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ABSTRACT

This thesis describes detai.led studies of the

upconversion dynamics of Er":YAlO, (YJl..P), Er":YAG, TI:l":Y,BaF.

(YAB) and the avalanche upconversion dynamics of Tm":YLiF,

(YLF) .

Upconversion dynamics of Er" :YJl..P, and Er": YAG are

analyzed by a rate equation model which includes four energy

transfer processes, IL was found that: good fits to the

experimental data can be achieved only when the fourth power

aclivator concentration dependent energy transfer terms (when

the er.ergy transfer is fourth order kinéti.cally) are included

in the rate equation,

To study avalanche upconversion dynamics of Tm": YLF

measurements of the time dependent upconve=sion luminescence

intensity were made under different pumping wavelengths and

different pumping powers at both low temperature and room

temperature. The pumping power dependent upconversion

luminescence was also measured. To describe the avalanche

upconversion dynamics a rate equation model which includes

both the cross-relaxation and energy transfer processes was

developed. Satisfactory fits or simulations of the

experimental data were obtained in every case. Through this

work it was found that the energy transfer term is

proportional to the second power of the activator

concentration (second order kinetically) at low activator
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concentration and proportional to the fourth power of the

activator concentration (fourth order kinetically) at high

activator concentration.

To obtain the fourth power activator concentration

dependent energy transfer term, the existing three-body

interaction model obtained from the second order perturbation

theory was extended to the case of four-body interaction, and

a two-body interaction dipole-dipole energy transfer model

based on regular distribution of the donors and acceptors and

two dimensional transfer was built.

Upconversion dynamics of Tm3':YBF is analyzed by a rate

equation model which includes two energy transfer processes.

Satisfactory fits of the experimental data were obtained by

this model. Pump-probe measurements of the temperature and

power dependence of the upconversion gain for the blue

emission at 482 nm from Tm3':YBF are presented .
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RÉsUMÉ

Cette thèse porte sur l'étude en détail de la dynamique

de conversion du Er3+:YA103 (YAP), Er3+:YAG, Tm3+:Y,BaF. (YAB) et

de conversion avalanche du Tm3+:YLiF. (YLF).

La dynamique de conversion du Er3':YAP et du Er3':YAG,

est analysée par un modèle de loi de vitesse comprenant

quatres processus de transfert énergétiques. Il a été

démontré qu'une bonne concordance avec les donnés

expérimentales ne peut être obtenue que lorsque la puissance

quatre du terme de concentration de l'activateur de la loi de

vitesse de transfert énergétique (transfert énergétique

d'ordre quatre cinétiquement parlant) se trouve inclus dans la

loi de vitesse.

Pour étudier la dynamique de la conversion avalanche du

Tm3':YLF, des mesures de la dépendance en temps de l'intensité

de la luminescence ont été éffectués avec plusieurs longueurs

d'onde d'excitation, ainsi que plusieurs puissances

d'exitation, La dépendance de la luminescence sur la

puissance d'excitation a aussi été évaluée. Pour représenter

la dynamique de la conversion avalanche, un modèle de loi de

vitesse tenant compte de la relaxation non-radiative

extrachromophorique ainsi que des processus de transfert

énergétiques a été mis au point, Une concordance

satisfaisante ou une modélisation des donnés expérimentales a

été obtenue dans chaque cas, Par le bias de cette étude, il
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a été démontré que la vitesse du transfert énergétique est

proportionnelle 3. la puissance deux de la concentration de

l'activateur (ordre deux cinetiquement parlant) pour les

faibles concentrations de l'activateur tandis que cette même

proprotionnalité est d'ordre quatre pour des concentrations

d'activateur élevées.

Pour obtenir la loi de vitesse de transfert énergétique

d'ordre quatre par rapport à la concentration de l'activateur,

un modèle de transfert énergétique à quatre corps interactifs

basé sur une distribution aléatoire des donneurs et des

accepteurs, ainsi que d'un modèle de transfert énergétique à

deux corps interactifs basé sur une distribution uniforme des

donneurs et des accepteurs ont été crées.

La dynamique de conversion du Tml+:YBF a été étudiée avec

un modèle de loi de vitesse comprenant deux processus de

transferet énergétique. Une concordance satisfaisante a été

obtenue avec ce modèle. Des mesures par sonde d'exitation de

la dépendance à la température et à la puissance du gain de

conversion de l'émission bleue à 482 nm provenant du Tml+:YBF

sont aussi présentées •
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1.1 Properties of the rare earth and laser crystals

1.1.1 Properties of the rare earth

The rare earths form a group of chemical1y similar

elements which have in common an open 4f shel1. They are

chiefly trivalent and it is principally the properties of the

trivalent ions which are important rather than those of the

neutral atoms. Table 1.1 gives a summary of the basic

properties of the trivalent rare earths ( in order of the

atomic number Z ), which includes the electron configuration,

the ground term, the Landé factor gJ' the max E5R [2MJ (max) . gJl

g factor, and the ionic radius R.

1.1.2 Properties of laser crystals

Table 1.2 gives the main physical properties of the laser

crystals YAG, YAlO], YLiFH and Y2BaFa including the refractive

index n, the density of the crystals p, the density of yttrium

in the crystals p., the concentration of Yttrium ny, the

nearest neighbour distance between two Yttrium ions ay, the

space group, the cation-site symmetry, and the lattice

constants (a, b, and c) .

1.2 Spectra and energy levels of rare earth ions in Crystals

The crystal spectra (absorption spectra and fluorescence

spectral reflect the modifications in the free ion energy

level structure by the electric crystal field to which the

rare earth ions are subjected. The detailed information of the
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Basi~ properties of rare earth elements[l),

•

Z E Electron Ground gJ g RCA)

configuration term

57 La 4f05s25p' 150 0 0 1.15

58 Ce 4f15s25p' 2Fs12 6/7 4.29 1.02

59 Pr 4f25s25p' 3H4 4/5 6.40 1.00

60 Nd 4f35s25p' 41 912 8/11 6.55 0.99

61 Pm 4f45s25p' SI 3/5 4.80 0.984

62 Sm 4fsSs25p' 6Hu2 2/7 1.43 0.97

63 Eu 4f'5s25p' 'F 0 0 0.97
°

64 Gd 4f'5s25p' 85
712 2 14 0.97

65 Tb 4f85s25p' 'F, 3/2 18 1. 00

66 Dy 4f95s25p' 'H1S/2 4/3 20 0.99

67 Ho 4f105s25p' 51
8 5/4 20 0.97

68 Er 4f11 5s25p' 41 1512 6/5 18 0.96

69 Tm 4f125s25p' 3H, 7/6 14 0.95

70 Yb 4f135s25p' 2F7I2 8/7 8 0.94

71 Lu 4f145s25p' 150 0 0 0.93
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Table 1.2 properties of the laser crystals YAG, YAlOJ, YLiF~

and Y2BaFB [2] , [3] , [4] , [5] •

YAG YAlOJ YLiF~ Y2BaFe

n 1.929 1.815 1.46 ...

p (g' cm-JI 4.55 5.35 3.968 5.047

py (g' cm-JI 2.04 2.90 2.052 1.921

ny (cm-J) 1. 381xl022 1.964x1022 1. 389x1022 1.300x1022

ay (A) 5.17 4.60 5.16 5.28

Space group °hl0-Ia3d 02h16-Pbnm C~h6-I41/a C2hJ-C2/m

cation-site O2 (yJ+) C. (yJ+) S4 (yJ+) ...
symmetry

a (A) 12 5.176 5.175 4.260

b (A) 12 5.307 5.175 6.302

c (A) 12 7.355 6.498 6.302
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energy level structure is important to the study of the

kinetics of energy transfer and the dynamics of upconversion.

1. 2.1 Energy levels of Erh : YAG and ErJo : YA103

The energy levels of Er3
': YAG and Er3': YA103 were obtained

from the absorption and emission spectra[6], [7]. Those

results are listed in Table 1.3 and shown in Figure 1.1.

1.2.2 Energy levels of Tm3+:YLiF4 and Tm3+:Y 2BaFa

The energy levels of Tm3+:YLiF4 and Tm3+:Y2BaFa are 1isted

in Table 1.4 and shown in Figure 1.4. The information of the

Tm3+: YLiF4 energy 1evels were obtained from reference [8] •

The excited state levels and their Stark splitting of Tm3
+ in

Y2BaFa were obtained from the absorption spectrum acquired by

D. J. Simkin (shown in Figure 1.2). The ground state level and

its Stark splitting of Tm3+ in Y2BaFa were obtained from the

emission spectrum shown in Figure 1.3.

1.3 Transition intensities and racliative decay rates in rare­

earth doped crysta1s

1.3.1 Brief introduction

Electric dipole transitions between the states of 4fH

electron configuration of an isolated rare-earth ion are

prohibited by the parity selection rule[9]. This

prohibition, as was shown by Van Vleck [10] can be avoided

due to non-central syrnmetric interaction of the rare earth
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°
Er3o :YAG Er3+:YA103 5LJ

(cm-il (cm-il

24 51 4I 15/2
116 218
412 266
426 388
468 443
564 516

6766 6602 4 I
1312

6858 6641
6949 6669

6773
6814
6868

10252 10282 4 I
l112

10281 10293
10360 10322
10370 10347
10411 10402

12298 12393 4I g/2
12573 12624
12719 12648
12765 12732

15290 15263 4Fg12
15319 15344
15364 15374
15485 15396
15530 15481

18406 18406 453/2
18470 18487

19100 19119 2H
l112

19161 19190
19328 19240
19350 19275
19367 19303

20520 20482 4F
7I2

20574 20554
20625 20617
20659 20685
20709

22230 22196 4F
5/2

22250 22227
22299 22259

Table l 3 Energy 1eve1s of Er3+:YAG[6] and Er3-:YA103 [7]°

•

•
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Table 1 4 Energy 1eve1s of Tm3+:YLiFd8] and Tm3+:Y2BaFa.
5LJ Tm3+: YLiF4 Tm3+: Y2BaFa 5LJ Tm3+:YLiF4 Tm3+:Y2BaFa

(cm-l) (cm-l ) (cm-l) (cm-l)

3H. 0 0 3F
4 5599 5681

30 59 5756 5797
56 110 5757 5848
270 169 5820 5939
305 200 5942 6051
319 246 5968 6087
334 307 5972
372 350
407 417
419 478

3Hs 8284 8286 3H
4 12599 12616

8300 8529 12624 12786
8319 8630 12643 12934
8501 8676 12745
8519 8826 12804
8535 12835

12891
3F3 14520 14115 3F 15094 151302

14549 14309 15203 15166
1459400 14602 15275
14597 14634

IG
4 20973 20583 ID2 27961 27271

21186 20992 27911 27411
21272 21134 28053 27498
21300 21244 28075 27618
21554 21555 27693
21562 21946 27833

II. 34729 34627 3p 35538 354200
34778 35597
34769 35774
34999 35993
34998

3Pl 36470
36566

•

•
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ions with the surroundings, which mixes states of opposite

parity. Judd[ll) and Ofelt[12), working independently

and simultaneously, obtained the line strength for electric

dipole transitions

(1.1)

where <JI U(~)1J' > is a reduced matrix element of the

irreducible tensor operator of rank À and ~ are the intensity

parameters. The line strength S.à(J;J') determined by (1.1) is

associated with the spontaneous decay rate by:

(1.2)

where n is the refractive index, c is the velocity of light in

vacuum and V is wave number of the transition. Including the

magnetic dipole transition the total decay rate is

(1. 3)

in the above equation Smà are determined in the following

way[13):

If J'=J

•
If J'=J-l

5 = ( eh) 2. 2J+1 ~ (5 S') ~ (L L')
JDd 2mc 4J(J+1)' ,

·[5(5+1) -L(L+1) +3J(J+1) J2
(1.4)



•
If J'=J+1

- 13 -

S =( eh )2·6 (S,S') -6 (L L')
"'" 4n:mc '

.[ (S+L+J.)2-J2] [J2_ (L-S) 2] /4J
(1.5)

s =( eh )2-6 (S,S')6(L,L')
"'" 4 n:mc (1. 6)

.[ (S+L+J.) 2_ (J+J.) 2] [(J+J.) 2_ (L-S) 2] / [4 (J+l)]

1.3.2 Calculations of the radiative decay rates in ErJ':YA10J

and ErJ·: YAG

The intensity parameters ~ (Â.=2, 4,6) for ErJ': YAG and

ErJ':YA10J were obtained from reference [13) and are listed in

Table 1.5.

Table 1.5 Intensity parameters ~(Â.=2,4, 6) for ErJ':YAG and

ErJ·: YA10J [13)

Crystal

0.19

1. 06

1. 68

2.63

0.62

0.78

•

The reduced matrix elements U2 (1..) =<J8 UlA11 J' >2 for ErJ+ listed

in Table 1.6 are obtained from reference[14) and [15).

The dipole transition decay rates can be ca1culated using

equation (1.3). Table 1.7 gives the resu1ts of the calculated

dipole transition decay rates for ErJ·:YAG and ErJ':YA10J.
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'l'able 1.6 Reduced rnatrix elernents U2 (À) =<JI U(À) 1J' >2

for Erh [14], [151.

5LJ S' L' J' U2 (2) U2 (4) U2 (6)

4I
13/2

4I 15/2 0.0188 0.1176 1.4617

4I
l112 4l 1!/2 0.0259 0.0001 0.3994

4Il~'2 0.021 0.11 1. 04

4I
O/2

4I
15/2 0.0 0.1452 0.0064

4I 1312 0.0003 0.0081 0.64

4F
o/2

4I
15/2 0.0 0.5655 0.4651

4I 1312 0.0096 0.1576 0.0870

4I u12 0.0671 0.0088 1.2611

4I
o/2 0.096 0.0061 0.012

45
312

4I
15/2 0.0 0.0 0.2285

4I U12 0.0 0.0 0.3481

4I l112 0.0 0.0037 0.0789

4I o12 0.0 0.0729 0.2560
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Table 1. 7 Calculated dipole transition radiative

decay rates in Er3-: YAG and Er3-: YAl03

SLJ S' L' JI A (S-I) A (S-I)

Er3+:YAG Er3- :YAlO3

~ 1 13/2 ~115/2 73.34 92.1

~1l1/2 ~ 1 15/2 74.43 102.3

~113/2 9.7 14.5

~19/2 ~1 15/2 155.7 253.9

~113/2 24.4 34.2

~F9/2 ~ 1 15/2 1537 2306

~ 1 13/2 72.3 113.0

~1ll/2 36.5 48.1

~ 1 9/2 .22 .8

~S3/2 ~ 1 15/2 782.0 991.6

~113/2 315.0 405.0

~ 1 11/2 27.4 35.5

~19/2 49.0 69.5
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1.3.3 Ca1cu1ations of the radiative decay rates in Tm3':YLiF4

and Tm3': Y2BaFB

The intensity parameters ~(À=2,4,6) for Tm3':YLiF4 were

obtained by M. Dulick et al [8], for Tm3':Y2BaFB were obtained

by B. M. Antipenko[16]. The resu1ts are listed in Table

1. 8.

'l'able 1.8 Intensity parameters ~ (À=2, 4,6) for Tm3+: YLiF 4 [8]

and Tm3+:Y 2BaFB [16]

Crystal

Tm3+: YLiF4

Tm3+: Y2BaFB

2.43

1.20

1. 08

0.94

0.67

1.20

•

The reduced matrix elements U2 (À) =<JI Ull.) 1J' >2 for Tm3+ were

calculated by R. Reisfeld and L. Boehm [17] and are listed

in Table 1. 9. Using their results and the above intensity

parameters we calculated the radiative decay rates in

Tm3+:YLiF 4 and Tm3+:Y2BaFB which are listed in Table 1.10.

1.4 Energy transfer

1.4.1 Brief introduction

When a material is exposed to a source of radiation, sorne

of the energy may be absorbed through the creation of

electronic excited states. This energy is later dissipated

through the emission of light (radiative process) or heat
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Table 1.9 Reduced matrix elements U' (À) =<JI UIAII J' >'

for TmJ
• [17]

SLJ S' L' J' U' (2) U' (4) U' (6)

11 6 3H6 0.0108 0.0397 0.0137

l1 6 3F< 0.0549 0.4543 0.3658

l1 6 3Hs 0.0010 0.0021 0.0057

l1 6 3F, 0.0 0.0394 0.3373
JFJ 0.0 0.0028 0.0075
JH< 0.0676 0.3175 0.1035

l16 IG, 0.2194 1. 2894 0.6520

l16 10, 0.0 0.0515 0.8433

10, 3H6 0.0 0.3144 0.0916

10, 3F< 0.5792 0.0968 0.0194

10, 3Hs 0.0 0.0017 0.0164

10, 3F, 0.0639 0.3093 0.0
3F3 0.1637 0.0714 0.0
3H< 0.1147 0.0138 0.2307

10, IG< 0.1926 0.1666 0.0006

IG< 3H6 0.0452 0.0694 0.0122

IG< 3F< 0.0042 0.0186 0.0642

IG< JHs 0.0704 0.0055 0.5176

IG< JF2 0.0050 0.0695 0.0413
3FJ 0.0100 0.0698 0.2915
3H< 0.1511 0.0046 0.3750

3F 3H6 0.0 0.0 0.2591
3 'F 3 0.0 0.3163 0.8409
3H< 0.2187 0.0944 0.5758

3F 3F< 0.2849 0.0548 0.04483 2
F J 0.0031 0.0011 0.1654

3H< 0.1215 0.1329 0.2258

3H< 3Hs 0.0152 0.4669 0.0153

3F< 3H6 0.5589 0.7462 0.2574
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Table 1.10 Calculated dipole transition radiative

decay rates in Tm3+:YLiF4 and TmJ+:Y2BaFa

SLJ S' L' J' TmJ+: YT.iF4 TmJ+: Y2BaFa
A(s-:) A (S-l)

lI, 3H, 492 420
lI, 3F4 3241 3475

lI, JHs 24 28

lI, JF
2 310 510

JFJ 10 15
JH4 947 828

lI, 1G4 876 838

lI, 10
2 30 51

10
2 JH, 3388 3427

102 JF4 6576 3490
10

2
JHs 38 63

102 JF 408 306J 2FJ 456 253
JH4 631 602

102 1G4 75 45
1G4 JH, 399 277
1G4 JF 4 60 82
1G4 3Hs 167 297
1G4 JF 6 6J 2F3 20 30

JH4 88 90
JF JH, 228 409J 2F3 749 1081
3H4 434 444
JF 3F4 253 145J 2F3 .22 38
JH4 43 39
JH4 3Hs 6 11

3F4 3H, 89 64
._--.- ..
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(mutiphonon process). In between the creation of e1ectronic

excited states and the subsequent energy dissipation, the

energy may move around from one atom or mo1ecu1e to another

within the material. This process is called "energy transfer".

