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ABSTRACT

This thesis describes detailed studies of the
upconversion dynamics of Er* :YAlO; (YRP), Er’-:YAG, Tn' :Y,BaFg
(YAB) and the avalanche upconversion dynamics of Tm™:YLiF,
(YLF) .

Upconversion dynamics of Er*:YAP, and Er®:YAG are
analyzed by a rate equation model which includes four energy
transfer processes. It was found that good fits to the
experimental data can be achieved only when the fourth power
activator concentration dependent energy transfer terms (when
the erergy transfer is fourth order kinétically) are included
in the rate equation.

To study avalanche upconversion dynamics of Tm:YLF
measurements of tihe time dependent upconversion 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 Tm*":YBF is analyzed by a rate
equation model which includes two energy transfer processes.
Satisfactory fits of the experimental data were cbtained by
this model. Pump-probe measurements of the temperature and
power dependence of the upconversion gain for the blue

emission at 482 nm from Tm*:YBF are presented.
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RESUME

Cette thése porte sur l'étude en détail de la dynamique
de conversion du Er®‘:YAlQ, (YAP), Er*:YAG, Tm*:Y,BaF,; (YAB) et
de conversion avalanche du Tm*‘:YLiF, (YLF).

La dynamique de conversion du Er®":YaP et du Er®:YAG,
est analysée par un modéle de loi de vitesse comprenant
quatres processus de transfert énergétiques. Il a été
démontré gqu'une bonne concordance avec les donnés
expérimentales ne peut &tre obtenue que lorsque la puissance
gquatre 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
Tm’ :YLF, des mesures de la dépendance en temps de l'intensité
de la luminescence ont été &ffectués avec plusieurs longueurs
d'onde d'excitation, ainsi que plusieurs puissances
d'exitation. La dépendance de 1la luminescence sur la
puissance d'excitation a aussi été évaluée. Pour représenter
la dynamique de la conversion avalanche, un modéle de loi de
vitesse tenant compte de la relaxation non-radiative
extrachromeophorique ainsi gque 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 gque la vitesse du transfert énergétique est
proportionnelle 3 la puissance deux de la concentration de
ltactivateur (ordre deux cinetiquement parlant} pour les
faibles concentrations de ltactivateur tandis que cette méme
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 & la concentration de l'activateur,
un modéle de transfert énergétique & quatre corps interactifs
basé sur une distribution aléatoire des donneurs et des
accepteurs, ainsi que d'un modéle de transfert énergétique a
deux corps interactifs basé sur une distribution uniforme des
donneurs et des accepteurs ont été crées.

La dynamique de conversion du Tm¥:YBF a été é&tudiée avec
un modéle de loi de vitesse comprenant deux processus de
transferet énergétique. Une concordance satisfaisante a été
obtenue avec ce modéle. Des mesures par sonde d'exitation de
la dépendance & la température et 4 la puissance du gain de
conversion de l'émission bleue A 482 nm provenant du Tm’*: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 chemically similar
elements which have in common an open 4f shell. 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 g,;, the max ESR [2M;(max)* g,]

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, YAlOQ,, YLiF,, and Y¥,BaFy inclﬁding the refractive
index n, the density of the crystals p, the density of Yttrium
in the crystals py, the concentration of Yttrium ny, the
nearest neighbour distance between two Yttrium ions a,, 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
spectra) 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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Table 1.1 Basic properties of rare earth elements|l],
[2].

2 E Electron Ground g; g R (A) |

configuration | term

57 | La | 4£°5s?5p° 'S, 0 0 1.15

58 | Ce | 4£'5s25pt Fs/» 6/7 4.29 1.02

59 | Pr | 4£25s?5p° 3H, 4/5 6.40 1.00

60 | Nd | 4£°5s%5p® I,/ 8/11 6.55 0.99

61 [ Pm | 4£*5s?5p® 51, 3/5 4.80 0.98

62 | sm | 4£°5s25p® H.,, 2/7 1.43 0.97

63 | Bu | 4£*5525p" Fy 0 0 0.97

64 | Gd | 4f'5s?5p¢ ®S.,2 2 14 0.97

65 | Tb | 4£%5s525p° P 3/2 18 1.00

|

66 | Dy | 4£°Ss?5pt €H,s/2 4/3 20 0.99

67 | Ho | 4£1%5525p$ 5T, 5/4 20 0.97 “

68 | Er | 4£115525pf Tie 6/5 18 0.96 n

69 | Tm | 4£*2525p8 3, 776 14 0.95 J

70 | Yb | 4£*355%5p® 2Far2 8/7 8 0.94 “

71 | Lu | 4f'55%5p® '3, 0 0 0.93
-
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Table 1.2 properties of the laser crystals YAG, YAlO,, YLiF,
[_—-_—_—-——————

YAG YA10, YLiF, Y,BaF,
[ n 1.929 1.815 1.46 ..
p (g-cm™) 4.55 5.35 3.968 5.047
py (grcm) 2.04 2.90 2.052 1.921
ny (cm™) 1.381x10%2 [ 1.964x10%2 | 1.389x102% | 1.300x10%
ay (A 5.17 4.60 5.16 5.28

Space group | 0,°-Ia3d | D, '"-Pbnm | C,%~I4,/a [ Cp*~C2/m

cation-site (D, (¥%") c, (¥*) S; (Y*) cen
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

w
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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 Er®*:YAG and Er3*:YAlO,
The energy levels of Er**:YAG and Er*:YAl0, were obtained
from the absorption and emission spectral[6],[7]). Those

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

1.2.2 Energy levels of Tm*:YLiF, and Tm*':Y,BaF,

The energy levels of Tm¥':YLiF, and Tm*:Y,BaF, are listed
in Table 1.4 and shown in Figure 1.4. The information of the
Tm¥*:YLiF, energy levels were obtained from reference[8].
The excited state levels and their Stark splitting of Tm** in
Y,BaF,; 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 Tm** in Y,BaF, were obtained from the

emission spectrum shown in Figure 1.3.

1.3 Transition intensities and radiative decay rates in rare-
earth doped crystals
1.3.1 Brief introduction
Electric dipole transitions between the states of 4f"
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 symmetric interaction of the rare earth
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. Table 1.3 Energy levels of Er*:YAG[6] and Er3-:YALO,[7].
Er’**:YAG Exr3*:YAl0, SLJ
(cm™?) (cm™t)
24 51 Tissa
116 218
412 266
426 388
468 443
564 516
6766 6602 1,5,
6858 6641
6949 6669
6773
6814
6868
10252 10282 81112
10281 10293
10360 10322
10370 10347
10411 10402
12298 12393 I9/s
12573 12624
12719 12648
12765 12732
15290 15263 1Fy,s
| 15319 15344
15364 15374
15485 15396
15530 15481
l[18406 18406 $S1/2
18470 18487
19100 . 19119 2H,, 2
19161 19190
19328 19240
19350 19275
| 19367 19303
20520 20482 “Fa/2
20574 20554
20625 20617
20659 20685
20709
22230 22196 T
22250 22227
22299 22259

® _—
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Table 1.4 Energy levels of Tm®':YLiF,[8] and Tm:Y,BaF,

- 8 -

SLJ | Tm*:YLiF, | Tm**:¥,BaFy | SLJ | Tm*':YLiF, | Tm® :Y,BaF,
(em™) {em™!) (cm™) (cm™)
*He 0 0 °F, 5599 5681
30 59 5756 5797
| 56 110 5757 5848
270 169 5820 5939
305 200 5942 6051
318 246 5968 6087
334 307 5972
372 350
407 417
419 478
H, 8284 8286 3H, 12599 12616
8300 8529 12624 12786
8319 8630 12643 12934
8501 8676 12745
8519 8826 12804
8535 12835
12891
F, 14520 14115 °F, 15094 15130
14549 14309 15203 15166
1459400 14602 15275
14597 14634
1G, 20973 20583 p, 27961 27271
21186 20992 27911 27411
21272 21134 28053 27498
21300 21244 28075 27618
21554 21555 27693
21562 21946 27833
11¢ 34729 34627 P, 35538 35420
34778 35597
34769 35774
34999 35993
34998
*p, 36470
36566
——-—.—-—._==$
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ions with the surroundings, which mixes states of opposite
parity. Judd{ll] and 0Ofelt[12], working independently
and simultaneously, obtained the line strength for electric

dipole transitions

Soq( T T = 22 [{a| P& |a2
= 2 QLI(JHU(KJI’JOIZ

A=2,4,6

(1.1)

where <JJU™JJ’> is a reduced matrix element of the
irreducible tensor operator of rank A and £ are the intensity
parameters. The line strength 5,(J;J’) determined by (1.1) is
associated with the spontaneous decay rate by:

64nledv? n(n2+2)2
A (J; T = s, (J; T (1.2)
ea(77 7 3hc3(20+1)  9n 0a (s

where n is the refractive index, c is the velocity of light in
vacuum and Vv is wave number of the transition. Including the
magnetic dipole transition the total decay rate is

64niey? (n2+2)?
3hc? (2J+1) Sn

Soqt3Spyl (1.3)

in the above equation S,, are determined in the following
way[1l3]:
If J'=g

= eh 2, 2J+1 ! !
(2mc) 4J(J+1)'5(Sp3)'5(1- LY (1.4)

*[S(8+1) =L (L+1) +3J(J+1)]?

If J/'=J-1
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~(. €eh a2, / !
Sed™ (g "0 (S: 50 B (L, L) (1.5)
‘[ (S+L+1)2-02] [J%~-(L-8)2]) /4J
If J'=J+1
_¢ eh ! !
s,,,d-(wmc)z-a(s,s)b(L,L) (1.6)

[ (S+L+1)2-(T+1)2] [(T+1)2-(L~5)2)/[4 (T+1)]

1.3.2 Calculations of the radiative decay rates in Er*:YAlQ,
and Er’‘:YAG
The intensity parameters £%(A=2,4,6) for Er*:YAG and
Er*:YAl0, were obtained from reference [13] and are listed in

Table 1.5.

Table 1.5 Intensity parameters Q (A=2,4,6) for Er**:YAG and

Er™ :YAL0,[13]
Crystal Q,(107¥%cm?) Q, (107Pcm?) Q, (10"%cm?)
Er*:YaG 0.19 1.68 0.62
Er¥*:Yalo, 1.06 2.63 0.78
-wl

The reduced matrix elements U?(A)=<JJUM|J’>? for Er® listed
in Table 1.6 are obtained from reference[l14] and [15].
The dipole transition decay rates can be calculated using
equation (1.3). Table 1.7 gives the results of the calculated

dipole transition decay rates for Er®:YAG and Er'*:YAlO,.
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Table 1.6 Reduced matrix elements U?(A)=<JJUu®|J’>?

for Er’-[14], [15].

(e ———

B
SLJ STLJ | U%(2) U2 (4) U?(6)
Tlllyz $T,5/2 0.0188 0.1176 1.4617
‘.1 ‘I 0.0259 0.0001 0.3994
Tyis0s 0.021 0.11 1.04
Is/2 “I5/2 0.0 0.1452 0.0064
11372 0.0003 0.0081 0.64
113, 0.0096 0.1576 0.0870
T2 0.0671 0.0088 1.2611
il
41,,, 0.096 0.0061 0.012 |
""sz,,2 Tys/2 0.0 0.0 0.2285 |
A SPg 0.0 0.0 0.3481
11,2 0.0 0.0037 0.0789
A PP 0.0 0.0729 0.2560
.
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Table 1.7 Calculated dipole transition radiative

decay rates in Er®*:YAG and Er*':YAlo,

— r T -1 1
SLJ S'L'J A(s™) A(s™)
Er3*:YAG Ex?*:YA10,
Ii3/2 24.4 34,2
“Fy/s 150 1537 2306
‘I,3, 72.3 113.0
Ty, .22 .8
41,3 315.0 405.0
112 27.4 35.5
To/2 49.0 69.5
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1.3.3 Calculations of the radiative decay rates in Tm® :YLiF,
and Tm* :Y,BaF,

The intensity parameters £ (A=2,4,6) for Tm¥:YLiF, were
obtained by M. Dulick et al[8], for Tm%:Y,BaF, were obtained
by B. M. Antipenko[l6]. The results are listed in Table
1.8.

Table 1.8 Intensity parameters £} (A=2,4,6) for Tm®:YLiF,[8]

and Tm*:Y,BaFg[16]

Crystal Q, (10"Pcm?) Q, (10°%cm?) Q, (10~ cm?)

Tm** : YLiF, 2.43 1.08 0.67

Tm**: Y,BaF, 1.20 0.94 1.20
w

The reduced matrix elements U?(A)=<JJU™|J’>? for Tm** were
calculated by R. Reisfeld and L. Boehm[l7] and are listed
in Table 1.9. Using their results and the above intensity
parameters we calculated the radiative decay rates in

Tm* :YLiF, and Tm**:Y¥,BaF, 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, some
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? (A)=<JJu™|g’>?

for Tm®*[17)

%mg
SLJ | S'L'J’ | U(2) U? (4) U?(6)
1, 3He 0.0108 0.0397 0.0137
1, F, 0.0549 0.4543 0.3658
1, 3H, 0.0010 0.0021 0.0057
1, °F, 0.0 0.0394 0.3373 |

’F, 0.0 0.0028 0.0075

3H, 0.0676 0.3175 0.1035
1T, G, 0.2194 1.2894 0.6520
11, p, 0.0 0.0515 0.8433
p, 3H, 0.0 0.3144 0.0916
p, F, 0.5792 0.0968 0.0194 |
p, 3H, 0.0 0.0017 0.0164
p, 3, 0.0639 0.3093 0.0

*F, 0.1637 0.0714 0.0

*H, 0.1147 0.0138 0.2307
p, G, 0.1926 0.1666 0.0006
1G, He 0.0452 0.0694 0.0122
G, 7, 0.0042 0.0186 0.0642
G, *H, 0.0704 0.0055 0.5176
G, 3F, 0.0050 0.0695 0.0413

Fy 0.0100 0.0698 0.2915

B, 0.1511 0.0046 0.3750
3F, H, 0.0 0.0 0.2591
F, 0.0 0.3163 0.8409
3H, 0.2187 0.0944 0.5758
3F, F, 0.2849 0.0548 0.0448
3r, 0.0031 ¢.0011 0.1654

3H, 0.1215 0.1329 0.2258
3H, *H, 0.0152 0.4669 0.0153
3F, 3H, 0.5589 0.7462 0.2574




Table 1.10 Calculated dipole transition radiative
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decay rates in Tm**:YLiF, and Tm?‘:Y,BaF,

SLJ S'L/J’ Tm** : YLiF, Tm’*: ¥,BaF,
A(s™) A(s™)
1T, 3H, 492 420
I, 3F, 3241 3475
| 1Z¢ 3H, 24 28
1, 3F, 310 510
r, 10 15
3H, 947 828
1T, G, 876 838
11, p, 30 51
p, 3H, 3388 3427
D, °F, 6576 3490
p, 3H, 38 63
p, 3F, 408 306
3F, 456 253
3H, 631 602
p, G, 75 45
e, 3H, 399 277
G, F, 60 82
G, He 167 297
G, F, 6 6
:5’3 20 30
H, 88 80
’F, H, 228 409
F, 749 1081
3H, 434 444
°F, °F, 253 145
:5‘3 22 38
H, 43 39
3H, *Hy 6 il
F, 3H, 89 64

e

P
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(mutiphonon process). In between the creation of electronic
excited states and the subsequent energy dissipation, the
energy may move around from one atom or molecule 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 wvirtual photon. This
exchange occurs via. either an electromagnetic multipole-
multipole interaction or an exchange interaction.

The foundations of energy transfer theory were

established by Fbster(18],[19).  Féster 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 Féster-Dexter transfer (two-body interaction
electric multipole transfer) rate([21l]
a2) . The two-body interaction energy transfer Hamiltonian

As shown in Figure 1.5.

Mo la2

Figure 1.5 Two-atom system

H, and H, are the Hamiltonian of atom A and B, respectively.

