ACCEPTED VERSION

Ori Henderson-Sapir, Jesper Munch, and David J. Ottaway
New energy-transfer upconversion process in Er3*:ZBLAN mid-infrared fiber lasers
Optics Express, 2016; 24(7):6869-6883

© 2016 Optical Society of America. One print or electronic copy may be made for personal
use only. Systematic reproduction and distribution, duplication of any material in this paper
for a fee or for commercial purposes, or modifications of the content of this paper are
prohibited.

Published version: http://dx.doi.org/10.1364/0OE.24.006869

PERMISSIONS

https://www.osapublishing.org/submit/review/copyright permissions.cfm#posting

Article version that can be used under:

Open
Reuse purpose Copyright Transfer Access CCBY
Pyrig Publishing | License
Agreement
Posting by authors on an open institutional AM after 12 month
: . VoR VoR
repository or funder repository embargo

Attribution
Non-open-access articles

If an author chooses to post a non-open-access article published under the OSA Copyright
Transfer Agreement on his or her own website, in a closed institutional repository or on the
arXiv site, the following message must be displayed at some prominent place near the article and
must include a working hyperlink to the online abstract in the OSA Journal:

© XXXX [year] Optical Society of America]. One print or electronic copy may be made for
personal use only. Systematic reproduction and distribution, duplication of any material in
this paper for a fee or for commercial purposes, or modifications of the content of this paper
are prohibited.

31 October 2017

http://hdl.handle.net/2440/99696



http://dx.doi.org/10.1364/OE.24.006869
http://hdl.handle.net/2440/99696
https://www.osapublishing.org/submit/review/copyright_permissions.cfm#posting

A new energy-transfer upconversion
process in Er’":ZBLAN mid-infrared
fiber lasers

Ori Henderson-Sapir, Jesper Munch and David J. Ottaway

School of Physical Sciences and Institute for Photonics and Advanced Sensing (IPAS), The
University of Adelaide, SA 5005, Australia

*ori.henderson-sapir@adelaide.edu.au

Abstract: We report a new energy-transfer process in erbium doped
ZBLAN glass, which is critical for optimizing the operation of lasers that
use the 3.5 tm band *F; 5 to *Iy; transition. The magnitude of this energy-
transfer process is measured for two different doping levels in Er**:ZBLAN
and the requirement for low doping in these lasers established.
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1. Introduction

Recently, significant progress has been made in extending the operation of fiber lasers into
the mid-infrared, with lasers achieving over 30 W at 3 um [1]. In a previous publication we
demonstrated that dual wavelength pumping (DWP) could significantly increase the efficiency
of erbium doped ZBLAN glass fiber lasers that operate on the 3.5 pum transition. We reported a
continuous-wave (CW) output power in excess of 250 mW which was the first room temperature
rare-earth doped fiber laser to produce more than 10 mW well beyond 3 pum [2]. Recently
two groups have reported over 1 W of power at 3.5 um using this approach [3, 4]. In this
paper we report a new energy-transfer (ET) process that must be considered for the successful
optimization of lasers that operate on the 3.5 pm transition in erbium using low phonon energy
hosts.

The energy level structure of erbium is complex as there are many non-radiative energy-
transfer processes. This complexity is particularly apparent when using glasses with low-
phonon energies and radiative transitions that are located high above the ground state. These
glasses reduce the rate of non-radiative decay allowing significant populations to be established
in higher energy states thereby increasing the likelihood of energy-transfer processes.

Three energy exchange processes between erbium ions have been extensively investigated
because they affect the performance of the commonly used erbium ion lasing transitions [5,
6]. The exchange processes are: *I 13/, +* I;3)o — *I15)» +* Iy > denoted here by Wiy, I} 5 +
1112 = *1i5 2+ Fy denoted by Way and 2Hyy 5 +* 115/, — *Iy > +* 13, commonly denoted
in the literature by Ws(. Figure 1 shows all considered spectroscopic processes. The strength of
these interactions depend on the concentration of the dopant and must be accounted for when
optimizing a fiber laser, since some are detrimental to lasing whilst others are beneficial [5].