This phenomenon occurs in many different types of materials

under a wide variety of physical conditions. Thus energy

transfer is an important topic for study by physicists,

chemists, and biologists with many different specialized

research interests.

Energy transfer can occur by three different mechanisms.

In the first mechanism, photoconductivity, the incident

radiation creates free electron-hole pairs. These free

electrons and/or holes can then migrate through the solid

carrying with them both energy and charge. This mechanism is

generally associated with studies of electrical conductivity.

In the second mechanism, radiative reabsorption, the donor

simply emits a real photon which is eventually absorbed by

either another donor or an acceptor. This work deals with a

third mechanism, radiationless energy transfer. In this

process the transfer of energy between individual atoms or

molecules can be viewed as a quantum mechanical resonance

process involving the exchange of a virtual photon. This

exchange occurs via either an electromagnetic multipole­

multipole interaction or an exchange interaction.

The foundations of energy transfer theory were

established by Fëster[18], [19]. Fëster electric

'-"
.'" .....
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dipole-dipole interaction theory is still used today. This

theory was extended by Dexter [20] to include higher order

multipole interactions and exchange interaction. Work in this

area has increased in the past thirty years because of the

importance of energy transfer processes in the application of

optical materials to technological systems.

1.4.2 The Fëster-Dexter transfer (two-body interaction

electric multipole transfer) rate[2l]

a). The two-body interaction energy transfer Hamiltonian

As shown in Figure 1.5.

R

2

•

Figure 1.5 Two-atom system

HA and HB are the Hamiltonian of atom A and B, respectively.

The Hamiltonian of the two-atom system is given hy:

(1. 7)

in the ahove equation
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(1. 8)

Let la) and la') to be the ground state and excited state

wavefunctions of atom A, lb) and lb') to be the ground state

and excited wavefunctions of atom B, respectively. Consider a

transition from an initial state Il)= la'b) to a final state

12)= 1ab'). The matrix element of this transition is given by:

(a'(1)b(2) IHAB la(1)b'(2»

=ZaZb ~<a'(1) la(1)Xb(2) Ib'(2»

+(a'(1)b(2) 1 e
2

la(1)b'(2»
I u

-Zae2{a' (1) la (1) Xb(2) 11_ 1 lib' (2»
R+Ïb2

-Zbe2{a'(1) 1,_ 1_ Ila(1)Xb(2) Ib'(2»
R+Ia1

2
=(a'(1)b(2) 1~la(1)b'(2»

I 12

(1. 9)

Taking into account the overlap of the wavefunction the

relevant product wavefunctions are replaced as follows:

•

Then

la' (1) b(2) )-..!...Ia' (1) b (2) -b (1) a' (2»
.f2

la (1) b' (2) )-..!...Ia (1) b' (2) -b' (1) a (2»
.f2

(1.10)
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(a'(1)b(2) /HAB la(l)b'(2)

- ;(a'(1)b(2) IHAB la(1)b'(2»

+ ;(b(l) a'(2) IHABlb'(l) a (2»

- ; (b (1) a' (2) IHABla (1) b' (2»

- ;(a'(1)b(2) /HAB /b'(1)a(2»

=(a'(1)b(2) /HABla(1)b'(2»
-(a'(1)b(2) IHABlb'(1)a(2»

and

(a'(1)b(2) IHAB lb'(1)a(2)

=Z"Zb ~(a'(l) Ib'(1»{b(2) la (2»

+(a'(1)b(2) 1 e
2

/b'(1)a(2)
I 12

-z"e2(a'(1) Ib'(1»{b(2) /,_ l Ila(2»
R+ÏbZ

-Zbe2{b(2)la(2»(a'(1)'1 _1_ ,Ib'(l»
-R+r41

2
"(a'(1)b(2) 1~lb'(1)a(2»

I 12

Thus, the matrix element is given by:

(1.11)

(1.12)

(1.13 )

b). Interaction between two atoms in solids

Consider two atoms A and B in fixed positions in a solid as

shown in Figure 1.6, and set

•
Re (R,O,.)
R> >rAS' I Bt
Ïst=R+ÏBt-ÏAs

(1.14)
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X
A

atom A

atomS

•
Figure 1.6 Two-atom system in solids
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The relevant energy transfer Hami1tonian is given by:

(1.15)

where the sum is over the e1eetrons of the two atoms. Taking

into aecount the faet that R»r~, rat' the expansion of HM in

spheriea1 harmonies is given by[22] :

where

(1.16)

(211+212 +1) 1(11 12 11+12 )

(211) 1 (212 ) 1 ~ lII:! -zn,,-~

(1.17)

•

D~ (A) =1: r;c~ (8., ••)
•

Cl (c) = 14;"""y (c)
DI 'J 21'+i" lm

For examp1e 1=1, m=O,±l:

Then

(1.1B)

(1.19)

(1.20)

(1.21)
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and

~=rc~=z

nJ=rct=-...!.. (x+iy)
~

D=l=rC=l =...!.. (x-iy)
~

Then the direct term of <IH~I> is

The quantity re1ated to the transition rate is

(1. 22)

(1.23)

(1.24)

(1. 25)

Averaging over e and $ the fo11owing resu1t is obtained:

J(211 +212 +1) (213 +214 +1)
-al,.l•• l••l.iS.., ........,....

(1.26)

•
Neg1ecting cross terms: 11;1:1 31 1 2;1:1 41 m1~31 m2~41 1<IH~I>12 can

be expressed as:
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where

Taking the average of G1/:

c). The energy transfer rate

The transfer rate is defined as[21]

(1.27)

(1.28)

(1.29)

(1.30)



• - 27 -

(1.31)

where

(1. 32)

is the overlap integral. In (1.32) gA(oo) and g.(oo) are the line

shape functions for ions A and B respectively. Considering the

case of two Lorentzian lines of width â~ and ~, centred at

mA and~, respectively, the overlap integral is given by[21]:

(1.33)

•

where âV= âVA+âV. is the line width with a unit cm- l
•

Under normal conditions the exchange interaction is

negligible compared with the direct interaction, the magnetic

multipole interactions are negligible compared with the

electric multipole interactions of the same order, and the

dipole-quadrupole interaction are negligible compared with the

dipole-dipole interaction, so we only consider the electric

dipole-dipole interaction.

An electric multipole of a charge distribution p(x) with

x=(r,e,~) is defined as follows:

(1. 34)

If set
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P (x) "'L ea (x-xs )
s

Dl ..."'~ 2~~jcn~ea(X-Xs)rlYlm(e,+)

",e~~ 2~~1 r;YllD (8s' +s)

(1. 35)

(1.36)

These quantities (Dl.m/e) are the same as the quantities Dm
1

defined in Equation (1.18).

The electric multipole energy transfer rate can be

written as:

(1. 37)

where

(1. 38)

is the dipole-dipole term,

(1. 39)

•

is the dipole-quadrupole term, and
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C (101 4lt2 e 4 81
Rl0 h R10 5ï5ï

2 2

·[E l(a/ID~laW] [E 1<bID~lbW]S
~~2 ~-2

(1.40)

is the quadrupole-quadrupole term.

Considering only the electric dipole-dipole interaction

the energy transfer rate is given by[21]:

(1.41)

where ~A is the radiative lifetime of atom A, Ro is the radius

at which the energy transfer rate is equal to the decay rate.

1.4.3 The Judd[11]-Ofelt[12] parameter expression of the

two-body transfer rate

The Judd-Ofeld parameter expressions of the two-body

electric dipole-dipole and dipole-quadrupole transfer rates in

rare-earth ion doped crystals were developed by

•

Kushida[23]. The results are the following:

(1. 42)
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(1.43)

The above equations can be used to calculate the energy

transfer rates if the Judd-Ofelt parameters ~ and <JI UC!.II J' >2

(À=2, 4, 6) are available and the donor-acceptor distance R is

given.

1.5 opconversion

1.5.1 Brief introduction

Upconversion is a phenomenon in whieh the wavelength of

emitted light is shorter than that of the purnping light. The

first upconversion lasers, demonstrated more than 20 yea:os

ago, were flash-lamp-pumped, pulsed lasers limited to

operation at cryogenie temperatures [24]. In the past ten

years, upconversion lasing has been observed in a nurnber of

materials doped with trivalent rare-earth ions, notably

praseodymium[25] , [26] ,neodymium[27] , [28] ,holmium[29],

erbium[30], [31], [32], [33], [34], [35], [36], and

thulium [29] , [37], [38], [39]. Upconversion is eaused

•

by multiple excitations (direct pump or energy transfer or

both) • For instance an exited ion absorbs a photon and reaches

a higher exeited level, when it later returns to the ground

state the emitted photon has a higher energy than the absorbed
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photon.

The central role of energy transfer in the dynamics of

energy upconversion by rare earth ions was recognized .in

1966 [40] , [41] . Nearly aU theoretical treatments to

date have assumed a random distribution of donors and

acceptors among the lattice points of the

crystal[21], [42], [43]. For a random distribution, a

two-body process is characterized by an nenA dependence in the

rate equations and a concentration independent transfer

parameter [21] .

1.5.2 Basic rate equation model to describe upconversion

dynamics

The basic rate equation model used to describe the

upconversion dynamics is based on two-body interaction

electric dipole-dipole energy transfer and random distribution

of the donors and acceptors. This model is called Static

transfer model[21].

a). Static transfer model for a pulsed excitation case

In a crystal which consists of Ne Ct) donors and NA Ct)

acceptors ciistributed among the lattice points, the basic rate

equation for the donors take the form[44],[45],

[46] :
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(1. 44)

where 1/tD is the decay rate of the donor, PiD(t) is the

probability that the ith lattice point is occupied by a donor

at tim~ t, and pjA(t) is the probability that the jth lattice

point is occupied by an acceptor at time t. NT is the total

number of lattice points. Considering the average density of

the probability, we should sum al! the lattice points and

divide by the total interaction volume VT both sides of

equation (1.44). Thus we obtain the following expression of

the rate equation:

(1. 45)

In the above equation

(1. 4 6)

is the conceIltration of the donors • From the same

considerations we get the rate equation for the acceptors

(1.47)

•
and for any state M at which the donor or acceptor stays after

the energy transfer process
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(1.48)

The general rate equations take the form:

(1. 49)

•

In the above equation if nx(t) is the M state ion

concentratic~ the sign preceding the energy transfer term is

positive, if nx(t) is either the donor or the acceptor

concentration the sign in front of the energy transfer term is

negative.

If the donors and acceptors are randomly distributed

among the lattice points the possibility of finding a donor at

any lattice point is the same as Pio (t) =No (t) /NT where ND (t) is

the number of donors and NT is the total number of lattice

points, and the possibility of finding an acceptor at any

lattice point is also the same as pt (t) =NA(t) /NT where NA (t) is

the number of acceptors. The energy tran5fer term of equation

(1.49) takes the form:
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(1.50)

where W is the transfer parameter which can be expressed as:

(1.51)

where a is the lattice distance and nT is the concentration of

lattice points (in the crystals of Er3+:YAG, Er3+:YAI03 ,

Tm3+: YLiF4 and Tm3+: Y2BaFB they are the concentrations of Yttrium

ions in YAG, YAI03 , YLiF4 and Y2BaFB that are given in Table

1.2). Clearly this approach yields a W that is an activator

concentration independent constant.

b). Static transfer model for continuous pumping case

In this case we need to add a pump term in (1.49). Thus

the rate equations take the form:

•
(1.52)
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where Pyx=O"I is the pump rate. l is the pump intensity and 0"

is the absorption cross-section which is given by[3]:

2
a=A c: g(v)

"Y 8nf;,.n2
(1. 53)

where A..y is the radiative decay rate from level x to level y,

c is the velocity of light in vacuum, f yx is frequency of the

pump light, n is the refractive index of the medium, and g(V)

is the line shape form factor. For a resonant pump and a

Gaussian luminescence line of width âVl~' the line shape form

factor take the form[3]:

g(v) = 1
c:1i v 1um

thus the absorption cross-section is given by[3]:

(1. 54 l

(1. 55)

•

1.5.3 Avalanche upconversion

al. The phenomenon of photon avalanche

The phenomenon oi photon avalanche was first discovered

in Pr3+ based infrared quantum counters [47]. A LaC13 or

LaBr3 crystal doped with Pr3+ was exposed to 1aser-pump

radiation, in which the frequency matches the excited-state

transition absorption 3Hs -+ 3p p When this radiation was

slightly in excess of a certain critical intensity, Pr3+
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fluorescence increased by orders of magnitude and

correspondingly, pump absorption was sufficient to cause a

dimming of the laser light on passing through the crystal.

This phenomenon was ascribed to an efficient cross-relaxation

energy transfer between the lowest infrared levels of Pr3+

which induces the excited state absorption used in the quantum

counter process. Such an avalanche process was also observed

with other rare-earth-doped crystals such as

sm3+:LaBrd48], Nd 3+:LiYFd49], Pr3+:LaCld25),

Tm3+:LiYF4 [50], and Tm3+:YA103 [5l]. Experimentally, the

signature of avalanche upconversion has been the threshold

behaviour of the upconversion emission, and a concomitant

threshold for excited state absorption.

bl. The avalanche upconversion model

The fundamental avalanche upconversion model (the three

level model[52]l relies on an excited state absorption,

resonant with the pump wavelength, from a level which is

populated by one cross-relaxation step.

The following gives an introduction of this basic

theory[52] which gives the necessary and sufficient condition

to observe an avalanche.

Figure 1.7 shows the genera1 energy scheme for an

avalanche process. The nonresonant absorption from the ground

state populates level 2', which relaxes nonradiatively to the

metastablê level 2~ The resonant absorption ~', followed by

the nonradiative relaxation 3'~3, leads to the population of
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•

Figure 1.7

Three level schem for an avalanche process

the emission level 3. Then the cross-relaxation process

permits a very efficient population of level 2 and enhances

the excited-state absorption 2~' . Since the phonon relaxation

are fast compared to aIl other processes involved, the

excitation process can be adequately described by the

following rate equations (where Pli Pu and P3 are the

normalized population in level l, 2, and 3, respectively):

(1. 56)

•
with

Pl+P2+P3=1 •

The nonresonant absorption from the ground-state and the



•
- 38 -

resonant excited-state absorption are characteri?ed by pumping

rates Pl and P 2, respectively. A2 and AJ are the radiative

relaxation rates of levels 2 and 3, respectively. The

branching in the decay of level 3 is described by the

parameter b with (l-b)AJ being the decay rate to level 2. The

energy-transfer process is described by the rate 'Y31.

1). 5tationary solutions

The system of equation (1.56) was solved explicitly in

the long-time limit [52]. When t ~ 00, the following equations

were obtained:

and the stationary solution for level 3 population is

B 4CPp;=_ [-l+sgn(B) (1+__1 )112]
2C B2

with

and

(1.57)

(1.58)

(1. 59)

(1. 60)

•

In equation (1.58)

sgn(B)=+l if B>O

sgn(B)=-l if B<O

5ince Pl corresponds to a nonresonant absorption, Pl is very

small compared tc all the other terms. 50
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This leads to the following solution for Pl:
if B>O,

B 2CPp;,,_ [-1+ (1+__1 )]

2C B 2

= Pl
B

~ (A3+Y31-P 2(Y3C~) +P1P2+Pl~
_ P1P2 1

- Y31-~ ~ (~+YJl) -P. + Pl (P2+A3)
y31 -bA3 2 y31 -bA3

,,_P....:!1:..,P.,:.2_ 1
Y31-~ ~ (A3+YJl) _P

YJl-~ 2
_ P1P2 1

- Y31-~ P21.1Jll1C-P 2

if B<O,

In the above equations

is the threshold.

(1.61)

(1. 62)

(1. 63)

(1. 64)
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2). Discussion

If 131<bAJ , from equation (1. 60) we get B>O, regardless of

the excitation power there exists only one solution for pj:

If 131>bA3, there are two solution of P3-:

i) if B>O namely P2<P2liJllit

(1. 66)

ii) if B<O namely P2>P21imit

(1. 67)

•

Above the threshold, there is the avalanche effect. In

conclusion, the avalanche effect may occur only if the cross-

relaxation rate "131 is bigger than the decay rate from level

3 to level l (bA3).

1.6 Bigh (higher than two) order concentration depandant

anergy transfer and concentration depandent transfer

parameter

1.6.1 Observations

a). High order concentration dependent energy transfer

A very thorough discussion of the concentration dependent

energy transfer is given by Grant [53]. He points out that

it is a curious fact that the concentration dependence of the
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energy transfer follows a square law in the vast majority of

cases and powers up to three are not uncommon. The observation

of nonlinear concentration dependence at low concentrations

gives strong experimental evidence for the high order

concentration dependent energy transfer process. As an

example[54], the self-quenching of Eu3+ emission transition

from the 500 level can not be accounted for in terms of

pairwise multipolar interaction in view of the fact that the

energy separation between the 500 level and the 7F6 level is

about 12000 cm-l and the energy separation between the 7F6

level and ground 7F0 level is only about 5000 cm-l • In the

process to populate the 500 level two donors c'F6 -+ 7Fo) and one

acceptor c'F6 -+ 500) must be involved. Another example [55]

is the transfer between the Tb3+ 504 level and the Eu3+ 501 level

which has a difference in energy by about 2000 cm-l and can not

be accounted for in terms of pairwise multipolar interaction.

b). Concentration dependent transfer parameter

In 1985 V. I. Zhekov et al [56] measured the energy

transfer pa!=ameters WOA of the energy transfer process 6I 1312 -+

6I15/2t 6I13/2 -+ 6Ig12 in Er3+:Y3Als012 with different Er3+

concentrations (0.5-100%). They found that the energy transfer

parameter is a function of the Er3+ concentration

proportional to the second power of the Er3+ concentration.

This observation was reconfirmed in Er3+:Y3A1 5012 [57],

[58], [59]. In references [58] and [59] it was also

reported that there are deviations of this second power
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concentration dependence of the transfer parameters at low

(lower than 3%) and high (higher than 60%) Er3• concentrations

(there are three experimental points in this part as shown in

fig.5 of ref. [58]). The details of these deviations are that

when the Er3• concentration is lower than 3% the transfer

parameter is linearly dependent on the Er3• concentration r and

when the Er3• concentration is higher than 60% the transfer

parameter dependence is lower than the second power of the Er3•

concentration. These deviations, as reported in references

[58] and [59], are difficult to explain with the current

energy transfer theories.

