Appl. Phys. B 82, 65-70 (2006)

Applied Physics B

DOI: 10.1007/s00340-005-2042-8

G. QIN™

S. HUANG

Y. FENG

A. SHIRAKAWA
M. MUSHA
K.-I. UEDA

Lasers and Optics

Power scaling of Tm>* doped ZBLAN
blue upconversion fiber lasers:
modeling and experiments

Institute for Laser Science, University of Electro-communications,

1-5-1 Chofugaoka, Tokyo 182-8585, Japan

Received: 11 June 2005/Revised version: 25 August 2005
Published online: 4 November 2005 ¢ © Springer-Verlag 2005

ABSTRACT Power scaling of Tm>* doped ZBLAN blue upcon-
version fiber lasers was investigated by a simple model. Based
on our experimental results on blue fiber lasers, we discuss the
effects of photodegradation and photocuring, fiber length, the
reflectivity of the coupler mirror and fiber core diameter on
further enhancement of blue fiber laser, respectively. The opti-
mal parameters (including fiber length, fiber core diameter and
the reflectivity of the coupler mirror) for the operation of high
power (> 1 W) blue fiber laser were presented through simple
numerical simulations, which are valuable for the future design
of high power blue upconversion fiber laser.

PACS 42.55.Wd; 42.60. Lh

1 Introduction

Inrecent years, rare earth ions doped upconversion
fiber lasers have attracted much attention due to a wide range
of applications including high-density optical data storage, all
color displays, undersea communications and biomedicine.
Up to now, room-temperature visible upconversion fluoride
glass (doped with Tm**, Pr’*, Er’*, Ho®* and Yb*") fiber
lasers have been obtained [1-12]. Paschotta et al. [4] re-
ported a 230 mW blue upconversion laser in Tm>* doped
ZrF,-BaF,-LaF3-AlF;-NaF (ZBLAN) glass fiber. Zellmer
and co-workers [10, 11] demonstrated red, green and blue up-
conversion lasers in Pr** and Yb3* co-doped ZBLAN fibers.
At present, high-power (> 1 W) visible, and especially blue,
upconversion fiber lasers are the next objective for the re-
searchers. Among the above-mentioned fluoride fiber lasers,
the efficiency of blue lasers in Tm3** doped ZBLAN fiber is
the highest by as much as 31.7%. Though the existence of the
photodegradation effect in Tm** doped ZBLAN fiber at high
pump power limits the output power of blue fiber lasers to sev-
eral hundred mW level [13—16], it is believed that high power
blue fiber laser can be obtained with the improvement of the
ZBLAN fiber material (through the modulation of the compo-
sition of fluoride fiber, the introducing of other ions into the
core of ZBLAN fiber to preclude the photodegradation effect,
etc.).
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For the construction of blue fiber lasers, some numer-
ical simulations based on a theoretical model is necessary
for the understanding and further optimization of the device.
In this case, Duclos et al. [17] presented a model of Tm3t
doped ZBLAN blue upconversion fiber laser. Paschotta and
co-workers [18] calculated optimized parameters for such
lasers through the characterization of the upconversion spec-
tra in this fiber. Both cases were limited to low power opera-
tion (< 1 W) of blue upconversion fiber laser. As mentioned
above, high power blue fiber lasers can be realized with the de-
velopment of the ZBLAN fiber material. In this paper, power
scaling of Tm>* doped ZBLAN blue upconversion fiber lasers
was investigated by a simple model, which is similar to that
reported by Paschotta [18]. Based on our experimental results
on blue fiber lasers, we discussed the effects of photodegra-
dation and photocuring, fiber length, the reflectivity of the
coupler mirror and fiber core diameter on further enhance-
ment of blue fiber laser, respectively. The optimal parameters
(including fiber length, fiber core diameter and the reflectivity
of the coupler mirror) for the operation of high power (> 1 W)
blue fiber laser were presented through simple numerical sim-
ulations, which is valuable for the future design of high power
blue upconversion fiber laser.

