/2 681.2 1.064 0.225 680.6 1.058 b.232
4 J
HII/2 625.4 0.305 0.Q.56 1628.0 0.090 0.058

2 4 ,
G7/2. G5/2 582.2 9.811 9.288 ~582.4 8.579 8.151

2 4 1
KI3/2. G7/f 524.8 1.7961 1.386 525.0 2.193 1.300

4
G9/2 511.6 1.006 0.427 511.2 1.253 0.420

2KI5/2. 2G9/2 473.6 0.536 0.203. 473.8 0.565 0.205
I.4 22 4

0GII/2.( D P)3/2 458.2 O.13u 0.120 455.6 0.333 .118

2pl/2.2ID5/2 428.6 0.60~ 0.138 428.6 0.564 0.132

Go.odness of fit 0.275 0.390 I

875.0

803.0

735.0

682.2

625.0

582.4

525.2

512.0

475.2

461.4

430.2

875.0

803.0

740.0

684.2

631.4

584.0

526.8

512.8

475.8

461.2

430!4

875.0

803.0

740.6

682.6

628.4

584.0

526.6

512.6

474.0

461.2

430.4

BDO9 BD11

'F3f2 .875.0-J-:226 1.124 875.0 I:n3 1.203

2119f2...FSf2 803.0 13.757 3.505 803.0 3.74H 3.4H6
b .

S3f2. F1f2 V41.0 3.4 6 3.452 742.8 3.552 3.320
..I

F9f2 683.0 0.705 0.245 682.2 0.269 0.239
..I
Hllf2 ~28.4 0.237 0.062 627.2 0.033 0.060

2 4
G1f2. GSf2 581.8 7.100 7.011 584.2 7.462 7.239

2KI3f2.4G1f2 S26.2 1.023 1.297 526.6 1.828 1.340
4 I
G9f2 ~12.2 0.468 0.469 513.4 0.672 0.463

2KISf2.2G9f2 474.4 0.1891 0.2191 474.4 0.254 0.220

..Gllf2.fD2p)3f2 457.4 0.05d 0.130 458.2 0.434 0.137

2plf2.2DSf2 430.2 0.267 0.147 130.2 1.052 0.161

Goodness of fit 0.053 I 0.167

875.0

803.0

741.6

684.2

625.6

584.6

527.4

513.2

476.2

463.2

431.8

1.229

3.768

3.315

0.572

0.361

7.648

0.987

1.022

0.291

0.184

0.358

0.119

1.226

3.757

3.330

0.404

0.092

7.457

1.882

1.041

0.287
0.167 ,

0.119

0.124

875.0

803.0

756.2
I

681.4

631.4

584.6

526.8

513.0

473.(>

457.6

430.4

875.0

803.0

745.0

687.2

628.0

584.8

527.8

514.0

474.4

457.6

428.4

I

2D5/2 levels"for one specimen e"ch of borate and

phosphate glasses ahd are presented in Tablej5.

These parameters c~n a,lso be evaluated
empirically 10 using th,e expressions

F2 = 12.4 (2-34)

parameterll (b 1/2) can be calculated from F 2
values. Their values are given in Table 5. They

reveal covalent nature of the glass specimens under

study.
\ Racah parameters (£k) have been deduced

from F k parameters 12 (Table 5). The ratios of

Racah paiametersl£II£3 and £21£3 are about 10 and

0.05 respectively, which are almost equal to the

hydrogenic ratiolO. This implies that Nd3+ ions at
different doping concentrations are subjected to

similar force fields.J

.(4)

~f = 142 Z -7648
I (5)

where

j
z is tHe atomic number of the rare earth ion.

