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ABSTRACT

This research focused on developing and charaitgricare-earth doped, solid-state
materials for laser cooling. In particular, the woargeted the optimization of the laser-
cooling efficiency in YB" and Tni* doped fluorides. The first instance of laser-iretlic
cooling in a Tni"-doped crystal, Ba¥s was reported. Cooling by 3 degrees Kelvin
below ambient temperature was obtained in a sipgks pump geometry at 1855 nm.
Protocols were developed for materials synthedispamification which can be applied to
each component of ZBLANL:YB/Tm®*" (ZrF; — Bak — Lak — AlF; — NaF — Ing:
YbFs/TmFs) glass to enable a material with significantly ueeld transition-metal
impurities. A method for OHimpurity removal and ultra-drying of the metal dhides
was also improved upon. Several characterizatiots twere used to quantitatively and

qualitatively verify purity, including inductivelgoupled plasma mass spectrometry
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(ICP-MS). Here we found a more than 600-fold reiunctn transition-metal impurities
in a ZrChO solution. A non-contact spectroscopic techniqgoe the measurement of
laser-induced temperature changes in solids wa®lajged. Two-band differential
luminescence thermometry (TBDLT) achieved a sensitiof ~7 mK and enabled
precise measurement of the zero-crossing temperaod net quantum efficiency.
Several YB'"-doped ZBLANI glasses fabricated from precursorsanfjing purity and by
different processes were analyzed in detail by TBDLaser-induced cooling was
observed at room temperature for several of theemadd. A net quantum efficiency of
97.39+0.01% at 238 K was found for the best ZBLARWYbL®*" laser-cooling sample
produced from purified metal-fluoride precursomsgdaroved competitive with the best
commercially procured material. The TBDLT technigeeabled rapid and sensitive
benchmarking of laser-cooling materials and praodideritical feedback to the
development and optimization of high-performancéicap cryocooler materials. Also
presented is an efficient and numerically stablehow to calculate time-dependent,
laser-induced temperature distributions in solidsluding a detailed description of the
computational procedure and its implementation. Tiedel accurately predicted the
zero-crossing temperature, the net quantum effigieand the functional shape of the
transients, based on input parameters such asésoence spectra, dopant concentration,

pump properties, and several well-characterizecgnahiproperties.
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Chapter 1. Introduction

Chapter 1

Introduction

Historical overview of laser cooling and ZBLAN glas

In 1929 lasers had not yet been invented, but ¢meept of using light to cool

solid objects was proposed by German physicistrFetimgsheim [1]. His idea of a
"cooling cycle" was based on the principle of fleseence. Counterintuitive to the idea
that radiation causes materials to heat is thisceoinof laser induced cooling, also
referred to as optical refrigeration. For most mats, the application of intense radiation
causes heating, even damage, such as is the cdasgers used to vaporize biological
material and to cut metal. Optical refrigeratiorcars when a material emits photons of
higher average energy than those it absorbs. Inabke of a solid, the extra energy comes
from the absorption of phonons. In essence, heatggns converted into light energy
and carried out of the sample. This process isriest in more detail in the Laser
Cooling Fundamentals section of this manuscripivalt as in the comprehensive book
on laser cooling by Epstein and Sheik-Bahae [2].

Although it was initially thought that anti-Stokéisiorescence violated the second
law of thermodynamics, Landau disproved this byigaésg entropy to radiation [3].
Landau showed that entropy of a radiation fielde@ases proportionally to its frequency
bandwidth and the solid angle through which it pggtes. In the case of laser cooling,

the incident pump light is a laser which has a slahdwidth and is highly directional,
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having almost no entropy. The fluorescence emitteavever, is considered broadband
and omni-directional, therefore having large engrdpuring laser cooling, incident laser

light is converted into isotropic and broadbandofescence, and we have therefore
conserved the second law of thermodynamics. Aafitin of the second and third laws

of thermodynamics to the laser cooling processbeansed to derive a fundamental limit
of cooling. It was calculated that an upper limit20% of the pump radiation could be

converted to cooling power given an impurity-freaterial [4].

Although the first successful attempt to apply thesinciples to experiment
produced a mere 0.3 K of cooling [5], great sucdess recently been made where a
YLF:Yb*" crystal was cooled to 164 K and is predicted wl es low as 105 K [6]. Many
glasses and crystals doped with various rare-éanth have shown laser cooling, with a
comprehensive summary given Table 1. Rare eartedl@BLAN glass, the workhorse
of the laser cooling hosts, was previously comnadisciavailable in reasonably high
purity and has favorable properties for laser cwpliSuch glasses are no longer
commercially available, necessitating the develaunad ultra-pure, rare earth doped,
laser cooling grade ZBLAN for this research. Thhsavy-metal fluoride glasses were
first discovered by Poulain et al. [7] who reporggdss formation for a composition of
50% Zrk — 25% Bak — 25% NaF (mol%) in the mid 1970s. From theseyeasults,
ZBLAN glasses were developed by patient experimetni@ and error. A relatively
stable composition was determined to be around B@%— 20% Bak — 4% Lak — 3%
AlF3 — 20% NaF. This is often referred to as the “stadt ZBLAN composition. Rare
earth ions such as Tmbr YbF; can substitute for Lafn the ZBLAN host and enable a

variety of optical applications. Pure ZrBoes not exist in the vitreous form, and glass
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modifiers such as NaF or Bakre needed to provide charge neutrality in thergtices
of the network. The NaF acts as a stabilizer reduthe tendency to crystallize. The
addition of in situ oxidizers, such as lpFo ZBLAN is required in reducing
atmospheres. However, these modifiers tend to dserghe glass stability. IpF
concentrations of up to 2.5 mol% have been foundeoeffective in preventing the
formation of black precipitates, which are recogdias reduced Zispecies, while still
allowing the formation of crystal-free glasses gsstandard melting techniques [8]. This

modified ZBLANI glass was the focus of this reséarc

Table 1 Summary of rare-earth doped glasses anstatsythat have exhibited laser
induced cooling.

