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Abstract 

The luminescent-Channel efficiency for Er +’ ions in LiYF,: Er+” (38.5%) crystal was measured and compared with the case 

of Er+‘asalow-concentrationdopant (1.41%) incrystalsofLiYF4.The4S1,2+41,~,2,41 1s12 luminescent transitions are strongly 

quenched in the high concentrated system, by two possible cross-relaxation processes involving one phonon absorption, favoring 
the population of the 41, 1,2 and 41,,,2 levels. A strong quenching of the total Er c3 luminescente by approximately 6.8 times was 

observed in the highly doped system at 300 K. The two middle infrared (mid-IR) 41,,,2 +41,,,2 and 41,J,2 +41,s,2 luminescent 

transitions were quenched by an attributed energy transfer from the Er’ ’ excited 41,, 12 and 41,3,2 levels to Me+ + (OH- ) z and 
HCO- molecules that are present in the host material as impurities. 

1. Introduction 

To detetmine if an ion doped material is a good laser 
candidate, it is important to characterize it regarding its 
optica1 properties as function of the luminescent ion 
concentration, since it is wel1 established that quench- 
ing effects are detrimental to the population inversion 
processes [ 11. Particularly to the Holmiun sensitization 
when erbium ions are working like donors for Ho+~ 
ions excitation for holmiun laser action at 2.1 p.m in 
laser crystals. 

The Er7 + ion is used as dopant in several laser host 
matcrials showing a broad range of luminescent tran- 
sitions from 0.50 to 3.00 p_m [ 2,3]. Some of these 
transitions are laser active, i.e.: 

0.85 Pm (4S1j2-,4L12) , 

1.23 Fm CL2 +41, ,,2) , 

1.54 ym (41,T,2 +41,s,Z) , 

1.73 km (4S3,,+419,2) , 

The most important transition for the Er” laser 
sources is the one in the wavelength interval [ 41 from 
2.66 to 3.00 p,m, since they overlap strongly with the 
water absorption and can be transmitted through special 
optica1 fibers. 

This combination of properties makes them suitable 
for medical applications. As biological tissues are com- 
posed mainly by water, the use of mid-IR lasers wil1 
favor a precise cut or evaporation of biological mate- 
rials via thermal effects without spurious water photo- 
dissociation processes that would occur if the laser 
source were in the UV [ 21. Depending on the desired 
emission line, laser action can be obtained by pumping 
the material with Xe flash lamps, Ar or Kr lasers, Er: 
glass lasers or diode lasers. 

The laser performance of highly concentrated Er+j 
materials (up to 100%) is known in some garnets: 
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YAG 114-61, YAIO, [2,7], YSGG [8], and YGG 
[ 61. Laser action at 2.94 pm in YAG is more efficient 
when Er ” concentration [ 41 is higher than 10%. 

For pure crystals of LiErF, (YLF: Er+3 at 100%) it 
was shown that at 300 K only a weak visible lumines- 
cence is observed. However, at 77 K, a strong green 
emission shows up indicating that the ‘S3,2 leve1 emis- 
sion is suppressed at high temperatures [ 91. Spectro- 
scopical measurements and branching ratios of the 
Er+j: YLF luminescente at 15 K up to 2.00 pm were 
performcd by Renfro ct al. [ 101 without mentioning 
the used concentration. Some authors give the ideal 
concentrations of the Er+3 in YLF for laser action such 
as: 2% for 0.85 p,m [ 1 11, 6% for I .73 p_m [ 121, and 
15% to 50% for 2.74 p.m [ 1 1,131. These results indi- 
catc that the Er+’ laser wavelengths are somehow 
dependent upon the concentration, with longer wave- 
lengths being favored by high doping. 

Excited state absorption spectroscopy, lifetimes and 
energy transfer mechanisms of Er+j in YLF were stud- 
ied by Rubin et al. 1 141 for concentrations of 1% to 
100%. Pulsed laser action at 2.80 pm was obtained 
with 8% Er+ ’ in YLF crystals at 300 K by InAs diode 
laser pumping [ 15 1. An Er’ ’ concentration quenching 
study for the 4S,q,, luminescent transition was made for 
values from 1% to 100% in YLF crystals resulting in 
an ideal concentration range from 2% to 5% for effi- 
cient [ 161 luminescent transitions 4S3,2 to 41., (J= 
912, 1112, 1312. lS/2). 

Considering al1 these results, a systematic approach 
that would indicate simultaneously the concentration 
and temperature effects in the Er+3 luminescent levels 
in YLF was stil1 missing. The branching ratios of the 
several luminescent channels below 1.05 km as wel] 
as the contribution of the integrated emission in the 
mid-IR was not known so far. In this work we did a 
quantitative investigation of the efficiency of each 
luminescent Channel of the Er+j ion, exciting the 
4G , ,,? leve] which is above the fluorescent leve1 4S3,2. 
Two crystals with 1.42 and 38.5% of Er+’ ions in YLF 
( measured concentrations) were studied and the results 
compared. This study is an important approach to 
examine the performance of the Er+3 ion as a laser 
source in crystals which can be subjected to some con- 
taminant impuritics during the synthesis and growth 
processes. From this point of view: this work can pro- 
vide useful information for the improvement of solid 
state laser materials. 

