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Novel Near-infrared Pump Wavelengths for
Dysprosium Fiber Lasers

Md. Ziaul Amin

Abstract—We report two new near-infrared pump wavelengths
at 0.8 1m and 0.9 zem for dysprosium (Dy3+)-doped mid-infrared
fiber lasers, which are free from detrimental pump excited state
absorption that has limited all previous Dy3* fiber lasers using
longer near-infrared pump wavelengths (i.e., 1.1 p#m, 1.3 zom, and
1.7 pm). The maximum measured laser slope efficiencies were
18.5% and 23.7 % with respect to launched pump power for 0.8 xm
and 0.9 pm pump wavelengths, respectively. These new pump
wavelengths provide higher fractional Stokes limits (which are
70% and 79% for 0.8 pum and 0.9 pm pumping wavelengths,
respectively) than previous demonstrations. While our measured
efficiencies are still below the Stokes limit, we have identified the
causes to be background loss and multi-mode behaviour at the
pump wavelengths; both easily solvable for future systems. A nu-
merical model was used to confirm performance, paving the way to
efficient future near-infrared-pumped, potentially diode-pumped
Dy3 fiber lasers emitting in the mid-infrared.

Index Terms—Dysprosium, diode-pumped, fiber laser, near-
infrared, mid-infrared.

1. INTRODUCTION

HE development of cost-effective, compact, high-power
T and high-brightness mid-infrared (mid-IR) coherent
sources will not only improve the performance of many existing
applications, but also enable entirely new applications in the
fields of spectroscopy, defence, sensing, polymer processing
and medicine [1]-[6]. In particular the high energy region of
the mid-IR, i.e. the 3-5 pm spectral range has received signif-
icant attention because it can be accessed using fluoride fibers
and it covers several fundamental molecular bond absorption
features, such as those of C-H, C-O, and N-H, which are key to
sensing and materials processing. In addition, this spectral band
overlaps with an exceptional atmospheric transmission window
enabling new opportunities in, for example, light detection and
ranging (LIDAR) and countermeasures against heat-seeking
missiles [3], [7].
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Fig. 1. Dy37 energy level diagram showing pump excited state absorption

(ESA) for 1.1 pum, 1.3 pm, and 1.7 pm. From the upper laser level of the 3 um
transition, there is no resonant energy level for 0.8 pm and 0.9 pm pumping
wavelengths as presented by the red and pink dashed line, which is suited to
avoid detrimental pump-ESA.

To date three rare-earth dopants: erbium (Er®*), holmium
(Ho3") and dysprosium (Dy>*) have been reported to generate
mid-IR laser emission. The emission spectrum of Er**:ZBLAN
glass covers the 2.6-3.0 ym [8] and the 3.2-3.9 pm [9] spectral
range. Ho?*:ZBLAN glass can emit mid-IR radiation from 2.8—
3.0 pum [10]. The fluorescence spectrum of the third dopant,
Dy37, ranges from 2.6-3.4 pm, thus also covering the gap in
the erbium emission. Moreover, a continuous wave (CW) tuning
range of 600 nm, the widest for any rare-earth-doped fiber laser,
was demonstrated from a Dy3*-doped mid-IR fiber laser [11].
The Dy3* energy level diagram, as shown in Fig. 1, depicts
the ground state terminated 3 pm transition as well as several
closely spaced levels above. As relaxation from all of the levels
is dominated by rapid multiphonon decay in ZBLAN glass to the
upper 3 pum laser level, there are several viable pumping options.

