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Abstract 

Characteristics and ion-ion interaction processes important in the optical dynamics of UV and blue upconversion 
luminescence in Tm3+ doped fluorophosphate glass have been investigated by exciting Tm”’ ions into the ‘F, level with 
a DCM dye laser tuned at 657 nm. Two emission bands centered at 363,451 nm from the ‘Dz level and one emission 
band centered at 478 nm from the ‘G4 level were observed. The 451 nm emission was stronger than the 478 nm emission. 

The excitation power dependence of all the upconverted emissions were found to be quadratic. conforming the two 
photon nature of these transitions. The mechanism leading to these emissions was attributed to the excited state 
absorption (ESA) from the 3F, and 3H, levels for the emissions of the ‘D, and ‘G, levels, respectively. The loss 
mechanism due to ion-ion interaction in the 3F, level therefore was studied as function of temperature by measuring the 

spectral overlap between emission and absorption spectra of this level. From this data relevant microscopic interaction 
parameters that give a measure of Trn-Tm coupling have been calculated. Optical properties of the intermediate and the 
final levels involved in the upconversion processes were studied using the Judd~-Ofelt theory. This theory was also used to 
determine radiative transition rates and the fluorescence quantum efficiencies of the excited levels, and the excited state 
absorption coefficient for the 3Fq+ ‘D2 and 3H, + ‘G4 transitions when the excitation was fixed at 657nm. Lower 

excited state absorption coefficient of the former transition explains why the 478 nm emission intensity is weaker than 
451 nm emission intensity in this glass. According to the rate equation model temperature dependence of the upconverted 

emission intensities from the ‘D, level was controlled by the temperature dependence of the excited state absorption 
coefficient corresponding to the 3F, -+ ‘D, transition. 

1. Introduction 

In the past few years, upconversion pumped 
lasers have attracted much research interest be- 
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Two main mechanisms for the upconversion pro- 
cesses are excited state absorption (ESA) and en- 
ergy transfer (APTE) [224]. ESA is a two-step 
excitation process which occurs in several rare- 
earth ions. This mechanism depends linearly on the 
density of the excited ions because both absorption 

steps take place within the same single ion [S]. To 
study the ESA mechanism it is necessary to use two 
excitation beams; one called as the pump raises the 
ions from the ground state to an excited level, and 
the second called as the probe leads them from one 
metastable excited state to another one. If an emi- 

ssion results from this double absorption, the exci- 
tation spectra corresponding to the transitions be- 
tween excited states can be obtained by measuring 
the anti-Stokes emission as function of the probe 

beam wavelength. In the literature, a single laser 
beam was also used as both pump and a probe 
beam, which eliminates the problem of the spatial 

beam coincidence [6-91. 
Optical and lasing properties of upconverted 

emissions in Tm 3+ doped fluoride glasses [lo] and 

fluorozirconate glass fibers [ 1 l] have been studied 
by several researchers under red laser light excita- 
tion. Recently, the upconversion mechanisms for 
the blue emission from the ‘G4 level of Tm3+ in 
fluoroaluminate glasses was explained by including 
the cross-relaxation processes which occur from the 
3F, level [12]. The cross relaxation occurs when 
a Tm3+ ion in the 3F4 level relaxes to the 3H4 level 
by exciting a nearby Tm 3 ’ ion in the ground state 
to the 3H4 level due to the ion-ion interactions. 
This level (3H4) acts as the intermediate level for the 
upconverted emissions from the ‘G, level. 

Auzel [13] has shown that the fluorescence life- 
time of the metastable levels of rare earth ions in 
fluorophosphate glass could become longer than 
those measured in fluoride glasses, which can be 
explained by considering the destruction of OH - 
during the glass preparation. Spectroscopic studies 
reported for Tm 3 + in flourophosphate glasses also 
indicate that this can be a promising host matrix 
for laser action in the 450 nm spectral region 

?Dz + 3H4 transition) [14,15]. Adding PbFz into 
the host may even increase the upconversion effici- 
ency [16]. To obtain a laser emission in different 
hosts information is needed about the excitation 
mechanisms, optimum pump wavelengths, cross- 

relaxation coefficients, fluorescence lifetimes, radi- 
ative and non-radiative transitions and branching 
ratios [ 171. 