I

The empirical values of F2 and ~f are 322.4 and

858 cm-l, ~espectively. These ~alues are in close
I

agreementl with the respeFtive ex~rimental values

(Table 5). Nephelauxetic ratioll ~f3) and b,onding

3.2 Judd-Ofelt Intensity Parameters

The observed intensities of the absorption
bands of rare earth ions were explained by Judd 13

229

1.238

3.794

3.173

1.300

10.230

11.855

2.517
I
1.690

1.046

0.731

0.438

0.854

1.081

3.342

3.268

0.233

0.059

7.4'31

1.287

0.4~3

0.209

0.125

0.142

BD13

1.220

3.739

3.243

0.288

0.095

8.435

1.432

0.713

0.183

0.055

0.248

0.012

J.330

3.613

3.3J9

0.244

0.062

8.428

1.480

0.500

0.231

0.151

0.181

1.086

3.502

3.502

0.247

0.062

6.658

1.260

0.439

0.217

0.126

0.140

1.059

3.593

3.659

0.257

0.065

7.164

1.291

0.442

0.222

0.124

0.135
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3+ f I

Table 4. Experimental and calculated line strengths '5' of Nd Ion In phosphate glass specimens

PD24
Wave- S(pm2)

lengt~
(nm) Expt. Cal

875.0 1.469 1.461

803.0 4.283 4.005

738.6 3.861 3.730

682.0 0.596 0.271

629.0 0.080 0.069

583.2 7.827 7.628

525.8 1.983 1.529

512.8 1.046 0.545

476.8 0.546 0.255

462.4 0.334 0.166

430.6 0.244 0.199

0.101

PD30

PD191
Wave- S(pm2)
length
(nm) Expt. Cal.

875.0 1.483 1.624

803.0 4.325 4.079

739.6 j.503 3.612

683.4 0.461 0.272

630.0 0.089 (j.053

583.8 7.960 7.917

526.4 1.596 1.620

513.4 0.877 0.582

476.6 0.299 0.264

462.2 0.204 0.183

430.6 0.158 0.227

0.028

PD26

PD21
Wave- S(pm2)
length
(nm) Expt. Cal~

875.0 1.487 1.491

803.0 4.337 3.943

741.8 3.720 3.547
.

681.6 0.407 0.215

626.4 0.299 0.067

582.611.173 10.915

525.8 2.206 1.738

512.6' 1.299 0.560

475.6 0.533 0.254

462.6 0.385 0.168

430.6 0.387 0.206

0.158

PD27

PDI8
Bands Wave- S(pm1

length
(nm) Expt. Cal.

4F3/2 875.0 .1.481 1.551
2 4H9/2. Fs/2 803.0 4.318 3.977
4 4S3/2. F7/2 739.2 3.359 3.420
4F9/2 683.4 0.500 0.264

4Htl/2 628.8 0.118 0.065
2 4

G7/2. GS/2 584.010.75210.612
2 4KI3/2. G7/2 526.8 1.754 1.738

4G9/2 513.8 0.839 0.568

2 2K1S/2. G9/2 476.0 0.703 0.254
4 2 2 4Gll/2.( D P)3/2 461.4 0.279 0.17
2 2Pl/2. Ds/2 431.4 0.227 0.217

Goodness of fit 0.061

PD2S

PD23
Wave- S(pm2)

lenglh ,
(nm) Expt, Cal.

875"0 1.470 1.459

803.0 4.286 4.062

.738.6 3.80.7 3.803

684.0 0.462 0.276

628.2 0.098 0.070
,

582.8 7.934 1.832

525.6 1.4791.54'7

512.8 0.922 0.549
,

474.0 0:442 0.258

459.2 0.12~ 0.166

431.0 °r77 0.198
, 0.035

I
PD19

876.0 1.454 1.359 875.0 1.452 1.231

803.0 4.240 4.036 ~ 803.0 4.234 3.853
I

743.4 4.192 3.899 : 741.2 4.104 3.797

684.4 0.466 0.279r 682.4 0.763 0.270
,

623.4 0.387 0.07q , 625.2 0.466 0.068

582.8 7.710 7.511 582.6 8.325 8.002

525.6 1.980 1.485 '525.4 2.103 1.442512.2 0.35~ q.526 ' 512.2 0.587 0.493

470.2 0.209 ~.254 .471.0 0.606 0.240

454.4 0.200 0.156 459.0 0.157 0.142

427.6 0.896 0.181 429.0 0.765 0.181

0.136 0..214'