The Hamiltonlian of the two-atom system is given by:

in the above equation
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2 2 2
Zazbe + ez - Zae - Zbe

R Iy ra.‘! Ipy (1 .8)
_Z,20°% o2 Z,e*  Z,et

R T2 |R+%y,| |-R+2Z,,|

Hpp=

Let [a) and |a’) to be the ground state and excited state
wavefunctions of atom A, |b) and |b’) to be the ground state
and excited wavefunctions of atom B, respectively. Consider a
transition from an initial state |1)= |a’b) to a final state

|2)= |ab’). The matrix element of this transition is given by:

(@’(1)b(2) |Hylall)bi(2))
=z,z,,-§(a'(1) la(1)Xb(2) |B/(2))

Ha’(1) b(2) l-iz—la(l)b’(z))

-z,e%a’(1) |a(1)Xb(2)| 7 ||b'(z)> (1.9)
b2

-Z,02(a’ (1) |-=—=— |a(1)Xb(2) |b(2))

'ﬁ"'ful

=(a’(1)b(2) |riz-|a(1)b’(2))
12

Taking into account the overlap of the wavefunction the

relevant product wavefunctions are replaced as follows:

Ia’(l)b(z))-%la’(l)bm) -b(1)a’(2))

(1.10)
la(1) b/ (2))~—]a(1) b’ (2) -b/(1) a(2)}
3

Then
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@’(1)b(2) |Hygla (1) b/ (2))
--%'-(a’(l)b(Z) |Huala (1) b/(2))

+%(b(1’a'(2’ |Hpglb’ (1) a(2))
'%u’ma'm|Haa|a(1)b’(z)) (1.11)

-%(a’(l)b(z) |Hyglb/ (1) a(2))

=@’(1)b(2) |Hypla(1)b’(2))
~{a’(1)b(2) |Hplb/ (1) al2))

and

{@’(1)b(2) |Hy|b/(2)al2))
=z,zb-%z(a’(1) |B/(1)Xb(2) |a(2))

«a’(1)b(2) |§i]b'<1)a<z)
12

-z,e%a’(1) |b/(1)Xb(2) ITEJ?TIa(Z)) (1.12)
b2

-z,e%b(2) |a(2)Xa’(1) ] I-fii" I,br(l))
al

2
«{a’(1)b(2) |=—|b'(1)a(2))
L2
Thus, the matrix element is given by:

(ppli=ta’ (1) b(2) |22 |a(1) b/ (2))

rlg (1.13)

~{a’(1)b(2) | 2= b (1)a(2))
T2

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
R=(R,0,¢)

R5I,e, Tp, (1.14)
Toe=R+Ip. =Ty,
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Figure 1.6 Two—atom system in solids
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The relevant energy transfer Hamiltonian is given by:

2 2
fﬁm=z: e? _ e

= = {1.15)
a7t Ise 5t |ReTp,~Fpyl

where the sum is over the electrons of the two atoms. Taking
into account the fact that R>>r,,, r;, the expansion of H, in

spherical harmonics is given by(22]:

- = 1 1

1
Hyp=e? —_—
=" % B 2 22, m 1.16)
141 ol
Gy Caton? (8, @) "Dy (A) D, (B)

where
6= (-1y | B2l ) 1y I Dytd, (1.17)
12 (L)1 (2L)'\m m, -m-m,
D2 (A) =Y rjci(e,,d,) (1.18)
8
G (@) =y 35 ¥, (Q) (1.19)
j1 jz ja Ji=Fa=
=(-1) 7R 270
(Ha m m;) 7 (1.20)

Gam F m, |5 1Jad3=ms)

For example 1=1, m=0,zl:

=,| 3 a=,| Sz
Yzo 41‘(.‘08 4n r (1.21)
Y1,=1=‘F‘\| —B%t-e*“sineﬂﬂl %-’-‘%Z

Then
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(1.22)
C':':L: EE Y*1=; _1_ ____th

and

Di=rCi=z

=rcl=-_1 i
Df-rcf--ﬁ (x+iy) (1.23)

1 ,
fo:C.‘ﬁE (x~1iy)
Then the direct term of <|H,|> is

_ e 1,+13
(a’bIHulabO'- 2 -T’-l—‘_iGRC,:,,;
Lilmm R

{a’|D,*|aXb| Dy |b"

(1.24)

The quantity related to the transition rate is

/ = Che
(a b'H“""‘bo'z'%g:,‘,, ISI.EM‘ PRORIR AT

1,els 13+l
Colon Calog (1.25)

{a’|p;}|aXa’|D; |a)
{b|D;? |b/Xb| D! |7

Averaging over 0 and ® the following result is obtained:

2 [fsinbdBdpcyiLl Col
) 1 (1.26)
T2l ¥ 3 o
B1013,1y01 8y 4y om,

Neglecting cross terms: 1,#1;, 1l,#1,, m#my, my#m,, |<|Hy|>|? can

be expressed as:
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2 e% 122 i
l(lHaal)l lllzzm;m; [Rlz*lzﬂ] Giz 21,+21,+1

a’| Dz} |@)I2 (B D;} [ DA

(1.27)

where

62 = (211+212+1)!(11 1, 11+12]2 (1.28)

@112l m m, -m-m,

Taking the average of G;,%:

2 - 1 2
<Gj22? (Z1,+1) (212"‘1)11,,25:2G12
1 (21,+21,+1)!

TR 71) (21,+1) 2, (21, 1(21,)1

2
{11 1, 11"'12) (1.29)

m, m; -my-m, ,
__ (21,+21,41) > [11 1, 11*-12)
(21,+1) 1 (21,+1) | o \my m, —my—m,
_ (21,+21,+1) !
T (2L, +1) 1 (21,+1) !

| <|Hus|>|? can be expressed as:

2
{|H.a 2= (__.e__.)z
] I MI I l,;ﬂn‘ R.!,+Jz+1
. (211+212+1) ) 1
(21,+1) 1 (21,+1) | 21, +21,+1
[la’|D3} |a)|2 || D2 1B (1.30)

_ e? 2 (21,+21,)!
& pltlrr’ (2I1,+1) 1 (21,+1) !

-IY la’ipst|a)fa] (X KblDaz|b)2)
oy m

¢) . The energy transfer rate

The transfer rate is defined as([21)
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2
m=—-—4}: Kizs 28 (1.31)

where

s={g,(E) gz(E) da=%"fg,m)g,,(m>dm (1.32)

is the overlap integral. In (1.32) g,(w) and gy(®) are the line
shape functions for ions A and B respectively. Considering the
case of two Lorentzian lines of width a®, and aw,, centred at

®, and ®,, respectively, the overlap integral is given by(21]:

©)do=1 =
fgh(w)gb( }de ,;JAQ)2+(ﬁ3-mB)’ (1.33)

272C Avi+(v,-vp) 2

where av= av,+aV, is the line width with a unit cm™.

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,0,9) is defined as follows:

D;,m=\| —2-%’;'-1- dtp (%) riy, (8,¢) (1.34)

If set
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p (%) =Y ed (%-X,) (1.35)
E-

Thus

_ 4n g
Dl.m-ﬂl mfdrzeb (% x,)r-’.Y_,_m(ﬁ.di) 1.36)

_ez 21 lrsym(esl¢ )

These quantities (D, ,/e) are the same as the quantities D}
defined in Equation (1.18).
The electric multipole energy transfer rate can be

written as:

() (8) (10)
c Lc  cuo

Va2 (| Haa25= = (1.37)
where
C(G) 41:2 ed Il 2
RS h RS 3131 [E a’|Dala)l] .38
°[E KblD3 b1 s
m=-3
is the dipole-dipole term,
cle 4.‘12 ad / 2 2
= R83|3|([E](a D2 |21 rm)_:_zubm 15)[2] e
Y /D2l T 2 BID3 b1 5
fa-2

is the dipole-quadrupole term, and
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clo _4x2 g4 8|
R1® h R19 515!

2 2
LY [@)pilaP1 LY Ib|Di|bd s
are-2 -2

(1.40)

is the quadrupole-quadrupole term,
Considering only the electric dipole-dipole interaction
the energy transfer rate is given by[21]:

€9 _1 Ky (1.41)

Yas™= R e TA R

where T, is the radiative lifetime of atom A, R, is the radius

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

1.4.3 The Judd[11l])-0Ofelt(l2]) parameter expression of the
two~body transfer rate
The Judd-~-0feld 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:

—dd_ 1 2 41:
'[EQMU,HU‘*’ 19523 DEQ,,_(J,,IU‘“ ||J,,P] s (1.42)
QB

RG
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Yid- L (42 (£2)2
Y= 13571 (20,+1) k| ' Re
L )> 6n...,L(J,JU““ TRl |z |4 E?

2,4,

(1.43)
{flc 2 BT IT @ |udrs
dg

The above equations can be used to calculate the energy
transfer rates if the Judd-Ofelt parameters §, and <JJUM§I’>?
({A=2, 4, 6) are available and the donor-acceptor distance R is

given.

1.5 Upconversion

1.5.1 Brief introduction

Unrconversion is a phenomenon in which the wavelength of
emitted light is shorter than that of the pumping light. The
first upconversion lasers, demonstrated more than 20 years
ago, were flash-lamp-pumped, pulsed lasers limited to
operation at cryogenic temperatures([24]. In the past ten
years, upconversion lasing has been observed in a number of
materials doped with trivalent rare—earth ions, notably
praseodymium([25], [26],neodymium{27],[28]),holmium([29],
erbium{30],(31),[32],1(33]1,0[34],1(35),[36]1,and
thulium(28], [37], [38],(39]. Upconversion is caused
by multiple excitations (direct pump or energy transfer or
both) . For instance an exited ion absorbs a photon and reaches
a higher excited 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 all 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 nyn, 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 Np(t) donors and N,(t)
acceptors distributed among the lattice points, the basic rate

equation for the donors take the form[44], (45),
[46]:
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dp2 (&) 1 i1
= ?(t) -; Yoa CRs=Ry|) 3 () p3(£) +-

(1.44)

cC D A
==L p2(t) -} £ p () p5 (L) +-
P.t Jz-:l RS i ]

where 1/1, is the decay rate of the donor, p.°(t) is the
probability that the ith lattice point is occupied by a donor
at time t, and p(t) is the probability that the jth lattice
point is occupied by an acceptor at time t. N; is the total
number of lattice points. Considering the average density of
the probability, we should sum all the lattice points and
divide by the total interaction volume V; both sides of
equation (1.44). Thus we obtain the following expression of

the rate equation:

D(t) A
ot o lp (- £) oA (E) + (1.45)
dt Tp 2 .“21; p1(L)p3(E)

In the above equation
3] i °(¢)=ND“” (1.46)
Tip '——z;P: Ve
is the concentration of the donors. From the same

considerations we get the rate equation for the acceptors

dn, (t) A(t)——;; £ p2(e)pd(e) #  (1.4T)

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

the energy transfer process
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M(t) _ 1 (t)+ N& - (t) t)+ (1 48)
—'—-a-E—"-T" v P—P: pF(E) +- .

Tl'l

The general rate equations take the form:

dnd::t:) -1_ (t)t—;; GPJ(C)P:-}(I:H-- (1.49)
In the above equation if n,(t) 1s the M state ion
concentraticn the sign preceding the energy transfer term is
positive, if n,(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 p,°(t)=N,(t) /N, where Ny(t) is
the number of donors and N, is the total number of lattice
points, and the possibility of finding an acceptor at any
lattice point is also the same as p(t)=N,(t) /N; where N,(t) is
the number of acceptors. The energy transfer term of equation

(1.42}) takes the form:
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e xa € Ny(E) N(t)
VI;J.; Rfj Ny Ny
Vr RY; Nr Ny

£Nr 2 Np(E) Np(E)
VJ sv,“ nR2dR: N (1.50)

=fﬂngnD(t)nA(t)
=355 (45C A7E) np(£) my(£)

-Wn,,( t:) n,(t)

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

W= CVTN 1 1gv
Nga i T fff (1.51)
Tad( p=
“41tC'f——dV=41:Cf—-— =4_;=a_6;= ¥ (nﬁ; a)

where a is the lattice distance and n, is the concentration of
lattice points (in the crystals of Er**:YAG, Er*:YAlo0,,
Tm¥*:YLiF, and Tm*:Y,BaF, they are the concentrations of Yttrium
ions in YAG, YAlO,, YLiF, and Y,BaF, 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:

dn,(t)
=P, (n,(t) -n,(t))
S dr (1.52)

-?l-n,,(t) Wy, (&) 1y (L) +
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where P,=0I is the pump rate. I is the pump intensity and ©
is the absorption cross-section which is given by([3]:

2
0=4a_—S _g(v) 1.53
it an,?,,nzg ( )

where A, is the radiative decay rate from level x to level y,
c is the velocity of light in wvacuum, £,, 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 &
Gaussian luminescence line of width av,,, the line shape form

factor take the form([3]:

1

g(v)= (1.54)

cAv,,
thus the absorption cross—section is given by{3]:

= c?
0=4,y Ca—

8nvincAv (1.55)
Ais

=

e 2 A
8nnicAv,,,

1.5.3 Avalanche upconversion
a). The phenomenon of photon avalanche
The phenomenon or photon avalanche was first discovered
in Pr** based infrared gquantum counters[47]. A LaCl; or
LaBr, crystal doped with Pr* was exposed to laser-pump
radiation, in which the frequency matches the excited-state
-' transition absorption 3H; — °P,. When this radiation was

slightly in excess of a certain critical intensity, Pr%
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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 Pr*
which induces the excited state absorption used in the gquantum
counter process. Such an avalanche process was also observed
with o;her rare—-earth-doped crystals such as
Sm?*:LaBr,[48], Nd3*:LiYF,[49], Pri*:Lacl;[25],
T™Tm**:LiYF,[50), and Tm¥*:YAl0,[51). Experimentally, the
signature of avalanche upconversion has been the threshold
behaviour of the upconversion emission, and a concomitant
threshold for excited state absorption.

b) . The avalanche upconversion model

The fundamental avalanche upconversion model (the three
level model[52]) relies on an excited state absorption,
resonant with the pump wavelength, from z 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 general energy scheme for an
avalanche process. The nonresonant absorption from the ground
state populates level 2’, which relaxes nonradiatively to the
metastable level 2: The resonant absorption 2-3’, followed by

the nonradiative relaxation 3'-33, 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 2-3’. S':i'.nce the phonon relaxation
are fast compared to all other processes involved, the
excitation process can be adequately described by the
following rate equations (where §p,, p,, and p; are the

normalized population in level 1, 2, and 3, respectively):

dp,

o 1P1+8,P,+BA, P37 5,P3P,

d

?%= 1Py~ (A;+P;) py+ (1-D) Ay p3 +2Y5,P1P; (1.56)
dp; _

gt 2P2~A3P3-Y31P1P;

with

P1tpPatpPa=1.

The nonresonant absorption from the ground-state and the
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resonant excited-state absorption are characterized by pumping
rates P, and P,, respectively. A, and A, 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 (l1-b)A; being the decay rate to level 2. The
energy-transfer process is described by the rate Y,,.

1) . Stationary solutions

The system of equation (1.56) was solved explicitly in
the long-time limit([52]. When t — e, the following equations

were obtained:

dpy _dp,_dp; _, (1.57)
dt dt dt

and the stationary solution for level 3 population is

P [-Lesgn(B) (1+°002) 2) (1.58)

with
c=1p3-21 [B,+A, (1+b) -a,) (1.59)

and
=_;_2 [A, (A,+Y33) -P, (Y,,~bA,) +P,A, +P,P,] (1.60)

In equation (1.58)
sgn({B)=+1 if B>0
sgn (B)==-1 if B<0
Since P, corresponds to a nonresonant absorption, P, is very

small compared tc zll the other terms. So
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(1+——4Cfl)1’2=1+

2CP,
B 2

This leads to the following solution for p,™:

if B>0,

2CP
)]

PP,
A, (A3+¥3,-P, (¥5,-bA,) +P,P,+P,A,
= P P, 1
Yi1-BA; A, (By+Y,,) -p +P1(Pz"'A3)
Y1, —DbA, 2 Ya1~DBA,
= P, 1
Ya1~BA; A, {A;+y;,)
Y3, ~bA,
- PP, 1
Y31~BA, Poyypy—P

P,

if B<O,

2CP,
BZ

B ro1-(1+
paszc[ 1-(1
B

C
o 8 (A3 +Y3,) +B, (¥3,-bA,) -P,P,-PyA,

)]

Y31 [A, (1+b) +P,-A,]
P~ A, (Ay+Y5,)

2 Y1, ~bA,
= (Y3, ~0A,) Y3, [A, (1+D) +P,-A,

= _ Py~P 1 imie
(¥:.-08,) Y31 [Ay; {1+D) +P,-4,,]

In the above equations

P _ &, (¥3,+4,)
2limic W

is the threshold.