2. Experiment 

The starting materials for the crystal growth were 
synthesized from ultra pure rare earth oxides utilizing 
a conventional hydrofluorination procedure. The 
Er: YLF thus synthesized was zone refined by one pass 
due to its incongruent melting characteristic and grown 
by Czochralski’s method under argon atmosphere. The 
Er: YLF boule underwent a thermal treatment prior to 
the sample preparation, to eliminate stress originated 
from the growth process. Samples were extracted from 
the boule after the appropriate choice of a region free 
of scattering defects. Thc samples used here were 
single crystals of YLF : Er + ’ ( 1.42%) and YLF : Er + ’ 
(38.5%). 

From preliminary optica1 absorption spectra it was 
chosen the most intense line of the 4G,,,2 multiplet 
(0.376 ym) for excitation, because it can populate very 
efficiently the 4S,,, metastable state, giving a wide sur- 
vey for the luminescent study. Samples with 2.74 mm 
of thickness, were placed in a cold finger of a three- 
windows refrigerator cryostat, which allows lumines- 
cence measurements in a wide range of temperatures 
from 10 to 300 K. The measurements were taken per- 
pendicularly to the excitation geometry as it is seen in 
Fig. 1, thus minimizing stray light contribution to the 
detection system. lt was kept the same collecting area 
from the luminescent surface of the samples by using 
a fixed excitation area and crystal thickness, for quan- 
titative analysis. All the used samples have the c-axis 
parallel to the excitation surface. 

The excitation at the 0.376 pm wavelength was pro- 
vided by a stabilized 150 W xenon lamp. The detection 

Arm A 
CI] Llght Source 

% 

Arm 9 

Fig. 1. Experimental setup for the integrated lumincscence measure- 
ments. D,, Dz: PMT and InSb detectors, M,, M2: monochromaton, 

L,, L2 lenses, F,, F,: CG 475 (or RG 780) and Si filters. C: refrig- 
entor cryostat, S: sample, Ch: chopper. m: concave aluminum coated 
mirror with diameter 10 cm (R = IS cm). 
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geometry was arranged into two opposite arms as 
shown in Fig. 1. Emission below 1.05 p,m was detected 
in the arm A utilizing a system composed by a GG 475 
(or a RG 780) filter, a Kratos analyzer monochromator 
(0.25 m) with slits of 1 mm and a S-20 extended (or 
S- 1) photomultiplier (PMT) from EMI. These slits 
were chosen to match the integration interval (H) to 
the multiplet width under investigation. In the arm B it 
was measured and integrated emission above 1.05 km 
(mid-IR) utilizing a silicon filter (T=0.50 at 1.10 
km), a collecting mirror and a Judson InSb detector 
(model J- 1 OD) cooled at 77 K. The responsivity of the 
detectors (in Volt/Watt) were obtained using an elec- 
trically calibrated pyroelectric radiometer model RS- 
5900 from Laser Precision, as a reference. 

The transmission band-pass of the analyser mono- 
chromator was taken for each luminescent Channel in 
order to correct the values of the luminescente signals. 
It has always a gaussion shape with a half-width of 12 
nm. 

The lifetime measurements of the 41,3,2 leve1 were 
obtained from direct measurement of the luminescente 
decay by pumping the *Hy,* leve1 with a pulsed (10 
ns) nitrogen pumped dye laser. 

3. Results 

The Er+3 luminescent channels in YLF crystal were 
divided as it follows: 0.4 11; 0.452; 0.502; 0.526; 0.548; 
0.665; 0.697; 0.788; 0.847; 0.977 p,m and A> 1.050 
km for YLF: ( 1.42%) and 0.413; 0.452; 0.502; 0.55 1; 
0.667; 0.699; 0.8 12; 0.85 1; 0.994 km and A > 1.050 
km for YLF:Er (38.5%) crystal and they were inte- 
grated by a proper detector. The emissions that effec- 
tively contribute to the integrated signal for A 2 1.050 
Frn Channel was estimated for both crystals by opening 
completely the slits to 4 mm of the analyzer mono- 
chromator in the arm A and using a silicon filter. The 
results show the following percentual contribution of 
mid-IR channels for the integrated Channel h > 1.050 
km (analyzed in the arm B): 41,,,2+41,s12 (1.100 
Pm) 12.7%; 4SJ,2 +41,,,Z (1.23 Pm) 4%; 41,3,2+ 
4I isj2 ( 1.62 Pm) 80%. 4S3,2 +419,2 ( 1.73 p.m) 3%; 
4I ,,j2+4113,2 (2.74 km) 0.3% forEr:YLF (1.42%), 
and 0.2%, 0.02%. 98.5%, l%, 0.2% for Er:YLF 
(38.5%), respectively. 