Tobben and Hofle reported 3.5 um lasing on the 4F /2 =4Iy /2 transition using ground state
pumping by a 655 nm DCM dye laser [7, 8]. A maximum average output power of 8 mW
with a slope efficiency of less than 3% at room temperature was reported. In our 3.5 um DWP
laser a pump operating at 985 nm (P;) establishes a significant population of erbium ions in the
metastable 47}, /2 level. A second pump source P, excites these ions from the 41 /2 level to the
upper lasing level, *F /2- The ions emit laser radiation at 3.5 m and relax from the lower lasing
level 41y /2 to the I /2 level via rapid multi-phonon decay (MP). From here they are re-excited
by Py, with the ions cycling between the *I}, /2 and ‘R /2 levels many times, using the “virtual
ground” state created in the *1;; /2 level.

Developing this 3.5 um fiber laser was more difficult than originally expected. The four-level
nature of the transition should have allowed lasing with relatively modest levels of absorbed
second pump P, at 1973 nm. The first unsuccessful attempts of lasing were undertaken using a
heavily doped fiber with 4 mol.% of Er’* ions that was available commercially. A study of ab-
sorbed power versus incident power at 1973 nm using a 6 cm long Er>T:ZBLAN fiber suggested
that we should have achieved a population inversion. An additional estimate of threshold based
on Tobben’s results [7] suggested that threshold should have been achieved with an absorbed
1973 nm power of between 75 mW and 100 mW which was much less than the 200 mW power
level that we used. Here we describe an investigation into a new energy exchange process that
depletes ions from the *F, /2 level and reduces the inversion achieved.

This paper is organized as follows: We first present results that demonstrate that the lifetime
of the Fy/, is dependent on the dual-wavelength pumping conditions. These results demon-
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Fig. 1. Energy levels, wavelengths and spectroscopic processes in Ert3:ZBLAN. Py -
pump absorption with GSA/ESA are the ground and excited-state absorption. Energy-
transfer processes are indicated by W;; with the indices indicating the initial levels involved
in the process, which are marked with black dots; MP - multi-phonon relaxation. The sub-
ject of this paper, the Wy, energy-transfer process is highlighted. Fluorescence wavelengths
shown are the ones used in our measurements, although each fluorescence band is signifi-
cantly broader. The numbers in brackets to the right represent the number of the rate equa-
tion, presented in section 3, which is associated with this energy level. Note that *F, /2

4S3 /2 and 2H,, /2 are thermally coupled and share the same rate equation.

strate that the lifetime is affected by the population of the virtual ground state (111 ;). We then
show that this is due to a previously undocumented energy-transfer process *F; /2 +41, 2=
45, 2 +4115 /2- Energy arguments suggest that this process is exothermic and very likely to oc-
cur since the energy difference between the line centers of the initial and final states is less than
the maximum phonon energy of ZBLAN glass (550cm ™) [9]. We then measure the magnitude
of this effect using two different erbium doping concentrations, and include the results in a new,
more complete model of the laser.

2. Identification of new cross relaxation process

We start this section by describing the experimental techniques used to observe the change
in relative population densities of the first five excited state of erbium and determine the fac-
tors affecting the lifetime of the states. This is achieved by analyzing the fluorescent light that
results from the spontaneous radiative decay from these excited states directly to the ground
state. The total emission in these bands is proportional to the population of these states. Flu-
orescence signals were obtained from the following bands: 551 nm, 657 nm, 800 nm, 995 nm
and 1535 nm (see Fig. 1). A schematic of the experimental setup used for measuring the flu-
orescence is shown in Fig. 2. The DWP source used two pump lasers which were combined
using a dichroic mirror, prior to being injected into the Er*T:ZBLAN fiber using a launching
aspheric lens [10]. One pump source (P;) was a nominally 974 nm fiber coupled laser diode
(Thorlabs PL980P330J) that had a fiber-Bragg-grating (FBG) with a wavelength of 985.23 nm
(O/Eland 98-008-5-5503) spliced to it in place of its original FBG. The output power of P; was
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Fig. 2. Experimental setup for spectroscopy measurements.

300 mW, 65% of which was incident on the ZBLAN fiber using the DWP setup. The other
pump laser (P») was a home-made 1973 nm fiber laser that was stabilized by a high-reflectivity
FBG. Its output was an un-polarised, single transverse mode with a wavelength of 1973 nm
when pumped with a 35 W, 790 nm fiber-coupled diode. The Er3*:ZBLAN fiber was mounted
in a groove in a fiber holder block.