In this work, we present the results of a compre- 
hensive study of the upconversion emissions in 
a Tm3 + doped fluorophosphate glass, containing 
27 mol.% PbF2 by ESA mechanism. Fundamental 
properties of the upconverted emissions were ex- 
plained in terms of the optical properties of the 
metastable levels of Tm3+ using the Judd-Ofelt 

theory [l&19] which has been shown to give reas- 
onable results in the glass matrices [20] and 

a simple rate equation model. The solutions for 
these equations were obtained for the continuous 
excitation condition and were used to determine 

the temperature dependence of the transfer rate 
between 3F,-1D, and 3H4-‘G4 excited levels. Loss 
mechanisms for the upconverted emissions from 
the ‘D, level due to the ionion interaction in the 
3F, level were explained through the theoretical 

models developed by Dexter [21] and 
InokutiiHirayama [22]. 

2. Experimental 

The general composition of the glass investigated 
in this work was (APbF: RE): 2.67(AIPO,) + 
37.33(A1F3) + 27(PbFz) + (33 - x)(CaF,) + 
x(TmF3) where x is 0.05, 0.1, 0.2, 0.3, 0.6, 1.0 and 
1.5, TmF, concentrations in mol.% studied in this 

work which correspond to 0.106, 0.202, 0.423, 
0.635, 1.267, 2.101 and 3.133 Tm3+ concentrations 

in 1 02’ cm - 3, respectively. Preparation techniques 
were described elsewhere [23]. The experiments 
performed include absorption, emission and excita- 
tion spectra and, response to pulsed excitation 

measurements in the visible and infrared spectral 
region. 

Optical absorption spectra were recorded using 
a Cary-17 spectrometer in the range of 
320-2000 nm at room temperature. For the emis- 
sion and excitation measurements either DCM dye 
laser (Coherent 5920) pumped with an Ar+ laser 
(Coherent Innova 300) or a 150 W XBO Xe-lamp 
filtered by a Jobin-Yvon HDlO double mono- 
chromotor were used to excite the desired levels of 
Tm ions, respectively. 
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Emission from the sample was focused on the 
entrance slit of a Jobin-Yvon HR 1000 spectro- 
meter and detected with a R649 Hamamatsu 
photomultiplier tube. Excitation spectra were re- 
corded in the range of 620-700 nm where the 

ground state absorption bands of 3F, and ‘F3 
levels are located according to the absorption spec- 
trum of Tm3+ ions. The intensity of the excitation 

light was measured with a Coherent 200 power 
meter at the sample position. 

The luminescence decays were measured using 
a Molectron dye laser with 5 ns duration pumped 
with a Sopra Nitrogen laser (Model 2001) as the 
excitation source. The signal was detected with an 
RTC 56 TVP photomultiplier tube and then ana- 

lyzed by a PAR 162 boxcar integrator or a Tek- 
tronix model 7912AD digitizer interfaced with 

a PC-AT microcomputer. 
For the low temperature measurements the 

sample was mounted in a CT1 cryostat and the 
temperature was controlled using a closed cycle 
helium refrigerator and an LTS 21 type Lake Shore 
temperature controller. The sample temperature 
was varied from 11 to 300 K. 