{(1.61)

(1.62)

(1.63)

(1.64)
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2). Discussion

If v;,<ba,, from equation (1.60) we get B>0, regardless of

the excitation power there exists only one solution for p;=:

- B P, . 1

P B, FrrgarF, (469
If ¥,,>bAa,, there are two solution of p;™:
i) if B>0 namely P,<P;jis.
P3= Yaf'lzzAaz . Pz.u::;c'Pz (-0
ii) if B<0 namely P.>P,1imie
ny=(Y,,-ba,,) 22 e (1.87)

Y31 [Ay; (1+D) +Pp~A,, ]

Above the threshold, there 1is the avalanche effect. In
concluslion, the avalanche effect may occur only if the cross-

relaxation rate Y, is bigger than the decay rate from level

3 to level 1 (ba,;).

1.6 High (higher than two) order concentration dependent

energy transfer and concentration dependent transfer

parametexr
1.6.1 Observations
a) . High order concentration dependent energy transfer
A very thorough discussion of the concentration dependent
energy transfer 1s 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 Eu* emission transition
from the D, level can not be accounted for in terms of
pairwise multipolar interaction in view of the fact that the
energy separation between the °D, level and the 'F; level is
about 12000 cm! and the energy separation between the 'F,
level and ground 'F, level is only about 5000 cm™. In the
process to populate the °D, level two donors ('F¢ — 'F,) and one
acceptor ('Fg = °D,) must be involved. Another example([55)
is the transfer between the Tb® °D, level and the Eu® °D, level
which has a difference in energy by about 2000 cm™ and can not
be accounted for in terms of pairwise multipolar interaction.

b) . Concentration dependent transfer parameter

In 1985 Vv. I. Zhekov et al(56] measured the energy
transfer parameters W, of the energy transfer process 61,3, =
$Iis/2r  °Iy32 — %I, in Er*:Y,a1,0,, with different Er*
concentrations (0.5-100%). They found that the energy transfer
parameter 1is a function of the Er* concentration -
proportional to the second power of the Er® concentration.
This observation was reconfirmed in Er¥:Y,Al1,0,,[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%) Er® 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 Er* concentration is lower than 3% the transfer
parameter is linearly dependent on the Er3* concentration, and
when the Er® concentration is higher than 60% the transfer
parameter dependence is lower than the second power of the Er*
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, it will transfer
energy to the acceptor. The relevant equation that describes

such a diffusion process is:

) 1
3£ R, t) =[DV*-;-§ Yo (|R-B,) 1 1y (R, £) (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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0y (€) =—1T-,fnp(n, t) &R (1.69)

Yokota and Tanimoto[42] have obtained an expression for ny{(t}

in the case of dipole-dipole interaction when
=m 1Koy (1.70)
This expression was reported

= ~t_Baply (Lyie
ny(¢) =n,(0) exp [-2-2AT(5) () (1.7

.( 1+lo.87x+15-5x2)3/4]
1+8.743x
where ¢C,=(47R,*/3)7?, x=Dcp,*t?? where ¢, as given in (1.70),
is the microparameter of the dipole-dipole transfer between a
donor and an acceptor , and n, is the concentration of the

acceptors., In the case for t — o, namely x — o

ny(£) =np(0) exp(--g—xnc) (1.72)

where K,=3.647D%%c,,*n,, the diffusion constant D=3.375n,,Cp*"*
where ¢, is the microparameter of the dipole-dipole transfer
between two donors, and n,, is the concentration of unexcited
donors. Equation (1.72) leads to the following rate equation

for the donors:

—c;it-n,,(t) =—%n,,( t) ~9meittciiing, (£) ny( ) oy (£)

: {1.73)
=-Tr-n,,(t:) ~Wangp () np(£) 1, (£)

where
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W9 CagdCat® (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

eqguation.

1.6.3 The many-body process

Grant [53]) emphasized that for a random distribution of
donors and acceptors the transition probability is determined
by the number of interacting particles and not the spatial
dependence of the interaction. Thus, for a random
distribution a Q-particle process should be characterized by
an n% dependent transfer term in the rate equations. To date |
all the many-body theories are limited to three-body electric
multipole interactions([60], [61].

a). The three-body theory[60]

The three-body interaction transfer arise from the
dipole-dipole perturbation Hamiltonian. Considering a donor
ion D initially in an excited state |D,> interacting with
acceptor ions A, and A, in states |[A,,> and |A,>, respectively.
The rate of radiationless energy transfer between the initial

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

vis=(4n?/h) ||| B[S (1.75)

where S is the overlap integral and T is given to the second
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order in the perturbation by:
v=H/+Y H'\mkm}&’ (g;~e,) -2 (1.76)
mel

Assuming that |i> (or }£>) may be represented as a simple

product of three one-electron atomic wave-functions:

li)=llf(D1)4'(A11)ll’(Aei) {1.77)
Neglecting the exchange effects, The interaction Hamiltonian
is

H'=Hpy +Hip +Hj 2, (1.78)

with each of the three terms on the right side of (1.78) of

the following form:

Hia=(e2/kR3) ryP(DA) ¢ +higher-order-terms, (1.79)

where

T(DA) =1-3 (R, Rp,) (1.80)
and r, and r, are the electric dipole moment operators for D
and A, Ry, 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 <i|t|f> we have:

Y G |l 5 | £) (=€) {(1.81)

mel

A typical term in (1.81) is
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Ezzwmaulmlvmg
Dy Ay Azn (1.82)

Do Hon 1D ey oo ) (=€) =
which may be rewritten as:

Z:Z:Z:Q%Amﬂﬂhyuhﬁmx% |2,
{D,,AMIH% |D.A, XA, )4, 2 (e f)

(1.83)

By orthogonality, (1.83) may be reduced to:

/ -
3 Dy | Hin, 1Dy XD | Hon, | Dy o4 0) ™ (1.84)
By invoking the approximation that

Eiey~AL (1.85)

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

contribution (1.81) becomes:
(ae) i |H'H!| 8 (1.86)

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

dd interaction transfer rate is obtained:

¥1.=(an?/h) i [|7|D)[2S
~(16m2/h) ae2|(i |Efy Hiy |©) (1.87)
1 | Hpa HA 2, | £Y4(3 | Hipy FY 2, | Y28
From Equation (1.79) the specific fo_m for each of the three
terms on the rhs of (1.87) is obtained as:

(i | g, Him, | £1= (€%/ k2R3 Rip, ) (4,47, |2, 1.88)
-r(m.l)(Dl(rDrDID)T(DAz) '(Azil-n:] e
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(1| Hgn i 2, | £1= (€°/ k2R Riy 2,) Dy | 2,2

1.89%
T(DA,) A, 4| (22 Xs) |2, T(2,2,) 48,5, 14,0 o
(i | Hw Hp,a, | £)= (@°/ k2R3 Ri 2, ) Dy | 2,| D (1.90)

‘T (DA, )(4,; | (xary) |A, 2T (2,4,) '(Aulral 1A, 2
Thus the transition rate contains terms that exhibit the
following types of dependence on separation between the three
ions:  Rpa *Ropar*s Roar~“Raraz " Roa2”Raa™® Roar"*Roaz *Rataz
Roas“Roaz *Razazs @nd RoayRoaz “Raaz™®-
The total transfer rate is the ensemble
M= (/DY Y Y v(2y, 8, t,)

ety (1.91)
xz: ...2 e'U(l‘:-r:--.rn;a 5,0, B 6, 8, ~Cy) /7kT

where Z is the partition function which can be written

7= E e"'a(:;o:zo"or'la';algo"f."c &, 33."'3,3)/*?

a.c.

(1.92)

and the sum is carried over all configurations of energy U
with the position vectors of the donor and acceptor ions given

by r, 8, and t, respectively. For a random distribution of the
activator ions
Z=Q (N, N, N,,N,) =N/ (N~-N,-N,-N,) | N, IN, I N, ! (1.93)

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

is the number of wvacant lattice sites. Thus:

V12322~ (MNzNa/Ns)EZZT(r:."u":l) (1.94)

Iy, 8 &

Since the 1lattice spacing is small compared with the
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macroscopic dimensions, the sum in (1.94) may be replaced by
a integral. The total transfer rate per volume (the transfer

term in the rate equation) is then given by:

Ry Ra

1 N,N,N.

T’<Y123>T=_J;V_§—3.f4ﬂszdR12f7123 (R.lzl' R‘.I.B) 4“R33d813 {1.95)
R R

=411 Wy o5

where w;,; is the three-body interaction transfer parameter
which is a constant, and n,, n, and n, are the concentration of
the three activators.

b) Juddl1l]-0felt[12] parameter expression of the three-

body transfer rates

The Judd-Cfeld parameter expression of the three-body
electric dg-dg interaction energy transfer rate in rare-earth
ion doped crystals were also developed by Kushidand[23]. The
result is:

y182:32 = 20e® ( 41:2)
A T20,+1) (2Up*r) (20,+1) 'k

{E)C AT JU 2 JT Do, [T @ T o @ gl

[ (RyR.) A f|z2|atRlaE|z2|aRER (1,2) (9O
H{RpoRap) MR E|rE |4 £ £ix2 |4 £PE2 (1, 2)
+(RyoRpe) Maf(rilafPlaf|z3|aPBE(1,2)]s
In (1.96) £ is the quantity defined as:
- 1 KK ! ! ky
B (k]."k) “znf'Elf{f 1, f}(4f|r|n J.’Xn l’lr |4f> (1. 97)

{FlcW ) X14c ™ 1B/ a (a1’

where
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A (D'l I) "Enb‘E"bI“E‘lbf"E“bﬂEarc.r-E"cﬂE C_Ep.c’ (1.98)

1.7 Statement of the Problem

The second order kinetic treatment of the energy transfer
process, which results in nyn, dependence of the energy
transfer term in the coupled rate equations, has gained wide
acceptance in the analysis of upconversion dynamics([44],
[45], [48],[52]). This approcach was used to analyze data on the
upconversion dynamics of Er**:Yalo, after excitation with a
1.55 um pulse[62]. To obtain a satisfactory £it to the
Er”*:YAlO3 data, not only the energy transfer parameters but
also the decay rates were required to be adjustable
parameters. Attempts to fit similar data acquired for Er?:YAG
were unsuccessful for any set of parameters we could find.
This difficulty led us to ask the question: "are the second
order kinetics wvalid in these cases?"

Although the three 1level model([52] can £fit the time
dependent upconversion intensity data of Nd*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 lens). Wher we undertook
the study of avalanche upconversion dynamics of Tm**: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 model which only included the cross-
relaxation energy transfer processes and second order kinetics
failed. It became clear that the experimental upconversion
kinetics of Tm®*:LiYF, is complicated and it <en 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 Tm**:Y¥Y,BaFa{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 Tm*>:YLiF,[64].

1.8 Objectives of the research

a). To understand the upconversion dynamics of Exr*:YAG
and Er**:YAlo,.

b) . To understand the avalanche upconversion dynamics of
Tm**:YLiF, and Tm®*:Y,BaF,.

¢). Through the investigation of the upconversion
dynamics of Er¥*:YAG and Er®*:YAl0,, and of the avalanche
upconversion dynamics of Tm*:YLiF, and Tm**:Y,BaF, to understand
the energy transfer kinetics particularly for high power
excitation and high activator concentration (where second

order kinetics fails).



CHAPTER 2
EXPERIMENTAL METHODS AND DATA TREATMENT
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2.1 Time dependent upconversion intensity measurements
2.1.1 Upconversion emission in Er*:YAG and YAlQ, (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 Er® (4.20x10%° cm™)
and a single crystal of YAlQ, containing 10 atomic percent
Er¥*(1.97x10% cm?) and codoped with 1 atomic percent Yb®'. The
sample was in the form of a laser rod, with flat polished end
faces and the crystallographic ¢ 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 WJ and 15 ns duration. The output wavelength of the laser
was tunable from about 1.52 pum to 1.56 HUm. The laser was
focused to a spot size of approximately 20 pm 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 us.

A disc of 2.15 mm thickness, polished on both 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 & spot size of ca 40 um on the disc.
The laser pdwer was attenuated using a variable neutral

density filter.

2.1.2 Upconversion emission in Tm*':YLiF, and Y,BaF,

The optical arrangement used is illustrated in figure
2.1. Measurements were performed on a single crystal of YLiF,
3.37 mm thick and containing 3 at.% (1.98x10¥* cm?) Tm*
(obtained from Sanders Associates) and a single crystal of
Y,BaF, 5.00mm thick and containing 5 at.% (6.50x10* cm™®) Tm®
{(ocbtained 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 Tm*:YLiF, two
polarizations were examined: ©- with the c-axis perpendicular
to both the electric vector of the laser and to the direction
of propagation, and =~ with the c-axis parallel to the
electric wvector of the laser, but perpendicular to the
direction of propagation. For Tm*:Y¥,BaF, the c-axis 1is
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
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Figure 2.1
Optical arrangement for the time dependent upconversion

emission measurement.



pumped with 6.0 W single line 514.5 nm from a Coherent C100 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 thickness (4L13 mm @ 650
nm) . The beam waist was determined to be 20.6 um as measured
with a knife edge. The luminescence from the crystal was
collected at right angles and forused onto 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 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 (°H,, 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 dépendence of the upconversion intensity
measurement
The optical arrangement for 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 Tm**:YLiF, were measurement at 12 k with pump

power ranging from 20 mW/3.42x107°cm? to 270 mW/3.42x10"%cm?.

2.3 Pump-probe gain measurement

In the gain measurements the sample of Tm?* :Y,BaF, 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 N, 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 DCM 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 probe (5.52 mm at -~482 nm) wavelengths. This resulted
in a beam waist of radius 20.6 um for both beams as measured
with a knife edge. This corresponded to an average intensity
of 7.5 kw cm™? for each 100 mW of incident purmp power. All
measurements were made using an EG&G OMA with an intensified
1024 element diode array detector. The OMA was synchronized

with the N, laser pulses. The resolution of the spectrograph
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OPTICAL ARRANGEMENT
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Optical arrangement for the pump-probe gain measurement.
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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 with 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 normalized 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 o the experimental data. The time dependent

upconversion intensity obtained from the numerical solution of
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the coupled rate equations c¢ould 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 wvalues 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
between 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
variable 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
obtalin 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 Er* :YAG, Er3':YAlO,
and Tm**:Y,BaF, 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 gumprover = Ipemp] 7/ Iprove-
I oumptprobers Ipump @nd Ip e 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 I(A) pupeprobey =~ I(A)pm 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
RESULTS AND DISCUSSIONS
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2.1 Upconversion dynamics of Er*:YAG and Er*:Yalo,

Figure 3.1 shows the energy levels and various decay and
energy transfer processes which we consider in treating the
upconversion dynamics of Er® in both YAG, and YAlO,. The decay
rates A,y indicate the rate from state i to state j, by either
radiative or non-radiative (multiphonon) processes. The
energy transfer parameters are indicated as W;; where i and ]
refer to the transfer occurring from an ion in state i to
another ion in state Jj. To simplify the scheme as much as
possible, we have considered the ‘I,;,, and the *I,,, levels as
one level(65). This leads to the following set of rate
equations.

