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We investigated the absorption and emission characteristics of the Ho®*:ZBLAN fiber under ~640 nm excitation.
Based on the Judd-Ofelt theory, a detailed spectroscopic analysis on excited states °I and °I, of the Ho®*-ion
was performed. The population dynamics was conducted by using the rate equation method, and a set of ana-
lytical expressions for population densities of various levels were obtained at steady state. Moreover, the
fluorescence intensities of the °S,, SF,—°L,, I and °Is—°l,, °Ig and °I,—°Ig transitions were measured in dif-

ferent pumping powers. The simulated and experimental results are quite consistent. This work could provide
the spectral information for optimal design of the visible oscillations in the Ho®*:ZBLAN fiber excited at

~640 nm.

1. Introduction

The ZBLAN (ZrF,-BaF,-LaF;-AlF;-NaF) glass host has a low max-
imum phonon energy (< 600 cm '), which reduces the nonradiative
transition in rare-earth ions and enables the efficient wideband lasing
transitions. In the Ho®*:ZBLAN fiber, the investigation of various laser
oscillations ranging from the visible to mid-infrared (VIS-MIR) spectral
region has been proposed. In general, an upconversion-pumped
Ho®*:ZBLAN fiber laser is considered for the generation of the short-
wavelength visible oscillation. Allain et al. demonstrated the first tun-
able continuous-wave (CW) green and deep-red lasings in Ho® " -doped
fluoride fiber under ~647 nm Kr " -ion laser excitation, which originates
from the transitions °S, °F4—°I,, ®I5 of the Ho®* -ion [1]. Subsequently,
a set of works by Funk et al. systemically reported that the green laser
oscillations (i.e. °S,, °F4—>Ig) in the Ho>*:ZBLAN fiber pumped by red
laser sources, e.g. dye laser at 640-653 nm [2,3], and diode laser at
~643 nm [4,5]. Quite recently, we demonstrated a green wavelength-
tunable Ho®*:ZBLAN all-fiber upconversion laser using a 640 nm solid-
state laser pumping [6]. However, in these works, the visible laser
performance is quite poor, such as low conversion efficiency, only
~40 mW of output power at green wavelength and 2 mW at the deep-
red wavelength.

Furthermore, the transitions of the Ho®* -ion, including the ®Is—°Ig
at ~1.2 um, the °I,—%Ig at ~2 um, and the °I;—°I, at ~2.9 um are
extensively demonstrated in the past several years. In 1992, the
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demonstration on the CW Ho®*:ZBLAN fiber laser at 1.19 um was first
reported using ~640 nm dye laser as the pump source [7]. Recently, the
broad tuning of 1177-1201 nm was realized with a bulk grating in the
Ho®":ZBLAN fiber [8]. And the pulsed Ho>*:ZBLAN fiber lasers oper-
ating at ~1.2 um were also reported [9,10]. Under a blue Ar* laser
pumping, the first lasing at 2.08 um in the Ho®*-doped fluoride fiber
was proposed by Brierley et al. [11]. The wavelength tunability be-
tween 2.83 and 2.95 um was also achieved in Ho®>*: ZBLAN fiber by the
~640 nm pumping [12]. Additionally, the demonstration of the dual-
wavelength CW cascade oscillation at ~2 and ~3 um was also proposed
in the Ho®":ZBLAN fiber [13,14]. And the pulsed Ho®":ZBLAN fiber
lasers around 3 um were investigated [15,16].

Definitely, these above-mentioned results illustrate the wideband
laser operation capability in the Ho®*:ZBLAN fiber. The theoretical
analysis on the lasing characteristics of the Ho>* -doped fluoride glass is
under investigation [17-24]. But so far, no report is proposed to reveal
the spectral characteristics of the Ho®>*:ZBLAN fiber excited by a
~640 nm laser source [25]. Benefiting from the available high-power
red-solid-state laser pumping [26], the optimization of above visible
upconversion laser operation for the Ho®*:ZBLAN fiber could be fur-
ther implemented. In this work, we systematically discussed the emis-
sion mechanism of the Ho®>"-ion at ~550, ~750, ~1190, ~2060 and
~2860 nm under ~640 nm excitation. Based on the absorption spec-
trum, the Judd-Ofelt parameters such as spontaneous transition prob-
abilities, transition lifetimes and fluorescence branching ratios were
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Fig. 1. (a) Absorption spectrum of 0.5 mol% Ho>*: ZBLAN fiber. (b) Emission
spectrum of the Ho®": ZBLAN fiber under 640 nm excitation.

calculated. By using the rate equation theory, the population dynamics
of the Ho®*-ion were conducted. Such a work could detailedly reveal
the spectral characteristics of the Ho®>*:ZBLAN fiber pumped by a
~640 nm laser source, which contributes to the development of effi-
cient visible oscillations.