Dopant  Glasses Crystals
Yb3* ZBLAN [5],[60]-[64] YAG [73]
BIGazZYT [65][66] Y,SiOs [73]

CNBZn [65][66] KPBCls [66]
ABCYS [67] LiY 2Fs [75],[39]
KGd(WOQy); [37]
KY(WOQ4)2[72]
BaY.Fs [74]
Tm3* ZBLAN [68]-[40] BaY.Fg [76][77]
Er3* CNBZn [70][71] KPBCls [70] [71]

Laser cooling fundamentals

The laser-cooling cycle is illustrated in Figure (for the example of
ZBLAN:Yb*") and begins when the properly tuned pump laseitesxthe dopant atoms
from the top of the ground state multiplet to tleétdm of the excited state multiplet. The

3
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atoms thermalize within the upper and lower muttiplby absorbing vibrational energy
(or phonons) from the host material. This thernadion process is represented in Figure
1 by the dashed, curved lines in the upper anddaomsgtiplets. When an atom absorbs
energy, it reaches an excited state. The new istatiestable, and the molecule must lose
the extra energy. The atoms decay through fluorescat an average energy greater than
that of the pump. This process is known as antk&Xtofluorescence. Therefore, by
interacting with the molecular vibrations of theshothe YB* ion can extract extra
energy from the material. If emitted radiation @n$ more energy than was absorbed
from the laser, the target loses energy and becaoider. By repeating this process, the
solid material sheds more and more thermal endegying it cooler than its original

state.

2 A 10.5x10°
5/2 7 Ned -
A J10.0
49.5 0
] @
hv hy, == «
i <
J10 9
: Se
_ 410.5
2 *‘~_4“\ -]
F RIS, A
712 s 0.0

Figure 1 Schematic of energy levels in*¥doped ZBLANshowing the ideal case of
laser cooling occurring between the two multiplet&’b®*. The dopant is excited by the
pump laser at frequenay from the top of the ground state multipl&4,) to the bottom
of the excited state multiplefs;). Thermalization in both the upper and lower
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multiplets (represented by the curved, dashed ayawsorbs vibrational energy from the
host. The energy emitted via fluorescenég,=hv,, is greater than that absorbed and

thereby the material is cooled.

Anti-Stokes fluorescence is a general process asdben observed in different
states of matter such as organic laser dyes ifmcah@ solution [9] and also dilute gases,
where the de-exciting collision cross section isakrfil0]. Laser cooling in gases is
defined by a reduction in translational kinetic igyeversus a reduction in average
thermal vibrations of the host material atoms,sathé case with solid state laser cooling.
One may also use energy conservation to explaiheaéloss from the target against the
energy gain of the radiation. This applies to bmibling of solids and Doppler cooling of
atoms. Solid state laser cooling (herein referpedd either laser cooling, laser induced
cooling or optical refrigeration) involves excitati of an absorption band by a laser
beam. Anti-Stokes fluorescence refers to the cmwditvhen significant absorption
occurs at wavelengths longer than the average efle@nce energy. As an example,
Figure 2 shows the absorption and emission spéatra BaY,Fg:Tm®" crystal in E//b
orientation. If the glass is illuminated in thiseslapping wavelength region (hatched
area), it will potentially emit photons of highemexgy on average, than those it absorbs

and the sample is cooled.
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Figure 2 Absorption coefficient (left axis) overtmgd with the luminescence intensity
(right axis) for a Ba¥Fs:1.2%Tn?"* crystal at room temperature, oriented such thét. E/
The hatched area is the “cooling tail”, that i% tegion that is probed for laser induced
cooling. The dotted vertical line indicates the melminescence wavelength,
A, =1793nm. Pumping at wavelengths greater than will result in cooling for a

sample exhibiting anti-Stokes fluorescence.

In order to understand why a material exhibitingg-&tokes fluorescence is able to
cool, we must also consider the timescales foptbeesses occurring in the excited state.
For rare earth ions embedded in glass, absorpfiphanons in the excited state happens
quickly (on the order of ps [11]) compared to thmescale for radiative optical
transitions (ms). This means that for any wavelengted to excite the dopant transition,
the population distribution in the upper multiplefhere the spacing for the crystal-field
levels is small (~200 ct) relative tokT, reaches a local thermal equilibrium before
relaxing to the ground state multiplet [12].

For this laser-cooling process, we can define &nieficy to tell us how efficient
this cooling cycle is. This laser cooling efficigris defined as [13],

6
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_NA-A
”cool - Af ' (1)

where 7 is the net quantum efficiency of the rare-eartlcited state containing all
processes which quench the excited state of therdapn andj and ), are the pump

and mean fluorescence wavelengths, respectiyab/defined as

,7(/1p7T):,7ab!78Xt’ (2)

where 77, describes the efficiency with which an excited noduces a luminescence
photon that escapes from the sample. The absorptiefficiency,
Nas =0, (A (a,(A) +a,), accounts for the fraction of excited photons trat engaged
in cooling, wherea, (A)is the resonant (e.qg. YH absorption at a given wavelength and
a, is the background absorption of the material,dgity assumed to be independent of
pump wavelength and temperature. Note thais a function of both temperature and
pump wavelength, largely through the absorptiomtey,,., but also due to the spectral

overlap between the rare-earth ion emission andntperity absorption. Further details
regarding’”7 have been covered extensively in the publicativledsurement of solid-
state optical refrigeration by two-band differehtianinescence thermometry”, which is
reproduced as Chapter 5 of this document. FromlLEgMe see that as the laser input is
tuned to longer wavelengths, the efficiency of #woling process increases. This
increase in cooling efficiency at longer wavelesgthoffset by the fact that there is less
dopant absorption as we move to longer wavelen@s Figure 2), due to the thermal
distribution of the ground state population. Adalially, parasitic background absorption

(a,) due to impurities further limits the desirablenguwavelength range. There exists
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an optimal pump wavelength for a given temperatmteere these two cases are
optimized. This is illustrated inFigure 3 where aptimal pump wavelength for a
BaY.Fs: Tm®* crystal at room temperature is found to be ~1880 Also, as the sample
temperature decreases, absorption in the long eagti tail will decrease due to

reduced thermal broadening. As the temperatu@nsried, the red shifting of the and

the reduction of the resonant absorptign)(reduce the cooling efficiency. Therefore, as

the sample is cooled, the optimal pump wavelengthlevalso need to be decreased to
maintain an optimal cooling efficiency. Hence, witth a tunable pump source, optimal
cooling could not be achieved throughout a cooling from ambient down to low

temperatures. There is a critical sample tempezattrere the heating and cooling are

balanced. Here/Jcool = 0 and we can then determiflewhich is a gualitative measure of
sample purity. Evaluation of laser cooling materidéveloped and synthesized at LANL
is the focus of the publication “Preparation andrelterization of high-purity metal

fluorides for photonic applications”, Chapter 3tlois document.
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Figure 3 Change in temperatufd, (relative to a reference sample), normalized puin
pump powerP;,, as a function of pump wavelength,for a Ba¥,Fs:1.2%Tn?" crystal at
room temperature, pumped in the E//b orientatiogreHve are probing the “cooling tail”
shown as the hatched region of Figure 2. Datatpdialow the horizontal line indicate
net cooling. The solid line is a fit to the datasdribed in the publication “Anti-Stokes
luminescence cooling of Titdoped BaFs”, reproduced as Chapter 2 of this document
below. At some wavelength longer thah , cooling begins and continues until

background absorptiormr) overwhelms the cooling at longer wavelengths.