3. Spectroscopic properties of Tm3 ’ 

The optical properties of Tm3 ’ ions in our glass 

have been studied using the Judd-Ofelt (JO) theory 
[ 18,191. Absorption spectra of all the glasses were 
obtained at room temperature in the 300-2000 nm 
spectral range. Fig. 1 shows the absorption spec- 
trum of the compound doped with 1 mol.% TmF3. 
The shape and the position of each band are similar 

in each compound except the relative intensity of 
absorbance. The absorbance varies linearly with 
Tm3+ concentration. The bands correspond to the 
transitions from the ground state, 3H6, to the differ- 
ent excited states of Tm3+ ions. The observed 
transition energies and the assignments for the ab- 

sorption bands are given in Table 1 together with 
the measured and calculated intensities of the 
ground state absorption bands. The oscillator 
strengths (,f) of the absorption bands, the 
Judd-Ofelt parameters and the radiative transition 
rates for the dipole-dipole transitions were deter- 

[a” 

Fig. 1. Room temperature absorption spectrum of the glass 

doped with 2.101 x 10Zocm~‘Tm3’ ions. 

mined in the same way used in Ref. [23]. The 

JO parameters are found to be QZ = 1.38, 
Q24 = 0.75 and !& = 0.92 x 10~20cm2. The RMS 
deviation of the f-calculated from the f-measured 
values was calculated from the residuals (see Table 

1). It is found to be 3.5 x lo-’ which is comparable 
to the RMS deviation obtained for other glasses 

1251. 
The total spontaneous emission probability, W,, 

for an ith excited state is given as the sum of the 

A(J, J’) terms calculated over all terminal states 
which is related to the radiative lifetime tR and the 
branching ratio, b, of the level by l/~R(i) = 
CjA(i,j) = W, and fi = A(J, J’)/ WR, respectively. 
Table 2 presents the calculated emission probabilit- 
ies, radiative lifetime and the branching ratios for 
the laser emission states (lDZ and ‘G4 levels) and 
the intermediate states involved in the upconver- 
sion processes (3F4 and 3H, levels) of Tm3’ ions in 
case of the electric dipole transitions. Branching 
ratio of the UV and the two blue emissions due to 
the ‘D2-+ 3Hg, ID*--+ 3H4 and 1Gq-+3Hh 
transitions are 36%, 49% and 38%, respec- 
tively. These values define the quantum efficiency of 
each transition which correspond to the laser 
transitions obtained in some Tm3+ activated ma- 
terials [26]. 

The time development of the excited levels of 
Tm”+ ions was measured at room temperature 
by exciting the desired level directly as a function 
of the concentration. Fig. 2 presents the time 
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Table 1 

Measured and calculated oscillator strengths of Tm 3f in fluorophosphate glass at room temperature. All transitions are from the ‘H6 

level to the level indicated 

Level Wavelength [nm] Average frequency Oscillator strength [lo-s] Residual [loo*] 
[cm-‘] 

measured calculated 

‘D2 3.58 27933 116 105 - 11 

‘G‘l 468 21391 86 34 - 52 

3Fz 658 15 196 198 213 15 

3F3 683 14641 198 213 15 

3F4 780 12820 164 142 - 22 
3H5 1189 8409 _ 

3H4 1695 5899 136 103 - 33 

The Judd-Ofelt parameters: a, = 1.38 x 10~20cm2; R, = 0.75 x 10-20cm2; R, = 0.92 x 10-20cm2. RMS = 3.5 x lo-’ and the refrac- 

tive index = 1.56. 

Table 2 

Calculated spontaneous emission probabilities of Tm3+ in the 

fluorophosphate glass 

Transition Average 

frequency 

[cm-‘] 

ID, + ‘H6 21933 3360 0.107 0.360 

3H‘l 22033 4590 0.49 1 

‘HZ 19525 59 0.006 

3F, 15113 636 0.068 

3F3 13291 316 0.034 

3F2 12736 319 0.034 

G 6543 53 0.006 

‘G4 + ‘Hg 21390 330 1.14 0.376 

3H, 15491 79 0.090 

3H5 12982 340 0.390 

jF‘t 8570 95 0.108 

3Fj 6949 28 0.032 

‘FZ 6193 6 0.007 

‘F, + ‘H, 12821 510 1.78 0.562 

3H, 6921 43 0.077 

3HS 4412 9 0.016 

‘H, -+ 3H, 5899 86 11.7 I a00 

development of 3F4 level for 0.2 and 1.5 mol.% 
TmF3 concentrations at room temperature. The 
effect of the temperature on the decay profiles of the 
excited levels was also investigated in the sample 
doped with 0.2 mol.% TmF,. All the curves were 
non-exponential for all the Tm3+ concentrations 

I+ 

_I 
c 
is 

I+ 
0.8 +* 

+ . 

