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a b s t r a c t

This report details the first study of the fundamental spectroscopic properties of a new optical material
for prospective application as a gain medium for fiber laser emission at 3.9 mm. We have investigated the
decay processes that are relevant to the excited states of the 5I5 / 5I6 transition in singly Ho3þ-doped
InF3 (fluoroindate) glass using time-resolved fluorescence spectroscopy. The HoF3 concentration in the
glass was 10 mol.%. We excited the 5I7 and 5I6 energy levels using selective excitation at 1982 nm and
1150 nm, respectively. We have established that a strong energy-transfer upconversion process by way of
the well-known dipole-dipole interaction between two holmium ions excited to the 5I6 level populate
the 5I5 (upper laser) level of the 3.9 mm transition. The 5I6 and 5I5 energy levels emit luminescence with
measured peaks located at 2.85 mm and 3.92 mm, respectively and the luminescence efficiencies of these
emissions are 78% and 0.2%, respectively. Results from numerical simulations show that for this high
Ho3þ concentration, a population inversion for the 3.9 mm transition is reached only for a short time
(t < 100 ms) after direct upper laser level pumping at a wavelength of 889 nm.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Powerful and highly efficient fiber lasers with emission at
wavelengths longer than 3 mm are needed for applications in
sensing, nonlinear optics, frequency combs, materials processing
and optical pumping. Since the first demonstration of longest
emission wavelength from a fiber laser at 3.9 mm two decades ago
[1,2], the only extension of this pioneering work was the recent
demonstration of pulsed emission from a bulk InF3 sample pumped
by Cr3þ:LiSAF laser emitting at 889 nm [3] and the demonstration
of supercontinuum generation using InF3-based fibre [4]. Whilst a
number of transitions at intermediate wavelengths between this
limit and 3 mm have recently produced more than 1 W CW from a
fiber laser [5,6], morework is clearly required to address the limited
number of fiber lasers emitting at longer wavelengths. All themajor
demonstrations of mid-infrared emission from fiber lasers have
employed fibers made primarily from fluorozirconate glass,
ckson).
limiting the operation at 3.9 mm to cryogenic temperatures. Fluo-
roindate glasses were discovered by M. Poulain in 1981 and display
a lower phonon energy than ZBLAN which shifts multiphonon
absorption edge by approximately 1 mm InF3 glasses are 15 times
more transparent at 3900 nm than ZBLAN glasses. The main com-
ponents of those glasses are InF3, SrF2, BaF2 and ZnF2.

In this report, we investigate the luminescence and energy level
decay properties of Ho3þ-doped fluoroindate glass. We carry out
the basic spectroscopic measurements, compare the results with
other previously reported fluoroindate glasses and assess the
suitability of this optical material for emission in the mid-infrared.
We calculated the luminescence efficiency of these levels after the
experimentally determined decay time characteristics were
compared with the calculated radiative lifetimes from Judd-Ofelt
theory. Multiphonon decay and cross-relaxation resulted in the
rapid depopulation of the 5F5 and 5I5 energy levels to the two lower
excited states, namely the 5I6 and 5I7 levels. A numerical model is
used to understand the gain dynamics of the 5I5 / 5I6 transition in
singly Ho3þ-doped InF3 fluoroindate glass for comparatively high
Ho3þ concentration.
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2. Experimental procedure

For this preliminary study, we prepared one fluoroindate (In Sr
Ba Zn Ho) glass sample that was doped with 10 mol%HoF3. The
sample was prepared from high purity raw materials with 99.99%
pure InF3, 99.99% pure SrF2, 99,99% pure BaF2,, 99.9% pure ZnF2,
99.99% pure HoF3. The precursor materials were melted in a Pt-Au
crucible that was placed in a dry glove box environment at 820 �C
for 60 min. This procedure reduced the water (OH) content in the
glass. The glass liquids were decanted into brass molds that were
polished and annealed at 300 �C for 1 h to remove any mechanical
stresses. The sample was then cut and polished into
5.3 � 5.3 � 20 mm3 rectangular prism. The Ho3þ ion density in the
sample was calculated to be 2 � 1021 cm�3 for the doped InF3
sample with 10 mol. % HoF3, respectively.