The values of integrated luminescent channels were 
always corrected by a factor (p), which takes into 
account tbe transmission band-pass of the analyser 
monochromator. This factor is defined as the ratio 
between the corrected signal and the measured one, or: 

CiSiA( Ai) 
‘= C;SiTiA(A;) ’ 

(1) 

where Si is the luminescente signal at the wavelength 
Ai, Ti is the correspondent transmission of the mono- 
chromator and A( Ai) is a constant wavelength interval 
at Ai of approximately 2 nm. 

One obtains the corrected integrated signal of each 
luminescent Channel by using the expressions: 

5= hPfl 
RT ’ 

for YLF:Er (1.42%) , (2) 

s= &gP 
RTf2> 

for YLF:Er (38.5%) , (3) 

where Si is the measured integrated luminescente sig- 
na], g is the ratio between the total solid angle 4~ and 
the one used in Arm A (or B), R is the detector res- 
ponsivity,f, is the ratio of the absorbed power at 300 
K to the one at a lower temperature for YLF:Er 
( 1.42%), f2 is a factor tbat accounts for the different 
absorbed power of excitation due to the two erbium 
concentrations used in the experiment ( 1.42 and 
38.5%) and T is the optica1 transmission of the filters. 
For al1 channels below 0.90 km, T is 0.95 (GG 475)) 
for al1 the ones between 0.90 and 1.050 Pm, T is 0.66 
(RG 780) and T= 0.50 for A 2 1.050 Km (silicon fil- 
ter). 

The estimatedf, andf, values with the temperature 
are the following 

300K 206K 18lK 153K IOOK 77K 12K 

; f :E 1.10 1.12 1.14 1.16 1.20 1.46 
2.02 2.06 2.10 2.14 2.21 2.69 

In Tables 1 and 2 are listed the calculated values for 
the correcting factors (p) for both crystals. In Table 3 
are shown the Channel band-pass width, the detector 
responsivities and the optica] transmission of the ana- 
lyser monochromator. 

By using Eqs. (2) and (3), one finds the equivalent 
power of each luminescent Channel for both crystals 
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Table 1 
The assumed values for thc correcting factors p (defined in the text) used in the quantitative luminescente measurements for YLF: Er ( 1.42%) 
crystal as function of the temperature and the wavelength. 

h, T 

(w) 

I? K 71 K IOOK 153 K IXI K 206 K 300 K 

0.4 I 1 10.48 I o.s4 10.99 ll.78 12.00 12.53 12.13 
0.452 I I .93 12.63 12.92 12.73 12.23 12.53 
0.502 _ 39.28 45.36 47.59 48.28 45.90 46.92 
0.526 _ _ 46.7 1 42.71 48.Y3 
0.548 112.59 116.21 119.28 132.70 138.92 143.57 162.72 
0.665 0.65 1.23 7.24 8.15 8.40 8.70 10.29 
0.697 3.70 5.81 6.54 6.91 7.46 9.19 I l.66 
0.788 _ _ _ 8.18 6.39 6.12 6.78 
0.812 _ _ 

0.847 4.24 4.02 4.10 4.43 4.42 4.1 I 4.60 
0.977 2.33 2.22 2.40 2.62 2.71 2.82 3.92 

and dividing it hy thc correspondent average photon 
energy, one gets the number of emitted photons per 
second for each luminescent channel under continuous 
pumping with monochromatic light. For the hz I .OSO 
prn was used an average photon energy of 
1.194 X 10 .- “) joules. These results are shown in Tables 
4 and 5 for both crystals at several temperatures. All 
the losses due to the cryostat windows and lens surfaces 
were taken into account. 

From these results, one can see that the total lumi- 
nescence of Er +’ in the less concentrated crystal does 
not suffer an accentuated decrease with the temperature 
increase as was observed in the highly doped one. In 
the case of the dilutcd system, the most intense emis- 
sions are at 0.548,0.847 p,rn and in the mid-IR. More- 
over. it is important to note that the 0.977 p_rn emission 
is enhanced by a factor of 61 while all others (below 
I .05 p,m) decreased when thc temperature goes from 
12 to 300 K. 

By comparing the results of both systems, one mus1 
conclude that there is a strong quenching of the total 
Er luminescente in the high concentrated crystal. This 
means a concentration quenching of 6.8 times at 300 
K and 2.2 times at 12 K. 