1.6.2 The diffusion transfer model[42]

In this model the donors are treated like gas molecules

that can move randomly within the crystal. The acceptors are

treated like an array of static black holes. As soon as a

donor gets close enough to an acceptor r it will transfer

energy to the acceptor. The relevant equation that describes

such a diffusion process is:

(1.68)

•

where the first term in the square brackets deals with

diffusion among donors, the second with the self-decay of

donors, and the third with donor-acceptor energy transfer. In

the present case the analog of the average donor concentration

is the function:
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(1.69)

Yokota and Tanimoto[42] have obtained an expression for nD(t)

in the case of dipole-dipole interaction when

This expression was reported

n D( t) =nD(O) exp [-.E - nAr (1.) (.E)1/2
'teo 2 't

.( 1+10.S7X+15.5x2 )3/4]
1+S.743x

(1. 70)

(1.71)

where co=(47tRo3/3)-I, X=OCDA-lt2l3 where COAt as given in (1.70),

is the microparameter of the dipole-dipole transfer between a

donor and an acceptor , and nA is the concentration of the

acceptors. In the case for t ~ 00, namely x ~ 00

(1.72)

•

where KD=3. 647t03/4cOAI/4nA' the diffusion constant 0=3.37 5noDcDD3/4

where CDD is the microparameter of the dipole-dipole transfer

between two donors, and noc is the concentration of unexcited

donors. Equation (1.72) leads to the following rate equation

for the donors:

(1. 73)

where
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Wd=9'1tCl/,4CÈf.4 (1.74)

is the transfer parameter which is independent of the

activator concentration.

It can be seen that the diffusion model yields a third

power concentration dependent transfer term in the rate

eq"ation.

1.6.3 The many-body process

Grant [531 emphasized that for a random distribution of

donors and acceptors the transition probability is determined

by the number of interacting particles anà not the spatial

dependence of the interaction. Thus, for a random

distribution a Q-particle process should be characterized by

an nQ dependent transfer term in the rate equations. To date

aIl the many-body theories are limited to three-body electric

multipole interactions [60l, [6ll.

a). The three-body theory[60l

The three-body interaction transfer arise from the

dipole-dipole perturbation Hamiltonian. Considering a donor

ion 0 initially in an excited state 1Di> interacting with

acceptor ions AI and A2 in states 1Ali> and 1Au>, respectively.

The rate of radiationless energy transfer between the initial

state and a quasicontinuous range of final states is given by:

(1.75)

where 5 is the overlap integral and t is given to the second
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order in the perturbation by:

't=H'+:E H'lmXmlH' (&1-11..)-1
...1

(1.76)

Assuming that 1i> (or 1f» may be represented as a simple

product of three one-electron atomic wave-functions:

(1.77)

Neglecting the exchange effects, The interaction Hamiltonian

is

(1.7B)

with each of the three terms on the right side of (1.7B) of

the following form:

(1. 79)

where

(l.BO)

and rD and rA are the electric di pole moment operators for D

and A, ReA is the vector separation of D and A. For dipole­

dipole interaction the higher order terms on the right-side of

(1.79) are not considered.

For the second-order contribution to <il tif> we have:

•

E üIH'lmXmIH'I.f}(&1-11..)-1
m'1

A typical term in (l.Bl) is

(1.B1)
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(1. 82)

which may be rewritten as:

(1. 83)

By orthogonality, (1.83) may be reduced to:

(1. 84)

By invoking the approximation that

(1. 85)

for aIl intermediate states m. Thus, the second-order

contribution (1.81) becomes:

(1. 86)

From Eqs. (1.75), (1.76), (1.78) and (1.86) the three-body dd-

dd interaction transfer rate is obtained:

Yu=(4n2 /h) /(i11'1.t>128
- (16n2/h) âe-2 1(i IH~Hbol.t> .
+(i IH~HLAzI.t>+(i /HboHLAzI.t>/28

(1.87)

From Equation (1.79) the specifie fo~m for each of the three

terms on the rhs of (1.87) is obtained as:

•
(1.88)
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(1.89)

(1.90)

Thus the transition rate contains terms that exhibit the

following types of dependence on separation between the three

ions: 1> -6R -6
"'OA1 cA2' R -6R -6

DAl AIA2'
1> -6R -6
"'CA2 A1.\2' R -6R -JR -J

DAl DA2 A1A2'

The total transfer rate is the ensemble

(1. 91)

where Z is the partition function which can be written

z= E e "U(Z'l,Z2,-,.r:~,~,~,-, ....,~,~,-e:~)/k7"

a.c:.
(1. 92)

and the sum is carried over aIl configurations of energy U

with the position vectors of the donor and acceptor ions given

by r, s, and t, respectively. For a random distribution of the

activator ions

(1. 93)

where N is the total number of lattice sites, and (N-N1-Nz-NJ )

is the number of vacant lattice sites. Thus:

Since the lattice spacing is small compared with the•
<Y123>r= (N1N2N3 /N

3
)EEE y (ri' Bi' t 1)

rI 61 ~

(1. 94)
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macroscopic dimensions, the sum in (1.94) may be replaced by

a integra1. The total transfer rate per volume (the transfer

term in the rate equationl is then given by:

where Wl2J is the three-body interaction transfer parameter

which is a constant, and nI' n2 and nJ are the concentration of

the three activators.

b) Judd[ll]-Ofelt[12] parameter expression of the three-

body transfer rates

The Judd-Ofeld parameter expression of the three-body

electric dq-dq interaction energy transfer rate in rare-earth

i0n doped crystals were also developed by Kushidand[23]. The

result is:

•

(dq-dq) _ 20es 4n2

YAB-C - (2J..+l) (2Jb+~) (2J.,+1) (h)

~.fIC(21 I.fl4W..lu I2) IJ~(JbDu(2) DJ~(J.,"u(2) DJ~

• [ (R~AC) -8\4.fII~ 14.t)2(4.fII~ 14.t)2E~ (1,2)
., (RscRAB) -S(4.fIIlI4.t)2(4.fiI~14.t)2Ei(1, 2)
+ (R.u:RBC) -S(4.fIIlI4.t)2(4.fII~ 14t)2E~(1, 2) 1s

In (1.96) a is the quantity defined as:

where

(1. 96)

(1. 97)
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(1. 98)

1.7 Statement of the Prob1em

The second order kinetic treatment of the energy transfer

process, which results in nDnA dependence of the energy

transfer term in the coupled rate equations, has gained wide

acceptance in the analysis of upconversion dynamics [44] ,

[45], [46], [52]. This approach was used to analyze data on the

upconversion dynamics of ErJ+:YAIOJ after excitation with a

1. 55 lJ.IlI pulse [62]. To obtain a satis factory fit to the

ErJ+:YAIOJ data, not only the energy transfer parameters but

also the decay rates were required to be adjustable

parameters. Attempts to fit similac data acquired for ErJ+: YAG

were unsuccessful for any set of parameters we could find.

This difficulty led us to ask the question: "are the second

order kinetics valid in these cases?"

Although the three level model [52] can fit the time

dependent upconversion intensity data of NdJ+LiYF. below the

avalanche threshold, model the time dependent upconversion

data above the avalanche threshold and the pump power

dependent upconversion data, it can not fit the data at high

pump power. (160 mW and 50-mm focal j:ens). When we undertook

the study of avalanche upconvers:Lon dynamics of 'l'mJ+:LiYF., we

found it impossible to fit the time dependent data, especially

at high pump power (above the threshold) and high temperature

(room temperature) by a simple three level model[52]. Even a
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four or five level mudel which only included the cross­

relaxation energy transfer processes and second order kinetics

failed. It became clear that the experimental upconversion

kinetics of Tm3+:LiYF4 is complicated and it ::ë:.n not be

adequately described by a simple avalanche model. This

difficulty motivated the detailed examination of the avalanche

upconversion kinetics of this work.

Upconversion pumped laser emission has been previously

reported for ':m3+:Y2BaFe [63]. But to date there has been no

studies on the upconversion dynamics and the upconversion gain

reported for this material. This work addresses this question

by Pump-probe measurements, which are compared to similar

results for Tm3+:YLiFd64].

1.8 Objectives of the research

al. To understand the upconversion dynamics of Er3+:YAG

and Er3+: YAl03 •

bl. To understand the avalanche upconversion dynamics of

Tm3+: YLiF4 and Tm3+: Y2BaFe •

cl. Through the investigation of the upconversion

dynamics of Er3+:YAG and Er3+:YAl03 , and of the avalanche

upconversion dynamics of Tm3+:YLiF 4 and Tm3+:Y2BaFe to understand

the energy transfer kinetics particularly for b.igh power

excitation and high activator concentration (where second

order kinetics failsl.
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EXPElUMEN'l'AL METBODS AND DATA TUATHENT
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Time dependent upconversion intensity measurements

Upconversion emission in Er3·:YAG and YAI03 (These data

were provided by D. J. Simkin and P. Myslninski)

Measurements were made at room temperature using a single

crystal of YAG containing 3 atomic percent Er3
• (4. 20xl0 2o cm-3

)

and a single crystal of YAl03 containing 10 atomic percent

Er3• (1. 97xl021 cm-3 ) and codoped with 1 atomic percent Yb3•• The

sample was ln the form of a laser rod, with flat polished end

faces and the crystallographic c axis perpendicular to the rod

axis. Pulsed measurements were made using a Q-switched erbium

fibre laser (constructed at NRC) which provided pulses of ca.

0.5 ~J and 15 ns duration. The output wavelength of the laser

was tunable from about 1.52 ~ to 1.56 ~. The laser was

focused to a spot size of approximately 20 ~ in the sample,

and the resulting upconversion fluorescence was focused on the

slits of a photon Technologies International 0.25 m

monochromator equipped with a 600 groove/mm holographic

grating «0.5 nm resolution) . A Hamamatsu R928 photomultiplier

was used as the detector, and the output was fed directly to

a LeCroy 9420 digital oscilloscope. The system response time

(limited primarily by the cable capacitance) was found to be

<1 ~s.

A disc of 2.15 mm thickness, polished on bath faces, was

cut from the laser rod and used to record the absorption

spectrum with a Perkin-Elmer model Lambda 9 spectrophotometer.

The same disc was used to record the upconversion emission
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spectrum, and the variation of emission intensity with pump

power. This was accomplished by optically coupling the disc to

the optical fibre input of an Anritsu spectrum analyzer

(resolution 5nm) using index matching grease. The Er-fibre

laser, operating in continuous mode (maximum output power ca

20 mW), was focused to a spot size of ca 40 ~ on the disco

The laser power was attenuated using a variable neutral

density filter.

2.1.2 Upconversion emission in Tm3':YLiF4 and Y2BaFa

The optical arrangement used is illustrated in figure

2.1. Measurements were performed on a single crystal of YLiF4

3.37 mm thick and containing 3 at.% (1.9Bx1020 cm-3
) Tm3'

(obtained from Sanders Associates) and a single crystal of

Y2BaFa 5.00mm thick and containing 5 at.% (6.50x1020 cm-3
) Tm3

'

(obtained from Hans P. Jenssen), at 12° K and at room

temperature with the crystal mounted on the cold finger of a

closed cycle helium refrigerator. For Tm3
': YLiF4 two

polarizations were examined: (1- with the c-axis perpendicular

to both the electric vector of the laser and to the direction

of propagation, and 7t- with' the c-axis parallel to the

electric vector of the laser, but perpendicular to the

direction of propagation. For Tm3': Y2BaFa the c-axis is

perpendicular to electric vector of the laser and parallel to

the direction of propagation. The pump light was providrd by

a Coherent 699-21 ring dye laser operating with DCM dye, and



• - 54 -
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Figure 2.1

Optical arrangement for the time dependent upconversion

•
emission measurement .

-. ~
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pumped with 6.0 Wsingle line 514.5 nm from a Coherent CIOO 15

W Ar ion laser. The pump light was focused on the crystal

using a lens of focal length chosen such that the Rayleigh

range was longer than the crystal thick,ess (4.13 mm @ 650

nm). The beam waist was determined to be 20.6 ~ as measured

with a knife edge. The luminescence from the crystal was

collected at right angles and fOI;used cnte the slits of a

Photon Technologies International 0.25 m monochromator

equippeè. with êl 600 groove/mm holographie grating «0.5 nm

resolution). A Hamamatsu R928 photomultiplier was used as the

detector, and the signal was fed via an impedance matching

preamplifier to a Tektronix 2230 digital storage oscilloscope.

The response time of the electronics was 200 ns. The laser

was chopped at 5 Hz, slow enough to allow the population of

the longest lived state (3H4I 13 ms) to deplete between cycles.

The pump laser was focused before the chopper blade and

recollimated after so that the rise of the pump light was much

shorter than the risetime of the upconversion emission.

2.2 Power dependence of th~ upconversion intensity

measurement

The optical arrangement tor the pump power dependence

upconversion intensity measurement is the same as that for the

time dependent upconversion intensity measurement as shown by

Figure 2.1 except that the monochromator was replaced by an

EG&G PARC OMA. The pump power dependence of the upconversion
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intensities in Tmh :YLiF1 were measurement at 12 k with pump

power ranging from 20 mW/3.42x10-scm2 to 270 mW/3.42x10-scm2
•

2.3 Pump-probe gain measurement

In the gain measurements the sample of Tm3°:Y2BaFs was

mounted on the cold finger of a closed cycle He refrigerator.

The optical arrangement used is illustrated in figure 2.1. The

blue probe radiation was provided by a Laser Science, Inc.

model VSL-337ND pulsed N2 laser pumping a model DLMS-230 dye

laser using Coumaring 480 dye. The probe beam was attenuated

to obtain comparable intensity to that of the luminescence.

Pump light was provided by a Coherent 699 ring dye laser (in

broadband configuration) using OCM and pumped with an argon

ion laser at 514.5 nm. The direction of the polarization was

the same for both lasers, and the crystal was oriented with

the c-axis to be perpendicular to electric vector of the laser

and to be parallel to the direction of propagation. The focal

length of lens L2 was chosen so that the Rayleigh range was

longer than the crystal length for both pump (4.13 mm @-650.5

nm) and prote (5.52 mm at -482 nm) wavelengths. This resulted

in a beam waist of radius 20.6 ~ for both beams as measured

with a knife edge. This corresponded to an average intensity

of 7.5 kw cm-2 for each 100 mW of incident pUII'.p power. AH

measurements were made using an EG&G OMA with an intensified

1024 element diode array detector. The OMA was synchronized

with the N2 laser pulses. The resolution of the spectrograph
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at 500 nm was 0.3 nm. To determine the gain we recorded three

complete spectra, one with both the pump and probe lasers

present, one with only the pump, and one ~ith only the probe.

We then subtracted the pump only spectrum from the pump plus

probe spectrum and compared the result to the probe only

spectrum to obtain the numerical value of the gain at the

probe wavelength. To eliminate pulse-to-pulse jitter we

averaged one hundred samples in each case. This approach led

to an error of less than 3% of the measured gain. The accuracy

was not as high as the precision due to the systematic error

introduced by variations in pump~probe beam overlap.

2.4 Data treatment

2.4.1 Numerical methods for the solution of the coupled rate

equations

The upconversion dynamics is described by the coupled

rate equations. In the computer program the coupled rate

equations were normalized by the total doped rare-earth ion

concentration. The normali:l:ed coupled rate equation are solved

with a program that employs the IMSL library routine "DVERK",

employing a RUNGE KUTTA - VERNIER fifth and sixth order

method. The program used the solutions provided by DVERK as

the fitting functions for the routine ZXMIN, which could vary

the chosen parameters and seek a minimum in the square

deviation to the experimental data. The time dependent

upconversion intensity obtained from the numerical solution of
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the coupled rate equations could be compared with the

experimental data to determine the best values for the

parameters in the rate equations.

2.4.2 Choice of parameters to vary and choice of parameter

values

The coupled rate equations contain pump terms, self decay

terms and energy transfer terms. The radiative decay rates can

be obtained from the Judd-Ofelt parameters so they could be

used as fixed values in the solution of the rate equations.

The pump rates, theoretically, can be calculated if values of

the line shape overlap function are known. The value of the

line shape overlap function is determined by many factors that

include the mismatch of the pump energy with the energy gap

betweeu the two energy levels pumped, the absorption cross­

section of the line shape of the laser and of the absorption

band. Thus it is too complicated to calculate the pump rates

accurately. However, the pump rates under perfect resonant

condition Can be reasonably estimated. The actual pump rates

must be smaller than the estimated ones. For these reasons the

pump rate (for continuous pump case), or initial population of

the excited state (for pulsed pump case), are chosen as

vàriable parameters.

The energy transfer parameters are determined by the

kinetics (two-body interaction, or many-body interaction,

dipole-dipole transfer or dipole-quadruple transfer ••. ) and
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the values of the overlap of the line shape functions. Since

one of the main goals of this study was to understand the

kinetics of the energy transfer, the energy transfer

parameters are chosen as parameters to vary to fit the

experimental data. Thus by comparing the fitted values of the

energy transfer parameters with the calculated ones we can

obtain information about the kinetics, and test the validity

of the kinetic model used.

2.4.3 Fitting to more than one level when possible

In our study the rate equations for Er3+: YAG, Er'+: YAlO,

and Tm'+:Y2BaFe require five energy levels, and Tm'+:YLiF, six

energy levels. Even with as many of the parameters fixed as

possible, it is still advantageous to further constrain the

computer modelling. This was achieved by simultaneous fitting

to two experimental levels whenever possible. This approach

gives greater confidence in the significance of the values

found for the variable parameters, and as a result, in the

kinetic model.

2.4.4 Treatment of the gain data

The gain is obtained from [I (pump+pro.el - Ipumpl / I pro•e'

l IpUlllp+pro.el' I pump and I pro.. are determined from the integrated

intensities under the peak centred at the probe wavelength.

Because the dye laser used to provide the probe beam contained

broad amplified spontaneous emission (ASE) in the wings, the
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difference spectra l (Â.) (pWllp.probo) l (Â.) pWllp can reveal

qualitative spectral features, such as excited state

absorption and stimulated emission in regions outside the

narrow probe laser wavelength .
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CHAPTER 3

RESOLTS AND DISCOSSIONS
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3 .1 OpcoDversioD dynamics of Er"·: YAG and Er'·: YAlO.

