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ABSTRACT

In this work, cw and pulsed ~ 1532 and ~ 1440 nm laser excitation of the 4113/2 band of Er3+ and 3F3,3F4 band of Pr3+ was explored in
low phonon-energy hosts KPb2C15 and KPb2Br5. Crystal growth along with upconversion and eye-safe emission (~ 1.5-1.6 pm) studies
were conducted on both Er3+ and Pr3+ doped materials. Excitation spectra and emission decay transients of the infrared (419/2-->4115/2)
and green upconversion (2H11/2 + 4S3/2-->4115/2) originating from Er3+ doped KPb2Cl5 and KPb2Br5 revealed that energy transfer
upconversion (ETU) is the origin of the infrared and the green upconversion under 1532 nm excitation. Relative population calculations
indicated that infrared upconversion is approximately two orders of magnitude stronger relative to the green upconversion. Interestingly, the
upconversion microparameters for the infrared upconversion are very small having the values CDA ~ 3.5x10-42 cm6/s and CDA ~ 2.0x10-
42 cm6/s for Er: KPb2Cl5 and Er: KPb2Br5, respectively. Due to the strong spectral overlap of the 4113/2-->4115/2 emission and 4115/2 --
>4113/2 absorption bands Er-Er migration is believed to be assisting the energy transfer upconversion process in both Er: KPb2Cl5 and Er:
KPb2Br5. Calculations indicated that the probability for energy migration is large yielding donor-donor critical radii of RDD ~ 16 A and
RDD ~ 17 A for Er: KPb2Cl15 and Er: KPb2Br5, respectively, which are quite large but not unexpected due to the small stokes shifts
between the 4113/2-->4115/2 emission band and 4115/2-->4113/2 absorption band of Er3+ in KPb2Cl5 and KPb2BrS5. Visible upconversion
was also observed in Pr3+ doped KPb2Cl5 and KPb2Br5 under ~ 1440 nm excitation where the emission originates from the 3P0, 3P1, and
1D levels. Emission decay measurements imply that ETU is the basis of the upconversion in Pr3+. Eye-safe emission (1.5-1.6 um) arising
from the 4113/2-->4115/2 of Er3+ and 3F3,3F4-->3H4 of Pr3+ accompanied upconversion and the relative population calculations for Er3+
indicated that both Er: KPb2Cl5 and Er: KPb2Br5 4113/2-->4115/2 infrared emission is dominant relative to the visible and infrared
upconversion emission. Pr3+ doped in KPb2Cl5 and KPb2Br5 appears to be an attractive laser-ion given that upconversion seems to be less
severe relative to Er3+ and in addition, it possesses superior absorption, emission and emission gain cross-sections relative to Er3+ doped in
KPb2Cl5 and KPb2Br5.
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I. Student Research and Outreach Activities

The PI trained a number of students (e.g. figures la, 1b and 1c) to conduct basic spectroscopic
measurements on Er: KPb,Cls and Er: KPb,Brs crystals and present work at meetings. In addition, the
students were informed on how to purify and grow these materials via visiting the crystal growth facility

at Hampton University.

(b)

_ i

Figure 1 (a) Joelle Dick and Raven Wright are weighing purified KPb,Cls and ErCl; (in glove box) for
loading into a cleaned quartz ampoule for crystal growth of Er: KPb,Cls. (b) Students aligning

experimental setup for spectral emission studies of Er: KPb,Cls.

Outreach activities related to alternative energy was carried out by the P.I. (Dr. Althea G. Bluiett) along

with undergraduate Elizabeth City State University (ECSU) students. These students were involved with



constructing and setting up the demonstrations and traveling with me to visit K-12 students. The goal of
this project was to inform and garner interests as well as excitement in science in K-12 students via hands
on activities and demonstrations. The hands-on activities included the following: building a hand electric
generator, building an electric motor, producing hydrogen gas to operate a fuel cell car, and producing
electricity using a bicycle generator. The demonstrations/hands-on activities are reusable and therefore
can supplement physics lectures and laboratories which impacts ECSU undergraduate STEM students as
well as summer high school and middle students who participate in summer programs at ECSU. 1
participated in Port Discover’s Earth Day festival in Elizabeth City, North Carolina (figure 2). This

occasion celebrates our planet Earth and informs the community on how to be more “green”. My part in

Figure 2. Earth Day Festival in Elizabeth City, North Carolina

this festival was to inform the community on alternative forms of energy which involved employing two
bicycle electric generators to convert a child’s energy of motion into electricity which powered a slot-car,
mini ferris-wheel, and a radio. To make the activities more interesting, a voltmeter was attached to the
bicycle generator so that children could compete on who can produce the most voltage while pedaling the
bicycle. In addition, ECSU students introduced the children to the mechanism behind an electric generator
via dissecting a hand electric generator and identifying the basic components required to produce
electricity. Listed below are other groups of K-12 students that were also impacted by the Department of
Defense (DoD) funds:

(1) Elementary students at the Museum of the Albemarle during the spring 2013 (figure 3a)
(2) Elementary students at Port Discover during the spring of 2013 (figure 3b )

(3) Warren County middle school students visited ECSU during the fall of 2013 (figure 4)
(4) Elementary kids at Port Discover Summer Camp during the summer of 2014 (figure 5)
(5) Children’s program at Pasquotank County Library during the summer of 2014 (figure 6)
(6) Girl’s Incorporated of the Albemarle during the summer of 2014 (figure 7).



I (a) I

Figure 3. (a) Joelle Dick is demonstrating how liquid nitrogen shrinks a balloon by the extremely cold
temperature reducing air pressure against its wall. (b) Terrance Pearson is demonstrating how we can

convert mechanical energy into electricity via a bicycle generator.



Figure 4. Warren County Middle school children.

Figure 5. Port Discover Science Camp.



Figure 6. Children’s Program at Pasquotank County Library.

Figure 7. Girls Incorporated of the Albemarle.



II. ABSTRACT

In this work, cw and pulsed ~ 1532 and ~ 1440 nm laser excitation of the *I,3» band of Er** and °F;,’F,
band of Pr’* was explored in low phonon-energy hosts KPb,Cls and KPb,Brs. Crystal growth along with
upconversion and eye-safe emission (~ 1.5-1.6 pm) studies were conducted on both Er’* and Pr’" doped
materials. Excitation spectra and emission decay transients of the infrared (419/2——>4115/2) and green
upconversion (ZHH/Z + 4S3/2-->4115/2) originating from Er' doped KPb,Cls and KPb,Brs revealed that
energy transfer upconversion (ETU) is the origin of the infrared and the green upconversion under 1532
nm excitation. Relative population calculations indicated that infrared upconversion is approximately two
orders of magnitude stronger relative to the green upconversion. Interestingly, the upconversion
microparameters for the infrared upconversion are very small having the values Cpa ~ 3.5x10** cm®s and
Cpa ~ 2.0x10™* c¢m®/s for Er: KPb,Cls and Er: KPb,Brs, respectively. Due to the strong spectral overlap of
the “I;3,>*1,5, emission and *I s, >3 absorption bands Er-Er migration is believed to be assisting the
energy transfer upconversion process in both Er: KPb,Cls and Er: KPb,Brs. Calculations indicated that the
probability for energy migration is large yielding donor-donor critical radii of Rpp~ 16 A and Rpp~ 17 A
for Er: KPb,Cls and Er: KPb,Brs, respectively, which are quite large but not unexpected due to the small
stokes shifts between the “I;3,>1;5, emission band and *I,5,>*113, absorption band of Er*" in KPb,Cls
and KPb,Brs. Visible upconversion was also observed in Pr** doped KPb,Cls and KPb,Brs under ~ 1440
nm excitation where the emission originates from the 3Py, P 1, and 'D levels. Emission decay
measurements imply that ETU is the basis of the upconversion in Pr’". Eye-safe emission (1.5-1.6 pm)
arising from the 11325, of Er" and 3F3,3F493H4 of Pr*t accompanied upconversion and the relative
population calculations for Er’ indicated that both Er: KPb,Cls and Er: KPb,Brs “I;3,>%1,5, infrared
emission is dominant relative to the visible and infrared upconversion emission. Pr’" doped in KPb,Cls
and KPb,Brs appears to be an attractive laser-ion given that upconversion seems to be less severe relative
to Er’" and in addition, it possesses superior absorption, emission and emission gain cross-sections
relative to Er** doped in KPb,Cls and KPb,Brs.