The absorption spectra of the glass sample (in the range be-
tween 2 mm and 10 mm) was measured using a Nicolet 6700 FTIR
spectrophotometer. A tunable optical parametric oscillator (OPO)
was used to measure the decay characteristics of the excited levels;
the pulse characteristics were 10 mJ, 4 ns, and 10 Hz for most of the
experiments. The OPO was tuned to 645 nm, 889 nm, 1150 nm and
1982 nm, in order to excite the 5F5, 5I5, 5I6 and 5I7 energy levels,
respectively. A Judson model J-10 D InSb infrared detector (cooled
to 77 K) was used to detect the infrared luminescence (for
l > 1080 nm). A fast preamplifier (response time approximately
0.5 ms) was used to amplify the signal. A photomultiplier tube (EMI,
response time 10 ns) was employed to detect the visible and near
infrared (i.e., l < 1100 nm) luminescence. All measurements were
carried out at 300 K. Bandpass filters each with ~80% transmission
at 1200, 2100 and 4000 nm with a half width of 25 nm and an
extinction coefficient of approximately 10�5 outside this band were
used to separate the infrared luminescence.

3. Experimental results

When Ho3þ-doped fluoroindate glass is excited at 889 nm, the
main processes involving the energy levels are, see Fig. 1: (a)
ground state absorption (GSA), 5I8 þ hn(889 nm) / Ho3þ5I5; (b)
Fig. 1. Energy level scheme showing the pump, laser energy transfer mechanisms relevant
Ho3þ emissions (at 645, 889, 1163, 2026, 2860 and 3930 nm). Dashed lines (up and down)
non-radiative multiphonon decay (NR), 5I5 / 5I6 þ p-u (p ¼ 5); (c)
energy transfer upconversion (ETU1), 5I7 þ 5I7 / 5I6 þ 5I8 þ p-u
(p ~ 3); (d) energy transfer upconversion (ETU2),
5I6þ 5I6/ 5F5þ 5I8þ p-u (p ~ 3) and (e) cross-relaxation (CR), 5I5þ
5I8 / 5I7 þ 5I7. The term -u relates to the phonon energy of the
glass.

The absorption spectrum of the Ho3þ ion when doped into InF3
glass was measured in the near and mid-infrared regions of the
spectrum using a Cary 5000 and the FTIR Nicolet spectrophotom-
eters each operating in transmission mode. The measured ab-
sorption spectrum of the electronic transitions for Ho(10%)-doped
InF3 glass is shown by Fig. 2(a). The absorption coefficient (cm�1)
was measured using a ¼ 2.303�O.D./d, where O.D. is the optical
density and d is the sample length which was equal to 5.2 mm. The
absorption cross-sections for the sample were calculated using the
well-known relation a¼ sabs/NHo, where NHo¼ 2� 1021 cm�3 (for a
10 mol%concentration). The cross section values were:
sabs ¼ 4.86 � 10�21 cm2 (for l ¼ 1945 nm), 2.35 � 10�21 cm2 (for
l ¼ 1150 nm) and 4.3 � 10�22 cm2 (for l ¼ 889 nm) relating to the
peak of the 5I8 / 5I7, 5I6, and 5I5 transitions, respectively. Fig. 2(b)
shows the mid-infrared absorption of Ho3þ(10%)-doped InF3 glass
exhibiting the absorption from OH� free radicals with a wave-
number peak at 3160 cm�1 (or 3165 nm). The OH� group absorp-
tion in glasses depends on the glass composition and is associated
with hydrogen bonding that couples to the network former cation,
such as the In3þ ion in the present study. Thus, the difference be-
tween OH� group absorption peaks is the strength of the hydrogen-
cation association; a stronger association will shift the OH� ab-
sorption peak to longer wavelength. For example, in silicate glasses
the OH� group has absorption peak located at 3550 cm�1 while in
germanotellurite glasses it has an absorption peak closer to
3000 cm�1.

The absorption coefficient was determined to be a¼ 0.060 cm�1.
The OH� group concentration can be calculated using the
relationNOH ¼ N/εa, where N is the Avogadro constant, and ε is the
molar absorptivity of the OH� groups in the glass. We assumed the
parameter εwas 49.1� 103 cm2/mol [7], which gave a value for NOH
of 7.4 � 1017 cm�3 for the sample.
to the laser operation at 3.9 mm. Solid line (up): 889 nm excitation. Solid lines (down):
: ETU1, ETU2 and CR processes.



Fig. 2. Measured absorption spectrum in (a) the near infrared region and (b) the mid-
infrared region using the FTIR Nicolet spectrophotometer (in transmission mode). The
optical length of the sample was d ¼ 5.2 mm.

Table 1
Radiative rates and radiative lifetime calculated using Judd-Ofelt theory for Ho3þ in
InF3 glass.

