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The paper compares the mechanisms that enable the upconverted green efsissiotd) of the HG* ion
under infrared excitatio{700-920 nm in several crystalline hostéYAlIO;, YLiF,, Y3Sc,Ga0;,, and
BaY,Fg). Parameters involved in the upconversion such as excited-state absorption and cross-relaxation rates
were determined from spectroscopic measurements. A system of differential equatosgquationswas used
to describe the upconversion mechanism and was numerically solved. The results were compared with experi-
mental data. A reduction of this system to a three-level “simplified system” is presented, which includes only
the ground level, the emitting level, and the intermediate level. The differences between the photon-avalanche
mechanism and the looping mechanism are discussed and analyzed according to this simplified system.
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I. INTRODUCTION ESA process °l1,—°S,, ESA1 in Fig. 1a)] enables the
population of the’S, multiplet. The cross-relaxation process
Ho®* is a very interesting ion from the point of view of S[(°S;, °lg)—(°l4, °I;)] creates the possibility for further
upconversion, cross-relaxation, and excited-state absorptidgeding the’l; multiplet. Additionally a second ESA process
(ESA) processes. Its energy-level scheifiég. 1) allows [ |6—>5Ge_, ESA2 in Fig. 1a)] occurs. Nevertheless, al-
multiple ESA transitions from thél,, 515, and®l s levels to though this excitation scheme works for both*ioYAIO,

+. ; :
the 55, or higher-lying levels, which could activate emission 29 HO":YLF, a different behavior for the upconverted

I . green emission was reported for YI(Ref. 4 and YAIO3.5
from these high Iymg levels and make these systems InterI(.Zor the green emission of H6:YLF, features of an ava-
esting for upconversion lasers.

. . lanche mechanism were observed, while the upconverted
Green emission based on an avalanche-type mechanlsgpeen emission in the case of YAJ@hows none of the ava-
was obtained in Hb":YAIO; and HG*:ZBLAN under a

2 _ lanche characteristics. In this latter case {H&AIO;), a
580-nm pu”.‘pl' ~In our study we will focus on the range of g _cajled “looping mechanism(Ref. 6 is being established.
infrared excitation(700—-920 nmy, where efficient laser di- The name is due to the fact that when an excited ion is

odes are available. Under excitation in this spectral rangg§emoved from thel ; level by the ESA1 procesd ,—5S, it
strong green emissior"$,—°lg) was reported in several il enable processes which again populate fe level
crystalsh3~° (cross-relaxatiors and phonon deexcitation chait ;— %I

The excitation spectrum in this region reveals thatt8g 5| ;—5|,). This behavior is similar to a loop, i.e., a round
multiplet is excited after pumping around 750, 840, and 89Qrip of the excitation in the system. It should be mentioned
nm (from which excitation around 840 nm leads to the weak-that the cross-relaxation processot only creates a loop in
est green emission The comparison with the absorption the excitation circuit but also brings new excitation into it
spectra leads to the assumption that the mechanisms und@lue to the component g—°I-). In this way any loop also
750- and 840-nm excitation are mainly due to strong ESAcreates a gain in the excitation of the intermediate level. The
processes, while the 890-nm excitation mechanism is morgatios between the gain of the excitation loop and the loss in
likely a two-step absorption. Excitation mechanisms werehe population of the®l, level plays a major role in the
previously presented and discussed for YAI®efs. 1 and  behavior of the system. In one part of this paper this different
4) and YLiF, (YLF) (Ref. 3 under a 750-nm pump and behavior for the cases of F6: YAIO; and HG*: YLF under
BaY,Fg (BYF) (Ref. 5 under a 888-nm pump. A short de- 750-nm excitation will be presented and analyzed in terms of
scription of these mechanisms in the beginning will be helpthis gain and loss. This is a similar treatment to the one
ful in understanding our further analysis. presented in Ref. 6 for Ho, Tm®":Gd,Ga;0;,. This

For crystals with relative high phonon energy, such asmeans the introduction of a new “simplified system” of
YAIO; (effective phonon energyiw~600cmt), YLF  equations, where only the ground state, the intermediate
(hw~490cml), and Y;S6G&0;, (YSGG (fiw level for the looping mechanism, and the emitting level will
~550 cn'1) the case of 750-nm excitation was found to bebe considered.
the most favorable in order to obtain green emission. In this In the case of Hb":BYF (A w~360—-380 cm?) under
case, a very weak ground-state absorpfitig—°l,, GSAL  750-nm excitation the’l ; multiplet acts like a trap for the
in Fig. 1(a)] triggers the process. Phonon deexcitattly  excitation (due to low multiphonon deexcitation rajesnd
—°15—°15—">l; brings the excitation to thél,;. A strong  makes the feeding process of Rk, level inefficient. The

0163-1829/2002/623)/23511913)/$20.00 65235119-1 ©2002 The American Physical Society



E. OSIAC, 1. SOK,O_SKA, AND S. KUCK PHYSICAL REVIEW B 65 235119

5
25000 |- 3G4
G
5
°G +F
= = [ 1
20000 |- o1 5|=3
R 5 5
S +F
o 2 4
- S < st 5
f o (73] F
£ 15000 | < u 5
(&) %] 5
= i} . |
w 4
. W 5
N A 5
10000 |- 5
P 1 |s
<
5000 |- A A L
S
FIG. 1. (a Upconversion
a ol 5IB scheme for 750-nm excitation
(e.g., HGT:YLF). (b) Upconver-
25000 5G4 sion sche+me for 888-nm excitation
G (e.g., HO":BYF).
5
- 5(3|6+5F1
K |
20000 |- °F,
% °S,+°F
el o+ F,
< s
— a . 5
T_ 15000 [ Fs
£
A=A 5
w A 4
p < %
10000 & 5
1 w 5
! 6
5000 |- \ 5
S(\l 7
N S S,
G 5
b ol lg
second ESA processlg— °Gg) brings the excitation to lev- Il. EXPERIMENT

els Qigher than th€S, level. Parts of this excitation bypass Ho®*:YAIO; and HG™":YLF crystals doped with 0.1%,

the °S, level, because these levels are not totally quenchedo, ang 3% and HY :BYF and HS*:YSGG crystals