III. INTRODUCTION

Efficient laser emission in the 1.5 — 1.6 um eye-safe wavelength window continues to be of significant
interest for civilian and military applications [1-4]. Solid-state lasers based on the laser ion Er’* have been
extensively investigated in YAG as well as the sesquioxides and glass hosts whose inter-manifold
*I13,>15 laser transition conveniently overlaps the eye-safe wavelength window. The main issue with
the fabrication of an efficient Er’'solid-state laser system is the thermal loads that accompany the
pumping of the crystal. To reduce the effects of heat production extensive research is currently being
conducted on resonantly pumped Er''via 1.5 pum laser excitation [1-5]. Resonant excitation of Er’"
essentially refers to direct excitation of Er’* ions to the upper laser level. This excitation pathway is
currently being exploited for the difference in energy between the pump and laser wavelengths leads to
less quantum defect heating. Though, resonant pumping scheme is motivated by reduced quantum defect
heating, resonant pumping of Er’* suffers from the deleterious effects of energy transfer upconversion
(ETU), which is an additional channel for adding heat into the crystal. Furthermore, ETU removes
population from the upper laser level [6-9] which increases laser pump threshold. In addition to ETU,
upconversion due to excited state absorption (ESA) of the pump can add on to the thermal load. To
minimize the effects of upconversion, incorporating Er’" into relatively new solid-state gain media the
ternary lead halides (KPb,Cls, KPb,Brs, and RbPb,Cls) is of interest [8]. Ert’ upconversion has been
reported in KPb,Cls and KPb,Brs as well as other low phonon-energy hosts under ~980 nm or ~800 nm
laser excitation [10,11,12,13,14,15]. However, less work has been reported on the upconversion dynamics
under resonant pumping of the ‘I3, absorption band of Er’* in low phonon-energy hosts [8,16]. In this
study we will explore the Er’'upconversion and 1.5 um eye-safe emission in KPb,Cls and KPb,Brs under
~ 1532 nm laser excitation. In addition to Er’’, triply ionized praseodymium has been extensively



investigated in glass hosts and crystals because of its multiple metastable states in the visible wavelength
region. Incorporating Pr’" in low phonon energy hosts such as LaCl;, KPb,Cls, KPb,Brs and RbPb,Cls
allows the possibility to extend the metastable states into the mid-infrared regime. For instance, lasing
between 1.3-7.2 um from Pr’" has been demonstrated in the low phonon energy host LaCl; [17,18] and
lasing between 2.3 — 2.5 um [19] in Pr: RbPb,Cls was demonstrated. Very recently, 1.6 um lasing
originating from resonantly pumped Pr’* in the low-phonon energy host RbPb,Cls was reported —at
cryogenic temperature [20]. Stimulated by these results there is interest in exploiting the *Fs,’F,~> H, 1.6
um transition of Pr’" in KPb,Cls and KPb,Brs for this transition also overlap the eye-safe wavelength
window (1.5 — 1.6 pm). In this report a comparative study of the spectroscopic characteristics of
resonantly pumped Er’* and Pr’" singly doped in the low phonon-energy hosts KPb,Clsand KPb,Brswill
be discussed.

IV. Experimental Conditions

The absorption spectra for the investigated samples were collected by either utilizing a Nicolet 6700
Fourier-transform infrared spectrometer or a Cary 5000 spectrophotometer. The emission spectra were
generated by pumping the *I;3, absorption band of Er’* with an Er-fiber laser operating at approximately
1532 nm, whereas the °F;,’F, absorption band of Pr’‘was pumped by exciting it with ~1440 nm line from
a diode laser. Spectral response of the experimental setup was corrected by employing a quartz tungsten
halogen calibration lamp from Newport Corporation. The ~1505 nm and 1436 nm outputs of Nd: YAG
pumped optical parametric oscillator system (5 ns pulses, 10 Hz) were utilized for 1.5-1.6 um infrared
emission decay measurements of Er'" and Pr’*, respectively. Both temporal and spectral visible
upconversion emission from Pr’*were generated by employing a Nd: YAG pumped OPO operating at
~1550 nm and direct visible emission spectra and decay transients were produced by tuning the OPO to
474 nm and 590 nm. Excitation spectra were collected by exciting Er’” at a range of wavelengths
overlapping the *I;3, absorption band via the idler beam of a Nd:YAG pumped OPO and processed using
a boxcar averaging system. Low temperature measurements were conducted using a two-stage closed-
cycle helium refrigerator.

V. Crystal Growth

The growth of Er: KPb,Cls, Er: KPb,Brs, Pr: KPb,Cls and Pr:KPb,Br; is highly dependent on the quality
of the starting materials (KCl, KBr, PbCl,, PbBr,, PrCl;, PrBr;, ErCl; and ErBr;) that is purchased
commercially. Because of this, stoichiometric amounts of ultra-dry, high purity materials were purchased
from Alpha Aesar and accurately measured inside an argon-purged glove-box and loaded into a
thoroughly cleaned and baked quartz ampoule. Even though commercially purchased materials are ultra-
dry, there could still remain traces of water as well as oxidic impurities that must be removed. These
impurities will be embedded in the melt and will hinder normal growth of single crystals, and can
possibly function as emission quenching centers. Consequently, the loaded ampoule of starting material
was initially dried under vacuum at ~120° C and ~ 107 Torr for 24 hours and then vacuum sealed. The
material was then melted and purified via 10-15 uni-direction translation within a zone-refiner, where
most of the impurities drifted to the ends of the ampoule and the middle portion of the synthesized
material was free from oxide and lead impurities. The dopant materials PrCl;, PrBr;, ErCl; and ErBr; also
hydrolyzes in the presence of moisture and was purified through a similar zone-refinement technique as
well. To synthesize the rare-earth doped chloride and bromide materials purified KPb,Cls, KPb,Brs, and
dopant materials were initially melted in an argon (or nitrogen gas) environment for ~ 1 hour. To
minimize the decomposition of the material into lead impurities, the material was chlorinated or
brominated via bubbling HCI or HBr gas into the melt for 3 hours using small capillary tubing. This was
followed by flushing the material with argon gas (or nitrogen gas) and then rapidly cooling to room
temperature. The chlorinated or brominated material was loaded into a new ampoule and grown via



modified Bridgman growth. Figure 8 displays polished samples of Er: KPb,Cls, Er: KPb,Brs, and Pr:
KszBI's.

S .y

Figure 8. Polished samples of (a) Er: KPb,Cls, (b) Er: KPb,Brs, and (¢) Pr: KPb,Brs grown at Hampton
University.

VI. Absorption Coefficient of Er’" and Pr'* Doped in KPb,Cls and KPb,Brs

Figure 9 displays the intra-4f absorption bands of Er: KPb,Cls and Er: KPb,Br; crystals measured between
400 — 1800 nm. The lowest-lying band is centered ~ 6700 cm™ (*I;3,,) above the ground state, providing a
channel for 1.5 pm eye-safe emission. This band is strongly coupled to 1.5 um diode laser sources which
allows for an efficient pumping scheme. The two crystals under study have similar Er-ion concentrations
of 5.3x10" ecm™ and 4.1x10" cm™ for Er: KPb,Cls and Er: KPb,Brs, respectively. The absorption cross-
sections at the 1532 nm pump wavelength are ~ 0.6x10° cm” and ~ 0.8x10° cm” for Er: KPb,Cls and Er:
KPb,Brs, respectively. Depicted in figures 10a and 10b are the intra-4f absorption bands from Pr: KPb,Cls
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Figure 9. Unpolarized, room temperature absorption coefficient spectra of (a) Er: KPb,Cls and
(b) Er: KPb,Brs.

and Pr: KPb,Brs, respectively. The *F5+°F, absorption band is of interest for pumping Pr’" in the hopes for

efficient eye-safe emission in the 1.5-1.6 um range. The absorption cross-sections at the 1532 nm pump
wavelength are ~ 1.4x10%° cm? and ~ 0.78x10™° ¢cm? for Pr: KPb,Clsand Pr: KPb,Brs, respectively.
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Figure 10. Unpolarized, room temperature absorption coefficient spectra of (a) Pr: KPb,Cls and
(b) Pr: KPb,Brs.

