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Abstract 

Upconversion emission in Er:YALO 3 (Er:YALO) was produced by excitation at wavelengths resonant with transitions 
from the 4Ii3/2 metastable state. Both steady state and time dependent fluorescence measurements are reported, and the 
energy flow pathway is described. The upconversion pump mechanism is a combination of cross relaxation energy transfer 
and non-resonant sequential two-photon absorption. Upconversion emission from the 2p3/2 state in Er:YALO was also 
observed. 

1. Introduction 

Over 160 mW of 550 nm emission was recently 
reported [ 1,2] for an Er 3 + :YAIO 3 (Er:YALO) upcon- 
version laser. The optical conversion efficiency was 
17% and is among the highest demonstrated for this 
type of laser. These results' are particularly remark- 
able in light of the higher phonon energy in YALO 
compared to fluoride-based hosts such as YLF. 
Higher phonon energies are characteristic of oxide 
hosts and serve to shorten the metastable state life- 
time. This lowers the upconversion pump efficiency. 
For example, only low power, self-pulsed upconver- 
sion laser emission has been reported for Er:YAG [3] 
and Tm:YAG [4]. 

Emission at 550 nm results from excitation at 
wavelengths between 785 nm and 840 nm. Er:YALO 
is unusual in that upconversion lasing may be pro- 
duced by three different energy transfer mechanisms. 
Which of these dominates is determined by the 
excitation conditions and the specific pump wave- 

lengths used. Two of the upconversion pump mecha- 
nisms have been previously identified [1,5] as coop- 
erative energy transfer upconversion and sequential 
two-photon absorption upconversion. Cooperative 
energy transfer dominates when the pump wave- 
length is resonant with transitions from the 4It5/2 

4 
ground state to the I9,(~_ state. Following excitation 
the ion relaxes to the ~I1~/2 intermediate state. Co- 
operative energy transfer between two ions in the 
4Ill/2 state produces an ion in the 4S3/2 upper laser 
level. Sequential two-photon absorption can domi- 
nate if in addition to pumping the 4115/2----)419/2 

transition, simultaneous excitation is provided at a 
second wavelength to promote ions from the inter- 
mediate state to the upper laser level. 

A third pump process was reported [2] to produce 
550 nm laser emission. This mechanism is distin- 
guished from the other two in that the pump wave- 
length is resonant with transitions from the 4113/2 
metastable state. This pump mechanism had been 
previously assigned [2] to photon avalanche upcon- 
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version on the basis of several observations. The 
major factor is that the pump transition originates in 
the metastable state of the Er 3+ ion, a distinguishing 
characteristic of photon avalanche upconversion. In 
addition, the laser output power dependence on the 
pump power is significantly greater than quadratic, 
similar to that observed for upconversion fluores- 
cence produced by photon avalanche pumping. 

This work was initially undertaken to provide an 
unambiguous identification of photon avalanche 
pumping as the upconversion mechanism initiated by 
excitation from the metastable state in Er:YALO. 
Confirmation is established by observing certain 
characteristic features in the upconversion fluores- 
cence emission. However, the experimental data re- 
ported below indicate that photon avalanche upcon- 
version is clearly not the dominant pump mechanism 
at these excitation wavelengths. Although the laser 
measurements presented in Ref. [2] are accurate, the 
interpretation of the pump mechanism is not. 

In this work we present the results of a detailed 
study of upconversion fluorescence in Er:YALO. 
The data suggest a pump mechanism that is a combi- 
nation of cross relaxation energy transfer and non- 
resonant sequential two-photon absorption. The up- 
conversion mechanism involves 'recycling' or 'loop- 
ing' of energy through the excited ionic levels in 
Er 3+. Looping has been discussed in the literature in 
connection with the 2.8 / z m  4111/2 ---)4113/2 Er laser 
transition. However, this pump mechanism has not 
been associated with upconversion laser emission 
prior to the present work. 

2. Experiment 

The cylindrical Er:YALO crystal was 10 mm 
long, 6.4 mm in diameter and contained 1.5 at% 
Er 3+ ( p = 2.95 × 102o cm-3).  A Ti:sapphire laser 
was used as the pump source and produced over 900 
mW at 800 nm with an output bandwidth of less than 
0.02 nm (0.31 cm-1).  The Er:YALO crystal was 
placed in a closed cycle helium cryostat containing 
four optical windows oriented 90 ° with respect to 
one another. The lowest temperature that could be 
achieved was 6.7 K and temperature control of 0.1 K 
was maintained. The measurements reported in this 
work were performed with the crystal at 7 K. Fluo- 
rescence data were taken by observing emission 
along, and at 90 ° with respect to, the excitation axis. 
Both orientations produced similar results. Reabsorp- 
tion of the upconversion fluorescence is generally 
low since only the lowest Stark level of the ground 
state is occupied at 7 K. 

Emission was detected with an end-on photo- 
multiplier tube (PMT). The PMT was located behind 
narrow band spectral filters for the 90 ° orientation, 
and was used in conjunction with a 0.3 m monochro- 
mator for the axial orientation. In the latter case 
emission from the crystal was passed though an 800 
nm blocking filter before being imaged onto the 
entrance slit of the monochromator. 