4. Discussion 

It is very convenient to defìne the branching ratio pi 
for thc ith luminescent Channel as Ni/CiNi were N, is 
the number of emitted photons per second in this chan- 

nel and C; is a sum overall the channels. The measured 
branching ratios ,Si for Er?+ : YLF were estimated for 
both crystals and are shown in Tables 6 and 7. For the 
diluted system (see Table 6), the emission above 1.05 
Frn corresponds to 5.2% of the total emission when 
measured at 12 K. For the high concentration sample, 
this numbcr changes to 16.6%. Increasing the temper- 
ature to 300 K there is an effective enhancement of the 
mid-IR emission for both samples. For the low concen- 
tration crystal, the mid-IR luminescence (ha 1.05 
pm) is responsible for 14.8% of the total luminescente 
at 300 K while for the high concentrated crystal its 
contribution is 80%. The Er’ ’ cmission at 0.977 p,m 
(“1 , , ,2 + 41,s,2) [ 101 was investigated and compared 
to the 0.847 p.m emission. Our conclusion is that the 
intensity of 0.977 p,m emission is one order of magni- 
tude smaller than the 0.847 p_m emission. Its contri- 
bution is smaller than 3% of the total luminescente in 
the Er’+ ( 1.4 1%) YLF at 12 K. On the other hand, 
that contribution increases to 20% of the total lumines- 
cence at 300 K, when all the others decrease. 

Considering all these results, one can see immedi- 
ately that concentration and temperature are both, at 
the same time, responsible for the emission quenching 
effects of the transitions 4S3,2 +41,3,2, 41,s,2; 4F9,2+ 
431 

,s,2, and 2H9,2-+41,,,,. At low concentrations 
( I .42%), one has a very dispersed system with erbium 
impurities randomly distributed in the lattice, with an 
average distance of 10.8 A between Er” I- ions. This 
average distance provides a picture of an isolated ion 
model. In this case, only 3.7% of the total number of 
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erbium ions are associated in pairs (two nearest-neigh- 
bors Er ions with a minimum approximation of 3.72 
A). The temperature effect observed for this low-con- 
centration system is shown by the decreasing of total 
luminescente intensity by a factor of 1.29 when going 
from 12 K to 300 K. In that case, the branching ratios 
(pi) of the luminescent channels suffer modifications 
with temperature as seen in Table 6. This temperature 
effect is a strong indication that an intracenter nonra- 
diative transitions is occurring in this isolated Er ions 
system. These mechanisms can be seen in Fig. 2. Par- 
ticularly, the fact that the radiative 4S,Iz+4113,2, 
( 41,s,,) transitions are suppressed by 53.5%, ( 16.6%) 
at 300 K cannot be explained by all the possible cross- 
relaxation processes which lead to mid-IR emissions, 
considering the smal1 fraction of Er3 +-pairs in this sam- 
ple. On the other hand, the multiphonon relaxation 
mechanisms involving the 4S3,2, ‘Fg,?, and 41, Ijz levels 
emitting 9, 8, and 11 phonons, respectively, with an 
average energy of 33 1 cm- ‘, can very efficiently [ 101 
displace the 0.548, 0.665, 0.697 and 0.847 p,rn emis- 
sions to the 0.977 km and mid-IR region (2.740 Pm, 
41 r1/2+4113/2 and 1.540 Pm, 41,3,2 + 41,s,2). 

It is important to note that the branching ratios meas- 

Table 3 
Assumed values for the Channel band-pass width (H), the detectors 
responsivities (R) and the optica1 transmission (Ti) of the analyser 
monochromator 

A, H R Ti 
(Pm) Cm) (VlW) (B) 

0.411 24 1.2695 x 10” 14.13 
0.452 25 1.1908X 10” 9.62 
0.502 26 8.4810~ 10’ 3.56 
0.526 24 7.1630x 10’ 2.32 
0.548 22 5.8440 x 10” 1.49 
0.665 24 3.8620 x 10’ 21.96 
0.697 24 3.1350x IOX 27.57 
0.788 24 3.39 x 10’ 36.59 
0.812 24 2.6 x 106 40.07 
0.847 24 1.9 x 10° 48.54 
0.977 25 1.84 x 105 60.09 

(0.994) 25 1.67 x 10’ 64.63 
2 1.050 _ 4.10 x IO? 50.00 

ured at 12 K, when al1 the thermally activated processes 
are improbable, drastically change with the increase of 
the Er3+ concentration to 38.5% (see Tables 6 and 7). 
This is due to the influence of an Er3+ ion on the 
radiative transitions of the excited partner in the pair. 
At such leve1 of concentration, one finds 85% of the Er 
ions associated in pairs, allowing an energy migration 

through the pairs; e.g. cross-relaxation process includ- 
ing a positive mismatch energy. The same temperature 
effect is observed in the high concentration sample but 
much more pronounced. As one can see from the datas 
presented in Table 5, the 0.85 1 and 0.55 1 p,m emissions 
suffer both a strong reduction of 99% instead of 53.5% 
and 16.6% respectively, observed in the former case. 
This can be justified by the presence of the quasi-res- 
onant cross-relaxation processes which compete now 
with the intracenter multiphonon decay, both quench- 
ing the luminescent 4S3,2 leve1 [ 171. 