VII. Optical Emission and Absorption Spectroscopy of Er’* Doped in KPb,Cls and KPb,Brs
A. Room Temperature Measurements

Figures 11a and 11b present the room temperature, blackbody corrected T35 2,5, emission cross-

sections arising from both Er: KPb,Cls and Er: KPb,Brs, as well as their respective B PP S absorption

cross-sections. The emission cross-sections were calculated using the Fiichtbauer-Landenburg relation

[21,22]:

1 g A1)
8m’c 1, J./U(/i)dxl

(1)

O-Em[Ss

where, ¢ is the speed of light, n is the index of refraction of the crystal and tr,q is the radiative emission
decay time. The absorption cross-sections were determined by dividing the absorption coefficient by their
respective Er’* ion concentrations. The emissions were generated by exciting Er’* with ~140 mW of 1532
nm laser excitation. To visualize the entire *I;3, >*I;s, emission band free from laser scattering the
emission spectra were measured under both 970 nm and 1532 nm laser excitation and then the two spectra
were joined together. This is necessary for the 1532 nm pump wavelength is coupled to the M3 2150
emission band of Er’". As can be observed in figure 11 the emission spectra are weakly stokes shifted
from their respective absorption spectrum, which is characteristic for trivalent rare earth ions doped in
solid-state hosts materials. The peak emission cross-section of Er’“does not vary significantly between the
two hosts KPb,Cls (61537 ym ~ 0.9 sz) and KPb,Brs5 (61540 nm ~ 1.6crn2) and in fact have values similar to

Er: YAG (61537 1m ~ 1.7 crnz). The overall dominant emission under resonant 1.5 um pumping of both
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Figure 11. Room temperature absorption and emission cross-sections from (a) Er: KPb,Cls and (b) Er:
KPb,Brs.

Er: KPb,Cls and Er: KPb,Brs stems from the *I;5,=>1,5,, stoke emission. As is well understood, resonantly
pumping Er'" via ~1500 nm laser excitation is of current interest for 1.5-1.6 pm eye-safe laser
applications for the inherently smaller quantum defect between the pump and the laser wavelength
automatically reduces heat deposition into the crystal. However, due to the resonances within the energy
levels of Er’", other channels of heat production arises through the well-known upconversion processes.
Consequently, besides the 1.5 um stokes emission, upconversion emission (also known as anti-stokes
emission) was also observed in the infrared as well as in the visible regime. The dominant upconversion
emission is in the infrared and corresponds to the 419/2 >4 152 transition of Er*" and peaks at ~ 805 and 807
nm for Er: KPb,Cls and Er: KPb,Brs, respectively (figure 12). A weaker infrared upconversion emission
band corresponding to the 4S3/2 94113/2 transition of Er** peaks at 856 nm and 858 nm for Er: KPb,Cls and
Er: KPb,Brs, respectively (figure 12). The dominant ‘I, 21,5, infrared upconversion is typical in low
phonon-energy hosts. For example, under similar pumping conditions, Er: Yttria dominant upconversion
transition is not the *Iy» 1,5, but rather the visible transitions (figure 13). This observation is due to the
fact that Yttria has larger phonon energy (~ 450-550 cm™) relative to KPb,Cls (~ 203 cm™) and KPb,Brs
(~ 138 cm™) and therefore multiphonon emission from the “Iy, is more competitive. In even larger phonon
energy hosts such as YAG the o, DYy upconversion is negligible. The most intense visible
upconversion emission arising from Er: KPb,Cls and Er: KPb,Brs is green and stems from the 483051

transitions of Er’* and peaks at ~ 548 nm for both Er: KPb,Cls and Er: KPb,Brs. A second, weaker green
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Figure 13. Room temperature emission from Er: Yttria ceramic.

upconversion emission band ’H,,,>L;5, was also observed and is situated at 527 and 528 nm in Er:
KPb,Cls and Er: KPb,Brs, respectively. The ’H,,, is only ~800 cm’ above the *S;, and can be bridged by
high frequency phonons, consequently the *H;;» and *S;, are thermally coupled at room temperature.
Thus, at 300 K these two states will be treated as one state and will be labeled as Hy10+*S30.

Considerably weaker red upconversion at ~ 669 nm (4F9/294Il5/2) and blue upconversion at ~ 411 nm
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(2H9/294115/2) were also observed and was more pronounced in Er: KPb,Cls. It should be mentioned that
the intensity of the blue emission was limited by the spectral response of the experimental setup.
However, the blue emission is typically weaker under excitation of the *I;3», band of Er'* [2].
Consequently, the blue and red upconversion emission will not be discussed any further. As mentioned
carlier the most dominant upconversion emission at 300 K from Er: KPb,Cls and Er: KPb,Brs are the
green (2H1 | /2+4S3/294115/2) and the infrared (419/2 >5). Similar observation was reported in the chloride-
based host Er: CsLu,Cly [16] under resonant pumping of the *I;5» band of Er’*. To quantitate this
observation the relative populations of the green emitting levels (2H11/2 + 4S3/2) and the infrared emitting
level (‘Io,) were calculated by using an expression from Quimby et al. [8]

R, N, W,

ni ni

ij N m Vij (2)

where p _:i J‘ il ( /1) drand R :hi j Al .(ﬂ)dl are the total photon emission rates stemming from the
ni hc ni mi c mi

n

n—>i and m—>j emission transitions, respectively, the ratio are the average population of the n and m

excited states, respectively, h is Planck’s constant, and c is the speed of light. W and W, are the
radiative rates coming from the n—=>1i and m—>j emission transitions, respectively. The total relative photon
emission rates were measured using the blackbody calibrated emission bands stemming from the
o> and *Hy o + *S3,> 5, transitions of Er: KPb,Cls and Er: KPb,Brs. Since the *H;,,, + *S3), are
thermally coupled at 300 K the effective radiative rate was calculated using the following expression [23],

_8u exp(—E/KT)WH +gsWs 3)
Wy
gy exp(— E/KT)+ s

where Wy and Wy are the radiative emission rate from the *Hjy, and *S;, levels, gy and gg are the
degeneracies of the ’H,,,and *S3) levels, respectively, and E is the energy gap between the ’H,,,and *S3)»
levels. The relative population of the green and 800 nm infrared emitting levels (Ngreen/Nir NMm) were
determined to be ~ 0.04 and ~ 0.02 for Er: KPb,Cls and Er: KPb,Brs, respectively, when excited with a
pump power of ~140 mW. This indicates that at moderate pumping power more Er’* ions are elevated to
the *Io, relative to the thermally coupled ’H,,, + *S3,, levels in both the chloride and bromide based hosts.
This observation is not unexpected since the Hyp + *S30>M s upconversion is a higher order process,
which results in smaller population density and therefore smaller population relative to the Ton>'is
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Figure 14. Schematic energy level diagram of Er’*. The filled circles represent Er’* population following
1532 nm laser excitation. The *Hy), and “Fy, also have some population but are weak and will therefore be
neglected. The unfilled circles represent energy levels that were depopulated following ETU.