+Wya2o01% (2) +W'y15,0% (1) 02 (2)
11(3) =3,,n{4) - [A;,+4,, +A,,) n(3)
+W,3,,n? (1) 02 (2)
n(2)=A,n(4) +4;,n(3) - [A,,+4,,1 n(2)
+Wy11,2% (1) ~2Wp55,02% (2)
= [Wyy00+W'110,] B2 (1) 12 (2) (3.1)
n{1)=2,n(4) +A,;n(3) +4,,n(2) -A,,n(1)
~2W,,n¢ (1)
= [Wy1p5+W'y500] 2% (1) 22 (2)
11(0) =A,n(4) +A,00(3) +A,,n(2) +A,,n (1)

+Bly3030°% (1) +Wpp,,0% (2)
+ [ W00+ Wy2,1 02 (1) R2(2)

where n(i) are concentration of ions in state i and Wy, 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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Figure 3.1
Energy level scheme of Er’ showing the energy transfer and decay

processes considered in the rate equations for the upconversion

dynamics of Er®*:YAG and Er®':YAloO,.
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Considering donor-acceptor energy matching we have included
only the above four energy transfer process. Dividing the
total Er® concentration ng (for Er*:YAG ng=4.20x10%° cm™® and
for Er*:YAlQ; ng,=1.97x10% cm™) on both sides of the coupled
rate equations (3.1), we obtain the following normalized
coupled rate equations:

B (4) == [A3+A,+A,,+A,,] p (4)

+Ky2220° (2) +K',,,p2 (1) p2 (2)
P (3) =Ag;p (4} - [A;,+Ay, +A5] p (3)
+K, 42007 (1) p2(2)
P (2) =A,,p (4) +A,,p (3) - [A,, +A,5] p (2)
+K121P% (1) -2K5,,p% (2)
- [Ky125+K'1102] P2 (1) P2 (2) (3.2)
P (1) =A4p (1) +A5,p(3) +A4,,p (2) -A,0p (1]
2Kyt (1)
- [Kyypp+K'1422] P2 (1) 2 (2)
P (0) =240 (4) +Byop {3) +A,,p (2) ~A op (1)
+K 331P% (1) +Kpp,p% (2)
*+ [Kypaa+K'y020] P2 (1) 2 (2)

where p(i)=n{i)/n;,, are normalized <concentrations and
Ki;95=Wy4ng®. Using equations (3.2), we fitted the experimental
data with the help of a computer program that employs the IMSL
library routine "DEVERK". In fitting the experimental cuata,
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
rates, the initial population of level 1, and the parameters |
K. 4y are allowed to vary to obtain the best fit to t_:he":
experimental data. Fits of acceptable quality are obtained for
both the Er*:YAG and the Er®*:YAl0, experimental data, and are

shown in Figure 3.2 and 3.3. The wvalues of the variable
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Table 3.1 Fixed radiative decay rates in
the fitting of the time dependent
upconversion emission intensity
experimental data of Er*:YAG and

Erd*:YAl0,[62].

Fi Ay (s™) 73 92
A; (s™h) 34 49
Ay (s™) 230 356
Ay (s7) 37 49
Az (s™) 1537 2306
B, (s™h) 76 105
A, (s7Y) 315 405
Ay (s™?) 782 992
I DU R
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parameters found from this procedure are given in Table 3.2
(ttie values of the parameters K;,,; were obtained directly from
the normalized rate equations (3.2), and the transfer
parameters W,,, were obtained by dividing K,y with the third
power of the Er® concentration n.?’).

Finally, we <consider the steady state intensity
dependence of the upconversion emissiou upon continuous 1.55
um pump power. These data were only acquired for Er*:YAlO,,
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
1, and using the values of the parameters 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,
6=6.6x10"° cm?, somewhat larger than the literature[66]
value of 1.2x10°% cm?. The calculated values of slopes of 1lnI
versus 1lnP Ebtained 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 A,;, A;, and A, are large. Figure 3.1 shows that the
separations between ‘S;,, level and °‘F,,, level, F,,, level and

1, level, I,;,, level and ‘I,;,, level all 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 experimental data of

Er® :YAG and Er’*:YAlO; [62]

Er’*:YAG Er?:Yalo,
A, (s™'}) nonradiative | 2966 617
A, (s™!) nonradiative 15107 767
A;;(s™') nonradiative | 65987 2185
Ky (57 (1.00+0.06) x108 (1.00%0.06)x10°

Wy (87! cm®) (1.35+0.08) x10~% (1.31+0.07)x10-3¢
Kzzzz (S"I) (1.0010-57))‘108 (1-00i0.50)x108
Wi (87! cm?) (1,35+0.77)x107% (1.31%£0.66)x107%
anz (S-l) (4.20i0.38))'(10a (5.00"_"0.74))(108
Wy, (87! cm?) (5.67+0.51) x10"5¢ (6.55+0.96) x10-5¢
K’ 1402 (871) (2.00£0.26) x10¢ (6.20+4.70)x10°

W 22 (870 cm®)

(2.70+0.35)x107%¢

(8.12+6.17)x10°%°

n(l) /ngu t=0

ng {cm™)

0.043
4,20x10%°

0.040
1.97x10%
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Figure 3.4

Dependence of the upconversion emission intensity of Er*:YAlO,
on cw 1550 nm laser power. Open circles: experimental
points([62], solid lines: fitted using I = P® wvalues of m
given in Table 3.3. (a): ‘F,,, emission; (b): 'S,,, emission;

(c): ‘I,,,, emission.
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Table 3.3 Dependence of upconverted emission and intensity (I)

on 1550 nm pump power (P), according to I=P".

LEVELS “Tni ‘Fora . ‘Sas
A (nm) 997 673 550
m observed 1.06 1.67 1.51
m calculated 0.52 1.51 1.51
— = —— —

room temperature the nonradiative decay rates between these

levels are expected to be large.

3.2 Avalanche upconversion dynamics of Tm®:YLiF,

First we examined the time dependence behaviour at high
pumping power (370 mw/3.42x107°cm?®) and 12 k with different
pumping wavelengths. When tuning the single wavelength pump
laser through the range of DCM (620-670 nm) one observes
strong blue upconversion emission from Tm*:YLF at several
discrete wavelengths. At low temperature (12 K) these
excitation wavelengths are quite sharp. It is interesting to
note the remarkab.es differences in the upconversion dynamics
found for different excitation wavelengths, and crystal
orientations. This is illustrated in Figure 3.5 for o©
polarization, and in Figure 3.6 for m 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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Figure 3.5
Rise time behaviour of the upconversion emission of Tm’ :YLiF,
under 370 mW/3.42x10"%cm? and ¢ polarizaticn pump at different

pump wavelengths.



/
06 |-
chopper
[ | §e— 2, =656.50m
=
g 04 |- Aexe = 641 nm
L
= .
8 | Rec=6290m—f |
£ /= polarization
| .
3 o2}
Solid Line: 'D,
_ Dotted Line: 'G,
0.0 = R e W S T T
0.000 0.002 0004 0006 0008 0010 0.012
t(s)

Figure 3.6
Rise time behaviour of the upconversion emission of Tm* :YLiF,
under 370 mW/3.42x107%cm? and T polarization pump at different

pump wavelengths.



40000

3
- she -
35000 By 1E ot g,

~30000L

26000|

20000

Energy (em

16000 :

10000

6000

0
P, P, Py We Wee Wy W,

Figure 3.7

wl‘ A!!O AW

Energy level scheme of Tm? showing the energy transfer the pump and
the decay processes considered in the rate equations for the

avalanche upconversion dynamics of Tm* :YLiF,.

_gL..



- 76 -
Table 3.4 Resonances for the three different pump wavelengths

at each of the two different polarizations.

—— o

O polarization n polarization

Aewc. (nm) | 627.0 646.0 656.0 | 629.0 641.0 656.5

av, (cmt) | 749 229 44 666 332 13
av, (cm™) |3 166 351 30 67 412
av; (cm™) | 622 102 83 550 253 36

steps for the different wavelengths and polarizations.

At the longest wavelengths (656.0 nm for ¢ polarization
and 656.5 nm for m 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 nm for © polarization and 641.0 nm pump for =
polarization ) the upconversion dynamics are different for the
D, and G, emissions, and for the two polarizations. In =
polarization (P, and P, are not resonant but P, is) and the !G,
emission begins only after an initial delay of over 6 ms,
while the 1D2 emission rises very gradually at first, but
changes to a steeper slope after about 4 ms. In ©
polarization (P,, P, and P; all are non resonant) the rise of
the !G, emission is essentially the same as it is in =

polarization, while the rise of the !D, emission shows no



- 77 -
initial delay or change in slope. At the shortest wavelength
(ca. 627 nm for © polarization and 629.0 nm pump for =
polarization ) P, is far from resonance while but P, 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 ©
polarized pumping (from 30 mw/3.42x107%cm? to 270 mw/3.42x10"
5cm?) . 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/3.42x107%cm?. We also
examined the power dependence of the dynamic behaviour under
the same conditions, and these results are shown in Figure
3.9. Below threshold (at 30 mW/3.42x107°cm?) 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/3.42x107°cm?).

Figure 3.7 also shows the decay and energy transfer
processes which we include in treating the avalanche
upconversion dynamics of Tm**:YLiF,. In the course of fitting
the experimental data, we examined all the energetically
possible energy transfer processes, and eliminated those which
had no noticeable effect on the quality of the fit to the
experimental data. To simplify the rate equations as much as

possible, we combine the °F,;%F; and °H, levels into a single
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Dependence of the 487 nm upconversion emission intensity of
Tm’*:YLiF, on 627 nm 6 polarization laser power at 12 K.
Square points: experimental points, solid line: fitted using

the steady solutions of Equations (3.4).
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Normalized Intensity

Figure 3.9

Dependence of the 487 nm upconversion rise time on 627 nm ©
polarization laser power at 12 K. (left solid) 30 mW/3.42x10"
‘cm?, (dashed) 160 mW/3.42x10 %cm?, (dotted) 220 mw/3.42x10 5cm?,
and (right solid) 370 mW/3.42x107%cm?.
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level, and do the same with *H; and °F,. We then obtain the

following set of coupled rate equations:

n(0)=-p, [n(0)-n(2)]
+AgoNg+Agnt (4) +A;40(3) +Ay0n(2) +A,4n(1)
+W',,n?(2) +W n(1) n(4) -W,on(3) n(0)
(1) =-p,[n(1)-n(3)]
+Ag, n(5) +A,,n(4) +4,,n(3) +4,,n(2) ~A,,n(1)
+W,,112 (2) +W,3n(2) n(3) -W ,n(1) n(4)
+W,on{(3) n(0)
A(2) =P, (n(0)-n(2)]-F, [n(2) -n(4) ]
+A; N (5) +A,n(4) +A,,0(3) -A,n(2) (3.3)
-2 (W, +W',1 n%(2) ~W,,n(2) n(3)
+W,en (3} 2(0)
A(3) =P, [n(1)-n(3)]
+A.,n(5) +A;,n(4) -A,n{3)
+Wp,112(2) ~Wpyn(2) 2(3) Wy, (3) n(0)
n(4)=pP,[n(2)-n(4)] +A;,n(5) -a,n(4)
+W',,n2 (2) +Wy,n(2) n(3) -W,,n(1) n(4)
1n(5)=-A;n(5) +W (1) n(4)

where W,, are two-body energy transfer parameters, P,=0,I,
P,=0,I and P,=0,I are pump rates, O,; O,; and 6, are absorption
cross sections, I is the intensity of the pump laser, and A,
are the radiative decay rates. By dividing the total Tm*
concentration n, (1.98x10?° cm™) on both sides of equations

(3.3), we obtain the following normalized rate equations:
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p(0)=-P,[p(0)-p(2)]
+A50Ps+Ag P (4) +Ay0p (3) +A50p (2) +A,5p (1)
+K',,p2 (2) +K,p (1) p (4) -K0p (3) p (0)
p(1)=-P,[p(1)-p(3)]
+A5,p (S) +A4,p (4) +A,,p (3) +A,,p (2) -A,,p (1)
+K,,p2(2) +K,p (2) p (3) -Ky,p (1) p (4)

+Kyop (3) p (0)
p(2)=P, [p(0)-p(2)]-P[p(2)-p(4)]
+A5,p (5) +A,,p (4) +A5,p (3) -A,p (2) (3.4)

-2 (K, +K'5, 192 (2) —Ky5p (2) p (3)

+K;0p {(3) p (0)
p(3)=P,[p(1)-p(3)]

+A5.p (5) +A,,p (4) ~A,p (3)

+15,p%(2) ~K,5p (2) p (3) -K;30p (3) p (0)
p(4) =P, [p(2)-p(4)]+Azp(5) -A,p (4)

+K'pap? (2) +1,3p (2) P (3) —Kyep (1) p (4)
p(5)=-A;p(5) +K,p (1) p (4)

where p(i)=n(i)/n,, are normalized concentrations and K,;=W. ..
Using equation (3.4) and the IMSL library routine "DEVERK"
program, the experimental data were fitted. 1In the fitting
most of the radiative decay rates were fixed at the calculated
values which are listed in Table 3.5. The parameters K,, and
pump rates P, ,; were used as adjustable parameters to obtain
the best fit for the low pump power (30 mw/3.42x10"°cm?) 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 W,, were obtained by
deviding K,; with the Tm* concentration in Tm*:YLiF,, D),
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 Av=5 cm![8]. The transfer rates

may found from (1.42) with values of & from Table 1.8
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Table 3.5 Fixed radiative decey rates in
fitting the time dependent upconversion
487 nm emission experimental data of

Tm®":YLiF, under 30 mW/3.42x107°cm’ pump

’]Asc (%) 492
A;; (s7H) 3265
L

BAg, (s™) 1267
Ay (s7H) 876
Ay, (s7Y) 30

Ap (s7%) 3388
A, (s™) 6614
A, (s7) 1495
A, (s79) 75

Ay, (s7l) 399
A, (s 227
A;, (s7) 114
Ry (s7) 434
3, (s} 49

—
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Normalized Intenpgity

Figure 4.10

Time dependence of the upconversion emission of Tm*YLiF, at
487 nm (°H, « 'G,) and 12 K under 30 mw/3.42x10"%cm?® 627 nm and
O polarization pump. Open circles: experimental points, solid
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/3.42x107°cm’ pump compared with the

calculated values.

(ny=1.98>10%° cm>, n,=1.39x10% cm™, a,=5.16 A)

Wy, (s™lem?)

calculated fitted
A, (s™h) 89 50
c. (cm?) 1.54x10°%° (7.71x0.15) x10°%
o, (cm?) 4.04x107°% (2.00+0.06) 1072
o, (cm?) 4.25x10°%! (1.60£1.02)x107%*
V,-V, = 11 (cm™?) Cic(s™'cm®) = Ky (s7h) =
1,70x107% (3.12%0.62)x10°
Wi, (s™2cm?) 5.18x10°¥ (1.568+0.32)x10°
V,-V, =1 (cm™) C,y (s™emf) = K, (s7) =
9.38x10°% (1.40+0.03) x10°
W,, (s™*cm?®) 2.86x10712 (7.07+0.15) x1076
V,-Vv, = 12 (em™t) C,;(s™*cmf) = K,; (574 =
1.60x10°% (6.81+4.43) x10°
W, (s™cm’) 4.88x10712 (3.45+2.24)x10°18
V,~Vy = 268 (cm?) C’,, (s7lemd) = K’ (s™) =
3.76x107% 0
W'zz(s-lcma) 1.15?(10-11 0
V,-v, = 15(cm™?) Ciq (s"cm":)= Ky (s7l) =
3.91x%107° 0

1.19x%x10°12

EIR L L. L —
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(©Q,=2.43x10°%° cm?, ©,=1.08x10"%° cn’ and Q=0.67x10"%° cm?) and the
values of <JJu™|J’>? from Table 1.9. Considering only the
nearest neighbour transfer 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 S can be estimated from (1.32) and (1.33)
where, we take the line width to be av=10-%cm*[23], and assume
perfectly resonant energy cransfer (v,~vy;=0) with Lorentzian
lineshape. The transfer parameter W,; 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 fitted energy transfer parameters agree with the
calculated values reasonably well. As expected, the
calculated values, based on exact resonance, are larger than
those found experimentally. In the fitting it was found that
the transfer parameters W', and W,; had little or no effect 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 botl ¢, and ¢; 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 3.4.