by phonon deexcitation and due to cross-relaxation processeped with 1% of H8" ions were grown by the Czochralski
such as, e.g.°F3, °15)—(°Fs, °I;). The gain of this exci- method. All concentrations are given with respect to the Y
tation loop is thus very small. For 6:BYF another upcon-  site. All measurements were performed at room temperature.
version scheme, leading to the most intense green upcoiFor the absorption spectra a Cary 2400 spectrophotometer
verted emission was proposefsee Fig. 1b)]. This  was used. For the emission spectra the samples were excited
mechanism is based on a two-step absorption process undgy a continuous-wave Ti:sapphire laséBpectra-Physics
890-nm excitation: ground-state absorptiGhg—°l5 fol- 39009 pumped by a frequency-doubled Nd:YY(Spectra-
lowed by the ESA®Is—°F;. Several cross-relaxation pro- Physics Millennia X, and the signal was collecte@dinder
cesses[i.e., s (°S,, ®lg)—(°ly, °17) and s, (°F3, ®lg)  90°) by a cooled S1 photomultiplier placed behind a 0.5-m
—(°Fs, °I;)] also act in the system, but they do not provide Spex monochromator. The wavelength of the monochro-
additional excitation to the intermediate levetld). A mator is computer controlled. The excitation measurements
second, but very weak ESA procesSlA{—°Fs) also were performed in the same setup as the emission measure-
exists in this scheme. In this paper we will extend thesaments, but in these cases the wavelength of the Ti:sapphire
analyses, providing a comparative investigation of the ESAaser was scanned while the wavelength of the monochro-
processes together with numerical simulations and analyticahator was fixed. The wavelength scan of the Ti:sapphire
calculations. laser was performed using a birefringent filter in the laser
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cavity in connection with a computer-controlled stepper mo-absorption cross section for the levetespectivelyn; is the
tor. For the kinetics measuremeti®., decays and temporal population of theith excited staten,=X;n; is the total
evolutions of populationsan oscilloscopelLeCroy 9060  population of the excited states; aAds a constant. To ob-
was used. tain this formula the assumption was made that the differ-
The ESA measurements were performed in accordancence Al is small in order to approximate the expression
with the setup described in detail in Ref. 7. This method is dn(1+Al/l,) with Al/l,. This approximation holds when the
pump-and-probe measurement using a double modulationumber of excited ions is small compared with the total
technique with two lock-in amplifiers. The probe beam isnumber of ions(small pump power densitigsThe signal
provided by a halogen lamp, and is modulated by a lightAl/I is positive in the case of dominating ground-state ab-
chopper with a frequency of about 800 kHz. The transmittedsorption or stimulated emission and negative in the case of
signal is analyzed with the first look-in amplifier, which usesdominating excited state absorption.
this high-frequency chopper as reference. The pump beam is One of the main tasks was to determine the ESA cross
provided by a laser, and is modulated with a much lowersections for the’l ;—°S, and %l s— °Gg transitions. With the
frequency of about 10 Hz. Its aim is to bring a number ofhelp of the above method we measuredAhél signal in the

ions into the excited states, and consequently the probe beagpectral range of 730—770 nm in order to determine the cross
absorption does not only occur from the ground state but alsgection for the®l,—°S, transition. In Figs. 2)—2(d) the

from the excited states. Furthermore, amplification of theresults (dotted line@ for the case of H®":YLF and
probe beam due to stimulated emission will be measured4o®*:YAIO, are presented. Using the above-described
Because the second look-in amplifier uses the output signghethod, the results are obtained in arbitrary units. They were
of the first lock-in amplifier as an input signal and operatesnormalized to cross-section values with a procedure, which
with the reference signal from the pump be&h® Hz), it s based on the reciprocity method and will be described in
will analyze the difference between the transmission signajhe following. For the case of H6:BYF the A1/l signal is
in the presencel () or absencel(,) of excitation due to the presented for the range of 700—900 nm in Fi¢g)3nd in
pump beam. It should be mentioned that an almost perfedietail for the 880—900-nm region in Fig(l8 (corresponding
overlap between the path of the probe beam and the path @ the °I;— %I and °1s—°F; transitions.
the pump beam inside the crystal should be realised in the The ESA signal {1,—°S,) can also be estimated using
experiment. the reciprocity methofEq. (2)], if the emission cross section

It can be shown that the following formula holds: is known. The emission cross secticﬁS§—>5I 7) can be cal-

culated using the Fuechtbauer-Ladenburg fornilq. (3)]
A=A ogspt 2 (N/Ne)(Tem;i— Tesa)) 1) z he
' oem<x>=oab;x>zex;< Ez- y), @

whereAl is the difference between the transmission signal in
the presencel() or absencel(,) of the pump laser signal oo \)=CA5I (M), 3)
applied;! is the transmitted signal &1,~1,); ogsa, Temj »
andogsp; are the ground-state absorption cross section, thevhere o, and o, are the emission and absorption cross
emission cross section for the levieland the excited-state sections,Z, andZ are the partition function for the lower
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FIG. 3. (a) MeasuredAl/l spectrum between 700 and 910 nm.
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and upper multipletsE,, is the energy of the transition be-
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The excitation spectra of the green emission are presented
in Figs. 4a)—4(d). For Ho**:BYF the excitation spectra is
compared with the ground-state absorption spgaiea Fig.
4(a)] around 890 nm. In the case of Ha YLF the excitation
and the ESA spectrum of th& ;—°S, transition are pre-
sented in Fig. &). For the case of HY:YAIO; and
Ho®":YSGG the excitation spectra are also presented in
Figs. 4c) and 4d) in comparison with the corresponding
ESA spectra.

The parameters necessary for the numerical simulations
were obtained by analyses of the kinetics measurements.
Transfer rates were calculated from the decay curves by us-
ing the formula

Wi =Wer—Wp, (4a)
whereW, is the deexcitation rate in the absence of transfer
and Wge is the rate in the presence of energy transfer and
could be estimated from E@4b),*®

tween the lowest levels of the upper and lower multiplets

(the so called zero-line energy (\) is the spectral intensity
distribution (photons/§ andC is a constant. In order to cal-
culateZ, andZ, we used the energy-level data reported in
Refs. 8—10 for H3":YLF, in Ref. 1 for H3'*: YAIO 4, and

in Refs. 11 and 12 for H9 : YSGG. The values are listed in
Table I.

