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Evaluation of the upconversion mechanisms in Ho3¿-doped crystals:
Experiment and theoretical modeling
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The paper compares the mechanisms that enable the upconverted green emission (5S2→5I 8) of the Ho31 ion
under infrared excitation~700–920 nm! in several crystalline hosts~YAlO3 , YLiF4 , Y3Sc2Ga3O12, and
BaY2F8!. Parameters involved in the upconversion such as excited-state absorption and cross-relaxation rates
were determined from spectroscopic measurements. A system of differential equation~rate equations! was 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

Ho31 is a very interesting ion from the point of view o
upconversion, cross-relaxation, and excited-state absorp
~ESA! processes. Its energy-level scheme~Fig. 1! allows
multiple ESA transitions from the5I 7 , 5I 6 , and 5I 5 levels to
the 5S2 or higher-lying levels, which could activate emissio
from these high-lying levels and make these systems in
esting for upconversion lasers.

Green emission based on an avalanche-type mecha
was obtained in Ho31:YAlO3 and Ho31:ZBLAN under a
580-nm pump.1,2 In our study we will focus on the range o
infrared excitation~700–920 nm!, where efficient laser di-
odes are available. Under excitation in this spectral ran
strong green emission (5S2→5I 8) was reported in severa
crystals.1,3–5

The excitation spectrum in this region reveals that the5S2

multiplet is excited after pumping around 750, 840, and 8
nm ~from which excitation around 840 nm leads to the wea
est green emission!. The comparison with the absorptio
spectra leads to the assumption that the mechanisms u
750- and 840-nm excitation are mainly due to strong E
processes, while the 890-nm excitation mechanism is m
likely a two-step absorption. Excitation mechanisms w
previously presented and discussed for YAlO3 ~Refs. 1 and
4! and YLiF4 ~YLF! ~Ref. 3! under a 750-nm pump an
BaY2F8 ~BYF! ~Ref. 5! under a 888-nm pump. A short de
scription of these mechanisms in the beginning will be he
ful in understanding our further analysis.

For crystals with relative high phonon energy, such
YAlO3 ~effective phonon energy\v;600 cm21!, YLF
(\v;490 cm21), and Y3Sc2Ga3O12 ~YSGG! (\v
;550 cm21) the case of 750-nm excitation was found to
the most favorable in order to obtain green emission. In
case, a very weak ground-state absorption@ 5I 8→5I 4 , GSA1
in Fig. 1~a!# triggers the process. Phonon deexcitation5I 4
→5I 5→5I 6→5I 7 brings the excitation to the5I 7 . A strong
0163-1829/2002/65~23!/235119~13!/$20.00 65 2351
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ESA process@ 5I 7→5S2 , ESA1 in Fig. 1~a!# enables the
population of the5S2 multiplet. The cross-relaxation proces
s @(5S2 , 5I 8)→(5I 4 , 5I 7)# creates the possibility for furthe
feeding the5I 7 multiplet. Additionally a second ESA proces
@ 5I 6→5G6 , ESA2 in Fig. 1~a!# occurs. Nevertheless, a
though this excitation scheme works for both Ho31:YAlO3
and Ho31:YLF, a different behavior for the upconverte
green emission was reported for YLF~Ref. 4! and YAlO3 .5

For the green emission of Ho31:YLF, features of an ava-
lanche mechanism were observed, while the upconve
green emission in the case of YAlO3 shows none of the ava
lanche characteristics. In this latter case (Ho31:YAlO3), a
so-called ‘‘looping mechanism’’~Ref. 6! is being established
The name is due to the fact that when an excited ion
removed from the5I 7 level by the ESA1 process5I 7→5S2 it
will enable processes which again populate the5I 7 level
~cross-relaxations and phonon deexcitation chain5I 4→5I 5
→5I 6→5I 7!. This behavior is similar to a loop, i.e., a roun
trip of the excitation in the system. It should be mention
that the cross-relaxation processs not only creates a loop in
the excitation circuit but also brings new excitation into
~due to the component5I 8→5I 7!. In this way any loop also
creates a gain in the excitation of the intermediate level. T
ratios between the gain of the excitation loop and the los
the population of the5I 7 level plays a major role in the
behavior of the system. In one part of this paper this differ
behavior for the cases of Ho31:YAlO3 and Ho31:YLF under
750-nm excitation will be presented and analyzed in terms
this gain and loss. This is a similar treatment to the o
presented in Ref. 6 for Ho31, Tm31:Gd3Ga5O12. This
means the introduction of a new ‘‘simplified system’’ o
equations, where only the ground state, the intermed
level for the looping mechanism, and the emitting level w
be considered.

In the case of Ho31:BYF (\v;360– 380 cm21) under
750-nm excitation the5I 6 multiplet acts like a trap for the
excitation ~due to low multiphonon deexcitation rates! and
makes the feeding process of the5I 7 level inefficient. The
©2002 The American Physical Society19-1
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FIG. 1. ~a! Upconversion
scheme for 750-nm excitation
~e.g., Ho31:YLF!. ~b! Upconver-
sion scheme for 888-nm excitatio
~e.g., Ho31:BYF!.
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second ESA process (5I 6→5G6) brings the excitation to lev-
els higher than the5S2 level. Parts of this excitation bypas
the 5S2 level, because these levels are not totally quenc
by phonon deexcitation and due to cross-relaxation proce
such as, e.g., (5F3 , 5I 8)→(5F5 , 5I 7). The gain of this exci-
tation loop is thus very small. For Ho31:BYF another upcon-
version scheme, leading to the most intense green up
verted emission was proposed@see Fig. 1~b!#. This
mechanism is based on a two-step absorption process u
890-nm excitation: ground-state absorption5I 8→5I 5 fol-
lowed by the ESA5I 5→5F1 . Several cross-relaxation pro
cesses@i.e., s (5S2 , 5I 8)→(5I 4 , 5I 7) and s2 (5F3 , 5I 8)
→(5F5 , 5I 7)# also act in the system, but they do not provi
additional excitation to the intermediate level (5I 5). A
second, but very weak ESA process (5I 7→5F5) also
exists in this scheme. In this paper we will extend the
analyses, providing a comparative investigation of the E
processes together with numerical simulations and analy
calculations.
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II. EXPERIMENT