875.0

803.0

743.0

683.4

629.0

582.6

525.4

512.6

476.6

461.2

430.8

875.0

803.0

741.6

682.2

628.8

582.6

525.2

512.6

477.0

461.6

430.8

F3/2 875.0 1.461 1.268
2 4H9/2. F5/2 803.0 4.260 3.869
4 4S3/2. F7/2 747.0 3.911 3.588
4F9/2 682.0 0.687 0.269
4Hll/2 625.8 0.154 0.068
2 4G7/2. G5/2 582.8 7.735 7.4~7
2 4KI3/2. G7/2 525.4 1.438 1.428

4G9/2 512.6 0.522 0.499
2KI5/2. G9/2 472.2 0.485 0.242

4Gll/2.fD2p)3/2 458:6 0.483 0.146
2 2Pl/2. D5/2 429.6 0.621 0.167

Goodness of fit 0.114

PD31 forbidden. The asymm~tries produced by vibronic

coupling of the -cel1tral metal\ ion with its

surrounding ions c~n induce el~ctric-dipole

transitions. ~These induced elettric-dipole

transitions can also occur due to the interaction of

tHe central ion with the surrouriding ions mixing

into' the 14! configuration Istates from
, I

configurat.ions of opposite parity anq thus relaxing

the parity restriction. od this basis Judd and Ofelt
,

expressled the electric-dipol~ line strength as a sum

of products of phenorrtenological intensity

parameters .Q.t and matrix element~ of tensor

operator U(I) connecting states of I 4! .The

Judd-Ofelt approach is ~pplicable to transition

F3/2 875.0 1.455 1.456
2 4 ,H9/2, Fs/2 803.0 4.244 4.275
4 4S3/2, F7/2 739.0 4.072 4.1294 ,
F9/2 683.6 0.144 0.295

4HII/2 624.6 0.112 0.075
2 4G7/2, GS/2 582.4 6.374 6.427
2 4 .

KI3/2, G7/2 525.4 1.147 1.484

4G9/2 512.4 0.577 0.555
2 2KIS/2, G9/2 471.0 0.031 0.268
4 2 2GII/2,( D P)3/2 457.0 0.078 0.167
2 2PI/2, Ds/2 430.6 0.388 0.194

Goodness of fit 0.030

and Ofelt14 ~y treating them as induced

electric-dipole triinsitions. pure ones being parity
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1.467

4.276

3.332

0.236

0.135

6.891

1.244

0.830

0.325

q.183
q.091
0.040

1.641

4.032

3.536

0.264

0.067

6.902

1.559

0.578

0.262

0.184

0.230

1.463

4.266

3.680

0.462

0.117

8.089

1.704

1.023

0.538

0.549

0.313

0.098

1.435

3.885

3.579

0.215

0.066

7.871

1.520

0.534

0.248

0.163

0.196
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I }+
Table 6. Judd.Orelt parameters or IYd Ion doped borate and

phosphate glass specimens
,

Specimen~~9felt (at> ~arameters [pm1 ,

code 02
~ 06

BDO2

BDO3

BDO5

BDO7

BDOB

BDO9

&D II

BDl3

BDl4
I

BDl6

PDIB

PDl9

PD21

PD23

PD24

PD25

PD26

PD27

PD29

PD30

PD31'

7.278

6.028

9.142

5.116

4.309

4.591

4.599

5.478

4.338

4.949

7.139

4.199
I

7.627

4.578
4.354

4.741

4.655

3.102

4.534

5.358

3.177

F2
F4
F6

325.435
j

I 45.472

I 4.922

330.874

42.514

5.185

lande

IO~2.960962.466
E.4r

Bonding

~

b1/2

0.983

0.093

0.999

0.021

Racah

El

E.2 .

EJ

4793.222
24.830

484.031

4818.217

126.625
,\79.186

between Stark levFls. For transition between J

manifolds, th~ line snrength has the simple form

S(J,J')= Lri,-;:4fasLJ II U(,)II 4fa'S'L'J'>2
1=2,4,6 I I (6)

where

where

S(J, J') (line strength) is given oy Eqn (6). For

Nd3+, J=912 and the factor (n2+2)21 9 is the local

field correction using the tight binding

approximation.