2. Absorption and emission measurements

In the experiment, a 0.5 mol% Ho®":ZBLAN fiber (Le Verre Fluoré)
was used with a 7.5/125 um core/cladding diameter. We measured the
VIS-NIR absorption spectrum of the Ho>*:ZBLAN fiber using a HL-2000
Halogen light source (Ocean Optics). As given in Fig. 1(a), nine ab-
sorption peaks originating from the ground state corresponding to dif-
ferent upper states are recorded. At ~640 nm, it has a large absorption
coefficient about 0.17 dB/cm.

Fig. 1(b) presents the fluorescence spectrum of the Ho®>*:ZBLAN
fiber measured in VIS-MIR spectral range. Here the 640 nm excitation
source is based on a home-made blue diode-pumped solid-state laser, as
proposed in our previous works [6,26]. Limited by the available spec-
tral range, we separately used two optical spectrum analyzers, i.e.
500-1750 nm AQ6315E (Ando) and 1 to 5.6 um (Thorlabs 205C) to
perform the emission measurement. The spectra were normalized for
convenience. Obviously, the transition °S,,°F,—°Ig at ~550 nm and the
transition °Ig—°Ig at ~1.2um have the higher emission peak,
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indicating the stronger optical gain. A relatively lower gain is labelled
at ~2.0 um (i.e., °I,—°Ig). The emission band around 2.86 um (i.e.,
5I¢—"I,) shows a depression due to the water absorption. The potential
transitions >S,,°F4—°I,, °Is at ~1.0 and ~1.3 um respectively are not
considered in this work. It should be noted that the transition
5S,,°F4—°F5 around 3.2 um did not be detected. All these spectroscopic
behaviors will be prepared to establish the transition mechanisms in the
following sections.

3. Judd-Ofelt theory calculation

Using the Judd-Ofelt (J-O) theory, we can calculate the intensity
parameters (; of the Ho®> " :ZBLAN fiber and the spontaneous transition
probability of °I,, ®Ig, °Is, °F5 and S,,°F, levels based on the absorption
spectrum measured above. Parameters such as radiative lifetimes and
fluorescence branching ratios allow quantitative analysis of radiation
intensity to provide reliable data for subsequent calculations.

According to the J-O theory [27,28], the measured oscillator
strengths and the theoretical values are fitted by the least square
method. The value of €; are respectively obtained:
Q, =3.74 X 1073 em?, Q, = 2.77 X 107X%cm?, Q¢ = 2.14 x 10~ 2°cm?.
According to the Q, 4, calculated above, the value of spontaneous ra-
diation probability A (J — J'), radiative lifetime 7z and fluorescence
branch ratio 8 (J — J') are calculated by the following formulas:

AU = T)=ApT = T) + Ayp(T = T)
16732 [n(n2 + 2)?

—_ 3
T 3h (X + DA Sep + 1Sup

9 (€]

=1/ S AU = J)
* ; @

’ AU = T) ,
J=oJ)= o———_=nAJ > J
B( ) S AU—T) ( ) @

where Agp, App: electric dipole transition probability and magnetic dipole
transition probability; Sgp, Syp: line strength of the electric dipole and
magnetic dipole transition, defined as Sgp = Zk“,é Q; KaJIIU®|bJ ’)\2 and

Smp = 167127;%2 I<al IIL + 2S1I> bJ'%; allUOIbSY:  reduced matrix
elements of the electronic transition from J to J' [29]. e: electron charge, m:
electron mass, c: light velocity, n: the refraction index of the material, &y:
vacuum dielectric constant, & : the Planck's constant, J: total angular mo-
mentum. The value of Syp depends on the selection rule:
A S=AL=0,AJ=0, + 1. The calculated values by the above formulas
are listed in Table 1.

It should be mentioned that the magnitude of the nonradiative
transitions from the above emitting states of the Ho>*:ZBLAN fiber
determines the radiative efficiency. The nonradiative rate can be fur-
ther defined as the sum of Wyr and Wgr, denoting nonradiative tran-
sition and energy transfer rates, respectively. According to the
Tanimura's investigation [17], for low rare-earth ion concentration
Wer 2 0, this indicates the nonradiative transition depends on the
multiphonon emission, so here we ignore the energy transfer process.
Based on the literature [30], we modify the nonradiative transition
formula as follows:

hO.) 7h¢°max
Wir(T) = C-exp(—a-AE)[ 1 — exp| ———

kT 4
where C and a are the positive constants characteristic of the host,
equaled to 1.59 x 10°s7! and 1.59 X 1073 cm, respectively, for the
ZBLAN host. AE is the energy difference between two neighboring le-
vels. 7w is the maximum phonon energy and wp,x is the maximum
phonon frequency. kg is the Boltzman constant and T is the tempera-
ture.
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Table 1
Radiative properties of the Ho®>":ZBLAN fiber.

