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Excited-state absorption spectroscopy of Eft-doped Y;Al:0,,, YVO, and phosphate glass
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The spectra of excited-state absorptiESA) and stimulated-emissiofSE) cross sections of Bf in
Y;AIs045, YVO,, and phosphate glass have been registered between 0.4 @mdvdth a pump and probe
technique. The experimental setup, based on the use of cw light sources, is described in detail. The incidence
of ESA on the laser properties of thes€ Edoped oxide hosts is evaluated particularly around 0.55, 1.6, and
2.8 um, corresponding to théS;,—*l15/5 *l137—"115, and?l,,,—13, laser transitions, respectively. The
migration [ (Y132, Y1159 — (*l15/2,1139] and up-conversion (Y1132, 1139— (Y12, Y151 energy transfers in-
volved in some laser operations are analyzed by deducing the energy-transfer micropar@ggtensl Cp 5
from ESA and SE measurements. The Judd-Ofelt analysis, usually applied from the ground-state manifold, is
then used to evaluate the ESA integrated cross sections and these calculated cross sections are found equal to
the measured ones within about 20080163-18209)08539-3

INTRODUCTION and describing the macroscopic effects by using statistical

. A . models. The energy-transfer microparameters indeed involve
Trivalent rare earths are the most used active ions in

, . . ; overlap integrafseither between emission and ground-state
solid-state laser devicésAmong them, Et" provides inter- p Integ . . 9
. L absorption cross-section spectra in case of regular energy
esting laser emissions, for example, around An5 for eye- e . :
safe or telecommunication applicatioff$ 4 optical transfers or between emission and excited-state absorption
g pp 13/7 7 11572 OP cross-section spectra in case of up-conversion mechanisms.
transition and around 2.9um for medical purposes

4 4 i i The ground-state absorption and the emission cross-section
(11117113 Most of the trivalent rare-earth ions (R spectra can be directly obtained by using conventional tech-
have numerous energy levels and many of them are charagiques. ESA spectra can be obtained indirectly from the
terized by long lifetimes leading to intermanifolds radiative emjssijon profiles corresponding to the reverse optical transi-
transitions with large energy storage capabilities. Consetions and by using the so-called reciprocity method. How-
quently, excited-state absorpti0BSA) is an important issue ever, this procedure only applies for a restricted number of
both because it can be very detrimental when it occurs at thgitermanifold transitions and requires the exact knowledge of
pump or at the laser emission wavelengths and because it épecific parameters such as the radiative lifetime and the
useful in up-conversion pumping schemes involving inter-pranching ratio of the involved energy levels. Use can be
mediary energy levels'S;,—*l 15, green laser emission was made also of the Judd-OfgliO) formalisnf” and of the JO
obtained for example at 561 and 551 nm in*Edoped parameters which can be derived from the analysis of the
Y3AI50,, (YAG) and LiYF, (YLF) crystals following such  ground-state absorption spect@SA). In this case, only ap-

an excited-state-absorption up-conversion prdde€n the proximative values of integrated cross sections of intermul-
other hand, high doping ion concentratiotes few atomic tiplet transitions can be obtained without any information on
percent are often necessary to compensate for the low oscilthe associated spectral profile. Direct registrations of detailed
lator strengths of thesef44f parity forbidden optical tran- and complete ESA cross-section spectra are thus consider-
sitions. In these conditions, strong multipolar interactionsably more informative but they require much more care, and
and energy transfers occur between the*REctive ions’  an especially dedicated experimental setup based on a pump-
some of them can be useful and others detrimental, as fgrobe technique is necessary. The pump beam has to be a
ESA. Laser emissions around 2.8—2u® (“11,,—%13,Er"  laser to bring enough ions into the selected absorbing excited
transition) of highly doped systems such as Er:YAG or level. The probe beam is either a tunable laser or a lamp. In
Er:YLF are good examples of the complexity of such exci-case of a laser probe, excited-state excitafle8E spectra
tation mechanisms. It is precisely because of these upare often preferrefljn particular because it is a very sensi-
conversion energy transfers that laser emission of Er:YAG ative method which allows to obtain spectra more easily. The
2.94 um could be observed after pumping into tAlgy, probe laser brings the already excited ions into an upper
terminal level of the laser transitidhAs a matter of fact, due excited level from which they relax either radiatively or non-
to this complexity, and also because they may not only deradiatively down to another emitting level. The ESE spectra
pend on the ion populations in the involved ground and exare thus obtained by scanning the wavelength of the tunable
cited levels but also on the ion distributions inside the hostaser probe while monitoring the emitted photons. These
matrices, the energy-transfer parameters are often difficult tepectra have good spectral resolution, that in fact of the laser
evaluate from rate equations and fits to fluorescence data. Aprobe, but they are restricted to particular ESA transitions
interesting alternative consists in calculating the micropaand they have to be calibrated in the unit of the ESA cross
rameters for energy transfers between adjacent active iorgection by using the JO formalism; they are thus only ap-
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FIG. 1. Excited-state absorption setup based on pump and probe  , y - T
technique. g z
3 A . 3 v - A4 2 4113/2
proximative. The use of a broadband light source probe such
as a tungsten-halogen or a xenon lamp is more universal. In > 2| 8 £
this case, the probe beam passes through the sample to b ; *; @
studied and is dispersed and analyzed by a monochromator o
The measurements consist then in the registration of differ- 0 = e
ential transmission spectra which allow to obtain at the same Kepump GSA ESA Maser
time the ESA, the stimulated emissi¢8E) and the GSA
spectra, the latter being used to calibrate the former. FIG. 2. Energy level diagram of Ef. The nonradiative transi-