Processes numbers 1 and 2 have a negative mismatch 
energies of 3 19 and 426 cm-’ respectively (see Fig. 

Table 2 
The assumed values for the correcting factors p (defined in the text) used in the quantitative luminescente measuremcnts for YLF: Er (38.5%) 
crystal as function of the temperature and the wavelength. 

A, T 
(km) 

12 K 77 K IOOK IS3 K 181 K 206 K 300 K 

0.413 9.75 10.54 10.76 10.77 I 1.03 ll.58 13.89 
0.452 12.38 13.17 13.37 12.53 13.02 13.07 13.57 
0.502 44.68 73.14 73.24 70.28 70.60 61.33 67.73 
0.526 _ _ _ 

0.55 I 100.57 103.74 108.31 118.36 129.39 125.35 143.60 
0.667 6.84 7.41 7.65 8.31 9.23 9.59 ll.72 
0.699 5.17 5.81 5.x9 6.92 7.29 7.37 9.89 
0.788 _ 

0.812 2.86 3.05 2.77 2.96 3.10 
0.85 1 4.4 1 5.06 5.30 6.21 7.79 8.04 9.80 
0.994 2.25 2.14 2.09 2.24 2.26 2.23 2.51 
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Tablc 4 
The number of the emitted photons per second per luminescent Channel ( X 10” photons/sec), at several temperatures for YLF: Er (1.42%) 
crystal. It is also indicated the correcting factor g for the solid angles used in arms A and B. and the limit of the experimental setup detection. 
One must consider a typical error of 5% in the values presented in this table. 

Transition A, T 

(km) 
12 K 11 K IOOK 153 K 181 K 206 K 300 K 

0.411 
0.452 
0.502 
0.526 
0.548 
0.665 
0.697 
0.788 
0.812 
0.847 
0.977 

736 
126 

6.3 

3443 3414 3400 2887 
ll.4 32 57 157 

231 241 217 297 
4563 4879 4834 4541 

1.73 1.76 1.84 
0.064 0.099 0.122 
0.470 0.730 0.629 
_ 

1020 
101 

8.9 

994 
9s 

8.7 

1097 
92 

7.2 
1.23 

1.13 1.71 1.03 
1.011 0.092 0.060 
0.728 0.788 0.460 
2.93 5.06 17.3 

907 928 614 
74 71 50 

6.6 9.5 5.8 
1.63 2.49 10.4 
_ 

2697 
199 
298 

4190 

2488 1600 
213 701 
370 521 

4151 3522 

I: = 1790 for al1 channels, except for h > 1.050 Pm. 
g = 64 for channels where h 2 1.050 km. 
(-) out of the luminescente detectivity limit of 3 X 10” photonslsec. 
A typical error of 5% must be considered in all the values presented in the table. 

Table 5 
The number of the emitted photons per second per luminescent Channel ( X 10” photons/sec), at several temperatures for YLF:Er (38.5%) 
crystal. It is also indicated the cotrecting factor g for the solid angles used in arms A and B and the limit of the experimental setup detection. 
One must consider a typical error of 5% in all the values presented in this table. 

Transition f+, T 

(vn) 
12 K 77 K IOOK 

‘Hw +“f~z 0.413 0.55 0.67 0.58 
1F,/z+4t~~/z 0.452 0.016 0.026 0.063 
4G 11/2-‘4~,9/2 0.502 0.133 0.245 0.414 

‘H,,/z+“f,~z 0.526 
4S,,2->411W 0.55 I 339 301 119 
4F,,z+41,>,z 0.667 141 88 45 
‘H W2-‘41!,/2 0.699 5.9 5.6 4.5 

‘H II/2+4T,V, 0.788 
‘V W2+411W 0.812 _ 1.72 
4S,,? +4f,1,2 0.85 I 1546 1442 661 
JI I,/.?+Jt,Vz 0.994 SI 128 205 
h> 1.050 417 588 659 
Total 2506 2554 1696 

g = 1790 for al1 the channels, except for A 3 I .050 km. 
g = 64 for channkls where A > I .050 pm. 
(-) out of the luminescente detectivity limit of 3 X 10’ photons/sec. 
A typical error of 5% must be consideted in the values presented in this table. 

153 K 181 K 206 K 300 K 

0.29 0.21 0.20 0.075 
0.030 0.035 0.025 0.015 
0.426 0.473 0.333 0.194 

20 14 10 3.32 
13 8.7 4.9 0.941 
3.3 3.5 2.0 0.822 

3.5 3.2 4.3 3.3 
103 13 45 14 
325 290 261 140 
837 714 719 652 

1305 1167 1071 815 

2), providing an excitation energy migration between Al1 the cross-relaxation processes present in the 
donors and acceptors levels. highly concentrated sample are indicated in Fig. 2 with 
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Table 6 
The branching ratios of the luminescent channels 8, at seveml temperatures for the YLF: Er ( 1.42%) crystal. The transitions at 0.411, 0.452 
and 0.502 urn are not listed due to their smal1 values ( < tO_“). 

