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A model of the ~2 ym amplified spontaneous emission (ASE) generation in the thulium-doped silica fibers
pumped at 1575 nm is presented. Both Al-codoped and Al/Ge-codoped fiber core compositions are studied.
The results show that the composition affects the relative slope efficiency of 10% and the bandwidth of 19%
of the output ASE. Our results predict that the backward ASE is more powerful and spectrally broader compared
to the forward ASE, which is in agreement with previous experiments. Using an asymmetric cavity feedback, 98%
of the total output power can be directed in the backward ASE, but with the consequence of losing ~50% of the
bandwidth. Such sources are expected to deliver single-mode output with more than 70% slope and 39% power
conversion efficiency. © 2012 Optical Society of America
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1. INTRODUCTION

Broadband sources in the spectral region near 2 pm can be of
great interest for applications ranging from spectroscopy and
gas sensing [1] to low coherence interferometry and medical
imaging with optical coherence tomography [2]. An attractive
way to produce such broadband light is using an amplified
spontaneous emission (ASE) on the 3F, — 3Hg transition from
a thulium (Tm) doped silica fiber [3]. This transition has been
well studied theoretically for different pumping regimes in
lasers, fiber amplifiers, and double-clad fiber lasers with ring
cavity [4-6]. It has been determined that high efficiency of
laser operation can be attained by diode pumping on the tran-
sition 3Hg — ®H, in combination with high Tm-doping concen-
trations that enable beneficial interionic cross-relaxations [7].
Alternatively, by pumping directly to the upper laser level on
the transition >Hg — 3F, the need for high doping concentra-
tions can be avoided. Nevertheless, high efficiencies can still
be attained because of the much lower quantum defect asso-
ciated with this so-called inband pumping. This was recently
demonstrated experimentally, where the authors reported
37% slope efficiency in single-frequency [8], 50% in gain-switch
[9], and 80% in @-switch operation regimes [10].

Studies of the ASE operation, however, have been much
scarcer. A Tm-Ho-codoped fiber was pumped both at
1610 nm and also at 803 nm producing a broadband emission
in the power range of tens of milliwatts [11,12]. High power
operation was also demonstrated using a diode pumped
double-clad Tm-doped silica fiber [13]. In this study the
authors investigated an asymmetrical cavity feedback to ob-
tain single-ended output, and achieved the highest reported
output power of 11 W and with efficiency of 38% by backward
ASE (counterpropagating with respect to the pumping
power). A theoretical investigation of the ASE in Tm-doped
silica fiber with no cavity, i.e., zero feedback on both ends,
shows on the other hand that the forward (or copropagating)
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ASE is expected to be stronger and predicts 30% optical-to-
optical conversion [14], whereas experimental results show
the opposite. There is no further theoretical study that clari-
fies this discrepancy between experiment and theory. In
addition, there is no theoretical treatment of the inband-
pumped ASE in spite of the availability of high-quality
measured spectroscopy data of Tm-doped silica fibers that
have recently been published [15-17].

In this paper, we present a model of the inband-pumped
ASE from Tm-doped silica fiber. We examined a low doping
concentration case where no interionic cross-relaxation ef-
fects are expected to be present, and therefore we did not in-
clude them in our model. The model is based on the two-level
rate equation and propagation equations for the pump, for-
ward, and backward ASE signal. The model takes into account
the wavelength-dependent absorption and emission cross-
sections for two different fiber core compositions. This wave-
length dependence impacts the power conversion efficiency,
the emission spectral bandwidth, and the ratio of forward
versus backward ASE. The results show that with no signal
feedback, the backward ASE is considerably stronger in com-
parison with the forward signal, and it also delivers a broader
bandwidth, in agreement with previous experimental observa-
tions. Applying asymmetric cavity feedback conditions in the
model enables single-ended operation with discrimination of
40:1 for backward versus forward ASE, as well as decreases
the bandwidth by almost 50%. The obtained slope efficiencies
were more than 66% in the case with no feedback and more
than 70% using the 4% feedback, while the obtained band-
widths were 97 nm and 53 nm, respectively.