The present paper is dedicated to a complete analysis &Pns are indicated by dotted arrows.
the ESA properties of three important Er doped laser mate-
rials, Er:'YAG, Er:YVQ,, and Er:phosphate glagsom Ki- low concentration to reduce the interion energy-transfer pro-
gre), by using the very efficient pump-probe technique ofcesses. As a matter of fact, as shown in Fig. 2, the,
Koetke and Hubérbased on two cw ||ght sources, a pump manifold could be populated very efficiently, but indirectly,
laser and a probe lamp, each beam being modulated atater excitation of higher lying excited levels located in the
different frequency and the signal being processed by a cagreen and the red with the aid of the blue 1irté88.0, 496.5,
cade of two lock-in amplifiers. The experimental conditionsand 514.5 nmof an Ar" laser(Spectra Physics, model 2040
are presented in Sec. I. Section Il is devoted to the descrig@r the red ong647.1 nm of a Kr' laser(Coherent, model
tion and analysis of the ESA spectra. The spectroscopic reZ0K), the pump powers being maintained around 1 W. The
sults are then used in Sec. Ill to discuss the effect of ESA ofinean population of ions in the excited levels thus produced
the known or potential laser properties of the materials andvas typically of the order of a few percent of the dopant
in Sec. IV to estimate some important energy-transfer microconcentration. On the other hand, the probe light was pro-
parameters. The data are finally confronted in Sec. V withvided by a 100-W tungsten-halogen lamp source which de-

the predictions of the Judd-Ofelt formalism. livered a low but very stable signal. The pump and the probe
beams were collinear and counterpropagating, the probe

I. EXPERIMENTAL CONDITIONS

The ESA experimental setup, similar to the one of Ref. 9,
is shown in Fig. 1. As mentioned above, it is based on a cw 5
pump-probe technique. The laser pump beam is focused into | |
the samples with a spot size of about 1&® diam (full 4 =
width at half maximum—FWHML The laser excitation lines

]
. . 0 U] TODE
were chosen according to the absorption spectra of the (@ Vounp / Vel \

Vprol:te + Vpump

. . . Vprobe = Vpum|
samples and to the wavelength domain to be investigated. probe ™ Tpump

1
[}
The present study was performed i EiYAG, YVO,, and !
phosphate glass materials, i.e., in oxide materials character- '
ized by high phonon frequencies. Consequently, in these I
hosts, the multiphonon relaxation between the different en- '
ergy levels is so rapid that only the lowest metastable level

4.3 is significantly populated, whatever the excitation

wavelength could béat least in the red and in the near in-

frared, an approximation which will be made and justified in (o)
the following. Moreover, the chosen¥rdopant concentra-

tions in YAG, YVO,, and in the phosphate glass were 2.8  F|G. 3. Principle of the double modulation using a cascade of
X 1079, 4.3x10%, and 2.8<107%cm™3, respectively. These two lock-in amplifiers. (@) Role of the first lock-in amplifier
dopant concentrations represent a good compromise betwees, .- 1 kHz). (b) Role of the second lock-in amplifiervf,m,

a high concentration, thus a high pumping efficiency, and a- 10 Hz).
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FIG. 4. ESA and GSA spectra of Erin phosphate glasghe .
resolution is 3 A. FIG. 5. ESA and GSA spectra of £rin phosphate glasghe

resolution is 3 A below 750 nm and 6 A above

beam diameter inside the crystal being larger than the pUMP - Sther strong signal ate from the probe modulation.

Oone. The pump was injecte.d with the aid of a small prism,TWO weak signals due to the variation of the probe transmis-
which also stops the pump light reflected back by the crystalSion induced by the laser pump also appear vgbp
e

On each face of the crystal two diaphragms were used tq - v o
allow a good overlap of the pump and probe beams. A bear{‘k Vpump: SO the "difference” signals can be measured by
li].

Stop also prevents the pump beam from reaching the filame sing two lock-in amplifiers placed in series. In practice, the
P prev pump Ing : irst one (Stanford Research Systems, model SR5K)

of the lamp after passing through the sample. Without th|§(Pcked AtV 56 With a low time constant and provides the

beam stop we observed strong perturbations of the S9N ean transmission intensity,. The signal atym,,is elimi-

during the measurements. Two phenomena were invoked tr?ated and the sianals . assing, throuah this
explain these parasitics: first, the laser beam probably mod*—. g ¥robe™ Vpump P 9 9

e the lamp emission a e pumy mckaion fequenci=, 09 ST se Shtec n Tecuoney by e
and second, the pump light reflected on the surface of th P PP '

lamp envelope is likely to excite again the sample after re—mOOIeI PAR 1284, locked atvy,mp then measures the trans-

[ i missi iationAl induced by the pump. At each wave-
modulation at the probe frequency. The wavelength selectioff’>>'0" Vara C
was performed with the help of a 0.6-m focal length mono-ﬂ;ngth' a computer acquires the two valuesand I, (the

L ; ; time of acquisition depending on the signal-to-noise jatio
chromator(Jobin-Yvon, model HRS2equipped with three and provides the measured signall (I ) orp.

different gratings to cover the near UV to the near IR spec- i . . .
tral domain. The detectors used in the experiments were ei- Let us establish the relationship between this measure-

ther a photomultiplierHamamatsu, model R3898or the ment and th.e cross sectionsl §f; an_dlon are the intensity pf
near UV and visible domain, Ma_,As photodiodes the probe signal when the pump is off and on, respectively,

(Hamamatsu, models G5832-23 and G5852-2t the IR the follqwing _relationship§ s.tand betweep the ground—state
region up to 2um and an InSb photodiode cooled at liquid absorptlon_, stimulated emission, and exmtec_i-state absorption
nitrogen temperaturéJudson, model J10)for the longer ~ C'OSS S€CUONSIGsa, 0'se, andogsa, respectively,
wavelengths up to 3m. High gain preamplifiers were spe-

cially designed to compensate for the low intensity signal of lorr=10€
the probe beam. In the case of the birefringent Y\&hgle

crystal, a Glan-Thompson polarizer made of calcite wadon=!o

placed in front of the entrance slit of the monochromator to

register polarized spectra. The probe beam transmission xz yie 7esANiL =L = oesaNi=N2)Li —opsaNaLi+ oseNaoli
variations induced by the pump were generally very weak i

compared to the probe light intensity transmitted by the (2)
sample, typically of the order of 1§ to 10" ° times smaller.