In our case(Ho®*":YLF and HG":YAIO; and the I,
—5S, transition as the ESA procasshe ground-state ab-
sorption cross sectiortlg—°S,) was first measured. By the
reciprocity method the emission cross secti®S,(°lg)
was determined. By using E@3) it was then possible to
determine the’S,—°1, emission cross section.

The results of the’l;,—°S, absorption from the direct
ESA measurementgdotted line and from the °S,—5I,
emission spectra via the reciprocity meth@alid lineg are
presented in Figs. (@ and 2b) for HO*":YLF (o and 7
polarizations, and in Figs. 2c) and Zd) for Ho>*: YAIO; (a
andb polarizations.

In the case of H®" :BYF the Al/l spectrum is presented
in Fig. 3@). It is observed, that a pure ESA signal exists in

the spectral ranges around 750, 800, and 840 nm. In th
888-nm range the signal is positive, but if we compare it

with the ground-state absorption spectr(see Fig. )], it
can be observed that tiad /1 signal is almost zero at 888 nm

Wer= Fe it o

where n(t) represents the decay curve, normalized to the
maximal value.

In order to calculate these rates the decays for samples
with a low H@®* concentration(0.1% were measured. At
low dopant concentration there is almost no energy transfer
between the dopant ions, and consequently the decay is ex-
ponential and the lifetime, can be easily obtained by a fit.
The deexcitation rate will b&/y=1/7,. Increasing the con-
centration of the dopant ion the non-radiative energy transfer
between the dopant ions starts to play an important role. The
decays become non-exponential, so the fit with an exponen-
tial function gives not accurate values for the lifetimes. In
fact one can define only a mean lifetitdand an effective
dexcitation rate as given by Eb). According to Eq.(4a)
the difference between these two rates will give us a value
for the transfer rates. In fact, these values will represent a
mean value of the individual transfer rates from each pair of
%opant ions, but it will be appropriate to be used into a rate
€quation model.

Additionally, the quantum vyield of the transfer process
can be derived from Eq5),*3

although the ground-state absorption cross section spectra

has a maximum at 888 nm. This proves that at this wave- n=1- i mn(t)dt=1— %: ﬂ (5)
length a strong ESA transition also exists. 70 Jo Wer Wee
TABLE |. The partition functionZ for %14, 515, and €S,, °F,) multiplets.

System Z(%lg) Z(°15) Z(°S,+5F,)

Ho**:YLF 6.91 8.59 6.67

(Refs. 8—-10 (13 Stark level reported (10 Stark level reported (4+7 Stark level reported

Ho®":YAIO, 7.6 6.86 9.28

(Ref. 1) (16 Stark level reported (11 Stark level reported  (5+9 Stark level reported

Ho®':YSGG 6.97 8.89 6.99

(Refs. 11 and 12 (14 Stark level reported

(13 Stark level reported

(5+8 Stark level reported
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where 7= 1MW, represents the lifetime in the absence ofsignal-to-noise ratio, an average over 800—1000 signals was

transfer processes. also made with the oscilloscope.
Examples of the temporal population evolution of ft&
level (under quasi-cw excitation; the pump beam laser is Il DISCUSSION

chopped are presented in Figs(&® and 5b) for Ho®>": YLF

(for two different pump powers and an excitation around 750 To start the numerical simulations on a specific system
nm) and in Figs. §c) and §d) for Ho®":YAIO (excitation  one needs to know the excitation scheme and the parameters
around 754 nand Ho ' :BYF (excitation around 888 nm  involved in the upconversion mechanisrftsoss-relaxation
The experimental setup for such a measurement is close tates, pumping rates, phonon deexcitation rates). efhe

the emission setup, but in this case the monochromator iground-state absorptiofGSA), excited-state absorption
fixed to the wavelength at which emission occurs. The signalESA), emission, and excitation spectra have to provide the
provided by the photomultiplier is not amplified by a lock-in values of the pumping rates and information about the exci-
amplifier and transmitted to the computer, but instead anatation mechanisms, while the lifetime measurements offer
lyzed by an oscilloscope which is operating with the triggerinformation about the values of the cross-relaxation and up-
signal from the pumping beam. In order to improve theconversion rates. The results of the numerical simulations

100 5 0000 1.01p
(o]
z 0
£ -
3 3
g0 £05 FIG. 5. Temporal evolution of
= }! = Ho-YLF the S, population. The results of
Ho:YLF o: the measurementgcalculation$
5/0 are shown as solid linegopen
083 . 0.0 r : 3.
.00 0.04 0.08 0.00 0.04 0.08 circles. (@) Ho°":YLF, 750-nm
Time [s] Time [s] excitation, pumping rate above the

threshold.(b) Ho*": YLF, 750-nm
excitation; pumping rate below or
around the threshold. (c)
Ho®*:YAIO;, 750-nm excitation.
(d) Ho®*:BYF, 888-nm excita-
tion.
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can be compared with the experimental data of the temporal (f"aSLJUY|f"a’S'L'I")
evolution of the population of the energy level of main in-
terest, i.e., the’S, level for the H3" ion. Eventually some
of the parameters have to be adjusted for a better fit.
Because absorption and emission were already thoroughly
studied™*~>8we will focus deeper on the ESA and excitation X(fhaSUYf"a’S'L"), (7)
spectra. As we mentioned in Sec. I, in Figga)2-2(d) the
Al/l spectra are presentédotted ling in comparison with  with D the dipol strengtha/b the initial or final state of
the calculated ESA spectfdetermined from the reciprocity the transition,J/J’ the total quantum moment of the initial
method of the °1,—%S, transition for HG":YLF and or final state of transitione the elementary chargé), the
Ho®*":YAIO;. A good agreement between these two spectraudd-Ofelt parameter&=2, 4, and 6, f" the denotation
is observed, supporting the conclusion that around 750 nrof the configurationL/S the angular-spin momenitaL S]J
the main ESA process is thtt;—°S, transition. Neverthe- the representation of the wave function of th& 'L ; term
less a second ESA transition, i.8l,¢—°Gg, occurs in the in the intermediate coupling schem&®=S+L'+t+J,
same wavelength region. A proof for the second ESA procesgpg (- LV the 6j symbol. The term

could be the small differences between the two speattal (f'aS Li]||SUJ||f“[a’S’L’]J’>

and the calculated ESA spectruthat can be observed es- o q,ced matrix elements, and can be calculated from(Eg.