Radiative
transition

Wavelength l (nm)
(barycenter)

Radiative rate
(AJJ0) (s�1)

Radiative lifetime
tR (ms)

5F5 / 0.321
5I5 2275 12
5I6 1438 145
5I7 960 598
5I8 645 2360
5I5 / 6.8
5I6 3930 2
5I7 1640 63
5I8 889 81
5I6 / 6.2
5I7 2860 11
5I8 1163 150
5I7 / 16.2
5I8 2026 62

5 5
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In the Judd-Ofelt calculation, the rate of spontaneous emission
from an excited state of a rare earth ion (in the 3þ ionised state) ion
that results from an electric dipole transition between J and J' is
determined by Eq. (1)

AedðJ; J0Þ ¼ 64p4

3h
1

ð2J þ 1Þl3
"
n
�
n2 þ 2

�2
9

#
Sed; (1)

where Sed ¼ e2
P

l¼2;4;6
Ul

���hUðlÞi
���2. The spectroscopic intensity pa-

rameters U2, U4 and U6 are equal to 1 � 10�20 cm2, 2.8 � 10�20 cm2

and 1.9� 10�20 cm2, respectively for Ho3þ-doped fluoroindate glass

[8]. Values of
���hUðlÞi

���2 were obtained from the literature [9] for the

radiative transitions of Ho3þ in LaF3 (aquo ions). The refractive in-
dex used in the calculation was n ¼ 1.49 for InF3. Table 1 shows the
calculated values of the radiative rates (AJJ0) and radiative lifetimes
(tR) calculated using Judd-Ofelt theory for some of the relevant
luminescence emitting transitions.
Fig. 3. Emission spectrum of the I5 / I6 transition using laser excitation at
890 nm (E ¼ 11 mJ). The emission cross-section was calculated usingl ¼ 3930 nm,
Aij ¼ 2 s�1 and εðlÞ ¼ 0:011367 nm�1. A two Gaussians best fit (red lines) shows peaks
p1 at 3920 nm (w1 ¼ 58 nm) and p2 at 3984 nm (w2 ¼ 30 nm). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
3.1. Emission spectrum of the 5I5,
5I6 and 5I7 levels

The emission spectrum from the Ho3þ-doped sample was
obtained using a scanning monochromator (KRATOS) in conjunc-
tion with the InSb detector and a Box-Car averager. The emission
cross section due to the 5I5 / 5I6 (see Fig. 3), 5I6 / 5I7 (see Fig. 4)
and 5I7 / 5I8 (see Fig. 5) transitions was calculated using

semisðlÞ ¼
l
4

8pn2c
Aij

IðlÞZ
IðlÞdl

; (2)

where l is the average emission wavelength or centroid, Aij (s�1) is
the radiative transition probability, S(l) is the line shape of the
emission band,

R
IðlÞ dl is the integrated line shape, n is the

refractive index (1.49) and c is the speed of light. εðlÞ ¼ IðlÞR
IðlÞ dl is the

normalized line shape at the emission wavelength at the

barycenterðlÞ. Equation (2) is based on the FüchtbauereLadenburg

equation i.e., s21ðlÞ ¼ l
4
0

8p c n2A21 g21ðlÞ, where the lineshape g21(l) is
normalized, i.e.,

R
g21ðlÞ dl ¼ 1 and c is the speed of light in vacuum

and l0 is the center wavelength of the 2 / 1 electronic transition.
Electronic transitions in the glass form a broad band due to the



Fig. 4. Emission spectrum of 5I6 / 5I7 transition using a laser excitation at
890 nm (E ¼ 11 mJ). The emission cross-section was calculated usingl ¼ 2860 nm,
Aij ¼ 11.2 s�1 andεðlÞ ¼ 0:008753 nm�1. A three Gaussians best fit (red lines) shows
peaks p1 at 2743 nm (w1 ¼ 58 nm), p2 at 2849 nm (w2 ¼ 72.4 nm) and p3 at 2939 nm
(w3 ¼ 85 nm). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Measured upconversion luminescence spectrum after laser excitation of the
5I8/5I6 transition at 1200 nm.
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multiple Ho3þ ion sites present in the host glass and that the
emission is asymmetric because of the different kind of site sym-
metries (or groups), we propose that the center wavelength l0
(which is the peak position for a narrow emission band) should be
replaced by the average wavelength. The wavelength is therefore
better represented by the emission band centroid. The 5I5 / 5I6,
5I5 / 5I7 and 5I5 / 5I8 emission bands were decomposed into in
two or three Gaussian curves that suggested that the Ho3þ ions are
preferentially located in two (or three) different types of sites
symmetries (or groups) in the glass.
3.2. Luminescence decay of the 5I7 and 5I6 levels