2. MODEL

The model of the ASE generation is based on the rate-equation
system of electronic excitation in the Tm ions, and propaga-
tion equations for the light field in the core of the fiber. The
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inband pumping operation is a quasi-three level scheme and
with no interionic effects taking place involves only the two
lowest lying levels in Tm [4]. Therefore the length-dependent
excitation dynamics can be described using the inverted
population density N as follows:
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where I, are the spectral intensities of the forward and
backward propagating light fields, I" is the power fill factor,
64/ are absorption and emission cross-sections, N is the
number density of the active ions, 7 the upper-state level life-
time, v is the frequency of light, z and ¢ are the spatial and
temporal coordinates, and & is the Planck constant. Solving
Eq. (1) in the steady-state leads to the following solution
for inverted population density:
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The inverted population can now be calculated from Eq. (2),
provided that the two light fields are also known. They can
in turn be calculated from their respective propagation
equations:
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In addition to the absorption and stimulated emission, the
light intensities are decreased due to the losses y, and the
spontaneous emission is acting as a source with the power

spectral density ¢, defined as follows:
1
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The coefficient ¢(v) depends on the fluorescence lineshape
g(v) and fluorescent efficiency 5, while the last factor is an
estimate of the part of the emission captured and guided
by the fiber core based on the acceptance solid angle. The
core waveguiding properties also determine the power fill
factor approximated from

I'@) =1~ exp[-2(a /w®))?]. ®)

where a and w are the core and mode-field radii, respectively.

The initial conditions are that all of the ions were in the
ground-state, and no light was propagating inside the fiber
core as follows:

N(@) =0,1:(v,2) = 0,1,(v,2) = 0. (6)
The boundary conditions introduce the pump light at a single

frequency v = v, as well as cover the partial reflections on
both fiber ends as follows:

I;(v.z = 0)
Ib(I/,Z :L)

=RpI,(v.2 =0) +1,(v = 1),
=RI;(v.2=1), (M

Vol. 29, No. 10 / October 2012 / J. Opt. Soc. Am. B 2887

where Ry and R, represent the forward and the backward
reflected power factors, respectively. The ASE generation
model composed of Egs. (2)-(5) and with the initial and
boundary conditions from Egs. (6) and (7) can be solved
by discretization into frequency and spatial intervals and sub-
sequent iteration until the satisfactory convergence of the out-
put parameter happens. Using 200 evenly spaced frequency
samples, 100 samples along the fiber length and 500 iteration
steps gave accurate results and the execution took only a
few seconds for a single run on a personal computer. Spec-
troscopic data were taken from Agger et al. [16], where the
authors measured and reported the absorption and emission
cross-sections of Tm. Figure 1 shows the absorption and emis-
sion cross-sections used in the model and the related transi-
tions. Two sets of data are provided, corresponding to two
different fiber core compositions: Al-codoped fiber is desig-
nated as Tml, and Al/Ge-codoped fiber is designated as
Tm2. The reported Tm number densities in Agger et al. are
8.4-10" cm™3 and 6.1 - 101 ecm™3, respectively, but here a sin-
gle Ny =7-10" cm™ was chosen for both Tml and Tm2
cases to make the comparison more straightforward. The
same authors also measured the fluorescence lifetimes of
650 ps for Tm1 and 560 ps for Tm2, and determined the fluor-
escence efficiency to be 10% in both cases. The same fluores-
cence data was used in the model here. As no fiber mode
parameters were given in [16], our investigation was based
on the following parameters from commercially available pro-
ducts from Nufern, Inc. for both fibers, Tm1 and Tm2: 9 pm
core diameter and 0.15 NA. The fiber length was set to 90 cm
to allow adequate pump absorption in the examined power
range. The frequency interval was chosen to span the whole
measured cross-section data, between the corresponding wa-
velengths of 1600 nm and 2050 nm, thus making the spectral
resolution of the calculation about 2 nm. The pumping wave-
length was set to 1575 nm, losses were set to 104 cm™ [4],
and the feedback from the fiber ends’ reflection was set to
0 unless noted otherwise.

3. RESULTS

Using the model presented in the previous section with the
experimental data from Agger et al., the pump absorption
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Fig. 1. (Color online) Absorption and emission cross-sections for
Tm1 and Tm2 fiber core compositions [16]. Inset shows diode pump-
ing (solid black line), inband pumping (blue dashed), and ASE (red
dotted) transitions in Tm.
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and signal absorption and emission along the Tm-doped fibers
were calculated. Figure 2 shows the resulting pump and ASE
power distributions along the length of the fiber core for the
Tml composition at 500 mW input (launched) pump power.
The nonexponential decay of the pumping power is caused
by the bleaching of the ground state. Both forward and back-
ward ASE emerge with an exponential-like rise along the
length, but the forward ASE is subject to strong reabsorption
in the rightmost region of the fiber where the inverted popula-
tion is not large enough. With increasing pumping powers the
peak in the power of the forward ASE is transferred to the
right, whereas the backward ASE becomes more powerful.
Qualitatively the same behavior results with the Tm2 fiber.