2 Modeling of Tm3+ doped ZBLAN
blue upconversion fiber lasers

The upconversion mechanism in Tm3** doped flu-
oride glass fiber excited at 1120 nm has been investigated
widely, as shown in Fig. 1. First, by excitation with an
1120 nm laser, the electrons at the ground state are promoted
to the 3Hs level. Through multiphonon nonradiative relax-
ation they populate the 3 F, level, then the 3 F3 level, the * Hy
level and the state !Gy4. In Fig. 1, we define simplified la-
bels 1 to 6 for the levels that we subsequently use in this
paper. The excited-state populations of Tm** in ZBLAN glass
fiber at a particular pump power can be described by rate
equations, assuming purely homogeneous broadening of the
levels. Note that in this paper, we fix the concentration of
Tm3*+ at 1000 ppm due to the unexpected effects (includ-
ing stronger photodegradation effect, energy transfer between
pairs of ions, etc.) caused by high doping concentration of
Tm** in ZBLAN glass fiber, which are very harmful for the
enhancement of blue fiber laser power. We started with the
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FIGURE1 The upconversion mechanism in Tm3* doped fluoride glass
fiber excited at 1120 nm

following simplified version without considering the terms
for energy transfer between pairs of ions due to low doping
concentration of Tm3* (~ 1000 ppm):
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where the notation n; (a number between 0 and 1) represents
the fraction of ions in level j, the terms R;3, Rys, R4g, and Res
pump rates given, e.g., by

(6)

p
Riz=o013 v,
(o013 is the absorption cross section for the first pump transition
and I, the pump intensity in Watt per square meter), W; ; the
signal transition rates, the A coefficients radiative decays, e.g.,
Ay for the decay from level 2 to level 1, and the total decay
rates are Ag = ) jAgj and Ay =) jA4;. In (5), we used the
fact that the levels 3 and 5 decay very rapidly by multiphonon
nonradiative relaxation to the levels immediately below. In
addition, a consequence of treating the multiphonon decay of
levels 3 and 5 as instantaneous is that the corresponding pump
rates appear directly in the rate equations of the lower levels.

The laser oscillator model is based on powers rather than
complex field components, and so it does not account for lon-
gitudinal modes or phenomena such as spatial hole burning.
Amplified spontaneous emission (ASE) is not included in the
laser oscillator model. The bi-directional propagation equa-
tions for the signal are stated as

ds+
- =4 (l’l6 — &n]> Sj: :FasSj:/(ntO'GI) .
d(znos1) 061

(7

(Here, a rectangle wave model for the waveguide modes in
Tm** doped ZBLAN glass fiber is assumed for simplicity
without the reduction of the accuracy. o is the background
loss of the signal, n the total population intensity)

TABLE 1  The parameters for the numerical simulations

Cross-section values (10727 m?) A Coefficient values (s~')

o16= 16 Ay =152
oe1 =122 Ay = 665
opa = 69 App = 55
o;3= 92 Ag1 = 600
o025 = 60 Agy = 100
o046 = 180 Agz =430

Ags =138

Ags = 36

Equations (7) are coupled, and they conform to a simple
relationship derived from the product rule of differentiation:
STS~ = C, where C is a constant. Thus (7) can be decoupled
by use of the cavity boundary conditions, which are

§7(z=0)= RS (2=0), RoS" (2 = Zend) = 57 (2 = Zend) -
®)

[where zeng is the cavity length, R; the reflectivity at 480 nm
of the mirror 1 (high transmission at 1120 nm and high reflec-
tivity at 480 nm), R, the reflectivity at 480 nm of the coupler
mirror 2 (high transmission at 1120 nm)]

For the pump wave, we assume that it makes a single tran-
sit from z = 0 in the forward (+) direction:

dr, o o o o
b (g,,l I T ﬁn6> I
d(znos1) O61 O61 O61 O61
—aply/(no61) . 9)

[where ap, is the background loss of the pump wave. ]

Table 1 shows the parameters for the numerical simula-
tions, which are obtained from [18]. Equations (1)—(9) are
solved numerically with Matlab software, and the solutions
will be presented in the following sections.

3 Experimental results
on blue upconversion fiber laser

In our experiments the pump laser was a Ra-
man fiber laser operating at 1120 nm or 1140 nm, pumped
by a 1064 nm (or 1100nm) Yb**-doped fiber laser, which
is similar to a previous report on a 1178 nm Raman fiber
laser [19]. The commercial Tm-doped ZBLAN fluoride fiber
(LeVerre Fluore, France) that we used had a thulium con-
centration of 1000 ppm (by weight), a numerical aperture of
0.19, and a core diameter of 3 um, corresponding to a cut-
off wavelength of 800 nm. The background loss at 480 nm of
this fiber was about 0.07 dB/m. Both fiber ends were cut by
a FK-11 fiber cleaver with the tension of 50-60 g, and the
measurement results by a microscope showed that the cleaved
surfaces were very flat. We launched an 1120 nm (or 1140 nm)
pump light into the fiber core through a couple of aspheric
lenses. Tests with a short fluoride fiber (10 cm) showed that
the launched efficiency, defined as the launched power divided
by the power incident on the lens, was about 60%. For the mir-
rors forming the cavity, one has a high reflectivity (~ 99.9%)
at 480 nm and a high transmission at 1120 nm, and the other
has 80% (or 60%) reflectivity at 480 nm and a high trans-
mission at 1120 nm. Both mirrors were butted directly with