Additionally, from Eq.(1) we can see thgt,, scales inversely with the dopant
energy gap AE =hv, —tv), giving a bit of insight into the desirable projpes of a
dopant ion for laser cooling. This is discussedertboroughly in the Materials Selection
section. Ultimately, cooling is limited by the fattat as we cool to lower temperatures,
population in the manifolds is decreased due toBibkzmann distribution. Throughout

the remainder of this manuscript, the circumstaacesnecessary material characteristics

desirable for optimizing laser cooling are desatib&his can be accomplished with
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Chapter 1. Introduction

engineering techniques (with a few examples givefigure 4), while the emphasis in

this research is in optimizing the laser coolingemal.

SIOLIN 219331
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Figure 4 Engineering tactics designed to optimiedooling powerP,,, from a sample
(blue) by increasing the absorption lengihl-sampie The red lines represent the pump
beam trajectories in three different schemes whimbe been employed to increase the
absorbed powerPg,s from Eq.(3)). (a) Cavity enhanced cooling wherdihg sample is
contained in a resonator. (b) A monolithic opticadze, trapping incident light via total
internal reflection. (c) High quality dielectric mors trap incident pump light fed through

a small hole in a non-resonant cavity.

Motivation
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Chapter 1. Introduction

Fluoride crystals and glasses are of interest twide range of photonic
applications including optical fibers for high pawe long-haul transmission [13]-[15],
host materials for lasers and optical amplifierd][16]-[19], scintillators [20],[21],
upconversion phosphors [22], and optical refrigesat[2]. These applications take
advantage of the high band gap energy and/or theplmnon energies (typically < 500
cm®) of fluorides. Specifically, fluoride-based fibefind application in low-loss
communication links, C®laser transmission for medical applications, tre@rimaging
and remote temperature monitoring and gas sendib Ultrapure fluorides are also
needed for bulk optics for deep ultraviolet (UV)opdlithography [23]. Field-deployable
thorium nuclear clocks would also greatly benefiini pure fluoride precursors. These
are potentially capable of >1,000 times higher smcy over current atomic clocks used
in GPS navigation systems [24]. One current litiotais residual absorption in the
vacuum UV, which degrade the performance by redutie transmittance near the 7.6
eV transition energy of thorium. The preparation wfra-pure binary fluorides is
therefore critical to enabling the desired perfanoceof many fluoride optical materials.

One prominent advantage ZBLAN has over other gtagsech as silica) is
superior infrared transmittance, covering a brogecsal range from 0.25 um — 7 pm.
Fluoride fibers have received the most attention l@wv-loss telecommunication
applications because the theoretical limit for Ragh scattering is considerably lower
than for silica-based glasses. This is due both@gher energy UV absorption edge and
better IR transparency. This spectral range caaxpended even further into the IR by
substitution of Hf for Zr, as well as by adding infother characteristics that make

ZBLAN attractive are its low refractive index, logispersion, low phonon energy, and
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low loss. In fact, ZBLAN has a theoretical attenomtcoefficient of 0.002 db/km at 2.6
pum (compared to silica, given that the state-ofdtteis the Corning SMF-28 fiber,
having 0.25 db/km attenuation at 1.55 pm). Howewkre to impurities and small
crystallites [25], this low attenuation coefficieh&as not been achieved to date. These
impurities are identified as transition metals (JMad hydroxyl ions, which have strong
optical absorptions in the near IR and UV spectegions [26]. In optical refrigerators,
the impurity absorptions non-radiatively quench tbptical excitation and cause
unwanted heating that limits the laser-cooling perfance (discussed in more detail in
the Role of Impurities section). For optical reéigtors based on ZBLAN it was
estimated, for example, that TM and QOhkhpurities in excess of ~100 parts-per-billion
(ppb) severely compromise the material performaf&4d. Other applications have
similarly stringent purity requirements. To datee best commercially available ZBLAN
glasses contain parts-per-million (ppm) impuritydks, which are inadequate in order to
achieve the desired cryogenic performance. Thihesprimary motivation behind the
materials synthesis development discussed in Chapte

The principal application of laser cooling gradesgles or crystals, such as
ZBLAN, is the realization of an all solid state wpl cooler. Such a device would consist
of a small diode laser used to excite a speciabighed material in thermal contact with
the load to be cooled. The primary application wloé to cool radiation detectors and
other sensitive electronic devices to cryogenicperatures on earth, but especially in
space28] and detectors that have interband versussobdrand transitionsSuch a solid state
cooling device would be advantageous over currexthads of cooling these electronics

given that they (1) are vibration free, (2) are pawt, given that sub-mm diode lasers
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already exist, allowing a device having < 1%cwolume and thus having a low total

system mass, (3) have no fluids or moving partshée a potentially extremely long

lifetime, due the long lifetime of laser diodes, @low for possible remote laser

pumping, (6) can withstand high g-forces, (7) do regjuire cryogenic fluids, (8) have a

potential to cool to the ~100 K range, (9) use @fiptons as the cooling mechanism, no
electrons, thus no electronic noise, (10) can watig a high temperature environment,
and (11) are low cost to manufacture.

Compared with thermoelectric coolers, solid stgpical refrigeration devices
would be more efficient when the difference betw#enhot and cold reservoir is large
or below 190 K, where Peltier devices become sévanefficient [29]. The electrical
connections required in Peltier devices limit bdtleir reliability and the temperature
differential at which they can operate. Although thajority of laser cooling experiments
in the condensed phase to date have been perfatmesbm temperature, applications
where this form of cooling is likely to be more goatitive versus other methods are
predominately at low temperatures.