Time (msec.) 

Fig. 2. Decay profiles of 3F4 level in the compounds doped with 

(*):0.423 and (+):3.133~10~~crn~‘Trn~~ ions which are 

equivalent to 0.2 and 1.5 mol.% TmF, concentrations, respec- 

tively (T = 300 K). 

from 0.05 to 1.5mol.%. Therefore the average 
decay time of each level was determined by measur- 
ing the area under the curve after the initial value 
was normalized to unity to study the effect of Tm3+ 
concentration and temperature on the optical 
properties of the excited levels of Tm3+. The values 
obtained are listed in Table 3. The Decay time of 
ID2 level is constant up to 1.0 mol.% and becomes 
shorter for higher concentrations. Decay times of 
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Table 3 

Measured fluorescence lifetimes of the ‘Dz, ‘G.,, 3F, and ‘H, 

levels of Tm’+ versus TmF, concentration (Cr, denotes the Tm 

concentration) 

C rm Fluorescence Lifetime [ms] 

[lO’“cm “1 ‘D2 level ‘G4 level ‘F4 level ‘H, level 

0.106 0.044 0.450 1.000 I JO0 

0.202 0.043 0.467 0.908 1.900 

0.423 0.044 0.417 0.693 1.500 

0.635 0.041 0.411 0.756 1.400 

1.267 0.043 0.414 0.514 1.100 

2.101 0.042 0.402 0.418 1 .ooo 

3.133 0.039 0.383 0.355 0.890 

the ‘G4 and 3F4 levels are constant up to 0.3 and 
0.6 mol.% TmF3, respectively. Above these concen- 
trations shorter decay times were observed. 

4. Up- and down conversion luminescence upon 
657 nm excitation 

Fig. 3 shows the room temperature upconverted 
emission spectrum of the glass doped with 0.2 
mol.% TmF, obtained when the 3F2 level of Tm3+ 
was excited with 657 nm laser light. The bands 

observed are centered at 363, 451 nd 478 nm and 
they correspond to the ‘D2 --t 3H6, ‘D2 -+ 3H, and 
‘G, -+ 3H, transitions, respectively. The strongest 

emission intensity was observed for the ‘D, -+ 3H4 
transition. In addition to the upconversion emis- 
sion spectra the emission bands on the lower en- 
ergy side of the excitation wavelength were also 

measured. Fig. 4(b) shows a doublet structured 
band centered 775 and 791 nm corresponding to 
the 3F4 + 3H, transition at room temperature. The 
spectra given in Fig. 4 were used to determine the 
critical interaction distance between Tm3+ ions for 
the 3F, level. The integrated intensity of this band 
varies linearly with excitation power (see Fig. 6). 

sion from the 3F, level are also given in Figs. 5(c) 
and (d), respectively. The former spectrum shows 

two peaks centered at 647 and 657 nm. The excita- 

tion spectrum of the 3F, emission consists of two 
bands due to the 3F, and 3F3 ground state absorp- 
tions as expected. 

Fig. 6 shows that the upconversion emission 
intensity depends quadratically on the excitation 
intensity for both 451 and 478 nm emissions. This 
result indicates that the ‘D2 and the ‘G4 levels are 

populated through a two photon process. 
Emission spectra of the ‘D2 and ‘G4 levels were 

also obtained by exciting the desired level directly. 
When the ‘D2 level was excited with a 363 nm light 
no emission from the ‘G4 and the 3F, levels were 
observed. This means that these levels are not 

populated from the ‘D2 level directly and therefore 
the nonradiative transition rate of this level is small. 
The same result was predicted from the calculation 
of the radiative transition rates using the JO theory 
(Table 2). Emission from the 3F, level was however 
observed when the ‘G4 level was excited directly 
with 463 nm light. 