Initial state J Final state J' A (um) Agp (s Amp ™D A (™D TR (ms) B(%)

58, (°Fq) 5Fs 3.22 0.4880 (2.45) (3.90) 2366 (3846) 0.42 (0.26) 0.021 (0.17)
51, 2.00 41.78 (21.4) 1.77 (0.56)
515 1.38 40.98 (129.5) 1.73 (3.36)
516 1.02 155.6 (240.9) 6.58 (6.25)
51, 0.752 880.5 (345.6) 37.21 (8.97)
5Tg 0.55 1247 (3109) 52.70 (80.69)

5Fs 51, 4.45 0.038 1.21 2259.3 0.44 0.055
515 2.27 7.15 0.316
5Ie 1.44 91.58 4.054
51, 0.95 414.55 18.35
Slg 0.64 1744.7 77.23

55 5Ie 3.95 5.40 4.91 156.37 6.39 6.61
51, 1.66 83.42 53.34
5Ig 0.89 62.64 40.06

5Te 51, 2.86 16.67 11.02 181.09 5.52 15.30
Slg 1.19 153.40 84.70

51, 5Ig 2.06 59.06 17.23 76.28 13.10 100

4. Characterization results and discussion
4.1. The modelling of pumping and relaxation processes

Fig. 2 shows the partial energy level diagram of a Ho>*: ZBLAN
fiber excited by 640 nm laser source, as well as the associated transition
processes that corresponds to several fluorescence bands observed in
Fig. 1(b). All the related levels are labelled using the LSJ configuration
scheme.

Typically, the excited-state absorption (ESA) and the energy transfer
are associated with the pumping mechanism. Here the latter is ne-
glected. Meanwhile, the cross-relaxation process can be clearly ob-
served while the Ho®" ion concentration is increased to 1.5 mol% [20],
so the cross-relaxation is ignored in this work. Based on the previous
report by Piatkowski et al. [24], the magnitude of the ESA in the °I5 and
5I, levels of the Ho®* -ion are close, so both of ESA process should be
considered [31].

According to Table 1, the excited-state levels of the ®I5 and °I, have
a longer lifetime (i.e., 5.5 ms and 13.1 ms, respectively) than that (i.e.,
0.44 ms) of the excited-state level of °Fs. As seen from Fig. 2, by the
ground-state absorption, a 640 nm pump photon is first excited from the
ground-state level °Ig to the metastable-state level °Fs. It then de-
populates quickly to the nearest lower metastable-state °Ig level by the
nonradiative transition. The ions in I, level either decay to the °I, and
5Ig levels through the main radiative transition, or be brought by the
pump ESA to the 3G level, where the ®S,,°F, upper levels can be fed by
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Fig. 2. Partial energy level diagram of the Ho>*:ZBLAN fiber under 640 nm
excitation, exhibiting the primary transition processes at the VIS-MIR wave-
lengths.

the nonradiative transition. Furthermore, another similar pathway is
given in Fig. 2. The pump ESA feeds the °F; level starting from °I, level
that is fed from the ®I¢ level, and then the fast nonradiative relaxation
feeds the >S,,°F,4 upper levels. The relevant laser transitions originating
from the °S,,°F, upper levels include the wavelengths of ~550 nm,
~750nm and ~1020nm, respectively. In addition to the transition
5I¢—"Ig (~1190 nm), cascading of the two laser transitions of >Is—"I,
(~2860nm) and °I,—°Ig (~2060nm) are generated simultaneously.
Under the 640 nm pumping, such relaxation processes clearly show the
wideband transition of the VIS-MIR spectral region in the Ho®*:ZBLAN
fiber, indicating the feasibility of lasing oscillations.