infrared upconversion. The relative populations of the o, and *I;3, levels (Nir nm /Nys00) were
determined to be ~ 0.001 and ~ 0.0005 Er: KPb,Cls and Er: KPb,Brs, respectively, indicating that the
majority of the absorbed 1532 nm pump photons contributes to the 1.5 pm emission. According to
references [8] and [16] the infrared upconversion emitted in the 800 nm regime is attributed to a two-step
process, ground state absorption of the pump (‘I;s»=>"1;3,) followed by energy transfer upconversion
(‘Lis, T130) > ( 4115/2,419/2) (fig. 14;ETU1). It should be emphasized that ETU1 process removes 2 electrons
from the “I;3, level which is undesirable for laser oscillation from the *I;3,. Due to ETUI process
ETU2/ESA process is now attainable and removes an additional electron from the ;3. This is possible
because chloride and bromide based materials possess low phonon-energy and rapid multiphonon
emission to the next lower level (4111/2) after ETUI is less efficient making the Iy, a metastable state and
therefore an intermediate state for the green upconversion process via excited state absorption of the
pump (Pump + “Iy, >°Hyy + *S3,) and/or energy transfer upconversion (‘Ios, Ti32) > (*Hi + *S3a, Tisn)
(fig. 14; ETU2) [2,3]. A technique commonly used to decipher if ETU or ESA is populating upper energy
levels involves comparing the excitation spectrum of the upconverted emission with the corresponding
ground state absorption spectrum [10,11,15]. An indicator that ETU is active occurs when the excitation
spectrum of the upconverted emission looks comparable to the corresponding ground state absorption
spectrum [10,11,15]. Evidence of ESA occurs when the excitation spectrum of the upconverted emission
possesses additional absorption peaks not seen in the corresponding ground state absorption band. These
peaks represent additional absorption transition after ground state absorption [10,11,15]. Depicted in
figures 15a and 15b are the 300 K excitation spectrum of the *‘Io»>*Iis» and *Hyyp + *S30>%1isp
upconverted emissions from Er: KPb,Cls along with the N5 D13 ground state absorption band of Er:
KPb,Cls. It is evident that the excitation spectra in figures 15a and 15b are very close to the s> 130
ground state absorption band of Er: KPb,Cls indicating that ETU is likely responsible for the population in
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Figure 15. Room temperature excitation spectra of the upconverted emission from 419/29411 s of
Er’* overlaid with the 300K “I;5» >3, ground state absorption band for (a) Er: KPb,Cls and (c)
KPb,Br;s. Room temperature excitation spectra of the upconverted emission from Hyyp +
S3,>5 of Er'* overlaid with the 300 K *I;s» 2113 ground state absorption band for (b) Er:
KPb2C15 and (d) KszBI'S.

the “Io, and the thermally coupled ’Hy, + S5, levels rather than ESA. Figures 15¢ and 15d displays the
excitation spectra of the Ton>M 50 and *Hyyp + *S30> s upconverted emissions from Er: KPb,Brs and
the *I;s, 2113, ground state absorption band of Er: KPb,Brs. Similarly, the excitation spectra and the
ground state absorption band of Er: KPb,Brs are comparable which implies that ETU could be responsible
for populating the *Io» and *Hy;p + *Ssp levels. To further confirm the origin of the upconversion
mechanisms, the decay transients of the upconverted emissions were collected. Figure 16a displays the
Mo D15 decay transients of Er: KPb,Cls and Er: KPb,Brs after 1532 nm pulsed laser excitation (~5 ns).
The transients show a rise time after the laser pulse followed by a decay time of T ~ 5.9 ms and t ~ 4.2 ms
for Er: KPb,Cls and Er: KPb,Brs, respectively. The emission decay times are significantly longer relative
to direct excitation of the “Io) (T ~ 2.4 ms [24] for Er: KPb,Cls and t ~ 1.9 ms [13] for Er: KPb,Brs). This
feature is indicative of nonradiative ETU process taking place [16]. Furthermore, another characteristic
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Figure 16. (a) Room temperature upconverted emission decay transients of the Top>Y,5 of Er**
from Er: KPb,Cls and Er: KPb,Brs. (b) Room temperature upconverted emission decay transients
of the *Hy 1+ *S35> 15 of Er** from Er: KPb,Cls and Er: KPb,Brs.

of ETU is that the decay time of the upconverted emission corresponds to the decay time of the
intermediate state [16]. As just mentioned, the decay time of the upconverted 419/294115/2 emission from
Er: KPb,Cls and Er: KPb,Brs are 5.9 ms and 4.2 ms, which are very close to the decay time of the
intermediate state (‘I;3,) which are 4.2 ms [24] and 4.6 ms [13], respectively. In the case of the radiative
ESA process, the decay occurs immediately after the laser pulse given that ESA occurs only during the
laser pulse. The decay time of the upconverted emission via ESA is similar to the decay time after direct
laser excitation [11,16]. Displayed in figure 16b are the decay transients of the Hyyp + %S5,
emission, where there is a rise time after the laser pulse followed by a decay times of T ~ 3.1 ms and t ~
1.9 ms for Er: KPb,Cls and Er: KPb,Brs, respectively. The emission decay times are significantly longer
relative to direct excitation of the H;,» + *Ss/ (t ~238 us [11] for Er: KPb,Cls and t ~180 ps [13] for Er:
KPDb,Brs). It has been reported that excited state absorption is likely the mechanism responsible for the
green upconversion in Er: KPB,Clsunder excitation of the s [8], however the decay transient in figure
16b along with the excitation spectrum of the Hy1p+ *S302>Y,5 upconverted emission from Er: KPb,Cl;
suggests that ETU is responsible for populating the Hy1n+ *S3,>,5 levels for both the chloride as well
as the bromide hosts. In addition, the decay time of the upconverted Hy1 + *S3,>115 emission from
Er: KPb,Cls and Er: KPb,Brs are 3.0 ms and 1.9 ms, which are very close to the decay time of the
intermediate state (‘) which are 2.4 ms [11] and 1.9 ms [13], respectively. Consequently, population
within the *Iy» and *Hy,, + *S35, levels are assigned to the energy transfer upconversion processes (4113/2,
4113/2)9( 4115/2, 419/2) and (4113/2, 419/2)9( 4115/2,2H11/2 + 4S3/2), respectively. Due to the observed energy
mismatch between the donor and acceptor transitions the energy transfer processes are nonresonant. In
addition, this nonresonant process is exothermic in nature indicating that the donor ions transition energy
is greater than the acceptor ion transition energy and therefore phonon emission accompanies the energy
transfer and has a relatively higher probability of occurring compared to an endothermic phonon
absorbing process [25]. From the spectroscopic data the energy mismatches for Er: KPb,Cls were
approximated to be AE ~ 680 cm™ and AE ~ 590 cm™ for ETUI and ETU2, respectively, and for Er:
KPb,Brs AE ~ 620 cm™ and AE ~650 cm™ for ETU1 and ETU2, respectively. It should be noted that the
energy mismatches is the source of the heat load that accompanies ETU processes [8], which is
undesirable, especially at high pump intensities.
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The macroscopic upconversion coefficient K, is commonly used to gauge the strength of the energy
transfer process, where K,,N represents the probability per unit time that an Er’" ion in an intermediate
state (N= population density of intermediate state) is elevated to a higher state via upconversion [8,26].
This macroscopic coefficient can be approximated using the following equation [8,26]

27C
Ko @
where, Cpy is the microparameter for direct energy transfer and R is the minimum Er-Er distance . The
minimum Er’" distance is sensitive to Er’" substitution sites and will vary between 4 — 8 A in KPb,Cls[3].
The microparameter for energy transfer can be ascertained using Forster-Dexter theory [27,28] for electric
dipole-dipole resonant energy transfer shown in equation (5),

1
Coy = _RgX ®)

o
where 1, is the emission decay time of the donor ion and Rpx (X = D for donor or A for acceptor) is the
critical radius for direct, resonant energy transfer. The critical radius is defined as the distance between a
donor ion and an acceptor ion at which the energy transfer probability is equivalent to the inverse of the
inherent emission decay time of the donor. Outside this distance energy transfer cannot take place. This
distance can be indirectly measured by utilizing the following equation [27]
3ct " Emis Abs