The fluorescence emitted from the side of the ZBLAN fiber was collected by a large core
(1 mm diameter), high numerical aperture (NA = 0.48), multi-mode fiber (Thorlabs BFH48-
1000). The input end of the collecting fiber was located within 0.5 mm of the ZBLAN fiber and
could be moved along the length of the ZBLAN fiber to collect fluorescence from various loca-
tions along the ZBLAN fiber, thus also enabling observation of the change in the fluorescence
as a function of distance from the pump input side. The output from the collecting fiber was
analyzed by a monochromator, resolving the different light bands corresponding to each state.
In this configuration the resolution of the monochromator was 1nm, limited by the multi-mode
fiber input but sufficient for this purpose.

The lifetime of the *F /2 level was studied under a variety of P; and P, power levels. This
was achieved by recording the 657 nm fluorescence as a function of time when the P> pump
intensity was modulated. This enabled us to determine the total decay rate, or inversely, the
combined lifetime of the *F /2 level and show that a significant lifetime quenching process was
taking place as a function of P, power.

The modulation of the intensity of the 1973 nm pump source was achieved by chopping it
with a mechanical chopper wheel. The beam was chopped at 1 kHz, with an on time of 300
s and an off time of 700 ws. This pump on-duration is two to three times the lifetime of the
4F, /2 level (depending on pump condition), thus allowing for sufficient population build-up.
The transition time of the chopper blade edge across the beam was measured to be 35 us.

Datasets at each P; and P, power level combination were collected with an automated acqui-
sition process, where 128 fluorescence decay waveforms at 657 nm were collected and averaged
for each power level. These waveforms were read into a computer using our Matlab® applica-
tion, which analyzed the waveforms and fitted an exponential decay with lifetime 7;,, to each
decay curve. The first 35 s of the decay was not used in the fit due to transition time of the
mechanical shutter edge across the beam. A separate set of measurements was conducted for
two different fibers with dopant densities of 1.7 mol.% and 4 mol.%.

An example of a typical measured decay of the Fy/, state is shown in Fig. 3. The decay
curve closely followed a single exponential decay, which means that the dominant process for
removing ions from the Fy, state could not be an energy exchange process in which both ions



originated from the Fy ), state, as discussed by Golding et al. [5]. Exponential decay is consistent
with either a radiative decay, multi-phonon decay or an energy-transfer process which involves
different energy levels.
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Fig. 3. An example of the decay of the population of the *F, /2 state as indicated by the
intensity of the 657 nm fluorescence when the 1973 nm pump is blocked. The stronger
fluorescence on the leading edge of the pulse is because of a temporary increase in the P»
pump caused by different feedback conditions when blocking by the chopper was suddenly
removed. The inset shows the decay part of the waveform on a semi-logarithmic plot. This
example of the data was taken from a measurement with a FiberLabs ZDF fiber doped at
4 mol.%.

The measured lifetime of the Fy ; state with differing incident P and P, powers is illustrated
in Fig. 4. This figure shows that the lifetime is strongly dependent on the incident P; light and
virtually independent of the power of P>. Similar behavior was obtained with fibers doped at
1.7 mol.% and 4 mol.%. This behavior was also observed when the fluorescence was collected
at different locations along the fiber.

One possible explanation for the change in the lifetime of the *F, /2 state is an increase in
multi-phonon non-radiative decay due to an increase in temperature. This can be ruled out,
however because using DWP conditions, the dominant heat load in the fiber is due to the multi-
phonon non-radiative decay “I, /2= 4 /2 Which is only significant when P, light is absorbed
[10]. The observed independence of lifetime on the power of P, thus rules this out. Furthermore,
the clear dependence on the power of P; alone strongly suggests that the lifetime quenching
effect is dependent on the population of the 1, /2 state.

To investigate this claim further we examined the decay rate of the *F, /2 versus the popula-
tion of the *I;, /2 by using the fluorescence at 995 nm which is proportional to the population
density of the *I}; /2 energy level. This wavelength was chosen because it is not emitted by
any other excited state and is sufficiently separated from the P; wavelength of 985 nm that the
fluorescence could be separated from scattered pump light. The results of this investigation are
presented in Fig. 5. This result shows the change in the decay rate is linearly proportional to the
population of the #I;, /2 state. This is consistent with an exchange process involving the I 2
and *F, /2 states. In the results that follow we present data that strongly indicated that the ions
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Fig. 4. Example of 4F9/2 lifetime changes with pump power in IR-Photonics, 1.7 mol.%
doped fiber. Each coloured curve represents a fixed P; pump power, while the P, pump
power was increased. In this measurement the fluorescence was collected at 2 mm from the
fiber input side.

are left in the S, 2 /2H11 /2 and s /2 states. This is not a surprising result based on energy
conservation arguments outlined earlier.