The excitation spectra of the upconverted emis- Decay profiles of upconverted emissions from 
sions from the ‘D, level show a broad band the ‘D2 and ‘G, levels were also measured upon 
centered at about 657 nm as seen in Figs. 5(a) and 657 nm pulsed excitation. In another words, the 
(b). Excitation spectra of upconverted blue emis- upconverted emissions from these levels were ob- 
sion from the ‘G, level and down-converted emis- served upon pulsed excitation. The Decay times 

Wavelength (nm) 

Fig. 3. Room temperature upconversion emission spectrum of 

the glass doped with 0.423 x lO’“cm ‘Tm’+ ions. 
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Fig. 4. Normalized absorption and emission spectra associated 

with the 3F, level in the glass doped with 0.423 x 
1020cm-3Tm3+ ions at (a) 11 K and (b) 300 K (the emission 

spectra were measured upon 657 nm excitation). 

were found to be the same as those obtained by 
exciting each level directly (Table 3). 

5. Interpretation of results 

The origin of the emissions produced by upcon- 
version of red light into shorter wavelengths can be 

+ 
630 650 670 690 7 0 

Wavelength (nm) 

Fig. 5. Room temperature excitation spectra of the upconver- 

sion (a) 363 nm; (b) 451 nm; (c) 478 nm emissions, and (d): the 

downconversion emission from the ‘F4 level in the glass doped 

with 0.423 x 1020cm~3Tm3’ ions in the 630 and 710 nm spec- 

tral region of the excitation light. 

*t*f 3F,-,3Ho 
L)U. ‘Dz->3H, 
O..Q&U ‘GI->=He 

Excitation Intensity (a.u.) 
10 

Fig. 6. Up- and down conversion emission intensities versus 
excitation intensity at 300 K (A, 0 and * denote the emissions 

from the ‘D,, ‘G4 and 3F4 levels, respectively). 
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Tm3+ 

dN3 
---z 

dt 
a,J$N, - r; ‘NJ, 

where ri is the radiative decay time of the ith excited 
level, Oij is the absorption cross-section for the 

transition from level i to level j and Wij is the 
nonradiative transition rate from the ith level to the 

jth level. 
The relationships between the populations of the 

excited levels can be obtained from Eq. (I) for 

continues beam excitation: 

N, = 
W2, 

b,,dJ + t; ‘1 
N2, 

Fig. 7. The energy level diagram and the routes of the ESA 

processes. 

(2) 

understood by considering the energy level dia- 

gram for Tm 3+ shown in Fig. 7. The mechanism is 

the multistep excitation by the ESA process [12]. 
An excited Tm3+ ion into the 3Fz level with 657 nm 
light relaxes to the 3F4 level via nonradiative 

transitions. The excited Tm3+ ion in the 3F, level is 
then raised to the ID, level by the absorption of 
a second excitation photon. The ion in the 3F, level 
may also relax to the 3H, level via nonradiative 

transitions or via cross-relaxation processes due to 
the ion-ion interaction. If the second excitation 
photon is absorbed while the ion is in the 3H, level 
blue emission from the ‘Gd level centered at 

478 nm is observed. 
All of these processes may be described using 

a simple rate equation model. Fig. 7 also illustrates 
schematically the transitions involved where the 
notations to the right of each manifold denotes the 
energy level. When a Tm3’ ion is excited into the 
3F, level with 657 nm radiation appropriate rate 
equations are: 

dN, 
~ = W21N2 - (6134 + ~;‘)NI, 

dt 

dNz 

N, = ooz$No 

(6244 + ri 7 

N3 = 73a13W1, 

N4 = 74a2,W’z. 