From the wide choice of possible pump wavelengths, a con-
venient 1.1 pm pump source (°Hys/5 — ®Hz/2) was chosen
for the first report of 3 pm laser output from a free running
Dy3*-doped fiber laser [12]. From that first report, 3 zm laser
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output power was measured with 4.5% slope efficiency relative
to absorbed pump power. In a follow-up report, an improved
laser slope efficiency of 23% relative to absorbed pump power
was reported by using an optimized 50% output coupler [13].
The use of 1.3 um ( °Hy5/5 — °Hg 2) pump wavelength reduces
the quantum defect and should therefore increase the laser slope
efficiency. However, it was found that the laser slope efficiency
of 20% with respect to absorbed pump power was lower than
that of the 1.1 ym pumped-system [14]. This was explained by
the fact that pump excited state absorption (ESA) degrades the
laser performance and limits the maximum laser slope efficiency
to 49% (62%) and 39% (45%), with respect to launched pump
power (with respect to absorbed pump power), of the Stokes
limit of 1.1 gm and 1.3 gm pumped Dy3*-doped mid-IR fiber
lasers, respectively.

Recently, an increasing interest has been seen in exploiting the
benefit of in-band 2.8 pum (6H15/2 - 6H13/2) pumping, which
reduces the quantum defect and enabled an efficient Dy3™-
doped mid-IR fiber laser [15]. With in-band 2.8 ym pumping, a
record slope efficiency of 73% (with respect to launched pump
power) and 77% (with respect to absorbed pump power) has
been reported from a Dy>+-doped mid-IR fiber laser [16]. Very
recently, an even higher slope efficiency record (91% relative
to launched pump power) has been reported using this in-band
pumping scheme in a Dy3*-doped mid-IR fiber laser [17]. This
new record has been achieved by using a low loss (0.05 dB/m)
Dy3*-doped ZBLAN fiber. In another report, a laser output
power of 10.1 W with 58% slope efficiency (with respect to
launched pump power) has been reported [18], which shows the
power scaling potential of Dy3T:ZBLAN fiber lasers.

While in-band pumping enabled the highest laser power and
efficiency from Dy3*-doped fiber lasers to date, this pumping
scheme does not allow to access the full emission bandwidth
of the Dy3* ion. Moreover, high power laser diodes are not
available for in-band pumping wavelengths, which is restricting
the development of high-power diode pumped systems. Existing
double-clad fibers with polymer coating are also not suitable
for in-band pumped system. Therefore, there is a clear need
to re-investigate the two remaining near-IR pump wavelengths
(0.8 pm and 0.9 pm) to access a wider bandwidth (for ultrafast
or widely tunable operation) and 4 ym emission of a Dy>* ion
as carried out in [7], [11]. Most importantly, these wavelengths
are conveniently available from cost effective high power laser
diodes (at least at 0.8 pum with output power of ~100 W ).
Moreover, as Dy>*’s energy level structure includes a large
forbidden energy gap between the * Fy /5 and °Fs 5 levels (see
Fig. 1), these new wavelengths are uniquely suited to avoid
detrimental pump ESA. Hence our motivation for this work was
to study 0.8 pm (6H15/2—6F5/2) and 0.9 pm (6H15/2—6F7/2)
pumped Dy3*-doped fiber lasers.

II. ABSORPTION CROSS-SECTION MEASUREMENT
OF DYSPROSIUM

As the 0.8 pm and 0.9 ym pump wavelengths are used for the
first time in a Dy3*-doped fiber laser, an accurate measurement
of the Dy3T absorption cross-section for both wavelengths is
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Fig. 2. Dy31 absorption cross-section measured from bulk ZBLAN glass
sample. In the inset, the emission spectrum of a titanium-sapphire laser is shown
for a center wavelength of 0.8 pm and 0.9 pm, respectively.