A second set of fluorescence measurements was conducted with increasing levels of incident
Py and P», both CW. The purpose of this experiment was to find the relative change in population
densities of the first five excited states obtained under varying combinations of P; and P, powers
in order to verify the terminal states of the energy exchange process.

In these experiments we replaced the monochromator used previously with a Yokogawa
ANDO AQ6315E optical spectrum analyzer (OSA) since large dynamic range was needed
while rapid time response was not required. A Matlab® semi-automated procedure was used
for retrieving and analyzing the wideband fluorescence data from the OSA. Since the OSA
measures power and we were interested in the relative population of the levels, the results were
normalized according to the different energies of photons at varying wavelength bands and thus
accounted for the proportional excited ions population at the different energy levels. The col-
lected fluorescence at each level is therefore proportional to the ion population density in the
level.

A study of the population of the 45, /2 /?Hy, /2 levels is presented in Fig. 6(a) which shows the
increase in 551 nm fluorescence versus the product of the fluorescence from the #1;, /2 and 4Fy /2
states for a variety of differing combinations of P; and P, pump power. The energy transfer rate
for an ET process is proportional to the product of the population densities of the initial states.
Hence, when an ET process is the dominant mechanism for filling a state, the population will
be proportional to the product of the density of the initial states of the ET process. In our case
the 45, 1/ ’Hy, /2 state is populated by this new ET mechanism, excited state absorption of Py

photons by ions in the *1I;, /2 state and the energy exchange process Woz. The points closest to
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Fig. 5. Decay rate of the 4F9 /2 level as a function of the relative population density of the
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was changed. The spread in the data at the low 995 nm fluorescence is because of reduced
population at the 4/, /2 state ions and hence poor absorption of P, light.

the left hand side of this plot are for when the power of P, is zero and hence the population
of the 4S5 /2 /?Hy, /2 state and the 4F, /2 state are filled by excited state absorption and the ET
process Wa,. The next points across represent a P> power of 50 mW (about one twentieth of
the maximum power used in the measurements) which show the data joining the new linear
trend indicated by the lower dotted lines meaning for this power level the dominant excitation
mechanism is the new ET process. Further increases in P, power depletes ions from the 1}, /2
level which are efficiently replaced by ground state ions that absorb light from P». This means
increasing P> effectively depletes ions from the ground state meaning that the rate of the ET
process Wso decreases, thereby increasing the population of the 4S5 1/ 2H,, /2 state.

A study of the populating of the 415 /2 state is presented in Fig. 6(b). The points closest to
the left are for the situation when P, was switched off. In this situation the population of the
45 /2 state is established by fluorescent decay from the state above. This rapidly changes with
increasing the power of P, which decreases the population of the *I;, /2 state but increases the
population of the *Fy ), state.

It is worth noting that for all fixed P; power levels the fluorescence increases linearly as
the power of P, increases. This is strong evidence for this ET process. Since if the dominant
transfer process to the *1; /2 state was direct fluorescence and/or multi-phonon relaxation from
the *I; /2 state then the population of the 45 /2 state should decrease with the reduction in
the population of the *I;; /2 state that would occur with increased P, pumping. In addition, if
the previously known ET processes W1 and W», were playing a significant part, they would
have also caused a reduction in the *1;5 /2 fluorescence. Wi; would have done that by directly
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Fig. 6. Fluorescence at 551 nm and 1535 nm collected from the side of the 1.7 mol.% doped
fiber as an indicator for energy level population. Fluorescence collected at 2 mm from the
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depopulating the *1;5 /2 state, while W, by reducing the population of I /2 Which feeds 1 /2
via fluorescence.

3. Quantification of the new cross relaxation process

In this section, we lay out the theoretical framework required to measure the value of the ET
parameter (Wa). We use a numerical model to convert our measured fluorescence curves into
absolute population densities. This approach was chosen because a direct measurement of the
absolute population densities and absorbed light in a single fiber element is difficult. Such a
measurement requires an exact and wavelength dependent calibration of the fiber collection
efficiency, the OSA and the pump launching efficiency.

