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Abstract 

The 2.7 pm erbium laser in ZBLAN fibers is 
investigated in computer simulations and experiments. 
Strong excited-state absorption leads to the deposition 
of excitation in the 4S3,2 level. simdtaneous co-lasing 
at 850 nm from this level is responsible for the 
saturation of the output power in the region of 10 mW. 
The overcome of saturation by cascade lasing at 1.7 p 
and 2.7 pm is predicted. 

Introduction 

Rare-earthdoped fiber lasers are promising candidates 
for the construction of all-solid-state laser devices. The 
guiding of pump and laser beam through the fiber core 
and the resulting perfect overlap allow a low laser 
threshold. The laser light is generated and transported 
in the same medium. The erbium 3 p fiber laser has 
gained interest for its possible application in medicine 
due to the high absorption of the 3 pm wavelength in 
water [ 11. 

In our contribution we report on results of 
computer simulations and experiments that lead to a 
deeper understanding of the population mechanisms 
and lasing properties of the 791 nm pumped erbium 
fiber laser. The saturation of the output power which 
occurs around 10 mW [2-51 depending on dopant 
concentration and pump wavelength has up to now 
been attributed to the bleaching of the ground-state 
population [6] .  

Our results show that the ground-state bleaching 
already saturates at the onset of 3 pm lasing. The 
computer simulation gives evidence that the limitation 

of the 3 pm output power is due to losses via strong 
excited-state absorption, the deposition of energy in the 
4s3,2 level, and co-lasing at 850 nm into the lower laser 
leve1 of the 3 pm laser. These results are confírmed in 
experimental investigations. Co-lasing at 1.7 pm will 
suppress the 850 nm line and recycle the energy lost via 
excited-state absorption. 

Computer Simulation 

In a computer simulation the behavior of the 3 pm 
erbium fiber laser is analyzed. The results of the 
simulation lead to a deeper understanding of the 
population mechanisms and lasing properties of the 
791 nm pumped erbium fiber laser. The experimentally 
determined parameters are partly taken from [7] and 
from our investigations. Despite the inhomogeneous 
broadening of the absorption and emission lines several 
spectroscopic data of erbium in fluoride glasses are 
comparable to the corresponding data in LiW, and in 
some cases have been adopted from that system [8]. 

The ES+ level scheme investigated in the 
simulation is shown in Fig. 1. The intrinsic lifetimes of 
the levels are z1 = 10 ms, z2 =6.7 ms, z3 =6.6 p, 
z4 = 100 ps, z5 = 400 p, z6 = 5 p, z7 = 5 p. The 
values of the important branching ratios are: 
pl0 = 1.000, j321 = 0.376, /320 = 0.624, p32 = 0.999, 
p43 = 0.903, p' = 0.087, p54 = 0.306, pSl = 0.179, 
ps0 = 0.488, f165 = 0.941, /360 = 0.051, p76 = 1.000. 
Interionic processes such as upconversion and cross 
relaxation are not included in the simulation, because 
there are no experimental data available for the 
corresponding parameters. Also there is no indication 
that these processes have a sigmficant influence. 
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The E?' ions are pumped cw with an input power 
launched into the fiber core up to P, = 800 mW at 
AP = 791 nm by ground-state absorption (GSA) with a 
rate Ro3 (cross-section oo3 =4.7~10-~~cm') and by 
excited-state absorption (ESA) R,, from the 4113/2 level 
(ol5 = 1x10-21cm2) and R,, from the 4111, level 
(o27 = 2x10m~~cm~). 

Possible stimulated emission SEi. at 2.7 pm 
(4111/2 4113/2), (4113/2 * 4115/2)3 970 nm 
(4111/2 '115/2), 850 nm (4s3/-2 4113/2), and 
550 nm (4S3, + 4~1542) is taken into account, because 
a fraction Pl / P = 10- of the spontaneous emission is 
emitted into the laser mode due to the N.A. = 0.15. 
This leads to single-pass stimulated-emission effects 
below laser threshold. The multiphononquenched laser 
transition at 2.7 pn is assumed to originate from the 
second Stark level of the 4111/2 level (Boltzmann 
population b2 = 0.200 at 300 K and degeneracy g2 = 2) 
and terminate in the fourth Stark level of the 
level (bl = 0.113, g1 = 2) at dhm = 2.71 pm with an 
emission cross-section o = 5.7~10-~~cm'. The 
spontaneous radiative frachon is yZl =0.393. The 
transmission of both fiber ends is Tr = 96 %. For the 
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Figure 1. E?+ fiber level scheme indicating GSA RO3 
as well as ESA RI5 and %7 at the pump wavelength 
791 nm, branching ratios PZl and Pz0 of the transitions 
from the 411,, level, stimulated emission SE,, at 
2.7 pm, and SE,, at 850 nm. 