pecially in the case of Ho:YAIO;. However, because of g, taking into account the SL states in the intermediate
the relatively good agreement between the two spectra Weoupling schemé®

assume that thél —°Gg ESA process is much weaker than We have found that the ratio ESA1/ESAgee Fig. 18)]
the °I,—5S, ESA process, and accounts only for about 10—5 about 5 for H3*:YAIO,, 6 for H**:YLF, and 4.5 for

15% of the spectrum. s o Ho®*:YSGG. The estimation of the rate between the
The e_xcﬂatlon spectra for th%32—3>+lg em|SS|og1+are Pré-  ground-state absorptior®lg—51,) and the ESA process

ser;'ied in Figs. @‘)_ﬂ(d) for Ho":BYF, HO":YLF, (5| _ 55 s also possible; it is about 1/100 for FHo-doped

Ho®":YAIO3, and HG':YSGG in comparison with the v vAjO,, and YSGG. In the case of Fo:BYE and

5 5 . 3+.
7= (%!ESA—spectra for. HY" YLF,(b)' H‘? "YAIO; (o), excitation at 888 nm, for the integrated ratio GSA2/ESA3
and HO™:YSGG (d) and in comparison with GSA spectra s method gives a result around 0.4. All these values from

3+ :
for Ho BYF (8. A very good agreement in observed for 3,qq.ofelt theory are only approximations, as they repre-
Ho®": YLF while for Ho’":YAIO; and HG™:YSGG some  gents integral ratios of the transitions between multiplets
differences between the two spectra exist in the relative in5nq not between Stark levels. They were used only for
tensities of the peaks. These differences can be due to “?:%mparison.

ratio between the two ESA processes at a specific wave- |5 order to obtain the transfer rates, the results of the

length and/or between the ground-state absorption and thgetime measurements were used. FoPHOYAIO ; the S,
ESA process. These differences support the idea that in th@atime decreases from 48s (0.1% HG™* doping, 300 K to
+. +. : ’

case of H8":YSGG and H8": YAIO; the second ESA pro-  gffective lifetimes of 33us (1% HG** doping, 300 K and

cess _plays a more important role in populating #$s level 12.7 us (3% HS** doping, 300 K. For Ho:YLF the reduc-

than in the case of HO :YLF. o tion is from 80us (0.5% HS* doping, 300 K to 35 us (3%
For HO'":BYF the ESA spectra are shown in FigdaB 53+ doping, 300 K. The calculated transfer rat&¥, [Eq.

and 3b). Strong ESA processes exist around 750 and 888 NM(a)] are 6.5<10's ! for 3% HG*:YAIO; and 1.6

(also see Sec. )l The excitation spectra for the green emis- x 10" st for 3% HG**: YLF respectively. We have to men-

i " . - : i
sion for HG'*:BYF is compared with the ground-state ab- 4o 'that in the case of YAIQ under 750-nm excitation a
sorption spectra in Fig.(4) for the spectral region around eak plue emission around 390 and 425 nm was observed,

890 nm. Maximal green emission occurs for excitation atcorresponding to the transitiorG,— 515 and 3Gg— 5l

about 888 nm, i.e., at a wavelength of a good overlap bezeqhetively(Note that the’Gs multiplet also contains terms

tween GSA and ESA. For the other strong absorption peakﬁOm the 5Gs multiplet due to the intermediate coupling

only a weak green emiSSion occurs. This confirmg that th cheme. To explain these emissions, the upconversion pro-
main upconversion process is the two-step absorption, as essay [(5S,, 5S,)— (5G,, 51c)] [see Fig. 1a)] is intro-

ready me.”“of‘ed in Sec. I: . duced. For H8": YLF these emissions were not observed.

An es“”ga“or; of the fg‘“os 5between the two integral ESA For a better understanding of the processes, in accordance
prO(_:es_se$ 175, and *l—°Gg for the case of 750-nm with the excitation schemes described above we have set a
exg'tat'or) 2nd b5etween the ESA and GSA prqceg(s@s general system of rate equations, see E8s.Nevertheless
5 stand IB? la Jor the case of 750-nm excitation and g, g4y particular case of excitation scheme there are spe-

Is—°F; and *lg—"l5 for the case of 888-nm excitatipn e assumptions to be taken into account:
can be obtained from the Judd-Ofelt ther}y using Egs.

(6) and(7):

L t L'
—(_1)\P / 1/2
=(—1)"[(23+1)(23'+1)] [J’ S J]

represents the double-

9
%:* E'*‘*'_R*_R*_**
, . gr - Wit BiwWi"Ni— Ry Ng—Ra1" Ng—S"Ng™ Ng
D(ad,bd)=e?>, QfaSLII|UYf[a’S'L']I"), 1=2

(6) —s,*n;*ng,

235119-6
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dnl_
dt

dn,
dt

dt

dn4_
dt
dnsg
dt

dng
dt

dn7_
dt
dng
dt

dng
dt

n:n0+ n1+ n2+ n3+ n4+ n5+ n6+ n7+ n8+ ng,

wheren; (with i from O to 9 represents the populations of
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TABLE Il. Parameter for H&": YAIO ;.