The coupled rate equations (3.4) were solved for
different pump powers from 30 mW/3.42x10"%cm® to 340
mW/3.42x10"%cm?, using the same parameters found by fitting the
data at 30 mW/3.42x107°cm?’. We note that at powers above 30
mW/3.42x107%cm? 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 primarily
interested in the steady state populations (solutions at long
times) . The steady state solutions for p(3), the G, level,
obtained in this way display the power dependence of the
upconversion emission 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/3.42x107%cm? to bring it
into 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 measurement of the
beam waist.

It is interesting to examine the qualitative behaviour of
the rise of the upconversion emission with increasing pump
power. In Figure 3.9, we see that at the lowest pump power
(30 mW/3.42x10%cm?) there is essentially no initial delay. At
higher pump power (160 mW/3.42x107%cm?) an initial delay
becomes evident. This delay increases with increasing pump

power to 220 mWw/3.42x107°cm?, but decreases again at higher
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powers (370 mW/3.42x107°cm?). Figure 3.11 shows calculated
solutions to the coupled rate edquations (3.4) for the
corresponding pump rates (all parameters fixed at the 30
mW/3.42x107%cm® value except the pump rate), and the same
qualitative trend as shown in Figure 3.9 is again observed,
although the calculated curves do not fit the experimental
ones at powers above 30 mW/3.42x10 %cm?.

The impossibility of simulating the experimental risetime
behaviour (especially under high pump powers) within the
framework of a second order kinetic model led us to consider
alternatives. The most successful, in terms of fitting the
experimental data, was the inclusion of fourth order kinetic
terms in the coupled rate equations([67]. To avoid a
multiplication of fitting parameters, we simply replaced the
second order energy transfer terms with the equivalent fourth
order terms. Inclusion of third order terms 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) from: Wynph, t0: Wypaapna’

we obtain the following rate equations:
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Normalized Intensity

Figure 3.11

Simulations of the dependence of the 487 nm upconversion rise
time of Tm**:YLiF, on 627 nm ¢ polarization laser power at 12
K with the solutions of Equation (3.4) by changing only the
pump power. (a) 30 mW/3.42x107%cm?, (b) 160 mW/3.42x107°cm?, (c)
220 mw/3.42x107%cm?, and (d) 370 mW/3.42x10-*cm?.
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A(0) =-p, [n(0) -n(2)]
+A.,n(S) +A,,n(4) +A,,n(3) +4,,n(2) +A,,n(1)
+2W/ 50,018 (2) +2W,,440% (1) NP (4)
~2W4000% (3) 22 (0)

(1) =-B,[n(1) -n(3}]
+A;,n(5) +A,,n(4) +A, n(3) +A,,n(2) -A4,,n(1)
+2Wy50.11° (2) +2Wyp3;0 (2) 02 (3)
~2Wy 0412 (1) 12 (4) +2W,30,02 (3) 02 (0)

n1(2) =P, [n(0)-n(2)1-P,[n(2) -n(4)]
+2g,1(5) +A,,n{4) +4;,n(3) -A,n(2) (3.5)
=4 [Wyppp +Wp00,1 1% (2) =2W,,,,n%(2) n2(3)
+4W,;00n2 (3) 02 (0)

n(3)=P,[n(1) -n(3)]
+Ag,nn(5) +A;n(4) -A;n(3)
+2Wyp5,114 (2) ~2W,55,0% (2) 02 (3)
~2Wy30002% (3) 22 (0)

A(4) =P [n(2) -n(4) ] +A;,n(5) -A,n(4) +2W/,,,n* (2)
+2W,43012 (2) 22 (3) —2W,,,,0n2% (1) n?(4)

51(5) ==25,n(5) +2W,,,,n% (1) n?(4)

where W,,, are fourth-order energy transfer parameters. By
dividing the total Tm* concentration ng (1.98x10%° cm™) on
both sides of equations (3.5) we obtain the following

normalized rate equations:



-..90_

p(0)=-P, [p(0)-p(2)]
+AgoP (5) +Az0p (4) +A,4p (3) +A,0p (2) +A,p (1)
+2K'3222P* (2) +2K3,44P? (1) p* (4)
‘23'330092 (3) pz {0)
p{1)=-P,[p(2)-p(3)]
+A5,p (5) +A4 p (4) +A,,p (3) +A,,p (2) -A,0p (1)
+2K;500P% (2) +2K53,0% (2) p?(3)
~2K,140P% (1) p? (8) +2Ky500p* (3) p? (0)
p(2)=p,[p(0)-p(2)]-Py[p(2)-p(4)]
+Ag,p (5) +A,,p (4) +A5,p (3) -4,p (2) (3.6)
—4 [Ky00+K'3225] P4 (2) ~2K,,,,p% (2) p? (3)
+4K,500p% (3) p2 (0)
p(3)=P,[p{1)-p(3)]
+Ag,p (5) +A43p (4} -A,p (3)
+2K52,0% (2) ~2K;,53,0% (2) p? (3)
—2K;300p% (3) p2(0)
p(4) =P, [p(2) -p(4)]+A;p(5) ~A,p (4) +2K',5,,p% (2)
+2Ky03:0%(2) P2 (3) -2K 4,7 (1) 07 (4)
P (5) =-25,p (5) +2XK,,,,p% (1) p2 (4)

where p(i)=n(i)/n,, are normalized concentrations and
Ki155=Wyi 4Ny« Using equation (3.6) to fit the experimental data
we fix the radiative decay rates (except A,,, A, and 3;) at
their calculated values and then wvary the pump rates and
parameters K,;,; to obtain the best fit for both the !G; and D,
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 yleld
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
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nm emission

487 nm emigsion

Normalized Intensity

0 0.02 0.04 0.06 0.08 0.1

Figure 3.12

Time dependence of the upconversion emission of Tm*:YLiF, at
487 nm (°H; « !G,) and 452 nm (°F, « 'D,) at 12 K under 370
mw/3.42x107%cm? © polarization 627 am 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=0.043207)
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Normalized Intengity

Figure 3.13

Time dependence of the upconversion emission of Tm*':YLiF, at
487 nm (*H, « G,) and 452 nm (°F, « 'D,) at 12 K under 370
mw/3.42x107°cm®* ¢ polarization 646 nm 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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nm emigsion

487 nm emission

Normalized Intengity

Figure 3.14

Time dependence of the upconversion emission of Tm*:YLiF, at
487 nm (°H; « 'G,) and 452 nm (°F, « 'D,) at 12 K under 370
mw/3.42x10"%cm? x polarization 629 nm pump. Open circles:
experimental points, solid lines: calculated from Equations
(3.6) with parameter values given by Table 3.7 and 3.9.

(STD deviation=0.026423)
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487 nm emission

Normalized Intensity

Figure 3.15

Time dependence of the upconversion emission of Tm’:YLiF, at
487 nm (*H; « G,) and 452 nm (°F, « !D,) at 12 K under 370
mw/3.42x10%cm? n polarization 641 nm pump. Open circles:
experimental points, solid lines: calculated from Equations
(3.6) with parameter values given by Table 3.7 and 3.9.

(STD deviation=0.029645)
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Figure 3.16

Time dependence of the upconversion emission of Tm®*:YLiF, at

487 nm (%H, « 'G,) and 452 nm (°F, « !D,) at 300 K under 370

mw/3.42x107%cm* ¢ polarization 650 nm 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=0.0329%9)
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nm emisgion

487 nm emiggion

Normalized Intenpgity

Figure 3.17

Time dependence of the upconversion emission of Tm¥:YLiF, at
487 nm (°H; « !G,) and 452 nm (°F, « D,) at 300 K under 370
mw/3.42x107°cm? ® polarization 654 nm pump. Open circles:
experimental points, solid lines: c¢alculated from Equations
(3.6) with the parameter values in Table 3.7 and 3.9.

(STD deviation=0.023898)
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Table 3.7 Fixed radiative decay rates in
the fitting of the time dependent
upconversion emissions of Tm¥" :YLiF, under

370 mW/3.42x107%cm? pump.

; Bgo(s™) 492
. (s7) 3265
Ay (s7H) 1267
Ag; (s7h) 876
Ag, (s7H) 30
Ap(s™) 3388
A, (87Y) 6614

r. A, (s™h) 1495
A, (s™) 75

| RAyp(s™) 399
A; (s7Y) 227
A3 (s7Y) 114

e a——————— )
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both ¢ and © polarizations are listed in Tables 3.8 and 3.9
(the parameters K,,,; were obtained directly from the
normalized rate equations (3.6) and the transfer parameters
W..;y were obtained by dividing K,,,; with the third power of the
Tm** concentration ng’'). The transfer process W,,, turned out
to be unimportant with ¢ polarized pump at low temperature (12
k) as can be seen from Table 3.8 (where the fitted values of
Wis 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 3.8 and 3.9 (where
W44 has large values compared with the other transfer
parameters). From figure 3.7 we can 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 energ? transfer process W,;q. At
low temperature and in % polarization W,,,, 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 Upconversion dynamics and pump-probe measurements of the
upconversion gain in Tm’*:Y,BaF,
Figure 3.18 shows energy levels and various processes
(pump, energy transfer, and radiative decay) which we used to
determine the dynamics of upconversion in Tm*':¥BF. In treating

the energy transfer processes, we first included in the rate
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Table 3.8 Values of the parameters found in the fitting of the
time dependent upconversion emissions of Tm*:YLiF, under ©

polarization 370 mW/3. 42x10™%cm? pump. (all the fitted Kij0=0)

Polar. (G) (o) (C)
Aye (nm) | 627 64€ 650
T (K) 12 12 300
Fit. Cal. Fit. Cal. Fit. Cal.
By (s7Y) 0 434 0 434 0 434
A, (s7Y) 0 49 0 49 0 49
2A,(s™) 15 89 15 89 15 89
L¢3 (sz)
fit. (7.71x0.14) (6.86+0.71) (5.20+£0.03)
x10-24 x10~23 x10-2
cal. 1.54x10°2° 1.54%x10°%° 1.54x107%°
o, (cm?)
fit. (2.00%0.16) (3.86+0.38) (1.90£0.05)
x10-21 x10-21 xlo-zl
cal. 4.04x10°% 4.04%x10°% 4.04%x10°%
O, (c1a?)
fit. 0.00 (3.42+0.28)x10"%* | 0
cal. 4.25x10°% 4,25%x107% 4,25%x10°%°
Fitted Fitted Fitted
Km,f (7.00+1.68) (7.00%1.17) (1.68+0.06)
) x108 x108 x10°
szz; (2.02+2.186) {9.02+1.51) {2.16%0.08)
cmd) x1052 x10-3%3 x10-52
Kmi, (1.03+0.05) 1.03%0.20) (6.16+0.36)
) x101° x101° x10%
sz,f {(1,33+0.07) {(1.33+0.26) (7.94+0.46)
cm®) x10~% x10-51 %1050
K’ 252 (6.84+0.25) 0 (7.19+2.88)
(s x10’7 x10’
2322 (8.81+0.32) 0 (9.26%3.70)
(S' cm®) x10~% x10-%
(s™!) x10
W14 0 0 {(1.21+0.09)
(s~icm®) %1046
_— —  ——  — —
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Table 3.9 values of the parameters found in the fitting of the
time dependent upconversion emissions of Tm*:YLiF, under =

polarization 370 nW/3.42x107°cm’ pump. (all the fitted Kjp=0)
(—_——

Polarization () (1) {x)
Aexe (nm) 629 641 654
T (K) 12 12 300
Fit. Cal. Fit. Cal. Fit. Cal.
Ay (s™1) 0 434 0 434 0 434
A, (s7™h) 0 49 0 49 0 49
R (s™) 15 89 15 89 15 89
G, (cm?)
fit. (4.63x0.07) (3.00%£0.15) (7.68x0.07)
x10-23 x]10-%2 x10-2¢
cal. 1.05x107% 1.05x10"%° 1.05x10°%°
o, (cm?)
fit. (3.8620.55) (5.600.33) (1.40+0.07)
x10-% %102 x10°%
cal. 2,76x107% 2.76x10°% 2.76x10°%
C; (cm?)
fit. 0 (2.00%0.64) 0
x10-22
cal. 2.90x10"%° 2.90x107%° 2.90x10-2°
Fitted Fitted Fitted
K222z (87%) (3.02+0.36) (3.02+0.29) (2.51+0.15)
x107 x107 x10°
W,z2, (87iCm®) (3.89+0.47) (3.89+0.37) (3.23:0.19)
X 1 0—54 xl 0-54 x1 0-52
K233 (871) (4.24+0.59) (6.06+0.44) (3.83+0.32)
x10°% x10? x10%
Waz3z (571em®) (5.46+0.76) (7.81%0.56) (4.93+0.41)
x10-52 x10-52 xlo-.‘lﬂ
K’ 2222 (s™%) (8.61%£0.73) (1.72%0.17) (2.92+0.23)
x10°% x107 x10®
ﬂk W’ 5252 (S™icm?) (1.11+0.09) (2.2230.22) (3.76£0.30)
xlo-S! xlo-“ xlo-SJ
Ki1q4 (871) (9.00+0.68) 0 (5.56+0.30)
I x10 x10%3
Wii44 (871Cm®) (1.16+0.09) 0 (7.16+0.39)
x10°4? x10™4®
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Figure 3.18

Energy level scheme of Tm* showing the energy transfer the pump and
decay processes considered in the rate equations for the

upconversion dynamics of Tm?'Y,BaF;.
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equations all the transfer processes with reasonable donor-
acceptor energy matches, and then deleted those which had
negligible effect on the solutions. To simplify the rate
equations we treat the °F,;%F; and °H, levels as one level, and
do the same with 3H; and 3F,. After the above considerations we

get the following set of rate equations:

5(0)=-P,[n(0)-n(2)]
+Agon1 (5) +A,o11(4) +A,,n(3) +4,,n(2) +4,,n (1)
+2W/ 550,118 (2) +2W 14402 (1) % (4)
-2W,,5002 (3) 02 (0)

(1) =-P,[n(1) -n(3)1
+Ag.n(5) +4,,n(4) +4,,n(3) +A4,,n{2) -A,,n(1)
+2W,yp0,01% (2) +2W,55,10% (2) N2 (3)
—2W,,4401% (1) 1% (4) +2Wy44012% (3) 22(0)

7#(2) =P, [n(0) —n(2)] -, {n(2)-n(4)]
+Ag,n1 (5) +A,n (4) +A;,0(3) -A,n(2) (3.7)
=4 [ W00+ /32221 1 (2) ~2Wyp33n% (2) 0 (3)
+4 330012 (3) n2(0)

A(3)=p,[n(1) -n(3))
+A, n(5) +A,;n(4) -A;n(3)
+2Wp50,0¢ (2) ~2W55,0% (2) 0*(3)
-2W;,5011% (3) 2 (0)

1(4) =Py (n(2) -n(4)] +45,n(5) -A,n(4) +2W ;5,0 (2)
+2W,,4302% (2) n2(3) —2W,,4,n% (1) 02 (4)

11(5) =-A;5,n(5) +2W; 44n% (1) n? (4)

where W,,; are fourth-order energy transfer parameters. By
dividing the total Tm** concentration n, (1.98x10% cm™) on

both sides of equations (3.7) we obtain the following

normalized rate equations:
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b (0) =-B, [p(0) -p(2)]
+25p (5) +A50p (4) +B,0p (3) +A50p (2) +A,5p (1)
+2K'550,0% (2) +2K;34,0% (1) p* (4)
~2K;3300p° (3) p2(0)

p(1)=-P,[p(1)-p(3)]
+Ag,p (5) +Agp (4) +A3,p (3) +4,,p (2) -A,0p (1)
+2K5022P% (2) +2Kpp330% (2) p? (3)
~2K;144p% (1) p? (4) +2Ky500p% (3) p? (0)

p(2)=P, [p(0)-p(2)]-P[p(2)-p(4)]
+Ag,p (5) +A,,p (4) +A,,p (3) -4,p (2) (3.8)
=4 [Kyppn +K/p35,] P2 (2) ~2K;553p2 (2) p2(3)
+4 Ky300p° (3) p? (0)

p(3)=P,[p(1)-p(3)]
+A5,p (5) +A4;p (4) -A,p (3)
+2Ky00,P% (2) ~2K;5;5,0% (2) p2(3)
—2K;3300p% (3) p2(0)

6 (4) =P, [p(2) -p(4)] +A5p (5) -A,p (&) +2K',,,,p% (2)
+2K;232P% (2) P2 (3) —2K;54,p% (1) p? (4)

P (5) ==2A5,p (5) +2K;14,p? (1) p? (4)

where p(i)=n{i)/n, are normalized concentrations and
Ku,,=Wu,,nm3. Using equation (3.8) to fit the experimental data
we fix the radiative decay rates (except 3,, 3, and Aj,) at
their calculated values and then vary the pump rates and
parameters K,;,, to obtain the best fit for both the !G, and D,
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 K,;;, were obtained directly
from the normalized rate equations (3.8) and the fitted
transfer parameters W,,, were obtained by dividing K, with

the third power of Tm* concentration in Tm*:Y,BaF,.
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emigsion

nm emiggion

Normalized Intenpgity

Figure 3.19

Time dependence of the upconversion emission of Tm*:Y¥,BaF, at
491 nm (*H¢ & 'G;) and 464 nm {°F, « 'D,) at 12 K under 260
mw/3.42x10"°cm?® 628.5nm 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=0.039818)
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Figure 3.20

Time dependence of the upconversion emission of Tm*:Y,BaF,; at
488 nm (*H¢ ¢« !G,) and 462 nm (°F, ¢« !D,) at 300 K under 350
mw/3.42x10"%cm? 628.5 nm pump. Open circles: experimental
points, solid lines: calculated from Equations (3.8) using
the parameter wvalues in Table 3.10 and 3.11.