When the sample was excited at 1150 nm (i.e., directly
Fig. 5. Emission spectrum of 5I7 / 5I8 transition using a laser excitation at
890 nm (E ¼ 11 mJ). The emission cross-section was calculated using l ¼ 2026 nm,
Aij ¼ 61.8 s�1 and εðlÞ ¼ 0:00706 nm�1. A two Gaussian function best fit (red lines)
shows peaks p1 at 1962 nm (w1 ¼ 90 nm) and p2 at 2043 nm (w2 ¼ 84 nm). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
populating the 5I6 level), the upconversion luminescence at 645 nm
from the 5F5 excited state of Ho3þ is observed due to ETU2 (see
Fig. 6). Laser excitation at 1982 nm (to directly excite the 5I7 level)
did not produce visible upconversion luminescence using < 11 mJ
probe pulses. The best fit to the temporal decay characteristics
relevant to the 5I6 and 5I7 energy level decay characteristics were
accurately described by the experimental decay function

IðtÞ ¼ I0 exp
�
� g

ffiffi
t

p
� t
td

�W t
�
; (3)

where td ¼ tR/1þWNR tR is the intrinsic decay of donor, tR is the
radiative decay of the donor and WNR is the multiphonon decay
rate. The non-exponential term exp(-g√t), i.e., the classical F€orster
decay function, describes energy transfer processes
(donor / acceptor) without energy migration through donor
states. This process is also known as static disordered decay
involving the dipole-dipole interaction [10]. The parameter g (s�1/2)
is the energy transfer parameter. The term expð�W tÞ in Eq. (3)
describes energy transfer (donor / acceptor) processes that are
enhanced by energy migration, typically explained using Bursh-
tein's hopping model [11] in which the excited-state population
Fig. 7. Emission decay curve measured at 2100 nm (5I7 / 5I8) after laser excitation at
1982 nm.
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redistributes randomly over donors at a characteristic hopping rate
1/t0. Burshtein established that donor excitation always decays
exponentially at long times in both weak and strong excitation
migration [11,12]. Considering a non-exponential decay of the
donor, the mean decay time (t) of the donor excitation can be ob-
tained by the integration of the decay curve (Eq. (3)) using

t ¼ 1
I0

Z∞
0

IðtÞdt: (4)

Thus, the exponential and non-radiative components of the
fluorescence decay are combined into the one parameter i.e., t. Eq.
(3) describes the two asymptotic cases of the donor excitation
decay: i) non-exponential decay at short times when t <<t and ii)
the exponential decay at longer times (or t >>t). Eq. (3) has been
used to describe the luminescence self-quenching of Tm3þ in YLiF4
crystals due to cross-relaxation process for low (0.5 mol%) and high
(5 and 10 mol.%) concentration of Tm3þ [13].

Eq. (3) was rewritten in order to show the fitting parameters, t1
and g giving

IðtÞ ¼ exp
�
� g

ffiffi
t

p
� t
t1

�
; (5)

where t1 ¼ td
1þtdW

. The best-fit parameters and the integrated life-

time are i) g ¼ 0 and t1 ¼ 20.3 ms (R2 ¼ 0.9999) (t ¼ td ¼ t1) for the
5I7 level, and ii) g ¼ 0 and t1 ¼ 4.8 ms (R2 ¼ 0.9998) (t ¼ td ¼ t1) for
the 5I6 level. The experimental decay curves are shown in Figs. 7
and 8.

We observed that the 5I6 excited level decay in Ho(10%):InF3
glass has a decay time of 4.8 ms which is close to the radiative
lifetime of 6.2 ms. We conclude therefore that only a small multi-
phonon decay (rate of 47 s�1) is competingwith the radiative decay.
The excitation energy was kept low enough (i.e., E ~6 mJ) to avoid
the up-conversion which might introduce a decrease in the decay
time at higher excitation energies. The weak overlap between the
5I6 / 5I8 emission band of Ho3þ (peak at 2860 nm) and the OH�

group absorption (peak at 3165 nm) should produce minimal en-
ergy transfer to OH� radicals in InF3 glass due to the strong
hydrogen-cation former association that shifts the absorption peak
to longer wavelength. In addition, the relatively low concentration
of OH� radicals (of 7.4� 1017 cm�3) determined for this sample also
helped to keep the 5I6 level decay time (of 4.8 ms) close to the
Fig. 8. Emission decay curve measured at 1200 nm (5I6 / 5I8) after laser excitation at
1150 nm.
radiative value of 6.2ms. The decay time of 5I7 level was observed to
be 20.3 ms (Fig. 7), which is longer than the radiative lifetime of
16.2 ms. The apparently extended decay time is attributed to
excitation migration through the 5I7 levels which is dependent on
the Ho3þ concentration. The effective lifetime of this level is still
considered to be tR ¼ 16.2 ms.