A schematic diagram of the apparatus used to 
obtain the fluorescence data is shown in Fig. 1. The 
pump light was focused onto the crystal with a 50 
mm lens to produce a pump waist of 21 /zm. Excita- 
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Fig. 1. Schematic diagram of the apparatus used to obtain fluorescence data in Er:YALO. Emission was detected both transverse and parallel 
to the excitation axis. An output coupler mirror was used to demonstrate that the excitation conditions used in this work will produce 
upconversion laser emission. The mirror was removed for the fluorescence measurements and is shown with dashed lines. 
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tion conditions are identical to those used to produce 
laser emission [1,2], and this could be verified by 
inserting an output coupler mirror as illustrated in 
Fig. 1. A chopper was placed in the pump beam path 
for the time dependent measurements. Chopping fre- 
quencies between 20 and 50 Hz were used. 

transfer can occur by a process similar to Auger 
recombination. As shown by the dashed lines in Fig. 
3, cooperative energy transfer upconversion pro- 
motes ion B to the 4F7/2 state while ion A relaxes to 
the ground state. Multiphonon relaxation from the 

3. Background 

A brief summary of the fundamental concepts 
related to upconversion in Er:YALO is useful to 
provide a framework for the discussion presented 
below. A more detailed description of upconversion 
processes in various materials is available in the 
literature [6]. A partial energy level diagram is shown 
in Fig. 2. The term 'upconversion' generally refers 
to processes that produce population in an excited 
state whose energy exceeds that of the absorbed 
pump photon. In Er:YALO absorption of light at 
approximately 800 nm leads to 550 nm emission due 
to the 483/2 ----~4115/2 transition. Under appropriate 
conditions upconversion pumping can produce a 
population inversion, leading to IR-pumped visible 
laser emission. 

Several upconversion pump mechanisms are 
known to produce laser emission. These include 
sequential two-photon absorption upconversion, co- 
operative energy transfer upconversion and photon 
avalanche upconversion. Sequential two-photon ab- 
sorption upconversion and cooperative energy trans- 
fer upconversion are illustrated in Fig. 3 for 
Er:YALO. Referring to the ion labeled 'A', a pump 
photon at 807 nm initiates the 4115/2 ---->419/2 transi- 
tion. The ~I9/2 state rapidly relaxes to the intermedi- 
ate 4Iii/2 state, which has a lifetime [7] of 1.2 ms. 
For sequential two-photon absorption upconversion 
to take place the crystal must be pumped simultane- 
ously at both 807 nm and 840 nm. Pump flux at 840 
nm produces the 4111/2 ----)4F5/2 transition. If the 840 
nm flux is sufficiently high, an ion in the 4111/2 state 
will have a greater probability of absorbing a photon 
than it has of relaxing. The 483/2 upper laser level is 
populated by multiphonon relaxation from the 4Es/2 
state as indicated in Fig. 3. 

Cooperative energy transfer upconversion is initi- 
ated by absorption at 807 nm. If two neighboring 
ions (A and B) occupy the 4111/2 state, energy 
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Fig. 2. Partial energy level diagram for gr:gALO. Each group of 
numbers to the right of the various states indicates the energies of 
the Stark levels. 
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Fig. 3. Upconversion pathways in Er:YALO for sequential two- 
photon absorption upconversion and cooperative energy transfer 
upconversion. 'A' and 'B' represent neighboring ions. The solid 
arrows indicate optical transitions, the wavy arrows represent 
multiphonon relaxation, and the dashed lines indicate cooperative 
energy transfer. 

4F7/2 state populates t h e  4S3/2 upper laser level. 
Energy transfer is nearly resonant, generating [8] 
only 9.3 cm -1 of excess energy. The pump effi- 
ciency for cooperative upconversion is sensitive to 
the 4111/2 lifetime, as the excitation of two neighbor- 
ing ions to the intermediate state and subsequent 
energy transfer must occur before one of the ions 
decays. 

The wavelengths 807 nm and 840 nm shown in 
Fig. 3 represent transitions to the lowest Stark level 
of the respective terminal state. The range of wave- 
lengths is 785 nm to 807 nm for the five 4115/~(1) 
....~ 4 , .  I9/~(n) transmons, and 835 nm to 840 nm for the 

_ _ > 4  • , 
three I11/2(1) Fs/2(n) transmons. All wave- 
lengths are designated with their vacuum values. 
Laser emission at 550 nm terminates on the fourth 
Stark level of the ground state at 218 cm -1. This 
transition is the most intense of the eight 4S3/2(I) 

4115/2 fluorescence lines. 
Sequential two-photon absorption upconversion 

pumping had been reported [1] to produce 8 mW of 
laser output power with an optical conversion effi- 

ciency (laser output power as a fraction of incident 
pump power) of 1.8%. This power was obtained with 
the crystal at 34 K. Approximately 195 mW of pump 
power at 785 nm was used to produce the 4115/2 __,4 
I9/2 transition, and 250 mW at 840 nm was used to 
pump the 4I~1/2 ~4F5/~ transition. The pump flux 
was generated using a dual wavelength Ti:sapphire 
laser that produces simultaneous emission at both 
pump wavelengths. The pump laser is described in 
more detail in the literature [9,10]. For cooperative 
energy transfer pumping the upconversion laser out- 
put power [2] was 166 mW and the optical conver- 
sion efficiency was 17%. This performance was 
achieved using 975 mW of pump power at 807 nm 
to pump the 4115/2 "-->419/2 transition. The Er:YALO 
crystal was maintained at 34 K. The dependence of 
the laser output on pump power is approximately 
quadratic for cooperative energy transfer, suggesting 
that optical conversion efficiencies higher than 17% 
can be produced with higher pump power. 

As noted above, photon avalanche upconversion 
is characterized by absorption at wavelengths reso- 
nant with transitions from a metastable state of the 
ion. This pump mechanism is illustrated in Fig. 4 for 
a three-level ion. Assume that ion A occupies 
metastable level 2. The sample is irradiated with 
pump flux resonant with the 2 ~ 3 transition, pro- 
moting ion A to level 3. Population in level 3 can 
decay to level 1, producing upconversion emission. 
Alternatively the ion in level 3 can transfer part of its 
energy to neighboring ground state ion B by cross 
relaxation, a process similar to concentration quench- 
ing. Cross relaxation energy transfer produces two 
ions in level 2. Since the level 2 lifetime is long, the 
two ions can absorb additional pump radiation to 
produce four in level 2, the four can produce eight, 
and so on. Under appropriate conditions [11] cross 
relaxation energy transfer produces an 'avalanche' of 
population in level 2. 