RS =—12 o (A)dA
0 =g 7] O (A)oy () ©

Emis Abs
where, ¢ is the speed of light, n is the index of refraction of the host material, op (1) and %x (1) are
the donor’s emission and the acceptor’s absorption cross-section (or donor’s absorption cross-section),
respectively. For the case of energy transfer upconversion, where excited ions are elevated to an even
Abs

higher energy level, Zx (4) is replaced with the excited state absorption cross-section e, (4). The
excited state absorption cross-section can be easily determined for the infrared upconversion process
(4113/2 + 30> Lisp + 419/2) by employing the Reciprocity relation and converting the 1.7 pm (419/294113/2)
emission cross-section of Er’* to the *I;3»>*lo» ESA cross-section. The Reciprocity relation is expressed
as follows:

Tt (V)= O s ? exp|(E, —hv)/kT] )
where, ogy and caps are emission and absorption cross-sections, respectively, Ez; is the energy of the
zero phonon line, Z; and Z, are the partition functions for the lower and upper states, respectively. Due
to the inherently low phonon energy of KPb,Cls and KPb,Brs the 1.7 pm emission can be easily measured
relative to hosts with higher phonon energies such as YAG as nonradiative decay rates are smaller in
chloride and bromide based hosts. Using equation (5) the microparameters for the infrared upconversion
process ETU1 were determined to be Cpys ~ 3.5x10™* ¢cm®s and Cpy ~ 2.0x10™* ¢m®s for Er: KPb,Cls
and Er: KPb,Brs, respectively. A similar infrared upconversion microparameter of Cpa ~ 2.6x10* cm®/s
was reported by Quimby et al.[8] for Er: KPb,Cls. These values are significantly smaller relative to the
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Figure 17. Normalized, room temperature 4113/294115/2 emission spectrum and 4113/29419/2 excited state
absorption spectrum from (a) Er: KPb,Brsand (b) Er: KPb,Cls.

microparameter for Er: YAG which is Cpa ~ 290 x10™* cm®/s [8]. The small microparameters is likely an
inherent property of the chlorides and bromides because the crystal field at the Er’* site is weaker
compared to fluorides and oxides and this results in small overlap integrals between the emission and
absorption band [15]. For example, depicted in figures 17a and 17b are the normalized N30y
emission spectra and 132>, excited state absorption spectra from Er: KPb,Brs and Er: KPb,Cls, and it
is apparent that the small microparameters is evidently due to the very weak coupling between the
emission and excited state absorption bands. The ETU microparameter for the green upconversion
emission (4113/2, 419/2)9( 4115/2,2H11 nt 4S3/2) cannot be easily determined using the above procedure because
the *H npt 4S3/29 419/2 emission is strongly coupled to other transitions and the branching ratios are small
therefore the 419/2 > 2H1 1t 4S3/2 ESA cross-section is not easily generated. However, it is anticipated that
the ETU2 microparameter is small since the process is nonresonant as well. The critical interaction radii
for ETUlwas calculated to be Rpy ~ 4.9 A and Rpy ~ 3.9 A for Er: KPb,Cls and Er: KPb,Brs,
respectively. This value is significantly small and is typical for nonresonant energy transfer, for example,
nonresonant Tm—>Tm energy transfer (3H4+3H693F4+3F 4) in LiYF, crystals yielded a critical interaction
radius of approximately ~ 6.0 A [25]. The small radius implies that excited *I;3,-Er’ ions must be very
nearby for direct transfer of energy and therefore direct energy transfer upconversion is less probable.
Using the calculated microparameters for the infrared upconversion the macroparameters for ETU1
ranges between K, ~ 43x10?%° - 11.5x10 cm?/s and Kipi ~ 0.82x10% - 5.5x10™% for Er: KPb,Cls and
Er: KPb,Brs ( R was approximated as 4 — 8 A in KPb,Brs) , respectively. These values are close to the
values reported by Quimby et al. [8], which are 1.06x10™° - 8.5x10° ¢cm’/s for Er: KPb,Cls. Interestingly,
the upconversion macroparameter for Er: KPb,Cls and Er: KPb,Brs are two orders of magnitude smaller
relative Er: YAG (K~ 25x10"% cm’/6 [8]) indicating that the infrared (4113/2, 4113/2)9( 4115/2, 419/2)
upconversion process is more aggressive in this host material and therefore more efficiently depopulates
the 4113/2, which is undesirable for an efficient 1.5 pm Er’" laser system. Though calculations indicate that
infrared upconversion is weak, experimental data illustrates non-negligible upconversion in moderately
concentrated samples and consequently it is presumed that the energy transfer between excited *I;3,-Er’”
ions is assisted by Er>Er migration between donors (4113/2+4115/2)9(4115/294113/2) until it comes into the
neighborhood of an acceptor where energy transfer between two excited *I;3,-Er’" ions can transpire. The
critical radius for Er>Er migration were calculated to be Rpp ~ 16 A and Rpp ~ 17 A for Er: KPb,Cls and
Er: KPb,Brs, respectively, which are quite large but not unexpected due to the small stokes shifts between
the “T;3,>*1;5,, emission band and “I;5,>"T;3, absorption band of Er*" in KPb,Cls and KPb,Br;s (figures
18a and 18b). Due to the nonresonant nature of the green upconversion it is presumed that this energy
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Figure 18. Overlap of room temperature s> absorption and *I;30> 152 emission bands from (a)
Er: KPb,Clsand (b) Er: KPb,Brs.

transfer process is as well assisted by Er—=> Er migration.

B. Temperature Dependent Measurements

The dependence of the emission intensities of the upconversion transitions Hyip + *S3p>Lisn and “Ios
5,55, and the *I,3, >*1;5 stokes transition on temperature for Er: KPb,Cls and Er: KPb,Brs are shown
in figures 19a — 19d. Similar to room temperature measurements, the samples were excited with ~ 140
mW of 1532 nm laser excitation. The integrated emission intensity were ascertained and it is apparent that
the green upconversion in Er: KPb,Cls does not change significantly between 300 K and 77 K, yet at 10 K
the integrated emission intensity is reduced by a factor ~ 0.6 relative to 300 K. Furthermore, at 77 K and
10 K there is negligible population within the *H;, given that the band is frozen out which indicate that
the *H,,, and *Ss), levels are no longer thermally coupled and therefore at low temperature population
predominantly resides within the *Ss,. In contrast, the integrated intensity of the green emission from Er:
KPb,Br;s exhibits significant increase between 300 K — 10 K, where at 10 K the emission
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Figure 19. Temperature dependent upconversion emission from (a) Er: KPb,Cls & (c) Er: KPb,Brs and
temperature dependent ~ 1.5 um emission from emission from (b) Er: KPb,Cls & (d) Er: KPb,Brs.

intensity is a factor of 7 larger relative to 300 K. Interestingly at 77 K, emission from the 2Hy,p is still
observed in Er: KPb,Brs, however at 10 K the *H;;, is frozen out as well. The *Io, >I;5, Infrared
upconversion integrated intensity exhibited a moderate increase in Er: KPb,Cls but there is a more
significant rise in Er: KPb,Brs. All these results illustrate that upconversion is very active and is not
extinguished at lower temperatures and this can be explained by the large donor-donor microparameter at
77K and 10 K, which were calculated to be Cpp ~ 68x10* cm®s and Cpp ~ 28x10™*° ¢cm®/s for Er:
KPb,Cls and Cpp ~ 153x10* ¢m®s and Cpp ~ 45x10*° c¢m®s for Er: KPb,Brs, respectively. The large
microparameter is not unexpected due to the significant overlap of the N30, and 115> 13
absorption and emission bands, respectively (figures 20a-20d). It was mentioned earlier that the
microparameter (Cp,) for direct ETU is small at 300 K and this is due to the weak spectral coupling of the
M135>,5, emission band and the *I;3,>1y,, excited state absorption band of the donor ion and acceptor
ion, respectively. It is presumed that the spectral coupling should be even less at 77 K and 10 K because
narrowing of the absorption and emission bands accompanies low temperature environments. Yet,
upconversion persists at low temperatures indicating that donor-donor Er migration is a very efficient
mediator for transferring energy to an acceptor at cryogenic temperatures. As the upconversion persist at
lower temperatures, the 1.5 um integrated emission intensity gradually falls between 300 — 10 K. This
observation could be due to reduced absorption at the pump wavelength and/or increased efficiency of the
two upconversion processes at lower temperatures. According to the low temperature absorption spectra,
there is some moderate reductions in the 1532 nm pump absorption between 300 — 10 K for both Er:
KPb,Cls and Er: KPb,Brs. However, one would presume a concurrent reduction of the upconversion
processes as well. It is apparent that the Er'" system is very complex more exploration is needed to
entangle the mechanisms dictating the observed phenomena.
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VIII. Optical Emission and Absorption Spectroscopy of Pr’* Doped in KPb,Cl; and KPb,Br;