In Fig. 3 the calculated spectra for forward and backward
ASE are shown for both fiber compositions. The backward
ASE is more powerful and has broader spectrum in both fi-
bers, Tm1 and Tm2. The backward ASE is also blue-shifted
in comparison with the forward ASE. There is some difference
between the two fibers: in Tml fiber the forward and back-
ward ASE have full-width half-maximum (FWHM) of 68 nm
and 82 nm, respectively, whereas in Tm2 fiber the FWHM
are 80 nm and 98 nm. The 20% broader backward ASE output
spectrum compared to the Tml composition comes from
the broader emission cross-section of Tm2 fiber (see Fig. 1).
The Tm2 composition is thus more suited for broad band-
width needs.

In Fig. 4 the calculated ASE output powers versus input
pump powers are shown for both directions and fiber compo-
sitions. With respect to the forward ASE, the backward ASE
has greater slope efficiency in both fibers. An extrapolation to
zero signal of the linearized slope that occurs at high pump
powers leads to the definition for the thresholds. This results
in 501 mW and 466 mW for the threshold for forward and
backward ASE in the Tml fiber, respectively, and 599 mW
and 513 mW in the Tm2 fiber. The respective slope efficiencies
are 24% and 42% in Tm1, and 26% and 34% in Tm2 fibers. The
Tml composition is better than Tm2 for efficiency, where the
overall slope efficiency of combined forward and backward
signals is 66% for Tml compared to the 60% for Tm2
fiber. The total power conversion efficiencies at 1000 mW in-
put pump power are 39% and 27% for Tm1l and Tm2 fibers,
respectively.

The backward propagating ASE has a broader bandwidth
and a higher slope efficiency than the forward propagating
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Fig. 2. (Color online) Power distribution along the Tm1 fiber length
for the pump, the forward ASE, and the backward ASE.
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Fig. 3. (Color online) Intensity spectra of the forward and backward
ASE for Tm1 and Tm2 fibers. All are at 900 mW input pump power,
except the Tm1 backward ASE is at 750 mW input pump power for
better comparison.

ASE (see for example Figs. 3 and 4). However, the forward
ASE still has ~30% of the combined power in both fiber com-
positions. In many applications, it is desirable to extract most
of the available power from one end of the fiber. One way of
achieving this is to extend the length of the fiber. Figure 5
shows ASE power for both directions as well as the ratio
of the backward/forward ASE power. When the fiber length
is increased over the optimal length determined by the pump
absorption, the forward ASE is reabsorbed in the nonpumped
region. Part of that power is then transformed to the backward
ASE, thus increasing the ratio. The power of the backward
ASE is also decreasing because of the losses in the fiber,
and an additional drawback of such an approach is that it
requires using more than optimal fiber lengths.

Another compelling way to achieve higher ratio of the back-
ward versus forward ASE output power is by imposing an
asymmetric cavity condition, e.g., by using a 4% broadband
Fresnel reflection on one fiber end, as was recently demon-
strated by Shen et al. [13]. Figure 6 shows the backward
and the forward ASE and its dependence on the pumping
power with such feedback, i.e., when R, = 4%. Inset shows
the effect of introduction of the feedback on the ratio of back-
ward/forward ASE power for fiber Tml. In both fibers the
backward ASE is much stronger than the forward ASE at
low pumping powers, the ratio being 5:1 for Tm1l and 15:1
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Fig. 4. (Color online) ASE output power versus input pump power
for both directions and both fiber compositions with no feedback.



Gorjan et al.
50 T T 30
—forward
----- backward|
40 ratio _:"': R 125
) 120 =
E 301 1 s
g o
: 5
% 201 %
2 <
10r
0 0.5 1 1.5 20
length [m]

Fig. 5. (Color online) Forward and backward ASE power versus
length of the Tml fiber at 500 mW input pump power, and the back-
ward/forward ratio of power.

for Tm2, respectively, but with increasing pumping power the
ratio goes down to only 2.2 and 1.6 at high pumping powers.
The addition R, = 4% broadband reflection feeds back the for-
ward ASE to seed the backward ASE and thus boosts the ratio
to40:1and 34:1 for Tm1 and Tm2, respectively. In addition to
that, the slope efficiency of the combined power of backward
and forward ASE is increased to 71% for Tm1 and to 70% for
Tm2 fibers, respectively.