The frequency modulations were provided by two mechanithe summation being over all the propagation directions of
cal choppers without phase relationship. The lifetime of thethe optical rays with®;y;=1. N, is the total population den-

%l 15> Metastable level is very longa few m3g so that, to  sity of ions, N, the effective?l,5, excited-state population
achieve a strong rate modulation of its population, the moduelensity,L the length of the sample, atg the incident pump
lation frequency was chosen low{,,;~10Hz). Concern- intensity. The Fresnel reflection losses and the diffusion
ing the probe frequencyifope~1 kHz) the only limitation  losses into the sample were included implicitly lig. It is

was the time response of the detectors and of the amplifiersvorth noting that the real excited-state populatidnis not

In these conditions, if we assume, in first approximation, &homogeneous inside the sample due to the pump profile, so
sinusoidal modulation of the pump and probe beams, théhat in relation(2), N, represents in fact a mean value, which
frequency spectrunisee Fig. 3 shows a strong signal at simplifies the calculations. On the other hand, the probe
Vpump due to the fluorescence induced by the pump laser andeam is wider than the pump one and, for each class of

~oasANL (1)
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optical raysi, the length crossed into the studied material
may be decomposed into two parts: the first one, called the
active lengthL;, concerns the excited region and the second

part, characterized by a length—L; is not reached by the
pump beam and contains only ions in the fundamental leve
Knowing that the use of the double modulation technique[

provides the mean transmission intensity= (It )/2

and the transmission variatioll =1,,— 1, and defining

the “transmission cross sectiond=oggat Osg— TEsa,
the Al/l, ratio is written as

-1+ Ei Yi eUTNZLi

Al
7NO'TN2L*,
Im

)

(4)

) :ANzL*O'T, (5)
exp

Im

where A is a coefficient due to the lock-in amplifiers. The
alue AN,L* cannot be calculated exactly but it can be de-
ermined experimentally. This coefficient is wavelength in-

dependent and can be determined from the “excited-state
absorption” spectra in the spectral domains for whicks

is negligible, and possibly for whichgg is also negligible,
thus in whicho 1= oggat 0sg OF 01=0gsa- Ogsa IS €asily
determined from the ground-state absorption spectra and the
knowledge of the total dopant concentration. The stimulated
cross-sectionogg can be obtained fronwgga, in case of

) o o ) transitions involving the ground state, with the reciprocity
Then, since the transmission variations induced by the pumgyrmulat®

are generally weak, we can use a first-order development and
the ratio becomes

Z, hc
ose(N) = ogsa(N) Z|9X4 kT(

11 ))
N (6)

whereZ,, andZ, are the partition functions for the upper and

where L* is the mean transmission length of the samplelower multiplets, respectively, and,, is the zero line wave-

(L*=%;vL;), and the measured signal is proportional to thelength of the transition between the lower Stark levels of
transmission cross section: these multiplets.
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positions of the lines expected by Ref. 12 for fhg,—*Ggy, tran-

stion. that the focal length of the lenses used in the experimental
setup(which were not achromatienay change significantly

) with the probe wavelength. Consequently, the light propaga-
The ESA spectra were registered between 400 and 30G¢hn into the sample may not be constant and leads to varia-
nm for EF*-doped YAG, YVQ, and phosphate glass; they tions of the value ofL* as a function of the probe wave-
are reported in Figs. 4—13. Their spectral resolution dependgngth. As an example, we give in Table | the values of the
on the wavelength range and is reported for each spectrunkN,L* coefficient found for the phosphate gldsse Figs. 4
During the measurements, slits with different widths weregng 5: the mean value is 0.23010%°cm ™2 and the relative

used to compensate for the response of the apparatus. FQlyiation between about 400 and 1000 nm remains less than
I0W|ng3c the measurement, the_ first step was to evaluate thegos, The?l 15114, transition is the only one which can
AN,L™ coefficient introduced in expressi¢8). Most of the e ysed to derive the calibration coefficient for the IR region.

transitions from the ground state could not be used for thiggecause this transition occurs in absorption and emission as
calibration because of their overlap with ESA transitions. Inye|| expressior(7) becomes

the visible range the transitions with very low or without
such an overlap ar#l;s;,—?Hg), (~410 nm, ?Hyqyp (~525
nm), *Fg, (~670 nm and*l,;,, (~985 nm. The coefficient

II. EXCITED-STATE ABSORPTION SPECTROSCOPY

Al
was then calculated by writting I I da
m
ANL* = ———— 2% (8)
f(lAl) a0 2 J(ogsat osp)dN
AN,L* = . Mexp 7) _ . _ .
Jogsadh In this wavelength range the uncertainty is more important

This coefficient was found not to be rigorously constant fromthan in the visible range because of the uncertainty intro-

one transition to the other and the most likely explanation i duced by the calculated stimulated emissi6i) cross sec-

Stion, but it was estimated to be less than 20%.
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TABLE |I. Different values of the AN,L* coefficient for
Er**-doped phosphate glass.

TABLE II. Nonradiative energy-transfer microparameters of
Er" in phosphate glass, YAG and Y\,@n the 1.6um wavelength
range. The Er:YVQ values have been averaged over thand o

Transition Rangénm) AN,L* (10°cm™?) polarizations.