From the experimentally observed spectra of

the Nd3+ ion, the oscillator strength fexpt is

calculated by the relation
I -9

f (8) fexpt = 4.318 X 10 E(A) dA

band

where

I 4! aS4J > are the basis states in the LS

coupling scheme and a represents an extra quantum

number that might bel necessary to describe the

states completely. The .Qt parall1eters for a given

ion-host combination are beri,ved6.15,16 from a least

square fit of calculated' and observeq line strengths.

The validity of the Judd-Ofelt treatment has been
,

tested for most of t~e trivalent rare earths in

crystals17-19, liquids20-26., powders27 and

glasses3,5,28-37 I

According to Judd-Ofelt13,14, the o,scillator

strength of an electric-dipole transition between

initial I 4/' al SLJ > levels an~ terminal

141 a'S'L'J' > levels of the rare earth ion is given
by38 :

A. is the mean wavelength of the transition and

E(A.) is the molar extinction coefficient.

I Substituting the oscillator strength from

Eqn (8) in Eqn (7) and applying the least-square fit

methodl6, using doubly reduced unit tensor

.~.

9

2fJf = 87t rc/3h(2/+1)nA S(J, J') (7)
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codopants. It has been observed that higher
,

concentration of BiCl3 propuces the same effect as

low concentration of CeO2t suggesting the latter to
.I

be more effK:ient. CeO2 produces an effect on .0.4

and .Q~ and similar to thai in borate glasses.

3.3 Laser Parameters
Nd 3+ .. k ' h 'b .4041 ..

Ion IS nqwn to ex I It. transItions
4 4 4 4F;3/2 --> 19/2 (921 ntn), F3/2 --> /11/2

(1052-1057 n"1) in phosphate glasses and

1054-1062 nm in borate glasses), 4F3/2 --> 4113/2
4 ' 4

(1320-1370 nm) and £3/2 -> 115/2 (1800 nm).

For 4F3/2 --> ~111/2 tr~nsition, the effective line

width of the peak fluores~erlce ranges40 from 22 to

35 nm for phosph~te glasses and from 34 to 38 nm

for borate glasses. These, spe~tral data and

Judd-Ofelt parameters, given in Table 6, have been

used for calculating various laset parameters.,
,

,
3.3. J Spontaneous Emission Ptobability

The spontaneous emission probability (A)

from an initial manifold 'I(S', L ') J' > to final
manifo.lds I (S, ~) J > is given:by .

4 :2 2 2A [(S(,L ')1'; (~, r)J] = .647t e r(n + 2) .S(J' ,1)

(9)

9

where .

S(}', J) = .0.2 I U(2>1~ + ,0;4 I U(4>r +1,0;6 I U(6>r
., -

For Nd3+ ~on }'=3/2 and the doubly reduced

unit tensor opbrators reported by Krupke6 have

beJn ~sed. 1 ..

, The A va~ues for different transItions for the

same specimen depeh9 upon the emission

wavelen9th, reQuced mAtrix elements for the

particular transition and the tvalues of ,0;4 and ,0;6.
.I

It is interesting to note that A has maximum value

(Table 7) for the transitio~ 4F312-=1 4/1112 ,

making this as the most probable laser transition.

Since the values of A fort 4F3/2 --> 4/13/2 and
4F 4/ ..l II ..

3/2 --> 15/2 transItIons. ~re v fry sma , It IS not

possible to observe them as laser transitipns. The

value of A for 4F3/2 -> 4/9/2 transition:suggests

operator calculated in the intermediate coupling

scheme, .o.t parameters can be computed. These .o.t

parameters contain the effect of the opd-symmetry
crystal field terms, radial inte~rals and energy
denominators. Since the values for the unit tensor
elements exhibit negligible change with host
constituents, their values reported by Carnalll~,16
have been used.

The .o.t 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 .o.t values, the line .strengths (Sc) have
been calculated (Tables 3 and 4 ). The low values of

goodness of fit between the so calculated S c and
measured Sm values show the applicability of

Judd-Ofelt theory.

The .02 parameter involves the long range
terms in the crystal field potential and is most
sensitive39 to the local struttural changes. For
Nd 3+. h .. f h 4[ .4 G 4GIon, t e IntensIty o t e 912 --> 5/2, 712

transition is the principal determiner of .0.2. This

transition satisfies the rule IL\.l1 ~ 2 and is know~ as

hypersensitive transition. In geheral, the .0.4 and the

.0.6 parameters for phosphate g1asses are more than

those for borate glasses.