other laser transitions similar parameter sets are used. 
The fiber has a length e = 82 cm, an optical length 

eopt = 123 cm, and a dopant concentration 
N = 8 ~ 1 0 ' ~ c m - ~  (5000 ppm mol). The average radius of 
the laser beam within the fiber is rm0& = 3.25 pm. 
Fiber losses L, are also considered. c is the vacuum 
speed of light and h is the Planck constant. 

The rate equations for the population densities N, 
the photon densities 4, and the stimulatedemission 
rates SE are given by 

dN7/dt = %7N2-7y1N7 (1) 

dN6/dt = - 7C1Ng + P7677-lN7 (2) 

dN,/dt = R15N1 - z5-'N5 + xi=".7(Pj5'ci''Ni) 

- SE51 - SE50 (3) 

(4) dN4/dt = - 74-lN4 + Ci=5.,7(pi4~;lNj) 

dN3/dt = %3No - 73-lN3 + Zi=4..7(pi37i1Ni) ( 5 )  

dN2/dt = - %7N2 72-lNZ + Ci=3,,7(Pi27;'Ni) 

- SE,, - SE,, (6) 

dN,/dt = - R15N1 - z~-'NI + Ci47(Pil~;'Ni) 

+ SE21 + SE51 SE10 (7) 

dNo/dt = %3No + C i = ~ . . 7 ( ~ i ~ ~ ~ ~ N i )  

+ SE10 + SE20 + SE50 (8) 

d0ij/dt = (e/e,,3[~1/P)rijPij~i'Ni + SEjj] 

+ ln[(l-Tr)(l-L,)]c$jj/2~o, (9) 

SEij = [biNi - (gi/g,)b,N,]~i,~$ij (10) 

The equation for the pump rates including ESA and 
bleaching of the ground state is 

5. j = [ 0ij(003N0 +015N1 +027N2)1 [14(hcenrc~r>)1 

[1-e~{-(003N0 +015N1+027N2)e11Pin. (11) 

The rate equations are solved in a Runge-Kutta 
calculation of fourth order. 

Figure 2 shows the calculated population 
densities of the ground state and the metastable excited 
states versus launched pump power. 
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Experimental 

The E$+ fluorozirconate fiber (Le Verre Fluord) is cw 
pumped with a Ti:Sapphire laser at 791 nm. Laser 
oscillation at 3 p due to the 4 % reflections of the 
cleaved fiber ends exhibits a threshold of P h  
= 150 mW. The laser output saturates at 500 mW input 
power with a value of Pout = 3 mW, see Fig. 3 (a). The 
absorbed power is approximately 95 % of the incoupled 
pump power over the whole range fiom O to 800 mW. 
The ground-state bleaching is analyxd with a probe 
beam at 510 nm, because at this wavelength at the edge 
of the strong GSA transition 411512 + 2H11/2 no ESA 
occur~ in the erbium system [9]. The ground-state 
bleaching saturates at approximately P h  = 200 mW, 
see Fig. 3 (b). The ground-state fluorescences are 
simultanmusly measured during laser emission. The 
970nm fluorescence fiom the 4111/2 level increases 
until Pin =lOOmW, then Slowly increases  til its 
saturation at Pin = 500 mW. The 1.5 pm fluorescence 
fiom 4113/2 increases until Pin =500mW and then 
saturates. The strong 550nm fluorescence fiom the 
4s3/2 level increases more than proportional but also 
saturates at Pin = 500 mW. Co-lasing on the 850 nm 
transition 4S312 + 4113/2 is observed above P h  
= 500 mW. 

to the 41912 level and fast multiphonon relaxation leads 
to the population of the 4 1 ~ ~ / ~  upper leve1 of the 
2.71 pm transition. Although the lifetime of the 4111/2 
leve1 is smaller than the lifetime of the 411312 level, cw 
population inversion between the 4111/2 and 41u/2 
multiplets is established due to the large branchng 
ratio for the 4~1112 + 4~1512 transition [10,8]. 