Figure 3.1 shows the er,ergy levels and various dec:ay and

energy transfer processes which we consider in treating the

upconversion dynamics of Er3
+ in both YAG, and YAI03 • The decay

rates Aij indicate the rate from stal:e i to state j, by either

radiative or non-radiative (multiphonon) processes. The

energy transfer parameters are indicated as Wij where i and j

refer to the transfer occurring from an ion in state i to

another ion in state j. To simplify the scheme as much as

possible, we have considered the 41 1I12 and the 41 912 levels as

one level [651. This leads to the following set of rate

equations.

li (4) =- [A43 +A42 +A41 +A40 ] n (4)

+w222Zn4 (2) +W'1122n2 (1) n 2 (2)
li(3) =A43n(4) -[A,2+A,1+A30]n(3)

+w1122n 2 (1) n 2 (2)
li (2) =A42n (4) +.I132n (3) - [Azl +Azo] n (2)

+Wlllln 4 (1) -2W2222n4 (2)

- [W1122+W'1122] n 2 (1) n 2 (2)
li(l) =A41n(4) +A,ln(3) +Azln(2) -~on(l)

-2wlllln
4 (1)

- [W1122+W'1122] n 2 (1) n 2 (2)
li(O) =A4an(4) +A,on(3) +Azon(2) +~on(l)

+Wll11n 4 (1) +W2222n4 (2)

+ [W1122 +W'1122] n 2 (1) n 2 (2)

where n (i) are concentration of ions in state i and WUjj are

fourth-order transfer parameters. Using the above equations to

treat the energy transfer processes, the same ion in different

energy levels is either the donor or acceptor. Since this

kinetic scheme includes five levels, there can be as many as

four different donors and four different acceptors.

",
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Energy level scheme of ErJ + showing the energy transfer and decay

processes considered in the rate equations for the upconversion

dynamics of ErJ +: YAG and Er3>: YAlOJ •
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Considering donor-acceptor energy matching we have included

only the above four energy transfer process. Dividing the

total Er3, concentration ntr (for Er3':YAG ntr=4.20xl0 2o cm-3 and

for Er3':YA103 ntr=1.97xl021 cm-3) on both sides of the coupled

rate equations (3.1), we obtain the following normalized

coupled rate equations:

P(4) "'- [A43 +A42 +A41 +A40 l p (4)
+K2222p4 (2) +K'1122p2 (1) p2 (2)

P(3) "A43P(4) -[A32 +A31 +A30 l p (3)
+li1.122p2 (1) p2 (2)

P(2) "'A42P (4) +A32P(3) -[A21+~olP (2)

+li1.111p4 (1) -2K2222p4 (2)
- [li1.122+K '1122] p2 (1) p2 (2)

P(1) =A41P (.~) +A31P (::;) +~lP (2) -~oP (li
-2li1.11:p4 (1)

- [li1.122+K '1122 l p2 (1) p2 (2)
P(0) "'A40p (4) +A30p (3) +~oP (2) '''~oP (1)

+li1.111p4 (1) +K2222p· (2)
+ [li1.122+K'1122l p2 (1) p2 (2)

(3.2)

•

where p (i) =n (i) Intr are normalized concentrations and

KUjj=Wujjnt/. Using equations (3.2), we fitted the e.xperimental

data with the help of a computer program that employs the IMSL

library routine "DEVERK". In fitting the experimental c..,ta,

the radiative decay rates are fixed using values determined by

calculations (Eq. (1.3». The fixed values of the radiative

decay rates are listed in Table 3.1. The nonradiative decay

ra~es, the initial population of level l, and the parameters

Kiijj are allowed to vary to obtain the best fit to thG

experimental data. Fits of acceptable quality are obtained for

both the Er3':YAG and the Er3':YAl03 experimental data, and are

shown in Figure 3.2 and 3.3. The values of the variable
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Table 3.1 Fixed radiative decay rates in

the fitting of the tirne dependent

erni.ssionupconversion

experirnenta1 data of

intensity

and

•

ErJ+:YAG ErJ+:YA10J

A10 (S-l) 73 92

A21 (S-1) 34 49

A20 (S-l) 230 356

An (S-l) 37 49

AJO (S-l) 1537 2306

A42 (S-l) 76 105

Au (S-l) 315 405

A40 (S-l) 782 992
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parameters found from this procedure are given in Table 3.2

(tt,e values of the parameters KHjj were obtained directly from

the normalized rate equations (3.2), and the transfer

parameters WH)! were obtained by dividing KHjj with the third

power of the Er3' concentration nT• 3) •

Finally, we consider the steady state intensity

dependence of the upconversion emissio,l upon continuous 1.55

~ pump power. These data were only acquired for Er3': YAI031

and are taken from reference [62]. The experimental data for

levels 2, 2', 3 and 4 are shown in Figure 3.4, along with the

calculated curves. The calculated curves were obtained from

the steady state solutions for the normalized rate equations

(3.2), with the addition of a pump term from level 0 to level

l, and using the values of the p~rameters given in Table 3.1

and 3.2. The range of pump rates which gave steady state

solutions in agreement with the data (for the range of pump

powers used) corresponds to an absorption cross-section,

0'=6.6x10-20 cm2 , somewhat larger than the literature [66]

value of 1.2x10-20 cm2 • The calculated values of slopes of InI

versus InP cbtained in this way are listed along with the

experimental slopes in Table 3.3. As can be seen from Figure

3.4, the agreement is good.

From Table 3.2 we may see that the nonradiative decay

rates A43 , A32 and A21 are large. Figure 3.1 shows that the

separations between 453/2 level and 4F912 level, 4F912 level and

4I 9/2 level, 4I l112 level and 4I 1312 level aIl are small, thus at
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Table 3.2 Fitted values of the nonradiative decay rates and

energy transfer parameters in the fitting of the time

dependent upconversion emission intensity experimenta1 data of

ErJ': YAG and ErJ': YA10J [62]

ErJ':YAG ErJ':YA10J

A21 (S-l) nonradiative 2966 617

AJ2 (S-l) nonradiative 15107 767

A4J (S-l) nonradiative 659B7 21B5

Kllll (S-l) (1. OO±O. 06) xl0 8 (1. OO±O. 06) xl08

Wll11 (S-l cm9) (1. 35±0. OB) xl 0-54 (1. 3l±0. 07) xl 0-56

K2222 (S-l) (1.00±0.57)xl08 (1. OO±O ..'SO) x10 8

W2222 (S-l cm9) (1. 35±0. 77) xlO-s4 (1. 31±0. 66) x1a-S6

K1122 (S-l) (4.20±0.3B)x108 (S.00±0.74)x108

W1122 (S-l cm9) (5.67±0.51)x10-~ (6.55±0.96)x1a-s6

K' 1122 (S-l) (2. OO±O .26) x10 6 (6.20±4. 70) x10 9

W' 1122 (S-l cm9) (2. 70±0. 35) xl 0-56 (B .12±6 .17) x1a-ss

n(1)/nEr , t=O 0.043 0.040

n Er (cm-J) 4.20x102O 1.97x1021
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Dependence of the upconversion emission intensity of Er3': YAl03

on cw 1550 nm laser power. Open circles: experimental

•
points [621, solid lines: fitted using l = pm, values of m

given in Té'.ble 3.3. (a): 4F912 emission; (b): 45 312 emission;

(c): 41 11/2 emission •
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Table 3.3 Oependence of upconverted emission and intensity (1)

on 1550 nm pump power (P), according to I=pm•

LEVELS '11112 'Fg12 'S3/2

À. (nm) 997 673 550

m observed 1. 06 1. 67 1.51

m ca1culated 0.52 1.51 1.51

room temperature the nonradiative decay rates between these

levels are expected to be large.

3 . 2 Avalanche upconversion clynamics of Tm3+: YLiF.

First we examined the time dependence behaviour at high

pumping power (370 mw/3. 42x10-scm2 ) and 12 k with different

pumping wavelengths. When tuning the single wavelength pump

laser through the range of OCM (620-670 nm) one observes

strong blue upconversion emission from Tm3+ :YLF at several

discrete wavelengths. At low temperature (12 K) these

excitation wavelengths are quite sharp. lt is interesting to

note the remarkab~a differences in the upconversion dynamics

found for different excitation wavelengths, and crystal

orientations. This is illustrated in Figure 3.5 for cr

•
po1arization, and in Figure 3.6 for x polarization. Figure

3.7 shows the energy levels and three different pump steps and

Table 3.4 shows the resonance mismatch of these three pumping
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Table 3.4 Resonances for the three different pump wavelengths

at each of the two different polarizations.

0" polarization 1t polarization

À..xc . (nm) 627.0 646.0 656.0 629.0 641. 0 656.5

âV, (cm- l ) 749 229 44 666 332 13

âV2 (cm- l ) 3 166 351 30 67 412

âV3 (cm- l ) 622 102 83 550 253 36

steps for the different wavelengths and polarizations.

At the longest wavelengths (656.0 nrn for 0" polarization

and 656.5 nrn for 1t polarization) the first pump is close to

resonance. The rise of the upconversion follows the opening

of the chopper, as would be expected for upconversion via

direct excited state absorption. At intermediate wavelengths

(ca. 646.0 nrn for 0" polarization and 641.0 nm purnp for 1t

polarization ) the upconversion dynarnics are different for the

'02 and 'G~ ernissions, and for the two polarizations. In 1t

polarization (P, and P3 are not resonant but P2 is) and the lG4

emission begins only after an initial delay of over 6 ms,

while the '02 emission rises very gradually at first, but

changes to a steeper slope after about 4 ms. In 0"

•
polarization (Pl' P2 and Pl all are non resonant) the rise of

the lG~ emission is essentially the same as it is in 1t

polarization, while the rise of the 102 emission shows no
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initial delay or change in slope. At the shortest wavelength

(ca. 627 nm for cr polarization and 629.0 nm pump for 1t

polarization P, is far from resonance while but P2 is close

to resonance, and in this instance the rise of the

upconversion has the longest delay. This case represents the

conditions of typical avalanche upconversion.

We examined the details of the pump power dependence of

the 'G< (487 nm) emission intensity at 12 K under 627 nm cr

polarized pumping (from 30 mw/3. 42x10-5cm2 to 270 mw/3.42x10­

5cm2). These are expected to be typical avalanche upconversion

conditions, and the results shown in Figure 3.8 confirm this,

exhibiting a threshold at ca. 125 mW/3.42x10-5cm2 • We a1so

examined the power dependence of the dynamic behaviour under

the same conditions, and these results are shown in Figure

3.9. Be10w threshold (at 30 mW/3.42x10-scm2 ) no delay is sean.

Above threshold the initial delay at first increases with

increasing pump power, and then decreases again at the highest

powers (above 220 mW/3. 42x10-scm2 ) •

Figure 3.7 also shows the decay and energy transfer

processes which we include in treating the avalanche

upconversion dynamics of TmJ+:YLiF<. In the course of fitting

the experimental data, we examined all the energetical1y

possible energy transfer processes, and eliminated those which

had no noticeable effect on the quality of the fit to the

experimenta1 data. To simplify the rate equations as much as

possible, we combine the JF2 i JFJ and JH4 levels into a single
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level, and do the same with 'Hs and 'F,. We then obtain the

following set of coupled rate equations:

n(O) =-Pl [n(O) -n(2)]
+Ason s+A,on(4) +A30n(3) +~on(2) +~on(l)
+W'22n2 (2) +W14n (1) n (4) -W30n (3) n (0)

n(1)=-P2 [n(1)-n(3)]
+AS1n(S) +Au n(4) +~,n(3) +~ln(2) -~on(l)
+W22n 2 (2) +W23n (2) n (3) -W14n (1) n (4)
+W30n (3) n (0)

n (2) =P, [n (0) -n(2)] -P3 [n (2) -n (4)]
+AS2n(S) +A'2n(4) +A32n(3) -~n(2) (3.3)

-2 [W22+w'221n2(2) -W23n(2)n(3)
+W30n (3) n (0)

n(3)=P2 [n(1)-n(3)1
+AS3n(S) +A43n(4) -A3n(3)

+w22n 2 (2) -W23n(2)n(3) -W30n(3) n(O)
n(4) =P3 [n(2) -n(4) 1+As,n(S) -A,n(4)

+W'22n2 (2) +W23n(2)n(3) -W1,n(1)n(4)
n(S) =-Asn(S) +w14n(1)n(4)

where Wij are two-body energy transfer parameters, P1=aII,

P2=a21 and P3=a3I are pump rates, a!; a2 ; and a J are absorption

cross sections, l is the intensity of the pump laser, and k lj

are the radiative decay rates. By dividing the total TmJ
'

concentration n"" (1.9Sxl0 2o cm-J ) on both sides of equations

(3.3), we obtain the following normalized rate equations:
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(> (0) =-P
l

[p (0) -p (2)]
+AsoPs+A40 p (4) +A30p (3) +A:,oP (2) +~oP (1)

+K'22p2 (2) +Ki.4P (1) P (4) -K30 p (3) P (0)
(> (1) =-P2 [p (1) -P (3)]

+AslP (5) +A41P (4) +A31P (3) +A:,lP (2) -~oP (1)

+I<22p2(2) +I<23P (2) P (3) -K14P (1) P (4)
+Kiop (3) P (0)

(> (2) =P1 [p (0) -P (2) ]-P3 [p (2) -P (4)]
+As2P (5) +A42P (4) +A32 p (3) -A:,P (2)

-2 [I<22+K'22] p2 (2) -I<23P (2) P (3)
+K30p (3) P (0)

(> (3) =P2 [p (1) -P (3)]
+As3P (5) +A43 P (4) -A3p (3)

+I<22p2 (2) -I<23P (2) P (3) -Kiop (3) P (0)
(> (4) =P3 [p (2) -p (4)] +AS4P (5) -A4P (4)

+K'22p2 (2) +I<23P (2) P (3) -K14P (1) P (4)
(> (5) =-Asp (5) +Ki.4P (1) P (4)

(3.4)

•

where p (i) =n (i) /nTm are normalized concentrations and Kij=Wijn",.

Using equation (3.4) and the IM5L library routine "DEVERK"

program, the experimental data were fitted. In the fitting

most of the radiative decay rates were fixed at the calculated

values which are listed in Table 3.5. The parameters Kij and

pump rates Pl.2.3 were used as adjustable parameters to obtain

the best fit for the low pump power (30 mw/3.42xlO-scm2 ) data

(with no initial delay), which is shown in Figure 3.10. The

values of the parameters found from this procedure are listed

in Table 3.6 (the transfer parameters Wij were obtained by

deviding Kij with the Tm3' concentration in Tm3·:YLiF., n",),

where they may be compared with values calculated from Judd­

Ofelt theory. For a resonant pump, the absorption cross­

section may be found from (1.55) with the refractive index

n=1.79[3] and the line width 6v=5 cm-l[S]. The transfer rates

may found from (1.42) with values of ~ from Table 1.8
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Table 3.5 Fixed radiative dec2Y rates in

fitting the time dependent upconversion

487 nm emission experimenta1 data of

TmJ-:YLiF, under 30 mW/3.42xlO-5cm2 pump

Asa (5-1) 492

AS1 (5-1) 3265

AS2 (5-1) 1267

ASJ ( 5-1) 876

As, (5-1) 30

A,a (5-1) 3388

Au (5-1) 6614

A'2 (5-1) 1495

Au (5-1) 75

AJO (5-1) 399

AJ1 (5-1) 227

AJ2 (5-1) 114

A20 (5-1) 434

A2l (5-1) 49
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Figure J.10

Time dependence of the upconversion emission of Tm3'YLiF4 at

487 nm (3H, +- IG4) and 12 K under 30 mw/3. 42xlO-scm2 627 nm and

cr polarization pump. Open circles: experimental points, sol id

lines: calculated from Equations (3.4) using the parameter

values given by Table 3.5 and 3.6 •

(STD deviation=0.044061)
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Table 3.6 Parameters obtained from the fitting of the time

dependent upconversion 487 nm emission experimental data of

Tm":YLiF, under 30 mW/3.42xlO-scm' pump compared wit:h the

ca1.culated values .

.... .
calculated fitted

AIO (S-I) 89 50

<rI (cm2j 1. 54xlO-2O (7. ?l±0 .15) xl 0-24

<r2 (cm2) 4.04xlO-21 (2.00±0.06)xlO~1

<r, (cm2) 4.25xlO-21 (1.60±1.02)xlo-25

VA-V. = 11 (cm-l ) C30 (s-lcm6) = K30 (S-I) =
1.70xlO-" (3 .12±0. 62) xl05

W,o (s-lcm3) 5.l8xlO-12 (1.58±0.32) X10-15

VA-V. =1 (cm-l ) C22 (s-lcm6) = K22 (S-I) =
9.38xlO-'5 (1.40±0.03) xl05

W22 (s-lcm') 2.86xlO-12 (7 .OHO .15) x10-16

VA-V. = 12 (em-I) C23 (s-lem6) = K2J(S-I)=
1.60xlO-" (6.8l±4.43)xl05

W23 (s-lem') 4.88xlO-12 (3.45±2.24) xlo-15

VA-V. = 268 (cm-I ) C' 22 (S-I el1'6) = K' 22 (s-') =
3.76xlO-" 0

W' 22 (s-Iem') 1.15xlO-ll 0

VA-V. = 15 (em-I ) Cl' (s-lem6) = KI' (S-I) =
3.91xlO-25 0

W" (S-Icm') 1.19xlO-12 0
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(~=2.43xlO-2o cm2, n.=1.08xlO-20 cm2 andD,;=O.67xlO-20 cm2) and the

val ues of <JI u(~llJ' >2 from Table 1.9. Considering only the

nearest neighbour tra~sfer the distance R in Equation (1.42)

was treated as the lattice distance a (obtained from the

Yttrium concentration in YLiF. which is given in Table 1.2).

The overlap integral Scan be estimated from (1.32) and (1.33)

where, we take the line width to be âV=lO-3cm-l [23], and aSS'.lme

perfectly resonant energy cransfer (VA-v.=O) with Lorentzian

lineshape. The transfer parameter Wij is then obtained by

(1.51) (by dividing the transfer rate by the total

concentration of the yttrium in YLiF.). The calculated values

of the absorption cross sections and the transfer parameters

are given in Table 3.6, along with the values used for fitting

the experimental data.

The fi':ted energy transfer parameters agree with the

calculate~ values reasonably weIl. As expected, the

~alculated values, based on exact resonance, are larger than

those found experimentally. In the fitting it was found that

the transfer parameters W' 22 and WH had little or no effeci: on

the solutions. This may be the result of the lack of resonance

at low temperature (as can be seen from Table 3.6) . Reasonable

agreement is also found for the fitted and calculated values

of the absorption cross-section, but only for the second

(resonant) pump. The fitted values of bott. al and a3 are much

smaller than the calculated ones, which is consistent with the

fact that the pump is only in the wings of these absorptions
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as shown by Table 3.q.

The coupled rate equations (3.4) were solved for

different pump powers from 30 mWI3.42xlO-'cm2 to 340

mW/3.42xlO-scm2 , using the same pararneters found by fitting the

data at 30 mW/3.42xl0-scm2 • We note that at powers above 30

mW/3.42xlO-scm2 the calculated rise of the upconversion

emission did not follow the shape of the experimental data

well, but for the calculated power dependence we are prirnarily

interested in the steady state populations (solutions at long

times). The steady state solutions for p (3), the 1G, level,

obtained in this way display the power dependence of the

upconversion ~mission intensity. This is shown as the solid

line in Figure 3.8, which also shows the measured power

dependence of the intensity. The calculated curve had to be

shifted (on the power axis) by -60 mW/3.42xl0-scm2 to bring it

inco accord with the data points, but the shape found can be

seen to be correct. The shift along the energy axis may

simply reflect a systematic error in the measurernent of the

beam waist.