3.3. Luminescence decay from the 5F5 and 5I5 levels

Figs. 9 and 10 show the measured luminescence decay from
the5F5 and 5I5 levels after laser excitation at 644 nm and 890 nm,
respectively. The best fit to the decay was accomplished using Eq.
(5). The best-fit parameters and the integrated decay time are i)
g ¼ 0 and t1 ¼ 16.3 ms (R2 ¼ 0.9998) (t ¼ td ¼ t1) for the 5F5 level,
and ii) g¼ 350 s�1/2 and t1 ¼135 ms (intrinsic) (R2 ¼ 0.9968) for the
5I5 level giving a total (integrated) decay time of the5I5 level of
t ¼ 13 ms We found that g ¼ 0 gave the best fit for the decay of the
5F5 level, which indicates that cross-relaxation was not involved,
however, the higher value of the g parameter (¼ 350 s�1/2) found
for the 5I5 level decay indicates that a strong cross-relaxation pro-
cess (which we label CR1) has introduced a strong non-exponential
component to the decay time.

3.4. Non-radiative multiphonon decay

The non-radiative decay rate can be calculated using the decay
time obtained from the best fit calculations and using the param-
eter WNR (s�1) ¼ 1/td�1/tR, where td is the intrinsic decay time
(without energy transfer). tR is the radiative lifetime calculated
from Judd-Ofelt theory (see Table 1). The intrinsic decay constant td
is equal to the value of parameter t1 obtained from best fit to the
decay characteristic of the 5I7 (see Fig. 7), 5I6 (see Fig. 8), 5F5 (see
Fig. 9) and 5I5 (see Fig. 10) levels. The intrinsic luminescence effi-
ciency was calculated using h[ ¼ t

tR
. Table 2 shows the resulting

luminescence decay parameters. It is important to note that the
luminescence decay from the 5F5 level is fully exponential (g ¼ 0)
which is a strong indication that multiphonon decay competes with
radiative decay decreasing the decay time from 321 ms (i.e., the
radiative lifetime) to 16.3 ms.

3.5. Energy transfer upconversion from the 5I7 excited level

A study of the ETU1 process was proceeded using the 1200 nm
Fig. 9. Measured luminescence decay curve measured at 660 nm (5F5/5I8) after a
pulse laser excitation at 644 nm.



Fig. 10. Luminescence decay curve measured at 3950 nm (5I5/ 5I6) after a pulse laser
excitation at 890 nm. Fig. 11. Measured upconversion luminescence transient (5I6 level) measured at

1200 nm for laser pulse excitation at 1982 nm. The pulse duration was 4 ns (at 10 Hz)
for these experiments and at lower excitation density the pulse energy was 8.6 mJ and
the spot size was 0.0316 cm2, for the higher excitation density the pulse energy was
13 mJ and the spot size was 0.00395 cm2. The best-fit calculations are shown in red.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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emission (from the 5I6 level) produced by excitation of the 5I7 en-
ergy level at 1982 nm. Fig. 11 shows the luminescence time tran-
sient measured for two excitation densities. One can observe that
the transient rise time (t2) decreases for higher excitation densities.
The best-fit calculations were obtained using Eq. (6) [14].

IðtÞ ¼ I0
h
exp

�
� g1

ffiffi
t

p
� t=t1

	
� expð � t=t2Þ

i
; (6)

where I0 is the amplitude of the ETU process. t2 gives the risetime
and t1 the decay time of the luminescence transient. There are two
cases to be considered: 1) g1, t1 are the parameters for the acceptor
decay and t2 parameter for the upconversion when tUp < tA, and 2)
g1, t1 parameters are used for the upconversion and t2 are gives the
acceptor decay when tUp > tA. In the case of the 5I6 level, g1 and t1
parameters give the decay constant (4.8 ms) and t2 gives the rise
time of ETU1. The best-fit parameters were found to be i) g1 ¼ 0,
t1 ¼ 4.8 ms and t2 ¼ 2.3 ms (R2 ¼ 0.9879) for the low excitation
density (N* ¼ 5.23 � 1018 cm�3) and ii) g1 ¼ 0, t1 ¼ 6.2 ms,
t2 ¼ 117 ms (R2 ¼ 0.9878) for the highest excitation density
(N* ¼ 6.23 � 1019 cm�3). The rise time (t2) gives important infor-
mation about the rate of ETU1 because it is dependent on the
excitation intensity and the increasing (by excitation migration)
acceptor lifetime, t1. ESA was not observed by way of visible light
emission when the 5I7 level was pumped. The rate probability (s�1)
for ETU1 was obtained using WETU1 ¼ 1/t2�1/td, where td is the
intrinsic lifetime of the 5I7 level (donor) (see Table 2).
3.6. Critical radius model for ETU

Fig. 11 shows that the risetime (t2) or ETU1 rate (1/t2) of the 5I6
excited level up-conversion luminescence is dependent on the
excitation intensity. As can be observed in the results presented in
Figs. 12 and 14, the ETU probability rate K increases with the
Table 2
Best fit luminescence parameters, non-radiative decay and cross-relaxation rates (s�1).