The constant hction of absorbed pump power in 
spite of the heavy ground-state bleaching observed in 
the simulation and in the experiment can only be 
explained by a compensation due to strong pump ESA. 
The simulation predicts a cross section 015 
= lx10-21cm2 for the ESA R,, fiom the 41,3/2 level, 
which is twice the value of the GSA cross section 003. 
At 791 nm pump ESA R27 fiom the 41,1/2 level has a 
small cross section [9]. From the computer simulation a 
value of 027 = 2 ~ 1 O - ~ ~ c m ~  is obtained. The large 
population of the 4111/2 level (see. Fig. 2) leads, 
nevertheless, to a si@cant ESA rate. Since the ESA 
fiom the 41,3,2 leve1 is stronger the 3 pn output power 
is rising with pump power. The depletion of the laser 
levels by ESA increases the population of the 4S312 
level, see Fig. 2. The fluorescences of the 1.5 p and 
550nm transitions are not proportional to the 

Discussion 

The results obtained fiom the computer simulation for 
threshold and output power at the 2.7 pm and 850 nm 
transitions are in very good agreement with the 
experimental data. Also the ground-state bleaching is 
predicted by the simulation, 6. Figs. 2 and 3 (a). 

The E$+ ions are excited via GSA at 791nm 
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Figure 2. Population densities versus pump power of 
the 791 nm pumped erbium 3 p fiber laser. Results 
are derived fiom the computer simulation. 

Figure 3. (a) Output power [ m y  at 2.7 cun, (b) 
ground-state bleaching [1019cm-3] measured in a 
pump- and probe-beam experiment. The probe-beam 
wavelength is 510 nm. 
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population densities of their initial levels. In the rate 
equations the fluorescence behavior is explained by 
stimulated emission below laser threshold. 

Above 500 mW threshold inversion on the 850 nm 
transition 4S3/2 + 4113, [ll] is reached [5] and the 
lower laser level of the 3 pm laser is repopulated from 
the 4S3/2 reservoir. The 3 p output saturates, because 
the 3 pm laser suffers from losses due to the ESA from 
the 411112 level, whereas both ESA transitions populate 
the 4S3, level which is beneficial for the 850 nm laser. 
The populations of the levels 4113/2, 4111,, and 4S3/2 are 
coupled to each other by the laser processes. The 
bleaching of the ground state has already saturated. 
Since there is no other metastable level to or fiom 
which energy can be transferred the whole system 
becomes stabilized. All population densities are 
maintained at threshold conditions (see Fig. 2), and 
fluorescences saturate. The increase in absorbed pump 
power is compensated by increased laser output on the 
850 nm transition, whereas the output power at 2.7 pm 
decreases with rising pump power. The computer 
simulation predicts that even without 850 nm co-lasing 
the output power at 2 . 7 ~  would decrease above 
500 mW launched pump power because a considerably 
large fraction of the excitation is transferred to the 
4S3, level and remains there. 

Unsaturated Laser Performance 

In order to overcome the saturation of the 2.7 pm laser 
two goals have to be reached: Firstly the 850 mn co- 
lasing has to be suppressed. Secondly the energy lost 
via excited-state absorption to the 4S3/2 leve1 has to be 
recycled into the laser process at 2.7 pm. Both 
requirements can be satisfíed simultanmusly by co- 
lasing at 1.7 pm on the transition 4S3, + 4bI2. Laser 
operation on this transition has already been achiwed 
in the pulsed regime [12]. In this case the fiber has to 
be operated with mirrors which have a high 
transmission at 850nm and a high reflectivity at 
1.7 eun, because the 850 nm transition has a large 
emission cross section and exhibits a strong gain. The 
computer simulation predicts an unsaturated output 
power with a slope efficiency in the order of 20 %. 

Recent experiments have demonstrated the validity 
of the results obtained from the simulation. In the 
cascade-lasing regime on the transitions 4S3,2 + 4$/2 
and 4111/2 + 4113/2 an output power of 150 mW at 
2.7 pm has been achieved in transversally single-mode 
operation and a slope efficiency of 22.6% has bem 
measured [13]. No saturation effect has been observed. 
This makes the 3 pm fiber laser comparable to the most 
efficient erbium 3 pm crystal lasers [ 141. 

Conclusions 

We have demonstrated in computer simulations 
and experiments that the saturation of the 3 pm output 
power is due to the co-lasing of the 850 nm transition. 
The ground-state bleaching already saturates at the 
onset of 3 pm lasing. The fluorescence behavior is 
explained by stimulated emission below laser threshold. 
The computer simulation predicts that co-lasing at 
1.7 pm suppresses the 850 nm laser, but recycles the 
energy lost via excited-state absorption. In recent 
experiments an unsaturated output power of 150 mW at 
2.7 pm is achieved from this cascade laser [13]. 
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