It is interesting to examine the qualitative behaviour of

the rise of the upconversion emission with incr-:asing pump

power. In Figure 3.9, we see that at the lowest pump power

(30 mWI3. 42xlO-5cm2 ) there is essentially no initial delay. At

higher pump power (160 mW/3.42xl0-scm2 ) an initial delay

becomes evident. This delay increases with j,ncreasing pump

power to 220 mW/3.42xlO-5cm2, but decreases again at higher
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powers (370 rnW/3. 42xlO-scrn2). Figure 3.11 shows calculated

solutions to the coupled rate equations (3.4) for the

corresponding purnp rates (aIl pararneters fixed at the 30

rnW/3.42xlO-scrn2 value except the purnp rate), and the sarne

qualitative trend as shown in Figure 3.9 is again observed,

although the calculated curves do not fit the experirnental

ones at powers above 30 rnW/3. 42xlO-5crn2•

The irnpossibility of sirnulating the experirnental risetime

behaviour (especially under high pump powers) within the

framework of a second order kinetic model led us to consider

alternatives. The rnost successful, in terrns of fitting the

experirnental data, was the inclusion of fourth order kinetic

terms in the coupled rate equations[67]. To avoid a

•

multiplication of fitting pararneters, we simply replaced the

second order energy transfer terms with the equivalent fourth

order terms. Inclusion of third order terrns would have to

involve different donor-acceptor cOmbinations than second

order terms, to ensure energy conservation, which is not true

of fourth order interactions. By simply changing the anergy

transfer terms in Equations (3.3) frorn: WoAnoIlA to: WOOAAno2nA2

we obtain the following rate equations:
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Simulations of the dependence of the 487 nm upconversion rise

time of Tm3':YLiF4 on 627 nm a polarization laser power at 12

K with the solutions of Equation (3.4) by changing only the

pump power. (a) 30 mW/3.42xlO-5crn2, (b) 160 mW/3.42xlO-5cm2, (cl

220 mW/3.42xlO-5cm2 , and (d) 370 mW/3.42xlO-5cm2 •
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lHO) =-P1 [n(0) -n(2)]
+Ason(5) +A40n(4) +~on(3) +A:!on(2) +~on(l)
+2W'zzzzn4 (2) +2W1144n z (1) n Z (4)
-2W3300n z (3) n Z(0)

lH 1) =-Pz [n (1) -n (3) ]
+Asln(5) +A41n(4) +~ln(3)+A:!ln(2) -~on(l)
+2wzzzzn4 (2) +2WZZ33n z (2)n Z (3)

-2Wl144n z (1) n Z(4) +2W3300nz (3) n Z(0)
n(2) =P1 [n(0) -n(2) ]-P3 [n(2) -n(4)]

+Aszn(5) +A.izn(4) +~zn(3) -A:!n(2)
-4 [Wzzzz+W'zzzz] n 4 (2) -2wZZ33nz (2) n Z(3)
+4w3300nz (3) n Z (0)

lH3) =Pz [n(l) -n(3)]
+As3n(5) +A43n(4) -~n(3)
+2wzzzzn4 (2) -2wZZ33nz (2) n Z(3)
-2w3300nz (3) n Z(0)

n(4) =P3 [n(2) -n(4)] +As4n(5) -A.in(4) +2w'zzzzn4 (2)
+2wZZ33nz (2) n Z(3) -2W1144n z (1) n Z(4)

n (5) =-Asln (5) +2wl144n z (1) n Z (4)

(3.5)

•

where Wiijj are fourth-order energy transfer parameters. By

dividing the total Tm3+ concentration n'l'm (1.98x1020 cm-3) on

both sides of equations (3.5) we obtain the following

normalized rate equations:
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P(0) =-P1 [p (0) -p (2)]
+Asop (5) +A40 p (4) +AJOp (3) +~oP (2) +~oP (1)
+2X'2222p4 (2) +2l<i144p2 (1) p2 (4)
-2XJJQOP2 (3) p2 (0)

P(l) =-P2 [p (1) -p (3)]
+AslP (5) +A41P (4) +~lP (3) +~lP (2) -~oP (1)
+2I<2222p4 (2) +2I<223Jp2 (2) p2 (3)
-2l<i144p2 (1) p2 (4) +2XJJOOP2 (3) pz (0)

P(2) =P1 [p (0) -p (2)] -PJ [p (2) -p (4)]
+As2P (5) +A4Zp (4) +~zP (3) -~p (2)
-4 [I<22ZZ+X'ZZ22] p4 (2) -2I<2Z33PZ(2) pz (3)
+4X:3300pz (3) pz (0)

p(3)=Pz [p(1)-p(3)]
+As3P (5) +A43P (4) -~p (3)
+2I<2z2Zp4 (2) -2I<2mp2 (2) pz (3)
-2X3300pz (3) p2 (0)

p (4) =P3 [p (2) -p (4)] +AS4 P (5) -A4 P (4) +2X'222Zp4 (2)
+2I<2mpz (2) p2 (3) -2l<i144p2 (1) pz (4)

p (5) =-AslP (5) +2l<i144p2 (1) p2 (4)

(3.6)

•

where p (i) =n (i) ln.... are normalized concentrations and

KHjj=WHjjn'1'lll3. Using equation (3.6) to fit the experimental data

we fix the radiative decay rates (except A2o, A21 and A10 ) at

their calculated values and then vary the pump rates and

parameters KHjj to obtain the best fit for both the 1Gc and 1D2

emissions simultaneously. These are shown in Figures 3.12,

3.13, 3.14, and 3.15 for the low temperature (12 k) data.

The normalized coupled rate equations (3.6) also yield

good fits for the room temperature data, which also could not

be simulated using second order rate equations. These are

shown in Figures 3.16 and 3.17.

The radiative decay rates fixed in the fitting are listed

in Table 3.7. The other parameters found in the fitting for

both the low temperature and the room temperature data for



• - 91 -

0.10.080.06

452 nm emission

487 nm emiSSion

t/s
0.040.02o

'tl
CU
!SI....-«'e
s..
~

•

Figure 3.12

Time dependence of the upconversion emission of Tm3+:YLiFe at

487 nm (3H, +- IGe) and 452 nm (3Fe +- 102 ) at 12 K under 370

mw/3.42xlO-5cm2 (J polarization 627 llDl pump. Open circles:

experimental points, solid lines: calculated from Equations

(3.6) with parameter values given by Table '3.7 and 3.8 •

(STO deviation=0.043207)
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Time dependence of the upconversion emission of Tm3':YLiFe at

487 nm (3H6 +- 1Ge) and 452 nm (3Fe +- 1D2) at 12 lt under 370

mw/3.42xlO-scm2 a polarizatioD 646 DIlI pump. Open circles:

experimental points, solid lines: calculated from Equations

(3.6) with parameter values given by Table 3.7 and 3.8 •

(STD deviation=0.034778)
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Figure 3.14

Time dependence of the upconversion ernission of Trn3':YLiF. at

487 nrn (3H6 ~ lG.) and 452 nrn (3F. ~ lD2) at 12 1t under 370

rnw/3.42xlO-5crn2 7t polarizatioD 629 Dm pump. Open circles:

experirnental points, solid lines: calculated frorn Equations

(3.6) with pararneter values given by Table 3.7 and 3.9 •

(STD deviation=0.026423)
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Figure 3.15

Time dependence of the upconversion emission of TmJ ':YLiF4 at

487 nm eH, +- 1G4 l and 452 nm (lF4 +- 1D2 ) at 12 Il: under 370

mw/3.42xl0-scm2 lt polarizat:ion 641 Dm pump. Open circles:

experimental points, solid lines: calculated from Equations

(3.6l with parameter values given by Table 3.7 and 3.9 •

(STD deviation=0.029645l
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Figure 3.16

Time dependence of the upconversion emission of Tm3+:YLiF4 at

487 nm eH, +- lG4 ) and 452 nm (3F4 +- lD2 ) at 300 lt under 370

mw/3.42xlO-5cm2 a polariza~ioD 650 DIlI pump. Open circles:

experimental points, solid lines: calculated from Equations

(3.6) with the parameter values in Table 3.7 and 3.8 •

(STD deviation=0.032999)
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Time dependence of the upconversion emission of Tm3+:YLiF, at

487 nm eH, +- lG,) and 452 nm (3F, +- 102) at 300 K under 370

mw/3.42xlO-scm2 lt polarization 654 DIlI }.lump. Open circles:

experimental points, solid lines: calculated from Equations

(3.6) with the parameter values in Table 3.7 and 3.9 •

(STO deviation=0.023898)
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Table 3.7 Fixed radiative decay rates in

the fitting of the tirne dependent

upconversion ernissions of Trn'-:YLiF. under

370 rnW/3.42x10-scrn2 purnp.

A
SD

(S-l) 492

As: (S-l) 3265

A
S2

(S-l) 1267

A
S3

(S-l) 876

As. (S-l) 30

A'D (S-l) 3388

Au (S-l) 6614

A42 (S-l) 1495

A43 (S-l) 75

A
3D

(S-l) 399

A31 (S-l) 227

A32 (S-l) 114
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both cr and ~ polarizations are listed in Tables 3.B and 3.9

(the parameters KUjj were obtained directly from the

normalized rate equations (3.6) and the transfer parameters

WUjj were obtained by dividing KUjj with the third power of the

Tm3
' concentration nTlll

3
). The transfer process Wu.. turned out

to be unimportant with cr polarized pump at low temperature (12

k) as can be seen from Table 3.B (where the fitted values of

WU44 was found to be zero). This may be the result of bad

resonance in this transfer. However, at high temperature (300

k) it gains important as can seen in Table 3.B and 3.9 (wh~re

W,144 has large values compared with the other transfer

parameters). From figure 3.7 we cail see that level (5)

consists of many sublevels. These sublevels become broad at

high temperature leading to a band structure of level (5) thus

much better resonance for the energy tr'ansfer process W1l44 • At

low temperature and in ~ polarization WU44 makes a significant

contribution to the upconversion dynamics as shown in Table

3.9. This may also be the result of improved resonance of the

transfer process.

3.3 Opconversion dynamics and pump-probe measurements o~ the

upconversion gain in Tm3+:Y~8

Figure 3.1B shows energy levels and various processes

(pump, energy transfer, and radiative decay) which we used to

determine the dynamics of upconversion in Tm3': YBF. In treating

the energy transfer processes, we first included in the rate
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'l'able 3.8 Values of the parameters found in the fitting of the

time dependent upconversion emissions of Tm3+:YLiF4 under a

polarization 370 mW/3.42xlO-5cm2 pump. (aIl the fitted K3JQo=0)

Polar. (a) (a) (a)

ï..••• (nm) 627 64f 650

T (K) 12 12 300
Fit. Cal. Fit. Cal. Fit. Cal.

A20 (S-1) 0 434 0 434 0 434

A21 (S-l) 0 49 0 49 0 49

AIO (S-l) 15 89 15 89 15 89

al (cm2)
fit. (7.71±0.14) (6.86±0.71) (5. 20±0. 03)

x10-24 x10-23 x10-24
cal. 1. 54x10-2O 1.54x10-2o 1.54x10-2o

a 2 (cm2)
fit. (2. OO±O .16) (3.86±0.38) (1.90±0 .05)

X10-21 X10-21 X10-21
cal. 4.04x10-21 4.04x10-21 4.04x10-21

a 3 (Cl~2)

fit. 0.00 (3.42±0.28) x10-21 0
cal. 4.25x10-2o 4.25x10-2o 4.25x10-2o

Fitted Fitted Fitted

K2221 (7. 00±1. 68) (7.00±1.17) (1. 68±0. 06)
(s- ) x10 8 x10 8 x10!

W2221 (9.02±2.16) (9.02±l.51) (2.16±0.08)
(s- cm!) x10-53 X10-53 X10-52

Km? (1. 03±0. 05) (1. 03±0 .20) (6.16±0.36)
(s- ) x1010 x1010 x1011

Wm ? (1.33±0.07) (1.33±0 .26) (7. 94±0. 46)
(s- cm!) X10-51 X10-51 x10-5O

K' 2f22 (G.84±0.25) 0 (7.19±2.88)
(s- ) x10' x10'

W' 2F2 (8. 81±0. 32) 0 (9.26±3.70)
(s- cm!) X10-54 xl 0-54

K1l4t 0 0 (9.38±0.70)
(s- ) X10 14
Wll44 0 0 (1. 21±0. 09)
( s-lcm!) x10-46
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'l'ëÙ)le 3.9 Values of the parameters found in the fitting of the

.
Polarization (lt ) (lt ) (lt)

À..xc (nm) 629 641 654

T (K) 12 12 300
Fit. Cal. Fit. Cal. Fit. Cal.

A20 (S-I) 0 434 0 434 0 434

A21 (S-I) 0 49 0 49 0 49

Alo (S-I) 15 89 15 89 15 89

0"1 (cm2)
fit. (4.63±0.07) (3 .OO±O .15) (7. 68±0. 07)

x10-2J x10-2J x10-24

cal. l. 05x10-2o 1.05x10-2o l. 05x10-2O

0"2 (cm2)
fit. (3.86±0.55) (5.600.33) (1.40±0 .07)

xlO-21 X10-21 x10-22

cal. 2.76xlO-21 2.76xlO-21 2.76xlO-21

O"J (cm2)
fit. 0 (2 .0 O±O • 64) 0

xlO-22

cal. 2. 90x1 0-20 2.90xlO-2o 2.90:><10-20

Fitted Fitted Fitted

k 2222 (S-I) (3. 02±0. 36) (3. 02±0. 29) (2. 51±0 .15)
xlO' xlO' xlO'

1'12222 (S-Icm') (3.89±0.47) (3. 89±0. 37) (3.23±0.19)
xlO-s4 xl 0-54 xlo-52

k22JJ (S-I) (4.24±0.59) (6.06±0.44) (3. 83±0 .32)
xlO' xlO' xlOll

W22JJ (S-lcm9) (5.46±0.76) (7. 81±0. 56) (4 • 93±0 • 41)
X10-52 xlO-s2 xlO-5O

k' 2222 (S-I) (8. 61±0. 73) (l.72±0.17) (2. 92±0. 23)
xlO' xlO' xl08

\'/' 2222 (S-Icm') (l.1l±0.09) (2 .22±0 .22) (3.76±0.30)
xlO-s4 xlO-s4 xlO-5J

k ll44 (S-I) (9.00±0.68) 0 (5 .56±0 .30)
xlO ll xlo lJ

1'11144 (S-lcm9) (l.16±0.09) 0 (7 .16±0 .39)
xlO-u xlO-48

t i::le dependent upconversion emissions of TmJ
·: YLiF4 under lt

polarization 370 mW/3. 42x10-scm2 pump (aH the fitted KJJOo=O)

•
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Energy level scheme of Tm3' showing the energy transfer the pump and

decay processes considered in the rate equations for the

upconversion dynamics of Tm3·Y2BaF•.
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equations aIl the transfer processes with reasonable donor-

acceptor energy matches, and then de1eted those which had

negligible effect on the solutions. To simplify the rate

equations we treat the 3F2 i 3F 3 and 3H4 levels as one level, and

do the same with 3Hs and 3F4 • After the above considerations we

get the following set of rate equations:

.0(0) =-P1 [n(O) -n(2)]
+Ason (5) +A.!on (4) +A:3on (3) +~on (2) +A,.on (1)
+2W'2222n' (2) +2Wll44n 2 (1) n 2 (4)
-2l":!30on2 (3)n2 (0)

n(1)=-P2 [n(1)-n(3)]
+As1n(S) +A'ln(4) +A31n(3) +~ln(2) -A,.on(l)
+2w2222n' (2) +2w2233n2 (2)n2 (3)
-2Wll44n 2 (1) n 2 (4) +2W3300n2 (3) n 2 (0)

.0(2) =P1[n(0) -n(2) ]-P3 [n(2) -n(4)]
+As2n(5) +A'2n(4) +~2n(3) -~n(2)
-4 [W2222+W'2222] n' (2) -2W2233n2 (2) n 2 (3)
+4w330an 2 (3) n 2(0)

n(3)=P2 [n(1)-n(3)]
+As3n (5) +A'3n (4) -~n (3)
+2W222~'(2) -2w2233n2 (2) n 2 (3)
-2w3300n2 (3) n 2(0)

n(4) =P3 [n (2) -n(4)] +As,n (5) -A.!n (4) +2W'2222n' (2)
+2w2233n2 (2) n 2 (3) -2Wll44n 2 (1) n 2 (4)

.0 (5) =-As1n (5) +2Wll4,n2 (1) n 2 (4)

(3.7)

•

where WUll are fourth-order energy transfer parameters. By

dividing the total Tm3+ concentration nTlll (1.98x102o cm-3 ) on

both sides of equations (3.7) we obtain the following

normalized rate equations:
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(J (0) =-P
l

[p (0) -p (2)]
+AsoP (5) +A40p (4) +~oP (3) +~oP (2) +~oP (J.)