As seen from these relationships the efficiency of an 
upconverted emission depends on the multistep 

excitation probability by ESA as well as the quan- 
tum efficiency of the emitting level. The probability 
of the multistep excitation is proportional to the 
lifetime of the intermediate excited states, for 

example upconversion efficiency of the emissions 
from the ‘D2 level depends on lifetime of the 3F4 
level. 

The lifetime of an excited state is governed by the 
radiative and nonradiative decay processes and is 
given by 

l/5 = w,, + w, + w,, (3) 

where W,, is the radiative decay rate, W, is the 
multiphonon relaxation rate and WE is the energy 
transfer rate due to the cross-relaxation process 
between ions. W,, was caluclated using the JO 
theory. W, is controlled by the phonon energy of 
the host and the energy difference to the next lower 
level. The phonon distribution is given by the 
Planck distribution [27] function n(T) and usually 
is independent of the active ion concentration. 
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Fluorescence lifetime of the 3F4 level strongly 
decreases when the thullium concentration in- 
creases since the lifetime of this level varies from 
1.05 ms for 0.05 mol.% TmF, to 0.355 ms for 1.5 
mol.% TmF3 concentration. The strong shortening 
of the 3F, lifetime emphasizes very efficient Tm3 ‘- 
Tm3’ energy transfer processes. The dominant 
mechanism is the 3F4, 3H6 + 3H4, 3F, cross-relax- 
atio process [28]. This process competes with the 
fluorescence emissions of the 3F4 level and is the 
dominant process in heavily doped compounds. 
We have confirmed this process in our glass by 
measuring the emission intensities from the 3F4 and 
3H4 levels. We have found that the 3H, emission 
was very weak in the sample doped with 0.05 
mol.% TmF3 although it was stronger in the 
sample doped with 1.5mol% TmF, while the 
intensity of 3F4 emission was decreased. The cross- 
relaxation process was also confirmed by measur- 
ing the fluorescence quantum efficiency of the 3F4 
emission as function of Tm3 + concentration at 
room temperature. The fluorescence quantum effi- 
ciency of this level was determined using the equa- 
tion : q = t/zR where T and rR are measured fluor- 
escence lifetime and calculated radiative lifetime of 
the level, respectively. Table 4, in which the values 
of r~ are presented, shows that the 3F4 emission was 
quenched 65% by 3F,, 3H6 -+ 3H4, 3H4 cross-re- 
laxation process when the concentration of TmF, 
was 1.5 mol.%. 

Rate of the energy transfer by means of cross- 
relaxation process due to ionion interaction de- 

pends on the separation between the ions R [22]. 
This dependence can be expressed in a multipolar 
expansion as follows: 

W, = c(6)/R(6) + C(8)/R(8) + C(lO)/R(lO) + . . . . 

(4) 

where the urst three terms correspond to dipole- 
dipole, dipole-quadruple an quadruple-quadruple 
interactions, respectively. If there is a dominant 
multipolar interaction then the transfer rate as- 
sumes the simpler form, 

WE = c(n)/R(n) = ET; ‘(R,/R)“. (5) 

In this expression, E is the quantum efficiency of the 
donor luminescence in the absence of interaction 
between the Tm3+ ions. Normalized absorption 
and emission spectra of the 3F4 level measured at 
10 and 300 K and presented in Figs. 4(a) and (b) can 
be used to calculate spectral overlap integrals 
which are a measure of the ion-ion interaction 
rates at different temperatures. The critical interac- 
tion distance for a nonradiative electric dipole- 
dipole interaction mechanism is given by [29]. 

where n is the refractive index of the sample&, and 

f abs are the normalized emission and absorption 
spectra, respectively andf, is the integrated absorp- 
tion cross-section of the 3F4 level and is 

Table 4 

Fluorescence quantum efficiencies of the ID,, ‘G4 and 3F4 excited levels of Tm3+ versus Tm3’ concentration and of the 3F,, 