There are two requirements that must be satisfied 
for photon avalanche upconversion to be effective. 
The first is that cross relaxation energy transfer must 
be competitive with the 3 --* 1 transition rate. A large 
cross relaxation rate coefficient as well as a rela- 
tively high Er ion density help satisfy this condition. 
The second requirement is that the 2 ~ 3 excitation 
rate be fast relative to the level 2 lifetime. This 
condition establishes a pump threshold for photon 
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Fig. 4. Schematic representation of photon avalanche upconver- 
sion for a three-level ion. 'A' and 'B' indicate neighboring ions. 
Solid arrows represent optical transitions and the dashed arrows 
indicate cross relaxation between the two ions. The dashed hori- 
zontal line above metastable level 2 represents the terminal energy 
of the non-resonant absorption transition. 

output power decreases monotonically [2] with tem- 
perature. The highest laser output power was ob- 
tained at 6.7 K, the lowest temperature produced by 
the cryostat. The output power was 33 mW and was 
produced with a pump wavelength of  791.3 nm. 

MSA-initiated upconversion in Er :YALO is illus- 
trated in Fig. 5. Five wavelengths resonant with 
transitions from the 4Ii3/2 state produce upconver- 
sion laser emission. These wavelengths are 796.2 
nm, 794.4 nm, 791.3 nm, 789.1 nm and 787.4 nm, 
and correspond to transitions from the first Stark 
level of  the 4113/2 state to the second through the 
sixth Stark levels of  the 2Hll/~ " state, respectively. 
Excitation resonant with transitions to the first Stark 
level of  the 2H11/2 state produces 550 nm fluores- 
cence but not upconversion laser emission [2]. The 
most intense 550 nm emission is generated by pump- 
ing at 791.3 nm, and this wavelength was used for 
most of  the fluorescence measurements. 

avalanche upconversion. A long metastable state life- 
time and a large absorption cross section serve to 
reduce the magnitude of  the threshold pump inten- 
sity. 

It was assumed that ion A starts out in level 2, 
and indeed a small population in this level is re- 
quired to initiate photon avalanche upconversion. 
This population is produced by non-resonant absorp- 
tion of  pump flux by ions in the ground state as 
illustrated in Fig. 4. 

Both sequential two-photon absorption upconver- 
sion and cooperative energy transfer upconversion 
involve optical pumping from the 4Ii5/2 ground 
state. The evidence that a distinct, third pump mech- 
anism produces upconversion laser emission in 
Er:YALO includes the assignment of  the associated 
pump transitions as originating in the 4Ii3/2 
metastable state as well as the substantial differences 
in the parametric dependence of  upconversion laser 
emission initiated by metastable state absorption 
(MSA) compared to that produced by ground state 
absorption. For example, the temperature depen- 
dence of the laser output power goes through a peak 
at 34 K when the pump mechanism is cooperative 
energy transfer upconversion [1]. On the other hand, 
for upconversion emission involving MSA the laser 
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Fig. 5. Upconversion in Er:YALO initiated by metastable state 
absorption. Solid arrows represent optical transitions, wavy arrows 
indicate multiphonon relaxation and the dashed lines represent 
cross relaxation energy transfer. The 4Ii3/2 state is metastable. 



80 R. Scheps / Optical Materials 7 (1997) 75-88 

Referring to Fig. 5, non-resonant absorption of 
the pump flux by ground state ions followed by 
relaxation from the  419/2 state populates the  4113/2 
metastable state. Resonant absorption of a 791.3 nm 
photon promotes ion A from the  4113/2(1) level to 
the 2Hn/2(4) state. The  4113/2 state has a lifetime 
[12] of 7.2 ms. Relaxation from the 2Hll/2 state to 
the 453/2 state and subsequent radiative decay to the 
4115/2 state produce upconversion emission. Alterna- 
tively, population in the  453/2 state can participate in 
cross relaxation energy transfer with neighboring 
ground state ion B to produce two ions in the  4113/2 
state. As illustrated in Fig. 5, ion B is promoted to 
the  4113/2 state directly while ion A populates the 
4113/2 state by relaxation from the 4111/2 state. The 
excess energy produced by cross relaxation from the 
453/2 state is approximately 1500 cm -1. 

Although not illustrated, cross relaxation from the 
2H11/2 state can occur as well. In this case cross 
relaxation energy transfer initially produces popula- 
tion in the  419/2 state (ion A) and the 4113/2 state 
(ion B). Subsequent relaxation from the 419/2 state 
populates the 4113/2 state. Cross relaxation from the 
2H11,/2 state is nearly resonant, generating only 4.3 
c m - "  of excess energy. 

As noted above, MSA-initiated upconversion in 
Er:YALO had been previously assigned [2] to photon 
avalanche pumping. Indeed the ionic processes illus- 
trated in Fig. 5 share several elements in common 
with photon avalanche. However, it is important to 
note that population in the  4113/2 state may be 
produced by both cross relaxation energy transfer 
from the 453/2 state and non-resonant absorption 
from the ground state even though photon avalanche 
does not take place. Replenishing the metastable 
state population is essential for laser operation, as the 
upper laser level is fed by resonant absorption of 
pump flux by 4113/2 ions. The population inversion 
in the 453/2 state is maintained in the absence of 
photon avalanche pumping due in part to the rela- 
tively large cross section for the  4115/2 -~419/2 non- 
resonant absorption. 

Experimental results will be presented below 
which contradict the association of photon avalanche 
pumping with MSA-initiated upconversion in 
Er:YALO. This is followed by a description of the 
energy flow pathways that produce upconversion 
emission. 