Yet another interesting potential application oficsstate optical refrigeration
might include cooling of interferometric gravitatil wave detectors for the laser
interferometer gravitational wave observatory (L)IGOhermal noise is the current main
limitation, as the project moves towards a low terafure system in order to improve the
overall sensitivity curve of the detectors. Laseplmg could be used to obtain local
cooling of the flexural points of the suspensiorresiof the interferometer mirrors,
without adding any seismic noise [30],[31]. The loogp of amplifiers in MEMS

gyroscopes for missile guidance systems is alsooappctive application [32],[33] as

13
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well as cooling of imaging sensors and quantumlidgbhotodetectors [34]. The idea of
creating a thermally balanced laser has been peoplmg Bowman [35)whereby the heat
produced by a laser gain material during lasing meyffset by the cooling from anti-
Stokes fluorescence. This is feasible given thatynhaser cooling materials are also laser
gain mediums. High critical temperature supercotas¢such as YBCO [36], as well as
compact SQUID magnetometers for geophysical andnddical sensing might also

benefit from application of an optical refrigerator

Materials selection

Although a number of different types of materials eandidates for laser cooling
in the condensed phase, the most successful cotiabnirta date involves rare-earth ions
embedded in a transparent solid host (see Tabl&alachieve cooling, an appropriate
ion embedded in a transparent host with minimalurties is required. This section will
discuss the ion and additional host propertiesirequor laser cooling. Several groups
have tried to find other materials suitable forlowgpbut even those which show promise
from analysis of their absorption and emission Bpebave either exhibited too low a
guantum efficiency, or have excessive backgrousd@iion due to impurities [37].

The primary goal of this research was to develomaderial capable of laser
cooling to cryogenic temperatures. Although mudbrehas been dedicated to a number
of engineering techniques which can be used tease the absorbed powPyys (see
Figure 4), this research was the first to exploesgamal optimization to effect the largest

temperature dropAT , possible. The cooling power is given as,

I:)cool = ,7 cool Pabs' (3)
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where 7., is defined above in Eq.(1) arés is the absorbed power. In order to
maximize AT (which is proportional toP,), we primarily seek to increasg.,.
Engineering methods used to increase tRg, =P [1-exp(@,+a )L md], via

increasing the absorption lengtf l......) have included, (1) shaping the material into a

fiber [38], (2) making the sample a resonant [@9hon-resonantavity [69], (3) trapping
the light via total internal reflection [Figure #){, or (4) placing the cooling sample

directly within a laser cavity [40hs summarized iRigure 4. The remainder of this section
will outline material requirements for optimizatioh /7., .

An ideal dopant-host pair should allow for effeetimn-phonon coupling, which
otherwise should not be large enough to result uitirphonon relaxation. The energy
gap law states that the non-radiative, multi-phomonission rate Wy, is inversely
proportional to the exponential of energy differen@E) between the excited and
ground states,

W, OW, e, (4)
Here,W, is a characteristic of the host material and msperature dependeng is the
energy gap of the dopant ion, aads proportional to the phonon energy of the host.
Figure 5 is a logarithmic plot of the non-radiatokecay rate (Eq.(4)) for several potential
host materials, as a function aE [42]. Also shown are the absorption spectra fer th
relevant laser cooling transitiond4s > 3F, for T and®Fy;, > 3Fso for Yb3*. From
Eq.(4) and Figure 5, we see that dopants with ematiergy gaps (TH) will generally
be subject to higher non-radiative decay rates,tduaore potential for interaction with

host phonon modes. This dependence is due to plerergy distributions that vary with
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material composition and symmetry. For this readow, phonon energy of the host
material is desirable for laser cooling. As an egkemthe phonon energies in ZBLAN are
significantly lower than in silica, thus a greatarmber of phonons need to interact
simultaneously to thermally de-excite the electroekcited state of the dopant. This
makes multi-phonon transitions, which reduce thicapquantum efficiency, much less
likely in a ZBLAN host than in silica [43]. Otheokt materials, such as BIG (BalRFs-
GakR) which have transmission extending further inte R, will have even lower

phonon energy than ZBLAN [44].
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Figure 5 The relationship between the energy gafhefrare earth dopant (shown here
with the absorption spectra of Ffrand YB™") and the non-radiative decay rate, as given
in Eq.(4) for various potential host materials. élave can see, for example, that a
ZBLAN host doped with Y will exhibit a lower non-radiative decay rate ahais a
larger quantum efficiency compared to the same mahteloped with Tm". The
horizontal line represents the maximum non-radeatate for cooling to occur at room
temperature (assuming no background absorptiogmFhis figure, we see that a
Borate:YBE* sample has potential to cool whereas the effisién@ Borate: T sample
is too low for laser cooling.
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In order to allow for more cooling at lower temperas, a narrow Stark splitting
of the ground state multiplet is desired. A smatiund state splitting results in a large
population density in the upper Stark sublevelss ”ilows for a lower zero-crossing
temperatureTzct (also referred to as minimum achievable tempeggtinowever, lower
efficiency at room temperature. Other desirablgprtes of a laser cooling host material
include: (1) high thermal conductivity, allowingrfdast thermal diffusion, (2) low
background absorption, as impurity/pump interaciorduce the cooling efficiency
(discussed in detail in the Role of Impurities g%t (3) high material hardness, which
allows for better polish and direct deposition @ttical coatings, (4) large absorption
cross-section, allowing for a large absorptionogficy thus largej..,, and (5) low
thermal emissivity, giving higher transparencyrarinal wavelengths (far-infrared) for a
material less susceptible to radiative heat loading

In addition to these material properties, strudtpraperties can affect the degree
of laser cooling. Many glasses and crystals havebérd laser cooling. In glasses there
is no long range order, thus the Stark splittingia¢ homogeneous as in a crystalline
material where each rare-earth ion experiencessengally identical Stark interaction.
In the inhomogeneously broadened case of the gtessllator strength is not used
efficiently; in a crystal, the oscillator strengiB concentrated, resulting in sharp
absorption peaks. The difficulty imposed by the endiscrete transition energies, and
regular structure, is that phonon energies supgontethe crystal must match the
difference in energy between transitions if absorptat one wavelength is to lead to

emission at another, as required for cooling taiocc
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When selecting a laser cooling material, the chofcgopant is equally important
as the choice of host material. Typically, raretleaons are chosen as they provide a
broadened two level system with high quantum edficy, as required. For this reason,
materials that lase make good candidates for leseling, in general. The optically
active 4f electrons are well shielded from the surroundingirenment by the fillecbs
and 5p shells and as a consequence, the interaction éetile electrons and the
surrounding medium lattice phonons is very weaks Tésults in a narrow spread of the
Stark structure (compared to transition metalsctviinvolve3d electrons shielded only
by two outer4s electrons) and thus sharper linewidths and grestteorption. Due to
sufficient shielding, the spectra do not exhibitgka variations from host to host, and
many excited states have relatively low non-radeatiecay rates. The rare earths of
interest are the lanthanides which are chemicahems characterized by the filling of
the 4f shell. They are in the sixth period of the pemothble with atomic numbers
varying from 58 to 71. Thdf electrons have almost no contribution to the cleami
valence, therefore the atom can easily lose thiestrens, usuallypd' and6< to attain
their most stable oxidization state as trivalemtsioDue to the practical experimental
limitations and availability of tunable sources aspkctrometers, practical choices for
rare-earth dopants include ¥bTm**, and Ef".