Level

5

Phonon deexcitation rate
Wig (571

Radiative deexcitation
ratew; (s %)

Branching ratio to®l 4

115

5 ®l, °F5 °S, °F3 °G,
2% 10° - - 1.7x 10 - -

260 - - 4080 - -

0.4 - - 0.54 - -

9

—W1* Ny + Wyt n2+22 (1—B)*w;*n;+s*ng*ng
i=

+5,"N7"Ng—Ry5* Ny,

+5,*ng* ng,

—W4* Ng—Wyg* Ng+Wsg* N5+ Ry7* Np+5*Ng* ng,

—Weg* Ng— Wgo* Ng T W7o* N7+ Ry5* Ny —s*ng* ng

* * *
—2%3,*ng* ng,

* * * * *
—W7" N7—Wyg" N7+ Wgg™ Ng—S™ N7™ N,

—Wg* Ng—Wgg* Ng+ S, Ng™ N,

— * * * *
== W5* Ny— Wy Ny +Wszg" N3— Ry3" Ny,

— * * * * *
= —W3* N3—W3p" N3 +Wysg N+ Ry Np—Ryy" N

= —W5* Ng— Wsgo" N5+ Wgo* Ng+S,* Ny Ng,

— * * * * *
= —Wg* Ng—Wgp" Ng+Wgg" Ng+ Ryy" N3+ Ry3" Ny,

8

the 5|8! 5|7, 5'6, 5|5, 5|4y 5F51 (552+5F4)1 5F31 (566
+5F,), and °G, multiplets, respectivelyy; represents the 5(a) and 3b) present the case of H6: YLF for two different

radiative deexcitation rate for thi¢h level; w;, denotes the
multiphonon deexcitation rate for theh level; B; (with i
from 2 to 9 are the branching ratios from thth level to the
5lg ground states is the cross-relaxation rafg®°S,, °lg)
— (%14, %17)]; s, is the upconversion raté (°S,, °S,)
—(°G,, ®lg)]; s, describes the cross-relaxation
[(°F3, °1g)—(°Fs, °I7)]; Ry (with j from 1 to 3 represent
the pumping rate for the processdg—"°l,, °l,—°S,, and
51— °Gg, respectively(for the 750-nm pumping scheme
andR, (with k=1 and 2 represents the pumping rates for
the process’lg—°ls and °l1—°F;, respectively(for the
888-nm pumping scheme

The values for phonon deexcitation rates and radiative
deexcitation rates were taken fréfit’'°and are listed in
the Tables II-IV. The pumping rates were estimated using
the well-known formuleaR=1* 04,4/ S, wherel is the fluence
of the pump(in photons/§ o, represents the absorption
cross section, an8 is the pump beam spot size. The cross-
relaxation rates were estimated from the lifetime measure-
ments. The ratios between the pumping refgs:Ri5:Rq3
are 1:110:12 for Hd":YAIO; (Ref. 3 and 1:90:11 for
Ho®>":YLF. For HO*":BYF, the ratioR,;:Ry, is 1:4. In the
case of YLF and YAIQ, due to the high phonon energy, we
made the assumption that the multiphonon deexcitation is the
main process in the deexcitation of thk,, °I5, °F5, and
5G, levels(this means, in our case, that all excitations above
the °S, level end in the®S, level and the excitations in the
51, and °lI5 levels end in the’l 4 level). For BYF only the
phonon deexcitatioRGg— 3K g— °F ,— °F 5 is considered to
be stronger than the radiative deexcitation of fi@; level.
For the calculations, only the cross-relaxation raeesd for
Ho®":BYF also the deexcitation rategor the °G, level
were slightly adjusted. The obtained values for the best fit
are listed in Table V.

The results from the numerical solution of the system
were compared with the experimental results of the temporal
evolution of the®S, population; see Figs.(8—-5(d). Figures

TABLE Ill. Parameter for H&": YLF.

Level 5, 5g 51, 5Fg 5s, 5F, 5G,
Phonon deexcitation rate - 1.43<10* - 3.66x10" 6.45<10° 1x10° -
Wio (571

Radiative deexcitation 58 100 - 1400 2200 2500 -
ratew; (s %)

Branching ratio to®l g 1 0.41 - 0.78 0.75 0.53 -
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TABLE IV. Parameter for H®":BYF.

Level %, Clg %lg %ly,  Fs °s, °F3 °G,
Phonon deexcitation rate - 30 2.5x10* - 2x10 7x10¢  2x10* 5x10*
Wio s

Radiative deexcitation 71 180 51 - X100 27100 2%10° 10°
ratew; (s %)

Branching ratio to®l 4 1 091 0.41 - 0.78 0.75 0.55 -

pump rates(above and below or around the avalanchevalue of the pump rate the emission is strongly increased.
threshold valug A threshold value was not observed in the Detailed descriptions of such a process are provided by sev-
pump power dependence of the green emissidinis is  eral author$®2?As it was presented now by both systems,
probably due to a small value for the pump threshhlis  Ho®*:YAIO; and HG*:YLF have the initial conditions
the experimental error is increageat/and due the collection (weak GSA, strong ESA, and a cross-relaxation prockess

of emission signals from different areas of the sample, i.e.hosting a possible avalanche process. In the case of
areas, where the avalanche regime occurs and areas, whéte**:YLF (Ref. 3 the change of the shape of the temporal
the normal regime occurs. population evolution for théS, level was observefsee Fig.

The results from the numerical simulations are in goods(a)], while in the case of Hb : YAIO; no such sign of an
agreement with the experimental results for’HoYLF and  avalanche was observed.

Ho®*":YAIO; under 750-nm excitation, and for Fio:BYF The method which we will use was extensively described
under 888-nm excitation. However, the reason for the differin Ref. 6, but for the sake of simplicity for the reader and to
ent upconversion behavior for Bio: YLF in comparison to  emphasise the differences to our case we describe below the
Ho®*:YAIO; is not absolutely clear. As we mentioned in main points of the analysis and the physical meaning of the
Sec. | we will try an analysis similar to those from Ref. 6, in parameters. The method is based on reducing the real system
order to distinguish which part of upconversion mechanismto an imaginary three-level systefsee Fig. 6, in which

is responsible for the different behaviors of HoYLF and  only the ground stat@level (1), corresponding to’lg], the
Ho®*:YAIO,. level which enables the ESA procdsavel (2), correspond-