4115/7—2Hgn 400-420 0.233 Sample N Cop (10 %cmPs ™) Cpa (10 ©cnPs

A 15— 2HI? 515-538 0.243

N 15— Fop 650—690 0.232 Phosphate glass 1.53 44 0.16

N 15110 950-1020 0.213 YAG 181 33 2.89
YVO, 2.01 241 0

For EF*:YAG, the ESA spectrum was reported by Ko-
etke and Hub&rbetween 500 and 3000 nm by using a simi- cence lifetime isr;;,,=100us while that for the'l;5, level
lar experimental setup. Our results reported in Figs. 7-9 ari$ 713,=6.5ms.® so that, after’S;;, excitation and relax-
very close to theirs. ation of the excitation energy, we may consider that the ratio

For all the studied materials, we observe that the ESA antietween the populations of tH;,, and “l;3, levels should
GSA cross sections have the same order of magnitude. It ¥pughly follow that of their inverse fluorescence lifetimes
worth noticing, however, that th#l,3,—~%Gy, ESA transi- and the population ofl,1, would be approximately equal to
tion around 475 nm is very strong in the three materials an@boutyy;,/ 713~ 1.5% that of*l13;, which is small but not
that the cross section of this transition almost reachesegligible. This type of transition is not observed in the two
10 ¥cen? in ERT:YVO,. other materials, YV@Q and the phosphate glass, due to their

The Stark sublevels positions are known foPEYAG  shorter “l;;, fluorescence lifetimes, ry;,=27us for
(Ref. 11 and EF*:YVO,,2in principle with good accuracy, Er*:YVO, (Ref. 12 and 711,~2.3us for EF*:phosphate
so that the energies of the transitions between these Stagtass™*
sublevels can be determined for any ESA transitions. As a
matter of fact, except for th#l;5,,—*Ge, ESA transition in
YVO,, a good general agreement it is found between the
experimentally derived positions of the ESA transitions and The most popular laser emission of the’Eion in high
those predicted assuming all these ESA transitions occyshonon frequency materials is the quasi-four-level
from the only *l,5, metastable level to the upper energy *l,3,—" 5, laser emission around 1,6m. Consequently,
levels, which justifies the assumption made at the beginningopulation inversion is more easily achieved for transitions
of Sec. I. In the case of th#,5, -Gy, ESA transition in  terminating on high-energy Stark levels of tfigs/, ground-
YVO, (see Fig. 10 the Stark sublevels of tH&,, multiplet  state multiplet, because of their reduced thermal populations.
were obtained in fact theoretically by using crystal-field A low Er®" dopant concentration is also needed to reduce
calculationst? According to the observed ESA lines, these reabsorption effects, so that the materials are often codoped
Stark sublevels should lie at slightly lower energies. On thewith large amounts of Y} ions, which absorb the excitation
other hand, in the Bf :YAG visible ESA spectrum obtained pump energy(provided by a high power diode laser operat-
after green excitation into thtS;,, level, very weak lines are ing around 970 nm, for examplend transfer it to thél 5,
observed around 585 nm which cannot be explained by amitting level via the'l,;,, upper lying one aftefl;;,—* 3,
transition originating from thél,,, level (see Fig. 7. The  nonradiative relaxation. Efficient laser emission in Yb,
Stark levels analysis indicates in fact the possibility of aEr:phosphate glass for example is obtained fof Yion con-
transition from the second',,, excited level to the centrations more than ten times larger than th¥ fon ones.
(*Gop+2K15,) multiplet. In this crystal, the'l;;), fluores-  Laser emission occurs at the maximum of the SE band near

IIl. INFLUENCE OF ESA ON LASER PROPERTIES

TABLE lII. Judd-Ofelt analysis of EY" in phosphate glass.

Transition Range N Jo&&dn (fogsadh)® (Sasn)i
15— (nm) (nm) (10%°cn? nm) (10" 2%cm? nm) (%)
132 1350-1750 1520.9 35.16 34.73 1.22
11 930-1040 980.1 4.98 5.11 -2.61
“lop 778-842 803.7 1.68 1.78 —5.95
“Fop 620-690 654.5 7.29 7.24 0.69
455, 537-560 545.2 1.39 1.18 15.11
2H(2)11/ 500-537 521.7 20.83 20.84 -0.05
Fa 470-502 488.3 3.71 3.87 -4.31
Fs/pt*Fa 435-465 449.6 1.21 1.54 —27.27
H(2)gs 400-416 407.1 0.92 0.99 -7.61
Judd-Ofelt analysis: 0,=5.81 0,=1.49 0=1.19 (10 2 cn?)

AGSA:O'le 10_20 sz nm
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TABLE IV. Judd-Ofelt analysis of Bf in YAG.
Transition Range N o2 dn (JogsadN)*® (Sasp)i
15— (nm) (nm) (10" 2°cm? nm) (10" 2%¢c? nm) (%)
PPN 1350-1750 1497.5 25.08 24.88 0.80
1o 900-1050 968.7 2.90 2.28 21.38
Hgp 760-870 797.7 1.03 1.03 0.00
*Fop 610-690 652.3 4.40 4.23 3.86
Sy 540-565 546.8 0.66 0.70 —6.06
2H(2)11/ 515-540 523.4 3.35 3.37 —-0.60
Fa 472-502 488.4 1.86 2.30 —23.66
Feot*Fapn 425-470 448.9 1.09 0.92 15.60
H(2)gs2 400-420 408.3 0.56 0.60 -7.14
Judd-Ofelt analysis 0,=0.39 0,=0.69 0=0.55 (10 2°cn?)