4. Results 

Two types of fluorescence measurements can be 
used to establish photon avalanche upconversion 
pumping. The first is the observation of a threshold 
in the dependence of the upconversion fluorescence 
on pump power. The data produced by such a mea- 
surement are illustrated schematically in Fig, 6. At 
low pump power the fluorescence intensity varies 
quadratically, but as the pump power continues to 
increase a transition point is reached. The onset of 
the transition region marks the photon avalanche 
threshold pump power as described in the previous 
section. As the pump intensity increases well beyond 
threshold the upconversion emission intensity is once 
again characterized by a quadratic dependence on 
pump power. 

The absence of a threshold in the pump power 
dependence is not sufficient to rule out photon 
avalanche as the dominant upconversion pump 
mechanism. The temporal dependence of the fluores- 
cence intensity provides a definite indication of pho- 
ton avalanche upconversion pumping. Two examples 
are illustrated schematically in Fig. 7. In Fig. 7A the 
increase in the fluorescence with time is shown for 
the case where photon avalanche upconversion is not 
taking place, while Fig. 7B illustrates the fluores- 
cence trace expected when photon avalanche pump- 
ing occurs. In the latter case the concave region of 
the fluorescence dependence is produced by the ini- 
tial exponential growth of population in the 
metastable state. The temporal dependence of the 
upconversion fluorescence will resemble Fig. 7B for 
pump powers that exceed the photon avalanche 
threshold. 

lit 
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Fig. 6. Schematic illustration of the dependence of the fluores- 
cence intensity on pump power when photon avalanche upconver- 
sion pumping occurs. Both axes are logarithmic. 
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Fig. 7. Schematic illustration of the temporal dependence of the 
upconversion fluorescence intensity for the case where photon 
avalanche does not occur (A) and the case where the photon 
avalanche threshold is exceeded (B). 

Fig. 8 shows the measured pump power depen- 
dence of the Er:YALO upconversion fluorescence. 
The pump wavelength is 791.3 nm and the crystal 
temperature is 7 K. A line of slope 2 is drawn to 
illustrate the approximately quadratic dependence of 
the fluorescence intensity on pump power. The data 
do not indicate the presence of a pump threshold. 
Data taken using other MSA pump wavelengths 
produced plots similar to that shown in Fig. 8. 

The temporal dependence of the fluorescence is 
illustrated in Fig. 9 for upconversion produced by 
two different pump wavelengths. For Fig. 9A the 
pump wavelength is 807 nm and cooperative energy 
transfer is the dominant pump mechanism. For Fig. 
9B the pump wavelength is 791.3 nm. Figs. 9A and 
9B each contain two traces: the upper trace repre- 
sents the fluorescence pulse while the lower trace 
represents the pump pulse. The fluorescence detector 
pulse polarity is negative and has a baseline approxi- 
mately coincident with the first horizontal grid line 
below the top of the oscillogram frame. In Fig. 9A 
the fluorescence intensity increases rapidly after the 
chopper opens and reaches steady state as 1 - e -r/v, 
where ~- is the lifetime of t h e  4Ijl/2 state. The slow 
decay of the 550 nm fluorescence following pump 
pulse termination is characteristic of cooperative en- 
ergy transfer upconversion and is due to ions in the 

long-lived 4111/2 s t a t e  continuing to feed the 4S3/2 
state. 

In Fig. 9B the time required to reach steady state 
is longer due to the 7.2 ms lifetime of t h e  4113/2 
state. The rapid decay of the emission following 
termination of the 791.3 nm excitation pulse indi- 
cates that cooperative energy transfer does not pro- 
duce significant upconversion emission at this pump 
wavelength. The onset of 550 nm fluorescence does 
not display a concave region of the type illustrated in 
Fig. 7B. Data similar to that shown in Fig. 9B were 
obtained for pump wavelengths corresponding to 
transitions to the other Stark levels of t h e  2H11/2 
state. For all excitation wavelengths the shape of the 
temporal fluorescence curve was not sensitive to 
pump power up to the maximum pump power avail- 
able (approximately 900 mW). Clearly photon 
avalanche upconversion does not take place. 

The temporal dependence of the fluorescence at 
4 4 . .  

655 nm due to the F g / ,  - )  Ii5/~ transition, and at 
4 " 4 ~ . .  

973 nm due to the I]~/2 ~ I15/2 transition, were 
also measured. The traces are similar to that shown 

10 -7  

I ,- 

>,. 

< 
r r  

¢~ 10.8 

Z 

z 
m 

~ 10 -9 
n -  

O 

. 1  u 

C 
Q 

7 K  

~. = 791.3 nm 

I sLoP,ji 
A . . / .  ./I 

/ 
./" 

./ 
/ 
e 

/ 
10-1o 

10 100 1000 
PUMP POWER (mW) 

Fig. 8. Variation of the 550 nm emission intensity with pump 
power for Er:YALO. Solid line is drawn to indicate a slope of 2. 
Both axes are logarithmic, and the pump wavelength is indicated. 
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Fig. 9. Temporal dependence of the 550 nm upconversion fluores- 
cence. The upper trace in each oscillogram represents the fluores- 
cence pulse detected with a PMT and the lower trace represents 
the pump pulse detected with a photodiode. The PMT produces a 
negative signal when fluorescence is detected while the photodi- 
ode produces a positive signal when the pump is on. The time 
scale is 2 m s / d i v  for both oscillograms. The excitation wave- 
length is 807 nm for oscillogram A and 791.3 nm for oscillogram 
B. 

to provide a measure of the strength of the non-reso- 
nant 4115/2- ->419/2  transition illustrated in Fig. 5. 
Following absorption t h e  419/2 state relaxes rapidly 
and efficiently to t h e  4Itl/2 state. Emission at 970 
nm is therefore due entirely to non-resonant absorp- 
tion under conditions where no upconversion pump- 
ing occurs. 