(STD deviation=0.045920)
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Table 3.10 Fixed decay rates in the
fittings of the time dependent
upconversion emission experimental data

cf Tm*:Y,BaF,.

m— A (s™h) F
420 3503 1353
As(s7h) A, (s™) By (s™)
838 51 3427
B, (s7Y) B, (s Ay (s™h)
3553 1161 45
Rgp(s™) Aj (s7h) Az (5™
277 379 126
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Table 3.11 Values of parameters obtained from the fittings of
the time dependent upconversion emission experimental data of
Tm3*:Y,BaF, compared with the calculated values (all the fitted

Kjs00=0) . (np=6.50x10%° cm, n,=1.30x10% cm™, a,=5.28 A)

SEE e s

Temperature 12 k 300 k

Aye (M) 628.5 628.5

0, (cm?)

fitted (9.90£0.16) x107% (5.680.06) x10"%
calculated 2.96x107% 2.96x107%
o, (cm?)

fitted (2.98x0.12) x10-% (2.84+0.04)x107%
calculated 5.93x10-2 5.93x10°%
o, (cm?)

fitted (1.48+0.19)x10"22 (2.1320.07) %1022
calculated 4.36x10°20 4,.36x10°%°
By (s™)

fitted 0 0

calculated 444 444

Ay (s7h)

fitted 15 15

calculated 50 50

A (s71)

fitted 0 0

calculated 64 64

fitted fitted

Kaz2: {S7) (7.70£0.42) x107 (7.80+0.40) x10’
Wa22: (S*cm’) (2.80+0.15) x107% (2.84£0.14) x10"5
Kyz33 (871) (3.04+2.71)x10° (3.90+0.37)x10%°
W”n(s*cm% {1.09+0.,98) %1072 {(1.42+0.14)x107%2
K’zzzz(s-l) (3.30i0.36) XIO'? (3-6010-17))(107
W' 3222 (s”'cm’) (1.20£0.13)x10~% (1.31%0.06)x107%
Kia4 (S™1) (5.60%1.46) x10%¢ (5.80+£1.62)x10%
Wu“(sdcm% (2.04%£0.53) x10~52 (2.11+0.59)x10°%2
—  — ——— — -  —— —
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For reference we show the upconversion emission at
various temperatures in Figure 3.21, and indicate the
particular lines which were probed (the 475.04 nm line:
1G,(21183 cm™) - 3Hg(119 cm™), the  482.10 nm line: G,
(20883cm™) -> *Hg (141 cm™), the 486.22 nm line: 3G,(20883 cm™)
— 3H, (186 cm™)). 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 G, = °H transition at 482 nm.
Because of the broad amplified spontaneocus 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, and pump only were
recorded, and the gain spectrum was displayed by comparing
I (pumpsprobey — Tpump With Ipe . 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 O, is in reasonable agreement with the calculated value.
The fitted o; and 0, 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 to resonance.
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We notice that there is a broad gain bandwidth ranging
from 460 nm to 490 nm. This observation is in sharp contrast
to the results for Tm*: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 [I umpprobat ~— Ipump] / Iprobe- These
values are given in Table 3.12. In Table 3.12 we also include
the temperature dependence of the gain of the 482.10 nm
emission line, which exhibits a curious maximum at some
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 °H; 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

‘G, = ’H; (475.0 nm: 21183 cm? — 119 cm™, 482nm: 20883 cm! —

141 cm™, 486.0 nm: 20883 cm’ — 186 cm!) manifold of

Tm? :Y,BaFg.

H Pr?t-:;)e Pump power Temp.= Gain o |
A (nm) | (mW/3.42x107°cm?) | (K) ratio (cm™)
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

+ 4350 100 1.05x0.03 | 0.10x0.07

460 120 1.26+20.04 | 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+x0.03 | 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 Theoretical 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 which can not yield a three-body
transfer. So 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]:

Y1~ (2n/B) |li]z|B)|?s (3.9)
where S is the overlap integral and T is given to second order

in the perturbation by:
‘I:'-.H’-e-z; H' |mm|H' (e ~e,) 2 (3.10)
e

where g, is the energy of the zero-order state |[i).

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

simple product of four one-electron atomic wavefunctions:

=y (a)y(b)¥(c) P (d) .
=y (a”Y $ (B y ()¢ (d) (3.11)

where a, b, ¢, and d label the electrons associated with ion
a, ion b, ion ¢ and ion d, respectively. Neglect the exchange

effects the interaction Hamiltonian is

Hl=Hi+Hl o+ Hig+ Hi + Higv HY g (3.12)

where in the dipole-dipole limit a typical term of the right
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side takes the form:
Hiy= (€2/%R3) 2 T(ab) I, (3.13)
where

T(ab) =1-3 (R R..) (3.14)

and H,,/ 1s the interaction between ion a and ion b, r, and r,
are the electric dipole moment operator for ion a and ion b,

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

g, =R (3.15)
Ry,

is the unit vector in the direction of R,,.
The first-order contribution to the matrix element
<i|t|f> is a sum of the terms of the form:
(i |5.| B=(abed|HL.|a'b'c’d)
= (e2/kR;.) (3.16)

x(a|zr,Ja’)r(ac){c|z |ch
x(b|bXd|d?)

These matrix elements will wvanish by orthogonality unless

there is a simple pairwise transfer of the excitation.

BatE S8 tR (3.17)
or

€2—€a/=8 B, (3.18)

which indicate the excitation is transferred directly from ion
a to ion ¢. This process is a tow-body transfer process which

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

For the second-order contribution to <i|t]f> we have

X G5 X ]2 (- )

Frxd (3.19)
= [Hab] [Hac] + [Hac] [Hbd] o

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

[Hpe) [Hp) =§_) g_) ) ); (abcd|Hy | xbyCady)

x{@ b Coda|Hpgla'b'c/d’
X (31'%) 2

(3.20)

which may be rewritten as:

[EQc][5&31=Z:}Eﬂ2:g;(acﬂﬂiJaEQJQﬂlbxdk%)
byl | Hoalb'd'Xa ;| 2 Xe, |

x{e;-ey) 2

(3.21)

by orthogonality, (3.21) may be reduced to

[Hac] [Hw]
=lac|Hl.|a’cHbd|Hia|b/d)
1,1
Bpig~Cpg Eac~Balc!
=1:: (a|z,lafTlac) {clz,ich (3.22)

3
ac

3
b

1,1
Bbldl-ebd Bac"aﬂlcl

x k‘i‘: (blzy | BT () dd|z,]dh

We can obtain an approximate expression for the second-order

transfer matrix element by the approximation that

B;-€,~ASL (3.23)
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for all intermediate states m. and define

ﬁ,c=%2(a|1'.la’)'!’(ac) {c|z |ch

2 (3.24)
Bra=-2-(a|z, |27 (ba) 4d|z,4]d)
Thus
= Bacpbd

[HBE] [HM] = (AB) —-12-3—".‘1-;;—i (3.25)

and
v.m"( AT) | tH,] [H, ] + (Hy) [y + 28
(3.26)

= 4n? pabﬂic icﬂid
o RAly~ =

With the approximation that R,=R,.~...=R, the four-body energy

transfer rate is given by:

aved™(42°) ( 4 ) = (BabicBicplar-15

._CLMﬂ
B R12

(3.27)

Since the transfer rate is proportional to R 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:
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dpi(t) _ 1 Cabed b d
—dE—---?;pi(t)- P p1(t) pi (L) pi (L) pT(E) +  (3.28)

where p° (t), p°.{t), pS.(t) and p%(t) are the possibilities of
finding an ion a, b, ¢ and d in the ith unit cell separately.
Since 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 b and so on. So

we have:

N, () RAG

p3(t) = PILE)

Nd(rt:) (3.29)

T

T
N.(t)

e -
p3(t) N,

FHOE

where and N,(t), N,{(t), N.(t), Nu(t) and N; are the total
number of ion a, b, ¢, d and the total number of the lattice
points in the total interactional volume V, separately. Bring

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

d =1 _
S8 ==l ()

Ny (E)Np(EYN_(E)N,4(E) C
a j:) AL d all::_g+ {(3.30)

dividing by the total interaction volume V, on both sides of

equation (3.30) gives the following the rate equation:
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dn,(8) 1 n, (&) - 2a2leNa 1 Copod
dt a N3 Vr al?
=1 V2 Cabed 3.31
= ':E:n (t) nanbl:!cndN 3 —;2— ea { )

== ';_.j"' 0, (£) ~Nalp N yWapca*
a

where W,. is the four-body transfer parameter which can be

expressed as:

= (Yry3 Cabeu
Wabca( ) alz

- Ya.bcd(R_a)
(ny)3

(3.32)

where n, is the total concentration of lattice points (in
crystals of Er3*:YAG, Er*:YAlO;, Tm**:YLiF, and Tm**:Y,BaF; they
are the concentrations of Yttrium in YAG, YAlO,, YLiF, and
Y,BaF, which are given in Table 1.2)

Kushida[23] used the Judd[l1l])-0ffelt[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 all of the type which
involve two donors and two acceptors. The Hamiltonian in

{(3.12) can then be written as:

H'=H! +aH! +H (3.33)

and the second-order contribution to |<i|t|£>|? becomes:
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|y, G |8 | m¥m| &) £) (2, -2 ) =2
1% ¢
=(8 [Hya) [Hap) +8 [Hyp) [Hyp) +2 [H,,] [Hy) +16 [Hpy)2)2 (3.34)
=64 [H,,]12% [H,p] 2+64 [Hyy) 2 [Hy,) 2+4 [H,,) 2 [H),] 2+256 [Hgpl 4
+192 [H,,] (Hy) [Hypl2+32 [H,,)2 [H,) [Hyy) +256 [H,,] [H,]3
+32 [Hypl 2 (Hyp] [Hy,] +256 [Hyy) [Hyp)?

In the dipole-dipole case[21]

1

1
(ablHibla’.b’)--(-:z;-)”z-gE-iE Y (alpiMa%b|ps |6 (3.35)

m=-1 myw-l
S0
¥:/ J=(—‘"-)1/=(ab|n.',,|afbo
2 o2 (3.36)
=(2)v2 8 (2 Y 3 (alof laXblni [b)
Ra.b me-1 m=-1
Thus
2-(2) €8 2
(H,,] (3)‘33:53
x E 2 (alDiM |aXb|DAM |B) (3.37)
m=-1 me-1
1 1
x3 3 {alp [aXb|pd |b)
my==l g ==1
Neglecting cross terms my#m;, m,#m,
Ha2=(2) & 2
RS, a¢
X (3.38)
x Y (@ipi|a%x 3 boW b
my=-1 D=1

Since([11], [12]:
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i(aw‘” la')2= Y Qu,lu®|giR=s,

A=2,4,6 (3.39)
EﬂaID,i” lb’P- Y Qg lutaikr=s,
An2,4,6
thus
4
[H,,]2= (%%%s,sb (3.40)
ab
so
[Hy, ]-(2)1”"( )1/2"' (S,S,) /2 (3.41)
R
and

(ol =(2)12 (-2 )12 805,
Fas (3.42)
) = ()72 (2. )me S,
Ri,

Make the approximation R,,=R,,=R,,=R. The average four-body

transfer rate is given by:

Yoatt 1 dn? 121 A|2
Years™ (==-) [(aabb]t|a’a’b/b)|?s
(2J,+1) 2 (2J0,+1) 2 _az | |+ a |
= 1 an 2.4 e
(2J,+1)2(2J,,+1)2( 7 (3 ) % R (3.43)
X (64525,+645,5p +4523§sb+2ees§"253/2+283 532551 5
- Caabb
R12

3.4.2 Energy transfer in a regular distribution of donors and
acceptors (Regular model)

We consider a system consisting of two particles, 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[é8],[69],[70]:

=1 (Roye (3.44)
Rna Tp Rm

Where C is the dipole~dipole transfer microparameter, Rg, 1is
the distance between the donor and acceptor ions, 1T, is the
life time of the donor, and R, 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:

< p2(e)=-pii ) A PNFTACS (3.43)

where 1/7, 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. 1In 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:

dp3(t) 1 Nr
ét =-1;—ng( £) "; Y13PIP%0n (£) pJ7pRea(£) 4 (3.46)

where  p°(£)=p P’ (t) is the probability that the ith
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lattice point is occupied by a donor at time t and
P {t) =p,"Prn* (t) is the probability that the jth lattice point
is occupied by an acceptor at time t separately; p,’* is the
probability that the ith lattice point is occupied by an ion
and p, is the probability that the jth lattice point is
occupied by an ion separately; and p;,°(t) is the probability
that the ion which occupies the ith lattice point is occupied
by a donor and p;,.*(t) is the probability that the ion which
occupies the jth lattice point is occupied by an acceptor
separately; N; is the total number of lattice points. To
consider the average probability density, we should sum over
all the lattice points in the total interaction volume V; and
divide both sides of Equation (3.46) by this volume {(for three
dimensions) or carry the sum over all the lattice points in
the total interaction area S; and then divide by this area
(for two dimensions). Substituting Equation (3.44) into
Equation (3.46), we obtain the following expression for the

rate equation:

Ny N,
dop”(8) _ 1,y 1N C
dt Tp Li‘!’& 4 stj (3.47)

PP Ton(£) P37 pRan (£) +-
In the above equation we use LY; (L, is the dimension of the

interaction volume or area, y=3 or 2) to express V. or S,, and

Np
;pgmﬁ"ﬂ‘” (3.48)
=l L!.J.’

T

is the concentration of the donors, where N,(t) is the total
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number of donors in the region LY, For convenience in the
following discussion, we use n“ (t) to express the y (y=3 or
2) dimensional concentration which has units of LY, where L
is the unit length. From the same considerations we get the

rate equation for the acceptors:

(.V) (t) o Ny Np

-1 (y) _c (3 49)
——dt oo (6 LT?:?: Rfjpi 0 2en (£) P37 Plan (£)'F

and for any state M at which the donor or acceptor arrives

after the energy transfer process

(Y) (t) 1

Nr
(3.50)
—-—d—t—--m ‘Y’(thLT ;—p %P Ten (£) P3 Plon ( £) +
The general rate equations take the form:
dn (£) 1 2 S (3.51)
—ar T"x (t)*LT;p—P Pron(t)P A Ron (£} F!