required to develop a numerical model that can predict the
system performance with reasonable accuracy. The absorption
cross-section data was measured from a Dy3*-doped ZBLAN
bulk glass sample using a Cary 5000 UV-Vis-NIR spectropho-
tometer. Two cubic shaped ZBLAN glass samples doped with 2
mol% and 1 mol% Dy?>* were used for measuring the absorption
data which were then fitted by the following relations to calculate
the absorption cross-section:

aps1 = No (M)l + B(X) (1)
Qghs2 = 2NJ(A)[2 -+ B()\,) (2)

where, aaps, N, 0 (1), and B(A) represent the absorption coef-
ficient, number of dopant ions / mol%, absorption cross-section,
and background loss for ZBLAN glass, respectively. The sample
thickness for 1 mol% and 2 mol% were [; = 13.15 mm, and [
= 11.98 mm, respectively. The background loss, represented
by B(A), was subtracted to calculate the Dy>* absorption
cross-section, as shown in Fig. 2. The calculated peak absorp-
tion cross-sections of the Dy>* ion are 2.6 x 1072° m? and
3.9 x 10725 m? for 0.8 ym and 0.9 m pump wavelengths, re-
spectively. Previously, the absorption data of a Dy>* in ZBLAN
glass was reported in terms of the absorption coefficient [19]. In
their measurement, they did not mention the impact of intrinsic
ZBLAN glass absorption. For comparison, we have converted
their measured absorption coefficient to absorption cross-section
data and found that the peak values at 0.8 ym and 0.9 pym are
3 x 1072° m?2, and 4 x 10725 m?, respectively. These peak
values are comparatively higher than what we have measured
using our background subtraction method, which might arise
from intrinsic ZBLAN glass absorption.

III. EXPERIMENTAL SETUP

In our experiment, we have used a single-clad (SC) Dy>*-
doped ZBLAN fiber (Le Verre Fluoré, France) with 0.2 mol%
dopant concentration, which has also been used in a number
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Fig. 3. A Dy3*t-doped mid-IR fiber laser. The pumping end of the fiber is
butt-coupled to a mirror which is highly reflective (HR) from 2.7-3.3 pm and
partially transmissive (PT) at both pump wavelengths, 80% at 0.8 pm and 73%
at 0.9 pum (adapted from Ref. [20]).

of previous laser demonstrations [11], [15], [16]. The numer-
ical aperture (NA) and core diameter of the fiber are 0.16
and 12.5 pm, respectively, which ensure single-mode operation
down to 2.6 um. However, the fiber is multi-mode for both pump
wavelengths (0.8 m and 0.9 m), which can thus excite higher-
orders modes in the fiber core. A tunable titanium-sapphire laser
was utilized to generate pump light at both 0.8 zm and 0.9 pm.
The pump spectrum at both wavelengths is shown in the inset of
Fig. 2. The pump was focused into the Dy3*-doped fiber with
an anti-reflection-coated aspherical lens (focal length = 12 mm)
with 77% launch efficiency. The fiber output was collimated
using an uncoated CaFs lens (focal length = 20 mm).

In our initial experiment, we focused on characterising the
multi-mode nature of the fiber at both pump wavelengths, which
was done in absence of cavity mirrors. The collimated residual
pump beam was then imaged onto a Pyrocam IV beam profiling
camera to investigate the higher-order mode excitation in the
Dy?*-doped fiber core. Further, the residual pump power after
the 0.5 m Dy>*-doped fiber was recorded for investigating
any potential higher-order energy transfer mechanisms or pump
ESA.

For demonstration of lasing, we utilized bulk mirrors butt-
coupled to both fiber ends, as shown in Fig. 3. At the input
(pumping) end, the butt-coupled mirror was highly reflective
(HR), approximately 99% from 2.7-3.3 pm and partially trans-
missive (PT), approximately 80% at 0.8 ym and 73% at 0.9 pm.
Atthe output end, a broadband 50% reflective mirror at 3 ym was
butt-coupled and used as an output-coupler. A germanium (Ge)
filter was employed to separate laser signal from residual pump
light. The laser output powers were measured using a thermal
power meter and then corrected to account for losses introduced
by the Ge filter and lens reflections.