Ho31:YAlO3 and Ho31:YLF crystals doped with 0.1%
1% and 3%, and Ho31:BYF and Ho31:YSGG crystals
doped with 1% of Ho31 ions were grown by the Czochralsk
method. All concentrations are given with respect to the
site. All measurements were performed at room temperat
For the absorption spectra a Cary 2400 spectrophotom
was used. For the emission spectra the samples were ex
by a continuous-wave Ti:sapphire laser~Spectra-Physics
3900S! pumped by a frequency-doubled Nd:YVO4 ~Spectra-
Physics Millennia X!, and the signal was collected~under
90°! by a cooled S1 photomultiplier placed behind a 0.5
Spex monochromator. The wavelength of the monoch
mator is computer controlled. The excitation measureme
were performed in the same setup as the emission mea
ments, but in these cases the wavelength of the Ti:sapp
laser was scanned while the wavelength of the monoch
mator was fixed. The wavelength scan of the Ti:sapph
laser was performed using a birefringent filter in the la
9-2
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FIG. 2. Excited-state absorp
tion spectra measured~dotted line!
and calculated by the reciprocit
method~solid line! for Ho31:YLF
@~a! and~b!# and Ho31:YAlO3 @~c!
and ~d!# at RT.
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cavity in connection with a computer-controlled stepper m
tor. For the kinetics measurements~i.e., decays and tempora
evolutions of populations! an oscilloscope~LeCroy 9060!
was used.

The ESA measurements were performed in accorda
with the setup described in detail in Ref. 7. This method i
pump-and-probe measurement using a double modula
technique with two lock-in amplifiers. The probe beam
provided by a halogen lamp, and is modulated by a li
chopper with a frequency of about 800 kHz. The transmit
signal is analyzed with the first look-in amplifier, which us
this high-frequency chopper as reference. The pump bea
provided by a laser, and is modulated with a much low
frequency of about 10 Hz. Its aim is to bring a number
ions into the excited states, and consequently the probe b
absorption does not only occur from the ground state but
from the excited states. Furthermore, amplification of
probe beam due to stimulated emission will be measu
Because the second look-in amplifier uses the output si
of the first lock-in amplifier as an input signal and opera
with the reference signal from the pump beam~10 Hz!, it
will analyze the difference between the transmission sig
in the presence (I p) or absence (I u) of excitation due to the
pump beam. It should be mentioned that an almost per
overlap between the path of the probe beam and the pa
the pump beam inside the crystal should be realised in
experiment.

It can be shown that the following formula holds:

DI /I 5A* FsGSA1(
i

~ni /ne!~sem,i2sESA,i !G ~1!

whereDI is the difference between the transmission signa
the presence (I p) or absence (I u) of the pump laser signa
applied;I is the transmitted signal (I'I p'I u); sGSA, sem,i ,
andsESA,i are the ground-state absorption cross section,
emission cross section for the leveli, and the excited-state
23511
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absorption cross section for the leveli, respectively;ni is the
population of thei th excited state;ne5( ini is the total
population of the excited states; andA is a constant. To ob-
tain this formula the assumption was made that the diff
ence DI is small in order to approximate the expressi
ln(11DI/Iu) with DI /I u . This approximation holds when th
number of excited ions is small compared with the to
number of ions~small pump power densities!. The signal
DI /I is positive in the case of dominating ground-state a
sorption or stimulated emission and negative in the case
dominating excited state absorption.

One of the main tasks was to determine the ESA cr
sections for the5I 7→5S2 and 5I 6→5G6 transitions. With the
help of the above method we measured theDI /I signal in the
spectral range of 730–770 nm in order to determine the c
section for the5I 7→5S2 transition. In Figs. 2~a!–2~d! the
results ~dotted line! for the case of Ho31:YLF and
Ho31:YAlO3 are presented. Using the above-describ
method, the results are obtained in arbitrary units. They w
normalized to cross-section values with a procedure, wh
is based on the reciprocity method and will be described
the following. For the case of Ho31:BYF the DI /I signal is
presented for the range of 700–900 nm in Fig. 3~a! and in
detail for the 880–900-nm region in Fig. 3~b! ~corresponding
to the 5I 8→5I 5 and 5I 5→5F1 transitions!.

The ESA signal (5I 7→5S2) can also be estimated usin
the reciprocity method@Eq. ~2!#, if the emission cross sectio
is known. The emission cross section (5S2→5I 7) can be cal-
culated using the Fuechtbauer-Ladenburg formula@Eq. ~3!#

sem~l!5sabs~l!
ZL

ZU
expS EZL2

hc

l D , ~2!

sem~l!5Cl5I ~l!, ~3!

where sem and sabs are the emission and absorption cro
sections,ZL andZU are the partition function for the lowe
9-3



-
et

-
in

n

-
e

t

d
in
t

c
ve

nted

in
g

ions
nts.
us-

fer
nd

the

ples

sfer
ex-

t.

sfer
The
en-
In

lue
t a
of

ate

ss

.

E. OSIAC, I. SOKÓLSKA, AND S. KÜCK PHYSICAL REVIEW B 65 235119
and upper multiplets,EZL is the energy of the transition be
tween the lowest levels of the upper and lower multipl
~the so called zero-line energy!, I (l) is the spectral intensity
distribution~photons/s!, andC is a constant. In order to cal
culateZL andZU we used the energy-level data reported
Refs. 8–10 for Ho31:YLF, in Ref. 1 for Ho31:YAlO3 , and
in Refs. 11 and 12 for Ho31:YSGG. The values are listed i
Table I.

In our case~Ho31:YLF and Ho31:YAlO3 and the 5I 7
→5S2 transition as the ESA process!, the ground-state ab
sorption cross section (5I 8→5S2) was first measured. By th
reciprocity method the emission cross section (5S2→5I 8)
was determined. By using Eq.~3! it was then possible to
determine the5S2→5I 7 emission cross section.

The results of the5I 7→5S2 absorption from the direc
ESA measurements~dotted lines! and from the 5S2→5I 7
emission spectra via the reciprocity method~solid lines! are
presented in Figs. 2~a! and 2~b! for Ho31:YLF ~s and p
polarizations!, and in Figs. 2~c! and 2~d! for Ho31:YAlO3 ~a
andb polarizations!.

In the case of Ho31:BYF the DI /I spectrum is presente
in Fig. 3~a!. It is observed, that a pure ESA signal exists
the spectral ranges around 750, 800, and 840 nm. In
888-nm range the signal is positive, but if we compare
with the ground-state absorption spectrum@see Fig. 3~b!#, it
can be observed that theDI /I signal is almost zero at 888 nm
although the ground-state absorption cross section spe
has a maximum at 888 nm. This proves that at this wa
length a strong ESA transition also exists.

