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1. Up-conversion Processes 

The usual fluorescence behavior follows Stokes law, where exciting photons are of higher energy than emitted 
photons.  Anti-Stokes processes usually concern emitted energies in excess of excited energies by only a few kT.  
These processes include anti-Stokes emission by the thermal bands or by the Raman effect. There are processes, 
however, in which emission photon energy exceeds excited photon energy by 10 - 100 kT.  This includes energy 
transfer upconversion (APTE or ETU), multi-step excitations from excited state absorption (ESA), cooperative 
upconversion, and the photon avalanche effect.  These upconversion processes are compared with the relative 
efficiencies for second harmonic generation (SHG) and 2-photon absorption (TPA) in Fig. 1.  

 

 
 

Fig. 1. Two photon upconversion processes with relative efficiencies [1]. 
 

ETU is seen in various types of ion-doped solids such as crystals or glasses, most notably in laser crystals.  ETU is 
often an unwanted effect when building a laser since it is a form of non-radiative decay which is an inefficiency 
leading to unwanted heat in the laser crystal, wasting energy.  Like most phenomena, ETU is not all bad.  For 
example it can be used to create an up-converted room temperature CW laser when pumping Thulium at 1120-
1140nm and generating a blue laser at 480nm [12-14]. 
 

2.  The basics of ETU 
 
Energy transfer upconversion (ETU) is the result of successive energy transfers between ions at different sites.  
Since the ETU process involves the mutual interaction between ions, it is required that the concentration of ions is 
sufficient to allow energy migration between ions, however it does not require charge transport.  The first ion to be 
excited is called a sensitizer (S) and the ion to which energy is transferred is called the activator (A).  In literature, 
the two ions are sometimes called donor and acceptor, respectively, but since this can be confused with 
semiconductors, sensitizer and activator are preferred.   
 
 
There are three types of distinguished energy transfer depicted in Fig. 2, radiative (a), nonradiative (b), and phonon-
assisted (c). 

2.2. Upconversion Processes by Sequential
Energy Transfers (APTE or ETU Process):
Comparison with ESA and Typical Examples
As said in the Introduction, up to 1966 all identified

energy transfers between rare-earth ions were of the
types summarized in Figure 1, that is the activator
ion receiving the energy from a nearby sensitizer (S)
was in its ground state. Then Auzel proposed to
consider cases where activators (A) were already in
an excited state7 as shown in Figure 2. Because
activator ions usually have several (n) excited states
but a single ground state, one can understand why
n-photons may be summed up through this new
consideration. This becomes obvious when one real-
izes that only energy differences and not absolute
energy can be exchanged between ions.

The reason for proposing such upgoing transfer was
to point out that energy transfers then used41 to
improve the laser action of Er3+by pumping Yb3+in
a glass matrix could also have the detrimental effect
of increasing reabsorption.7,24 The simple proof of
such an effect was to look for an upconverted green
emission (from 4S3/2 of Er3+) while pumping Yb3+

(2F7/2-2F5/2) transition, which was effectively ob-
served.7,42 Of course, the situation in Figure 2 could
repeat itself several times at the activator. This
meant that n-photon upconversion by energy transfer
was possible as demonstrated by the three-photon
upconversion of 0.97 µm into blue light (0.475 µm)
in the Yb3+-Tm3+ couple.7 Independently this IR to
blue upconversion was interpreted by Ovsyankin and
Feofilov43 as a two-photon effect connected with two
excited Yb3+ ions and a cooperative sensitization of
Tm3+ initially in its ground state. This interpretation
originated from the law for output versus excitation,
which was quadratic instead of cubic as found in ref
7 and because energy transfers between excited
states were only being recognized independently at
the time.7 The experimental discrepancy aroused
probably from a saturation in an intermediate step
in the APTE process.44

Recently a systematic analysis of the power law
governing the APTE (or ETU) process has been
performed by Pollnau,45 generalizing by rate equa-
tions what had been discussed for the Yb-Tm
couple:2 a Pn law can be found for an n-photon process
when WAPTE, the APTE (ETU) upconversion prob-
ability, is weak, whereas a P1 law can be asymptoti-
cally obtained when WAPTE is large in front of other
processes depopulating the metastable state.