An S-1 PMT was oriented at 90 ° with respect to 
the excitation axis and was used in conjunction with 
a filter to block wavelengths shorter than 950 nm. 
The pump wavelength was set to 797.3 nm, 1.1 nm 
higher than the 796.2 nm MSA line and approxi- 
mately 5 nm removed from the nearest ground state 
transition. Emission at 970 nm is shown in Fig. 10A. 
The slow rise and fall times indicate that the signal is 
dominated by fluorescence rather than scattered pump 
light. Fig. 10B shows the PMT output obtained with 
a pump wavelength of 820 nm. This pump wave- 
length is almost a factor of three further removed 
from the nearest ground state transition than the 
797.3 nm excitation wavelength. At 820 nm little 

in Fig. 9A or Fig. 9B depending on whether the 
pump transition originates in the 4115/2 o r  4113/2 
state, respectively. We also measured the temporal 
dependence of the fluorescence at 1.5/zm due to the 
4113/2 - ->4I]5/2  t r a n s i t i o n .  Emission was detected us- 
ing a Ge photodiode in conjunction with an interfer- 
ence filter centered at 1.472 /~m. The FWHM of the 
filter was 85 nm. For pump wavelengths resonant 
with ground state absorption the temporal depen- 
dence of the 1.5 /xm emission was similar to that 
shown in Fig. 9A. However, no emission at 1.5 /.~m 
could be measured when the pump wavelength was 
resonant with transitions from the 4113/2 state. 

Non-resonant absorption by ground state Er 3÷ 
ions plays an important role in the MSA-initiated 
upconversion pump mechanism. To gauge the rela- 
tive magnitude of the non-resonant pump rate the 
pump wavelength was de-tuned from one of the 
MSA lines by an amount sufficient to eliminate 
upconversion fluorescence. Emission in the 970 nm 
band due to the 4111/2 -"->4115/2 transition was used 

A 
. . . .  . . . . . .  i l i i  
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Fig. 10. Fluorescence produced by non-resonant absorption. Each 
oscillogram contains two traces. The upper trace represents the 
pump intensity monitor, which produces a positive signal when 
the pump is on. The lower trace represents the 970 nm fluores- 
cence. The detector polarity in this case is negative. The time 
scale for both oscillograms is 2 ms/d iv .  The oscilloscope gain is 
increased for the fluorescence signal in (B) relative to (A). (A) 
Fluorescence at 970 nm using a pump wavelength of 797.3 nm. 
(B) PMT signal for a pump wavelength of 820 nm. 
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Fig. l 1. Temporal dependence of the Er:YALO transmission at 
791.3 nm. The crystal temperature is 7 K and the time scale is 2 
ms/d iv .  The detector polarity is positive. 

970 nm fluorescence is observed and the detected 
signal is due almost entirely to scattered light. Note 
the rapid rise and fall times. The light level in Fig. 
10B was used to provide a correction for scattered 
light in the fluorescence signal. 

The 970 nm emission was also measured with the 
pump wavelength resonant with the MSA transition 
at 796.2 nm. For resonant excitation the fluorescence 
intensity was only 60 times as high as the corrected 

fluorescence intensity obtained from Fig. 10. This 
result indicates that the non-resonant pump rate is 
substantially higher in Er:YALO than in crystals for 
which photon avalanche upconversion has been con- 
firmed. For example, photon avalanche modeling 
calculations use a ratio for the resonant (MSA) to the 
non-resonant (ground state) absorption rate coeffi- 
cients of between 5,000 and 10,000 for Nd:YLF 
[11,13] and Ni:CsCdCI 3 [14]. This ratio is indepen- 
dent of the pump intensity. 

The temporal dependence of the crystal transmis- 
sion at 791.3 nm is shown in Fig. 11. The decrease 
in transmitted intensity indicates a build-up of popu- 
lation in the 4II3/2 state. This decrease is consistent 
with the 1 - e -t/~ time dependence of the fluores- 
cence intensity illustrated in Fig. 9B. 

Emission near 550 nm was spectrally resolved to 
determine if the cross relaxation pathway involving 
t h e  2Hi1/2 state is a significant factor in the upcon- 
version process. The near-resonance for cross relax- 
ation energy transfer involving t h e  2Hll/2 state sug- 
gests that the branching ratio for this pathway may 

41 lr:,,2(2) 

Z 4115a(2) . 

1 I t I J i__J_ 
525 530 535 540 545 525 530 535 540 545 

WAVELENGTH (nm) WAVELENGTH (nm) 

Fig. 12. Fluorescence spectra for Er:YALO at 7 K. (A) Shows emission produced with an excitation wavelength of 807 nm, while (B) shows 
emission lor excitation at 796,2 nm. The terminal Stark level n is indicated in the figure for the 2p3/2(1)---~419/2(n) and the 
453/2(1) ~4I ]5 /2 (n)  transitions. The resolution is 0.6 nm. Although the ordinate is not calibrated it is scaled to represent identical detector 
signal strength for both (A) and (B). 
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be higher than would otherwise be expected. Al- 
though the upper state lifetime is short, the pump 
flux populates the 2H1~/2 state directly. A high 
pump photon density might provide a sufficient 
steady state population in this level. Indeed, the fact 
that no 1.5 /~m radiation is observed when the pump 
wavelength is resonant with one of the MSA transi- 
tions is consistent with a high MSA pump rate. 