A, T 
(km) 

12K 11 K IOOK 153 K 181 K 206 K 300 K 

0.526 _ _ 0.0007 0.0012 0.0049 
0.548 0.161 0.209 0.206 0.242 0.216 0.224 0.174 
0.665 0.027 0.02 I 0.019 0.020 0.017 0.017 0.014 
0.697 0.001 0.002 0.002 0.0016 0.0016 0.002 0.0016 
0.788 - 0.0003 0.0004 0.0006 0.0029 
0.847 0.755 0.712 0.703 0.636 0.644 0.599 0.454 
0.977 0.002 0.007 0.012 0.035 0.048 0.066 0.199 

0.052 0.049 0.057 0.065 0.07 I 0.089 0.148 

dashed lines. They are written as it fellows: 

1. (4s,,, -+419,2): (41,sj2 -+ 41,3,2) -319 cm-‘, 

2. (48W2 + 41,W2): (41,s,2 + 419,2) -426 cm-‘, 

3. (4F,,,2 -+ 41,,,z): (41,s,2 -+ 41,,1,) - 1170 cm-‘, 

4. (2H,,2+419,2): (41,,,,-+419,2)-319cm-‘, 

5. (*H,,,, -+ 4bv2): (41,,,2 + 4L,2L 

6. (4Fy,2+41,3,2): (41,s,2+41,,,2)-1170cm-‘. 

from the *Hg,* luminescent leve1 using the cross-relax- 
ation process number 5. 

As a consequente of the processes 3 and 6 between 
Er3+ ions, the emission from the 4Fg,2 luminescent 
leve1 is wel1 affected as it is seen by the decreasing 
intensity of the 0.667 km luminescente. It has 
decreased 150 times in the high concentrated crystal at 
300 K. 

Al1 the cross-relaxation processes here mentioned, 
provide an excitation energy migration involving the 
absorption of one ( 1,2 and 4) or three (3 and 6) lattice 
phonons of average [ 101 energy of 33 1 cm - ‘. These 
mechanisms are thermal activated and should be more 
effective at room temperature. By these processes, the 
longest lived [ 181 levels 41,,,2 (4 ms) and 41,3,2 ( 12 
ms) are efficiently populated. As a consequente, the 
two emissions at 2.74 and 1.54 km should be increased 
at the expcnses of the others. 

By the same argument, one can explain the effects 
observed in the 0.4 13 and 0.699 km emissions starting 

In this picture, the integrated luminescente of the 
mid-IR Channel (h > 1.05 km) would be 5.16 times 
higher than actually it is, in order to preserve the total 
number of emitted photons per second compared to the 
Er ( 1.42%) system at 300 K. 

It is important to define now the total luminescente 
efficiency of both systems as: 

Table 7 
The branching ratios of the luminescente channels /3;, at several temperatures for the YLF:Er (38.5%) crystal. The transitions at 0.413,0.452, 
0.502 and 0.526 urn are not listed due to their smal1 values ( ( 10m4). 

Transition Ai 
~ I 

(wQ 
12K 77 K IOOK l53K 181 K 206 K 300K 

% -“L2 3/2 0.55 1 0.135 0.118 0.070 0.015 0.012 0.0095 0.004 
4Fw~+41,~/z 0.667 0.056 0.035 0.027 0.0098 0.0074 0.045 0.0011 
zH9,2+41,,,2 0.699 0.002 0.002 0.003 0.0025 0.003 0.0019 0.001 
41w2-t41,~/? 0.812 - 0.001 0.0027 0.0028 0.004 I 0.004 
?S .\/z-+4t13/2 0.85 I 0.617 0.564 0.389 0.079 0.0624 0.0426 0.0174 
4l ,,/2+41,s,1 0.994 0.023 0.050 0.121 0.249 0.2488 0.2441 0.1713 
h > 1.050 0.166 0.230 0.389 0.64 1 0.6629 0.7274 0.801 
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Er3’ 
pair 

Er3’ 

r----- 

L---__- 
Optlcal Transitlans 

Cross -Reloxation Procssses 
X Multlphonon Pmcssses 

Fig. 2. The Er” energy levels diagram ion YLF crystal. The optical 

transitions (solid lines) and the multiphonon decays are indicated in 

the scheme at left and the ion-ion interaction via cross-mlaxation 

process (numbers 1 to 6) are represented by the dashed lines. (n) is 

the number of created phonons in the non-radiative relaxations proc- 
esses. The process (5) is resonant and those ones ( 1 to 4 and 6) are 

non-resonants involving a negative mismatch energy BE’ - ) US it is 

indicated. 

vr = C N; (; )/ 4, > 

where Ni is the number of photons per sec of Channel 
i, the sum( Zi) is over all the luminescent channels, and 
V,, is the number of excited Er3+ ions per sec in the 
4G , , ,z leve]. I!.J(, was obtained by using the rate equation 