IV. FIBER MULTI-MODE IMPACT ON PUMP ABSORPTION

As we expect the multi-mode nature of the pump to affect the
laser performance to some degree, we analyzed the mode-profile
of the collimated residual pump beam as shown in Fig. 4 (a).
The residual pump power image confirms higher-order modes
excitation in the fiber core. For comparison, we have also imaged
the mid-IR laser output (see Fig. 4 (b)), which emits as a pure
LPy; mode as expected.

In a second step of our investigation, we measured the resid-
ual pump power as a function of launched pump power of a
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Fig. 4.
collimated mid-IR laser beam.

(a) Image of collimated residual pump beam at 0.8 pm (b) image of

TABLE 1
SIMULATION PARAMETERS FOR THE DY3*-DOPED FIBER LASER

Parameter Symbol Value

Doping concentration (m—3) Ny 3.66x102°

Branching ratios [24], [25] Bios P21, B20, 1, 0.052, 0.948,
B32, B31, Bso, 0.01, 0.15, 0.84,
Ba2, Ba1, Pao, 0.03, 0.23, 0.74,
Bs4, Bs3, Ps2, 0.02, 0.11, 047,
Bs1, Bso, Bes, 0.34, 0.06, 0.02,
Be2, Be1, Beo, 0.08, 0.06, 0.84,
Bra, B73, B2, 0.02, 0.05, 0.07,
Br1, Bro, Psa, 024, 0.62, 0.02,
Bs3, Bs2, Bsi, 0.11, 0.07, 0.57,
Bso 0.23

Radiative lifetime (ms) [24], 71, T2, T3, 468, 13.7,

[25] Tr4, Tr5, Tre. 3.5, 202, 1.3
Tr,7 1

Non-radiative lifetime (1s) — Tnr,1, Tnr2, 050, 1.25,

[24] Tnr,3, Tnr4, 0.1, 0.006,
Trr5, Tor,  0.152, 0.000,
Tnr,7, 0.0003

Fiber background loss (dB/m)  I(\) 0.3

Pump wavelengths (pm) Apl, Ap2 0.8, 09

Absorption cross-section g7 2.6x1072°

(m?) at 0.8 um

Absorption cross-section g 3.1x1072°

(m?) at 0.9 um

Emission cross-section (m?) 010 2.6x102°

Overlap factor (pump) Apl, Ap2 0.87, 0.93

Overlap factor (signal) As 0.76

Front mirror reflectively Ri(Ap), Rp(As) 0%, 99%

Back mirror reflectively Ry(Mp), Rp(As) 50%, 50%

0.5 m Dy>*-doped fiber to investigate any unforeseen pump
ESA or other detrimental energy transfer mechanisms. We ex-
pect that if present, these effects would manifest in increased
pump absorption, as previous work has shown that such ESA
processes are required to match experimental and numerical
results [11]. Moreover, pump ESA processes at 1.1 um pumping
wavelength exhibited visible light emission from a Dy>*-doped
ZBLAN fiber [12]. However, we did not observe any visible
light emission from a Dy>*-doped ZBLAN fiber for 0.8 um
and 0.9 ym pumping wavelengths. If there were a presence
of any unforeseen pump ESA or higher-order energy transfer
mechanisms for these wavelengths, pump absorption is expected
to be higher than the calculated value. However, the comparison
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Fig. 5. Residual pump power for 0.5 m Dy3*-doped fiber as a function

of launched pump power for (a) 0.8 pm and (b) 0.9 pm pump wavelengths,
respectively (adapted from Ref. [20]).

of experimental data and simulation results (relevant simula-
tion parameters are given in Table. I) indicates reduced pump
absorption, as seen in Fig. 5.

To find the cause of reduced pump absorption at 0.8 pm
and 0.9 ym pumping wavelengths, we theoretically calculate
the effect of multi-mode behaviour on pump absorption. For
this, we have calculated the number of supported modes in
the fiber assuming a weakly guiding approximation, where the
index difference between core (1) and cladding (n¢jqq) 1S
small. Under this assumption, the number of supported modes
in the fiber can be calculated by using the following eigenvalue
equation [21]:

Jl 1(U)
Jl(U)

where U = av/kin?,,. — 8%, W = ay/B? — kin?,,. In the
above relations, a, J, and K define fiber core radius, ordinary
Bessel function of the first kind, and modified Bessel function
of the second kind, respectively.