FIG. 3. ~a! MeasuredDI /I spectrum between 700 and 910 nm
~b! Ground-state absorption~solid line! and measuredDI /I spec-
trum ~open circles! around 890 nm for Ho31:BYF at RT.
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The excitation spectra of the green emission are prese
in Figs. 4~a!–4~d!. For Ho31:BYF the excitation spectra is
compared with the ground-state absorption spectra@see Fig.
4~a!# around 890 nm. In the case of Ho31:YLF the excitation
and the ESA spectrum of the5I 7→5S2 transition are pre-
sented in Fig. 4~b!. For the case of Ho31:YAlO3 and
Ho31:YSGG the excitation spectra are also presented
Figs. 4~c! and 4~d! in comparison with the correspondin
ESA spectra.

The parameters necessary for the numerical simulat
were obtained by analyses of the kinetics measureme
Transfer rates were calculated from the decay curves by
ing the formula

Wt5WEF2W0 , ~4a!

whereW0 is the deexcitation rate in the absence of trans
and WEF is the rate in the presence of energy transfer a
could be estimated from Eq.~4b!,13

WEF5
1

*0
`n~ t !dt

, ~4b!

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

In order to calculate these rates the decays for sam
with a low Ho31 concentration~0.1%! were measured. At
low dopant concentration there is almost no energy tran
between the dopant ions, and consequently the decay is
ponential and the lifetimet0 can be easily obtained by a fi
The deexcitation rate will beW051/t0 . Increasing the con-
centration of the dopant ion the non-radiative energy tran
between the dopant ions starts to play an important role.
decays become non-exponential, so the fit with an expon
tial function gives not accurate values for the lifetimes.
fact one can define only a mean lifetime13 and an effective
dexcitation rate as given by Eq.~4b!. According to Eq.~4a!
the difference between these two rates will give us a va
for the transfer rates. In fact, these values will represen
mean value of the individual transfer rates from each pair
dopant ions, but it will be appropriate to be used into a r
equation model.

Additionally, the quantum yield of the transfer proce
can be derived from Eq.~5!,13

h512
1

t0
E

0

`

n~ t !dt512
W0

WEF
5

Wt

WEF
, ~5!
TABLE I. The partition functionZ for 5I 8 , 5I 7 , and (5S2 , 5F4) multiplets.

System Z(5I 8) Z(5I 7) Z(5S215F4)

Ho31:YLF 6.91 8.59 6.67
~Refs. 8–10! ~13 Stark level reported! ~10 Stark level reported! ~417 Stark level reported!
Ho31:YAlO3 7.6 6.86 9.28
~Ref. 1! ~16 Stark level reported! ~11 Stark level reported! ~519 Stark level reported!
Ho31:YSGG 6.97 8.89 6.99
~Refs. 11 and 12! ~14 Stark level reported! ~13 Stark level reported! ~518 Stark level reported!
9-4
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FIG. 4. Excitation spectra~for
green emission5S2→5I 8! ~dotted
line! for Ho31:BYF ~a!,
Ho31:YLF ~b!, Ho31:YAlO3 ~c!,
and Ho31:YSGG ~d!, ESA spectra
~solid! line! for Ho31:YLF ~b!,
Ho31:YAlO3 ~c!, and Ho31:YSGG
~d! and GSA spectra~solid line!
for Ho31:BYF ~a!, at RT.
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where t051/W0 represents the lifetime in the absence
transfer processes.

Examples of the temporal population evolution of the5S2
level ~under quasi-cw excitation; the pump beam laser
chopped! are presented in Figs. 5~a! and 5~b! for Ho31:YLF
~for two different pump powers and an excitation around 7
nm! and in Figs. 5~c! and 5~d! for Ho31:YAlO3 ~excitation
around 754 nm! and Ho31:BYF ~excitation around 888 nm!.
The experimental setup for such a measurement is clos
the emission setup, but in this case the monochromato
fixed to the wavelength at which emission occurs. The sig
provided by the photomultiplier is not amplified by a lock-
amplifier and transmitted to the computer, but instead a
lyzed by an oscilloscope which is operating with the trigg
signal from the pumping beam. In order to improve t
23511
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signal-to-noise ratio, an average over 800–1000 signals
also made with the oscilloscope.

III. DISCUSSION

To start the numerical simulations on a specific syst
one needs to know the excitation scheme and the param
involved in the upconversion mechanisms~cross-relaxation
rates, pumping rates, phonon deexcitation rates, etc.!. The
ground-state absorption~GSA!, excited-state absorption
~ESA!, emission, and excitation spectra have to provide
values of the pumping rates and information about the e
tation mechanisms, while the lifetime measurements o
information about the values of the cross-relaxation and
conversion rates. The results of the numerical simulati
e

r

FIG. 5. Temporal evolution of
the 5S2 population. The results of
the measurements~calculations!
are shown as solid lines~open
circles!. ~a! Ho31:YLF, 750-nm
excitation, pumping rate above th
threshold.~b! Ho31:YLF, 750-nm
excitation; pumping rate below o
around the threshold. ~c!
Ho31:YAlO3 , 750-nm excitation.
~d! Ho31:BYF, 888-nm excita-
tion.
9-5
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can be compared with the experimental data of the temp
evolution of the population of the energy level of main i
terest, i.e., the5S2 level for the Ho31 ion. Eventually some
of the parameters have to be adjusted for a better fit.

Because absorption and emission were already thorou
studied,1,3–5,8we will focus deeper on the ESA and excitatio
spectra. As we mentioned in Sec. II, in Figs. 2~a!–2~d! the
DI /I spectra are presented~dotted line! in comparison with
the calculated ESA spectra~determined from the reciprocity
method! of the 5I 7↔5S2 transition for Ho31:YLF and
Ho31:YAlO3 . A good agreement between these two spec
is observed, supporting the conclusion that around 750
the main ESA process is the5I 7→5S2 transition. Neverthe-
less a second ESA transition, i.e.,5I 6→5G6 , occurs in the
same wavelength region. A proof for the second ESA proc
could be the small differences between the two spectra~DI /I
and the calculated ESA spectrum! that can be observed es
pecially in the case of Ho31:YAlO3 . However, because o
the relatively good agreement between the two spectra
assume that the5I 6→5G6 ESA process is much weaker tha
the 5I 7→5S2 ESA process, and accounts only for about 1
15% of the spectrum.