Table 8 
The total luminescente efficiency (vr) for both crystals at several temperatures. 

oS~S,,~ leve1 for the low concentrated system ( 1.42%). 
In that case, we can consider that all the excited popu- 
lation from the 4G,i,2 . leve] IS transferred to the 4S3,2 
leve1 (contributions from highest levels represent less 
than 1% of total number of emitted photons per sec). 
In this case, the rate equation for this leve] is given by 
the following equation: 

IJ,, =N,/r, > (5) 

where N, is the equilibrium population of 4S3,2 leve1 
and 7, is its total lifetime ( ai = 0.2 ms at 300 K [ 131) . 

N, was obtained by using the following expression: 

N, = ‘i;i C Nti > 
i 

where T,, = 0.49 ms [ 131 and i = 4S112 leve]. 

(6) 

The symbolj represents all the luminescent channels 
starting from 4S,,, level:j=0.548,0.847, 1.230, 1.730 
km. N, was found to be equal to 1.103 X 10” for Er 
( 1.42%) at 300 K, and V,, = 5.5 1 X lol4 s- ‘. 

Using the value of LJ,, in Eq. (4) and the number of 
photons per sec per luminescent Channel, presented in 
the Tables 4 and 5, we could measure the total lumi- 
nescence efficiency, for both crystals at several tem- 
peratures. The results are presented in Table 8. It is 
important to note that the total luminescente efficiency 
is drastically reduced witb the increase of Er concen- 
tration. At 300 K, this efficiency drops to 0.15 as a 
consequente of the increase of number of Er’+-pairs 
in the highly concentrated sample. 

The increasing of E?’ pairs makes the cross relax- 
ation very efficient and guarantees that each pair have 
both erbium ions in the two lowest excited states 41iI jz 

and 4h~v the longest lived excited states. 
An estimate of energy transfer involving erbium ions 

being one in the 41,3,2 and the other in 41,s,2 levels was 
made using the wel] known Dexter formula [ 191 for a 
dipole-dipole interaction. The critical radius (R,) was 
estimated for the 4I ,3,2 leve] using the equation [ 191: 

Erbium 

conccntration 7c 

I .42 
38.5 

7 

12K 11 K 100 K 153 K 181 K 206K 300 K 

0.83 0.88 0.88 0.82 0.76 0.15 0.64 
0.45 0.46 0.31 0.24 0.21 0.19 0.15 
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R: = r(2r) -46cn -2 a,(h) u,(A) dh > 

where r is the intra-center lifetime of 41’3,2 leve1 ( 13 
ms), n is the index of refraction at 1.54 Pm, c is the 
light velocity, cr, is the absorption cross section for 
41 IS/2 +41n,2 transition, and U~ is the emission cross 
section for the 41 ,3,2+41,s,2 emission of Erbium ion. 
The estimated value of R, is 19.5 A. 

Considering the random distribution of erbium ions 
in the crystal of YLF: Er (38.5%), we can say that all 
the erbium ions have another erbium ion, as a nearest 
closest neighbor, at distances R< R,. This means that 
the energy migration from the 4I’X12 leve1 through the 
crystal lattice due to (Er*-Er) interaction is very effi- 
cient. Also, it can be stated that the 41’3,2 leve1 is fully 
efficient in fluorescente, considering its high energy 
distance of 20 average lattice local phonons to the next 
lowest leve1 41’s,2. With this argument, one cannot 
explain the strong quenching observed for the total 
luminescente, unless one assumes the existente of 
sinks that are able to trap the migrating energy (from 
both levels 41,,,2 and 41 ,3,2) and dissipate it through 
the lattice by heating. In order to investigate the pres- 
ence of any possible molecular impurities which can 
afford to this observed quenching, it was investigated 
the infrared absorption in the range of 4000 to 1600 
cm-’ in both crystals at 300 K. It was seen several 
absorptions bands at 3610,2950,2850,1735 and 1730 
cm-‘, which correspond to molecular impurities that 
are present in tenths of ppm in the YLF: Er (38.5%) 
crystal. The 3610 cm-’ peak is attributed to the 
Me++(OH-)2 complexes (Me=Mg, Mn, Ti) [20] 
and absorptions at 2920 and 2850 cm-’ are attributed 
to HCO- molecules [ 211 (as is seen in Fig. 3). There 
are also some negatively charged molecule (not iden- 
tified yet) containing CH-bonds absorbing at 2950, 
1735 and 1730 cm- ‘. The fundamental absorption at 
3610 cm- ’ can account for the trapping and absorption 
of the excitation energy migration from the 41’ I ,2 leve1 
in a quasi-resonant transfer process involving a positive 
mismatch energy of 40 cm - ‘. The first overtone of the 
fundamental absorption can also account for the uap- 
ping and absorption of excitation from the 4IlX,2 leve1 
with a positive mismatch energy of 727 cm- ‘. 