‘H6 + 3H4, ‘HA the cross-relaxation energy transfer (Cr. and 9 denotes Tm3+ concentration and quantum efficiency, respectively) 

CT, [10Zocm~3] Fluorescence quantum efficiency [%] 

‘I = r&R 

‘Dz level ‘G4 level 3F, level 

r)[%] of the (3F,, ‘He + ‘H,, 3Hq) 

cross-relaxation energy transfer 
it = 1 - rp/rR 

0.106 41 40.0 56 44 
0.202 40 41 .o 51 49 
0.423 41 36.5 39 61 
0.635 38 36.0 42 58 
1.267 40 36.0 29 71 
2.101 39 35.0 23 77 
3.133 36 33.5 20 80 
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Fig. 8. The reciprocal lifetime (A), absorption coefficient integral 

(*) and the overlap integral (0) for the 3F4 level of Tm3+ ion in 

the glass doped with 0.423 x 10” cm- 3 Tm3+ ions as a function 

of the temperature. 

fa = (mcll/2n:‘e2C,)Sa,(w)do; where gA is the 
ground state absorption cross-section of ion A. 

The reciprocal lifetime absorption coefficient in- 
tegral and the overlap integral for the 3F, level 

were determined as function of temperature. The 
results are presented in Fig. 8. These results to- 
gether with Eq. (5) were used to determine the 

Tm-Tm critical interaction distance. It is found to 
be almost independent of temperature in the 11 to 

300 K range. These values and the microscopic 
interaction parameters in the dipole-dipole case 

are listed in Table 5. 
According to the rate equation model under con- 

tinues excitation the upconverted emission in- 
tensity depends on the excited state absorption 

cross-section ((T& corresponding to the 
3F, -+ ID2 transition for the emissions from the 

‘D, level and 3H4+ ‘G4 transition for the emis- 
sions from the ‘G4 level, fluorescence lifetime of the 
emitting level, excitation density and the popula- 
tion of the intermediate level. The excited state 

absorption intensity can be calculated using the 
following formula: 

S grs.4 d;. p= T 
87t2e2(n + 2)2 s 

3ch(2J + 1)9n “’ 
(7) 

A 

with 

where 1 is the average wavelength of the transition, 
2J + 1 = 9 is the degeneracy of the initial level such 
as 3F4 and 3H4 levels since they act as the initial 
levels for the second photon absorption resulting in 
the upconverted emissions from the ID2 and ‘G, 

levels, respectively. Se,, is the electric dipole strength 
of the transition, R2, Q4, and Q6 are the JO para- 
meters and U(t) are the double reduced matrix 
elements connecting the levels. Using the JO para- 

meters calculated by us the excited state absorption 
intensity of the 3F4-+ ‘D2 and 3H4-+ ‘G, 

Table 5 

Temperature dependence of absorption cross section integral, overlap integral, lifetime, critical distance and the microscopic interaction 

parameter for the ‘F, level of Tm3+ m the glass doped with 0.423 x IO’” cm ~’ Tm3’ ions 

VU 

II 

50 

1w 

160 

220 

300 

+,(iWl ~k6qA(A)g,(l)dl 

[x lO’cm~*] [ x lO_” cm51 

I .49 5.3 
1.43 5.2 
1.41 5.2 
1.40 5.0 
1.39 4.9 

1.25 4.7 

Rf, [x 10~4Zcmh] f [ma ‘] R, CA1 C”[ x lo-“2s ~‘1 

44.11 1.167 18.84 52.25 
42.15 1.060 18.65 44.68 
41.38 1.037 18.59 42.62 
39.66 1.030 18.47 40.85 
38.68 1.000 18.39 38.68 
33.30 0.833 17.93 27.74 
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transitions for the 657 nm excitation light have 
been calculated at 300 K. The results are listed in 
Table 6. Relatively low emission intensity of ‘G4 
upconversion emission by ESA process can then be 
explained by the lower excited state absorption 
intensity of the 3H4 level. 