In the above egquation if n,"W(t) 1is the M state ion
concentration the sign proceeding the double sum is positive,
if n, ¥ (t)} is either the donor or the acceptor concentration
the sign in front of the double sum 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 formed a
superlattice structure within the crystal. 1In such a case
every configuration of the donors and acceptors would have the
same separation between them, and we can chcose only one

configuration for discussion. For a given configuration only
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. certain lattice points are occupied by the donors or the
acceptors, so in Equation (3.51) we can take P P (L)
=p,°(t)=1 for those lattice points which are occupied by a
donor and p/*"0..2(t)=p,L(t)=0 for those lattice points which
are not occupied by a denor, and treat p,""p,*(t)=ps*(t) in the

same way. Equation (3.51) can then be rewritten as:

Nple) NylE)
g’ (8) 1 B (B et °E 3 C.. (3.52)
dt Tx LT Iml ul Risj

where Ny(t), N,(t) are the total number of donors and
acceptors, respectively within the interaction region L,".
Note that in Equation (3.52) the double summation refers to
the transfer from every donor to every acceptor.

For energy transfer in three dimensions Equation (3.52)

takes the form:

(3} ¢ N (&) Myie
dnx‘ 1 ( (3) (t) 1 D A
B kR

3’ N‘(t)
=-T (t) ND(T) ; —"'-'"" (3.53)
I R E D 1 £ qvie.
=-2-n{ ‘t’*v,ND"‘”’A‘t’fffde"*

x

=108 (£) £n,(£) 0y (£) WO 4.

x

where W' is the three dimensional transfer parameter which

can be expressed as:

W"’=fff§quV=4ﬂCfd:E:dR=4ﬂCf;-%dR=%-d%m (3.54)

. In the above expression d, is the maximum D-A distance which
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is equal to L., the size of the total interaction volume, and
d,, is the average nearest neighbour distance between the
donors and acceptors. Since d,>>d,, we may take d,= 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. We 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 all equal. In this case
we can treat each donor as a sphere which occupies a volume of
Vo (t) =V./Ny(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 acceptor-
acceptor nearest neighbour distance being given by the
diameter of a sphere with volume V,(t)=V,/N,(t). Thus for a
system consisting of both donors and acceptors we can define

a sphere which has the average volume of sphere D and sphere

A:
V(E)={Vp(t) v (£}) V2
=t ert) N,:Tt) )2 (3.5%)
=(ng” (£)nf> (£)) 212
and take:

v(t) =-4T"R§n=%d§,, (3.56)

From Equation (3.55) and (3.56) we get:
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1 _7 (3) (3) /
};E“E“’” (£)ns™ () )12 (3.57)

Equation (3.54) and (3.57) lead to the following expression of

the energy transfer parameter:

w3 =28 c(nf (£) 0 (£)) V2 (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:

Nple) Nyie)
dn® (&) =2l (el n;: Y C..
de Tx SrfH 1 R
1 2) 1 Nyl c
2
==L1n® (el (t £ s

==L (2 1 (2) € 404
£ (8) £ 5Ny (E) g (t)ffRGdS+

X

=-ri nt? (£) 08 (£) ni? (&) W@ 4o
x

where W'® is the two dimensional transfer parameter which caa

be written as:
(2) = C - - 1 _% C
ffR‘ z f%RS 2 g4 (3.60)

As in the three dimensional case d,, is the average nearest
neighbour distance between the donor and acceptor which varies
with the donor and acceptor concentrations. We can obtain
this relationship from the same considerations as for the
three dimensional interaction case, but treating circles of

area Sp,,=S;/N,,(t) for donor or accepteor, respectively. Thus
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we define a circle with the average area of circle D and

circle A
S(t)=(Sp(t) Sy (8) )72
=( NDS(’;) erc) )22 (3.61)
=(n5% (£)mg® (£)) /2
and take:

S(¢t) =11:R§,,=-:-d§n (3.62)

From Equation (3.60), (3.61) and (3.62) we obtain the
following expression of the two dimensional energy transfer

parameter:

3
W@ =2 cng® (£) nf® () (3.83)

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' as follows:-

3
W‘2’=%CLGp‘3’ (&)t (&) (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:
(47/3) (L/2)3=1/n'", inieiany - By dividing both sides of Equation
(3.59) by L we obtain:
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dn(t) 1 (3
x 2 0 () WD Lo ()0t (£) 4
e TP (£) p (&) ng” (E) 3. 65)
=—.-%.n,f.3) (&) £ nf® (£) 0 (t) +-
X
where:
W(3)=W(2)L
3
=-;‘_2cz,3n,;3’ (£)nf* (&) (3.66)

=Wmn,§” (&) nf (&)

Which gives the two dimensional interaction transfer

parameters in the three dimensional form. In (3.66)

3
Wm=%C‘L3 (3.67)

is the fourth order transfer parameter.

3.4.3 Four-body model approach to the upconversion dynamics of
Er*:YAG and Er*:YAlO,

Using Equations (3.43) we calculated the four-body
transfer rates in the case that all the donor-acceptor
distances are treated as the lattice distance (a, in Tab.l1.2).
Then we calculated the four-bocdy energy transfer parameters
Wy by (3.32). The values of Q and <JJUM|J’>?, 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=1/hcv with v=10"* cm™). The
calculated values of W,, 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
enerqgy transfer parameters obtained in
the fittings of the time dependent
upconversion emission experimental data
of Er®*:YAG and Er*:YAl0, compared with
that

calculated from the Judd-0felt

parameters for the four-body transfer.

Er3*: YAG
n,=1. 38><i0"'2 cm™?,
ay=5.17
Fitted Calculated
Cyipq (s™lcmi?) 4.16x10°%
Wyy11 (871em®) 1.35x10"% 4,34x107
Cs22, (s™*cmi?) 2.00x10°%
Waz,5 (s72Cm®) 1.35%10°5 2.09x1076
Cy122 (872cm??) 1.94x107%
Wi1a2 (s71cm?) 5.67x10"% 2,02x1075%
C’ 122 (s~icmi?) 4,34%10°%
W’ 1522 (871cm?) 2.70x10-% 4,53%x107%
Era*:YAlOg
ny=1. 96)(10z cm™3,
a,=4.60
Fitted Calculated
C1y1; (87'cm!?) 1.28x107%
Wiy, (871cm®) 1.31x107% 1.89x10"%%
Caz2z (s~*cm??) 6.11x10"%
Waz2, (S™lcm?) 1.31x107%¢ 9,04x10°%
Ciizz (s™tcm??) 6.48x10°8
Wiia (s'lcmg) 6.55)(10-55 1.01!10'“
C’ 122 (87'cm??) 1.56%107%
W’ 1127 (87cm®) 8.12x107%° 2.31x107%%
—_—— ——— — —————— — .
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eight to fifteen orders smaller than the fitted ones.

3.4.4 Regular model approach to the upconversion dynamics of
Er**:YAG and Er3:YAlO,
If the transfer i1s limited to only two dimensions the
energy transfer parameters Wy, in Equation (3.1) are given by

Equation (3.67):

-3
Wnn “ﬁ C11L3

-3
anz = 'ﬁ c:.zL3

(3.68)

where C;; is the two-body dipole~-dipole microparameters which
can be calculated by (1.42) in the case of perfect resonance
(S=1/hcv with v=10"? cm™*[23]), L is the distance between two
adjacent planes which were obtained by:

-‘-"5’5(‘—;‘>3=m (3.69)
where n(1)ynean=0.04%4.20x102% cm™® for Er**:YAl0, and
N(L1) iniea1=0.043%1.97x10%° cm™® for Er’*:YAG. After the above
consideration we calculated the energy transfer parameters
Wi.43 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 experimental data
of Er*:YAG and Er*:YAl0, compared with

that calculated

from the Judd-0felt

parameters (for the regular distribution

two-body interaction

dipole-dipole
transfer).

=
Er®*:YAG

N (1) inyesar=8.47x10% cm™

1L3=2.56x10""° cm?

Fitted Calculated

Cy (s”lcm®) 7.87x10"%
Wi {(s7lcm?) 1.35x10"% 1.95x10"53
C,, (s7lcm®) 3.28x10"%
Wazas (s-lch) 1.35%x10"%¢ 8.12%x10°55
C;, (s7'cm®) 1.81x10°3
Wii22 (5-lcm9) 5.67x10™ 4.48x10°%
C’q (S-Icms) 7.55x107%%
RUSTPIR G ) 2.70x10-%  1.87x10°%

Er3*:YALOQ,

n{1) pieia=1.68%x10% cm™
13=1.14x10"%° cm?

Fitted Calculated
Cyy (s”cm’) 1.32%10°%
Wiy (87lcm®) 1.31x10°5¢ 1.46x%10"%
C;; (s™'cmf) 5.70x1073¢
Wiape (s7icm®) 1.31x10™%¢  6.29%107%¢
Cyp (s7em’) 3.20x10"%
‘Wi (87lem’) 6.55x10"%¢  3.53x10™%
C’y, (s™lcm®) 1.39x10"%
W’ 11 (s7'cm®) [ 8.12x107%%  1,53x10°%
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The previously observed functional dependence of W, and
W,, on the total Er* iorn concentration in Er*:YAG(56], [571,
[58]), [59] also follows from the preceding treatment. The
transfer parameter W', according to (3.66), is proportional
to Ln®,(t)n®,(t), which under the circumstance that L is
maintained at a constant value, would be proportional to the
square of the total Er* ion concentration n‘',, and thus the
quadratic dependence of W' on n'¥.

The deviations from quadratic concentration dependence
noted in reference [58) and [59] for Er’ concentrations below
c.a. 3% and above c.a. 60% (c.f. Figure 5 of Ref.[58]), are
also consistent with the model discussed above. To explain
this deviation, first we would like to show that if the Er®
ions are randomly distributed among the lattice points of the
crystal and the donors and acceptors are randomly distributed
among the Er** ions, the transfer term should depend on npn, ,
or the transfer parameters should be a constant. For the two

dimensional interaction case, Equation (3.51) takes the form:

dni? () 1 1A C .20 S o (3.70)
Gix 8 lp@(gel £ (£) p5Fpd (£)

Since the Er* ions are randomly distributed the probability
of finding an Er’ ion at any lattice point is the same as
p.¥=p,F*=N,;./N,;, where N;; is the total number of Er** ions. Since
the donors and acceptors are randomly distributed among the
Ex¥ ions the probability of findiﬁg a donor at any Er* ion is

the same as Pec” () =N (t) /Ny and the probability of finding an
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acceptor at any Er’ ion is also the same as pg*(t)=N,(t) /Ny ,
where N,(t) is the total number of donors and N,(t) is the
total number of acceptors. From the above consideration

Equation (3.70) becomes:

dn? (£) 1 c Np(t) N,.(t) 4

(@
=1, (t) =
dt ""x Sr Np ;:; .Ri_-,
Nr Ny
=202 (£)2nf () (t) CS,.; 1 (3.71)
tx R.‘l.j

=-11 02 (£) 20 (£) nf (&) WR

X

The transfer parameter of the above equation has the following

form:

W= CSTN?: Rl_., NE Tsff"‘

'“Cbz_sdkmc[? =%£‘

(3.72)

where a is the lattice distance. Clearly W'? does not depend
on the 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. Since 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 the acceptors gives a
nyn, dependence of the transfer parameter (as shown by Equation

(3.64). So for a semi-random distribution of the donors and
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acceptors the transfer parameter should take the following

form:

WD e (0> (£) 0> (£) ) v (0 ) 20 (3.73)

where 0<y<l. If y=1/2, the transfer parameter then depends on
(ngn,) % thus depends on the total Er* 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 Er* concentrations above 50% it is easy to demonstrate
that the Er®* ions can no longer be regularly distributed,
which causes the donors and acceptors can not be regularly
distributed, thus, according Equation (3.73), leads to a lower
powér concentration dependence of the transfer parameter. When
the total Er’* concentration exceeds 50% the deformation of the
reqular distribution increases with the total Er*
concentration. As the deformation increases the Y (the power
of the Er* concentration) in Equation (3.73) decreases. This
gives a perfect explanation of the experimental curve for c.a.
above 60% shown in f£ig.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 Er’ 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 Er* 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 Tor 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 Er* in YAlO, 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 combination of
polarisation of the pump laser and dipole emission geometric
effects (the power radiated by a dipole e« sin?@ where 0 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
materials. However, This superlattice structure called the

Suzuki Phase[71], [72] was found in some other



- 137 -
materials. It will be interesting to see if these materials
indeed 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*:YLiF, and Tm%:Y,aF,.

Using Equations (3.43) and (3.32) we calculated the four-
body energy transfer parameters. The values of £, and
<JJu™|J’>? used in the calculation were from Table 1.8 and
Table 1.9. The value of the overlap integral S was obtained
from reference[23] in the case of perfect resonance (S=1/hcv
with v=10" em™). The calculated values of W,y are included in
Tables 3.15 and 3.16 for Tm*:YLiF, and Table 3.17 for
Tm%:Y,aFy. 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

Tm¥*: YLiF,

¢ polarization

fittings

compared with those

calculated from the Judd-Ofelt parameters (for the four-body

transfer) . (n,=1.39x10%2, a,=5.16 A)

[ ————————

Polarization (G) (o) (o)

Aexe (M) 627 646 650
Temperature (K) 12 12 300

Ciz22 (s7'cm'?) 5.02x107% 5.02x10% 5.02x107®
Waz02 (s~*cm?)

fitted 9,02x10"%3 9,02x10°%? 2.16x10752
calculated 5,26x107% 5.26x10°%¢ 5.26x10°%
Cpoza (s™'cmi?) 1.39x107% 1.39x107% 1.39x107%¢
Wya3 (s”lem?)

fitted 1.33x10°%2 1.33x10™52 7.94x107%°
calculated 1.46x10"%5 1.46x107% 1.46x10"%*
C’ 42 (S~ cmi?) 2.57x10°% | 2.57x10"% | 2.57x107% r'
W22 (s7lcm?®)

fitted 8.81x10"% 0 9,26x10™%
calculated 2.69%x107% 2.69%x10765 2.69x107%
Ciae (57'cm?) 1.40x10°% 1.40%x107 1.40x107%
Wiige (s~cm?)

fitted 0 0 1.21x107%
calculated

1.47x1075¢ 1.47x107%6 1.47x10°%¢
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Table 3.16 Energy transfer parameters obtained from the
Tm3*:YLiF, fittings

nt polarization compared with those

calculated from the Judd-0Ofelt parameters (for the four-body

transfer). (n,=1.39x10%, ay=5.16 A)

e e —

%
Polarization (1) {1m) (1)
A, (nm) 629 641 654
Temperature (K) 12 12 300
Caazz (s™tcm!?) 5.02x10°% 5.02x10"% 5.02x10"
fitted 3.89x10°5% 3.89x10™% 3.23x10°%
calculated 5.26x107% 5,26x10"5¢ 5.26x107%¢
Czia (87'cm!?) 1.39x10"% 1.39x107% 1.39x10°%
Wy (871cm®)
fitted 5.46x107% 7.81x10°%? 4.93%x10°%
calculated 1.46x10°% 1.46x10°% 1.46x1076%
C’ 3222 (S7lemi?) 2.57x107% 2.57x1078 2.57x107%
W22 (S7icm®)
fitted 1.11x10™% 2.22x10™% 3.76x107%
calculated 2.69%107%5 2.69x10°% 2.69x107%
Ciqq (87'cm??) 1.40x107% 1.40x107%7 1.40%10°%
Wi (87'cm®)
fitted 1.16x10°4 0 7.16x1074®
calculated 1.47x107% 1.47x107%¢ 1.47x10°%
————— ——— —  —— —
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Table 3.17 Energy transfer parameters obtained from the

T™m3*:Y,BaF, fittings compared with those calculated from the

Judd-Ofelt parameters (for the four-body transfer).