In borate glasses (Table 6), when the primary

modifier is change(jl from Li20 to Na20, the values
,

of parameters .0.4 and .0.6 increase, but when the

secondary modifier' is changed through MgO. CaO

and BaO, it is observed that the value of t .0.4

parameter decreases while that of .0.6 parameter

increases. These changes in value of the parameters

have a mixed effect on the laser parameters. When

sensitizer CeO2 is used as a codopant, it is observed

that the change in .0.6 parameter is m ore pronounced

as compared to the change in .0.4 parameter.
,In phosphate glasses (Table 6), Na20 has been

used as the priniary modifier for all specimens,

while the secondary modifier is varied through

MgO, CaO and BJO. The value of .0.4 is found to
,

increase, while that of 06 decreases continuously.

Sensitizers CeO~ and BiCl3 have been used as
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that uf\der suitable circumstances it can also appear

as last1r transition. The total value of spontaneous
emissibn probability. AT. I for the 4 F 3/2 state has

been obtained by su~ming up A values for different

transitio'ns. This is IIsed for calculating branching

ratio f<!>r different transitions.

4F 4
[ b h3/2 --> 1172 transItIon, suggestIng It to e t e

most suitable laser transition.

3.3.4 Stimulated Emission C;ross-Section

The stimulated emission c,..oss-section (a) for

transition from an initial manilfold I (S', L') J' > to

final manifolds I (S, I) ] > is e~ressed as

4
-.~ '12)

3.3.2 Fluorescence Branching Ratio,
The fluorescepce bran.ching ratio (P) for

transition from an ini~ial manifold I (S'~ L ') i' > to

final manifolds I (~, L) !7 > is given by.I

A (S', L ') J' ; (:s', I) J]a=

where

A [(5', L') J' ; (~, I)J] I

1J:) J' : (~, I')]]

(3 [(S', L') i' ; (S. Wl =
.r --LA [(S',J~ .r (10)

,
S.I,J I

where t~e sum is over all possible terminal

manifolds. In the case c;>f Nd3+ ion, the terminal
.\ 4 4 4 4

manIfolds art 19/2, III/?' 113/2 and 115/2' .

Tlhe ~ values depend upon .0.4 and .0.6' which,

in 'their turn, depend upon gl,ass compositiorl. The

value of ~ in the case of both borate and pbos'phate
glasses is maximum: for 4 F 3/2 -; 4111/2 transition

(Table 7). This shoJs the suitability of both borate
and phosphate :glasses t~ obtain laser action in near
, f d . d 4F 41 ' .
In rare regIon .ue to 3/2 --> II/2 transItIon.

A.p is the peak fluorescence wavelength of the

emission band and Me!! is the effective

fl~orescence 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 Landenb.urg-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,J and (iii) Judd-Ofelt intensity

parameters.

The first two methods were used by Lempicki,

el al.42, while the third one was widely used by
43 3032-35

Weber, el al. , Tandon, el al. .and

others28.36.37 ,44.45.

~ Radiativ~ Life Time

The radiat)ve lifetime ('tR) is given by

l' ; (~:I) 1]

(II)

where the sum is over all p<j>ssible terminal

manifolds (4/9/2' 4/1~/2 " 4/13/2 and 4/15/2 ). .

The radiat,ive I\feti",e for a particular

transition ('t) and ,radiative lifetime for the
.

corresponding state ('tR) are reciprocal of A and. At
respectively. The 'tR value for state 4 F 3/2 ; and 't

I f ., 4 F.4 / 4Fva ues or transitions 3/2 -> 9/2, 3/2 -->

4/11/2, 4F3/2 --> 4/13/2 and 4F3/2 -> 4/15i2 for both

borate and phosphate g,lasses have been given in

Table 7. Minimum 't values have been obtained for

The first method yields"a higher value of a,

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

coi\centration of Nd3+ ion having negligible

quenching of fluorescence radiations.
I

The former BO3 in borate glasses is

known46.47 to have a triangular structure, while

PO4 in phosphate glasses has a tetrahedral

structure. This difference in structure.is expected to
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3+ 4
Table 7 : Laser parameters of Nd 10,:, doped borate and phosphate glass specimens for F3/2