QINetal. Power scaling of Tm3* doped ZBLAN blue upconversion fiber lasers: modeling and experiments 67

the fiber end. The output spectrum of the fiber end and the
launched or output power were measured using an AQ-6315A
optical spectrum analyzer (ANDO, Japan) and a LABMAS-
TER optical power meter (Coherent, USA), respectively.

Using a 1.8-m ZBLAN fiber as the gain medium, a blue
upconversion fiber laser can be obtained with an 80% or a 60%
reflectivity mirror, respectively. Figure 2a shows the spectrum
of a blue upconversion fiber laser with the linewidth of less
than 0.05 nm (the resolution limit of the AQ-6315A optical
spectrum analyzer). The output power of this blue laser was
measured, as shown in Fig. 2b. As we can see from Fig. 2b,
for the output mirror with 80% reflectivity, the slop efficiency
is about 15%, the optical-to-optical conversion efficiency of
11%, and its maximum unsaturated output power is 116 mW.
When we replaced the 80% reflectivity output mirror with
60% reflectivity, repeated measurements show that the slop
efficiency is about 18% and the optical-to-optical conversion
efficiency is 12%, but its maximum saturated output power is
about 80 mW. To verify that this was not related to the de-
terioration of the fiber end, we put back the 80% reflectivity
mirror without recleaving the fiber and reproduced the results
obtained previously with that mirror. The experimental result
was the same as that in Fig. 2b, which showed that the fiber
end was not deteriorated by the high power blue laser.

To understand why blue fiber laser with the 60% reflec-
tivity output mirror presents saturated output power but that
with the 80% reflectivity output mirror not, we make some
numerical simulations on this laser. For the initial simula-
tions, the launched pump power is fixed at 1 W, the back-
ground loss of ZBLAN glass fiber was obtained as much as
0.7 dB/m through simulations with the data of the 80% reflec-
tivity output mirror, as shown in Fig. 2b, which is higher than
the measured value (~ 0.07 dB/m) due to the existence of the
photodegradation effect in the operation of blue fiber laser.
Using 0.7 dB/m as the value of the background loss, the de-
pendence of blue fiber laser output power on the pump power
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FIGURE 2 (a) Blue up conversion laser emission spectrum in 1.8 m
ZBLAN glass fiber. (b) Measured output power of blue up conversion fiber
laser with 80% or 60% reflectivity output mirror, respectively

were obtained for the cavity with different reflectivity output
mirrors, as shown in Fig. 3a. As we can see from Fig. 3a, the
cavity with 60% reflectivity output mirror shows higher out-
put power and efficiency than that with 80% reflectivity [18].
As we all know, the cavity with larger background loss (e.g.,
~ 2 dB at 480 nm) produces lower output power blue fiber
laser at the same pump power. Based on our previous experi-
mental results [20], a competition between photodegradation
and photocuring in the operation of a blue fiber laser greatly
affects the maximum output power of it [21]. That is to say,
we consider that the intra-cavity intensity of the blue fiber
laser with an 80% reflectivity mirror should be three times
higher than that with a 60% reflectivity mirror at the same
output power, such a higher intra-cavity blue laser can make
the fiber core cure more efficiently (e.g., at the same pump
power, the degradation effect may be nearly same for these
two blue lasers. But for the cavity with an 80% reflectivity out-
put mirror, the intra-cavity intensity of the blue laser is higher
than that with a 60% reflectivity output mirror, the curing ef-
fect of the blue laser should be more efficient), and further
allow higher output power of the blue laser in Tm** doped
ZBLAN glass fiber. Figure 3b shows the dependence of the
pump power, forward and back signals on the position in the
fiber (here, the pump power is 1 W, and the background loss
at 480 nm 0.7 dB/m), which shows that for I W pump power,
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FIGURE 3 (a) The dependence of blue fiber laser output power on the
pump power were obtained for the cavity with different reflectivity output
mirrors. (b) The dependence of the pump power, forward and back signals
on the position in the fiber (here, the pump power is 1 W, and the background
loss at 480 nm 0.7 dB/m)
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1.8 m fiber produces the maximum output power with the loss
of 30% pump power. Though the cavity with high reflectiv-
ity at 1120 nm coupler mirror can enhance the output power
and the efficiency, in this case, the back fiber end will be de-
teriorated easily by the high power blue laser and the back
reflecting pump light. In addition, considering the loss of 30%
pump power, the real efficiency should be higher than that
shown in Fig. 2b.