(n,=1.30x10%, a,=5.28 A)

e .
Temperature 12 k 300 k
Aexe (nM) 628.5 628.5
Cuazz (s~ lcm??) 8.53x10"% 8.53x107%7

Wazz2 (572Cm®)
Calculated

Fitted

8.28x107%¢
(4.00+0.22)x1075%

8.28x10"
(2.84+0.14) %105

Caz3z (s~cm'?)
Wap33 (87lem?)
Calculated

Fitted

4,20x10™%

4,07x10°%¢
(1.56£1.40)x107%2

4.,20x10°%

4.07x107¢6
(1.42+0.14)x10"%

C’ 2222 (s7'cm®?)
W’ 5222 (87 cm®)
Calculated
Fitted

1.63x10"%

1.58%10°6¢
{(2.00+0.22) %1035

1.63x107%¢

1.58x%10"%6
(1.31+0.06) %1055

Ciq¢ (s7'cml?)
W1144 (S-lcmg)

Calculated

8.94x107%

8.65%x107¢

8.94x10-%

8.65x10"%

Fittead (2.91+0.76) x10792 (2.11%£0.59)x107%2 "
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3.4.6 Regular model approach to the avalanche upconversion
dynamics of Tm*:YLiF, and Tm*:Y,Ba,

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 L,;, in the continuous pump case, can

be obtained by:

4n (Lyys. 1 ) (3.74)
3 2 nli)n

where n(i) and n(j) are obtained by the steady state solutions
of Equation (3.5). The <calculated the energy transfer
parameters W,,,, for Tm>:YLiF,, along with the fitted ones for
both the ¢ and © polarizations, are listed in Table 3.18 and
3.19, and for Tm*:Y,Ba, 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 L,y by (3.74).
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Table 3.18 Energy transfer parameters obtained from the ¢
polarization fitting compared with those calculated from the
Judd-0Ofeld parameters (for the regular distribution two-body
interaction dipole-dipole energy transfer).

n,=1.98x10%° cm™

Polarization (o) (G) (C)
Aexc (nM) 627 646 650
Temperature (K) 12 12 300

n(0) /ng, 0.99 0.96 0.99
n(l) /ng, 3.99x1073 2.71x107? 3.23x107°
n(2) /oy 3.76x1073 5.21x1073 2.37x10™
n(3) /ny 4.62x107 3.03x10™ 1.88x10™
n(4)/ny, 3.85x107® 1.45x107¢ 3.04x10°¢
C,, (s7lcm®) 9.38x107% 9.38x107% 9.38x%107%
Wa22 (s~'cm®) ,
calculated 2.33x107%2 1,68x107%2 3,70x1073¢
fitted 9,02x10°%3 9.02x10"%3 2.16x107%2
C,: (s7'cm®) 1.60x10™% 1.60x10"34 1.60x10°%
Waaz (S7lem?)

calculated 1.13x10™% 3,76x1052 2,24x10°%
fitted 1.33x10°% 1.33x10°%2 7.94x10°%
C’, (s7lcmf) 3.76x10"¥ 3.76x1073 3.76x107%
W' 322 (872cm®)

calculated 9.34x10"% 6.74x10°%2 1.48x10™%
fitted 8.81x10™% 0 9.26x10"%
C,y (s™'cmf) 3.91x107% 3.91x1073% 3.91x1073
Wiee (s7'cm?)

calculated 2.95x107%} 1.84x10°% 3,68x10°%
fitted 0 0 1.21x107%
—_— — — — ——_— —_—.__
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Table 3.19 Energy transfer parameters obtained from the =
pclarization fitting comparing with those calculated from the
Judd-0Ofeld parameters (for the regular distribution two-body

interaction dipole-dipole transfer).

n,=1.93x10% cm?

.
Polarization (%) () (m) |
Aexe (M) 629 641 654
Temperature (K) 12 i2 300
n{0) /ng, 0.98 0.98 0.99
n{l)/ny 1.51%107? 8.03x10°3 4,79x%10™?
n(2) /ng, 6.61x10™? 5.51x10"? 2.49x1073
n(3) /gy 2.14x10°° 1.51x1073 2.12x107
n(4)/ngy, 4,70%105 5.14x10"% 6.25%10"¢
C,2 (s7cmf) 9.38x107% 9.38x107% | 9.38x1073%
Wy (s7icm?)
calculated 1.32x10°%2 1,59x10™%% | 3.52x107%?
fitted 3.89x10°% 3.89x107%% | 3.23x107%
C,y (s™'cm®) 1.60%x1073 1,60x10°% | 1.60x10"%
Wi (s™cm?) .
calculated 3.97x10"%2 5.18x10™% | 2,06x107%
fitted 5.46x107% 7.81x107%% | 4.39x10°5°
C’,, (s"lcmf) 3.76x10™* 3.76x10°% | 3.76x10"%
W 520, (s72cm?)
calculated 5.31x10°%2 6.37x10°52 1.41x10"%
fitted 1.11x10° 2.22x10™% | 3,76x107%
Cy¢ (s"'cmf) 3.91x10°3 3.91x107% | 3.91x107%
Wllﬂﬂ (S-lcmg)
calculated | 4.33x107%2 5.68x107%% | 2,11x10°%
fitted "1.16%10™4° 0 7.16x107%8




Table 3.20

Energy transfer

- 144 -

parameters

obtained from the

Tm¥ :¥,BaF,

fittings compared with those calculated from the Judd-Ofelt

parameters (for the regular distribution two-body interaction

dipole-dipole ene

[ —

rgy transfer).

—_——— —— ——— ———— ——————

(ng,=6.50x10%°)

Temperature 12 k 300 k

lexc {nm) 628.5 628.5

C,, 187tcmf) 1,25x10™% 1.25%10°34

szzz (Shlcmg)

Calculated 8.38x10°%? 7.40%x10"%3
Fitted (4.00+0.22) %1058 (2.84%0.14)x10°%
C,y (s7lcmf) 8.82x107% 8.82x1073%

W2233 (S-lcms)

Calculated 1.57x10-%2 1.89x107%
Fitted (1.56+£1.40) x107%2 (1.42+0.14) x10"%2
C’, (s7cmé) 2,89x1073% 2.89x10"%

W’ 2202 (87 cm®) i
Calculated 1.94x10"52 2.00x10°%2
Fitted (2.00+0.22) x107% (1.3120.06) x10-%5
Cy (87cm®) 2.29%x10°% 2.29x10%

W1144 (S-lcmg)

Calculated 1.22x10°52 2.14x107%2
Fitted (2.91+0.76)x10°%2 (2.11+0.59) x107%2

—— e —___—__——_ ___
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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 all
cases the ‘calculated values of the fourth order energy
transfer " parameters Wiy obtained from the four-body
interaction transfer model are 10°® to 10%?° smaller than the
fitted values. Also, the Judd-Ofelt parameter c;iculations for
the three-body interaction yield energy trénsfer rates about
10% times smaller than the two-body transfer rate[23]. 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
transfér rate given by Eq.(1.37) comes from the two-body
interaction Hamiltonian H,=Xe?/r,. given by Eq.(1.15). %he
repulsive energy between two electrons e?/r,. in this two-body
interaction Hamiltonian arrives from the two-body electric
interaction force f=e?/r,.%. The many-body transfer rate comes
from the Hamiltonian given by the form E,jH,., for instance the
three-body transfer rate given by Eq.{1.87) comes from the
Hamiltonian that takes the form:

H paH paz= (€4 /k*Rop*Ropz®) Zp* T (DA,) * £y Xp* T (DA,) * Ty

The physical meaning of this Hamiltonian is that there must
exist a three-body electric interaction force that takes the

form: fo,.=(ey’epnes) / (k¥Rpa’on?) » Otherwise this process cannot
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happen because the possibility that two events (the donor D
transfers energy to the acceptors A, and A,) happen axactly at
the same time is zero. Since among the four basic interaction
forces (the gravity.intéfaction 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 regular distribution of the donors and
acceptors

From Tables 3.14, 3.18, 3.19 and 3.20 we see that in all
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 wvalues. What causes the donors and acceptors to be
distributed regularly? The following gives a possible reason.

The regular 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 we 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
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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Regular distribution of the donors and acceptors
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Figure 3.24
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the donor’s shell and the acceptor’s shell is the following:

Un,fono,‘ffff ds‘;,ds‘ (3.75)

where G, and O, are the charge densities of the electron shells

of the donor ion and the acceptor ion, r is the distance

between any two points on the two electron shells. In Equation

(3.75) we have:

Ne
411tva +
.. Ne
0" amas
r=[ (asin@,cos¢,-a sinb, cose,)? (3.76)
+(k+asinf,sing,-a"sin®,cose,)?
+(acvs0,-a "cosh,) 2] /2
dsp=a *'s1in0,d8,de,
ds,=a?sinb,d0,de,

o=

where N is the number of electrons of the donor or acceptor.

If wa put Eg. (3.76) into (3.75), we obtain:

_ (Ne) Zﬂ-ff sin6,d8,dp,sinb,d0,de,

{3.77)
1612 r

D.A

Since under normal donor and acceptor concentrations a* and a

<< R, therefor in Eg. (3.77) we can make the following

approximation:

1 1

_ﬂ

I

R[1+% (a*sin@,sing,-asinB,sing,) ] /2
=% [1-% (a*sin®,sing,-asinf,sing,) (3.78)

+-% (a*sin®, sing,-asinb,sing,)?]

Put Eg. (3.78) into Egq. (3.77) we obtain:
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Nig? 3 (a**+a?)
LI g, [P 5 - S 3.79
Up, 2" 41ce,R[ 8 72 ] ( )
For the same consideration we obtain the repulsive energy
between two donors which are separated by the same distance R:
N2g? 3 (ac3+a-3)
= E el T2 7 3.80
U5, 0% 4ATER (13 R2 ] ( )
The difference of the repulsive energy between two donors and
the repulsive energy between a donor and an acceptor is:
aU=Up p~Up,a
_ 3 N?e? (a*-a?)
32 me, R? (3.81)

3 N?g? (a’+a) (a*-a)
32 =e, R®

If we take a%e;4A, aﬂa=0.1A, N=65 and R=20A (the nearest
neighbour distance between the excited Er’" ions in the
Er’*:YA10, when 1% of the doped Er®* ions are excited) we get
AU=10""*J, Compared with the thermal energy which at room
temperature is about 10°%'J, this difference of the repulsive
energy can not be neglected. It is this difference 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:

pelyeys N%e? 1 10 S 3 wte? (af+a])
r 22;; 4ne, Ryy 2; = 32 me, Rl {3.82)

=Upy + U,
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where N;=N,+N,, and N, is the number of donors and N, is the
number of acceptors. In the above equation a;, equals a' if
the i*® or j*" ion is a donor ion, and a,, equals a if the i*"
or Jj* ion is an acceptor ion. Clearly, the U,, dose not depend
on the distribution of the donors and acceptors but the U,
dose. It is not difficult to understand from Equation (3.82)
that when the donors and acceptors are regularly distributed,
Ur, 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
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electric field of the laser beam induces all the ion’s dipcles
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
(A
5(8) =——2_5in?0 (3.83)

where S(9) is the density of the emission energy flux and 0 is
the angle between the direction of emission and the direction
of the dipole. Since at 0=0° there is no emission and at 0=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/R,%), therefor, the
energy is transferred mainly between the nearest ions on the

same interaction plane.

3.5.4 The influe:'ze of the energy transfer parameters by
structure of the compounds.

From Eqg.(1.37) and (1.38) we can see that the energy
transfer rate Y, is determined by the D-A distance R znd the
microtransfer parameter C'®. The microtransfer parameter C'®
is determined by the dipole element [Z|<a’|D}|a>|?]-
[Z|<b’ |D*;|b>|?) and the overlap integral S. From Eq. (1.42) we
see that the dipole element is determined by the intensity
parameters Q and the matrix elements U®. From Eqg.(1.33) we
see that the overlap integral S is determined by the resonance

of the energy transfer (v, - v;). In the followin@ we will show

-
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that the structure of the compounds has an influence on the
matrix elements U™ and the resonance v, - v, thus the transfer
rate.

a). Different compounds or different crystal structure
have different crystal fielids. Since the matrix elements U™
and the energy level splitting of the doped ion are affected
by the symmetry ana magnitude of the crystal field, any change
in the structure will 1) changes the matrix elemen:zs U™ and
thus the transfer rate Y, and 2) changes the energy level
structure of the doped ion and thus changes the resonance
mismatch (v, -v;) and thus the transfer rate ¥,;.

b). Different compounds or different crystal structure
have different phonon energy. This phonon energy compensates
for the resonance mismatch (v, - Vv;) of the transfer process.
At low temperature this phonon assistance is not important but

at room rtemperature it gains importance.

3.5.5 Analysis of the parameters

a). Tm*:YLiF,

The resonance mismatch for the energy transfer processes
are listed in Table 3.21.

Table 3.21

[
Wa222 Wa233 W 5222 Wiae




- 153 -

From Table 3.8 we can see that at 12 K the fitted values
of W,.., are zero, consistent with the lack of resonance (v, -
v; =291 cm!) and the values of W',,,, are small or zero also
because of large mismatch (v, — v; =218 em™). From Table 3.8
and 3.9 we see that all the fitted room temperature (300 k)
parameters W,,, 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. Er*:YAG and Er3':YAlO,

The resonance mismatch of the transfer processes are

given in Table 3.22.

Table 3.22
Wi W12z W 1522 Waa22
(vy = vg) (em) |5 887 8 1561
Er’*:YALO,
(Va = Vg)} (cm™) | 213 924 30 1470
Exri*:YAG

N
Trom Table 3.2 we See that the parameters W,;;; for both

Er*:YALO, and Er*:YAG are the same as W,,, even though the
resonance for W, is much worse. This may be due to the
phonon assistancé of the W, processes (for Er*:YALO, the
phonon energy is 600 cm™? and the energy of three phonons is
close to the energy mismatch, while for Er®:YAG the phonon
energy is 700 cm™! and the energy of two phonos is close to the

energy mismatch).
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CHAPTER 4
CONCLUSIONS AND SUMMARY OF THE

CONTRIBUTIONS TO THE KNOWLEDGE
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4.1 Conclusions

In this work we have examined existing data for the
upconversion dynamics of Exr* in two different oxide hosts, YAG
and YAlO,, and new data for Tm* in two different fluoride
hosts, YLiF, and Y,BaFg. 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:

We (np (t) n, (£) ) FIADEE) AL
where f({n,{t),n,(t)}) is a continuous function of ny(t) and
n,(t), and 1<f(ny(t),n,(t))=2. At low donor and acceptor
concentrations f(n,(t),n,{t)) = 1 and W, is given by Eq. (1.51).
At high donor and acceptor concentrations f(n,(t),n,(t))=2 and
W; is given by Eg. (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 W,. 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 Summary of the contributions to the knowledge

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
order energy transfer terms.

3. Kinetic models are given which adequately describe the
upconversion dynamics for Er:YAl0,, Er’*:YAG, and for the
avalanche upconversion dynamics for Tm*:YLiF, and Tm®':Y¥,BaFy.

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 areireported for the
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first time for Tm':Y,BaFg, and an unusual. temperature

dependence for one of the lines is discussed. )

4.3 Suggestions for future work

1. Detailed investigation of the concentration dependence
of the energy transfér parameters, dver a wide range bf
concentrations and .ﬁﬁmp power to de;ermine 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 helpful in verifying some of the ideas
put forward in this work.

3. Theoretical investigations of other possible mecdels
which can obtain fourth order energy transfer term from two-
body interaction.

4. Detailed theoretical justification for the regular
distribution of the donors and acceptors and two-dimension

transfer.
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APPENDIX
1. Error analysis

The errors of a fitted parameter aa, in all the models

are calculated by the following equation:

Aai=xﬁnx3JE§;-J
where AY%,=%,? = ¥m,° and:

L, =K
Crs i1 da,da,

and:

- = x'a la F v
xz(ailazl---)=; [Yi y( izoi_z )]2
1

In all the error estimatings, we take the measurement errors
o;=1, and aYx,(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 models are based on the
assumption that the donors and acceptors are randomly
distributed among the lattice points of the crystal. According
to this assumption the nearest neighbour distance is not
dependent on the donor and acceptor concentrations and is
always the lattice distance.

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
regular towards random as the donor and acceptor
concentrations decrease. According to this assumption, when
the donors and acceptors are regularly distributed the nearest
neighbour distance between the donors and acceptors is
dependent on the concentrations of the donor and acceptor d..

o< 1/ (ngn,)’s.
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