Level g (s�1/2) t(expt.) (ms) td (ms)

5F5 0 0.0163 0.0163
5I5 350 0.013 (integrated) 0.135
5I6 0 4.8 6.2
5I7 0 20.3 16.2

a Radiative lifetimes (tR) were calculated from Judd-Ofelt theory in this work.
increase in the Ho3þ excitation density (N*) and reaches a constant
value K0 for N* > 1 � 1019 ions cm�3. The critical radius model,
which has been presented previously in Ref. [15] explains this
observation based on the existence of a critical radius RC for the ETU
interaction, which limits the ETU rate transfer to a constant value
for all excited Ho - Ho pairs having a distance separation R� RC. The
average ETU efficiency hETU (N*) can be obtained by integrating the
differential function f dR that represents the random fraction dis-
tribution of two interacting Ho3þ excited ions within the distance R
and R þ dR and it is given by

f dR ¼ 4pR2NHo
N*

NHo



1� N*

NHo

� �
4p
3 R

3NHo � 2

�
dR;

where N* is the density of excited Ho3þ (cm�3) and NHo is the Ho3þ

concentration in the sample. Assuming that those excited Ho3þ ions
inside RC will interact by way of ETU with efficiency h ¼ 1. In
contrast, those excited Ho3þ ions outside the RC will not undergo
ETU (i.e., h ¼ 0). Applying this efficiency assumption to the f dR
distribution function and integrating (h x f dR) between Rm (mini-
mal distance separation) and R ¼ ∞, one obtains the overall ETU
efficiency as a function of the excited Ho3þ concentration (cm�3)

hETU ¼
ZRC

Rm

fdR� 1þ
Z∞
Rc

f dR� 0 ¼ 1� exp
�� N*�NC

�
: (7)

where we use
Z ∞

RC

f dR ¼ expð�N*=NCÞ previously determined in
tR (ms)a WNR (s�1) WCR (s�1) h[ (%)

0.321 58234 0 0.42
6.8 7260 69231 0.20
6.2 47 0 77.5
16.2 0 0 100



Fig. 12. Measured ETU1 rate probability (s�1) as a function of (a) low and (b) high
excited Ho3þ ion density (N*) obtained by measuring the luminescence transient from
the 5I6 level (at 1200 nm) after pulsed (4 ns) excitation at 1982 nm (triangles). The
dashed line represents the best fit using the critical radius model.

Fig. 14. Measured ETU2 rate probability as a function of the excited Ho3þ ion density
(N*) after pulsed (4 ns) excitation at 1200 nm (open circles). The solid red line rep-
resents the best fit using the critical radius model using Eq. (7). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Ref. [16]. The critical concentration NC is related to the critical
radius using RC3¼ 3/4pNC. The ETU rate K (s�1) can be obtained from
relation K ¼ K0 h, where K0 is the ETU rate constant obtained at
Fig. 13. Upconversion luminescence transient (5F5 level) measured at 645 nm under
pulsed excitation at 1150 nm.
saturation where all the interacting ions are inside of the critical
radius RC. As a consequence of the model, K0 is the constant rate for
the excitation density N* > NC ~1 � 1019 cm�3.

Fig. 12 shows the rate of K for ETU1 as a function of the exci-
tation density after laser excitation at 1982 nm. In Fig. 12(b) one can
observe that the rate of ETU1 saturates to a value K0 ¼ 8913 s�1

found using Eq. (7). The results suggest that initially, see Fig. 12(a),
the ETU1 process is governed by a large critical radius interaction
distance (RC1) which is consistent with the linear dependence
observed at low excitation densities, i.e., N*<< NC (where
hETU z N*). At higher excitation densities, see Fig. 12(b), the ETU1
process can be described by a smaller critical radius interaction RC2
(¼ 20 Å) that forces the rate of ETU1 to reach the saturated value for
K0. Note that the critical radius model has been applied with suc-
cess to describe the ETU rate probability due to interacting 4I13/2
excited states of Er3þions in fluoride glass [17e19].