We attempted to use fluorescence from t he  2H11/2 
state to determine whether a measurable population 
in this level is maintained when the pump wave- 
length is resonant with one of the MSA transitions• 
Emission from the 2H1~/2 state is generally weak, 
and the fluorescence spectrum was first taken at 
room temperature to identify an emission line that 

• 2 . 
could be used to monttor the H11/2 population. The 
700 cm -J energy gap between the 4S3/: state and 
2H11/2 state allows a relatively high thermal popula- 
tion in the latter state at room temperature under 
excitation conditions that produce a steady state pop- 
ulation in the 4S3/2 state. A small fluorescence peak 
at 529.1 nm was observed when the room tempera- 
ture Er:YALO crystal was excited at 807 nm. This 
wavelength corresponds to the 2 H 11/2(1) ~ 4115/2(4) 
transition. The crystal was cooled to 7 K and excited 
with pump radiation in the 800 nm band. Pump 
wavelengths resonant with either ground state or 
metastable state absorption were used, but no 529.1 
nm emission was observed at this temperature• 

In the course of searching for low level fluores- 
cence from t he  2Hi1/2 state we detected upconver- 

"Y 4 • • 
sion fluorescence due to the wP3/2 ~ I9/2 transmon. 
T h e  2p3/2 (1)  level is at 31 449 cm i and five 
emission lines are produced near 530 nm. Emission 
from t he  2p3/2 state was obtained with a pump 
wavelength of 807 nm but not for the MSA pump 
wavelength at 796.2 nm. The intensity of the 530 nm 
fluorescence is more than two orders of magnitude 
below the 550 nm emission from the 483/2 state. The 
fluorescence spectra are shown in Fig. 12. 

5. Discussion 

5.1. Mechanism for MSA-initiated upconversion 

The fluorescence data indicate that a mechanism 
other than photon avalanche pumping produces up- 
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Fig. 13. Processes involved in MSA-initiated upconversion for a 
three-level ion. R I and R 2 represent absorption, k 2 and k 3 
represent single ion decay processes from levels 2 and 3, respec- 
tively, and the dashed lines indicate cross relaxation. 

conversion emission in Er:YALO. Non-resonant se- 
quential two-photon absorption upconversion is con- 
sistent with MSA-initiated pumping and is illustrated 
in Fig. 13 for a three level ion. The crystal is 
pumped at a wavelength resonant with the 2 ~ 3 
transition. Non-resonant absorption by ground state 
ions populates level 2 with a pump rate coefficient of 
R~, and ions in level 2 are promoted to upper laser 
level 3 with rate coefficient R 2. Non-resonant se- 
quential two-photon absorption is common [6] in 
upconversion fiber lasers. For these lasers room tem- 
perature operation provides a substantial non-reso- 
nant absorption rate due to the numerous broad 
absorption lines. Although the non-resonant transi- 
tion rate is relatively large in Er:YALO, this rate is 
only a small fraction of the resonant absorption rate. 
It is therefore unlikely that laser emission could be 
sustained by non-resonant sequential two-photon ab- 
sorption operating alone. 

However, in Er:YALO the metastable state popu- 
lation produced by non-resonant sequential two-pho- 
ton absorption is enhanced by contributions due to 
cross relaxation energy transfer. Cross relaxation is a 
gain mechanism, producing two ions in the 
metastable state for each energy transfer interaction 
involving an excited (level 3) ion. It is likely that 
both of these pump mechanisms operate simultane- 
ously to produce the 4S3/2 state population sufficient 
to maintain laser emission. 

Er:YALO is unusual in that the non-resonant 
absorption rate coefficient R~ is not negligible rela- 
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tive to the resonant absorption rate coefficient R 2. 
This is true even at cryogenic temperatures and 
results from the proximity of the 4115/2 "---)419/2 and 
4113/2 ---~2H11/2 transition wavelengths. Recently, 
Brenler and Jurdyc [15] modeled upconversion in 
Er:YALO. Their model is consistent with the experi- 
mental observations reported in this work, and indi- 
cates that a large non-resonant absorption rate coeffi- 
cient has the effect of increasing the pump threshold 
for photon avalanche. When the ratio of R 2 / R  ~ is 
less than 10, photon avalanche upconversion may not 
occur at any pump power level. 

For room temperature upconversion in Er:YALO 
pumped with 635 mW of laser power at 796.2 nm, 
Brenier and Jurdyc used R 2 / R  1 = 2 and calculated 
the fractions 0f4S3/2 population produced by cross 
relaxation and non-resonant sequential two-photon 
absorption to be 0.77 and 0.23, respectively. The 
relative magnitude of the non-resonant absorption 
rate is consistent with published cross sections for 
Er:YALO [16] and Er:YLF [17]. 

The proposed upconversion pump mechanism in- 
volves recycling or 'looping' of excitation between 
the upper laser level (or, alternatively, the 2H11/2 
state) and the metastable state. Cross relaxation from 
the upper level produces ions in the 4113/2 state, 
while subsequent absorption of pump photons repop- 
ulates the upper level. Loop gain results from the 
production of two metastable state ions by cross 
relaxation between an ion in the upper level and one 
in the ground state, and loss is produced by upcon- 
version emission from the upper laser level to the 
ground state. Additional population in the metastable 
state is produced by non-resonant ground state ab- 
sorption. 

Looping through the emission channel had been 
discussed in relation to the 2.8 /zm 4I~/2----)4113/2 
Er laser transition[18]. The 2.8 /zm laser is produced 
by optical pumping at 800 nm to populate the 419/~ 

4 state. As noted above, this state relaxes to the I1~/2 
upper laser level. As an alternative to relaxation, an 
ion in the 419/2 state can produce two ions in the 
4113/2 terminal laser level by cross relaxation with a 
ground state ion. Cooperative upconversion between 
two ions in the 4113/2 state repopulates the 419/2 
state. The looping mechanism in the 2.8 /zm laser 
comprises cross relaxation to the lower level fol- 
lowed by cooperative upconversion to the upper 

level. This looping model is consistent with the 
observation of higher laser efficiency using a longer 
pump wavelength to excite the 411~/2 state directly 
( ~  970 nm), since in this case the terminal laser 
level is not populated by cross relaxation from the 
419/2 state. It is consistent as well with the observa- 
tion of cw lasing at 2.8 /zm despite the longer 
lifetime of the terminal laser level relative to the 
4IL~/2 upper laser level. Classically such systems 
cannot [19] operate cw, but cooperative upconversion 
serves [20] to shorten the effective lifetime of the 
4I~3/2 state. 