Using the asymmetric cavity’s feedback to boost the power
of the backward ASE, however, has a secondary effect in de-
creasing its bandwidth at high pump powers. Figure 7 shows
the bandwidth of the forward and the backward ASE for Tm1
fiber with and without the feedback. The bandwidth at low
powers is nearly independent of the presence of the feedback,
and both decrease substantially close to the threshold. The
decrease is much steeper with respect to the increasing pump-
ing power with the feedback, but it becomes stable, i.e., power
independent, at higher powers in both cases. The backward
ASE for Tm2 fiber at pumping power of 1000 mW has a FWHM
of 97 nm without feedback and only 53 nm with the feedback,
respectively, which is even less than the 70 nm FWHM of the
forward ASE for Tm1 fiber. The FWHM of the Tm1 fiber with
the feedback is also 53 nm (not shown).
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Fig. 6. (Color online) ASE output power versus input pump power
for both directions and both fiber compositions with R, = 4% broad-
band reflection. Inset shows the backward/forward ratio of power for
Tm1 fiber without and with 4% feedback.
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Fig. 7. (Color online) Bandwidth of forward and backward ASE for
Tm1l fiber, and the effect of the feedback via R, = 4% broadband
reflection on the backward ASE for Tm2 fiber.

4. DISCUSSION

The comparison between the two different fiber core compo-
sitions, namely Al-codoped Tml and Al/Ge-codoped Tm2,
shows that the first fiber has 10% higher relative slope effi-
ciency while the latter has 18-20% broader bandwidth. The
higher efficiency of the Tm1 fiber is caused by its longer fluor-
escence lifetime, which is 650 ps versus 560 ps in Tm2 fiber.
The broader bandwidth of the Tm2 fiber is, on the other hand,
caused by the broader stimulated emission cross-section of
the Tm2 fiber. This comparison demonstrates that such a
model of the ASE generation, and possibly also laser and
amplifier operation, is quite sensitive to the underlying spec-
troscopy data, and confirms the need for meticulous measure-
ments such as those performed in [16,17].

The slope efficiencies of both studied fibers are relatively
high, close to the Stokes limit that was nearly attained experi-
mentally with inband pumping of Tm-doped fiber laser oscil-
lators [8-10]. The output signal power is, however, split
between the backward and forward propagating ASE by a ra-
tio of about 2:1. Without any signal feedback the backward
ASE is shown to be more prominent in both fibers and for
all pumping powers. This is in contrast with the theoretical
results in Yu et al. [14], although they studied the case with
high doping concentrations and with 800 nm pumping, which
involves higher lying levels in Tm and the cross-relaxation
process between individual ions. However, that change
should only affect the population inversion of the model in
Egs. (1) and (2) in addition to the much higher absorption
cross-section at 800 nm compared to the 1575 nm. Still, the
main factor in the competition between the forward and back-
ward ASE for the inverted population would remain the same,
and we believe that backward ASE might be more prominent
in that case as well.

The idea of asymmetric cavity feedback indeed provides
the solution to obtain a single-ended ASE output in this case
as well. Our results show that applying a 4% feedback in the
backward direction of the pump propagation results in the dis-
crimination of backward versus forward ASE to 40:1 at the
maximum pumping power that we used. Doing the opposite,
i.e., promoting the forward ASE, yields a ratio of only 1:17. In
fact, Shen et al. reported very similar numbers, 42:1 and 1:23,
even though they employed diode pumping at 800 nm and
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used highly doped double-clad fibers. This fact might be evi-
dential of the irrelevancy of the underlying pumping scheme
in the competition between the generation of the forward and
the backward ASE signals. Using the asymmetric cavity feed-
back also seems to render any differences in the output of the
two studied fiber compositions all but negligible.

In addition to the higher efficiency, the backward ASE is
also shown to have substantially wider bandwidth than the
forward ASE. At low powers, below the threshold of high
efficiency of operation, the calculated FWHM spans over
300 nm for Tm2 fiber, and at high power it shrinks consi-
derably, down to 97 nm. It then remains stable and largely
independent of the pumping power (see Fig. 7), which is very
desirable for its prospective applications. However, the use of
an asymmetric feedback to promote the output of the back-
ward ASE also causes the bandwidth to shrink even more
at high powers, down to 53 nm for Tm2 fiber. In this latter
case again the numbers are roughly comparable to the experi-
mental results from Shen et al., where they reported the band-
width to go from 280 nm at low pump powers down to 42 nm
at highest pump power [13]. Qualitatively similar findings
were reported for an ASE in Yb-doped silica fiber, which is
also an inband pumped quasi-three level system [18].

5. CONCLUSION

We have presented a model of the amplified spontaneous
emission based on solving the rate-equation and light propa-
gation equations of inband-pumped Tm-doped fibers. The
results show that the backward propagating ASE has both
higher efficiency and wider bandwidth than the forward
ASE, which is in good agreement with previously published
experimental results. Using the asymmetric cavity feedback
to promote backward ASE allowed it to attain 98% of the total
output power, but at the expense of losing ~50% of the band-
width. This should be borne in mind for the prospective
applications of the ASE Tm fiber sources near 2 pm. The
inband pumping of such sources is expected to deliver com-
parable efficiencies to the inband-pumped laser oscillation,
and also to those already obtained with the more researched
diode pumping.
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