The emission cross-section spectra of the 3F 3,3F493H4 transition of Pr’" in KPb,Cls and KPb,Brs was
generated by collecting an emission spectrum via ~1440 nm laser diode excitation of Pr’“and converting
the emission spectrum to emission cross-section using equation (1). Depicted in figure 21 are the
emission cross-section spectra originating from the 3Fg.,3F493H4 transition of Pr’" in KPb,Cls and
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KPb,Brs. As a comparison the emission cross-section of Er*" in the halide hosts KPb,Cls and KPb,Brs as
well as Er: YAG is also included. The peak emission cross-section of Er: KPb,Cls and Er: KPb,Brs are ~
0.9x10° cm” at 1536 nm and ~ 1.6x10° cm” at 1540 nm, respectively, which is slightly smaller
compared to Er: YAG (GEmiss~1.7X10'2Oat 1539 nm). At first glance, it is clear that the emission cross-
section spectra arising from Pr’* doped in the halide hosts are broad relative to Er’ possessing a full width
at half maximum of ~ 91 nm and 87 nm for Pr: KPb,Cls and Pr: KPb,Brs, respectively. This feature of
Pr* provides a possibility of larger laser tunability in the eye-safe wavelength regime. Moreover, Pr’* has
an overall larger peak emission cross-section relative to Er’* doped in the halide hosts as well as the more
traditional host YAG. The peak emission cross-section of Pr: KPb,Cls and Pr: KPb,Brs are 4.8x10%° cm?
at 1661 nm and 6.1x10”° cm” at 1667 nm, respectively. It is common knowledge that Pr’" is a promising
ion because it has one of the largest emission cross-sections amongst rare-earth ions for many laser
transitions. For example, a large ’F,,°F,> H, emission cross-section from Pr: RbPb,Cls was reported by
Okhrimchuk et al. [29] having a large peak value of approximately 1.0x10" cm’. Further, lasing
originating from the °F3, F,~>H, transition of Pr’" was demonstrated by Dubinski et al. [20] at cryogeneic
temperature.

Temporal emission measurements corresponding to the 3Fs,°F,>°H, transition of Pri'in KPb,Cls and
KPb,Brs are shown in figure 22. For comparison, the 132>, 5, transition of Er'” in KPb,Cls is included.
Due to some samples possessing nonlinear decay characteristics all the emission decay times were
calculated using the following equation [30],

1 o0
=T ! I(t)dt (8)

where I(t) is the emission intensity as a function of time and I, is the emission intensity at t = 0 s. The
samples containing Pr’" as a dopant were excited at ~1436 nm using a Nd: YAG pumped OPO system
and the emission was monitored at 1630 nm. The samples containing Er’" were excited with the same
OPO system but the laser was tuned to 1505 nm and emission was monitored broad-band while coupled
with a band-pass filter. The temporal emission measurements corresponding to the *F5,’F,~>°H, transition
of two samples (labeled sample 1 and sample 2) of Pr: KPb,Brs are shown in figure 22b. The emission
decay of the weaker concentrated sample (Sample 1:N=7.1x10"® c¢m™) appears to not be quenched
yielding a linear decay transient with a decay time of ~ 537 us whereas sample 2 has a concentration of
about an order of magnitude larger (N=7.6x10" ¢cm™) which resulted in a nonlinear decay and a reduced
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Figure 22. Emission decay transients from (a) two concentrations of Er: KPb,Cls, (b) two concentrations
of Pr: KPb,Br;s and (c¢) Pr: KPb,Cls.

decay time of ~ 145 ps. According to Judd-Ofelt analysis the radiative decay of the °F;,’F,~’H,
transition of Pr: KPb,Brs [31] is ~0.3 ms which is shorter than the ~ 0.5 ms measured decay time of the
weakest concentrated sample (sample 1). The longer decay time could indicate that radiation trapping is
lengthening the emission decay time as it is well known that significant overlap of absorption
(H,~>’F;,’F,) and emission (°F3,’F4;~>°H,) bands can lead to the radiation trapping effect [32]. The
shorter and nonlinear decay of sample 2 is likely attributed to cross-relaxation and upconversion
processes which quenches the ’F3,°F, level. In addition, due to the close proximity of the ’F3,°F, and
3F2,3H6 coupled levels some multi-phonon decay to the 3F2,3H6 level could also contribute to the
quenching of the 3Fs,°F, level. However, multiphonon quenching is expected to be less severe in the low
phonon energy hosts KPb,Cls and KPb,Brs. Similar nonlinear decay characteristics were reported by
Ferrier et al. [33] in Pr: KPb,Cls and Pr: CsCdBrs under 1.54 um laser excitation and the nonexponential
decay behavior was proposed to be due to the following cross-relaxation processes: (*Fy+°H,;)~> (F,+°Hs)
and (CFs+°Hs)> (CE,+F,) [18, 31]. Cross relaxation appears to not contribute significantly to the decay
dynamics of sample 1 because this process becomes more active at larger dopant concentrations. Figure
22¢ depicts the emission decay transient of the 3Fs,°F,> H, transition of Pr: KPb,Cls and comparable to
Pr: KPb,Brs there is quenching of this level with an even shorter decay time of ~76 ps. The emission
decay of the 4113/294115/2 transition of two samples (labeled sample 1 and sample 2) of Er: KPb,Cl;s are
shown in figure 22a. It is apparent that Er*" emission decay is linear and has an intrinsically longer decay
time of ~5.8 ms (sample 3) and 6.5 ms (sample 4) compared to Pr’" doped in the halide hosts whose
decay times are in the ps time regime. The inherently longer emission decay time of Er’" relative to Pr” is
attributed to its smaller emission cross-section in KPb,Cls, which is an attractive feature for efficient
energy storage. However, long emission decay times can enhance the probability for higher-order
upconversion processes which is a problem for 1.5 um pumped Er-doped laser materials. Judd-Ofelt
analysis indicates that the radiative decay time of the 113> ,55, transition of Er: KPb,Cls is ~4.2 ms [24]
which is shorter than the measured decay times of samples 3 and 4. The longer decay time of Er: KPb,Cl;
is attributed to radiation trapping which is common for the M,32>, 5, transition of Er*”. Though radiation
trapping increases the emission decay time of the *I13,>115, transition of Er*’, upconversion is present
which also contributes to the effective decay transient. Similar to Pr’" in the halide hosts KPb,Cls and
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KPb,Brs nonradiative decay through multiphonon-emission should also be weak for the T35
transition of Er*".