To find the propagation constant B of the supported modes,
the parameter V = ay/kZn2,,. — k3n?,,, should satisfy the

K, 1(U)

- Ky (U)

3

COT@
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Fig. 6.  Number of LP;,,, modes supported by Dy3+-doped fiber at 0.8 m,
where core is identified with a dashed line.
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following relation:
P=Ut+w? )

where kg = 2”

For a given l index there will be m solutions of the eigenvalue
equation (3), where each solution is known as a linearly polarized
LP;,,, mode. For the Dy3*-doped fiber used, there exist ten (10)
guided LP;,,, modes for 0.8 um pumping wavelength, as shown
in Fig. 6. The degree of excitation of higher-order guided modes
influences the pump power confinement in the fiber core. As the
degree of excitation of higher-order guided modes increases, the
fraction of pump power confined in the fiber core decreases. The
pump power confinement (7)) in the fiber core for each mode is
calculated by the following relation [22]:

U2 (w2 K
-5 (32

The calculated fractional pump power confined in the fiber core
as a function of fiber pump modes is shown in Fig. 7. Assuming
equal excitation of all modes for 0.8 pm, the average pump
power confined to the fiber core is about 88% of the launched
pump power. Moreover, higher-order modes excitation in the
doped fiber reduces the pump-core overlap, which consequently
decreases the pump-signal conversion efficiency. The analysis
done for 0.8 pm pumping wavelength is also true for 0.9 pm
pump wavelength as the Dy®*-doped fiber is still multi-mode

&)
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for this wavelength. For longer 0.9 ym pump wavelength, the
fraction of core power will decrease for each mode. Considering
the closeness of these two pump wavelengths, we assume the
same fractional core power for each mode as calculated for
0.8 pm pump wavelength. Based on this assumption, we have
calculated the average pump power confinement for 0.9 pm
wavelength. In this pumping case, the number of supported
LP;,,, modes reduces to seven (7), which consequently increases
the average pump power confinement in the fiber core to 93%.
The pump absorption in the Dy3*-doped fiber is simulated by
changing the overlap between pump and core. The experimental
results show good agreement with the numerical simulation data,
as shown in Fig. 5.

V. RATE EQUATION MODELLING

Development of areliable numerical model as a supplement of
an experimental demonstration is important, which can provide
a deeper understanding of the behavior of the system than an
experimental demonstration alone. We have therefore developed
a numerical model to predict the experimental laser behaviour
with identical cavity components as described in our experimen-
tal setup. Here, we are only interested in simulating continuous
wave (CW) laser behaviour, which allows us to ignore temporal
dependence of pump and signal power evolution along the
Dy3*-doped fiber and consider only steady solution of equation
(7). This is done by setting equation (7) equal to zero. The spatial
dependence of pump and signal power in the Dy3*-doped fiber
are calculated by solving the power flow equation:

dP*(, 2)

=+Pt
P (2, 2)

< 100 | 0 INu() = 0N (2) | = 1)
(6)

WhereI'(1), and /(1) are the core overlap factor, and background
loss for each spectral channel (pump and signal), respectively.
The o;; term represents cross section of transition between i to
J levels with population N; and N;. When 7 < j this indicates
absorption and when 7 > j it indicates emission. Sum is taken
over for all possible pair combinations (¢, j) with up to m x
(m — 1) possible terms, where m is the number of energy level.
Power flow equation requires population densities along the
fiber, which can be found by solving rate equations as described
by (7). Laser active ions doped in the low phonon energy glass
host result in a complex energy level structure with several long
lived states, which requires a consideration of large number of
transitions. This complex rate equation system can be repre-
sented in a matrix notation, which brings generality and can
be adaptable to any rate equations system [23]. The atomic
level populations for m energy levels and their respective rate
equations are presented in the following general equation:

dN
LN 7
7 )
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Fig. 8. Comparison of experimental and simulated laser slope efficiency
(relative to launched pump power) and threshold for 0.8 pum and 0.9 pm
pump wavelengths. The blue and red solid line represent the simulated laser
behaviour for 0.8 pm and 0.9 pm pump wavelengths, respectively. Measured
slope efficiencies and thresholds are presented by square and triangular symbols,
respectively.