Fig. 3. The infrared spectrum of Er: YLF (38.5%) crystal with 6 mm 

of thickness, measured at 300 K. Peaks at 1730.1735 and 2950 cm- ’ 

are due to negatively charged molecules containing CH-bonds. Those 

ones at 2850 and 2920 cm-’ are due to HCO- molecules aad the 

oneat36lOcm-‘isduetoMe’+ (OH-)2complexes (Me=Mg. 

Mn, Ti). All these impurities are present in this sample in tenths of 

ppm. 

As far as we know, it is the first time that a quanti- 
tative analysis is performed for the total luminescente 
of E?+ ion in low and high concentrated systems and 
the possibility of quenching effects. 

The measurement of the decay time of 411s,2 leve1 
(300 K) for both systems confirm the strong quenching 
of this fluorescent leve1 in Er: YLF (38.5%). This life- 
timeis13msforEr(1.42%)and2.19msfor(38.5%). 
It is possible to calculate the probability of the non- 
radiative transfer ( W,,) to the acceptor center (may be 
the HCO- molecule), from the measured lifetime ( r) 
using the expression: 

where T= 2.19 ms and T( intra) = 13 ms, for the 41,3,2 
level. The calculated value of W,, was 380 s-‘. The 
lifetime of 41 I I ,2 leve1 should be very short (may be in 
the scale of ps) and its intensity was very smal1 for Er 
(38.5%), making its detection not possible. 

Another physical parameter (9) is very important 
to define for the high concentrated system. This param- 
eter is the population efficiency of 411,,2 leve1 which 
can be derived from the rate equation of 411J,2 leve& at 
the equilibrium condition of continuous pumping. This 
quantity is defined as follows: 

l?* = 
population rate 
excitation rate ’ 

The nature of this observed quenching process and The excitation rate is U,,= 5514.2 X 10” s- ’ for Er 
its correlation with the sink molecules concentration ( 1.42%) and is cf,U,) for Er (38.5%). The population 
are under investigation. rate is equal to N ( 1.6 1 Pm), the number of emitted 
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Fig. 4. Temperature dependence of the population efficiency qr, for 

the ‘1 ,3,2 fluorescent leve1 in both crystals of YLF with Er (38.5%) 

and ( 1.42%). when exciting the “1 ,s,z+ 4G,1,2 transition at 0.376 

pm. This efficiency has a maximum at 153 K for the high doped 

crystal. 

photons per sec of 1.61 pm Channel for Er ( 1.42%), 
and is equal to vz N( 1.61 p,m) T( intra)/T] for Er 
(38.5%) crystal. It can be written as 

77, =N( 1.61 p.m)/U,, , for Er (1.42%) , 

~,,=[7(intra)/~][N(1.61 Fm)]/U,), (38.5%). 

The values of qp for 41, 3,2 leve1 were plotted in Fig. 4. 
There can be seen that the population efficiency of 
41 1.112 leve1 in Er:YLF (38.5%) has a strong depen- 
dence with the temperature with maximum value of 
1.03 at 153 K and a minimum value of 0.65 at 12 K 
and a value of 0.69 at 300 K. This efficiency quantity 
is 24 times smaller for Er ( 1.42%) at 150 K, for an 
example, in comparison with Er (38.5%), 

It is very important to know the population efficiency 
of 4I ,3,2 leve1 in high-concentrated erbium system from 
where the excitation can efficiently be uansferred to 
the HO”+ ion exciting it to the “1,level and contributing 
for the holmium laser action at 2.06 Pm. 

5. Conclusions 

Using the total number of emitted photons in both 
crystals, we got the total luminescente efficiency (%) 
for Er’ ’ . 

The strong quenching observed in Er:YLF 
(38.5%), cannot be explained by a multiphonon non- 
radiative deexcitation of the leve1 4I,3,2 to the 41,s12 

ground state. It would be necessary to excite 20 lattice 
local phonons of 33 1 cm’-’ to account for that non- 
radiative transition, making it impossible in the tem- 
perature range investigated. 

Using this argument, the unique possibleexplanation 
for the observed total luminescente quenching is that 
one where all the cross-relaxation processes would 
mainly populate the two longest lived levels 41,, ,* and 
41,3,2 (demonstrated in this case by the values of Q) 
favoring a migration of the excitation energy from these 
levels (the Er distribution shows that the correlation 
distance R is smaller than R, (19.5 I!) for the first 
excited level) . These energies can migrate to long dis- 
tantes which finally should be trapped by some modi- 
lied Erbium ion by the presence of a nearby acceptor 
molecule which can absorb the excitation, dissipating 
it in the lattice by phonons creation. 

It is important to note that these molecular impurities 
must not be present in a highly doped laser crystals 
containing rare-earth (RE”+) ions which emit in this 
wavelength range, as erbium. 
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