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ARTICLE INFO ABSTRACT

Solid state lanthanide doped lasers primarily operate in the ultraviolet, visible, near infrared and short-wave-
length infrared out to around 2.1 um. At longer wavelengths, the transitions in conventional oxide crystal and
glass materials become susceptible to multiphonon quenching due to their relatively large phonon energy. The
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Flhulori_‘;es use of low phonon materials can minimize the nonradiative quenching, opening up possibilities for solid state
gro(r)rﬁ d:: lanthanide lasers operating in the mid-infrared (MIR). This provides motivation to study the spectroscopy of
Mid-infrared lanthanide ions in bromide, chloride and fluoride materials, which have relatively low phonon energies. In this
spectroscopy article, the MIR spectroscopy or praseodymium ions in five different host materials is studied, specifically

Lasers KPb,Brs (KPB), LaF3, KYF4 (KYF), BaY,Fg (BYF) and YLiF, (YLF) host crystals. The MIR emission cross sections
have been measured from 3 to 6 um and reciprocity of absorption and emission is utilized to validate the results.
The lifetime dynamics in the MIR are covered for various pump and emission wavelengths. Results are also
presented on MIR emission from 6.5 to 8.5 um in a Pr: KPB crystal, which, to the best of the authors knowledge,
is the first such measurement of luminescence in this wavelength range that has been published. © 2018 Elsevier
Science. All rights reserved

1. Introduction

Most lanthanide doped solid-state materials can produce laser wa-
velengths in the near-infrared (NIR) from 0.75 to 1.4 um, or short wa-
velength infrared (SWIR) from 1.4 to 3 pm. However, it becomes in-
creasingly difficult to generate wavelengths in the mid-wavelength
infrared (MWIR) from 3 to 8 um and beyond. We use the term mid-
infrared (MIR) to specifically refer to the MWIR wavelength range [1].
The great challenge in solid-state lasers for MIR operation is finding
materials that offer low phonon energies. Solid-state lasers that have
wavelengths longer than about 3 um are usually quenched by non-
radiative processes, resulting from the generation of phonons, which
are the quanta of the crystal lattice vibrations. When the energy gap
between two adjacent manifolds is less than about 5 times the max-
imum phonon energy, the nonradiative transitions results in lumines-
cence quenching of the upper manifold. Hence, developing efficient
MIR lasers with wavelengths longer than about 3 um requires host
materials with relatively low phonon energy. These typically include
halide crystals (bromide, chloride and fluoride), sulfides (thiogallates)
and glass materials like chalcogenides that can also be used.

Towards developing viable lasers in the MIR, we have investigated
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the spectroscopy of Praseodymium (Pr**) ions in five host materials
from 3 to 6 um. The host materials investigated are KPb,Brs (KPB),
LaF3, KYF,4 (KYF), BaY,Fg (BYF) and YLiF, (YLF), which have maximum
phonon energies of 138, 392, 350, 415 and 490 cm” Y, respectively
[2-6]. The Pr emission from 3 to 6 um is complicated by the fact that
several different possible channels for the emission exists, including the
3F, — °F,, °F; — %Hq, ®Hg — °Hs and 3Hs — ®H,. To narrow the
contributing channels, pump sources at 1.55 um and 1.9 pym were used
to excite the samples, but there was virtually no difference in the ob-
served spectra. The 3-6 um Pr emission, therefore, is likely due to just
the ®Hg — °Hg and the ®Hs — ®H, transitions. The measurements
conducted include emission cross sections and lifetime dynamics. Re-
ciprocity of absorption and emission is also used to validate the emis-
sion measurements with good agreement being found for all materials
investigated.