According to the definition of the cooling efficieyn (Eq.(1)), dopant ions with
larger energy gaps will produce more efficient aogpl The energy levels for the two
main dopant ions of interest, Pinand YB* are shown in Figure 6 where the primary
transition used for laser cooling is emphasizedisTdoping with Trii" (having an energy

gap of ~0.7 eV, versus ~1.25 eV for %p for example should be nearly twice as
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efficient. However, YB" only has one excited state manifoféfs.. Therefore, excited
state absorption (ESA) and cross-relaxation viaceotration quenching are not issues.
Both of these processes typically involve non-riagaenergy transfers detrimental to
laser cooling. ESA is possible for ions with mukiglectronic levels, such as>Ewor
Tm®*, whereas it is not possible for ¥b Given the trade-offs between Thand Yb*
discussed in this section, the superior dopanta®eer cooling has yet to be established

and research continues using both dopants.
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Figure 6 Calculated energy levels for ZBLAN:Thand ZBLAN:YB*". The red arrows
indicate the transition that is typically pumpedefitect laser induced cooling. The blue
arrows represent the anti-Stokes luminescence wtigchies away energy from host
phonons enabling laser cooling. The ordinate axibth systems are shown on equal
scales for easy visual comparison. More detailh&Tf;;, > *Fs, transition for YB* is
shown in Figure 1.

Role of impurities
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In the context of laser cooling, an impurity is aspecies in the material that
lowers the quantum efficiency of the excited st#téhe dopant ion. A great number of
successful cooling cycles (each extracting onlyew KT of heat) are required to
compensate for each non-radiative event. A higmuma efficiency, indicating primarily
radiative energy transfer, is therefore centrah®operation of laser coolers. Competing
processes that tend to introduce heating (and ldwer the cooling efficiency) are: (1)
multi-phonon relaxation of the rare-earth excitéates (2) non-radiative energy transfer
from the excited rare earth-ion to an nearby imgudr (3) background absorption by an
impurity.

The depopulation of an excited state can occurtd@eradiative transition, where
the energy is emitted as fluorescence, or by phassisted transitions, where the energy
is taken up by the host material in the form of iptves. The lifetime of a metastable
electronic state of a dopant ion can be reduceddnay processes which involve the
simultaneous emission of several phonons. Sucb@eps is a multi-phonon transition or
relaxation. Multiple phonons are typically requiréor such transitions because the
energy of a single phonon is not sufficient to ratee difference in level energies. For
example, multi-phonon relaxation of tf, excited state of the Tthion in a ZBLAN
host would require ~ 6 phonons while multi-phonefaxation of?Fs;, excited state of
Yb** would require ~ 10 phonons for such a transitiorthie same host material. The
process can be significantly reduced given the grgpoice of a host material with low
phonon energy (such as ZBLAN), as discussed inMhaterials Selection section. In
addition to this interaction between dopant andt hgsonon modes, multi-phonon

relaxation can also occur due to excitation of intgs with high energy vibrational
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modes or multi-relaxation processes following up@yeion or cross-relaxation.
Specifically, impurities with high energy vibratiah modes can degrade material
performance by introducing UV absorption enhanaimgti-phonon relaxation rates of

excited states [44], [45]. Any impurity withaw,,, > 1000 cnt can potentially introduce

such a heat load that becomes competitive withcabttooling. Examples include
oxygen-based impurities such as oxides, hydroxy{d J@ns, and water as well as O
C-H bonds and N-H bonds.

Transition metal (TM) ions have optical transitianghe UV and visible spectral
regions [25], leading to undesired background giigmr by direct absorption at the
pump wavelength. Additionally, impurities can astacceptors in a non-radiative energy
transfer from the excited state of the dopant iansing quenching of the rare earth
excited state, even at trace levels [27], [44]. rABpkes include certain TMs as well as
several rare-earth ions Pr Sn?*, Dy**, Ho®, Yb*, EFf* and Tm"). For Yb",
impurities with optical absorption bands aroungdm can act as acceptors in an energy
transfer from théFs), excited state followed by non-radiative relaxatifnthe excited
impurity ion. Such impurities become particularéfavant as the dopant concentration is
increased and energy migration through the domanst io those excitation traps becomes
efficient. To illustrate this effect and determiwvlich impurities are most deleterious to
laser cooling, Figure 7 shows absorption crossaestof several TMs adapted from
France et al. [46] overlapped with the absorptipecsra of YB* and Tri* in ZBLAN.

We can make several observations based on theapeetrlap between the dopant ion
and these select TM ions. As compared to unwartedaarths (which are likely present

due to the difficulty in chemically separating disnispecies) transition metals are worst
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for degrading cooling performance due to their camapvely large line widths, which
overlap somewhat with the dopants. The rare earfuiities are not as problematic [47]
due to their relatively narrow spectrum. The TM4 ®aliso lead to significant background
absorption since the excitation pump source wababverlap with these ions. Here we
can also see that a Findoped material might exhibit less heating from imigyu
absorption, as the spectral overlap is smaller esetbwith the overlap for Y& From
this data, Hehlen et al. [27] concluded that thestmroblematic transition metals (in
decreasing order of most to least problematicuitelCd*, F&*, Cd**, Ni %", v¥*, Ti ¥,
and Cr*'. They also calculated that in order to developa#insolid state cryocooler
capable of laser cooling to 100 K, such transitietals and OHimpurities would need
to be reduced to 10 — 100 ppb total in the finadthtn particular, they concluded that
CU?* would have the most stringent requirement, andldvaeed to be reduced to < 2
ppb. They estimated that even the best laser @pglasses to date would require a
further 20-30 fold reduction in impurities to ackeethis goal. This finding was the basis
for developing the capabilities that enable proogs®f ultra-pure ZBLAN glass at
LANL. This process strategy is briefly discussedha Fluoride Purification section and
is compared to other methods of purifying the hoaterial components. The details for
the final purification strategy used can be foundthe publication, "Preparation and
Characterization of high-purity metal fluorides fainotonic applications" reproduced as
Chapter 3 of this document. Now that the most glaitic impurities for laser cooling
have been identified, a strategy for their remosah be explored as outlined in the

following section, Fluoride Purification Methods.
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Figure 7 This figure illustrates the spectral ogprland thus potential interaction or
energy transfer between Fior Yb®* ions with selected transition metal ions. All
spectral data were taken at room temperature. Tserption cross sections of the
transition metals were adapted from France et@jl.[4