The following rate equations describe the relevant population dynamics of Er’*:ZBLAN.
The dependence of the parameters on the location along the fiber was used in the simulation



but is omitted here for brevity.

dNs /dt = Rp, g, +WaaN3 — 15" N5 — WsoNsNo +WiaNaNa, (la)
dNy/dt = Rp, + Bsay 'Ns — 1, ' Ny — WaaNaNa, (1b)
dN;/dt = 553T§1N5 + BasTy Ny — 73 ' N3+ WsoNsNo + Wi N7, (I¢)
dNs/dt = Rp, s, — Rp, 15, — Rp, + Ziz3..5[Bi2 7 ' Ni] (1d)
— T, "Ny — 2Wao N3 — WiaNaNy,

dN /dt = % 5[ T ' Ni] — 7 "Ny + WsoNsNo — 2Wi N7 + WaaNo Ny, (le)
dNo/dt =21 5[BioT, 'Ni] — Rp, 454 — WsoNsNo + W11 N7 + W N3, (1f)

Ngr = Ei=o..5N;. (1g)

In these equations, ; is the ion density of the i energy levels, Rp gsa and Rp, are the
pump rates of P at 985 nm and P at 1973 nm, respectively. Rp, ., represent the excited-
state absorption rate of pump Py on the *I;;, — *F; ), transitions. All the pump rates (R) are
dependent on pump power and their exact forms are given below. 7; is the intrinsic lifetime of
the i energy levels, including radiative and multi-phonon relaxation. W; ;j describes the energy-
transfer process of two ions out of levels i and j. B;; is the branching ratio, or the probability
an ion decays from level i into level j. Ng, is the Er’* ion doping density in the fiber. We
assume that all ions that are excited to the *F; /2 level are rapidly distributed within the thermally
connected *F; 2 +2Hy, 2 /4S5 /2 manifolds via fast multi-phonon decays, all of which are treated
as a single level. Only one of the Egs. (1f) or (1g) is needed to solve the equation set but for
completeness they are both given here. The spectroscopic parameters used in our simulation
are given in Table 1.

Many of the parameters used in Egs. (1a)-(1f) can be found in the literature, for example
[11, 12, 13]. These include the energy level lifetimes 7;, branching ratios B;; and numerous
rates for ET processes W;;.

The ground-state absorption (GSA), and excited-state absorption (ESA) rates for P; and P,
pumps along each fiber segment can be characterized by

Rp, ;¢4 = (002No — Gz,oNz)hCnl;lz P, (2a)

core

Ap,
———>—PFn1, 2b
hemr?,, ™ (20)

core

Rpygss = (GZ.,SN2 - O'S,ZNS)

Rp, = (024N2 — 04 2N4) (2¢)

P2
hcnrcz‘ore an ’
where o; ; with i < j represent the pump absorption cross-section from the N; level to the N;
level, while o; ; with i > j are the emission cross-sections of the inverse processes. Py, , are
both pumps power incident on the appropriate fiber segment, A, , are the pump wavelengths,
h is Planck’s constant, c is the speed of light in vacuum, and 7., is the fiber core radius.

Values of the ground state absorption 0y, and excited state absorption 0,5 over the en-
tire wavelength range of 970 nm-1000 nm are available from measurements by Quimby and
Miniscalco [14]. The inverse processes were calculated from these values using the McCumber
relations [12]. The values of 6, 4 and 64> can be found in [10].

The previously established ET parameters, which were measured in bulk ZBLAN glass by
Golding et al. [5], are on the order of 10~!7 ¢m3 /s and are henceforth referred to as the “strongly
interacting” (SI) parameters. These values were used extensively in the literature until recently



when a new, “weakly interacting” (WI) approach was introduced by Gorjan et al. [6] and later
extended by Li and Jackson [15]. The WI approach asserts that ET processes are considerably
weaker in ZBLAN fibers than in bulk glass, with values on the order of 5 x 10~'% cm? /5. The
WiI-based ET parameter values were found numerically by Gorjan et al. when fitting experi-
mental data to a set of rate-equations. Both approaches are currently in use and values of ET
parameters for both are presented in Table 2.