Regarding applications, laser demonstrations in the MIR remain in
their infancy, with very few examples to date. Efforts to develop MIR
lanthanide based solid state lasers can be of substantial benefit in
producing sources for the spectral ranges 3-8 um, a region that is rich in
many atmospheric molecular gasses [1]. The impact is clear, and in the
MIR region, broad spectral coverage buys access to chemical
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Table 1
Atomic and crystallographic parameters.
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Crystal Formula  Crystal Name  Crystal System  Space Group  Dopant Site N. Ny Lattice Parameters @A) Angular Parameters Ns (x10%2 cm™3)
a b c a B Y

KPb,Brs KPB Monoclinic 14 Pb>* 2 4 9.256 8.365 13.025 90 ~ 90 90 0.793

LaF3 LaF3 Trigonal 165 La®* 1 6 7.185 - 7.351 90 90 120 1.826

KYF,4 KYF Trigonal 144 Y3+ 1 18 14.060 - 10.103 90 90 120 1.041

BaY,Fg BYF Monoclinic 12 Y3+ 2 2 6.983 10.519  4.264 90 99.7 90 1.304

YLiF, YLF Tetragonal 88 Y3+ 1 4 5.166 - 10.733 90 90 90 1.396

"fingerprints," where molecules can be detected and distinguished with
great sensitivity. In fact, the region of the MIR from 3 to 5 pm is one of
the “fingerprint regions” of interest for remote sensing.

2. Low phonon materials

The Pr-doped crystalline materials studied in this article were
chosen for their relatively low phonon energies [2-6]. They consist of 1
bromide (KPB) and 4 fluorides (LaF5, KYF, BYF and YLF). In the case of
the fluoride crystals, the Pr®™" ions substitute for La®* in LaFs, and Y™
in KYF, BYF and YLF. For the bromide crystals (KPB), the Pr®* ions
substitute for Pb>* with charge compensation. There are two none-
quivalent octahedral sites for the Pb?* ions, but the predominant one is
observed to be octahedral with a coordination number of CN = 6. The
KPB and BYF crystals are biaxial, while the LaF3, KYF and YLF crystals
are uniaxial. Table 1 gives the crystallographic and atomic parameters
for KPB, LaF3, KYF, BYF and YLF [7-11]. In this table, N, is the number
of atoms in the atomic formula of the crystal for which the dopant ion
replaces, Ny is the number of formula units per unit cell of the crystal.
The lattice parameters of the unit cell are a, b, ¢, and the angular
parameters of the unit cell are a, B, y. These parameters can be used to
calculate the site density, Ng, of the available dopant sites as follows:

NN

N;
7

(€9)
where V, is the volume of the unit cell. For monoclinic crystals, V., =
abc(sin P), for trigonal crystal symmetry with hexagonal axes, V. = (3/
4)'252%¢, and for tetragonal crystals, V, = a%c. From these formulas for
V. and the values of N. and N, the site densities, N, are calculated in
Table 1. The concentration density of the dopant ions, Np, is then found
by multiplying the fractional concentration, Cs, by the site density, that
is, Np = CsNg, in units of 1/cm?>.

3. Experiment

Transmission spectra were recorded with a Perkin-Elmer Frontier
Optica FT-IR spectrophotometer in the range 3-6 um at room tem-
perature. A wire grid polarizer was used in the sample chamber to re-
cord polarized spectra. The transmission data was corrected for Fresnel
losses at the sample faces and used to obtain the absorption cross sec-
tion. For continuous luminescence measurements, a 1.5um erbium
doped fiber amplifier (EDFA) and a 1.9 um diode laser were used as
pump sources. The collected luminescence was focused by a CaF, lens
on the slit of a 0.5-meter SPEX monochromator after passage through a
chopper providing the reference signal for a lock-in amplifier. The
grating was 150 gr/mm blazed at 5.0 um. Detection of the signal was
achieved with a liquid nitrogen cooled Judson J15D12 mercury cad-
mium telluride (MCT) detector. A Stanford Research Systems model
SR530 DSP lock-in amplifier was used for signal amplification and di-
gitization. The digitized signal was collected by scanning software on
the computer for storage. Polarization selection of the luminescence
signal was achieved by placing a wire grid polarizer between the fo-
cusing lens and the entrance slit of the spectrometer. Appropriate cut-
off filters discriminated against wavelengths below ~3 um. A Mercury

(Hg) lamp was used to calibrate the wavelength and an Oriel blackbody
source, model 67036, was used to correct for grating efficiency, de-
tector response and other optical elements of the system. Lifetimes were
measured using a VIBRANT (HE) 355 II OPO pulsed laser source, tun-
able from 0.4 to 2.4 ym, and an MCT detector and amplifier combina-
tion signal was processed by a digital oscilloscope for storage. Narrow
band filters were used to select the wavelength of the luminescence.
Concentrations of the Pr doping is 1.0%, 1.5%, 1.25%, 1.0% and 1.0%
in KPB, LaF3, KYF, BYF and YLF samples, respectively.