To make the terminology clearer, a schematic
comparison between the APTE (ETU) effect and other

two-photon upconversion processes, namely, two-step
absorption, cooperative sensitization, cooperative
luminescence, second-harmonic generation (SHG),
and two-photon absorption excitation, is presented
in Figure 3 together with their respective typical
efficiency.

Since we are dealing with nonlinear processes,
usual efficiency, as defined in percent, has no mean-
ing because it depends linearly on excitation inten-
sity. Values are then normalized for incident flux and
given in cm2/W units for a two-photon process. More
generally, for an n-photon process it should be in
(cm2/W)n-1.
A simple review of the energy schemes shows that

they differ at first sight by the resonances involved
for in- and outgoing photons: for highest efficiency,
photons have to interact with the medium a longer
time, which is practically obtained by the existence
of resonances. As shown, the APTE (ETU) effect is
the most efficient because it is closest to the full
resonance case.

However, reality is sometimes not so simple, and
different upconversion processes may exist simulta-
neously or their effects can be tentatively made to
reinforce each other. For instance, a combination of
two-photon absorption and cooperative absorption
has been theoretically investigated.46 Also, SHG and
cooperative luminescence have been considered si-
multaneously in order to increase SHG by the partial
resonance of cooperative luminescence.47,48

Let us consider now the role of macroscopic energy
diffusion in both APTE (ETU) and ESA upconversion
second-order processes.

The probability for ESA in a two-step absorption
(W13) connecting a state E1 to E3 by the intermediate
state E2 is just given by the product of the prob-
abilities for each step (Figure 4)

Figure 2. APTE basic step: energy transfer toward an
ion already in an excited state. Nonradiative energy
transfer is either resonant or phonon-assisted with energy
mismatch ε0 * 0.

Figure 3. Various two-photon upconversion processes
with their relative efficiency in considered materials.

Figure 4. Simplified energy level scheme and symbols
used in eqs 18-22.

W13 ) W12‚W23 (18)
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Figure 2. Three types of energy transfer.  Successive energy transfers lead to upconversion [1]. 

 
(a) Radiative energy transfer occurs when a photon is emitted by the sensitizer and absorbed by the activator, 

and hence is dependent on the sample shape.  Longer dimensions allow for a greater possibility for 
absorption by the activator.  Depending on the degree of overlap between the emission spectra of S and the 
absorption spectra of A, the shape of the sensitizer emission will change according to the activator 
concentration.  This means radiative and nonradiative energy transfer can be distinguished by looking at 
reabsorption effects.  The probability for an energy transfer to occur as a function of distance R is given by 
[1], 

      PSA (R) =
σ

4πR2τ S
gS (ν )∫ gA (ν )dν         (1)   

 
where tS is the sensitizer lifetime, σA is the absorption cross section, and the integral is the spectral overlap 
between S and A.  The R-2 distance dependence between ions helps determine concentration levels, as well 
as determining the host based on interatomic distances. 
 

(b) Nonradiative energy transfer is an interaction that occurs between two ions with nearly equal energy 
between the ground state and an excited state.  Given enough ion interaction, the excitation will jump from 
one ion to another.  The probability for energy transfer goes as,  

 

PSA =
(R0 R)n

τ S
    (2)   

where τS is the sensitizer lifetime and R0 is the critical transfer distance for which excitation transfer and 
spontaneous deactivation of the sensitizer have equal probability.  The exponent, n, is an integer that goes 
as  
 n = 6   for dipole-dipole interactions 
 n = 8   for dipole-quadrupole interactions 

n = 10 for quadrupole-quadrupole interactions 
 

(c) A phonon-assisted energy transfer occurs between two ions with different energy separations.  The 
probability for energy transfer should go to zero as the energy integral overlap goes to zero (Eqn. 1), 
however it can still take place for small energies (~.01 eV) provided energy is conserved through 
production and annihilation of a few phonons.  In rare-earth ions, however, energies differences an order of 
magnitude higher are possible and so multi-phonon processes must be considered.   

 
Because both the quantum mechanical treatment [1-5] and the macroscopic treatment [6-9] of the energy transfer 
process are lengthy and cumbersome, it is more instructive to point out some of the expected behavior such as the 
power dependence.   
 

the general field has recently evolved from the rare-
earth (4f) consideration toward the use of actinide
(5f) and transition-metal (3d, 4d, 5d) ions with a
systematic use of laser excitation at precisely defined
wavelengths.