4
-> 111/2 laser transition

Radiative

quantum

efficiency

-tR [~s] Gp [pm2]

Fluoresc~nce
branching
ratio

(13)

Radi

lifeti

t

[J1s]

Specimen
code

Spontaneous

emission

probability

A [s"J]

704-714 f

429-440

426-431

497-509

42+434
, 374-383

401-411

39f1.-403

371-380

400-411

393-4'04

385-392

368-374

392-399

371-378

374-381

392-401

380-387

358-364

369-377

391-399

347-354

1.942-2.288

2.000-2.358

1.687-1.988

2.010-2.369

2.152-2.526

2.123-2.500

2.099-2.474

2.162-2.546

2.137-2.518

2.205-2.597

2.397-3.938I

2.S,20-4.146

~.421-3.981

7.S61-4.214

2.524-4.153

2.475-4.071,
2.453-4.035

2.522-4.147

2.592-4.260

2.484-4.084

2.749-4.522

1132-1158

1163-1190

955- 977

1151-1178

1233-1262

1222-1249

1213-1241

1254-1282

1238-1266

1282-1311

1185-1201

1243-1261

1187-1204

1283-1302

1266-1285

1253-1271

1238-1256

1268-1286

1322-1340

1270-1288
,
1401-1421

0.486-0.509
0.495-0.520
0.475-0.498
0.488-0.512
0.462-0.483
0.490-0.514
0.477-0.500
0.466-0.487
0.496-0.520
0.504-0.529
0.456-0.471
0.457-0.464
0.465-0.480

0.476-0.492
0.473-0.489

0.492-0.509
0.471-0.487
0.454-0.468
0.488-0.506
0.496-0.514
0.486-0.503

BDO2

BDO3

BDO5

BDO7

BDO8

BDO9

BDll

BD13

BDl4

BD16

PD18

PDl9

PD2l

PD23

PD24

PD25

PD26

PD27

PD29

PD30

PD3l
Radiative lifetime for-state 4 F3/2

influence a value. In general, the a value for
1phosphate glasses has been found to be greater'than

that for borate gla,sses ( Table 7).

The role of the modifier is very importa~t 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, a increases

with increase in the size of the cation. A systematic
study40 using alfali oxides as the primary modifier
with P205 as glass former shows that the value of

a changes fromf 3.8 to 4.3 pm2 in changing from
lithium oxide to Isodium oxide and it varies between
4.3 and 4.7 pm2 for other alfali oxides. This shows
that sodium oxide is a good primary modifier and
has been used widely. The use of alkaline 'earth
oxides insteadj of alkali oxides as primary

modifier40 give~ a still poorer value of a ( 2.0 to

I

3.5 pm2). Consequently~ lithium oxide was used for

three specimens only, while sodium oxide was

chosen as the primary' modifier for t~ rest of the

specimens. In~rease in percentage of the primary

modifier beyond a certain value, does not further

in'crefse the a valile. Addition of the secondary

modifier further increases the a ~alue. In the, I
present work, MgO, CdO and BaO h:ave been used

as secondary modifiers. the a values increase with
/

the incr~ase of the size of th<t cation of the modifier,
. O ,

VIZ., Mg < CaO < BaO. I

Intermediates like Li203 and A120, have been

used to improve the quality of gla~s and to

minimize the quenching effect of dopants. Al203
40has been shown to be b(!tter than Li203. Hence,

Al203 has been usedl as an'inte~mediate.,Excess of

intermediate lower the a value. Dqcrease in

percentage of intermediate Al203 from 29.73 to

14.78 shows anlincrease of 19 per cent in the value
I
!
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Stimulated
emission
cross-section

ative

me

863-883

840-859

1023-1047

849-869

792-811

800-818

806-824

780-797

789-807

762-780

832-844

793-804

830-842

768-779

778-790

787-798

796-807

777-788

746-756
776-787 1
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Figure 4. Range or stimulated emission cross-section ror
different neo'dymium doped glasses.
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