4. Results
The most general form for the emission cross section using the beta-
tau method is the following [12],

3 L)
87en’ (4/B) f $1I() + L,(A) + L.(A)]AdA

o) =
(2

where p is the polarization. n is the index of refraction, t, is the ra-
diative lifetime and { is the branching ratio, For isotropic crystalsa = b
= ¢, while for uniaxial crystals a = b, and for biaxial crystals a, b and c
are unique. The crystals in this study are uniaxial and biaxial. For the
case of uniaxial crystals there is i (E || ¢) and o (E L c¢) polarization,
denoting whether the electric field of the luminescence is parallel to or
perpendicular to the c-axis, respectively. For biaxial crystals, there are E
|| a, E || band E || ¢, denoting the polarizations for the electric field of
the luminescence parallel to the respective axis.

The absorption cross sections for a given polarization is determined
with knowledge of the dopant concentration and absorption path length
according to [12],

o

z[(

where Ng is the site density available to the dopant ion, Cs is the
fractional dopant concentration in percent/100, [ is the absorption path
length, n is the index of refraction, and T(A) is the transmission of the
sample as measured by the spectrophotometer. The factor (n®> +1)/2n
accounts for the Fresnel reflections at the surfaces of the crystal. Re-
fractive index values are found in the literature [2,12-14]. Values for
KYF were not available, so refractive index values for YLF were used
instead.

The emission and absorption cross sections are related through a
reciprocity relation requiring some knowledge of the energy levels of
the ground state manifold and an excited state manifold [12],

) 4

where Z; and Z, are the partition functions of the lower and upper
manifolds, respectively. Ez; is the zero-line energy, defined as the en-
ergy difference between the lowest Stark levels of the upper and lower
manifolds. k is Boltzmann's constant and T is the temperature.
Polarized emission spectra were measured in the region from 3 to
6 pm. The spectra were corrected for system response (grating effi-
ciency, detector response and other elements of the collection system)
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Table 2
Pr-doped material parameters.

Material Z;/ Z, Egz (cm™1) Judd-Ofelt Parameters (x10~2° cm?) 7, (ms)
Q, Q Q¢

KPb,Brs 0.925 2178 8.63 6.11 1.94 40

LaF3 0.925 2178 0.13 0.70 9.60 72

KYF, 0.742 2253 3.92 1.78 7.94 106

BaY,Fs  0.676 2175 0.00 10.47 12.90 56

YLiF, 0.742 2253 0.00 8.07 7.32 104

with a blackbody source, and the emission cross section calculated
using Eq. (2). Since the KPB sample was unoriented with respect to the
a, b, and c axes, only the unpolarized emission was measured. The ra-
diative lifetimes for Pr-doped KPB, KYF, BYF and YLF were obtained
from Judd-Ofelt (JO) parameters available in the literature [15-18],
while for Pr:LaF3 an independent JO analysis was done. Polarized
transmission spectra were measured from 3 to 6 um, corrected for
Fresnel reflections at the surface ends and absorption cross sections
calculated using Eq. (3) with knowledge of the site density, N, frac-
tional Pr concentration, Cs, and path length of the sample, L. Just as
with emission, the KPB sample transmission spectra was unpolarized for
the same reason as in the emission studies. The absorption spectra were
used to produce derived emission spectra from the reciprocity relation
in Eq. (4), using relevant parameters given in Table 2. The parameters
used require information on the energy levels for Pr-doped KPB, LaFs,
KYF, BYF and YLF [19-21]. Values for energy levels of Pr:LaF; and
Pr:YLF were used for Pr:KPB and Pr:KYF, respectively, due to lack of
data for the later.

Overall, there is good agreement between the measured emission
cross sections and those derived from absorption. Fig. 1 shows the ab-
sorption cross section, emission cross section and emission derived from
absorption for Pr:LaF; with sm-polarization. The absorption spectra are
due to the transition from the ground state to the first excited state, i.e.,
the ®H, — °Hs transition. As noted in the introduction, however, sev-
eral possible channels for the emission exist, depicted in the energy
level diagram in Fig. 2. Pump sources at 1.55um and 1.91 um were
used to excite the Pr-doped samples, but there was virtually no differ-
ence in the observed emission spectra. The Pr emission in the crystals
studied, therefore, is likely solely due to just the *Hs — >Hs and the >Hs
— 3H, transitions, and predominantly the later.