Visible emission was generated by exciting Pr’" with a Nd: YAG pumped OPO tuned to ~ 474 nm and ~
590 nm (5 ns pulses, 10 Hz). Figure 23 shows the emission spectra of Pr: KPb,Clsand Pr: KPb,Brs after
laser excitation of the °P; (474 nm) and 'D, (590 nm) absorption bands. Following 474 nm laser excitation
the spectrum consists of lines originating from the ’Py>°H., Hs, Hy, P> °F,, *P;>°Hs,’Hgand *P,>°F,
,3F3,4 transitions. The most intense emission from Pr: KPb,Cls is red (~648 nm) corresponding to the
*Py=>°F, transition, whereas Pr: KPb,Brs most dominant emission is green (~532 nm) corresponding to the
’P,>>H; transition. Following 590 nm excitation a strong red line at ~615 nm and a weaker red line at
~670 nm corresponding to 'D,>°H, and 'D,~>>H; transitions, respectively, were observed. The emission
decay arising from the *Py>°F,, ’P;> H; and 'D,>’H; transitions were explored in Pr: KPb,Clsand Pr:
KPb,Brs.The decay transients were obtained by exciting the *P; and 'D, bands of Pr’* and the emission
was monitored at 650 nm (*Pg=>°F,), 532 nm (°P;>°Hs) and 620 nm ('D,=> Hs). Figures 24a and 24c
depicts the P,>>H; emission decay transients from Pr:KPb,Clsand Pr: KPb,Brs,
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Figure 23. Visible emission obtained by exciting Pr: KPb,Clsand Pr: KPb,Brsat (a) 474 nm and (b) 590
nm (Note: the 590 nm and 474 nm laser wavelengths are coupled with the 'D,~>’H, emission and
*Py>H, emission, respectively.)
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Figure 24. Visible emission decay transients from Pr: KPb,Cls arising from the (a)’P;>*Hsand(b)
3P,> F,transition. Visible emission decay transients from Pr: KPb,Brs arising from the
(¢)’P;>’Hsand(d) *P,=> F,transitions.

respectively. The emission decays are linear with a decay time of ~9.5 us and ~6.5 pus for Pr: KPb,Cl;s
and Pr: KPb,Brs, respectively. The measured emission decay time of Pr: KPb,Cls is similar to the results
reported by Balda et al [34] their value was 11.3 ps. Since the emission from the P, level was generated
by populating the *P, level initially the *Py=>°F, decay transients shows some rise time indicating that the
°P, is relaxing to the *Py level (figures 24b and 24d). The emission decay times of the *Py=>°F, transition
are 13 us and 17 us for Pr: KPb,Cls and Pr: KPb,Brs, respectively. Following 590 nm laser excitation of
the 'D, absorption band of Pr’” emission decay transients corresponding to the 'D,=>’Hs transition from
Pr: KPb,Cls and Pr: KPb,Brs were collected and is shown in figure 25. The emission decay transients of
the 'D,>°H; transition are nearly linear with a decay time of 25 us and 22 ps for Pr: KPb,Cls and
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Figure 25. Visible emission decay transients corresponding to 'D,~>’Hs transition arising from (a)Pr:
KPb,Brs and(b) Pr: KPb,Cls.
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Pr: KPb,Brs, respectively. Interestingly, the emission decay time of the 'D,>*H; transition of Pr: KPb,Cl;
is significantly shorter compared to 70 ps decay time reported by Balda et al. [34].

Very little work has been reported on the upconvesion emission following excitation of the °Fs,’F, band
of Pr’*which however needs to be understood as this process could significantly contribute to the
dynamics of a potential resonantly pumped Pr-system. As recently discussed, resonant pumping of the
°F;,°F, band of Pr’'yields broad infrared emission in the 1500-1750 nm range, unfortunately,
upconversion emission accompanies this pump scheme which reduces the overall pump efficiency and in
addition deposits unwanted heat into the crystal. Displayed in figure 26a are the visible upconversion
emission spectra from Pr: KPb,Br;s excited with a Nd: YAG pumped OPO operating at ~1550 nm (5 ns
pulses, 10 Hz). As a comparison the visible emission stimulated by 474 nm and 590 nm laser excitation is
also included in figure 26a. Similar to exciting Pr’" at 474 nm (figure 23a) emission from the
3P093H4,3H6,3F2 and °P,>° H;, 3F2, 3F3,4 transitions were observed. Upconversion emission arising from

00 05 10 15
Wavelength (nm) Time (ms)

Figure 26. (a) Visible emission from Pr: KPb,Brs via 550 nm, 474 nm, and 590 nm pulsed laser

excitation. (b) Visible emission decay transients from the 'D, state under 1550 nm and 590 nm excitation

and (c) Visible emission decay transients from the 3P, state under 1550 nm and 590 nm excitation.

from the 'G,=> H, transition was not measured in this study but was observed by Okhrimchuk et al. [35]
under excitation of the 3’F3,3F4 band of Pr: RbPb,Cls. An additional emission band not seen under 474 nm
excitation corresponding to the 'D,~>*H, transition was observed and can be also be generated directly by
exciting the 'D, absorption band of Pr**(figure 23b). According to reference [36] the visible upconversion
in a similar system, Pr: Rb,Pb,Cls, is suggested to be attributed to the following scheme: (1) upconversion
to the 'G, level via this process3F ;+°F;>'G4+H; which contributes to the *Hs population and (2) a series
of excited state absorption (ESA) of the pump which leads to populating the 'D, and °P, »; states via the
following processes: Pump + *Hs>'G,, Pump + 'G,~>'D, and Pump + 1D293P1,2,3. However in Pr:
KPb,Brs the decay transients of the emission coming from the 'D, state (600 nm) and °P, states (650 nm )
suggests that energy transfer upconversion (ETU) is responsible for populating the visible emitting states
under 1.5 pm excitiation. The transients show a significant rise time after the laser pulse followed by a
decay timeof T ~ 213 ps and t ~ 140us for the 'D, and P, states, respectively (figure 26). The emission
decay times are significantly longer relative to direct excitation of the'D, (t ~ 25 ps) and *Py(t ~ 17us)
states. This feature is indicative of nonradiative ETU process taking place. Now, to obtain population
within the 'D, and *Py levels, the 'G, level must be populated. Initially, the 1.5 um pump populates the
3F3,3F2 levels and due to the resonance conditions amongst the ’F;>°Hs and °F;>'G, transitions the
following ETU process is possible *F;+’F;> Hs+'G, [figure 27a; 33] which provides a channel for
populating the 'G,. Once there is population within the 'Gy state the 'D, state is populated through the
ETU process 'G,+'G,>'D,+’H; [figure 27b; 37]. Finally, once there is concurrent population within the
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'G, and 'D, levels the *P, and °P, levels may be populated via this ETU channel 'G+'D,>°H+ P, [figure
27¢; 37]. In addition, if there is significant population in the °F, level the *P, level could be populated via
this ETU process 'D,+'F,>°Py+°H, [figure 27d; 37].
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Figure 27. Schematic energy level diagram of Pr’". (a) ETU process “Fs+°F;>°Hs+'Gy, (b) ETU process
'G4+'G4>'D,+Hs, (¢) ETU process 'G4+'D,> Hg+Prand (d) ETU process 'Gy+'D,>*He+P.

Though Pr’" upconversion was observed under resonant pumping of the *F5,’F, absorption band the
magnitude of this process appears to be weaker relative to the upconversion emission observed in Er’"
doped materials such as YAG under resonant pumping of the *I;3» absorption band. Similar observation
was reported by Dubinskii et al. [20] in Pr: RbPb,Cls where upconversion also appears to be less severe
compared to the resonant pumped Er-systems. In Pr:RbPb,Cl;s orange upconversion emission under 1.45
um excitation is only visibly observed if the laser beam is focused very tightly [29]. However, the
upconversion emission was not observed with a larger diameter pump beam which indicates that the
sample has to be pumped very hard in order to achieve significant upconversion. Shown in figure 28 are
the upconversion emission visibly observed with the naked eye from Er: KPb,Cls and Pr:KPb,Br;s excited
at ~1532 nm by employing an Er-Fiber laser operating at ~ 1.0 Watts. Clearly, the green emission arising
from Er’" is strong even when the ceiling lights are on (figure 28a). On the other hand, the reddish light
emitted by Pr’"is only clearly observable in the dark (figure 28c). Figure 28b shows the Pr:KPb,Br;
sample under 1532 nm laser excitation with the ceiling lights on where the visible upconversion is not
clearly observed.
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Figure 28. Upconversion emission photographed after 1532 nm cw laser excitation of (a) Er: KPb,Cl;s
with lightson, (b) Pr: KPb,Brs with lights on and (c)Pr: KPb,Brs with lights off.