Fluoride purification methods

Many methods exist for reducing the TM impurities Some of the fluorides
constituting ZBLAN glass, such as: (1) sublimatemd distillation of Zrk, (2) normal
freezing, (3) zone refining, (4) ion exchange ary (e-crystallization [45],[48].
However, none of these methods reduce impuritighdadesired ppb level, as fluorides
are notoriously difficult to purify. Commerciallyrgpared ZBLAN used for past laser

cooling experiments utilized a clean-up approaclerehy oxidizing methods were used
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during glass synthesis to remove Oidpurities. The use of GFNF;, Sk, Cl, CCL, or

O, reactive gas atmospheres during melting has bedelywsed [49],[50], however,
such methods are not acceptable for many highypgtéss applications such as laser
cooling, as they re-contaminate the final glasdhwiwanted species. For example, the
use of CCJ will result in the introduction of Climpurities into the melt by the
replacement of trace quantities of OWith CI' so that the anion stoichiometry is
unknown. In other words, the glass fluoride staamétry would then be incomplete. The
added Clalso produces a higher crystallization tendenal; anextreme cases, may lead
to reduced resistance to attack from environmentasture. Electrochemical purification
of the fluoride melts was also previously performasl a clean-up method for the
transition metals (TMs) [44]. However, this techmgis not capable of reducing the
impurities to the ppb regime required for efficidéaser cooling. While the slow growth
of fluoride crystals can reduce the concentration of some of these ritres) fluoride
glassesgenerally contain all of the impurities that wgmesent in the melt from which
they were quenched. More recent developments wrifle purification include vapor
phase processes, which appear attractive due sutteess of chemical vapor deposition
(CVD) in purifying silica for fiber technology. Sampreliminary results appear to be
encouraging. However, the practical achievementfladride glasses through CVD
appears difficult due to the high evaporation terapge of several of the fluoride glass
components [51]-[53]. Although reasonable successlieen reported in reducing TMs
in ZrF,, no strategy has been identified to reduce imigsrito the desired levels for all
components in ZBLAN glass. It is universally regaddhat new synthesis processes are

needed for the achievement of very pure ZBLAN glass
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In this research, we have developed a streamlirgatoach which targets
undesirable TM ions in all components of ZBLANIYAm**. Our method utilizes a
bottom-up approach, where we start with the pupestursors commercially available
and further purify them before converting themhe appropriate fluoride. Our synthesis
strategy focuses on purification and preparatiomdividual fluoride starting materials
under well-defined, tightly-controlled atmosphedanditions before they are mixed to
form ZBLANI glass. In this work, we aim to signifintly reduce problematic TM
impurities down to the ppb level using a well ebthied technique, chelate assisted
solvent extraction. Our approach is to exploit mgkd chelate/organic solvent system
suitable for the individual purification of all ZBANI:Yb**/Tm*" components in order to
minimize the development effort and to simplify pessing, allowing future scale-up for
producing larger quantities of materials. The gysteonsisting of ammonium-
pyrrolidine-dithio-carbamate (APDC) as the chelatel methyl-isobutyl-ketone (MIBK)
as the organic solvent is well developed and usexhalytical chemistry for heavy metal
trace analysis [54]-[58]. Ling et al. used the ARBMBK system to reduce G& Ni*,
and Cd" to < 5 ppb and Féto < 10 ppb in zirconium solutions [54]. The APDOBK
system is ideal for the removal of the specific Tifiat are detrimental to laser cooling
while not affecting the metal ions of the glass poments. Solvent extraction uses a
chelate that preferentially binds only to speaifietal ions in the agueous phase, forming
a hydrophobic complex. The resulting metal-chetaimplexes are extracted from the
agueous into a second, immiscible organic phaseex@wacting only the aqueous phase,
the desired metal ions are retained and the undafi® ions are removed with the

organic phase. Although the ratio of metal iongaoted to the organic phase to those
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metal ions in the aqueous phase is high for TM ionghe APDC/MIBK system
[55],[57],[58], three sequential extraction stepsrev performed to ensure a nominal
reduction of the target impurities by at least atda of 1G. Further details on these
methods and the glasses produced for this researehcontained in the article
"Preparation and characterization of high-purity tahefluorides for photonic
applications” (given as Chapter 3 of this documdntiaddition to the removal of TMs,
this research also developed methods to removea®@ti water from fluoride precursor
materials. This is outlined in detail in Chaptesf2his manuscript. These methods can be
extended to purification of a variety of host geEssnd crystals and is not limited to
ZBLANI:Yb3/Tm®*". Other materials of interest are currently undevestigation,

including the crystalline YLF:YH which has shown great potential [6].

Manuscript organization

The bulk of this document, Chapters 2-5, considteer-reviewed journal
articles either published or in the process of gabion to high-impact journals in optics
and materials science. The purpose of this Intrbdilmichapter was to relate all of these
journal articles, and provide more details on int@ir topics touched on throughout the
various articles. Specifically, the motivation s research and the materials selection
sections have been expanded. Note that the cisatvithin each chapter are referenced at
the end of the given chapter, with each chaptemnigaits own bibliography.

Much of the motivation behind this research lies tire unavailability of
commercially available laser cooling grade materigfor this reason, we initially began

to seek sources of rare-earth doped, pure hostrialateinder development by other
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research groups. One of our collaborators at thedusity of Pisa has the capability of a
making a very high purity, high quality Bag crystal. The first paper given in Chapter 1
shows successful laser induced cooling for the Tire**-doped crystal, Ba)s. It was
found that this material has similar favorable mndies to ZBLAN, making it a good host
material for laser cooling. However, due to limigdailability and the need to control the
strict purity requirements, it was deemed necestgagynthesize our own laser cooling
grade materials. This lead to the research pregs@émt€hapter 3, where capabilities were
developed to synthesize and purity fluoride premursaterials for synthesis of ultra-
pure, rare earth doped ZBLANI glass. This chapterides all the details necessary to
produce a laser-cooling grade glass. In developifigure of merit for evaluating laser
cooling materials, it was necessary that the mettestl an intrinsic property of the
material, related at least qualitatively to the antoof impurities present in the material.
This method must also be insensitive to surfacpgregion methods and re-absorption
effects, sensitive to temperature changes as samakns of mK, practical over a wide
range of sample temperatures, and be relativelgadigrpt. Two such interrelated figures
of merit were selected, the zero crossing temperatli.cr and the net quantum
efficiency, /7. An experimental method, two band differential lnescence thermometry
(TBDLT), was developed to determiffiecr which can in turn, be used in conjunction
with the temperature depended luminescence spechired /7. Chapter 5, “Measurement
of solid-state optical refrigeration by two-bandfeliential luminescence thermometry”
describes in detail how these two parameters watareed. Given the feedback from this
experiment, we were able to make several iteratigh®ur ultra-pure laser cooling