Fig. 9(a) presents the temperature variation of 
the 451 nm emission intensity and the decay time 
measured upon direct excitation. They both found 
to be independent of temperature. Temperature 
dependence of the 451 nm upconverted emission 
intensity upon red excitation is given in Fig. 9(b). 
The temperature dependence of the 3F4 emission 

Table 6 

Excited absorption cross sections of ‘F4 + ‘DZ and 3H4 + ‘G, 

transitions in the Tm 3+ doped fluorophosphate glass for 657 nm 

excitation wavelength at 300 K (uaSA denotes the excited state 

absorption cross-section in the table). 

Transition Matrix elements 

U(2) fJ(4) u(6) 

3F, + ‘DZ 0.1248 0.0096 0.2280 2.48 

aH, + ‘G, 0.0020 0.0182 0.0693 0.19 

I() a 
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2 40 
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AAUC, Emission Intensity 
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Fig. 9. Continued. 
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Transition : ID.->‘H, 
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Temperature (K) 

Fig. 9. (a) Integrated emission intensity and lifetime of ‘Dz level 

of Tm3+ ion in the glass doped with 0.423 x 1020cm-3Tm3t 

ions as function of temperature upon direct excitation (excita- 

tion source was either a Xe-lamp or a N2 laser pumped mol- 

ectron dye laser monitored at 363 nm). (b) Integrated emission 

intensity of ID, level of Tm j+ ion in the glass doped with 

0.423 x 1020cm-3Tm3+ ions as function of temperature upon 

657 nm excitation light. 

intensity and the decay time obtained upon red 
excitation are depicted in Fig. 10. They both are 
independent of temperature below 100 K and they 
start decreasing above this temperature. Temper- 
ature dependence of the upconverted emission is 
due to the temperature dependence of the excited 
state absorption cross-section of the 3F4 -+ ID2 
transition. This can easily be seen from the relation- 
ships between the excited state populations ob- 
tained from the rate equations for the steady state 
condition. Since the lifetime of the ‘D2 level, popu- 
lation of the intermediate level (3F4 level), and the 
excitation density are measured to be independent 
of temperature the temperature behavior of the ID2 
upconverted emission is controlled by the temper- 
ature variation of the excited state absorption 
cross-section of the 3F4 -+ ‘D, transition. The tem- 
perature dependence of this parameter is due to the 
change in the repopulation of the Stark levels of the 
levels involved in the upconversion process. Fig. 11 
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Fig. IO. Integrated intensity and lifetime of ‘F, level of Tm3’ 

ions in the glass doped with 0.423 x 10” cm 3 Tm3+ ions ions 

upon 657 nm excitation 
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1 650 6iO 600 710 

Wavelength (nm) 

Fig. 11. Excited state excitation spectra of 451 nm emission 

corresponding to the ‘Dz + 3H, transition in the glass doped 

with 0.423 x IO” cm ’ Tm3 + ions at different temperatures. 

demonstrates the excited state excitation spectrum 
for the upconverted 451 nm emission at different 
temperatures. As it is seen from this figure, the 
absorption intensity of the second photon at 

657 nm from the 3F4 level increases with the tem- 

perature in the 10 to 300 K range. 

6. Conclusion 

The UV and blue upconversion fluorescences in 

Tm3 + doped fluorop hosphate glass have been 

studied with the use of a tunable DCM dye laser for 
single wavelength pumping. Upconverted emission 

intensity of ‘Dz level was quenched due to the 
cross-relaxation process. Critical distance for this 

interaction was calculated using Dexters formula 
and was found to be independent of temperature 
with a value of 17.8 A in the sample having a 0.2 

mol.% TmF, concentration. Temperature depend- 
ence of the upconverted emission from the ‘D2 
level was found to be controlled by the temperature 
variation of the excited state absorption cross-sec- 
tion corresponding to the 3F, + ‘D, transition. 

Higher upconversion emission intensity obtained 

at room temperature may make this glass interest- 
ing as an upconversion laser material. 
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