Table 1. Parameters used throughout the simulations.

Parameter Value Source
71, T, T3 [ms] 9.0,6.9,0.01 [15]
Ba1, Bro 0.37, 0.63 [15]
B2, Bs1, Bso 0.99, 0, 0.01 [15]
Baz, Baz, Ba1, Bao 0.85, 0.006, 0.004, 0.14 [15]
Bsa, Bs3, Bsa, Bsi, Bso  0.34,0.012,0.015,0.18,0.44  [15]
Ap1 [nm] 985 [10]
Ap2 [nm 1973 [10]
0.2 [em?] 0.93 x 10721 [14]
05 [cm?] 0.17 x 10721 [14]
G20 [em?] 1.1x 1072 (14, 12]
052 [em?] 0.7 x 10721 [14, 12]
Parameter 1.7 mol.% Er>7 fiber 4 mol.% Er>t fiber  Source
74 [us] 237 170 [16]
5 [us] 570 100 [16]
Wii [em?/s], (WI) 0.4x107'8 0.6 x 10718 Table 3
Was [em?/s], (WI) 0.1 x 10718 0.2x 10718 Table 3
Wso [cm? /5], (WT) 0.17 x 10718 0.38 x 10718 Table 3
Wiy [em? /5], (ST) 1.4 x 107" 2.2x 107V Table 3
Way [em? /5], (ST) 0.3x 1077 0.8 x 1077 Table 3
Wso [em? /5], (ST) 0.8x 107" 1.9x 10717 Table 3
Ng, lions/cm?’] 2.72 x 10%° 6.40 x 10%° Supplier
Feore [LM] 5 7 Supplier

Table 2. Macroscopic known energy transfer parameters in Er>*:ZBLAN for different dop-
ing concentrations. Parameters from two regimes are included: strongly interacting (SI) [5]
and weakly interacting parameters (WI) [15]. Energy transfer parameters relevant to this
work, which fall in between values found in literature, were interpolated (*) or extrapolated
(%) according to the curves provided in [5, 15].

Parameter Value
Er’t mol. % 0.25 1 125 | 1.7 4 | 500 | 875
Ert x10%° ions/cm® | 0.4 | 1.6 2 27 | 64 8 14
Wso 06 [048% | 06 [ 0.8% [ 1.9¥ [ 24 | 33
SIL | Wi <1077 cm?/s 135 | 1.3 | 14% | 22%| 28 | 6.7
Wi 0.165 | 02 | 03* [08%| 1.0 | 19
Wso 0.13 [ 0.12% [ 0.17% | 0.38 | 0.46% | 0.6
WI | Wi x107 B emd/s 04% | 04% | 04% | 0.6 | 0.8% | 1.8
Way 0.08% | 0.09% | 0.1% | 0.2 | 0.26* | 0.43




Recent numerical analysis based on the WI approach has been successful in reproducing ex-
perimental results that could not be explained using an SI-based numerical analysis in ZBLAN
fiber lasers [6, 15, 17, 18]. During our spectroscopic investigations, both sets of parameters
were used where applicable and the results compared.

Pumping with P; light establishes a population in the *I;, /2 state but it also establishes pop-
ulations in the other states through excited state absorption, decay and ET processes. Excited
state absorption from the *I;; /2 state is reduced when pumping with 985 nm, compared with
the typical pumping wavelength of 974 nm, but is not eliminated all together [14]. Hence, with
steady state 985 nm pumping we establish mean populations in the states which are denoted
N;. The associated change of the state populations when Er:ZBLAN is pumped with a chopped
second pump can be treated as a perturbation AN; about the population means (N;). The equa-
tion that describes the decay of the perturbation of the *F, /2 state when the P> beam is chopped
is given by:

dAN,/dt = —AN4(T4_1 +W42)N2+ﬁ54f5_1AN5. 3)

The last term in Eq. (3) would prevents us from finding a simple exponential solution and in
what follows we argue that it is small and can be neglected. When using DWP the majority of
the population of AN; comes from direct excitation by the second pump which is different to
the singly pumped case where the very small N4 population tracks the Ns population because
it is fed by multi-phonon decay from Ns. The branching ratio of the *S; /2 / ’Hy, 2= 4Fy /2 18
small ( Bs4 = 0.25) [12] which further reduces the effect of this term. The intrinsic lifetime of
the 483 2 /?Hy, /2 levels, 75, depends on the Er** concentration and varies between 560 s at
very low doping concentrations to ~ 15 s at very high ones (9 mol.%) [16]. This decrease in
lifetime is due to increases in the rate of ET processes such as the Wsy. These processes empty
the 45, 2 / ’Hy, /2 state but do not terminate in the 4Fy /2 state thereby reducing the effect of the
last term in Eq. (3) further.