material, with each iteration resulting in improwamh of the glass as described in
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Chapters 3 and 5. During this TBDLT experiment, gemature dependent transients are
recorded and analyzed to determier. In order to predict the functional form of the
experimental data, it was necessary to correctlgehtne thermal processes occurring in
the ZBLANI:Yb®" system. This is presented in Chapter 4, “Modellasier-induced

temperature change in solid-state optical refrigesd. This model can be easily adapted
to other glass host materials, and could be exterdecrystals as well. This work

presents the first attempt to predict laser coolirepsients, based on material and

experimental parameters, before undertaking aycastl time consuming experiment.
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1. Introduction

Laser cooling of solids is receiving increased ribe because it can be the
foundation of compact, rugged, efficient, and it@kacryo-coolers [1]. This concept —
sometimes referred to as optical refrigeration -esusnti-Stokes fluorescence to remove
thermal energy from a condensed matter systenglijeeducing its net temperature. A
laser beam excites the material in its low energgogption tail, i.e. below the mean
fluorescence photon energy;. Optical excitations thermalize with the latticey b
absorbing phonons; these excitations then recomdttingavelengths blue-shifted from
the pump light, with a cooling efficiency qf = (v — vf) / v.

The first experimental demonstration was made 851% which a cw titanium

sapphire lasef(= 1015 nm) pumped YH atoms doped in a heavy-metal-fluoride glass
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(ZBLAN) leading to a net temperature reduction bbat 0.3 degrees [2]. The cooling
record has since been pushed to an absolute temmert 208 K using Y#:ZBLAN
corresponding to a temperature drop~d8 degrees below the ambient [3]. Laser-cooled
solids have now entered the temperature regimeigi-fperformance thermoelectric
coolers, with the potential to attain cryogenic pematures. It has been predicted that
laser-cooling of direct-gap semiconductors suchGagAs may allow realization of
absolute temperatures approaching 10 K [4].

There has been an ongoing effort to explore othe-earth dopants and hosts
because they can have advantages compared*aZBbAN glass. Early work focused
on Yb**-doped glasses and crystals due the small exdigtel-absorption. An important
milestone was the observation of laser coolindhenfiresence of excited state absorption
using Tni:ZBLAN [5]. The TnT":ZBLAN material system also provides an
approximate two-fold increase in quantum efficignevhich scales inversely with
excitation energy. Largely due to its inherentlgtter efficiency, Tri:ZBLAN holds the
current record for cooling power (i.e. radiativeahédft) of ~ 70 mW. In 2006, laser
cooling of an erbium-doped KRBl crystal and CNBZn glass was reported [6]. Thia is
significant result because the cooling transitionerbium is accessible to high-power
laser diodes.

Here, we present results from laser cooling expemim with Tni'-doped
BaY,Fs. To the best of our knowledge, this is the fifstet a Tni*-doped single crystal
showed net cooling. This crystalline host offersgnamportant advantages compared to
ZBLAN that make it attractive for laser cooling &ipptions [7]. First, it has lower

phonon energy (45 meV compared to 72 meV) whichicesd the rate of deleterious non-
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radiative decay via a multi-phonon emission pathwhlyis leads to higher quantum
efficiency. It also has greater transparency atnthé wavelengths (far-infrared) that
make it less susceptible to radiative heat loadilig. estimate the emissivity to lbex
0.77 compared to 0.89 for ZBLAN. Additionally, thieermal conductivity is~ 7 times
higher than ZBLAN. A fourth advantage we note ie tiigher material hardness of the
BaY,Fs host which allows for better polish and direct agpon of optical coatings.
Moreover, it is significantly less hygroscopic thaBLAN [8]. The Stark splitting in the
ground state manifold is greater than*T@mBLAN, which limits the absolute minimum
achievable temperature, but has the advantage akadsing efficiency at room
temperature. Although Ba¥g has less favorable conductivity and hardness coedpa
the widely used YAG laser crystal, its superioricgdtproperties and quantum efficiency

make it a better choice for laser cooling [7].

2. Experimental

2.1. Crystal growth

Crystal growth was carried out at the Physics Diepamt of the University of Pisa in a
Czochralski furnace with resistive heating. Witlsthpparatus, Ba¥g single-crystals
with nominal doping of 1.2% thulium have been grolnadding suitable amounts of
BaTmFg. To avoid OH contamination, the fluoride starting materials jpueified at AC
Materials (Orlando, FL) and the growth processiedrout in a high-purity (99.999%)
argon atmosphere. During growth, the rotation cdtéhe sample is 5 rpm, the pulling
rate 0.5 mm/h, and the temperature of the meft the range 987-995°C. The furnace is

also equipped with a computer controlled appar&tusiiameter control. The average
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size of the Ba¥Fg crystals was about 15 mm in diameter and 55 mrength. The
crystals are of good optical quality and appeabéofree of cracks. The crystals were
analyzed using the X-ray Laue technique, verifyihgir monocrystalline structure and
crystallographic axis orientation. The crystals @arein small samples with edges aldng
andc axes because they are the most important orientata optical applications. The
faces are polished to high optical quality usingr@ha suspensions.

2.2. Spectroscopic set-up

The measurement of the room temperature absorptiefiicient has been performed by
means of a spectrophotomet®ARIAN CARY 500 Scpwoperating in the range 250-
3200 nm, with typical resolution near 0.1 and 1 mmthe visible and in the NIR,
respectively. The room temperature fluorescencetsp®f the 3F4— 3H6 transition
were performed with the aim to measure the measrdhcence wavelengths) and to
derive a better estimate for the absorption cadefficin the long wavelength tail of the
absorption spectra. The pump source was a tunablg:Al 0z laser, pumped by an Ar
laser. The fluorescence signal is detected perpeladito the pump laser direction to
avoid spurious pump scattering. The luminescence wepped then focused by a
monochromator with 25 cm focal length, equippedhwét 300 gr/mm grating; the
resolution of the measurement was 1.2 nm. To retloedspectra in various sample
orientations, a Glan-Thomson polarizer is placedfromt of the input slit of the
monochromator. The signal was filtered by a sili¢itter, detected by a liquid nitrogen
cooled InSb detector, fed into pre-amplifiers, mpssed by a lock-in amplifier and
subsequently stored on a PC.