Where, L defines the linear population rate change matrix com-
prising of spontaneous emission, multi-phonon relaxation, and
stimulated absorption or emission terms. Here, the L is presented
in the matrix form:

(m—1)
- Y. Roi Rim-1)0
=0
L= : ®)
(m—1)
RO(m—l) - Z:O R(m—l)i

We consider the ground level as 0 level. Therefore, the (m — 1)
level represents the highest energy level. The incoming (pos-
itive) rate changes to the population N; from all individual
levels (i # j) are represented by non-diagonal elements, while
diagonal elements contain all outgoing (negative) rate changes.
These outgoing rate changes comprise of j3;; /7, ;, non-raditive
decay rates (R;%"), and stimulated absorption or emission rates

D, 04 (A) %} forthei — j transitions, whichis summed
over for all spectral channels and both propagation directions.
Here, B;j, 7r,i, and A are branching ratio, radiative lifetime, and
fiber core area, respectively. Parameters used in our numerical

simulations are given in Table. I.

VI. RESULTS

Initially, the dependence of laser slope efficiency and thresh-
old pump power as a function of Dy3*-doped fiber length was
simulated, which gave us an indication of the optimum fiber
length to choose for our laser experiment. The simulated laser
slope efficiency and threshold as a function of Dy3*-doped fiber
length is shown in Fig. 8. The Dy3*-doped fiber background
loss was previously measured to be 0.3 dB/m at 3.39 um and
this value was used in our simulations [16]. For this background
loss, the laser slope efficiency reduces from 26.6% to 22.1%
and from 30.3% to 25.2% for 0.8 pm and 0.9 pm, respectively,
compared to the case of a lossless fiber. The fiber multi-mode
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Dy>*-doped fiber, which produces laser slope efficiency of 23.7% and 18.5%
for 0.8 pom and 0.9 pm pumping wavelengths, respectively (adapted from Ref.
[20D).

impact on laser performance was simulated by varying the
pump-core overlap factor to 87% and 93% for 0.8 pm and
0.9 pm pumping, respectively. For this multi-mode impact, the
laser slope efficiencies further reduce from 22.1% to 21.7% (for
0.8 pm) and from 25.7% to 24.9% (for 0.9 um). The simulated
laser slope efficiency is maximum for a length of around 0.5 m of
Dy?*-doped fiber. Based on the simulation results, we have used
two different Dy3*-doped fiber lengths (0.48 m, and 0.62 m) as
the laser gain medium. As expected, the maximum laser slope
efficiency was measured for 0.48 m of Dy>*-doped fiber, as
shown in Fig. 9.

As the incident pump power was increased, lasing was ob-
served at 449 mW and 413 mW of launched pump power for
0.48 m of Dy3* fiber for 0.8 zm and 0.9 ym pump wavelengths,
respectively. The maximum experimental slope efficiency for
0.8 m and 0.9 zm pumped Dy>*-doped fiber laser is 18.5% and
23.7% with respect to launched pump power, respectively. Simi-
larly, the laser slope efficiencies and thresholds are measured for
0.62 m of Dy>*-doped fiber. With the increase of Dy>*-doped
fiber length to 0.62 m, the laser slope efficiencies decrease to
17.4% and 22.4% and lasing thresholds increase to 525 mW
and 466 mW for 0.8 pm and 0.9 pm excitation wavelengths,
respectively.