Agspa=0.27X10 2°cn? nm

1543 nm*® nearly in coincidence with the “zero line,” and which is longer than that of the emitting one. As a matter of
this laser emission could be tuned between 1525 and 156@ct, no laser emission has ever been reported nor is expected
nm1® According to Fig. 6, ESA in this spectral domain is in Er:YVO, or Er:phosphate glass. However, the 2,9%-
completely negligible and only overlagél,3,—%lo, ESA  laser emission of Er:YAG is very well knowhand a num-
transition with stimulated emission for wavelengths longer ber of laser devices based on this system are now commer-
than 1600 nm which has no importance. In the case otially available, especially for medical applications. This was
Er":YAG, the overlap between ESA and SE is more impor-made possible by doping the YAG crystals very heavily,
tant (Fig. 9). No ESA line is found in coincidence with the with more than 10 at. % Ef. Such a high dopant concen-
main laser line reported at 1.64m.}" However, as men- tration indeed  favors (%11t 130—(ligpt*lgn)
tioned in Ref. 9, the emission peak at 1658 nm is affected bfr** —Er** energy transfers which depopulate and reduce
ESA losses and the one at 1673 nm is even prevented kje lifetime of the®l,, terminal level of the laser transition
ESA. In EP*:YVO,, GSA and SE, on one hand, and ESA, and repopulate th8l,,,, laser emitting state after nonradia-
on the other hand, do not overlap at @lee in Fig. 12and  tive relaxation from the“y, level. The laser emission
laser emission could occur, in principle, at any wavelength irthrough the(*l,;,—%13) transition is very improbable in
the gain region. Moreover, the SE cross sections in this crysyVO, and in phosphate glass for the following reasons: in
tal are substantially larger than in the other materials but, t&r3*:YVO,, the ESA(*l13,—"9) and the SE*13,,—%15/)
our knowledge, no laser emission of Er:YYOr of codoped transitions do not overlap so that the up-conversion process
Yb,Er:YVO, has been observed yet. can only be phonon assisted. In this case the up-conversion
Another important EY" laser emission is that correspond- will be inefficient to depopulate the lower laser level and
ing to the*l 1,15, transition around 2.&m. In principle,  repopulate the upper laser level. Concerning the phosphate
laser emission between tH,,,, and 41,5, energy levels is  glass, although the overlap between these transitions is not
not favorable in oxide materials with high phonon frequen-nil, the ratio of the two concerned lifetimes is susiee Sec.
cies, because of a reducéd,, fluorescence quantum effi- 11) that the population inversion between the,,, and*l;5/,
ciency and of a lifetime of the terminal level of the transition levels cannot be reached.

TABLE V. Judd-Ofelt analysis of EF in YVO,.

Transition Range \ Jo&2d\ (fogspdh)¥® (Sasp)i
15— (nm) (nm) (10 2%cm? nm) (10" 2%¢c? nm) (%)
s 1400-1700 1524.8 68.96 65.29 5.32
1o 950-1030 984.4 9.96 11.32 —13.65
g 770-860 807.3 4.02 3.47 13.68
“Foin 610—690 657.5 14.98 14.95 0.20
Sy 540-560 548.9 1.60 2.65 —65.63
2H(2)117 510-540 524.2 52.24 52.27 —0.06
“Fop 470-510 491.3 7.19 8.67 —20.58
4FgotFapn 435-465 451.4 2.75 3.60 —30.91
2H(2)gs 400-420 408.2 1.99 2.37 —19.10
Judd-Ofelt analysis: 0,=9.42 0,=1.90 0=1.69 (10 2°cn?)

Agsp=1.48<10 2°cn?nm
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TABLE VI. Comparison between the measured integrated ESA cross sections and the ones derived from the Judd-Ofelt analysis for Er
in phosphate glass. Standard deviatidgs,=0.81x10 2°cn? nm. Quadratic average of the relative differenEes 15%. (Judd-Ofelt/
experimeni ratio: R=1.02.

Transition Range N Jo2Edn (f ogsad)© (Sesn)i
Mg (nm) (nm) (10" 2°cn? nm) (10" 2%¢cn? nm) (%)
Hop 1600—1900 1692.6 13.44 13.83 -2.90
“Fop 1100-1200 1141.6 3.61 3.99 —-10.53
1Sy, 820-870 846.9 2.41 3.27 —35.68
2H(2)11/ 775-820 792.3 3.46 3.24 6.36
Fan 694-741 714.0 3.21 3.37 —4.98
4Fgpt*Fa 607-675 639.9 3.94 4.29 —8.88
2H(2)g, 541-567 554.4 5.11 5.47 —7.05
‘G 496-515 504.3 5.32 6.24 -17.29
4Ggjpt 2K 15 2G(1) 7 440-487 477.2 33.79 31.86 5.71

The third very interesting laser emission of thé Eionis  emissions, the 980-nm radiation is the most interesting one
the one in the green associated with i85, 5, transi-  because of large GSA cross sections and negligible ESA. It
tion around 550 nm. This laser emission was already obis also very useful to pump Yb, Er codoped systems.
served in Et":YAG at 561 nm'® but again, as previously,
nothing was observed and is even expected it Eloped
YVO, and phosphate glass. The effect of ESA on the laser
emission of Et":YAG was already reported in Ref. 2 so that
we will only discuss here the two-photon pumping scheme As mentioned above in the case of the Zu®-laser emis-
proposed by Silversmitff. In this pumping scheme, tftS,,,  sion, energy transfers among the*Eractive ions can be
emitting level was reached by using two laser pump sourcesjsed advantageously. The efficiency of these energy transfers
one at\;=812.9 nm corresponding to tH#;5,—%4, GSA  can be evaluated by calculating the energy-transfer micropa-
transition, and other ax,=638.6 nm corresponding to the rameters introduced in the microscopic réter-Dexter
ESA transition. This two-wavelength pumping is expected tatheory, assuming dipole-dipole interionic interactidis.the
improve the laser efficiency. The ESA spectrum reported ircase of the EY ion various energy transfers can be
Fig. 8 indeed shows a very inten8gs/,— (*F3,+*Fs) ESA  considered® Using our ESA measurements, two types of
transition at\,=638.6 nm with a cross sectiomgsp=1.2  microparameters can be calculated: the donor-donor and the
x 10" 2%c?. From the point of view of pumping efficiency, donor-acceptor microparameters labe®gh, andCp,, re-
it seems also interesting to consider the;,—*,;, GSA  spectively. The donor-donor microparame@yy, is related
transition around 980 nm as the first stage of this two-steppo migration-type energy transfers betweer?'Eions in
absorption pumping scheme. which one ion in the'l 3, metastable level transfers its en-

To conclude this section, it is worth noting that the laserergy to another one initially in itél;s, fundamental state.
diodes emitting around 650, 810, and 980 nm are wellCpp thus can be derived by calculating the overlap integral
adapted for pumping Bf ions into their*Fg;,, “lo;, and  of the *l;5,—%13, ground-state absorption and emission
1,12 levels, respectively. For the 1.6- and Zufn laser cross-section spectra according to the expredsion

IV. ENERGY-TRANSFER PARAMETERS

TABLE VII. Comparison between the measured integrated ESA cross sections and the ones derived from the Judd-Ofelt anatysis for Er
in YAG. Standard deviationAgsa=4.49x10 2°cn? nm. Quadratic average of the relative differenBes 21%. (Judd-Ofelt/experimeit
ratio: R=0.78.