This evolution justifies the present review.
Because it appears that the language in the up-

conversion field is still not completely fixed, possibly
inducing misinterpretation, the basic processes of
energy transfers, cooperative processes, and their
application to upconversion together with their more
recent evolutions and selected examples of applica-
tions will be presented in reference to the accepted
vocabulary proposed by the pioneers. Some of the
original papers in this field were reprinted in 1998
in a collective edition.19

2. Energy Transfers between RE Ions: Role of
Energy Diffusion in Up- and Downconversion

In the following, the mutual interactions between
ions are the key feature.

When the concentration of active ions is increased,
long before the appearance of new lines due to pairs
or modifications in radiative transition probabilities,
a migration of energy between the centers is found.
We are going to study this now, assuming that
multiphonon decays and the radiative transitions
remain one-center processes.
As single f and d ions properties are supposed to

be known, multiion processes, namely, energy trans-
fers, are now dealt with. Energy transfer occurs in a
system where absorption and emission do not take
place within the same center. It may occur without
any charge transport. Then one may distinguish
between radiative and nonradiative, resonant, and
phonon-assisted energy transfer. Theoretical ap-
proaches start from a microscopic point of view with
a macroscopic result averaged over all the centers in
the sample. In fact, an energy transfer between two
given ions cannot by itself increase efficiency; it can
only provide a new excitation wavelength range with
a reduced efficiency since it consists of the product
of two processes with intrinsic efficiency less than or
equal to 1. Overall efficiency improvement by energy
transfers is gained only from the spatial averaging
due to the macroscopic process of diffusion.

2.1. Recall of Basics of Energy Transfer with
Activator in Its Ground State20,21

In a schematic way, the different microscopic
energy transfer processes between two ions can be
presented as in Figure 1. Following the traditional
vocabulary of the phosphor field, the ion being first
directly excited is called a senzitizer (S); some people
would call it a donor, but because f and d ions may
also be imbedded in semiconductors, such vocabulary
leads to confusion and is not retained here. The ion
to which energy is transferred and which emits the
output photon is called an activator; in a synonymous
manner, it is some times termed an acceptor. To
avoid any ambiguity with the semiconductor field,
this vocabulary is not retained in the following.

One usually distinguishes radiative transfer (Fig-
ure 1a), nonradiative energy transfer (Figure 1b), and
multiphonon-assisted energy transfer (Figure 1c). S
and A may also be identical ions, and nonradiative
transfer may give rise to self-quenching by cross-
relaxation (Figure 1d).

When energy transfer is radiative (Figure 1a), real
photons are emitted by the sensitizer ions (S) and
are then absorbed by any activator ions (A) within a
photon travel distance. As a consequence, such
transfer depends on the shape of the sample.

Moreover, according to the degree of overlap be-
tween the emission spectrum of the sensitizer (S) and
the absorption spectrum of the activator (A), the
structure of the emission spectrum of the sensitizer
will change with activator concentration. Since pho-
tons are emitted anyway, the sensitizer lifetime is
independent of the activator concentration. These
three facts are the criteria used to distinguish
between radiative and nonradiative resonant energy
transfer.

Probability for such transfer between two ions at
a sufficiently large distance R is found to be20

where τS is the sensitizer lifetime and σA the absorp-
tion-integrated cross section. The integral represents
the spectral overlap between A and S. It should be
noted that the distance dependence goes as R-2. Such
resonant radiative transfer may permit long-range
energy diffusion between identical ions and gives rise
to photon-trapping effects of the same type as the
ones observed a long time ago in gases.22 Trapping
effects increase the apparent experimental lifetime,
and τS has to be measured on thin and lightly doped
samples. These effects are particularly strong in Cr3+

and Yb3+.23-25

Let us consider the simple case of two ions, each
with one excitable electronic state separated from its
electronic ground state by nearly equal energy; it is
the case described in Figure 1b. With suitable

Figure 1. Various basic energy transfer processes between
two ions considered before 1966: note that activator ion
(A) receiving the energy from the sensitizer (S) is initially
in its ground state. Cross-relaxation is the special case
where S is identical to A. Doubled arrows symbolize the
Coulombic interaction: (a) radiative resonant transfer; (b)
resonant nonradiative transfer; (c) phonon-assisted non-
radiative transfer; (d) cross-relaxation special case of
nonradiative transfer.