3.7. Energy transfer upconversion from the 5I6 excited level

Measurement of the 645 nm emission from the 5F5 level after
excitation of the 5I6 energy level at 1150 nm allows an analysis of
ETU2. Fig. 13 shows the luminescence time transient measured for
three excitation densities. One can observe a time dependent ETU2,
where the transient decay time (t1) decreases for higher excitation
densities. ETU2 process dominates the emission properties of the
645 nm emission from the 5F5 level and its decay time (t1) becomes
shorter as the excitation density increases above 1� 1019 cm�3. The
best-fit curves in Fig. 13 were obtained using Eq. (6). In the case of
the 5F5 level, g1 and t1 are the ETU2 process parameters that are
strongly affected by the excitation density and t2 is the decay
constant of 5F5 level (17.5 ms) for Ho3þ-doped fluoroindate glass at
300 K. The best-fit parameters were i) g1 ¼ 0, t1 ¼ 1.68 ms and
t2¼11 ms (R2¼ 0.9960) for N*¼ 4� 1018 cm�3, ii) g1¼0, t1¼400 ms
and t2 ¼ 17.7 ms (R2 ¼ 0.9976) for N* ¼ 8.84 � 1018 cm�3 and iii)
g1 ¼ 0, t1 ¼ 252.3 ms and t2 ¼ 16.7 ms (R2 ¼ 0.9977) for
N* ¼ 3.7 � 1019 cm�3. ESA was not observed for laser excitation
tuned in the 5I8 / 5I6 transition at 1150 nm.

The rate probability (s�1) for ETU2 was obtained using
WETU2 ¼ 1/t1�1/td, where td is the intrinsic lifetime (¼ 4.8 ms) of
the 5I6 level (donor level) (see Table 2). Fig. 14 shows the values of



Table 3
Parameters used in the rate equation modeling.

Luminescence branching ratio and radiative and intrinsic (total) lifetimes of
Ho3þ

Transition (level#) ba tR
b t (expt.)c (WNR (s�1a)

5F5 (5) / 321 ms 16.3 ms (g ¼ 0)
(td ¼ t, WNR (54) ¼ 58234 s�1)

5I5 (4) 0.004
5I6 (3) 0.046
5I7 (2) 0.192
5I8 (1) 0.758
5I5 (4) / 6.8 ms 13 ms (g ¼ 350 s�1/2)

(td ¼ 135 ms, WNR (43) ¼ 7260 s�1)
(WCR ¼ 69231 s�1)

5I6 (3) 0.013
5I7 (2) 0.430
5I8 (1) 0.557
5I6 (3) / 6.2 ms 4.8 ms (g ¼ 0)

(WNR (32) ¼ 47 s�1)
5I7 (2) 0.058
5I8 (1) 0.942
5I7 (2) / 5I8 (1) 1 16.2 ms 20.3 ms (g ¼ 0)

(WNR (21) ¼ 0)
Energy transfer rate parameters (s�1) (expt.)d

HoF3 (mola%) ETU1 K1

(s�1)
ETU2 K2

(s�1)
Cross-relaxation WCR (s�1)

10% 8913 4221 69231

a Branching ratios calculated in this work.
b Radiative lifetimes calculated using Judd-Ofelt theory in this work.
c Experimental lifetime (intrinsic) obtained from the best fit to the lumines-

cence done in this work.
d Experimental transfer rates obtained in this work.

Fig. 15. Calculated population inversion (%) for the laser transition 5I5 / 5I6 (at
3920 nm) as a function of the pump intensities for [Ho3þ] ¼ 10 mol.% doped fluo-
roindate glass under CW pumping at 889 nm at 300 K. RP ¼ 100 s�1 corresponds to a
pump intensity (IP) equal to 51 kW cm�2.
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ETU2 rates (K) as a function of the excitation density. One can
observe that the rate of ETU2 tends to a constant value K0 ¼ 4221
s�1 according to the critical radius model used to fit the experi-
mental data using Eq. (7). The ETU2 process is governed by the
critical interaction distance (RC ¼ 24 Å), which allows the rate of
ETU2 to stabilize to a value K0 for N*> NC ¼ 1.74 � 1019 cm�3.

4. Rate equation modeling

Fig. 1 shows the basic energy level scheme for the Ho3þ-doped
fluoroindate system. In our model we assume CW (or quasi-cw)
excitation at 889 nm. In the model, the parameters n1, n2, n3, n4
and n5 represent the populations in the 5I8, 5I7, 5I6, 5I5 and 5F5 en-
ergy levels of Ho3þ, respectively. These levels are considered the
most important and relevant to the laser transition at 3.92 mm (The
5I4 level is strongly quenched by fast multiphonon decay.)