The excitation spectra for the5S2→5I 8 emission are pre-
sented in Figs. 4~a!–4~d! for Ho31:BYF, Ho31:YLF,
Ho31:YAlO3 , and Ho31:YSGG in comparison with the
5I 7→5S2 ESA-spectra for Ho31: YLF ~b!, Ho31:YAlO3 ~c!,
and Ho31:YSGG ~d! and in comparison with GSA spectr
for Ho31:BYF ~a!. A very good agreement in observed f
Ho31:YLF while for Ho31:YAlO3 and Ho31:YSGG some
differences between the two spectra exist in the relative
tensities of the peaks. These differences can be due to
ratio between the two ESA processes at a specific wa
length and/or between the ground-state absorption and
ESA process. These differences support the idea that in
case of Ho31:YSGG and Ho31:YAlO3 the second ESA pro
cess plays a more important role in populating the5S2 level
than in the case of Ho31:YLF.

For Ho31:BYF the ESA spectra are shown in Figs. 3~a!
and 3~b!. Strong ESA processes exist around 750 and 888
~also see Sec. II!. The excitation spectra for the green em
sion for Ho31:BYF is compared with the ground-state a
sorption spectra in Fig. 4~a! for the spectral region aroun
890 nm. Maximal green emission occurs for excitation
about 888 nm, i.e., at a wavelength of a good overlap
tween GSA and ESA. For the other strong absorption pe
only a weak green emission occurs. This confirms that
main upconversion process is the two-step absorption, a
ready mentioned in Sec. I.

An estimation of the ratios between the two integral E
processes~ 5I 7→5S2 and 5I 6→5G6 for the case of 750-nm
excitation! and between the ESA and GSA processes~ 5I 7
→5S2 and 5I 8→5I 4 for the case of 750-nm excitation an
5I 5→5F1 and 5I 8→5I 5 for the case of 888-nm excitation!
can be obtained from the Judd-Ofelt theory14,15 using Eqs.
~6! and ~7!:

D~aJ,bJ8!5e2( V t^ f n@aSL#JiUti f n@a8S8L8#J8&,

~6!
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^ f naSLJiUti f na8S8L8J8&

5~21!P@~2J11!~2J811!#1/2H L t L8

J8 S J J
3^ f naSLiUti f na8S8L8&, ~7!

with D the dipol strength,a/b the initial or final state of
the transition,J/J8 the total quantum moment of the initia
or final state of transition,e the elementary charge,V t the
Judd-Ofelt parameters~t52, 4, and 6!, f n the denotation
of the configuration,L/S the angular-spin moment,@aLS#J
the representation of the wave function of the2S11LJ term
in the intermediate coupling scheme,P5S1L81t1J,

and $J8
L

S
t

J
L8% the 6-j symbol. The term

^ f n@aSL#JiUi f n@a8S8L8#J8& represents the double
reduced matrix elements, and can be calculated from Eq.~7!,
also taking into account the SL states in the intermed
coupling scheme.16

We have found that the ratio ESA1/ESA2@see Fig. 1~a!#
is about 5 for Ho31:YAlO3 , 6 for Ho31:YLF, and 4.5 for
Ho31:YSGG. The estimation of the rate between t
ground-state absorption (5I 8→5I 4) and the ESA process
(5I 7→5S2) is also possible; it is about 1/100 for Ho31-doped
YLF, YAlO 3 , and YSGG. In the case of Ho31:BYF and
excitation at 888 nm, for the integrated ratio GSA2/ESA
this method gives a result around 0.4. All these values fr
Judd-Ofelt theory are only approximations, as they rep
sents integral ratios of the transitions between multipl
and not between Stark levels. They were used only
comparison.

In order to obtain the transfer rates, the results of
lifetime measurements were used. For Ho31:YAlO3 the 5S2
lifetime decreases from 48ms ~0.1% Ho31 doping, 300 K! to
effective lifetimes of 33ms ~1% Ho31 doping, 300 K! and
12.7 ms ~3% Ho31 doping, 300 K!. For Ho:YLF the reduc-
tion is from 80ms ~0.5% Ho31 doping, 300 K! to 35ms ~3%
Ho31 doping, 300 K!. The calculated transfer ratesWt @Eq.
4~a!# are 6.53104 s21 for 3% Ho31:YAlO3 and 1.6
3104 s21 for 3% Ho31:YLF respectively. We have to men
tion that in the case of YAlO3 under 750-nm excitation a
weak blue emission around 390 and 425 nm was obser
corresponding to the transitions5G4→5I 8 and 3G5→5I 8 ,
respectively.~Note that the3G5 multiplet also contains terms
from the 5G5 multiplet due to the intermediate couplin
scheme.! To explain these emissions, the upconversion p
cesss1 @(5S2 , 5S2)→(5G4 , 5I 5)# @see Fig. 1~a!# is intro-
duced. For Ho31:YLF these emissions were not observed

For a better understanding of the processes, in accord
with the excitation schemes described above we have s
general system of rate equations, see Eqs.~8!. Nevertheless
for each particular case of excitation scheme there are
cific assumptions to be taken into account:

dn0

dt
5w1* n11(

i 52

9

b i* wi* ni2R11* n02R21* n02s* n0* n6

2s2* n7* n0 ,
9-6
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TABLE II. Parameter for Ho31:YAlO3 .

Level 5I 7
5I 6

5I 5
5I 4

5F5
5S2

5F3
5G4

Phonon deexcitation rate
wi0 ~s21!

- 2.43103 23105 - - 1.73104 - -

Radiative deexcitation
ratewi ~s21!

115 312 260 - - 4080 - -

Branching ratio to5I 8 1 0.85 0.4 - - 0.54 - -
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dn1

dt
52w1* n11w20* n21(

i 52

9

~12b i !* wi* ni1s* n0* n6

1s2* n7* n02R12* n1 ,

dn2

dt
52w2* n22w20* n21w30* n32R13* n2 ,

dn3

dt
52w3* n32w30* n31w40* n41R21* n02R22* n3

1s1* n6* n6 ,

dn4

dt
52w4* n42w40* n41w50* n51R11* n01s* n0* n6 ,

dn5

dt
52w5* n52w50* n51w60* n61s2* n7* n0 , ~8!