+2K'2222p4 (2) +2lCi144p2 (J.) p2 (4)
-2K3300p2 (3) p2 (0)

(J(1)=-P2 [p(1)-p(3)]
+AslP (5) +A41P (4) +~lP (3) +~lP (2) -~oP (1)
+2Kz222p4 (2) +2Kz2JJP2 (2) p2 (3)
-2lCil44p2 (1) p2 (4) +2K:lJOO p2 (3) p2 (0)

(J (2) =Pl [p (0) -p (2) ]-PJ [p (2) -p (4)]
+As2P (5) +A42 P (4) +~2P (3) -~p (2)
-4 [Kz222+K'2222] p4 (2) -2KzmP2 (2) p2 (3)
+4K:lJOOp2 (3) p2 (0)

(J (3) =P2 [p (J.) -p (3)]
+As3P (5) +A43 P (4) -~p (3)
+2Kz222p4 (2) -2KzmP2 (2) p2 (3)
-2K3JOOp 2 (3) p2 (0)

(J (4) "'PJ [p (2) -p (4)] +AscP (5) -AcP (4) +2K'2222p4 (2)
+2KzmP2 (2) p2 (3) -2lCil44p2 (1) p2 (4)

(J (5) =-AslP (5) +2lCil44p2 (1) p2 (4)

(3.8)

•

where p (i) =n (i) /nTm are normalized concentrations and

KUjj=WUjjnTm3. Using equation (3.8) to fit the experimental data

we fix the radiative decay rates (except Azo, A21 and A10 ) at

their calculated values and then vary the pump rates and

parameters KUjj to obtain the best fit for both the 1G4 and 1Dz

emissions simultaneously. The fitting for the low temperature

(11. 9 K) data is shown in Figure 3.19, and for the room

temperature data in Figure 3.20. The fixed rediative decay

rates are listed in Table 3.10. The values of the other

parameters determined from the fitting are listed in Table

3. 11. In Table 3.11 the parameters KUjj were obtained directly

from the normalized rate equations (3.8) and the fitted

transfer parameters WUjj were obtained by dividing KUjj with

the third power of Tm3+ concentration in Tm3+:YzBaFa•
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462 nm emiSsion

0.10.080.06

488 nm emiSSion

0.040.02o

'0
Q)
!SI....-ltl
Elr..o
Z

t/s
Figure 3.19

Time dependence of the upconversion emission of Tm3+:Y2BaFs at

491 nm (3H6 ~ 1G4 ) and 464 nm (3F4 ~ 1D2) at 12 K under 260

mw/3.42x10-5cm2 62B.5nm pump. Open circles: experimental

•
points, solid lines: calculated from Equations (3.B) using

the parameter values in Table 3.10 and 3.11 •

(STD deviation=0.039B1B)
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462 nm emiaaion

488 nm emiaaion

0.20.150.1
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Figure 3.20

Time dependence of the upconversion emission of Tm3+:Y2BaFs at

488 nm (3H6 ~ lG4 ) and 462 nm (3F4 ~ 102) at 300 K under 350

mw/3.42xlO-scm2 628.5 nm pump. Open circles: experimental

•
points, solid lines: calculated from Equations (3.8) using

the parameter values in Table 3.10 and 3.11 •

(STD deviation=0.045920)
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Fixed decay rates in the

fittings of the time dependent

•

upconversion emission experimenta1 data

cf Tm3>:Y2BaFs.

A so (S-l) ASI(S-I) AS2 (S-I)

420 3503 1353

AS3 (S-l) As. (S-l) A.o (S-I)

838 51 3427

Au (S-l) A. 2 (S-l) A.3 (S-1)

3553 1161 45

A 30 (S-1) A31 (S-I) A32 (S-l)

277 379 126
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.
'"

. . , y .
Temperature 12 k 300 k

À.xc (nm) 628.5 628.5

0"1 (cm2)
fitted (9 • 90±0 • 16) xl 0-24 (5. 68±0. 06) x10-24

calculated 2.96x10-2o 2.96x10-2o

Cf2 (cm2)
fitted (2. 98±0 .12) xl 0-21 (2. 84±0. 04) xlO-21
calculated 5.93x10-21 5.93x10-21

0"3 (cm2)
fitted (1. 48±0 .19) xl 0-22 (2 .13±0. 07) x10-22

calculated 4.36x10-2o 4.36x10-2o

A20 (S-l)

fitted 0 0
calculated 444 444

A21 (S-l)

fitted 15 15
calculated 50 50

A10 (S-l)

fitted 0 0
calculated 64 64

fitted fitted

K2222 (S-l) (7. 70±0. 42) x10 7 (7. 80±0. 40) x10 7

W2222 (S-lcm9) (2. 80±0 .15) xl 0-55 (2. 84±0 .14) xlO-55

K2233 (S-l) (3. 04±2. 71) x10 10 (3. 90±0. 37) xl0 10
W2233 (S-lcm9) (1. 09±0. 98) xlO-52 (1. 42±0 .14) x10-52

K' 2222 (S-l) (3. 30±0. 36) x10 7 (3. 60±0 .17) x10 7

W' (-1 9) (1. 20±0 .13) xl 0-55 (1.31±0.06)x10~52222 s cm

KU44 (S-l) (5.60±1.46) x10 10 (5. 80±1. 62) x10 10
WU44 (S-lcm3) (2. 04±0. 53) xl 0-52 (2 .11±0. 59) xl 0-52

Table 3.11 Values of parameters obtained from the fittings of

the time dependent upconversion emission experimental data of

Tm3+:Y2BaF, compared with the calculated values (aIl the fitted

K3300=0) (n =6 50x102o cm-3, ny=l 30x1022 cm-3 a =5 28 À)

•

•
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For reference we show the upconversion emission at

various temperatures in Figure 3.21, and indicate the

particu1ar 1ines which were probed (the 475.04 nm line:

IG4 (21183 cm-l) -+ 3Hd119 cm-l), the 482.10 nm line: IG4

(20883cm-l ) -+ 3Hd141 cm-l), the 486.22 nm line: lG4 (20883 cm-l)

-+3H6 (186 cm-l». We recorded the power dependence of the gain

for the 482.10 nm line at a series of temperatures between

11.9 k and 220 k. Figure 3.22 shows the power dependence of

the gain for this transition measured at 11.9 k. Extrapolation

to zero power reveals no threshold for the stimulated emission

of this transition.

We specifically probed the IG4 -+ 3H6 transition at 482 nm.

Because of the broad amplified spontaneous emission present in

the wings of the probe laser pulses, relatively large spectral

regions could be probed simultaneously. As in reference [64],

spectra with pump plus probe, probe only, ~nd pump only were

recorded, and the gain spectrum was displayed by comparing

l (pUlllp+probol I pUlllp wit.h Iprobo Figure 3.23 shows such an

upconversion gain spectrum at 120 K for a pump wavelength of

628 nm and a probe wavelength centred at 482 nm. From Table

3.11 we may see that among the three absorption cross sections

only az is in reasonable agreement with the calculated value.

The fi tted al and a3 are much smaller than the calculated ones.

The calculations assume perfect resonance, and we can see that

pump one and three are not in resonance while pump two is

close ta resonance •
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Figure 3.22

Pump power dependence of the 482.10 nm eH, +- lG4 ) emission

upconversion gain in Tm3+:YzBaFB •
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wavelength of 628 nm and a probe wavelength centred at 482.10 nm,
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We notice that there is a broad gain bandwidth ranging

from 460 nnl to 490 nm. This observation is in sharp contrast

to the results for Tm3
': YLF, in which case the gain was

restricted to the narrow emission lines. We obtained

numerical results for the gain at three different probe

wavelengths from the areas of [1 (pump.probel - Ipumpl / I probe ' These

values are given in Table 3.12. In Table 3.12 we a1so inc1ude

the temperature dependence of the gain of the 482.10 nm

emission line, which exhibits a curious maximum at sorne

temperature near 160 K, before decreasing to unity (no gain or

loss) at higher temperatures (c.a. 200 K). This unusual

temperature behaviour, and the broad band gain exhibited over

the range of 460 nm - 490 nm, may both result from stimulated

emission from thermally populated higher Stark levels at

higher temperatures. Eventually the thermal population of the

terminal Stark level of the 3H6 manifold reaches the point

where further stimulated emission is discouraged .
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Table 3.12 Measured gain for three emission lines in the

IG, ~ 3H, (475.0 nm: 21183 cm-l ~ 119 cm-l, 482nm: 20883 cm-l ~

141 cm-l, 486.0 nm: 20883 cm-l ~ 186 cm-l) manifold of

Tm3
': Y2BaF•.

Probe Pump power Temp. Gain lX

À. (nm) (mW/3.42x10-scm2) (K) ratio (cm-l )

475.0 400 11. 9 1.17±0.04 0.31±0.07

482.0 460 11. 9 1. 30±0. 04 0.52±0.06

420 40 1.31±0.04 0.54±0.05

420 60 1.17±0.04 0.31±0.07

420 80 1. 14±0 . 03 0.26±0.05

450 100 1. 05±0. 03 0.10±0.07

460 120 1.26±0.04 0.46±0.06

450 140 1.31±0.04 0.54±0.06

450 160 1. 40±0. 04 0.67±0.06

450 180 1. 13±0 . 03 0.24±0.06

450 200 1. 01±0. 03 0.02±0.06

450 220 1.04±0.03 0.08±0.06

486.0 400 11.9 1.28±0.04 0.49±0.08
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3.4 Tbeoretical considerations

3.4.1 Four-body interaction transfer model

The three-body process was previously analyzed[60], [61]

and gives the third power energy transfer terms in the coupled

rate equations. This approach is not suitable to our case

because of the energy matches whlch can not yield a three-body

transfer. 50 we consider the four-body process which involves

four ions, each of which can act either as a donor or an

acceptor. The rate of radiationless energy transfer between

the initial states and the final states is given by(21):

(3.9)

where 5 is the overlap integral and ~ is given to second order

in the perturbation by:

(3.10)

where fi is the energy of the zero-order state li).

We assume that 1i) (or 1f» may be represented as a

simple product of four one-electron atomic wavefunctions:

li)=. (a) 111 (b) 111 (c) 111 (d)
t>=. (a') 111 (b') 111 (c') 111 (d')

(3.11)

where a, b , c, and d label the electrons associated with ion

a, ion b, ion c and ion d, respectively. Neglect the exchange

effects the interaction Hamiltonian is

where in the dipole-dipole limit a typical term of the right•
H '-u'. +u' +u' +u' +u' +u'-...... "'ac "'ad abc abd "'cd

(3.12 )
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side takes the form:

(3.13)

where

~(ab)=1-3(§~ab) (3.14)

and H.b ' is the interaction between ion a and ion b, r. and r b

are the electric dipole moment operator for ion a and ion b,

R~ is the vector separation of ion a and ion b, and

(3.15)

is the unit vector in the direction of R.b.

The first-order contribution to the matrix element

<ilt/f> is a SUffi of the terms of the form:

li IH~"It>=(abcdIH~"lalblc'd?
= (e 2 /1CR;,,)
x(alr./a?-!'(ac) {clr"lc?
x<blbl){d/d?

(3.16)

These matrix elements will vanish by orthogonality unless

there is a simple pairwise transfer of the excitation.

(3.17)

or

(3.18)

which indicate the excitation is transferred directly from ion

a to ion c. This process is a tow-body transfer process which

is electric dipole-dipole forbidden for free ion case[l], [9],
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[10l. 50 this transition may be very weak.

For the second-order contribution to <ilt/f> we have

1:(i IH'lmXmIH'It? (ei -em)-l
m.i

= [Habl [Hacl + [Hacl [Hbcll +-.

There are 30 terms in (3.19). A typical term is

which may be rewritten as:

by orthogonality, (3.21) may be reduced to

(3.19)

(3.20)

(3.21)

(3.22)

We can obtain an approximate expression for the second-order

transfer matrix element by the approximation that

•
(3.23)
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for all intermediate states m. and define

2
P..e= ~ {a/r.. la?·!l'(ac) iclreld

Pbd= ~ (a/rblb?·!l'(bd) idlrdld?

Thus

[H ] [H, ] =_2_ P..ePbd
..e bd (AE) ~cRk

and

(3.24)

(3.25)

(3.26)

With the approximation that R.b=R.c= ••• =R, the four-body energy

transfer rate is given by:

(3.27 )

•

Since the transfer rate is proportional to R-12 we need only to

consider the nearest neighbour interactions. Because the

activators are randomly distributed among the lattice points,

the nearest neighbour distance is just the lattice distance

(in our cases it is the nearest Yttrium -yttrium distance in

the crystals), so we may consider only the interaction within

a unit cell. Thus the basic rate equation for the ion a takes

the form:



•
- 118 -

where P·i (t), pbi (t), pC i (t) and pdi (t) are the possibilities of

finding an ion a, b, c and d in the ith unit cell separately.

5ince the activators (donors and acceptors) are randomly

distributed among the lattice points, every lattice point has

the same possibility of being occupied by an ion a and the

same possibility of being occupied by an ion band so on. 50

we have:

(3.29)

where and N.(t), Nb(t), Nc(t), Nd(t) and NT are the total

number of ion a, b, c, d and the total number of the lattice

points in the total interactional volume VT separately. Bring

the results of equation (3.29) to equation (3.28) we obtain:

(3.30)

•

dividing by the total interaction volume VT on both sides of

equation (3.30) gives the following the rate equation:
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(3.31)

where W.bed is the four-body transfer parameter which can be

expressed as:

(3.32)

where n, is the total concentration of lattice points (in

crystals of ErJ+:YAG, ErJ+:YAIOJ, TmJ+:YLiFc and TmJ+:Y2BaFs they

are the concentrations of yttrium in YAG, YAIOH YLiFc and

Y2BaFs which are given in Table 1.2)

Kushida[23] used the Judd[11]-Offelt[12] theory to

calculate the energy transfer rates for the cases of two-body

dipole-dipole interaction and three-body dipole-quadrupole

interaction. This can be extended to the calculation of four-

body energy transfer rates. In our case, the four-body

interaction we need to consider are aIl of the type which

involve two donors and two acceptors. The Hamiltonian in

(3.12) can then be written as:

(3.33)

•
and the second-order contribution to l<iltlf>12 becomes:
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lE (i IH'lmXmIH'It)(el-eml-112
moi

= (8 [H ] [Hab! +8 [H~ [Hab! +2 [H...] [H!lb] +16 [Hab! 2l2 (3.34)
=64 [H ] 2 [Hab] 2+64 [H!lb] 2 [Hab] 2+4 [H....] 2[H~ 2+256 [Hab!'
+192 [H ] [H!lb] [Hab] 2+32 [H....] 2 [Hab] [H!lb] +256 [H.... ] [Hab13

+32 [H!lb] 2 [Hab] [H....] +256 [H!lb] [Hab]3

In the dipole-dipole case(21)

50

Thus

(3.37)

(3.38)

•
Since [11), [12) :
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1

E <aID~'l la'?2= E CA(J."U(AlDJ~=S.
œ--l '\-2,4.6

1

E (bID~') /b'?2'" E (}AwbDu CAl "J~=Sb
""-1 1-2,4.6

[H 1=(~)1/2(2)1/2 e
2

(S S )'/2
ab 3 ~e R~·b

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

•

Make the approximation R••=Rbb=R.b=R. The average four-body

transfer rate is given by:

y = 1 ( 4n
2

) l(aabbl"la'a'b'b?12S
aabb (2J.+l) 2 (2Jb+l) 2 h

= 1 (4n2
) (~) 2....i.. eS

(2J.+l) 2 (2Jb+l) 2 h 3 ~e2 R '2

x (64S~Sb+64S.SÈ+452S:S;+288S:/2SÈ/2+288S~/2sf2) S

= Caabb

R '2

3.4.2 Energy transfer in a regular distribution of donors and

acceptors (Regular model)

We consider a system consisting of two partic1es, a donor
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and an acceptor, in the dipole-dipole approximation,

neglecting the exchange term the energy transfer rate is given

by [68] , [69] , [70] :

(3.44)

Where C is the dipole-dipole transfer microparameter, RD, is

the distance between the donor and acceptor ions, t o is the

life time of the donor, and RD is the distance at which the

transfer rate is equal to the radiative rate. In a system

which consists of only one kind of donor and only one kind of

acceptor which are distributed among the lattice points of

the crystal the basic rate equation for the donors takes the

form:

(3.45)

where lltD is the decay rate of the donor, and p/(t) is the

probability that the ith lattice point is occupied by a donor

at time t. In a system which consists of more than one kind

of donor or more than one kind of acceptor which are

distributed among the doped ions and the doped ions are

distributed among the lattice points of the crystal, equation

(3.45) becomes:

• where

dp~ ( t) 1 D ( ) ~N' Ion D ( Ion A ( ) (3 46)
dt =--Pi t - YijPi PIon t) Pj PI"" t +... •

t D -1

PiO (t) =Pi1onPlonD (t) is the probability that the ith
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1attice point is occupied by a donor at time t and

p,A (t) =p,'onp,onA(t) is the probabi1ity that the jth 1attice point

is occupied by an acceptor at time t separately; Pl,on is the

probability that the ith lattice point is occupied by an ion

and p,'on is the probability that the jth lattice point is

occupied by an ion separately; and PlonO(t) is the probability

that the ion which occupies the ith lattice point is occupied

by a donor and PIanA (t) is the probability that the ion which

occupies the jth lattice point is occupied by an acceptor

separately; NT is the total nurnber of lattice points. To

consider the average probability density, we should sum over

aIl the lattice points in the total interaction volume VT and

divide both sides of Equation (3.46) by this volume (for three

dimensions) or carry the sum over aIl the lattice points in

the total interaction area ST and then divide by this area

(for two dimensions). 5ubstituting Equation (3.44) into

(3.47)

•

Equation (3.46), we obtain the following expression for the

rate equation:

dn (YI (tl NT NT
D =-J:..nJ1'l (tl -...1...~~ s..
dt ';D L/t:1 1=1 Rl:J

·pf""p~"" (tl p§""p1"" (tl +...

In the above equation we use L~ (LT is the dimension of the

interaction volume or area, y=3 or 2l to express VT or ST' and

(3.48)

is the concentration of the donors, where No(t) is the total
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number of donors in the region L,Y. For convenience in the

fo11owing discussion, we use n(yi (t) to express the y (y=3 or

2) dirnensiona1 concentration which has units of L-Y, where L

is the unit 1ength. From the sarne considerations we get the

rate equation for the acceptors:

and for any state M at which the donor or acceptor arrives

after the energy transfer process

The general rate equations take the forrn:

In the above equation if n. (yi (t) is the M state ion

concentration the sign proceeding the double surn is positive,

if n.(YI (t) is either the donor or the acceptor concentration

the sign in front of the double surn is negative.

We now consider a regular distribution of donors and

acceptors within a regular distribution of activator ions,

such as that which would exist if the activator ions forrned a

superlattice structure within the crystal. In such a case

•
every configuration of the donors and acceptors would have the

sarne separation between thern, and we can chcose only one

configuration for discussion. For a given configuration only
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certain 1attice points are occupied by the donors or the

acceptors, so in Equation C3.51) we can take P/onp'On" Ct)

=p10Ct)=1 for thuse 1attice points which are occupied by a

donor and P/onP'ono Ct) =P1D Ct) =0 for those lattice points wh:"ch

are not occupied by a donor, and treat pj"onp"onACt) =pjA Ct) in the

same way. Equation C3.51) can then be rewritten as:

C3.52)

where NoCt), NACt) are the total number of donors and

acceptors, respectively within the interaction region Ll.

NoC~ that in Equation C3.52) the double summation refers to

the tr~nsfer from every donor to every acceptor.