We also carried out blue upconversion laser experiments
with an 1140 nm Raman fiber laser as the pump source.
Using a 2.5 m Tm3* doped ZBLAN fiber as the gain medium,
a 140 mW blue upconversion fiber laser can be obtained
with an 80% reflectivity output mirror. Though 1140 nm laser
pumped blue upconversion laser shows higher efficiency than
1120 nm laser pumped blue laser due to large absorption
of ZBLAN:Tm>* fiber to 1140nm laser (larger than that
of to 1120 nm laser), there is another problem for 1140 nm
laser pumped blue laser, i.e., high power 1140 nm laser make
ZBLAN:Tm3* fiber burned easily at the natural bending
point (at this moment, the output power of blue laser is only
140 mW). We think such burning may be due to large ab-
sorption of ZBLAN:Tm?>" fiber to 1140 nm laser. It should be
noted that, for 1120 nm (or 1064 nm) laser pumped blue fiber
laser, it is not a problem due to the relatively low absorption of
the fiber to them.

In the operation of our blue upconversion fiber laser, we
observed 784 nm ('G4 — 3Hjs transition) amplified sponta-
neous emission signals (data not shown), which is detrimental
for the operation of blue upconversion fiber laser (the detailed
effects of 784 nm ASE on the blue up conversion fiber lasers
has been discussed in [22]). We think that in future experi-
ments both the input and the output mirrors should be made of
high transmission at 784 nm by use of coating technology that
can inhibit 784 nm lasing and further optimize blue upconver-
sion fiber lasing.

Figure 4 describes the optimal parameters including fiber
length, the reflectivity of the coupler mirror at 1 W pump
power without considering the photodegradation and pho-

tocuring effects, which show that the cavity with low reflec-
tivity output mirror produces the highest output power, the
optimal reflectivity exists at a particular fiber length, the opti-
mal reflectivity becomes lower and lower with increasing the
fiber length, and the optimal fiber length exists at 1 W pump
power.

Considering the above-mentioned experimental results,
for the present commercial ZBLAN fiber, the cavity with the
low reflectivity output mirror can not produce the optimal
blue laser due to the existence of a competition between pho-
todegradation and photocuring in the operation of a blue fiber
laser [20, 21]. Though the existence of the photodegradation
effect in Tm**+ doped ZBLAN fiber at high pump power lim-
its the output power of blue fiber lasers to several hundred
mW level, it is believed that high power blue fiber laser can be
obtained with the improvement of the ZBLAN fiber material
(through the modulation of the composition of fluoride fiber,
the introducing of other ions into the core of ZBLAN fiber to
preclude the photodegradation effect, etc.).

4 Power scaling of Tm3+ doped ZBLAN blue
upconversion fiber lasers: numerical simulations

As mentioned above, high power blue fiber laser
can be realized with the development of the ZBLAN fiber
material. Considering the development history of high power
Yb3+ doped fiber laser, large core fiber can allow larger output
power. Large core fiber can also reduce the effect of the pho-
todegradation phenomenon on the operation of high power
blue upconversion fiber laser. In this section, we investigate
power scaling (> 1 W) of blue upconversion fiber lasers with
different core diameter varied from 3 pm to 20 wm through
numerical simulations. In order to investigate the pure effects
of the core diameter of the fiber on high power operation of
blue fiber laser, the pump power is fixed at 10 W, the back-
ground loss at 480 nm 0.7 dB/m (in fact, larger core fiber has
larger background loss. Here, the background loss of the fiber
with the core diameter varied from 3 pm to 20 m are fixed at

0.3

0.25H 0 R

=
(S
T

0.15H

Qutput power (W)