dn6

dt
52w6* n62w60* n61w70* n71R12* n12s* n6* n0

22* s1* n6* n6 ,

dn7

dt
52w7* n72w70* n71w80* n82s2* n7* n0 ,

dn8

dt
52w8* n82w80* n81w90* n91R22* n31R13* n2 ,

dn9

dt
52w9* n92w90* n91s1* n6* n6 ,

n5n01n11n21n31n41n51n61n71n81n9 ,

whereni ~with i from 0 to 9! represents the populations o
the 5I 8 , 5I 7 , 5I 6 , 5I 5 , 5I 4 , 5F5 , (5S215F4), 5F3 , (5G6
15F1), and 5G4 multiplets, respectively;wi represents the
23511
radiative deexcitation rate for thei th level; wi0 denotes the
multiphonon deexcitation rate for thei th level; b i ~with i
from 2 to 9! are the branching ratios from thei th level to the
5I 8 ground state;s is the cross-relaxation rate@(5S2 , 5I 8)
→(5I 4 , 5I 7)#; s1 is the upconversion rate@(5S2 , 5S2)
→(5G4 , 5I 5)#; s2 describes the cross-relaxatio
@(5F3 , 5I 8)→(5F5 , 5I 7)#; R1 j ~with j from 1 to 3! represent
the pumping rate for the processes5I 8→5I 4 , 5I 7→5S2 , and
5I 6→5G6 , respectively~for the 750-nm pumping scheme!;
andR2k ~with k51 and 2! represents the pumping rates f
the process5I 8→5I 5 and 5I 5→5F1 , respectively~for the
888-nm pumping scheme!.

The values for phonon deexcitation rates and radia
deexcitation rates were taken from8,9,17–19and are listed in
the Tables II–IV. The pumping rates were estimated us
the well-known formulaR5I * sabs/S, whereI is the fluence
of the pump~in photons/s!, sabs represents the absorptio
cross section, andS is the pump beam spot size. The cros
relaxation rates were estimated from the lifetime measu
ments. The ratios between the pumping ratesR11:R12:R13
are 1:110:12 for Ho31:YAlO3 ~Ref. 3! and 1:90:11 for
Ho31:YLF. For Ho31:BYF, the ratioR21:R22 is 1:4. In the
case of YLF and YAlO3 , due to the high phonon energy, w
made the assumption that the multiphonon deexcitation is
main process in the deexcitation of the5I 4 , 5I 5 , 5F3 , and
5G4 levels~this means, in our case, that all excitations abo
the 5S2 level end in the5S2 level and the excitations in the
5I 4 and 5I 5 levels end in the5I 6 level!. For BYF only the
phonon deexcitation5G6→3K8→5F2→5F3 is considered to
be stronger than the radiative deexcitation of the5G6 level.
For the calculations, only the cross-relaxation rates~and for
Ho31:BYF also the deexcitation rates! for the 5G4 level
were slightly adjusted. The obtained values for the bes
are listed in Table V.

The results from the numerical solution of the syste
were compared with the experimental results of the temp
evolution of the5S2 population; see Figs. 5~a!–5~d!. Figures
5~a! and 5~b! present the case of Ho31:YLF for two different
-

-

TABLE III. Parameter for Ho31:YLF.

Level 5I 7
5I 6

5I 5
5I 4

5F5
5S2

5F3
5G4

Phonon deexcitation rate
wi0 ~s21!

- 350 1.433104 - 3.663104 6.453103 13105 -

Radiative deexcitation
ratewi ~s21!

58 125 100 - 1400 2200 2500

Branching ratio to5I 8 1 0.92 0.41 - 0.78 0.75 0.53
9-7
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TABLE IV. Parameter for Ho31:BYF.

Level 5I 7
5I 6

5I 5
5I 4

5F5
5S2

5F3
5G4

Phonon deexcitation rate
wi0 ~s21!

- 30 2.53104 - 23104 73102 23104 53104

Radiative deexcitation
ratewi ~s21!

71 180 51 - 23103 2.73103 23103 105

Branching ratio to5I 8 1 0.91 0.41 - 0.78 0.75 0.55
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pump rates~above and below or around the avalanc
threshold value!. A threshold value was not observed in th
pump power dependence of the green emission.3 This is
probably due to a small value for the pump threshold~thus
the experimental error is increased! or/and due the collection
of emission signals from different areas of the sample,
areas, where the avalanche regime occurs and areas, w
the normal regime occurs.

The results from the numerical simulations are in go
agreement with the experimental results for Ho31:YLF and
Ho31:YAlO3 under 750-nm excitation, and for Ho31:BYF
under 888-nm excitation. However, the reason for the diff
ent upconversion behavior for Ho31:YLF in comparison to
Ho31:YAlO3 is not absolutely clear. As we mentioned
Sec. I we will try an analysis similar to those from Ref. 6,
order to distinguish which part of upconversion mechani
is responsible for the different behaviors of Ho31:YLF and
Ho31:YAlO3 .

We will start by describing in a few words the avalanc
process. An avalanche is a specific type of nonlinear upc
version mechanism, based on a strong ESA process orig
ing from an intermediate level usually called ‘‘reservo
level.’’ The process starts with a weak ground-state abso
tion; after that the role of feeding the reservoir level is tak
over by a cross-relaxation process. The population of
reservoir level is then strongly increased and hence, bec
of the strong ESA process, the population of the emitt
level. A threshold value for the pumping rate, determined
the ratio between the ESA and GSA cross sections and by
cross-relaxation rate, has to be reached to establish su
process. Characteristics of the process are the specific
poral evolution of population of the emitting level: at pum
ing rates above the threshold value the shape of the temp
evolution presents a change in the curvature from conve
concave and a specific behavior of the pump power dep
dence of the emission. Furthermore, around the thres
23511
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value of the pump rate the emission is strongly increas
Detailed descriptions of such a process are provided by
eral authors.20–22As it was presented now by both system
Ho31:YAlO3 and Ho31:YLF have the initial conditions
~weak GSA, strong ESA, and a cross-relaxation process! for
hosting a possible avalanche process. In the case
Ho31:YLF ~Ref. 3! the change of the shape of the tempo
population evolution for the5S2 level was observed@see Fig.
5~a!#, while in the case of Ho31:YAlO3 no such sign of an
avalanche was observed.

The method which we will use was extensively describ
in Ref. 6, but for the sake of simplicity for the reader and
emphasise the differences to our case we describe below
main points of the analysis and the physical meaning of
parameters. The method is based on reducing the real sy
to an imaginary three-level system~see Fig. 6!, in which
only the ground state@level ~1!, corresponding to5I 8#, the
level which enables the ESA process@level ~2!, correspond-
ing to 5I 7#, and the emitting level@level ~3! corresponding to
5S2# are represented. The reason for the introduction of
simplified system is to find an analytical relation, which
not possible to find for the real system, because it has
many energy levels involved. This simplified system d
scribes with the help of the parameters of the system~i.e.,
cross-relaxation rates, pumping rates, and deexcitation ra!
the temporal behavior~or at least the tendency of the temp
ral behavior! of the level populations. With the help of suc
a relation it is then possible to estimate if an avalanche
havior exists or not. However, even if the number of t
levels involved in the calculation will be smaller as in th
real system, the parameters that affects the three levels o
simplified system~i.e., cross-relaxation rates, upconversi
rates, and excited-state absorption rates! will have to be
modified in order to take into account the effects for t
other levels.