We will start by describing in a few words the avalancheing to °1,], and the emitting levdlevel (3) corresponding to
process. An avalanche is a specific type of nonlinear upcon?S,] are represented. The reason for the introduction of this
version mechanism, based on a strong ESA process originagimplified system is to find an analytical relation, which is
ing from an intermediate level usually called “reservoir not possible to find for the real system, because it has too
level.” The process starts with a weak ground-state absorpmany energy levels involved. This simplified system de-
tion; after that the role of feeding the reservoir level is takenscribes with the help of the parameters of the systee,
over by a cross-relaxation process. The population of theross-relaxation rates, pumping rates, and deexcitation) rates
reservoir level is then strongly increased and hence, becausiee temporal behavigor at least the tendency of the tempo-
of the strong ESA process, the population of the emittingral behavioy of the level populations. With the help of such
level. A threshold value for the pumping rate, determined bya relation it is then possible to estimate if an avalanche be-
the ratio between the ESA and GSA cross sections and by theavior exists or not. However, even if the number of the
cross-relaxation rate, has to be reached to establish suchlevels involved in the calculation will be smaller as in the
process. Characteristics of the process are the specific temreal system, the parameters that affects the three levels of the
poral evolution of population of the emitting level: at pump- simplified system(i.e., cross-relaxation rates, upconversion
ing rates above the threshold value the shape of the temporedtes, and excited-state absorption ratedl have to be
evolution presents a change in the curvature from convex tmodified in order to take into account the effects for the
concave and a specific behavior of the pump power deperether levels.
dence of the emission. Furthermore, around the threshold The fourth levellevel (4) in Fig. 6] is necessary to show

TABLE V. Cross-relaxation parameter.

S(°S;, ®lg)— (4, °17) 51(°S;, °S;)—(°Gy, °ls) S2(°F3, ®lg)—(°Fs, °14)

System (s"tem3) (s tem™d) (s tem™3)
Ho®":YAIO, 0.8x10° Y7 5.0x10 Y7 -
(3%Ho)

Ho®":YLF 3.8x10°Y7 - -
3%(Ho)

Ho®":BYF 3.0x10° Y7 - 4.5x10°16
(1%Ho)
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the upconversion process;. It represents all levels lying from the real systeniEq. (8)], in order to characterize the
energetically above theéS, multiplet, and will be neglected possibility of an avalanche mechanism to occur.

in the calculationgas above in the numerical simulations In order to study the evolution of the system we will first
In this simplified systen{Eq. (9)] the parameters will be make the assumption that if we work under low pump rates,
noted as much as possible in the same manner as in thike ground state will be almost undepleted, so we can con-
original paper but also taking into consideration the notatiorsidern,~const and close to 1. This assumption also allows

from the initial systeniEq. (8)]: us to make the substitutiono$*n3*n3=o3*(1—n3
e —n§)*n§~a§*n§(l; n3) (the productn3*n$ is small in
n S S kS | ke Sk S Sk Sk S Sk S comparison ton;*nz). Then, in accordance with Ed5)
gt = Wzt wao) " np+ BT wstng— ot Nt ng— Ry Ny, from Sec. Il, we will extend the definition for the quantum
yield of a transfer rate to any kind of ratepconversion,
dns multiphonon deexcitation, ejc.Let us assume that a specific
2 — (W5 +W5p* NS+ (1—B)*WS* n§+w3g* nS level is affected by deexcitation rates denotedwy, wy,
dt andw,,. In this case the quantum yield of the, deexicta-
R o, PO A s ) T e
9 yl p population fraction, ch leaves the
dne ( level due to the process characterized by the wgte In our
Ny Sk S S %S | >S% .S Sk Sk S Sk .Sk .S further calculations we use the following notations for spe-
ar - We e Wao N3+ RNz = 0™ Ny"Ny— 077 Ng™Ng cific quantum yields for the deexcitation processes of level
(3) to level (2):
ni+n3+n3=1, % nS

Hcer=
wheren3, n3, andn3 are the populations of the three levels
1, N2 3 pop S+ o+ ost(1-nd)

(1), (2), and(3), respectivelyR] andR3 are the ground- and 5
excited-state absorption pump rates, respectivefyjs the
cross-relaxation ratg(3,1)—(2,2)]; o3 is the upconversion

represents the quantum yield of the cross-relaxation process
S
rate[ (3,3)—(2,4)]; B is the branching ratio for the radiative ¢

deexcitation (3}~ (1); w3 andws3, are the rates for radiative o5 (1-n%)

and phonon deexcitation of levés), respectively, withw3 Hyc= 1 1
J_rwgoz 1/7_-2, where 73 is the effective lifetime of the emit- SRSt et (1-nd)
ting level in the absence of any cross-relaxation process; and 73

. s o .
w3 andwy, are the rates for ragllatéve asnd phgnon deexcitayopresents the quantum yield of the upconversion process
tion of level (2), respectively, withw; +w3o=1/7;. Because s

level (2) corresponds t31; and the phonon deexcitation rate

for this level is very weak, we will set3,~0. All these rates (1-B)*w§
(denoted by an upper indesy are characteristic parameters m=7

qf the simplified model. Our task will be to establish a rela- —<+o*ni+os*(1-nd)
tion between them and to relate these parameters to those 73
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represents the quantum vyield of the radiative deexcitation, We now have to determine the relations between the pa-

and rameters of the simplified modelR{,R5,0% 03 , W, wg;)
s and the parameters used in the numerical calculations of the
_ W3 real systemRy,Ry,0,01,W;,Wg;). In the simplified model
K %S| S« s the rateR; describes the 4:2 transition. These levelg1)
T_§+‘T ntoy™(1=ny) and (2)] correspond to’lg and °I; in the real system. The

ground-state absorption GSAR{) describes the’l g—°I,
represents the quantum yield of multiphonon deexcitationgransition in the real system. The excitation relaxes frfdm
For further simplification we use the notatiom$=Hcg  to °I; by phonon deexcitation®(4;— ®I5—>l—°>l5). This
+Hyc and 7= 91+ 7, means that we have to take into account the quantum yield of
The equation forn3 under steady-state conditiofie.,  the phonon deexcitation processes for the levils °I,
dn3/dt=0) gives the following relation between the popula- and %4, respectively. In the numerical solution for the real
tions of levels(2) and(3): n3=n5*R3* (1—H)* 5. Withthe  Ho®*:YAIO; and HG*: YLF systems we have assumed that
help of this relations and$=1—n3—nj3, the rate equation the phonon deexcitation is much larger than the radiative