IX. Infrared (1.5-1.6 pm) Gain Cross-Section for Pr’* and Er**

To obtain an impression on the laser performance of the investigated rare-earth ions the gain cross-section
of the °F;,’F4>°Hy and'l;;,>1;s, transitions of Pr’" and Er’”, respectively were calculated. The
absorption and emission cross-sections were utilized for ascertaining the laser gain cross-sections
according to the equation [38]:

G(A) = po,, () — (1= F)o,, (1) 2)
where, B is the population inversion ratio, Ggy;s and Gaps are the emission and absorption cross-sections,
respectively. Figure 29 displays the gain cross-sections for various inversion ratios (f = 0, 0.25, 0.5, 0.75,
and 1) for Er: KPb,Cls, Er: KPb,Brsand Er: YAG. In addition, figure 30 depicts the gain cross-sections for
Pr: KPb,Cls and Pr: KPb,Br;s as a function of the inversion ratio B as well. The gain cross-section for Er*t
in the bromide hosts presents larger gain relative to the chloride host. For example, the peak gain cross-
section for a population inversion ratio of p=0.75 are ~ 0.47x10™° cm” at 1553 nm and ~ 0.87x107° cm®
at 1555 nm, for Er: KPb,Cl;s and Er: KPb,Brs, respectively. On the other hand, Er: YAG
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Figure 29. Gain cross-section of the 113,>,5,, laser transition of Er’'for (a) Er: KPb,Clsand (b)Er:
KPb,Brsand (c) Er: YAG for different inversion ratios .

possesses the largest peak gain cross-section of ~ 1.3x10 cm” at 1531 nm relative to Er’ in either halide
hosts. Similar to Er’", the gain cross-section of Pr'" is also larger in the bromide host relative to the
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chloride host. As recently discussed, Pr’* possesses an overall larger absorption and emission cross-
sections relative to Er’'in the halide and YAG hosts. Thus, it is not surprising that Pr’* has a larger gain
cross-section suggesting that smaller laser power threshold is required for stimulated emission and
therefore more efficient pumping conditions is anticipated. For example, the peak gain cross-section for a
population inversion ratio of f=0.75 are ~ 3.5x10° cm” at 1663 nm and ~ 4.4x10° cm” at 1669 nm, for
Pr: KPb,Cls and Pr: KPb,Brs, respectively. Moreover, the gain cross-section for Pr: KPb,Cls and Pr:
KPDb,Brs is positive between ~ 1570-1755 nm providing a possibility of wide range of laser tunability at
longer wavelengths in the eye-safe wavelength regime.
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Figure 30. Gain cross-section of the 3F,,°F3>°Hy laser transition of Pr’'for (a) Pr: KPb,Clsand (b)Pr:
KPb,Br;sfor different inversion ratios f.

X. Conclusion

Crystal growth along with spectroscopic studies were conducted on Er’* and Pr'" doped in KPb,Cls and
Er: KPb,Brs. For a comparison some of the results were related to the extensively investigated Er: YAG
system. The significant difference in the spectroscopic properties of Pr’'relative Er’" in the halide hosts
are its superior absorption (3H493F 3,3F4), emission (3F3,3F493H4) and effective gain (3F 3,3F493H4) Cross-
sections. These results are not surprising for Pr’" in general has one of the largest emission cross-sections
amongst rare-earth ions for many laser transitions. Measurements show that the peak absorption cross-
sections of Pr: KPb,Cls and Pr: KPb,Br;s are ~ 3.4x10?° cm? and 3.5x10?° cm? respectively, which are
nearly a factor of two larger than the T3> 5 absorption cross-section of Er3+d0ped in KPb,Cls and
KPb,Brs. Further, the peak absorption cross-section of Pr*" also surpasses the ~ 2.4x10%° cm® 113>,
absorption cross-section of Er:YAG. Similar results were also observed in the emission cross-sections of
Pr’*. The peak emission cross-sections for Pr: KPb,Cls and Pr: KPb,Brs are ~ 4.8x10% cm®and ~ 6.1x10"
2 em?, respectively, whereas the peak emission cross-sections of Er: KPb,Cls, Er: KPb,Brs and Er: YAG
are ~ 0.9x10°%° cm2,~ 1.6x10%° ¢cm® and 1.7x102° cm?, respectively. Moreover, emission cross-section
spectra arising from Pr’"are broad relative to Er’ providing an opportunity for larger laser tunability in the
eye-safe wavelength regime. The effective gain cross-section of Pr’" is very attractive for an eye-safe
laser extended to wavelengths beyond 1600 nm, which is not possible for Er’". The gain cross-sections
(B=0.75) for Pr: KPb,Cls and Pr: KPb,Brs are positive between ~ 1570-1755 nm providing a possibility of
wide range of laser tunability. In addition, the magnitude of the gain cross-sections for Pr’*is significantly
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larger relative to Er’". For example, the peak gain cross-section for a population inversion ratio of p=0.75
are ~ 3.5x10%° cm’ at 1663 nm and ~ 4.4x10?° cm’® at 1669 nm, for Pr: KPb,Cls and Pr: KPb,Brs,
respectively, while the peak gain cross-sections for a population inversion ratio of =0.75 are ~ 0.47x10°
2 cm? at 1553 nm, ~ 0.87x10° cm? at 1555 nm, and ~ 1.3x10%° cm? at 1531 nm for Er: KPb,Cls, Er:
KPb,Brs, and Er: YAG, respectively. Our experimental results indicate that ETU was occurring under
resonant pumping of the *I,3, and °F;,’F, bands Er’* and Pr’”, respectively. Exciting the ’Fs,°F, band of
Pr’provides a channel for visible upconversion which accompanies the 1.5-1.6 pm infrared emission and
therefore removes population from the *Fs,’F, level and direct population into the higher lying *Po,’P;, and
'D, states. However an additional dynamical process namely cross-relaxation could also contributes to the
depopulation of the 3’F3,3F4 level of Pr**which indicates that lower Pr’*concentration is necessary in order
to reduce the activation of these processes. It was observed that 19> ,55, infrared upconversion and the
Hyyp + *S30> 50 green upconversion are the most dominant upconversion channels in Er: KPb,Cls and
Er: KPb,Brs. Using calibrated emission data the relative populations (Nsss.m /Nir nm) between the Hyyp +
*S;, and “ly; levels were determined to be ~ 0.04 and ~ 0.02 for Er: KPb,Cls and Er: KPb,Brs,
respectively. The excitation spectra along with the emission decay transients of the infrared and green
upconversion were collected and strongly suggests that ETU is the mechanism responsible for the
Top>'isp and *Hipp + *S3n>'sn upconversion emissions in Er: KPb,Cls and Er: KPb,Brs. The
upconversion microparameters for the infrared upconversion are very small having the values Cp, ~
3.5x10™% cm®s and Cps ~ 2.0x10™* c¢m®s for Er: KPb,Cls and Er: KPb,Brs, respectively. Due to the
strong spectral overlap of the T3> *52 emission and *T;sp >3 absorption bands Er-Er migration is
beleived to be assisting the energy transfer upconversion process in both Er: KPb,Cls and Er: KPb,Brs.
Calculations indicate that the probability for energy migration is large yielding donor-donor
microparameters of Cpp ~ 4.3x10° em®s and Cpy ~ 1.3x10°% cm®s for Er: KPb,Cls and Er: KPb,Brs,
respectively. Strong 1550 nm infrared emission was observed from both Er: KPb,Cls and Er: KPb,Brs.
The relative populations (Ngjonm /N1se0 M) between the Iy, and *I;3» levels were determined to be ~ 0.001
and ~ 0.0005 for Er: KPb,Cls and Er: KPb,Brs, respectively, suggesting significantly larger population
within the *I;3, relative to the *Io, and *H,,» + *Ss), levels. At lower temperature upconversion remains
active and is tentatively attributed to efficient Er-Er migration at cryogenic temperatures.
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