The fourth level@level ~4! in Fig. 6# is necessary to show
TABLE V. Cross-relaxation parameter.

System
s(5S2 , 5I 8)→(5I 4 , 5I 7)

~s21 cm23!
s1(5S2 , 5S2)→(5G4 , 5I 5)

~s21 cm23!
s2(5F3 , 5I 8)→(5F5 , 5I 7)

~s21 cm23!

Ho31:YAlO3

~3%Ho!
0.8310217 5.0310217 -

Ho31:YLF
3%~Ho!

3.8310217 - -

Ho31:BYF
~1%Ho!

3.0310217 - 4.5310216
9-8
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FIG. 6. Simplified model for
the description of the upconver
sion process.
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the upconversion processs1 . It represents all levels lying
energetically above the5S2 multiplet, and will be neglected
in the calculations~as above in the numerical simulations!.
In this simplified system@Eq. ~9!# the parameters will be
noted as much as possible in the same manner as in
original paper but also taking into consideration the notat
from the initial system@Eq. ~8!#:

dn1
s

dt
5~w2

s1w20
s !* n2

s1B* w3
s* n3

s2ss* n1
s* n3

s2R1
s* n1

s ,

dn2
s

dt
52~w2

s1w20
s !* n2

s1~12B!* w3
s* n3

s1w30
s * n3

s

12* ss* n1
s* n3

s2R2
s* n2

s1R1
s* n1

s1s1
s* n3

s* n3
s ,

~9!

dn3
s

dt
52w3

s* n3
s2w30

s * n3
s1R2

s* n2
s2ss* n1

s* n3
s2s1

s* n3
s* n3

s

n1
s1n2

s1n3
s51,

wheren1
s , n2

s , andn3
s are the populations of the three leve

~1!, ~2!, and~3!, respectively;R1
s andR2

s are the ground- and
excited-state absorption pump rates, respectively;ss is the
cross-relaxation rate@(3,1)→(2,2)#; s1

s is the upconversion
rate@(3,3)→(2,4)#; B is the branching ratio for the radiativ
deexcitation (3)→(1); w3

s andw30
s are the rates for radiative

and phonon deexcitation of level~3!, respectively, withw3
s

1w30
s 51/t3

s , wheret3
s is the effective lifetime of the emit-

ting level in the absence of any cross-relaxation process;
w2

s andw20
s are the rates for radiative and phonon deexc

tion of level ~2!, respectively, withw2
s1w20

s 51/t2
s . Because

level ~2! corresponds to5I 7 and the phonon deexcitation ra
for this level is very weak, we will setw20

s ;0. All these rates
~denoted by an upper indexs! are characteristic paramete
of the simplified model. Our task will be to establish a re
tion between them and to relate these parameters to t
23511
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-
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from the real system@Eq. ~8!#, in order to characterize the
possibility of an avalanche mechanism to occur.

In order to study the evolution of the system we will fir
make the assumption that if we work under low pump rat
the ground state will be almost undepleted, so we can c
sidern1;const and close to 1. This assumption also allo
us to make the substitutions1

s* n3
s* n3

s5s1
s* (12n1

s

2n2
s)* n3

s's1
s* n3

s(12n1
s) ~the productn2

s* n3
s is small in

comparison ton1
s* n3

s!. Then, in accordance with Eq.~5!
from Sec. II, we will extend the definition for the quantu
yield of a transfer rate to any kind of rate~upconversion,
multiphonon deexcitation, etc.!. Let us assume that a specifi
level is affected by deexcitation rates denoted bywm , wn ,
andwp . In this case the quantum yield of thewm deexicta-
tion process is defined aswm /(wm1wn1wp). The quantum
yield represents the population fraction, which leaves
level due to the process characterized by the ratewm . In our
further calculations we use the following notations for sp
cific quantum yields for the deexcitation processes of le
~3! to level ~2!:

HCR5
ss* n1

s

1

t3
s 1ss* n1

s1s1
s* ~12n1

s!

represents the quantum yield of the cross-relaxation pro
ss,

HUC5
s1

s* ~12n1
s!

1

t3
s 1ss* n1

s1s1
s* ~12n1

s!

represents the quantum yield of the upconversion proc
s1

s ,

h15
~12B!* w3

s

1

t3
s 1ss* n1

s1s1
s* ~12n1

s!
9-9
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represents the quantum yield of the radiative deexcitat
and

h25
w30

s

1

t3
s 1ss* n1

s1s1
s* ~12n1

s!

represents the quantum yield of multiphonon deexcitati
For further simplification we use the notationsH5HCR
1HUC andh5h11h2

The equation forn3
s under steady-state condition~i.e.,

dn3
s/dt50! gives the following relation between the popul

tions of levels~2! and~3!: n3
s5n2

s* R2
s* (12H)* t3

s . With the
help of this relations andn1

s512n2
s2n3

s , the rate equation
for n2

s becomes

dn2
s

dt
5n2

s* R2
s* ~2* HCR1HUC1h21!2

1

t2

2R1
s* R2

s* t3
s~12H !* n2

s2R1
s* n2

s1R1
s .

Solving this equation, a solution of the type 1/A* (eA* t

1M ) is obtained, wheret is the time,M5R1 , and

A5R2
s* ~2* HCR1HUC1h21!2

1

t2
s

2R1
s* R2

s* t3
s~12H !2R1

s . ~10!