For energy transfer in three dimensions Equation C3.52)

takes tt.e form:

C3.53)

•

where W(3) is the three dimensional transfer parameter which

can be expressed as:

In the above expression ct. is the maximum D-A distance which
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is equal to L" the size of the total interaction volume, and

dnn is the average nearest neighbour distance between the

donors and acceptors. Since d,,»dnn we may take d,,=co from now

on. Within such a regular distribution of donors and

acceptors the D-A nearest neighbour distance must depend on

the donor and acceptor concentrations. l'le can obtain the

relationship for this dependence from the following

considerations. If the system consisted only of donors

distributed regularly, for a given donor concentration the

nearest D-D neighbour distances are aIl equal. In this case

we can treat each donor as a sphere which occupies a volume of

VD(t)=VT/ND(t), and the donor-donor nearest neighbour distance

is the diameter of this sphere. Similar considerations for a

system consisting only of acceptors leads to the acC'eptor­

acceptor nearest neighbour distance being given by the

diameter of a sphere with volume V.<t) =VT/NA (t). Thus for a

system consisting of both donors and acceptors we can define

a sphere which has the average volume of sphere 0 and sphere

A:

•

V( t) = ( VD ( t) VA ( t) ) 1/2

_ (Vr Vr ) 1/2

- ND(t) NA(t)

= (nA3l (t) n13l (t) ) -1/2

and take:

From Equation (3.55) and (3.56) we get:

(3.55 )

(3.56)



•
- 127 -

_1_ =2!. (nJ3) ( t) n13) ( t) ) 1/2
d 3 6

nn
(3.57)

Equation (3.54) and (3.57) 1ead to the following expression of

the energy transfer parameter:

(3.58 )

If, for any reason, the energy transfer is constrained to

be planar, with no transfer between planes, Equation (3.52)

takes the form:

(3.59)

where W(2) is the two dimensional transfer parameter which ca.:!

be written as:

(3.60)

•

As in the three dimensional case cinn is the average nearest

neighbour distance between the donor and acceptor which varies

with the donor and acceptor concentrations. l'le can obtain

this relationship from the same considerations as for the

three dimensional interaction case, but treating circles of

area SD.A=ST/ND.A(t) for donor or acceptor, respectively. Thus
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we define a circle with the average area of circle D and

circle A

and take:

S( t) =(SD( t) SA (t» 1/2

_ (ST ST) 1/2
ND(t) NA(t)

= (nA2l ( t) nll ( t) ) -1/2

S(t) =nR;"=~d;"
4

(3.61)

(3.62 )

From Equation (3.60), (3.61) and (3.62) we obtain the

following expression of the two dimensional energy transfer

parameter:

(3.63 )

For purposes of comparison it is necessary to transform the

two dimensional rate equation (3.59) into a three dimensional

form. This can be accomplished by transforming the transfer

parameter W(2) as follows'

(3. 64)

where L is the distance between two adjacent interaction

planes, which, for pulsed pump case, is determined by the

initial donor concentration from the pump:

•
(47t/3) (L/2) J=l/n(3)O(lnltlall' By dividing both sides of Equation

(3.59) by L we obtain:
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(3. 65)

where:

(3.66)

Which gives the two dimensional interaction transfer

parameters in the three dimensional form. In (3.66)

W
llDIlII

= 7t
3

CL 3
32

is the fourth order transfer parameter.

(3.67)

•

3.4.3 Four-body model approach to the upconversioll dynamics of

Er3+: YAG and Er3+: YAI03

Using Equations (3.43) we calculated the four-body

transfer rates in the case that aIl the donor-acceptor

distances are treated as the lattice distance (ay in Tab.1.2) .

Then we calculated the four-bo~y energy transfer parameters

Wiijj by (3.32). The values of D,. and <JDUI:l.I DJ'>2, which were

used in the calculation, are from Table 1.5 and 1.6. The value

of the overlap integral S was obtained from reference[23] in

the case of perfect resonance (S=l/hcv with v=10-3 cm-l
). The

calculated values of Wiijj are included in Table 3.13 along

with the fitted ones. In this case the calculated values are
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Table 3.13 Values of the fourth-order

energy transfer parameters obtained in

the fittings of the time dependent

upconversion emission experimental data

of Er3+:YAG and Er3+:YA103 compared with

that calculated from the Judd-Ofelt

parameters for the four-body transfer.

Er3+:YAG
ny=1.38xlO22 cm-3 ,

a y=5.17
Fitted Calcu1ated

Cuu (s-lcm~2) 4.16x10-87

Wuu (S-lcm ) 1.35x10-54 4.34x10-66

C2222 (S-lcm12) 2.00x10-9o

W2222 (S-lcm9) 1. 35x10-54 2.09x10-69

CU22 (s-~cm~2) 1. 94xlO-86

W1122 (s- cm ) 5.67x10-54 2.02x10-65

C' U22 (S-lcm12) 4.34x10·87

W' U22 (S·lcm9) 2.70x10-56 4.53x10-66

Er3+:YA1O
ny=1.96xl02J cm-3 ,

a y=4.60
Fitted Calculated

Cuu (s-lcm~2) 1. 28x10-86

Wuu (S-lcm ) 1.31x10-56 1. 89x10-65

C2222 (s-lcm~2) 6.11x10-9o

W2222 (S-lcm ) 1. 3lx10-56 9. 04x1 0-69

-
CU22 (s-~cm~2) 6.48x10-86

WU22 (s- cm ) 6.55x10-56 1.01x10-64

C' (S-lcm12) 1. 56x10-86
1122 1 9

8.12x10-55 2.31x10-65W' U2~ (s- cm )
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eight to fifteen orders sma1ler than the fitted ones.

3.4.4 Regular model approach to the upconversion dynamics of

Er3+: YAG and Er3+: YA103

If the transfer is limited to only two dimensions the

energy transfer parameters WUjj in Equation (3.1) are given by

Equation (3.67):

(3.68)

where Cij is the two-body dipole-dipole microparameters which

can be calculated by (1.42) in the case of perfect resonance

(S=l/hcv with v=10-3 cm-1 [23]), L is the distance between two

adjacent planes which were obtained by:

(3.69)

where n (1) inid41=O. 04x4. 20x1021 for and

•

n(1)inid41=O.043x1.97x10 20 cm-3 for Er3+:YAG. After the above

consideration we calculated the energy transfer parameters

WUjj which, along with the fitted ones, are listed in Table

3.14. From Table 3.14 we see the calculated transfer

parameters are in reasonable agreement with the fitted ones •
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Table 3.14 Values of the fourth-order

energy transfer parameters obtained from

the fittings of the time dependent

upconversion emission experimenta1 data

of Er3+:YAG and Er3+:YA103 compared with

that calculated from the Judd-Ofelt

parameters (for the regular distribution

two-body

transfer) •

interaction dipole-dipole

•

Er3+:YAG
n (1) initi4i=8 •47x1 01B cm-3

L3=2.56x10-u cm3

Fitted Calculated

C11 (S-lcm6) 7.87x10-35

W1111 (S-lcm9) 1. 35x10-54 1.95x10-53

C22 (S-lcm6) 3.28x10-36

W2222 (S-lcm9) 1. 35x10-54 8.12x10-55

Cl2
(S-lcm6) 1.81x10-34

W1122 (S-lcm9) 5.67x10-54 4.48x10-53

C' 12 (S-lcm6) 7.55x10-35

W' 1122 (S-lcm9) 2.70x10-56 1.87x10-53

Er3+:YA1O3
20 cm-3n (1) initial=l. 68x10

L3=1.14x10-2o cm3

Fitted Calculated

C11 (S-lcm6) 1. 32x10-34

W1111 (S-lcm9) 1.31x10-56 1. 46x10-54

C22 (S-lcm6) 5.70x10-36

W2222 (S-lcm9) 1. 31x10-56 6.29x10-56

Cl2
(S-lcm6) 3.20x10-34

. W1122 (S-lcm9) 6.55x10-56 3.53x10-54

C' 12 (S-lcm6) 1.39x10-34

W' 1122 (S-lcm9) 8.12x10-55 1. 53x10-54
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The previous1y observed functiona1 dependence of Wu and

W22 on the total Er3+ ior. concentration in Er3+:YAG[5G], [57],

[58], [59] a1so follows frorn the preceding treatrnent. The

transfer pararneter WC31, according to (3.GG), is proportiona1

to LJn l3I e (t) n (JIA(t), which under the circurnstance that L is

rnaintained at a constant value, wou1d be proportiona1 to the

square of the total Er3+ ion concentration n lJI u and thus the

quadratic dependence of W(JI on n l3l u '

The deviations frorn quadratic concentration dependence

noted in reference [58] and [59] for ErJ+ concentrations be10w

c.a. 3% and above c.a. GO% (c.f. Figure 5 of Ref.[58]), are

also consistent with the rnodel discussed above. To explain

this deviation, first we would like to show that if the Er3+

ions are randornly distributed arnong the lattice points of the

crystal and the donors and acceptors are randomly distributed

arnong the ErJ+ ions, the transfer terrn should depend on ncnA ,

or the transfer pararneters should be a constant. For the two

dirnensional interaction case, Equation (3.51) takes the forrn:

Since the ErJ+ ions are randornly distributed the probability

of finding an ErJ+ ion at any lattice point is the sarne as

p/r=pjEr=NTE/NT' where Nu is the total number of ErJ+ ions. Since

the donors and acceptors are randornly distributed arnong the

E.,:J+ ions the probability of finding a donor at any ErJ+ ion is

the sarne as PEre (t) =Ne (t) INTE and the probability of finding an
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acceptor at any Er3
+ ion is also the same as PErA(t)=NA(t) INn'

where ND(t) is the total number of donors and NA(t) is the

total number of acceptors. From the above consideration

Equation (3.70) becomes:

The transfer parameter of the above equation has the following

form:

(3.72)

•

where a is the lattice distance. Clearly W(2) does not depend

on tne activator concentrations.

At low concentrations «3 %) the distance between donor

and acceptor ions is too long so that the inference between

the activators is too weak and leads to a semi-random

distribution of the donors and acceptors. 5ince a random

distribution of the donors and the acceptors gives a constant

transfer parameter (as shown by Equation (3.72», and an

regular distribution of the donors and t:he acceptors gives a

nDnAdependence of the transfer parameter (as shown by Equation

(3.64). 50 for a semi-random distribution of the donors and
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acceptors the transfer parameter should take the following

form:

(3.73)

•

where 0<1<1. If 1=1/2, the transfer parameter then depends on

(nCnA) 1/2 thus depends on the total Er3< concentration linearly.

At high concentrations the reported deviation from

quadratic concentration dependence of the transfer parameter

, can still be accounted for by the onset of randomization. At

total Er3< concentrations above 50% it is easy to demonstrate

that the Er3< ions can no longer be regularly distributed,

which causes the donors and acceI-tors can not be regularly

distributed, thus, accordîng Equation (3.73), leads to a IO~Ter

power concentration depentlence of the transfer parameter. When

the total Er3< concentration exceeds 50% the deformation of the

regular distribution increases with the total Er3­

concentration. As the deformation increases the 1 (the power

of the Er3
- concentration)· in Equation (3.73) decreases. This

gives a perfect explanation of the experimental curve for c.a.

above 60% shown in fig.5 of ref.[58].

The process of energy transfer can destroy the regular

distribution. As soon as this balance distribution (we may

show that the regular distribution can lead to a minimum

repulsive energy between the electron shells of the activators

(donor and acceptor ions) in any system, crystal cr liquid) is

broken the migration of the excitation takes place to keep the
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regular distribution. Since in our case only about 1% of the

total Er3' ions are excited by the laser pulse, the excited

ions are surrounded by a lot of unexcited ions that can lead

to fast migration of the excitation among the Er3' ions.

We have shown that the energy transfer parameter can have

a functional dependence on the donor and acceptor

concentrations when the donors and acceptors are not randomly

distributed, but rather are distributed in a regular

arrangement. This is in contrast to the results :'or a random

distribution, which regardless of the spacial arrangement,

always requires the interaction of more than two donors and/or

acceptors to arrive at such a dependence[53]. The inclusion of

these results in a rate equation treatment of the upconversion

dynamics of Er3+ in YA103 and YAG successfully reproduced the

experimental upconversion dynamics over the entire time scale,

but only when the energy transfer was restricted to planar

(two-dimensional) interactions. While it may be possible to

speculate that the energy transfer is indeed largely

constrained to two dimensions because of a combinat ion of

polarisation of the pump laser and dipole emission geometric

effects (the power radiated by a dipole ~ sin29 where 9 is the

angle between the direction of the dipole and the direction of

the emission) of the donors, We have not found any supporting

evidence for this long-range superlattice structure in these

rnaterials. However, This superlattice structure called the

Suzuki Phase[7l], [72] was found in sorne other
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materials. It will be interesting to see if these materials

inàeed have a superlattice structure in the range of total

doped Er'+ concentration between 10% to 50%, and if the results

obtained in this work can be successfully applied to energy

transfer in materials which are known to have a superlattice

structure.

3.4.5 Four-body model approach to the avalanche upconversion

dynamics of Tm'+:YLiF4 and Tm'+:Y2aFs '

Using Equations (3.43) and (3.32) we calculated the four­

body energy transfer parameters. The values of ~ and

<JI ull.ll J' >2 used in the calculation were from Table 1.8 and

Table 1.9. The value of the overlap integral 5 was obtained

from reference[231 in the case of perfect resonance (S=l/hcv

with v=10-' cm-1
). The calcu1ated values of WUjj are included in

Tables 3.15 and 3.16 for Tm'+:YLiF4 and Table 3.17 for

Tm'+:Y2aFs• From these tables we see that the calculated values

are eight to twenty orders smaller than the fitted ones •
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Table 3.15 Energy transfer parameters obtained from the

TmJ·: YLiF4 cr polarization fittings compared with those

calculated from the Judd-Ofelt parameters (for the four-body

transfer). (ny=1.39x1022 , a y=5.16 Â)

Polarization (cr) (cr) (cr)

À.xc (nm) 627 646 650

Temperature (K) 12 12 300

C2222 (s-lcm12 ) 5.02x10-87 5.02x10-87 5.02x10-8

W2222 (s-lcm9 )

fitted 9.02x10-SJ 9.02xlO-s3 2.16x10·S2

calculated 5.26xlO-66 5.26x10-66 5.26x10-66

C22J3 (s-lcm12 ) 1. 39x10-86 1. 39x10-86 1.39x10-86

W2233 (s-lcm9 )

fitted 1. 33x10-S1 1. 33x10-S1 7.94x10-s0

calculated 1.46xlO-6s 1. 46x10·6S 1. 46x10-6S

C' 2222 (s-lcm12 ) 2.57x10-86 2.57x10-86 2.57x10-86

W' 2222 (s-lcm9 )

fitted 8.81x10-S4 0 9.26x10-S4

calculated 2.69x10-6S 2.69x10-65 2.69xlO-6S

CllH (s-lcm12 ) 1. 40x10-87 1.40x10-87 1. 40x10-87

W1l44 (s-lcm9 )

fitted 0 0 1.21x10-46

calculated 1. 47x10-66 1. 47x10-66 1.47x10-66
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Table 3.16 Energy transfer parameters obtained from the

Tm3+:YLiF. n po1arization fittings compared with those

ca1cu1ated from the Judd-Ofelt parameters (for the four-body

transfer). (ny=1.39x1022, a y=5.16 A)

Polarization (n) (n) (n)

Âue (nm) 629 641 654

Temperature (K) 12 12 300

C2222 (s-lcm12 ) 5. 02x1 0-87 5.02x10-87 5.02x10-87

W2222 (s-lcm9 )

fitted 3.89xlO-5' 3.89x10-5• 3. 23x1 0-52

calculated 5.26x10-66 5.26x10-66 5.26x10-66

C2233 (s-lcm12 ) 1.39x10-86 1. 39x10-86 1. 39x10-86

W2233 (s-lcm9 )

fitted 5.46x10-52 7.81x10-52 4.93x10-5O
ca1culated 1. 46x10-65 1. 46x10-65 1.46x10-65

C' 2222 (s-lcm12 ) 2. 57x1 0-86 2. 57x1 0-86 2.57x10-86

W' 2222 (s-lcm9 )

fitted 1.11dO-5' 2.22x10-5• 3.76x10-53
calculated 2. 69xl 0-65 2.69x10-65 2. 69x1 0..65

Cu.. (s-lcm'2 ) 1. 40x10-87 1.40x10-87 1. 40x10-87

Wu.. (s-lcm9 )

fitted 1. 16x10-·9 0 7.16x10-·8
calculated 1. 47x10-66 1.47x10-66 1. 47x10-66
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Tab~e 3.17 Energy transfer pararneters obtained frorn the

Trn3':Y2BaF8 fittings cornpared with those calculated frorn the

Judd-Ofelt pararneters (for the four-body transfer) •

(ny=1. 30x1022 , a y=5. 28 Â)

Temperature 12 k 300 k

1...'0 (nm) 628.5 628.5

C2222 ( S-lcrn12) 8.53x10-87 8.53x10-87

W2222 (S-lcm9)

Calculated 8.28x10-66 8.28x10-66

Fitted (4 • 00 ±0 •22) xl 0-55 (2. 84±0 .14) x10-55

C2233 ( S-lcrn12) 4.20x10-B7 4.20x10-B7

W2233 (S-lcm9)

Calculated 4.07x10-66 4.07x10-66

Fitted (1. 56±1. 40) xl 0-52 (1. 42±0 .14) x10-52

C' 2222 ( S-lcrn12) 1. 63x10-B6 1.63x10-86

W' 2222 (S-lcm9)

Calculated 1. 58x10-66 1. 58x10-66

Fitted (2. OO±O .22) x10-55 (1. 31±0. 06) x10-55

Cl144 ( S-lcm12) 8.94x10-8B 8.94xlO-BB

W1144 (S-lcrn9)

Calculated 8.65x10-67 8. 65x1 0-67

Fitted (2. 91±0. 76) xlO-52 (2 .1l±0. 59) x10-52
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3.4.6 Regu1ar mode1 approach to the avalanche upconversion

dynamics of Tm3': YLiF, and Tm3
': Y2Ba.