The measured emission cross section and those derived from ab-
sorption were also compared for Pr:KPB, Pr:KYF, Pr:BYF and Pr:YLF.
The spectra are shown in Figs. 3-6, but without the absorption cross
section for clarity of presentation. Just as for LaFs, the agreement is
quite good in overall shape of the spectra. The spectra of Pr:YLF for the
derived emission is unusual on the long wavelength side in rising off

Fig. 1. Cross sections for Pr:LaFs, wt-polarization.
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Fig. 2. Energy level diagram for Pr:LaFj.

Fig. 3. Emission cross section of Pr:KPB, unpolarized.

Fig. 4. Emission cross section of Pr:KYF, m-polarization.

scale. This appears to be due to reaching the lattice absorption edge in
this particular crystal.

The lifetime dynamics were examined under pumping at 1.55 um
and 1.91 pm, corresponding to the ®F3 and °F, manifolds, respectively.
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Fig. 5. Emission cross section of Pr:BYF, E || y.

Fig. 6. Emission cross section of Pr:YLF, s-polarization.

Narrow band (NB) and long pass (LP) filters were used to discriminate
in favor of a particular emission wavelength. Due to the weak signal
available for these measurements, focus is given to the Pr:KPB sample,
which has the lowest phonon energy of the Pr-doped samples studied.
For pump wavelength (Ap) at 1.55um, emission (Ag) was seen at
1.6 pym, 2.4 pm, 4.7 pm and 7.4 pm. Pumping at 1.91 um, emission was
seen at 2.4 pm and 4.7 um. The results of these lifetime measurements
are summarized in Table 3.

The results for the lifetime measurements are consistent with what
would be expected. The 3F; lifetimes with 1.55 um pumping for both
the 1.6 um and 7.4 pm transitions are approximately the same, as they
should be. The 3Hg and >Hs lifetimes for pumping at 1.55pum and
1.9 um are the same, as is also to be expected. These measured lifetimes
(z) can be compared with radiative lifetimes (t,) from the Judd-Ofelt
theory using the Judd-Ofelt parameters for Pr: KPB in Table 2. The
Judd-Ofelt values of the radiative lifetimes for the °Fs;, *Hg and *Hs
manifolds are 0.5 ms, 20 ms, and 40 ms, respectively. These agree rea-
sonably well with the measured lifetimes of 0.4 ms, 15 ms and 37 ms for
the °F;, Hg and ®Hs manifolds as shown in Table 3. The measured
lifetime curves are shown in Fig. 7 on a log scale.

Table 3
Emission lifetime measurements for Pr: KPB.

Ap (um)  Pump transition Ag (um)  Emission transition 7 (ms)  Filter

1.55 SH, — °F5 1.6 3F;3 — 3H, 0.42 NB1600
2.4 3He — *H,4 15.0 NB2470
4.7 *Hs — °H,4 37.0 LP4000
7.4 3F; — °F, 0.40 LP6210

1.91 SHy — °F, 2.4 SHe — °Hy4 15.0 NB2470
4.7 *Hs — °H,4 37.0 LP4000
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Fig. 7. Emission decay log plot curves for Pr:KPB.

An interesting aspect of the lifetime measurement was the detection
of emission from the 3F; manifold at 7.4 um. It was only observed when
pumping at 1.55pum directly into the 3F; manifold, but not when
pumping at 1.91 ym into the ®F, manifold. This provided some in-
centive to endeavor a measurement of the emission spectrum also. This
required a special grating, 120 gr/mm blazed at 7.7 um, which fa-
cilitated detection. To the best of the authors knowledge, this is the first
such observation of an emission spectrum in Pr-doped materials for the
3F, — 3F; transition in the 7 um region for halide crystals, shown in
Fig. 8.