Looping has also been discussed [21] in detail for 
systems that undergo only cooperative energy trans- 
fer upconversion. In this model decay from the upper 
level to the metastable level occurs by a cascade 
involving both multiphonon relaxation and radiative 
emission. Cooperative upconversion involving ions 
in the metastable level re-populates the upper level, 
completing the energy loop. Looping is shown by the 
authors [21] to result in enhanced quantum efficiency 
as well as causing certain transient effects in the 
laser output. 

No evidence was found to support significant 
participation of the 2Hll/2 state in the cross relax- 
ation energy transfer pathway. The experimental re- 
sults are somewhat inconclusive, however, as the 
fluorescence that was used to monitor the 2H~1/2 
population is weak. The energy resonance of the 
initial and final states involved in cross relaxation 
from the 2H~/2 state, coupled with the observation 
that the 2Hi1/2 state is the terminal level for the 
optical pump transition, support the participation of 
this quenching pathway. It is of interest to note that 
both excited state absorption [17] and cross relax- 
ation [18] involving the short-lived [24] 419/2 state 
was reported to contribute to the upconversion pump 
dynamics in Er-doped crystals. 

A previous attempt [2] to determine whether the 
2 H ~1/2 state participates in cross relaxation was also 
inconclusive. In that measurement excitation at 847 
nm was used in an effort to pump the 4Ii3/2(1)--* 
4S3/2(1) transition. If upconversion emission had 
been observed the energy transfer pathway involving 
the 2H~/2 state could be eliminated. However, no 
upconversion could be detected. In light of the de- 
scription of the MSA-initiated pump mechanism de- 
scribed above, it can be recognized that the failure of 
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pump light at 847 nm to produce upconversion may 
be a reflection of the substantially lower non-reso- 
nant absorption rate from the ground state. It does 
not necessarily suggest that the 453/2 state is not 
involved in cross relaxation. The non-resonant ab- 
sorption cross section varies [17] as exp(-c~AE), 
where a is a constant and A E represents the energy 
difference between the pump photon and the nearest 
ground state transition. For a pump wavelength of 
847 nm the energy difference is approximately 600 
cm-1 compared to tens of cm-1 for the MSA lines 
near 800 nm. 

5.2. The role of energy recycling in cooperative 
upconversion pumping 

Cross relaxation from the 453/2 state is an effec- 
tive energy transfer mechanism. Concentration 
quenching was reported [22] to reduce the fluores- 
cence lifetime of the 453/2 State in a 1.5% doped 
Er:YALO crystal to 50 /xs from the low concentra- 
tion lifetime of 160 /zs. Auzel and Chen [17] indi- 
cate that the normalized (n 1 = 1) cross relaxation 
rate coefficient for Er:YLF is 5 × l0 s s -1 . 

Although efficient cross relaxation is important 
for MSA-initiated upconversion, it is a loss mecha- 
nism for cooperative energy transfer upconversion. 
When the Er:YALO crystal is pumped [1] by wave- 
lengths resonant with transitions from the ground 
state, cooperative energy transfer pumping dominates 
the upconversion dynamics. Recall that cooperative 
energy transfer upconversion requires two ions in the 
4111/2 state to produce an ion in the 453/2 state. 
Cross relaxation removes population from the 453/2 
state and therefore increases the effective number of 
pump photons required to produce a visible photon. 

Despite upper laser level population loss by cross 
relaxation, cooperative energy transfer pumping in 
Er:YALO has produced the highest optical conver- 
sion efficiency reported for an upconversion laser 
[1,2]. The reason for this apparent contradiction is 
that the quenching products retain much of the 453/2 
state ionic energy within the pump dynamics loop, 
allowing the upper laser level to be re-populated. 
Excitation is recycled by cooperative upconversion 
involving the quenching products. 

4 I Quenching initially produces an ion in the 4 11/2 
state and one in the 4113/2 state. The ion in the I11/2 

state can participate in cooperative energy transfer 
with a neighboring ion in the 4111/2 state to re- 
populate the 453/2 state. Alternatively, the ion can 
decay to the 4113/2 state. If the 4111/2 ion relaxes, the 
4111/2 state can be re-populated by cooperative en- 
ergy transfer with another ion in the Ij3/2 state. 
Cooperative energy transfer upconversion between 
neighboring ions in the 4Ii3/2 state is efficient in 
Er-doped crystals, and it was reported [20] that this 
energy transfer process determines the population 
inversion kinetics of the Er 3÷ 4111/2---~4113/2 2.8 
/zm laser transition. Alternatively, three ions in the 
4113/2 state can participate in a 'trio' upconversion 
process to produce an ion in the 453/2 state directly. 
Efficient 550 nm laser emission has been demon- 
strated [23] in Er:YLF using trio upconversion pump- 
ing at 1.55 /xm. 

If the cross relaxation-produced ion in the 4111/2 
state undergoes a second cooperative energy transfer 
interaction to re-populate the 453/2 state, the reduc- 
tion in pump quantum efficiency may be as little as 
11%. To see this, note that in the absence of cross 
relaxation two 800 nm photons are required to pro- 
duce an ion in the 453/2 state. When cross relaxation 
occurs, a third pump photon is needed to re-populate 
the 453/2 state. The third photon promotes a ground 
state ion to the 4111/2 state. In this case three pump 
photons produce an ion in the 453/2 state plus one 
ion in the 4113/2 state. Based on the trio process, the 
ion in the 4113/2 represents one-third of the quanta 
required to produce another ion in the 453/2 state. 
For this process then, three pump photons produce 1½ 
ions in the 453/2 state and the quantum loss is 11% 
relative to the quenching-free excitation pathway. 
Similarly we can calculate the quantum loss for other 
pathways for repopulating the 453/2 state. These 
losses range up to 33% as long as neither cross 
relaxation-produced ion returns back to the 4115/2 
ground state. Recycling dynamics have been dis- 
cussed in previous papers [18,20,21] on Er-doped 
lasers. 