pSA(R) )
σA

4πR2

1
τS

∫gS(ν)gA(ν) dν (1)
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Pollnau et al. have shown the power dependence starting from rate equations for ETU in an ion containing four 
excited state levels (appropriate for Er3+) with population Ni and corresponding parameters Wi [10], 
 

N0 ≈ const., (2)

dN1 dt = ρ pσ 0N0 − 2W1N1N1 −W2N1N2 −W3N1N3 − A1N1 +βA2N2 , (3)

dN2 dt =W1N1N1 −W2N1N2 − A2N2 +β3A3N3, (4)

dN3 dt =W2N1N2 −W3N1N3 − A3N3 +β4A4N4 , (5)

dN4 dt =W3N1N3 − A4N4. (6)

                               

 
Solutions to the rate equations exist [10] for small upconversion (1) and large upconversion (2), and are summarized 
in Table 1. 
 

(1) Small upconversion:   
 
For (i) βi = 1 and (ii) βi = 0, steady-state solutions are, 

 

Ni = A1
−i [Wj−1Aj

−1](ρpσ 0N0 )
i

j=2,…,i
∏ i =1,…,n. (7)  

(2) Large upconversion:   
 
For (i) βi = 1, steady-state solutions are, 

Ni = [Wj−1Aj
−1] [Ak

i/n ]
k=2,…,n−1
∏ × [Wl

−i/n ]
l=1,…,n−1
∏ (ρpσ 0N0 )

i/n

j=2,…,i
∏ i =1,…,n.  

 
For (i) βi = 0, 

Ni = 0.5W1
0.5Wi

−1(ρpσ 0N0 )
0.5 i =1,…,n. (9)

Nn = 0.25An
−1ρpσ 0N0 (10)

 

 
 

 
TABLE I. Characteristic slopes of the steady-state excited-state population densities Ni of levels i =1…n and luminescences from these states for 
n-photon excitation. The investigated limits are: (1) small upconversion or (2) large upconversion by (A) ETU or (B) ESA, decay predominantly 
(i) into the next lower-lying state or (ii) by luminescence to the ground state, and (a) a small or (b) a large fraction of pump power absorbed in the 
crystal [10]. 

1. Small upconversion

For both, !i" # i!1 and !ii" # i!0, we obtain steady-state
solutions of the type

Ni!A1
"i $

j!2, . . . ,i
%Wj"1A j

"1&!'p(0N0" i, i!1, . . . ,n .

!17"

2. Large upconversion

The rate equations, for !i" # i!1, have steady-state solu-
tions for the population densities of the type

Ni! $
j!2, . . . ,i

%Wj"1A j
"1& $

k!2, . . . ,n"1
%Ak

i/n&

# $
l!1, . . . ,n"1

%Wl
"i/n&!'p(0N0" i/n,

i!1, . . . ,n . !18"

For !i" # i!0, we obtain the following solutions:

Ni!0.5W1
0.5Wi

"1!'p(0N0"0.5, i!1, . . . ,n"1 !19"

Nn!0.25An
"1'p(0N0 . !20"

B. Excited-state absorption

If ESA is the relevant upconversion mechanism, the as-
sumption that ground-state bleaching is negligible but upcon-
version luminescence is measurable implies that

(0$( i ,

'p(0$Ai for i!1, . . . ,n . !21"

The rate equations are then given by Eq. !1" and

dN1 /dt!'p(0N0"'p(1N1"A1N1%#2A2N2 , !22"

dN2 /dt!'p(1N1"'p(2N2"A2N2%#3A3N3 , !23"

dN3 /dt!'p(2N2"'p(3N3"A3N3%#4A4N4 , !24"

dN4 /dt!'p(3N3"A4N4 . !25"

1. Small upconversion

For both !i" # i!1 and !ii" # i!0, we obtain steady-state
solutions of the type

Ni! $
j!1, . . . ,i

%A j
"1&'p

i $
j!1, . . . ,i

%( j"1&N0 , i!1, . . . ,n .