Transition Range N [o28dn (f ogsad )™ (Sesp)i
g (nm) (nm) (10%°cn? nm) (10 2%cm? nm) (%)
11 2500-3000 2709.1 62.01 48.65 21.54
Hlop 1590-1860 1684.1 12.08 7.89 34.68
“Foin 1105-1195 1137.6 2.79 1.99 28.67
435, 830-875 851.4 1.91 1.92 -0.52
2H(2)11/ 770-830 804.6 2.38 2.10 11.76
Fa 701-750 715.8 1.96 1.98 -1.02
Fspt*Fa 610-661 641.1 2.57 2.52 1.95
H(2)gs 547-575 561.4 2.85 2.06 27.72
4G 491-521 506.8 2.75 2.37 13.82
4Gyt 2K 151 2G(1) 7 455-491 478.6 6.61 4.56 31.01
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TABLE VIII. Comparison between the measured integrated ESA cross sections and the ones derived from the Judd-Ofelt analysis for
Er* in YVO, Standard deviationAgga=14.40<102°cn? nm. Quadratic average of the relative differen&e=22%. (Judd-Ofelt/
experimeni ratio: R=0.82.

Transition Range N Jo2Edn (f ogsad)© (Sesn)i
Mg (nm) (nm) (10" 2°cn? nm) (10" 2%¢cn? nm) (%)
1o 2600—2900 2731.6 151.02 121.42 19.60
Hgp 1625-1800 1698.8 25.94 29.00 —11.80
*Fop 1100-1200 1147.7 9.68 8.14 15.91
Sy 835-870 853.0 5.04 7.07 —40.28
2H(2)117 780-835 798.9 8.26 6.28 23.97
“Fop 690-740 718.4 7.71 6.60 14.40
4FgotFapn 620-651 641.7 7.96 9.08 —14.07
2H(2)gs 540-570 557.5 14.37 12.82 10.79
“Guiip 498-515 507.0 17.56 14.58 16.97
4Ggjpt 2K 151 2G(1) 7 458-498 481.4 116.30 82.20 29.32

3c agreement if we consider the imprecision usually linked to
CDD:WJ esa(N)osg(N)dN. (9)  the determination of this macroscopic parameter.
In the case of the Er:phosphate glass, @g, value is
The donor-acceptor microparametep, necessary, for ex- lower than in the case of Er:YAG due to the weak overlap
ample, to evaluate the efficiency of the above mentionedetween the considered emission and ESA transitions. Some
(N30t 41310 — (415+ %9 Up-conversion energy transfer, ESA experiments performed with waveguide glasses were
is given byt reported in Ref. 24. The ESA cross sections were determined
3 from a JO analysis. Using theizoresglts,lwe could deduce the
_oC microparameter€,,=0.2X10"*'cm°s ~ for a barium sili-
CDA_BTr“nZJ TesA M) ose(M)dA, 10 cate andCpa=1.0x10 “cmPs™! for an alumino-phospho-
i i i i silicate glass. These values agree well with the valyg
an expression in which the overlap integral =0.16x 10 *°cmPs~* found in our phosphate glass.
{ "ESA(i‘)‘TSE()‘)d)‘ concerns the involvedi;z; %/, and For Er:YVO,, the ESA and SE cross-section spectra do
l137~"115, ESA and SE transitions, respectively. not overlap at all(see Fig. 12 so that the associate@p,
These two microparameteSpp and Cpa were calcu-  \aie js practically equal to zero. Consequently, in this host,
lated by using our cross-section spectra for the three materjp, o up-conversion process will be very inefficient. Some es-
als and they are gathered in Table II. timate ofCp, could be found by including the vibronic side-
The up-conversion energy transfer paramelgiy thus  anqs of absorption and emission baftisut this procedure
derived in the case _of -Er:YAG and which is of interest for ;.14 be certainly very approximative.
2.94um laser emission is found to beCp,=2.89
x 10 *cmPs™L, This value differs by three orders of mag-
nitude from the value 0€p,=1.7x10 *"cm®s™?! reported V. JUDD-OFELT ANALYSIS
in the literature?? The latter was derived by using a rate _ o - _
equation model assuming two-dimensional energy transfers. Electric and magnetic dipole transitions constitute the
This value is certainly too high: its order of magnitude is theMain contribution to the optical spectra of the rare-earth ions
one obtained in the case of resonant energy transfer arlf solids. Whereas the magnetic dipgMD) line strengths
strong absorption and emission transitions, which is not th&éan be easily calculated, the electric dip(D) transitions
case. The discrepancy probably comes from the fact thare forbidden between states belonging to the same elec-
these microscopic energy-transfer parameters cannot be siffonic configuration. The ED transitions become partially al-
ply derived from macroscopic rate equations. When migralowed when odd terms of the crystal field mix opposite par-

tion is more important than the direct energy transfers, thdly configuration states into f4. The crystal field is then

equations can be related to the microparam&téngthe ex-  Probabilities usually occur with the same orders of magni-
pression tude. Following the approach given by J8duhd Ofelf it is

possible to calculate the intensity of these ED transitions by
277\ 572 making some approximations which are generally valid for
?) VCpaCppN, (1) the rare-earth ions. In this section, the Judd-Qf#D) theory

is applied to Et' in the studied matrices for transitions be-
whereN; is the population in thél,s, ground state. In Ref. tween the first excited-state lewél,3,) and the higher mani-
13, Georgescuetal. have found Wy; equal to 1.7 folds. Because a detailed description of the theory can be
x 10 YcmPs™t for N;=4.2x10%°cm™3. The value ofW,;;  found for example in Ref. 1, only the main formula needed
obtained using Eq(11) with our microparameters is 0.82 for the understanding are presented here. The line strength of
x 10 Y cm*s™L. These two values AV, are in rather good the MD intermanifold]—J’ transition is given by