=
-

0.05r

FIGURE 4 Simulated optimal parameters
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the same value for studying the pure effects of the core diam-
eter of the fiber on high power operation of blue fiber laser)
the background loss at 1120nm 0.1 dB/m, and the output
mirror high transmission at 1120 nm. With these parameters
and those presented in Table 1, (1)—(9) are solved numerically
with Matlab software, and the optimal parameters including
fiber length, fiber core diameter and the reflectivity of the cou-
pler mirror for the operation of high power (> 1 W) blue fiber
laser were obtained at 10 W pump power without consider-
ing the photodegradation and photocuring effects, as shown in
Fig. 5. As we can see from Fig. 5, first, for the core diameter
of 3 pm, 6 pum, 12 pm, 20 pm, the maximum output power of
blue fiber lasers are 2.9 W, 2.83 W, 2.34 W, 1.76 W, respec-
tively. Second, there exists an optimal output power point,
including the optimal fiber length and the reflectivity of the
output mirror at a particular core diameter, the maximum out-
put power of the blue fiber laser decreases with an increasing
core diameter of Tm** doped ZBLAN fiber; the optimal fiber
length decreases with an increasing the core diameter of the
fiber. In our numerical simulations, the background loss at
480 nm is fixed at 0.7 dB/m for the core diameter varied from
3 uwm to 20 pm. In fact, larger core fiber has larger background
loss, which will make the real output power lower than that
described in Fig. 5.

Why does the maximum output power of blue fiber laser
decrease with increasing the core diameter of the fiber? As
we all know, blue upconversion luminescence is a three-
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photon absorption anti-stokes process, as shown in Fig. 1.
Figure 6 shows the relations of the population of the states
to the pump density at static state (no lasing). From Fig. 6,
the ratio ——"¢—— increases with increasing the pump
. 1tnytngtng . .

density. In our experiments, blue upconversion luminescence
is a three-photon absorption nonlinear process, and blue up-
conversion laser also a three-photon absorption nonlinear pro-
cess. Though there is a different behavior in level population
under lasing and non lasing conditions, the electrons are pro-
moted from the ground state to the excited state step by step
with the excitation of the pump laser for these two conditions.
That is to say, the level population process is similar under las-
ing and non lasing conditions. As we can see from Fig. 6, with
decreasing the pump density, more electrons are distributed
into the states ny, ny and n4, which will reduce the efficiency
of blue upconversion process and further the output power of
blue upconversion laser. Considering the dependence of the
maximum output power of blue fiber laser on the core diam-
eter of the fiber, for the same pump power (10 W), larger core
means lower pump density, which make more electrons dis-
tributed into the states ny, n, and n4, and further reduce the
efficiency and output power of blue upconversion laser.

In addition, why does the optimal fiber length drop with
a rising core diameter of the fiber? We consider that the op-
timal fiber length of the fiber laser depends on the pump dis-
tribution in the fiber. Generally, for a front-end pumped fiber
laser, there exists a pump power distribution in the fiber, and
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FIGURE 5 Simulated optimal parameters including fiber length, fiber core diameter and the reflectivity of the coupler mirror for the operation of high power
(> 1 W) blue fiber laser at 10 W pump power without considering the photodegradation and photocuring effects
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FIGURE 6 The relations of the population of the states to the pump density
at static state (no lasing)

the front part of the fiber can be pumped efficiently. But if
the fiber length is too long, the back part of the fiber will not
be pumped efficiently, which will reduce the efficiency and
the output power of the device. So there exists the optimal
fiber length. In our experiments (front-end pumped way), at
the same pump power, more pump power is distributed at the
front part of fiber due to large absorption to the pump laser in
large core fiber compared with that in small core fiber, which
make the optimal fiber length become shorter for large core
fiber than that for small core fiber. Therefore, the optimal fiber
length drops with rising the core diameter.

5 Conclusion

Power scaling of Tm** doped ZBLAN blue upcon-
version fiber lasers was investigated by a simple model. Based
on our experimental results on blue fiber lasers, the effects of
photodegradation and photocuring, fiber length, the reflectiv-
ity of the coupler mirror and fiber core diameter on further
enhancement of blue fiber laser were discussed, respectively.
Though the existence of the photodegradation effect in Tm>*

doped ZBLAN fiber at high pump power limits the output
power of blue fiber lasers to several hundred mW level, it is be-
lieved that high power blue fiber laser can be obtained with the
improvement of the ZBLAN fiber material (through the mod-
ulation of the composition of fluoride fiber, the introducing of
other ions into the core of ZBLAN fiber to preclude the pho-
todegradation effect, etc.). The optimal parameters (including
fiber length, fiber core diameter and the reflectivity of the cou-
pler mirror) for the operation of high power (> 1 W) blue fiber
laser were presented through simple numerical simulations,
which is valuable for the future design of high power blue up-
conversion fiber laser.
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