In order to investigate quantitatively the fluorescence intensity be-
havior and their relative transition mechanisms, a rate equation ana-
lysis is proposed to describe the transition dynamics of the
Ho®*:ZBLAN fiber under 640 nm pumping. According to the above
considered energy level scheme and the relaxation processes shown in
Fig. 2, a set of rate equations used to describe the dynamical behavior of
the population densities N;(i = 1,2,3,4) can be written as follows:

dN
Ttl —WpiN1 + Ay Ny + A31Ns + ANy

Ny
dt

—(Wpz + A31)Ns + (As; + Wirs2)Ns + AN,

di

% = WpnNi — (Asy + Ay + Wz + Wirs)Ns + AN,

di

% = W — (Ag + Az + Az)Ny + WiN3

N1+N2+N3+N4:1V[ (5)

where N;, N, N;, N, are the population densities of the Ho®*-ion
levels °Ig, °I,, °Is and °S,,°F,, respectively. N; is the total population
density of the Ho® " -ion levels I, °I,, °I, and °S,,°F4, and is calculated
to be 6.11 x 10" cm=3, depending on the Ho®* concentration. A4; re-
present the radiative rate from the higher energy level j to the lower
energy level i, as viewed in Table 1. W,,3, is the nonradiative transition
rate from the I level to the °I, level, which have been calculated by
Equation (4). Wy,; (i = 1,2,3) are the pumping rates from the ground-state
SIg level and from the excited-state °I, and °Ig levels, defined as
Wpi = Guilpi/h (i = 1,2,3), here oy, 0y, 0,3 are the absorption cross sec-
tions of the ground-state ®Ig level and the excited-state °I, and °I¢ levels
at the 640 nm pump, respectively [24]. v is the pump beam frequency,
I,,; is the pump source intensity. The parameters calculated by the above
formulas are as follows: W3, = 31027s7!, o, = 5.38 X 1072l cm?,
Oesaz = 3.81 X 1072 em?, and Ogga3 = 3.60 X 10721 cm?.

A steady-state solution of these equations allows to analyze the
population densities. Let % =0 and the steady-state solutions are
given as follows:
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s ﬁ = Wz ’ = 5 _ Aq
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The simulated results are shown in Fig. 3(a)-(c). It can be seen from
Fig. 3(a) that the population of the 5L, level (N,) first increases as the
launched pump power increases, and then becomes saturation ob-
viously. The population in the °Ig level (N3) gradually increases as
pump power increases as given in Fig. 3(b). Fig. 3(c) shows that the
population (N,) in the S,,°F, levels grows exponentially at a pump
power from O to 150 mW, and then grows slowly.

4.2. Fluorescence intensity measurement and analysis

As given in Fig. 3(d)-(f), we also measured the evolution of the
corresponding fluorescence intensity as the different pump power. For
each fluorescence band, the emission intensity was calculated by in-
tegrating the emission spectrum over the available wavelength region.
In Fig. 3(e), when the launched pump power is 217 mW, the self-lasing
occurs first at ~1190nm (°Is—"Ig), and the emission intensity of the
transition ®Ig—°I, at ~2860 nm decreases rapidly and then disappears.
Correspondingly, the population reduction of the I level results in the
disappearance of the transition °I,—°Ig at ~2060 nm, as illustrated in
Fig. 3(a) and (d). Further increasing the launched pump power up to
400 mW, the emission intensities of ~550nm (°S,, °F4—°Ig) and
~750nm (°S,, °F4—°1,) keep increasing but with saturation tendency,
as presented in Fig. 3(f), which is in good agreement with Fig. 3(c). This
is because the population excited to the ®S,, °F, upper levels by the ESA
starting from the 5I5 and °I, levels, is gradually decreased. Interestingly,
we can suppress the self-lasing of ~1190 nm (°Is—"Ig) by reasonable
cavity mirror design, and also the transition *Is—>I, at ~2860 nm could
be circularly oscillated within the cavity, so that the population of the
°I, level can continuously increases along with the red pumping.
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Meanwhile, the population depletion of the °I, level due to the gen-
eration of ~2060 nm (°I,—°I;) is stopped because of the ESA is stronger
as the pumping rate enhances. Therefore, as the pump power increases,
the ions in the °I, level can incessantly populate the °S,,°F, upper levels
by the ESA to further improve the visible upconversion output.

5. Conclusion

In conclusion, the investigation on the spectral characteristics of the
Ho>*:ZBLAN fiber pumped by a 640 nm solid-state laser source has been
performed. The J-O intensity parameters and radiative properties, such as
spontaneous transition probabilities, radiative lifetimes, and fluorescence
branching ratios were summarized. A numerical model employing solution
of the rate equation was created with the ESA process. Moreover, we
measured the emission intensities of the Ho®> " -ion at ~550, ~750, ~1190,
~2060, and ~2860 nm along with different pump powers. The theoretical
modelling and experimental measurement of fluorescence properties in
the Ho®*:ZBLAN fiber are quite consistent. The objective of this work is to
systematically study the spectral characteristics of the Ho>*:ZBLAN fiber
under 640 nm pumping, which is essential for further optimization of the
visible upconversion oscillations.
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