for n3 becomes deexcitation for the®l, and °I5 levels, we haven, = 73
=1 andR}=R;* 759. RS describes the 2:3 transition in
dn3 % 5k mx 1 the simplified model. Level$2) and (3) are levels®l, and
gt ~N2'R*(2Z*HertHuyct 7—1) - = 5S, in the real system. The ESA2 proce$s) describes the
transition °1,—°S,; thusR3=R,. The cross-relaxation rate
—RI*RY* 73(1—H)*n3— RI*n3+R}. o represents the process (3:2f2,2) in the simplified sys-

tem. Because of the correspondence 35,, 2—°I,, and
Solving this equation, a solution of the typeAt(e*"t  1<°l4, o represents the processst, ®lg)— (%14, °15). In
+ M) is obtained, wher¢ is the time,M=R,, and the real system the raterepresents the proces3Sg, °lg)
— (%14, °l,). As stated above, the quantum vyield of the
cross-relaxation processHgg) represents the percentage
from the population ofS,, which leaves the’S, level due
to cross-relaxation processes. In the case of the simplified
—RI*R3*73(1-H)—R}. (100 system the excitation removed froS, goes directly to
°,, while in the real system it ends on thé, level and
The behavior of this solution describes what happens witltequires phonon deexcitation processes to end in%ihe
the population of leve(2) under a low pump rate and when level. The second component of the cross-relaxation process,
the population of leve(3) is under a steady-state condition. i.e., °I3—°I, is identical in the simplified and real systems.
A negative value foA will also provide a steady-state solu- Thus we obtain  2Hcr= 7.+ 7,* 745" 735° 720= 7o
tion for the population of leve(2). WhenA is or becomes + 5 * 5,,, where, represents the quantum yield ©fThe
positive the population of leve2) has the tendency to in- ypconversion rates{ describes the process (3;3)2,4),
crease strongly. Due to the ESA process the increase of thgnich corresponds t0°6,, °S,)—(°Gy,, °lg) in the real
population in level(2) generates an increase of the popula-system. In the same way as for the cross-relaxation process
tion in level (3) (which we assumed to be under steady-state,s we obtain H = Moyt Mo, 130" 120= Ny + M0, 720,

conditiong. This contradiction means that the system ha_s th?/vhere .. represents the quantum yield sf, i.e., the up-
tendency to become unstableegarding to the assumption 71 _ i )
that we have madeln this case the avalanche mechanismCONVersion process in the real system. A process which exists

occurs(one of the characteristics of avalanche is that around? the real system is the second ESA proceBs, Cle
a threshold value of the pumping rate and/or the cross=— Ce). Because this process does not start from the
relaxation rate, a strong increase in the emission intensit{eVel, we cannot include it in the ESA process.3. Never-
occurs. In conclusion, ifA is positive, there is the possibility theless this second ESA process populates@glevel in
of an avalanche process occurringAlfs negative, however the real system. This means that an additional excitation is
the system is characterized just by a looping mechanism. brought to the°S, level due toRs. Therefore, we V‘Q” split
Looking in detail at Eq.(10), we observe that the term the population of the’S, level in two components;2 and
RS* (2*Her+Hyc+ 7—1) represents the gain of the loop, n73, representing théS, population due to th&, and Rs
because it can be obtained from the second rate equation Qﬁumping processes, respectively. Thus far we transferred all
the equation system(9), i.e., from (1-B)*wz*n3 rates from the real system to the simplified system setting the
+2* a*ni*n3—Ry*n3 [this term describes the excitation ESA1 process (2>3) to be equal tdr,. This means that by
which returns to level2) after a pump proces®3]. The term  now the population of leve(3) in the simplified system is
(—1/73) - R}*R3* 73(1— H)—R] represents the loss due to smaller than the population of tifész level in the real sys-
radiative deexcitation {w,) and due to accumulation of tem, because of the neglect 053. Thus in our simplified
population in the level$2) and(3). It is obtained by replac- system by now we have a smaller effect of all processes
ing R}* n} in the second rate equation of the equation systenthat affects level (3). Therefore we will replace
(9) by R}*(1—n3—n3). the cross-relaxation rate; by a larger cross-relaxation

1
A=R3*(2*HertHyct 7—1)— =

)
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rate oygw Which we will define as foIIows:aﬁ,EW*(n?FfZ) and HG* (3%): YLF areshown. For a pumping rate of about
— (05 +09)* (N%2) = 03* (N2+nf9), with oSy as the new  1.1X 10° s™* (which corresponds to a pump power of about
cross-relaxation rate and, as the difference between the 1'8_1%\/\/ for a circular pump spot of 10t diametey in
new cross-relaxation rate and the old one. This gives the HG'* (3%): YAIO; system the gain is about 100-110's
while the loss is about 130°S ThusA is negative, and a
nRs photon avalanche does not occur up to this pumping rate. For
TNEW= oi*( 1+ —;z) ) (11)  the same pumping rate, in Bio(3%):YLF thegain is about

N3 460 s1, while the loss is only about 80-90% i.e., the

stem is in the avalanche regime. This system will reach the

) S

The sagne calculatllon can be made for the o'Fher rates th%ﬁoton—avalanche regime at a pumping rate of about 160 s
affect the>S, population(i.e., the phonon deexcitation rate, = The reason for this different behavior can be explained
the upconversion rate, and the radiative deexcitation.rate | .t the cross-relaxation ratedlisted in Table \f for
the simplified system we therefore have to incrdasen Eq. Ho**:YAIO, and HG*:YLF. For H&**:YAIO; the 5I,
(1] any of the rates of the processes which start fit level is fed mainly by multiphonon deexcitation processes,

in order to take into account the effect of tRég—°Gg : . s
ted-state absorption. An estimation of the rafd/n= is whereas the cross-relaxation raé€corresponding tar® in
exc ption. ajo/n, the simplified systepis small(quantum yieldr,=0.09. In

possible _from the numerical evaluation of the real SyStenl:ontrast, for H3":YLF the cross-relaxation rate is larger
[Eqg. (8)] in the presence and absence of the ESA2 proces quantum yieldy, = 0.47). The case of Hb' : YSGG will not

Il(:\.r’a:rr]]gtev;/:?(ln; Sf(’)te;?] dISfOSrCI;IVi% V\r'g: tehciivceolml')rlﬁfaer;g; be further discussed, because the features are very similar to
P 3 37 % Tesp Y- those of H3*: YAIO;.