The behavior of this solution describes what happens w
the population of level~2! under a low pump rate and whe
the population of level~3! is under a steady-state conditio
A negative value forA will also provide a steady-state solu
tion for the population of level~2!. WhenA is or becomes
positive the population of level~2! has the tendency to in
crease strongly. Due to the ESA process the increase o
population in level~2! generates an increase of the popu
tion in level ~3! ~which we assumed to be under steady-st
conditions!. This contradiction means that the system has
tendency to become unstable~regarding to the assumptio
that we have made!. In this case the avalanche mechanis
occurs~one of the characteristics of avalanche is that aro
a threshold value of the pumping rate and/or the cro
relaxation rate, a strong increase in the emission inten
occurs!. In conclusion, ifA is positive, there is the possibility
of an avalanche process occurring. IfA is negative, however
the system is characterized just by a looping mechanism

Looking in detail at Eq.~10!, we observe that the term
R2

s* (2* HCR1HUC1h21) represents the gain of the loo
because it can be obtained from the second rate equatio
the equation system~9!, i.e., from (12B)* w3* n3

s

12* s* n1
s* n3

s2R2* n2
s @this term describes the excitatio

which returns to level~2! after a pump processR2
s#. The term

(21/t2
s)2R1

s* R2
s* t3

s(12H)2R1
s represents the loss due

radiative deexcitation (2w2) and due to accumulation o
population in the levels~2! and~3!. It is obtained by replac-
ing R1

s* n1
s in the second rate equation of the equation sys

~9! by R1
s* (12n2

s2n3
s).
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We now have to determine the relations between the
rameters of the simplified model (R1

s ,R2
s ,ss,s1

s ,wi
s ,w0i

s )
and the parameters used in the numerical calculations of
real system (R1 ,R2 ,s,s1 ,wj ,w0 j ). In the simplified model
the rateR1

s describes the 1→2 transition. These levels@~1!
and ~2!# correspond to5I 8 and 5I 7 in the real system. The
ground-state absorption GSA1 (R1) describes the5I 8→5I 4
transition in the real system. The excitation relaxes from5I 4
to 5I 7 by phonon deexcitation (5I 4→5I 5→5I 6→5I 7). This
means that we have to take into account the quantum yiel
the phonon deexcitation processes for the levels5I 4 , 5I 5 ,
and 5I 6 , respectively. In the numerical solution for the re
Ho31:YAlO3 and Ho31:YLF systems we have assumed th
the phonon deexcitation is much larger than the radia
deexcitation for the5I 4 and 5I 5 levels, we haveh405h30

51 andR1
s5R1* h20. R2

s describes the 2→3 transition in
the simplified model. Levels~2! and ~3! are levels5I 7 and
5S2 in the real system. The ESA2 process (R2) describes the
transition 5I 7→5S2 ; thusR2

s5R2 . The cross-relaxation rate
ss represents the process (3,1)→(2,2) in the simplified sys-
tem. Because of the correspondence 3↔5S2 , 2↔5I 7 , and
1↔5I 8 , ss represents the process (5S2 , 5I 8)→(5I 7 , 5I 7). In
the real system the rates represents the process (5S2 , 5I 8)
→(5I 7 , 5I 4). As stated above, the quantum yield of th
cross-relaxation process (HCR) represents the percentag
from the population of5S2 , which leaves the5S2 level due
to cross-relaxation processes. In the case of the simpli
system the excitation removed from5S2 goes directly to
5I 7 , while in the real system it ends on the5I 4 level and
requires phonon deexcitation processes to end in the5I 7
level. The second component of the cross-relaxation proc
i.e., 5I 8→5I 7 , is identical in the simplified and real system
Thus we obtain 2* HCR5hs1hs* h40* h30* h205hs

1hs* h20, wherehs represents the quantum yield ofs. The
upconversion rates1

s describes the process (3,3)→(2,4),
which corresponds to (5S2 , 5S2)→(5G4 , 5I 5) in the real
system. In the same way as for the cross-relaxation pro
ss we obtain HUC5hs1

1hs1
* h30* h205hs1

1hs1
* h20,

wherehs1
represents the quantum yield ofs1 , i.e., the up-

conversion process in the real system. A process which ex
in the real system is the second ESA process (R3 , 5I 6
→5G6). Because this process does not start from the5I 7
level, we cannot include it in the ESA process 2→3. Never-
theless this second ESA process populates the5S2 level in
the real system. This means that an additional excitatio
brought to the5S2 level due toR3 . Therefore, we will split
the population of the5S2 level in two componentsn3

R2 and

n3
R3, representing the5S2 population due to theR2 and R3

pumping processes, respectively. Thus far we transferred
rates from the real system to the simplified system setting
ESA1 process (2→3) to be equal toR2 . This means that by
now the population of level~3! in the simplified system is
smaller than the population of the5S2 level in the real sys-
tem, because of the neglect ofn3

R3. Thus in our simplified
system by now we have a smaller effect of all proces
that affects level ~3!. Therefore we will replace
the cross-relaxation rates1

s by a larger cross-relaxation
9-10
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FIG. 7. Gain ~open squares!
and loss ~open circles! for
Ho31:YLF and Ho31:YAlO3 as
a function of the pump rate a
750 nm.
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rate sNEW
s which we will define as follows:sNEW

s * (n3
R2)

5(s1
s1sX

s )* (n3
R2)5s1

s* (n3
R21n3

R3), with sNEW
s as the new

cross-relaxation rate andsX
s as the difference between th

new cross-relaxation rate and the old one. This gives

sNEW
s 5s1

s* S 11
n3

R3

n3
R2D . ~11!

The same calculation can be made for the other rates
affect the 5S2 population~i.e., the phonon deexcitation rat
the upconversion rate, and the radiative deexcitation rate!. In
the simplified system we therefore have to increase@as in Eq.
~11!# any of the rates of the processes which start from5S2
in order to take into account the effect of the5I 6→5G6

excited-state absorption. An estimation of the ration3
R3/n3

R2 is
possible from the numerical evaluation of the real syst
@Eq. ~8!# in the presence and absence of the ESA2 proc
i.e., the whole system is solved with the complete set
parameters forR3Þ0 and forR350, respectively. The ratio
of the two populations of the5S2 level obtained in this way
will be used to replacen3

R3/n3
R2. The obtained ratios are

about 0.3 for Ho31:YAlO3 and;0 for Ho31:YLF. In order
to calculate the gain~G! and loss~L! of the whole loop we
will put Eq. ~10! in the forms

G5R2
s* ~2* HCR1HUC1h21! ~12!

L5
1

t2
s 1R1

s* R2
s* R1

s* t3
s~12H !1R1

s . ~13!

With the known relation between the parameters in th
two equations and the real parameters of the Ho31:YLF and
Ho31:YAlO3 systems, we are now able to calculate the g
and loss. In Fig. 7 the gain and loss for Ho31(3%):YAlO3
23511
at

s,
f

e

n

and Ho31(3%):YLF areshown. For a pumping rate of abou
1.13103 s21 ~which corresponds to a pump power of abo
1.8–1.9 W for a circular pump spot of 100mm diameter! in
the Ho31(3%):YAlO3 system the gain is about 100–110 s21

while the loss is about 130 s21. Thus A is negative, and a
photon avalanche does not occur up to this pumping rate.
the same pumping rate, in Ho31(3%):YLF thegain is about
460 s21, while the loss is only about 80–90 s21, i.e., the
system is in the avalanche regime. This system will reach
photon-avalanche regime at a pumping rate of about 16021.