Wll: aw
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MD h \2 . ) This comparison is presented in Tables VI, VII, and VIII for
S3 =\ Zmme [(4f"a[SLIJ|IL+2S]4f"a’[S'L"]3")/?, Er** in phosphate glass, YAG and Y\ Orespectively. The
(12  experimental ESA integrated cross sectiofispan(\)dn

R R were determined after subtraction of the GSA and SE cross
wherelL andS are the operators of the total orbital momen- sections and the calculated ESA integrated cross sections
tum and total spin, respectively. The reduced matrix elemerftf ogsa(A)dA]7© were calculated using expressi@iv). To
of the operatol +2S were calculated using the eigenfunc- Make the comparison we have usedtdy);, the relative
tions obtained by Webéf. In the JO theory, the ED line difference between experimental and theoretical ESA inte-
strength of the transition between the initidl and final ¢’)  9grated cross sections for each transitidis,, the overall
states is given by standard deviation calculated with an expression similar to
expression(15) and two new parameterf, the quadratic

Seert 1 average of the relative difference
(S5)7°= 3, Q(4"a[SUIU 4" [SLII)2 ’

(13 — Sis1(Sesp)f
N (16)

where (4f"a[SL]I|UW|4f"a'[S'L']J’) are reduced ma-
trix elements of the unit tensor operator which depend onlyandR, the ratio between the total theoretical and experimen-
on the RE" ion because they are calculated with eigenfunc+g) integrated cross sections:

tions of the free ion. In the present work, we used the matrix

elements calculated by KaminskiiThe intensity parameters giN: 1[fUESA(7\)d>\]iJO
(), are characteristic of the ion-host combination and were R= SN & dn]
determined from a least-square fit between the theoretical i—1[J ogsa(N)dN];

line strengths §,;,)™ and those experimentally derived from £ angR are thought to be more indicative of the agreement
the ground-state absorption spectra using the following relaqua”ty than the overall standard deviatighgs, which

17

tion: mainly reflects the contribution of the most intense ESA
transitions. However, the values Afg, are given for infor-
9n 3hc(2J+1)eq (r2 tion.
(SED)exp— =20 [ (0 dA o £ :
(n2+2)2 2267\ Ay For Er"-doped phosphate glaBable VI), the integrated

cross sections obtained by the JO analysis are in good agree-

ment with the measured ones and the relative difference
- nSﬁ"ﬁ) , (14 (Oesp)i between them is always smaller than 20% with one

exception: the small intensity transitidh 5/,—*Ss/, which is
obtained with the worst experimental precision. The experi-
mental and calculated total integrated cross sections are very

close, withR=1.02 andE=15%. These results are good if
we consider that the ESA cross sections are measured with
“an accuracy approximately equal to 20%. The values of the
calculated cross sections for’ErYAG (Table VII) are com-
Q|5arable to the measured ones and in the worst ca&g)(

HS equal to 35%E remains close to 20% but the rat®is

: only 0.78. For Et":YVO, the calculated and measured ESA
these tables[ o2&,(\)d\ stands for the measured integrated cross sections are also in good agreent@able VIII) and

. Jo -
GSA cross section anflf ogsa(A)dM]™ is the calculated the maximum relative difference is found for the already
value of this integrated cross section using the ED line

. . . 4 4 -y
strengths obtained with E@13). (gsp); is the relative dif- mentoloned low intensity "l;37>"Sy, transition (Ggsa
ference between the experimental and the theoretical GSA 40%). The quadratic a"era‘?e of the relative difference is
integrated cross sections for each transition Aggd, is the ~ comparable to the ones obtained for the other sampites (

where o ;5 stands for the absorption cross sectiaris the

refractive index of the host, andis the mean wavelength of
the *l,5,,—J’ absorption transition. The values of the refrac-
tive index were found in Refs. 1, 27, and 28 for YAG, phos
phate glass, and YV{ respectively.

The results of the least-square fit to the absorption data f
the spectra of Bf in phosphate glass, YAG, and YVO
between 400 and 1800 nm are reported in Tables Il1-V. |

exp

overall standard deviation: =22%) and like in YAG the calculated integrated cross sec-
tions seem to be systematically smaller than the experimental
SIS oesa MNP [ 08BN AN} ones R=0.82). | .
Agsa= N , One explanation for the last point could be a saturation

(15) effect in the transmission spectra of thé Edoped materials
exhibiting intense and sharp lines like Er:'YAG and
whereN is the number of transitions or group of transitions Er:YVO,. On the other hand, some ESA transitions overlap
taken into account in the least-square fit. with GSA and the subtraction of the GSA cross sections may
The intensity parameters are usually used to calculate thiaduce some additional imprecision on the values of the ESA
radiative transition probabilities, the radiative lifetimes, andintegrated cross sections. It is apparently not the case if we
the branching ratios for each transition. In our case, as aforesonsider in Tables VI-VIII the relative differences related to
said, the JO formalism allowed us to evaluate the ESA intethe ESA“*l15,—?H11/, *Fsp and Gy, transitions that are
grated cross sections and to compare them to the ones mehe most concerned by the overlap with GSA transitions. At
sured by using the experimental setup described previouslyast, in the way the(); parameters are calculated, several
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(Sasp)i values can be found which are larger than 20%. SO!osses;1 Concerning thg potential laser operati.on through the
when these JO parameters are used to calculate the ES&s»— 115 channel using a two-photon pumping scheihe,

cross sections, it is quite understandable thigkf); values
of the same order of magnitude a8ggp); are obtained.