Of. the two populations of th?é% level obtalqed n th.ls way For HG®*:BYF under 750- and 888-nm excitations, a cor-
will be used to +rep|acen3 /ng® The obialned ratios are responding analysis is very difficult, because the phonon de-
about 0.3 for H3": YAIO3 and~0 for HO*":YLF. In order o ciavion rates are much smaller than in the case of
to calculate the gaiG) and loss(L) of the whole loop we Ho®*:YLF and HG*: YAIO . The assumption that all exci-

will put Eg. (10) in the forms tation above the®S, level ends via phonon deexcitation in
the 5S, level (as used for Hb": YLF and HG":YAIO,) is
not valid in this case. The reduced model becomes too com-
1 plicated, because the necessary introduction of additional
T L PS*xPSk Sk S(q _ s levels makes it nearly impossible to estimate the relation
L= §+ RITRRIT 73(1-H)+ Ry (13 between the parameters of the real system and the simplified
system. It should also be noted, that in the case of 888-nm
With the known relation between the parameters in thesexcitation there is no cross-relaxation process feedinglthe
two equations and the real parameters of thé'H¥LF and  intermediate level. Thus the gain of a hypothetical loop start-
Ho®":YAIO; systems, we are now able to calculate the gairing from this level will be based only on phonon deexcitation
and loss. In Fig. 7 the gain and loss for H¢3%):YAIO;  and therefore small. In the same time the loss term in the

G=R3*(2*HcrtHyct 7—1) 12
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TABLE VI. Inversion pump rate®R; and pump power®, for the systems investigated under different
pump wavelengths , for obtaining the inversion between the lowest Stark level of the combit®d PF,)
multiplet and the highest Stark level of tfigg ground staten(Ho®*): Ho®* concentration in the crystal. A
pump spot diameter of 10@m was assumed in the calculations.

System n(Ho®") A, (m) Ry (sH Py (W) Comments
Ho®":YLF 3% 750 9x 10° ~16
Ho®":YAIO, 3% 750 2x10* ~35  AtR,=9x 10 the ratio between the

lowest Stark level of theS, level
and the highest Stark level of
Slgis 0.4.
Ho®*:BYF 1% 888 4.6¢10° ~18

Ho®":YAIO, 1% 750 2.x 10 ~50  AtR,=4.6x 10 the ratio between
the lowest Stark level of théS,
level and the highest Stark level of
Slgis 0.1.

H S S S H H .
loop, i.e.,R;" R;* 73(1—H) is high due to the high ground- ¢, yhe crystals studied although the influence of the second
state absorption rate. Furthermore, the ground-state absorgga process is important for the population of i, level
tion cannot be considered as weak, and therefore a rapig, Ho®*:YAIO, and HG*:YSGG, but plays a smaller role
significant change in the population of the ground state Wi"in Ho® " YLE (nRglnRzzo 3 for YAIO, and O for YLP. This

: 3 Ing . .

occur, which is a contradiction to the assumption of an UNifference in the effect of the second ESA process is related
depleted ground state.

- . . - to th I f the ph itati t to th I
With the help of Egs(8) an estimation of the efficiency of 0 the value of the phonon deexcitation rate and to the value

! . . of the cross-relaxation rate: on the one hand, a high phonon
the whole upconversion process with respect to the realisgjgeycitation rate favors that the excitation into tHg and

tion of laser osciIIati'on is possiblg. Therefo_re, the necessarys|6 levels relaxes into thél level and the excitation into
pump rate for obtaining population inversion between thgpe 5F, level relaxes into the’S, level; however, on the
tiplets and the highest Stark level of tie; ground state is  |evel is also favored. For small multiphonon rates a long
calculated and denoted Wy, (corresponding to the ESAL |ifetime of the emitting level exists, but thdl 4 level acts as
process for 750-nm pumping or to the ESA3 process fo trap for the excitation and also radiative and nonradiative
888-nm pumping The results under the assumption of adeexcitation via cross-relaxation from the levels above the
pump spot diameter of 10@m are listed in Table VI. It can °S, level probably overpass théS, level. A high cross-

be seen that pump powers of 16—18 W are at least necessamslaxation rate favors the feeding of tié, level but also

to reach threshold inversion. Therefore, in the cases of infradepletes strongly thés, level.

red excitation in the range of 700-900 nm, the singly In conclusion, we can say that the singly Hedoped
Ho®*-doped systems investigated by us are not very promsystems investigated by us are not promising for the realiza-
ising for a realization of laser oscillation on the green tran-tion of upconversion laser oscillation in the green spectral
sition. The above calculations were performed in a constarii@nge £S,—°lg) under and infrared pump in the spectral
pump rate model, i.e., the numerical system does not takeinge between 700 and 900 nm. Nevertheless a host material
into account the spatial distribution of the pump. However With a more efficient cross relaxation procesiSy, °lg)

for the cases of 750-nm pumping, codoping with other rare-_’g I7,°l4) andfor a more efficient ESA process| {
earth ions should be taken into consideration in order to im=— S2) could prove itself to be very suitable for such a pur-

; ; . We also proved that the different behavior of the up-
prove the transfer rates and thus to lower the inversion pumB°S¢€ ) P WV .
rate. In case of Y codoping a significant improvement in onverted emission between HoYLF and HG'*: YAIO is

the emission intensity and efficiency of the upconversiondue to the different values of the cross-relaxation rate. This

process was observedand further investigation in this di- sugghests_ that in tm%calse é)f HoYAIO, ? cor(]joplng r\]N'th
rection are under way. another ion, e.g., , leads to an avalanche mechanism

due to higher cross-relaxation ratés order to efficiently
feed the®l and °l, levels.?® Therefore, lower pump rates
for reaching threshold inversion are also expected for
The HG*-ion was investigated in some crystalline hostscodoped YB", Ho**:YAIO; and YB™, Ho*":YLF
under excitation in the spectral range between 700 angystems.
920 nm. Excited-state absorption processes occurring from
the ®I,, ®l4, and I levels were spectroscopically investi- ACKNOWLEDGMENTS
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