The reason for this different behavior can be explain
with the cross-relaxation rates~listed in Table V! for
Ho31:YAlO3 and Ho31:YLF. For Ho31:YAlO3 the 5I 7

level is fed mainly by multiphonon deexcitation process
whereas the cross-relaxation rates ~corresponding toss in
the simplified system! is small~quantum yieldhs50.09!. In
contrast, for Ho31:YLF the cross-relaxation rate is large
~quantum yieldhs50.47!. The case of Ho31:YSGG will not
be further discussed, because the features are very simil
those of Ho31:YAlO3 .

For Ho31:BYF under 750- and 888-nm excitations, a co
responding analysis is very difficult, because the phonon
excitation rates are much smaller than in the case
Ho31:YLF and Ho31:YAlO3 . The assumption that all exci
tation above the5S2 level ends via phonon deexcitation i
the 5S2 level ~as used for Ho31:YLF and Ho31:YAlO3! is
not valid in this case. The reduced model becomes too c
plicated, because the necessary introduction of additio
levels makes it nearly impossible to estimate the relat
between the parameters of the real system and the simpl
system. It should also be noted, that in the case of 888
excitation there is no cross-relaxation process feeding the5I 5
intermediate level. Thus the gain of a hypothetical loop sta
ing from this level will be based only on phonon deexcitati
and therefore small. In the same time the loss term in
9-11
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TABLE VI. Inversion pump ratesR1 and pump powersP1 for the systems investigated under differe
pump wavelengthslp for obtaining the inversion between the lowest Stark level of the combined (5S2 , 5F4)
multiplet and the highest Stark level of the5I 8 ground state.n(Ho31): Ho31 concentration in the crystal. A
pump spot diameter of 100mm was assumed in the calculations.

System n(Ho31) lp ~nm! R1 ~s21! P1 ~W! Comments

Ho31:YLF 3% 750 93103 ;16
Ho31:YAlO3 3% 750 23104 ;35 At R2593103 the ratio between the

lowest Stark level of the5S2 level
and the highest Stark level of
5I 8 is 0.4.

Ho31:BYF 1% 888 4.63103 ;18
Ho31:YAlO3 1% 750 2.73104 ;50 At R254.63103 the ratio between

the lowest Stark level of the5S2

level and the highest Stark level of
5I 8 is 0.1.
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loop, i.e.,R1
s* R2

s* t3
s(12H) is high due to the high ground

state absorption rate. Furthermore, the ground-state abs
tion cannot be considered as weak, and therefore a ra
significant change in the population of the ground state w
occur, which is a contradiction to the assumption of an
depleted ground state.

With the help of Eqs.~8! an estimation of the efficiency o
the whole upconversion process with respect to the rea
tion of laser oscillation is possible. Therefore, the necess
pump rate for obtaining population inversion between
lowest Stark level of the thermally coupled (5S2 , 5F4) mul-
tiplets and the highest Stark level of the5I 8 ground state is
calculated and denoted byRI ~corresponding to the ESA1
process for 750-nm pumping or to the ESA3 process
888-nm pumping!. The results under the assumption of
pump spot diameter of 100mm are listed in Table VI. It can
be seen that pump powers of 16–18 W are at least neces
to reach threshold inversion. Therefore, in the cases of in
red excitation in the range of 700–900 nm, the sing
Ho31-doped systems investigated by us are not very pro
ising for a realization of laser oscillation on the green tra
sition. The above calculations were performed in a cons
pump rate model, i.e., the numerical system does not
into account the spatial distribution of the pump. Howev
for the cases of 750-nm pumping, codoping with other ra
earth ions should be taken into consideration in order to
prove the transfer rates and thus to lower the inversion pu
rate. In case of Yb31 codoping a significant improvement i
the emission intensity and efficiency of the upconvers
process was observed23 and further investigation in this di
rection are under way.

IV. CONCLUSION

The Ho31-ion was investigated in some crystalline hos
under excitation in the spectral range between 700
920 nm. Excited-state absorption processes occurring f
the 5I 7 , 5I 6 , and 5I 5 levels were spectroscopically invest
gated. A characteristic feature of Ho31-doped systems is th
occurrence of two simultaneous ESA processes~ 5I 7→5S2
and 5I 6→5G6! at the same wavelength around 750 nm. T
ratio between these two ESA processes seems to be si
23511
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for the crystals studied although the influence of the sec
ESA process is important for the population of the5S2 level
in Ho31:YAlO3 and Ho31:YSGG, but plays a smaller role
in Ho31:YLF ~n3

R3/n3
R250.3 for YAlO3 and 0 for YLF!. This

difference in the effect of the second ESA process is rela
to the value of the phonon deexcitation rate and to the va
of the cross-relaxation rate: on the one hand, a high pho
deexcitation rate favors that the excitation into the5I 5 and
5I 6 levels relaxes into the5I 7 level and the excitation into
the 5F3 level relaxes into the5S2 level; however, on the
other hand, a multiphonon quenching of the5S2 emitting
level is also favored. For small multiphonon rates a lo
lifetime of the emitting level exists, but the5I 6 level acts as
a trap for the excitation and also radiative and nonradia
deexcitation via cross-relaxation from the levels above
5S2 level probably overpass the5S2 level. A high cross-
relaxation rate favors the feeding of the5I 7 level but also
depletes strongly the5S2 level.

In conclusion, we can say that the singly Ho31-doped
systems investigated by us are not promising for the real
tion of upconversion laser oscillation in the green spec
range (5S2→5I 8) under and infrared pump in the spectr
range between 700 and 900 nm. Nevertheless a host ma
with a more efficient cross relaxation process (5S2 , 5I 8)
→(5I 7 , 5I 4) and/or a more efficient ESA process (5I 7
→5S2) could prove itself to be very suitable for such a pu
pose. We also proved that the different behavior of the
converted emission between Ho31:YLF and Ho31:YAlO3 is
due to the different values of the cross-relaxation rate. T
suggests that in the case of Ho31:YAlO3 a codoping with
another ion, e.g., Yb31, leads to an avalanche mechanis
due to higher cross-relaxation rates~in order to efficiently
feed the5I 6 and 5I 7 levels!.23 Therefore, lower pump rate
for reaching threshold inversion are also expected
codoped Yb31, Ho31:YAlO3 and Yb31, Ho31:YLF
systems.
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