Having discussed the effect of cross relaxation on 
reducing the efficiency of cooperative energy trans- 
fer upconversion pumping, we note that cooperative 
energy transfer involving ions in the 4113/2 state 
represents a loss mechanism for the MSA-initiated 
pump process described in Section 5.1. Population in 
the 4113/2 metastable state is required to sustain 
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upconversion, as the pump wavelength is resonant 
with transitions from this state. To the extent that 
cooperative energy transfer depletes the metastable 
state population, the pump efficiency will be re- 
duced. This reduction is analogous to that described 
above in that additional pump photons are required 
to produce a visible photon, although in this case it is 
due to lower crystal absorption. 

Only a small reduction in the efficiency of MSA- 
initiated upconversion is expected to result from 
cooperative energy transfer. This is due to the lower 
steady state density of 4I 13/2 ions relative to the case 
where cooperative energy transfer dominates the up- 
conversion pump dynamics. The lower metastable 
state density was demonstrated by the 1.5 /zm emis- 
sion experiment reported above. The optical flux 
used for MSA-initiated pumping is resonant with the 
4Ii3/2 --'>2H11/2 transition and effectively depletes 
the steady state metastable population. 

5.3. Cooperative energy transfer pumping of the 
9 
p~ / : state 

The appearance of the 2p3/2 ----)419/2 emission 
lines produced by excitation at 807 nm but not at 
796.2 nm is an observation that provides some in- 
sight into the upconversion population dynamics of 
the 2P3/2 state. Since both pump wavelengths popu- 

4 . . . .  V late the 53/2 state ~t ~s not hkely that cooperat~ e 
energy transfer between neighboring 453/2 ions pro- 
duces the 2p3/2 state. The most significant difference 
in the ionic state populations between the energy 
transfer pathways associated with the two pump 
wavelengths is the population in the 4113/2 state. As 
noted, this metastable state ion density is depleted 
under MSA-initiated pumping compared to coopera- 
tive energy transfer pumping. 

Trio cooperative upconversion between an ion in 
the 453/2 state and two in the 4Ii3/2 state is the most 
likely pathway for populating the 2p3/2 state, as 
most other upconversion pathways can be readily 
eliminated. For example, cooperative upconversion 
involving ions in states that lie above the 453/2 state 
is unlikely due to the short lifetimes of these levels. 
For the longest lived among these, the lifetime of the 
2H9/2 state [7] is 1.2 /xs in Er:YALO, while the 
lifetimes of the 4Gj~/2 and 4~/2 states in Er:YLF 
[24] are 7 /zs and 9 /xs, respectively. Cooperative 

energy transfer among ions in the 4113/2 state would 
require that five neighboring metastable state ions 
participate to produce an ion in the 2P3/z state. 
Cooperative upconversion from the 4Ijl/2 state is 
also unlikely as four neighboring ions in this state 
would have to participate. Alternatively, trio upcon- 
version can occur among a 453/2 state ion and two 
in the 4Ill/2 state. However, this pathway is less 
likely than trio upconversion involving 4113/2 state 
ions. The 4111/2 state lifetime is shorter, and 7000 
cm i of additional excess energy is produced by this 
process. In addition, if this pathway were effective it 
might be expected to produce 2p3/2 emission when 
pumping at 796.2 nm as well as at 807 nm. Trio 
upconversion from the 4F9/2 state could also pro- 
duce the 2P3/2 state. This is unlikely due to the 19 
/zs lifetime [7] of this state as well as the large 
excess energy that would be produced. The nearest 
electronic level that could be populated is the 4D3/2 
state, which lies [25] almost 5000 cm-~ lower in 
energy. 

Upconversion from the 2P3/2 state has also been 
observed in Er:YLF. Emission at 470 nm is due to 
the 2p3/2 ---)4111/2 transition. It was proposed [26] 
that population of the 2 P3/2 state occurs via a multi 
step upconversion pump mechanism: In the first step, 
two neighboring ions in the 4111/2 state produce the 
453/2 state by cooperative energy transfer upconver- 
sion. The second step comprises cooperative upcon- 
version between an ion in the 453/2 state and one in 
the 41=9/2 state. This mechanism is less likely to 
occur in Er:YALO than the threefold upconversion 
mechanism suggested above for two reasons. First, 
the two states involved in the proposed upconversion 
mechnism, the 4Ii1/2 and 4F9/2, have significantly 
shorter lifetimes than the 4113/2 and 453/2 states, 
respectively. The lifetimes of the four states are 1.2 
ms, 19/zs, 7.2 ms and 160 /zs, respectively. Second, 
if the proposed mechanism dominated the population 
kinetics of the 2P3/2 state upconversion emission 
would be produced when pumping at 796.2 nm as 
well as at 807 nm. This is not observed. 

6. Summary and conclusions 

Upconversion fluorescence initiated by absorption 
from the 4It3/2 metastable state has been character- 
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ized in Er:YALO. Pump wavelengths used were 
796.2 rim, 794.4 nm, 791.3 nm, 789.1 nm and 787.4 
nm. The data suggest that the upconversion pump 
mechanism involves both cross relaxation energy 
transfer and non-resonant sequential two-photon ab- 
sorption. This mechanism is somewhat similar to 
photon avalanche upconversion pumping, but is 
characterized by relatively high non-resonant ground 
state absorption. As a result there is no associated 
pump intensity threshold. This pump mechanism had 
not been previously identified with producing upcon- 
version laser emission in a crystalline host. 

Cross relaxation energy transfer was discussed in 
terms of its impact on the efficiency of cooperative 
energy transfer upconversion pumping. The role of 
energy recycling in mitigating the pump efficiency 
losses was described. The pathways for upconversion 
pumping of the 2p3/2 state in Er:YALO were also 
discussed. The most likely pump mechanism is trio 
cooperative energy transfer involving two ions in the 
4113/2 state and an ion in the 4S3/2 state. 
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