!26"

2. Large upconversion

For # i!1, the solution Eq. !26" is obtained. For !ii" # i
!0, the solutions for the population densities read

Ni!!(0 /( i"N0 , i!1, . . . ,n"1, !27"

Nn!An
"1'p(0N0 . !28"

In Eq. !26" and Eqs. !27" and !28", all excited-state popula-
tion densities are small compared to N0 because of Eq. !21".
The eight situations investigated above result in four dif-

ferent characteristic slopes for the excited-state population
densities and luminescences from these states as indicated in
Table I. To obtain these results, we inserted Eq. !5" in Eqs.
!17"–!20" and !26"–!28". Note that other scenarios involv-
ing, e.g., cross relaxation between excited states, an ava-
lanche process, three-ion energy transfer, or ground-state
bleaching have been neglected for simplicity, but are ex-
pected to lead to significant deviations from the results of
this model in certain experimental circumstances.

IV. POWER DEPENDENCE: SPECIFIC SITUATIONS

A. The limiting cases of small and large upconversion
With the results of Table I, the measurement of the slopes

of multiphoton-excited luminescences enables an interpreta-
tion of the underlying upconversion mechanism and its
strength. Generally, a measured slope of x is indicative of an
upconversion process, which involves at least n photons,
where n is the smallest integer greater than x !or equal to x if
x is an integer". However, it may also be a higher-order pro-
cess.
Low absorbed pump intensities and the consequent domi-

nance of linear decay for the depletion of the intermediate
excited states %case I of Table I& allow for the determination

TABLE I. Characteristic slopes of the steady-state excited-state population densities Ni of levels i
!1, . . . ,n and luminescences from these states for n-photon excitation. The investigated limits are: !1" small
upconversion or !2" large upconversion by !A" ETU or !B" ESA, decay predominantly !i" into the next
lower-lying state or !ii" by luminescence to the ground state, and !a" a small or !b" a large fraction of pump
power absorbed in the crystal.

Influence of
upconversion

Upconversion
mechanism

Predominant
decay route

Fraction of
absorbed

pump power
Power

dependence
From
level

!1" Small ETU or ESA next lower state or
ground state

small or large Ni)Pi i!1, . . . ,n

!2" Large !A" ETU !i" next lower state small or large Ni)Pi/n i!1, . . . ,n
!ii" ground state small or large Ni)P1/2

Ni)P1
i!1, . . . ,n"1

i!n
!B" ESA !i" next lower state !a" small Ni)Pi i!1, . . . ,n

!b" large Ni)Pi/n i!1, . . . ,n
!ii" ground state small or large Ni)P0

Ni)P1
i!1, . . . ,n"1

i!n

3340 PRB 61POLLNAU, GAMELIN, LÜTHI, GÜDEL, AND HEHLEN

(8) 

(3) 

(4) 

(5) 

(6) 

(7) 

(9) 

(9) 

(10) 



 
The high efficiency of ETU (given optimal atomic seperation) comes at the cost of a long fluorescence lifetime, Fig. 
3.  Termed phosphorescence, the long lifetime is due to the transfer of energy into ‘forbidden’ states and because of 
this slowness, it is susceptible to other forms of non-radiative decay.  In order to effectively generate 

 
Figure 3. Relative time scales for absorption, fluorescence and phosphorescence. 

 
phosphorescence, host materials with low phonon energies and minimal impurities is desired. 

 

 

3.  Applications for ETU 
 
Because the efficiency for ETU is high, a number of uses for conversion of IR to visible light are possible.  This 
process can be useful for IR detection and ETU pumped lasers.  Something useful for anyone who works with IR 
lasers is an IR detection card.  The 1.5µm cards use polycrystalline Er3+ phosphors [11] that follow the ETU scheme 
shown in Fig. 4, and allow a simple method for detecting otherwise invisible light.   
 

 
Figure 4. (left) Er3+ ETU levels. (right) Corresponding fluorescence spectra. 

 

(from 1.6 × 1022 to 4.3 × 1023 cm-3)60 with an
intensity ratio to single-ion transition of about 10-3.
Very recently similar results have been obtained for
cooperative Yb-Yb pairs on 1-12 cm long Yb-doped
laser crystals.70 The intensity was found to be 1.3 ×
10-5 of the single-ion one for a 1 cm long crystal of
Y2O3:Yb(10%), that is with a concentration of 2.8 ×
1021cm-3. Such very weak ratios demonstrate the role
of the double-operator nature of the transition. The
2 orders of magnitude difference, in both ratios given
above, reflect in part the fact that Yb-Yb pairs are
forbidden-forbidden pairs whereas Yb-OH are for-
bidden-allowed pairs.