CONCLUSION

our measurements have confirmed the importance of ESA at
638.6 nm(*l15,,—*F3,+*Fs, transition as second step in the
pumping scheme. The microparamet&@gp and Cp, re-
lated to the migration and up-conversion energy transfers
involved in the 2.9um laser emission were calculated using

The main advantage of the ESA experimental setup usegur measured GSA, SE, and ESA cross sections. In Er:YAG,
in this work, based on the double modulation of the pumpthe valueCp,=2.89x 10 *“°cm®s* deduced from our data

and probe beams, is to get rid of the fluorescence signal. Thé&eems much more realistic than the one found in the

ESA spectra of BY in YAG, YVO,, and phosphate glass

literature?? Finally, the JO formalism has been used to esti-

have been registered in the visible as well as in the IR remate the ESA integrated cross sections from4hg, mani-
gions up to 3um and the accuracy of these measurements Ifold and the results compare well with the experimentally
estimated to be better than 20% in all cases. The positions eferived values: the accuracy of these Judd-Ofelt predictions

the ESA transitions have been compared to those predictags within 20%, which is also typical of the predictions in
from the EF* Stark sublevels found in the literature and athe case of the ground-state absorption data.
general good agreement is found. This comparison has re-

vealed that the calculated positions of the Stark sublevels of

the 4Gy, manifold in YVO, (Ref. 12 were not correct. The

ACKNOWLEDGMENTS

influence of ESA on the laser properties of the studied ma- Thanks are expressed to D. R{EZEE, |daroberstein, Ger-

terials has been analyzed. Around L (*l,5,,—,5, laser
transition), Er:YAG is the only one to be affected by ESA

many) and Z. FrukacAITME, Warsaw, Polandfor provid-
ing us with the Er:YVQ and Er:YAG crystals, respectively.

*FAX: (3323145 2557.
doualan@spalp255.ismra.fr

Electronic address:

14p. Le Boulanger, Ph.D. dissertation, Laboratoire de Spectroscopie
Atomique, ISMRA, Universitade Caen, France, 1998.

1A. A. Kaminskii, Crystalline Lasers: Physical Processes and Op- 1°E. Snitzer and R. Woodcock, Appl. Phys. Lef.45 (1965.

erating Scheme&CRC, Boca Raton, 1996

18A. A. Petrov and V. A. Fromzel, Opt. Spektrost0, 1098(1991)

2T. Danger, J. Koetke, R. Brede, E. Heumann, G. Huber, and B. H. [Opt. Spectrosc70, 643 (1991)].

T. Chai, J. Appl. Phys76, 1413(1994.

3F. Auzel, in Radiationless Processesdited by B. Di Bartolo,
Series B: Physics Vol. B62ZPlenum, New York, 1980 pp.
213-286.

4S. A. Pollack, D. B. Chang, M. Birnbaum, and M. Kokta, J. Appl.
Phys.70, 7227(1991).

5D. L. Dexter, J. Chem. Phy21, 836(1953.

6B. R. Judd, Phys. Re\l27, 750 (1962.

’G. S. Ofelt, J. Chem. Phy87, 511(1962.

8Y. Guyot and R. Moncorgel. Appl. Phys73, 8526(1993.

%J. Koetke and G. Huber, Appl. Phys. B: Lasers Cgt, 151
(1995.

105 A, Payne, L. L. Chase, L. K. Smith, W. L. Kway, and W. F.
Krupke, IEEE J. Quantum Electro@8, 2619(1992.

113, B. Gruber, J. R. Quagliano, M. F. Reid, F. S. Richardson, M. E.

Hills, M. D. Seltzer, S. B. Stevens, C. A. Morrison, and T. H.
Allik, Phys. Rev. B48, 15 561(1993.

25 A, Capobianco, P. Kabro, F. S. Ermeneux, R. Moncolkge
Bettinelli, and E. Cavalli, Chem. Phy&14, 329(1997.

135, Georgescu, V. Lupei, A. Lupei, V. I. Zhekov, T. M. Murina,
and M. . Studenikin, Opt. Commuigl, 186 (1991).

17H. Stange, K. Petermann, G. Huber, and E. W. Duczynski, Appl.
Phys. B: Photophys. Laser Che#®, 269 (1989.

18¢ v, Zharikov, V. I. Zhekov, L. A. Kulevskii, T. M. Murina, V.
V. Osiko, A. M. Prokhorov, A. D. Savel'ev, V. V. Smirnov, B.
P. Starikov, and M. I. Timoshechkin, Kvant. ElektrofMos-
cow) 1, 1867 (1974 [Sov. J. Quantum Electrord, 1039
(1979].

19R. Brede, E. Heumann, J. Koetke, T. Danger, G. Huber, and B.
Chai, Appl. Phys. Lett63, 2030(1993.

20, Silversmith, J. Lumin60-61, 636 (1994.

213, A. Caird, A. J. Ramponi, and P. R. Staver, J. Opt. Soc. Am. B
8, 1391(1991).

223.Wang and D. J. Simkin, Phys. Rev.58, 3309(1995.

Z3A. 1. Burshtein, Zh. Eksp. Teor. Fif2, 1695(1972 [ Sov. Phys.

JETP35, 882(1972].

24J. E. Roman, M. Hempstead, C. Ye, S. Nouh, P. Camy, P. La-
borde, and C. Lerminiaux, Appl. Phys. Le67, 470(1995.

25E. Auzel, Phys. Rev. B3, 2809(1976.

26M. J. Weber, Phys. ReW57, 262(1967).

?’Glass Laser Rodg&Kigre, Inc., Hilton Head, 1990

28Crystals(Fujian Castech Crystals, Inc., Fujian, China, 1996