The lasing spectrum was also recorded for the two different
Dy3*-doped fiber lengths and is shown in Fig. 10. The Dy3*-
doped mid-IR fiber laser is a ground-state terminated three-
level system. With uni-directional pumping, length-averaged
population inversion decreases with increasing Dy>*-doped
fiber length. Therefore, when the Dy3*-doped fiber length is
increased, shorter signal wavelengths are reabsorbed, which
red-shifts the lasing wavelength.

The experimental laser slope efficiencies and thresholds are
superimposed in Fig. 8 to compare with the simulation results.
The experimental results follow a similar trend as expected from
the numerical simulation. In our simulation, we have found
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Fig. 10. Laser spectrum for 0.48 m and 0.62 m of Dy3*-doped fiber (adapted
from Ref. [20]).
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Fig. 11. Fractional Stokes efficiency limit comparison of all near-IR pumped
Dy3+—d0ped mid-IR fiber lasers [11], [14], and [26].

that fiber background loss (0.3 dB/m) reduced the laser slope
efficiency to 83% of the Stokes limit for both 0.8 m and 0.9 pm
pump wavelengths. In addition, fiber multi-mode behaviour
reduces effective pump absorption in the fiber core, which conse-
quently reduces the laser slope efficiency. The cumulative effect
of fiber background loss and fiber multi-mode effect reduces
the laser slope efficiencies to 81% and 82% of Stokes limit for
0.8 pm and 0.9 um pumping wavelengths, respectively.

To select a suitable near-IR excitation wavelength for Dy3*-
doped fiber lasers, we have compared the performance of all
near-IR pumped demonstrations, as shown in Fig. 11. To date,
three near-IR pump wavelengths, 1.1 ym [12],[26], 1.3 pm [14],
and 1.7 pm [11] have been reported for Dy3* doped mid-IR
fiber lasers with a maximum slope efficiency of 18%, 16.5%,
and 21%, respectively. In our demonstrations, we recorded a
maximum slope efficiency of 18.5% and 23.7% for 0.8 yum, and
0.9 pm pumping wavelengths, respectively. Among all near-IR
pumped Dy3*-doped fiber lasers, laser slope efficiency reaches
the highest value for 0.9 m pumping wavelength. Moreover, the
laser slope efficiency for 0.8 pm is almost comparable to 1.1 pm
and 1.7 pm pumping cases. The laser slope efficiency of all pre-
vious near-IR pumped system is limited by the detrimental pump
ESA and reaches up-to 49% of the Stokes limit for 1.1 ysm excita-
tion wavelength. In our recent demonstrations, the laser slope ef-
ficiency reaches the maximum 79% of the Stokes efficiency limit
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at 0.9 pm. This performance metric decreases to 70% for 0.8 pm
pumping wavelength. The causes of still lower slope efficiency
than Stokes efficiency limit are identified as fiber background
loss and fiber multi-mode behaviour at both pump wavelengths.
Higher fractional slope efficiency is possible by reducing the
fiber background loss for both pump wavelengths. Moreover,
these wavelengths can be generated from available high power
laser diodes (with output power of ~100 W, and ~8 W at
0.8 um and 0.9 pum, respectively) and used to access the entire
emission range of Dy3™ including 4 ;sm as demonstrated in [11],
and [7].