Our measurements show that N> population does reduce with increased P> pumping. At the
lower levels of the P, power, the change in N, population is on the order of 10%, which can
be deemed as a small perturbation to the decay waveform, maintaining an exponential decay. It
is interesting to note that at the highest P, power used of over 1 W, N, exhibited close to 40%
reduction in population (as measured by 995 nm fluorescence), yet the measured lifetime still
showed a very consistent exponential decay waveform, as seen in Fig. 3. Under these conditions
of effectively a constant N, population the solution to Eq. (3) follows a simple exponential
decay with a time constant of the form,

AN4 (1) = ANy (0)e WMot )

Hence, to determine the new energy exchange coefficient we need to determine the decay
constant of the perturbation to the *F /2 level for a variety of accurately determined N, popu-
lations. To find the absolute population densities of the different energy levels as a function of
Py, we started with the fluorescence measurements as a function of both P; and P, described at
the end of section 2. These fluorescence readings were only proportional to the ion population
density and a scaling factor to the absolute population density was required.

The scaling factor was obtained by using the observed fluorescence with P> turned off. The
OSA readings of each wavelength band were normalized to the population densities predicted
by a simple rate-equation simulation. The simulation calculated the expected population den-
sity along the fiber by solving the system of Eqgs. (1a)-(1f), (2a), (2b). Normalization factors be-
tween the fluorescence readings and the absolute population density were determined based on
the fluorescence obtained with the second lowest P; power measured. This power level was ad-
vantageous because fluorescence was sufficiently high to obtain low measurement uncertainty.



In addition, the simulated results were not affected significantly by excited state absorption and
energy exchange processes because of the relatively low population densities created at this
power level.

The normalization created a one-to-one relation between observed fluorescence when only
Py was used and the ion population density at a certain energy level. An example of the agree-
ment between the observed fluorescence and the shape of the curves can be seen in Fig. 7.
Significantly better agreement was achieved for the population of the *Fy /2 level once the ap-
propriate ET factor (found later in this section) was included in the simulation (see dashed lines
in Fig. 7).

We chose to use this population normalization method for multiple reasons. First, a numerical
analysis can predict the variations along the fiber, while simple calculations which assume
average values cannot account for them. Secondly, directly fitting a power level measured with
the OSA to a known population overcomes the compound effects of the detector response,
fiber attenuation and OSA grating and detector calibration (assuming their linearity, which was
verified) all with their respective (and sometimes unknown and difficult to measure) wavelength
dependencies.

Figure 7 is an example of scaling curves as explained above. The scaling used both simu-
lated and measured results using the first pump only. In addition, different scaling curves were
produced by the SI and WI regimes, which resulted in different simulated population densities
at the power levels measured in our experiments (see Fig. 7 inset). The measured intensities
(squares in Fig. 7) at the various energy levels were superimposed on the simulated values
(curves) and a scaling factor between the two was established. The appropriate factors were
maintained for each level with the same measured and simulated conditions when conducting
measurements using DWP conditions.

In our rate equation simulations we used both the commonly used SI and WI parameter
values because both approaches are still in use. We obtained different fitted ET values based
on population density normalization using both approaches. The values of the literature ET
parameters used in our normalizations can be found in Table 2.

Once the absolute population densities were known we could obtain the values of the Wy,
ET constant using the previously found lifetime of the *F, /2 state and Eq. (4). A linear fit was
used to obtain the Wy, constant, which is the slope of the fit. An example for this fit can be seen
in Fig. 8.