We also calculated the energy transfer parameter with the

regular model by Equation (3.67) where the transfer

microparameter C can be calculated by (1.42) in the case of

perfect resonance, and Lij , in the continuous pump case, can

be obtained by:

(3.74)

•

where n (i) and n (j) are obtained by the steady state solutions

of Equation (3.5). The calculated the energy transfer

parameters WUjj for Tm3
.: YLiF" along with the fitted on~s for

both the a and x polarizations, are listed in Table 3.18 and

3.19, and for Tm3·:Y2Ba. are listed in Table 3.20. From these

tables we can see that most of the calculated values are

bigger than the fitted values within three orders. The

calculated values are expected to be greater than the fitted

values because they were calculated under the assumption of

perfect resonance, which is certainly not the case

particularly at low temperature. There are several transfer

parameters with calculated values smaller than the fitted

values. This may be caused by the treatment of the distance

between two adjacent interaction planes Lij by (3.74) .
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Tal:l~e 3.18 Energy transfer parameters obtained from the a

po1arization fitting compared with those calculated from the

Judd-Ofeld parameters (for the regular distribution two-body

interaction dipole-dipole energy transfer) •

n",=1.98x10 2o cm-3

•

Polarization

À.xc (nm)

Temperature(K)

n (0) ln",

n(l) ln",

n (2) ln",

n (3) ln",

n(4) ln",

C22 (s-lcm6 )

W2222 (s-lcm9 )

calculated
fitted

C23 (s-lcm6 )

W2233 (s-lcm9 )

calculated
fitted

C' (s-lcm6 )22 l 9
W' 2222 (s- cm )
calculated
fitted

C14 (s-lcm6 )

W1l44 (s-lcm9 )

calculated
fitted

(a)

627

12

0.99

3.76x10-3

4.62x10-4

3.85x10-6

9.38xlQ-35

2.33x10-52
9.02x10-53

1.60x10-34

1. 13x10-51
1. 33x10-51

3.76x10-34

9.34x10-52
8.81x10-54

3.91x10-35

(a)

646

12

0.96

2.71x10-2

5.21x10-3

9.38xlQ-35

1.68x10-52
9.02x10-53

1.60x10-34

3.76x10-52
1. 33x10-51

3.76x10-34

3.91x10-35

(a)

650

300

0.99

3.23x10-3

2.37x10-3

9. 38x1 0-35

3.70x10-5'
2.16x10-52

1.60x10-34

2.24xlO-51
7. 94xlO-50

3.76x10-34

1. 48x10-51
9.26x10-54

3.91x10-35

3.68x10-51
1.21x10-46
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Table 3.19 Energy transfer parameters obtained from the x

p~larization fitting comparing with those ca1cu1ated from the

Judd-Ofe1d parameters (for the regu1ar distribution two-body

interaction dipo1e-dipo1e transfer).

nTlo=1.9èÏx10 20 cm-J

l?olarization (X) (x) (x)

À.xc (nm) 629 641 654

Temperature (R) 12 12 300

n (0) /nTm 0.98 0.98 0.99

n(l)/nTm 1. 51x10-2 8.03x10-J 4.79x10-J

n(2)/nTm 6.61x10-J 5.51x10-J 2.49x10-J

n (3) /nTm 2°.14x10-J 1. 51x10-J 2.12x10-4

n(4)/nTm 4.70x10-s 5.14x10-5 6.25x10-6

C22 (S-lcm6) 9.38x10-J5 9.38x10-J5 9.38x10-J5

W2222 (S-lcm9)

ca1culated 1. 32x10-52 1. 59x10-52 3.52x10-s2

fitted 3.89x10-54 3.89x10-54 3.23x10-52

C2J
(S-lcm6) 1. 60x10-J4 1.60xlO-J4 1. 60x10-J4

W22JJ (S-lcm9)

calculated 3.97x10..s2 5.18x10-52 2.06x10-s1

fitted 5.46x10-52 7.81x10-s2 4.39x10-s0

C' 22 (S-lcm6) 3.76x10-J4 3.76x10-J4 3.76x10-J4

W' (-1 9)2222 S cm
5.31x10-52calculated 6.37x10-s2 1.41x10-51

fitted 1.11xlC-·~ 2.22x10-s4 3.76x10-sJ

Cu (S-lcm6) 3.91x10-Js 3.91x10-Js 3.91x10-Js

WU44
(S-lcm9)

calculated 4.33x10-s2 5.68x10-s2 2.11x10-s1

fitted °1. 16x10-u 0 7.16xlO-4B

"
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Tal:lle 3.20

Energy transfer parameters obtained from the Tm3+:Y2BaFe

fittings compared with those ca1culated from the Judd-Ofelt

parameters (for the regular distribution two-body interaction

dipole-dipole energy transfer). (nTm=6. 50x102o)

Temperature 12 k 300 k

Â..xc (nm) 628.5 628.5

C22 :s-lcm6 ) 1. 25x10-34 1. 25x10-34
Wm2 (s-lcm9 )

8.38x10-53 7.40x10-53Ca1culated
Fitted (4.00±0.22)x10-55 (2. 84±0 .14) xlO-55

C23 (s-lcm6 ) 8.82x10-35 8.82x10-35
W2233 (s-lcm9 )

1. 57?C10-52 1. 89xlO-52Ca1culated
Fitted (1. 56±1. 40) x10-52 (1. 42±0 .14) xl 0-52

C' 22 (s-lcm6 ) 2.89x10-34 2.89x10-34
W' (-1 9)2222 S cm

1. 94x10-52 2.00x10-52Ca1culated
Fitted (2.00±0.22) x10-55 (1. 31±0. 06) xl 0-55

C14 (S-lcm6 ) 2.29x10-35 2.29xlO-35
W1l44 (s-lcm9 )

1.22x10-52 2.14x10-52Calculated
Fitted (2. 91±0. 76) x10-52 (2 .1l±0. 59) xl 0-52
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3.5 Discussions

3.5.1. About the many-body interaction

From Table 3.13, 3.15, 3.16, 3.17 we see that in aH

cases the calculated values of the fourth order energy

tr'lnsfer • 'parameters Wiijj obtained from the four-body

interaction transfer model are lOB to 1020 smaller than the
,',

fitted values. Also, the Judd-Ofelt parameter calculations for

the three-body interaction yield energy transfer rates about

lOB times smaller than the two-body transfer·rate[231. It is

clear that the high order concentration dependence energy

transfer kinetics cannot be accounted for by the many-body

interaction transfer. In fact , the' many-body interaction

energy transfer requires a many-body electric interaction

force which does not exist. As we can see, the two-body

transfer rate given by Eq. (1.37) cornes from the two-body

interaction Hamiltonian HAB=:te2/rn given by Eq. (1.15). '.:ohe

repulsive energy between two electrons e 2/r. t in this two-body

interacti.on Hamiltonian arrives from the two-body electric

interaction force f,-'p' 2/rn
2• The many-body transfer rate c,omes

from the Hamiltonian giv.-m by the form hABHAC ' for instance the

three-body transfer rate given by Eq. (1. 87) cornes from the

Hamiltonian that takes the form:

H' CAIH' CA2= (e4/k2RcAI3RcA23) rc' '1' (DAI) . rAI rc' '1' (DA2) . r A2

The physical meaning of this Hamiltonian is that there must

exist a three-body electric interaction force that takes the

form: fCAIA2= (ec2eAleA2 ) / (k2RcA/CAI2), otherwise this process cannot
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happen because the possibi1ity that two events (the donor D

transfers energy to the acceptors A, and A2 ) happen ..:lxact1y at

the same time is zero. 5ince among the four basic interaction

forces (the gravity interaction force, the electromagnetic

interaction force, the strong interaction force, and the weak

interaction force) up to date there is no report for the

discovery of a many-body interaction force. This is the reason

why the many-body interaction energy transfer model can not

fit the experimental data.

3.5.2. About the regulali" distribution of the donors and

acceptors

From Tables 3.14, 3.18, 3.19 and 3.20 we see that in aIl

the cases of our research the calculated values of the fourth

order energy transfer .parameters obtained from the regular and

two dimension transfer model are in reasonable agreement with

the fitted values. What causes the donors and acceptors to be

distributed regularly? The following gives a possible reason.

The reg.ular distribution of the donors and acceptors (the

same ions in different states) may be caused by the different

magnitude of the repulsive force between different activator' s

electron shells. If l'le treat the electrons of an ion as a

shell and suppose that the diameter of the donor's electron

shell is bigger than that of the acceptor's electron shell as
o

shown by Figure 3.24, and if the donor and acceptor are

separated.by a distance R, then. the repulsive energy between
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Figure 3.24
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the donor's shell and the acceptor's she11 is the fo1lowing:

(3.75)

where <rD and <rA are the charge densities of the e1ectron she11s

of the donor ion and the acceptor ion, r is the distance

between any two points on the two electron shel1s. In Equation

(3.75) we have:

0 - Ne
D- •

4'1ta·
0- Ne

A- 4'1ta 2

r= [(asina2coSql2-a ·sina1cOSqll) 2
+ (1è~iisin62sinql2 -a ·sina1COSqll) 2
+ (aC'os62-a .COsa1) 2]1/2

dsD=a ·'sina1d81dqll
dsA=a 2sina2d82dql2

(3.76)

~here N is the number of electrons of the donor or acceptor.

If w~ put Eq. (3.76) into (3.75), we obtain:

(3.77)

Since under normal donor and acceptor concentrations a* and a

« R, therefor in Eq. (3.77) we can make the following

approximation:

•

1:= 1

r R [1+ ~ (a ·sinalsinqll-asina2sinql2) ]1/2

1[ l(··a· 'a').. R 1- R a S1n lS1nqll-aS1n 2S1nqlZ

+ i (a*sina1sinCP1-asina2Sinql2) 2]

Put Eq. (3.78) into Eq. (3.77) we obtain:

(3.78)
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N 2 2 3 ( " 2)u... e [1 + a +a ]
D.A 41te"R 8 R2

(3.79)

For the same consideration we obtain the repulsive energy

between two donors which are separated by the same distance R:

(3.80)

The difference of the repulsive energy between two donors and

the repulsive energy between a donor and an acceptor is:

AU=UD,D-UD.A

3 N 2e 2
=---

32 lUo
3 N 2e 2

=--
32 1teo

(a"-a 2 )

R3

(a '+a) (a '-a)
R3

(3.81)

If we take a'+a=4Â, a'-a=O.lÂ, N=65 and R=20Â (the nearest

neighbour distance between the excited Er3
' ions in the

Er3': YAI03 when 1% of the doped Er3' ions are excited) we get

AU=10-19J. Compared with the thermal energy which at room

temperature is about 10-21J, this difference of the repulsive

energy can not be neg1ected. It is this differenc~ that makes

the donors distribute regularly rather than randomly. This can

also be explained as the follows: The total repulsive energy

between the electron shells of a donor acceptor system take

the form:

•
(3.82)
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where NT=ND+N" and ND is the number of donors and N. is the

number of acceptors. In the above equation a 1,j equals a· if

the i th or jth ion is a donor ion, and a 1.l equals a if the i th

or jth ion is an acceptor ion. Clearly, the UTl dose not depend

on the dist:tibution of the donors and acceptors but the UT2

dose. It is not difficult to understand from Equation (3.82)

that when the donors and acceptors are regularly distributed,

UT2 reaches a minimum. Because a balance distribution requires

the lowest interaction energy, this leads to the regular

distribution of the donors and acceptors.

3.5.3. About the two-dimension transfer

How are the energy transfer processes limited to a plane?

The following gives one explanation. In our research, the

pumping laser beam is polarized. As shown in Figure 3.25, the

.. ...p P

D A...
E .. p

~Laserbeam t .. + @-
p p

•
Fiqure 3.25
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e1ectric field of the laser beam induces a11 the ion's dipQles

vibrate in the same direction as that of the electric field of

the laser beam. From the general theory of electron dynamics

the dipole energy emission obeys the following equation

(3.83)

where 5(9) is the density of the emission energy flux and 9 is

the angle between the direction of emission and the direction

of the dipole. 5ince at 9=0· there is no emission and at 9=90·

the emission is maximum, and since the energy of a donor is

transferred mainly to the nearest neighbour acceptors (because

the transfer rate is proportional to 1/RDA
6
), therefor, the

energy is transferred mainly between the nearest ions on the

same interaction plane.

3.5.4 The influe:'".:e of the energy transfer parameters by

structure of the compounds.

From Eq. (1.37) and (1.38) we can see that the energy

transfer rate YM is determined by the O-A distance R and the

microtransfer parameter C(6
). The microtransfer parameter C(6

)

is determined by the dipole element

•

[1:1 <b' 101.. 1b> 12
] and the Qverlap integral 5. From Eq. (1. 42) we

see that the dipole element is determined by the intensity

parameters ~ and the matrix elements UlÀ). From Eq. (1.33) we

see that the overlap integral S is determined by the resonance

of the energy transfer (VA - Va)' In the fol1clwir:'1 we will show
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that the structure of the compounds has an influence on the

matrix elements UI).1 and the resonance VA - Va thus the transfer

rate.

al. Different compounds or different crystal structure

have different crystal fields. Since the matrix elements Ul ).}

and the energy level splitting of the doped ion are affected

by the symmetry anJ. magnitude of the crystal field, any change

in the structure will 1) changes the matrix elemen::s UI).1 and

thus the transfer rate YAa and 2) changes the enurgy level

structure of the doped ion and thus changes the resonance

mismatch (VA -Va) and thus the transfer rate YAa.

b). Different compounds or different crystal structure

have different phonon energy. This phonon energy compensates

for the resonance mismatch (VA - Va) of the transfer process.

At low temperature this phonon adsistance is not important but

at room r.emperature it gains importance.

3.5.5 Analysis of the parameters

a). TmJ+:YLiF.

The r~sonance mismatch for the energy transfer processes

are listeà in Table 3.21.

Table 3.21

W2222 W22JJ l'l' 2222 1'11144

(VA - Va) (cm-l ) 1 12 218 291

-_0-
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From Table 3.8 we can see that at 12 K the fitted values

of 1'11: 44 are zero, consistent with the lack of resonance (VA ­

vB =291 cm-l) and the values of l'l' 2222 are sma11 or zero also

because of large mismatch (VA - VB =218 cm-l). From Table 3.8

and 3.9 we see that all the fitted room temperature (300 k)

parameters WU)) are bigger than the corresponding low

temperature (12 K) values, which is because the resonance

mismatch can be compensated by phonons at room temperature.

b. Er3.: YAG and Er3.: YAI03

The resonance mismatch of the transfer processes are

given in Table 3.22.

Table 3.22

2222p

1'11111 1'11122 l'l' 1122 1'12222

(VA - VB) (cm-l ) 5 887 8 1561

Er3·:YAL03

(VA - VB) (cm-l) 213 924 30 1470

Er3·:YAG

From "!"a.oJ.e ".It. we see 1:na1: tne aramet:ers w" ror .o01:!

•

Er3.: YAL03 and Er3.: YAG are the sarne as 1'11111 even though the

resonance for 1'12222 is much worse. This may be due to the:

phonon assistance of the 1'12222 processes (for Er3+:YAL03 the

phonon energy is 600 cm-l and the energy of three phonons is

close to the energy mismatc:n, while for Er3·:YAG the phonon

energy is 700 cm-l and the energy of two phonos is close to the

energy mismatch).
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CBAPTER. 4

CONCLUSIONS AND SOMMAR.Y OF THE

CON'rRIBtJTIONS TO THE lmOWLEDGE
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4.1 Conclusions

In this work we have examined existing data for the

upconversion dynamics of Er3
' in two different oxide hosts, YAG

and YA103 , and new data for Tm3
' in two different fluor ide

hosts, YLiF4 and Y2BaFs ' From this work we may conclude that:

1. At low donor-acceptor concentrations (low excitation

intensity), the energy transfer kinetics is second order, and

at high donor-acceptor concentrations (high excitation

intensity), the energy transfer kinetics is fourth order.

2. The general form of the energy transfer term in the

rate equations should take the form:

Wt (no (t) nA (t) ) tlnDltl.nAltll

where f(nD(t) ,nA(t» is a continuous fUllction of nD(t) and

nA(t), and 1<f(nD(t),nA(t»S2. At low donor and acceptor

concentrations f(nD(t) ,nA(t» -71 and Wt is given by Eq. (1.51).

At high donor and acceptor concentrations f(nD(t),nA(t»=2 and

Wt is given by Eq. (3.67).

3. The high order (higher than two) concentration

dependence of the energy transfer term can only come from the

two-body interaction transfer, not from the many-body

interaction transfer.

4. The fourth order energy transfer kinetics may come

from a regular distribution of the donors and acceptors and

two-dimensional transfer.

5. At low pump power there is a photon avalanche which is

caused by the cross relaxation process W30 • At high pump power
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the avalanche process stops, and the delay of the rise time as

shown by Figure 3.12 is caused by the fourth order kinetics of

the other energy transfer processes shown in Figure 3.7.

4.2 swamary of the contributions to the knowl.edqe

1. Experimental evidence is presented for the first time

indicating that under conditions of low donor and acceptor

concentrations energy upconversion occurs via second order

energy transfer kinetics and under conditions of high

activator concentrations energy upconversion occurs via fourth

order energy transfer kinetics.

2. A new energy transfer model based on regular

distribution of donors and acceptors for two-dimension

transfer is developed in this work which can lead to fourth

ordeL energy transfer terms.

3. Kinetic models are given which adequately describe the

upconversion dynamics for ErJ +: YAlOJ , ErJ+: YAG, and for the

avalanche upconversion dynamics for TmJ +: YLiF4 and TmJ+: Y2BaFB•

4. The existing three-body interaction energy transfer

model obtained from the second order perturbation is extended

to the case of four-body interaction.

5. Existing methods utilizing Judd-Ofelt parameters to

estimate the energy transfer rates for two body dipole-dipole

interactions are extended to the case of the four body dd-dd

interactions invoked in this work.

6. Pump-probe gain measurements are reported for the
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first time for Tm3o:Y2BaFB' and an unusuaL temperature

dependence for one of the 1ines is discussed.

4.3 Suggestions for future work

1. Detailed investigation of the concentrati·oI) dependence

of the energy transfer parameters, _. over a wide range of

concentrat:ions and pümp power to determine the range of

activator concentrations. for which fourth order kinetics are

valid.

2. Study of energy transfer in the liquid state, if

possible, would be very h<!lpful in verifying sorne of the ideas

put forward in this work.

3. Theoretical investigations of other possible models

which can obtain fourth order energy transfer term from two­

body interaction.

4. DetaileJ theoretica1 justification for the regular

distribution of the donors and acceptors and two-dimension

transfer .
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APPENDIX

1. Error ana1ysis

The errors of a fitted parameter âa1 in a11 the models

are calculated by the fo11owing equation:

where âXv=X/ - Xml/ and:

and:

In all the error estimatings, we take the measurement errors

a 1=1, and âXv(V=1)=4 (95.4% confidence level). The sensitivity

of the parameters are determined by the magnitude of the

errors.

2. Assumptions in the energy transfer models

All the current energy transfer mode1s are based on the

assumption that the donors and acceptors are randomly

distributed among the lattice points of the cryst~l. According

to this assumption the nearest neighbour distance is not

dependent on the donor and acceptor concp.ntrations and is

always the lattice distdnce.

The regular model presented in this thesis is based on

the assumption that the donors and acceptors are regularly

distributed in the system (crystal, or liquid) at high donor
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and acceptor concentrations and the distribution changes from

regu1ar towards random as the donor and acceptor

concentrations decrease. According to this assumption, when

the donors and acceptors are regu1ar1y distributed the nearest

neighbour distance between the donors and acceptors is

dependent on the concentrations of the donor and acceptor dnn

De 1/ (nDn.) 1/6 •
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