The rate equations for 889 nm pumping (assuming
n1 þ n2 þ n3 þ n4 þ n5 ¼ 1) are.

dn1
dt

¼ � RP n1 þ
b51
tR5

n5 þ
b41
tR4

n4 þ
b31
tR3

n3 þ
b21
tR2

n2 þ K1n
2
2

þ K2 n23 �WCR n1 n4 (8)

dn2
dt

¼ b52
tR5

n5 þ
b42
tR4

n4 þ
b32
tR3

n3 �
1
tR2

n2 � 2 K1n
2
2 þ 2 WCR n1 n4

þWNRð32Þ n3
(9)

dn3
dt

¼ � n3
tR3

�WNRð32Þ n3 þWNRð43Þ n4 þ
b43
tR4

n4 þ
b53
tR5

n5

þ K1 n2
2 � 2 K2 n23

(10)

dn4
dt

¼ RP n1 �
n4
tR4

þWNRð54Þ n5 �WNRð43Þ n4 �WCR n1 n4

(11)

dn5
dt

¼ � n5
tR5

�WNRð54Þ n5 þ K2 n23 (12)

where RP ¼ s14 IP/hnP is the pump rate (in s�1), IP is the pump light
(in W cm�2), and hnP is the photon energy of pump radiation. bij
represents the luminescence branching ratio and tRi is the radiative
lifetime of excited states of Ho3þ labeled as i ¼ 2, 3, 4 and 5. The
absorption and emission cross-sections is s14¼ 4.3� 10�22 cm2 and
s43 ¼ 3.7 � 10�21 cm2 (at 3920 nm), respectively. All other pa-
rameters are given in Table 3.

Numerical solution of the rate equations was carried out to
understand the potential for laser emission at 3.92 mm. The calcu-
lated evolution of the population inversion [(n4-n3), in mol.%] ob-
tained by numerical simulation of the rate equations for
[Ho3þ] ¼ 10 mol.% using several pumping rates (RP) from 100 to
2500 s�1 is shown in Fig. 15. The calculations show that a positive
population inversion occurs only for a short time (t < 100 ms). At a
longer pumping time (near t ¼ 320 ms), the population n3 and n2

increases and the population inversion (Dn ¼ n4 - n3) becomes
strongly negative. The results presented in Fig. 15 show that the
system cannot generate CW laser emission at 3.92 mm at the
10 mol.% concentration; laser emission can only be obtained for
pulsed pumping with tP < 100 ms This result is a direct consequence
of the low intrinsic luminescence efficiency of 0.33% determined for
the 5I5 / 5I6 transition in fluoroindate glass. The low luminescence
efficiency is a consequence of strong multiphonon decay and cross-
relaxation at the current concentration level competing with
radiative decay.

This result is in agreement with the experimentally observed
laser characteristics for a similar glass reported in Ref. [3]. The best
pump pulse duration is tP z 35 ms with a repetition rate less than
approximately 10 Hz in order to completely recover the ground
state population. The results presented in Fig. 16 show that ETU1
process contributes significantly to the increasing population



Fig. 16. Calculated population inversion for the laser transition 5I5 / 5I6 (at 3920 nm)
for CW pumping at 889 nm (at a rate RP ¼ 1000 s�1) for (a) a short time after initiating
the pump and (b) up to 5 ms after the onset of optical pumping. The ETU rate pa-
rameters, K1 and K2 were either set equal to the measured values (black solid line),
only the ETU1 process is switched off (K1 ¼ 0) or only the ETU2 process is switched off
(K2 ¼ 0).
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residing in the 5I6 level (n3), making the population inversion
strongly negative. On the other hand, the ETU2 process provides an
increase to the population inversion. Overall, at the high Ho3þ

concentration examined in this study, we can conclude that ETU is a
significant problem and that future work should involve compre-
hensive spectroscopic studies involving a range of lower Ho3þ ion
concentrations. Of course cascade lasing and co-doping with de-
sensitizer ions may also assist with optimizing the emission from
this transition.
5. Conclusions

The intrinsic luminescence efficiency of the 5I5 / 5I6 transition
with a peak wavelength of 3.92 mm in Ho3þ-doped fluoroindate
glass was determined to be 0.33%; a value reduced from the radi-
ative lifetime because of strong multiphonon emission and cross-
relaxation processes. We observed that the decay time of the 5I6
level in fluoroindate glass is close to the radiative lifetime because
of the small multiphonon decay (of 47 s�1). This result suggests this
glass has no evidence of energy transfer to OH� radicals. We
measured the decay parameter for two well-known ETU processes
involving the 5I7 and 5I6 excited states with the rates of these
processes following the standard critical radius model which
allowed the determination of the rate parameters. We established
through rate equation modeling that at the 10 mol.%
Ho3þconcentration used in this study, that the ETU processes
severely limit laser emission at 3.92 mm and that a positive popu-
lation inversion could only be obtained for relatively short
tP < 100 ms pump pulse durations.
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