Generally, experimental discrimination between
APTE (ETU) and cooperative processes is not straight-
forward apart from the trivial cases where no real
intermediate energy level exists for the APTE (ETU)
effect to take place, even from unwanted impurities.
The weak ion concentration level alone is not a good
argument to eliminate APTE (ETU) upconversion,
knowing that RE ion clusters may exist, for instance,
in glasses, even at a doping level as low as 70 ppm.71

To illustrate the experimental difference between
APTE (ETU) and cooperative upconversion, we will
discuss an example of excitation line-narrowing effect
in n-photon summation as a mean to distinguish
between both processes.72,73 Irradiating Er3+-doped
samples with IR radiation at 1.5 µm leads to various
visible emissions.

Room-temperature IR F-center laser excitation
between 1.4 and 1.6 µm of 10% Er3+-doped vitroce-
ramics and of YF3:Er leads to emission bands from
the near-IR to the UV. Such emission may be
ascribed to multiphoton excitation, respectively, of
order 1 to 5, either of the APTE (ETU) or of the
cooperative type as depicted, respectively, with en-
ergy levels of single-ion (APTE) or cooperative pair
levels (Figure 5).72,73

Successive absorptions in Figure 5a involve a
combination of several J states. APTE (ETU) effect,
because of self-matching by multiphonon processes,
involves (Figure 5b) only J ) 15/2 and 13/2 states.72

Excitation spectra in Figure 6 show a striking
behavior: each spectrum presents the same spectral

structure with clearly an increasing narrowing with
process order. The structure reproduces the Stark
structure of the 4I15/2-4I13/2 first excited terms as can
be obtained by a diffuse reflectance spectrum.

The spectral narrowing can be understood by a rate
equation treatment where higher excited populations
are neglected in front of the lower ones in order to
obtain a tractable development (weak excitation
assumption).

The emitted power from an n-photon summation
is then given by

with symbols of Figure 5b and P1(λ) the line shape
of 4I15/2-4I13/2 absorption.72

The obtained excitation spectra are direct proof of
the validity of the APTE (ETU) explanation, since a
cooperative effect should show the convolution of all
J states involved in the multiple absorption between
pair levels.72

Until the 1980s, few unquestionable experimental
examples of cooperative upconversion were demon-
strated besides the Yb-Tb cooperative sensitization

Figure 5. Cooperative (a) and APTE (b) energy scheme for n-photon (n ) 1-5) upconversion in Er3+-doped hosts.

Figure 6. Excitation spectra for n-photon (n ) 1-5)
upconversion in Er-doped YF3.

Pn(λ) )
Wn‚‚‚W2

(ω(n-1)‚‚‚ω2)
P1

n(λ) (25)
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Perhaps the most interesting application is ETU pumped lasers.  These can be single ion RE doped systems, or co-
doped with one RE ion as the sensitizer and another the activator.  Initial attempts at CW ETU pumped lasers 
required cooling crystals to very low temperatures making them impractical.  More recently, a room temperature, 
3mm long single crystal 3%Yb-1%Er:YLF crystal pumping the high Yb absorption at 960nm with 1.6W reached a 
useful output of 40mW at 551nm with a threshold of 418 mW [15]. 
 
Glass fibers allow for high pumping density over long lengths.  Fluoride fibers in particular favor anti-Stokes laser 
because of long-lived metastable states with low energy phonons and easily achieved ground state saturation.  The 
first room temperature CW fiber laser used Ho3+ doped fluoride fiber [16].  Er3+ doped glass fibers have generated 
three level laser emission at 540nm pumped at 801nm.  So far only two-photon processes have been mentioned, but 
a Tm3+ doped ZBLAN fiber has demonstrated a three-photon upconversion laser when pumped with 1.12µm and 
emitting at 480nm with a threshold of 30mW [17].  A final example is one of Pr3+-doped fluoride fibers.  Because 
of their low phonon energy with respect to Pr3+ emitting level energy differences, CW room-temperature anti-Stokes 
lasers at blue, green, and red wavelengths in a single fiber have been demonstrated [18]. 
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