We obtained a linear fit between the normalized population with P; and *F, /2 decay rates for
all combinations of experimental and measured data analyzed. The only free parameters in our
fit were the ET constant Wy, and the intrinsic lifetime of the *F, /2 level. The values obtained
for the W4, ET constant based on the WI and SI assumptions are shown in Table 3. We estimate
an uncertainty of approximately 20% in the ET values due to the sensitivity of the simulated
population density of *1;; /2 to various parameters, most of which are not known precisely or
are not quoted with uncertainty values in the literature. A sensitivity analysis showed that the
parameters most susceptible to affecting the simulated population are the ZBLAN fiber core
diameter (manufacturer tolerance of 10% along the fiber), launch efficiency of P; pump (up to
10% tolerance assumed) and the W, ET process (50% uncertainty assumed) all resulting in
uncertainties of 15%, 10% and 10% respectively.

4. Discussion

Table 3 displays results for the ET constant results obtained with both 1.7 mol.% and 4 mol.%
fibers. Although other ET parameters are considerably different between the SI and W1 regimes,
both approaches provided our newly reported ET process constants average with the same order
of magnitude: 2.5 and 3.0 x10~!7 ¢m?3 /s for SI and about 1.5 x 10~'7 cm? /s for WI. The
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Fig. 7. The populations density of the bottom five excited states of Er:ZBLAN versus in-
cident P; power using the WI parameters assumptions in a 4 mol.% doped fiber. The con-
tinuous curves represent the simulated results assuming Wy, = 0. The dashed line for the
4F9 /2 level represents the simulated values assuming Wy, as measured. The squares are
the measured fluorescence signals and their uncertainties scaled to the absolute population
using simulated population at the second data point using WI regime.

Table 3. Energy-transfer coefficient *F, /2 +41, 2= 485 /2 +415 /2- Comparison of all

values obtained using IR-Photonics fiber containing 1.7 mol.% of Er3* ions and FiberLabs
ZDF fiber containing 4 mol.% of Er>* ions. Results for both the ST and WI approaches are
shown. Uncertainty of these values is estimated at about 20%.

Er3t concentration

ET strength assuming
WI (<10~ em?) /s

ET strength assuming
ST (x10~17cem3) /s

1.7 mol.%
4 mol.%

1.7£0.15
1.55+£0.05

25+04
3.1+0.1

relatively large ET factor of the *F /2 +41, /2= 485 /2 +41;5 /2 process is not surprising because
of the high absorption and emission cross-sections of both levels involved. With the current
results, it did not seem that there was a clear dependency on the Er3* concentration, although
this could not be ruled out due to the uncertainties in the calculated values.
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Fig. 8. Fit of decay rate to energy-transfer constant. This example is using values for the
4 mol.% doped fiber.

This new energy exchange process is likely to be responsible for the poor efficiency of the
single wavelength pumped 3.5 um laser reported by Tobben [7]. In Tébben’s laser ions were
bottlenecking in the 41}, /2 and 45 /2 levels because of the multi-phonon cascades from the
4Ry /2 level. The new energy exchange process would have removed ions from the 4Fy /2 and
I /2 levels leading to higher threshold and reduced efficiencies.

This new ET process is particularly problematic for dual-wavelength pumped lasers because
it removes ions from both the upper laser and the virtual ground states. Removing ions from
the virtual ground state means significantly higher powers of P; are required for the efficient
absorption of P. The impact of this ET process was reduced in recent work [3, 4] that used
lower doping densities and double clad fibers which resulted in lower population densities at
the *Fy /2 and e /2 states. The combination of this and increased Py power removed the laser
power saturation that was observed in our earlier work [2].

A complete numerical model is needed to quantify the impact of this ET process on the
performance of Er’" lasers that use *F /2= I /2 transition. Currently we are in the process of
developing such a model that incorporates all known processes in Er:ZBLAN including laser
action. This model will be used to compare the experimental results described in [2] and will
be reported in a future publication.

5. Conclusion

In this paper we investigated a previously undocumented ET mechanism in Er:ZBLAN, namely
the *F, /2 +41, 2= 48, /2 +415 /2 process. We characterized this process and measured its
strength for the case of two erbium doping concentrations in Er:ZBLAN.

This ET process can strongly affect the performance of the *F /2 to 41y /2 lasing transition
in erbium doped glass lasers because it efficiently removes ions from the top lasing state. It is
doubly harmful for dual wavelength pumped lasers because it also ejects ions from the virtual
ground state. This process must be taken into account when the performance of these lasers is
modeled. These finding mean that efficient mid-infrared lasers that lase on the *F /2 to 4, /2
transition must be lightly doped to minimize the effect of this ET process.
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