Bowman, et al. [22], has demonstrated laser action at 7 um in Pr:
LaCl; originating from the 3F; manifold, but no emission spectrum in
this wavelength region was reported in the article. The lifetime of the
emission was measured, however, and reported to be 0.9 ms. It is in-
teresting that Bowman, et al., observed upconversion to the *F; mani-
fold while pumping with 1.9 um. We did not observe this in our lifetime
measurements pumping at 1.91 um in Pr: KPB, though our OPO pump
source only generated < 10 mJ, perhaps insufficient to see the upcon-
verted emission signal.

The emission spectrum reported here in the 7 um wavelength region
for Pr:KPB has approximately the correct wavelength span that would
be expected. Since the energy levels for Pr:KPB are not available,
Pr:LaF3 energy levels can be used to estimate the approximate expected
span in wavelength. For LaFs, the Stark levels range from 6450 to
6719cm ! for the *F; manifold and 5134 to 5276 cm ™! for the °F,
manifold. From these energy level values, the range of expected wa-
velengths for the 3F, — 5F, transition is calculated to be 6.3 to 8.5 um,
which agrees fairly well with the observed emission spectra of Pr:KPB in
Fig. 8. Unlike the ®Hs — ®H, spectrum for Pr:KPB in Fig. 3, reciprocity
can not be used as a check on the shape of the spectrum since the 7 um
transition does not terminate on the ground state. Nevertheless, the
lifetime measurements and the wavelength span give a level of

Fig. 8. °F; — °F, emission spectrum in Pr:KPB.
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confidence to the results.
5. Summary

The MIR spectroscopy for five Pr-doped crystals has been in-
vestigated. The crystal hosts are KPb,Brs (KPB), LaF;, KYF,; (KYF),
BaY,Fg (BYF) and YLiF, (YLF). Emission and absorption cross sections
were measured in the 3-6 pm wavelength region. Derived emission
spectra were produced from the reciprocity of absorption. This pro-
vided a way to validate the measured MIR emission spectra, since the
spectral landscape here remains relatively unexplored and there are few
examples to rely on as a basis of comparison. Transient decay mea-
surements were also performed to asses the excitation dynamics and
lifetime of the ®Hs, ®Hg, and 3F; manifolds. The results for the lifetimes
are self-consistent for the Pr:KPB sample, and in fair agreement with
radiative lifetimes determined from Judd-Ofelt parameters utilized.

In addition to the measurements in the 3 — 6 um MIR wavelength
region, the emission from 6.5 to 8.5um region in Pr:KPB has been
measured, and supporting evidence for its validity is given. The evi-
dence mainly relies on lifetime measurements and the span of the
spectral range, which indicate this is emission from the 3F; — °F,
transition. To the best of the author's knowledge, this is the first such
measurement of ~ 7 um emission spectra in lead halide crystals, though
laser action was demonstrated near 7 um in a Pr:LaCl; crystal over 20
years ago [22].

In a sense, this study overall is a first of its kind in the MIR spectral
region from 3 to 8 um, in that it does not focus on a particular crystal
structure, but examines Pr** ions in five different low phonon crystal
structures. This is important to assess the potential of various low
phonon hosts for laser action in the MIR. It provides inspiration for the
exciting prospect of developing lasers at such long wavelengths and
utilizing them in various applications, such as remotes sensing or de-
fense and security.

When the laser was first invented in the 1960's, it was said to be an
invention in search of an application. Today, the reverse is true and
applications are in search of lasers. Though a small sector of the laser
market, MIR lasers have been one of the fastest growing in recent years.
There is a wide spectral landscape from 3 to 8 um open to exploration
and MIR solid state lasers can certainly play a role in offering laser
devices where there is a need for various applications. The challenge

Journal of Luminescence 197 (2018) 349-353

ahead is to advance MIR laser devices to offer viable advantages and
alternatives to conventional IR lasers traditionally operating the 1-2 um
wavelength region.

From a research and development perspective, the field of spec-
troscopy and lasers in the MIR is a relatively new field of study evolving
over the last 20 years and driven by advances in development of low
phonon hosts such as lead halide crystals (i.e., KPb,Brs, RbPb,Cls),
thiogallate crystals (i.e., CaGa,S4, PbGasS,), and chalcogenide glasses
(i.e., GespAsypSesp). This has provided the motivation to study new
materials that meet new objectives.
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