The important features of these new excitation wavelengths
motivate us to design a double-clad Dy>*-doped fiber with
an aim to develop a cladding-pumped system, which can be
pumped with a high-power laser diode. In the cladding-pumped
system, the effective pump-core overlap is smaller than the core-
pumped system, which reduces the effective pump absorption.
The reduction in pump absorption can be simply calculated by
using the core to cladding area ratio. To increase the effective
pump absorption, dopant concentration, fiber length or com-
bination of both can be increased, as has been demonstrated
in Er’* and Ho®" based 3 um laser systems. In both Er3*
and Ho?* based systems, the laser transition terminates in an
excited state, which can rapidly depopulate. Therefore, signal
re-absorption probability in Er*t and Ho?* based 3 pm laser
system decreases. On the other hand, the 3 ym laser transition
of Dy37 is a ground state terminated true three level system.
In the Dy3*-based system, there is significant population in the
ground state, therefore, signal re-absorption cannot be avoided
even under strong pumping condition. Moreover, the product of
emission cross-section (2.6 x 1072 m?) and excited state life-
time (~650 ps), which is inversely proportional to the threshold,
for a Dy>* ion is smaller than that of Er3* and Ho3T ions.
Therefore, inherently Dy3*-doped mid-IR fiber lasers have a
higher threshold than Er®* and Ho3" based 3 pm laser for a
similar cavity arrangement.

Considering this issue, we have designed a double-clad Dy3™ -
doped fiber by varying the dopant concentration and core-
cladding ratio so that a diode-pumped Dy>*-doped mid-IR fiber
laser can be developed in the near future with a reasonable
threshold pump power. In our fiber design, we choose the core
diameter and numerical aperture as 15 gm and 0.14, respectively.
These parameter ensure single mode operation down to 2.74 pm.
Subsequently, we have numerically simulated the laser slope
efficiencies and thresholds as a function of Dy?* concentration
and cladding diameter. In our simulation, we have considered
0.9 pm pumping wavelength, 0.05 dB/m fiber background loss
(taken from [17]), 99.99% and 50% reflective mirrors in the
pumping end and output-coupler, respectively. For each doping
concentration and cladding diameter, we have numerically cal-
culated the laser slope efficiency and threshold as a function
of Dy3*-doped fiber length. The calculated maximum slope
efficiency and corresponding threshold values for different dop-
ing concentration are presented in Table II. From the numerical
simulation, it is found that a diode-pumped Dy>*-doped fiber
laser can be developed in the near future with a sub 10 W level
lasing threshold.
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TABLE II
SLOPE EFFICIENCY AND THRESHOLD SIMULATIONS OF A DY®*-DOPED MID-IR
FIBER LASER AS A FUNCTION OF CLADDING DIAMETER AND DY ION
CONCENTRATION

Cladding diameter [ Concentration | Threshold | Slope Efficiency

1 mol % 735 W 23.17%
125 um 2 mol % 743 W 22.96%
3 mol % 7.50 W 22.72%
1 mol % 831 W 24.80%
130 pm 2 mol % 835 W 24.70%
3 mol % 8.39 W 24.53%
1 mol % 9.40 W 25.38%
135 um 2 mol % 9.42 W 25.32%
3 mol % 9.45 W 25.24%

VII. CONCLUSION

In summary, we have identified two new near-IR pump wave-
lengths (0.8 xm and 0.9 pm) for Dy3*-doped mid-IR fiber
lasers for the the first time to the best of our knowledge. No
detrimental pump ESA and higher energy transfer mechanisms
are observed for these pump wavelengths. This claim is validated
with a numerical model by analysing the residual pump power
of 2 0.5 m Dy>*-doped fiber and is also supported by the Dy>+-
energy level diagram. Although there is no higher energy transfer
mechanism, the maximum measured laser slope efficiencies are
70% and 79% (which is the highest among all near-IR pumped
Dy?*-doped mid-IR fiber laser) of the Stokes limit for 0.8 ym
and 0.9 um excitation wavelengths, respectively. The cause of
the lower slope efficiencies are identified as the fiber background
loss (0.3 dB/m measured at 3.39 ;sm) and multi-mode behaviour
of Dy3*-doped fiber at these pump wavelengths. The slope
efficiency of Dy3*-doped ZBLAN fiber lasers would improve
in the near future by using a low loss fiber. Moreover, a suitable
double-clad fiber design would help to realize a compact and
cost-effective diode-pumped Dy3*-doped mid-IR fiber laser
using these ESA free pump wavelengths.
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