2.3. Laser cooling
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We excited the sample using a high power, singbpmant, optical parametric oscillator
(OPO) based on periodically-poled LiNp{®]. The OPO is synchronously pumped by
80 ps (FWHM) mode-locked pulses from a Nd3+:YAGelaat a wavelength of 1.064
um with a repetition rate of 76 MHz, delivering up 20W. The OPO output is tunable
between 1.7-2.1m with power in the range of 4—-6Watts. However, wilge OPO is
operating at high power and near degeneracy (2uh28 there is a tendency towards
several resonant oscillations, together with thedegirable features of frequency and
mode instability [13]. As a result, the signal bamdth can be as large as tens of
nanometers. The insertion of two etalons within @O cavity significantly stabilized
and reduced the bandwidth of the signal radiationwithin the limitations of the
spectrometery 1 nm). The room temperature reference sample e@lén a vacuum
chamber £107° Torr) suspended by two glass microscope slidesrder to minimize
heat load from thermal conduction. The pump liglgkes a single pass through the
sample. The change in temperature is measuredveetatthe reference sample using a
micro-bolometer camera (Raytheon 2000AS) which sid¢he sample through an IR-
transparent window (NaCl). The camera was calidraagainst a precision silicon
temperature diode in a separate measurement byngldabe sample in a variable
temperature cryostat. The data were stored bynaefigrabber card on a PC as 8-bit pixel

image files.

3. Spectroscopic and cooling results
BaY,Fg is a biaxial crystal, and therefore requires gigctra to be fully characterized.

Transitions between 3F43H6 levels in Tri" ions, however, are dominated by the
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electric-dipole term and, as a result, it is notessary to take the orientation of the
magnetic field into account. Additionally, the pai@d spectroscopic properties of
Tm**doped Ba¥Fs are readily available in the literature [11]. Foe aim of this work, it
is sufficient to show the spectroscopic measuresnearried out along th& || b
polarization, i.e. the one used for our laser capkxperiments, even if we used all three
polarization components in order to derive the mdéaorescence wavelength.
Luminescence and absorption data for’TBaY,Fs are shown in Fig. 1, which displays
appreciable absorption at wavelengths longer than 1793 nm (shaded region to the
right of the solid vertical line). The presenceabkorption beyond; (by at leaskT) is a
key requirement for cooling. We note that crystalihosts exhibit sharper spectral
features, as compared to amorphous materials, altieetregular periodic structure of
their atoms. These larger peaks in the target phear region can be used

advantageously in a laser cooling experiment.
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Fig. 1.E || b absorption (solid curve) and emission (dotted cusgectra for our 1.2%
Tm**:BaY.Fs sample. The solid vertical line indicates the miaorescent wavelength at
M = 1793 nm. In a laser cooling experiment, excitattakes place on the long
wavelength side of this line in the shaded absonptegion.

In order to exactly predict the expected tempeeatdirop and determine the
cooling efficiency, the value of the absorption fficeent in the long-wavelength tail
must be known with high precision. Given that theaption coefficient in the region of
interest for laser cooling applications is usuallgry small when obtained using
transmission spectroscopy, it is common practicelddve the absorption coefficient
from the emission spectra using a reciprocity refaf12].

Generalizing the expression found in the cited wiarkthe case of anisotropic

crystals, we obtain:

of =2t ex (g, | |02V ) W
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Fig. 2. E || b-polarized absorption spectrum of 1.2% *f1BaY.Fs. The open circles
represent the data obtained with the spectrometkile the solid line indicates the
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absorption derived from the emission spectrum uirgeciprocity relation shown in the
text.

where ¢’

r ., orand |”(A)are the absorption and emission cross sections thed
intensity of the fluorescence emission for thpolarization; £ and 4 are the partition
functions for the upper and the lower electroniele and Ep_ is the energy of the zero
phonon line. The values obtained by inserting tméssion intensity data (normalized to
the spectrometer absorption coefficient at largeogition) were over an order of
magnitude above the noise level of our instrum@atshown in Fig. 2, the data obtained
from reciprocity are in excellent agreement witlhgh acquired with the spectrometer,
and they give a better signal-to-noise ratiodor 10™* cm *. The discrepancy between
the two curves at the largest peak (1650 nm) caealsdy ascribed to the re-absorption
process which decreases the luminescence intemsttyhence the inferred absorption
coefficients.

The change in temperature (relative to a referesamaple) is recorded as a
function of time for a given pump wavelength, antbsequently fitted to a single
exponential decay, whereby the maximum temperathhange at a given pump
wavelength can be inferred. On average, a sampleéake approximately 40 minutes to
reach its equilibrium cooling or heating state. sTiavelength-dependent temperature
change AT) normalized to pump poweP) is shown in Fig. 3 for thE || borientation of
the crystal. We correlate the two minima~t850 and~1925 nm with the presence of
absorption peaks around these wavelengths foEtjié polarization. This experimental

data is analyzed quantitatively by fitting with #todlowing relation [5]:

%~K|:O'B +aR(/1)(1_”q)_aR(/1),7q/1;i} (2)

F
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whereqg is the wavelength-independent background absorgi@fficient,ar(1) is the
resonant absorption data shown in Fig.ng,is the non-unity quantum efficiency
coefficient to account for deleterious fluorescegeenching, ana takes into account
the geometry of the sample and the vacuum chantberelh as thermo-dynamic factors
(i.e. the radiative heat transfer). The constaeffamentsng andog andx are adjusted to
fit the heating/cooling data. We fing, ~ 0.98,ag ~ 2x10™* cm * for E || bandk = 723
cmK/W for the data presented in Fig. 3. It is wantiting that the experimental value of
k is lower than the theoretical value. This can s&ibed to stray light circulating in the
vacuum chamber due to the spurious reflections hef pump beam which can
inadvertently heat the sample. A more refined puggicheme could reduce the spurious
reflections inside the vacuum chamber and hencare@hthe cooling efficiency. Our
configuration produced a maximum temperature difop.® degrees, at a wavelength of
1855 nm, given 4.4 W of pump power.

For practical applications, an estimate of the icgpkfficiency, i.e. the ratio of
the absorbed and the cooling power, is crucial. @&bsorbed power can be easily

estimated using the Lambert-Beer law:

Pabs = Pin(l_ e_M) (3)
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Fig. 3. Wavelength-dependent temperature changealimed to pump power for Bak¥s
doped 1.2% TH{ for E || b. Data points below the horizontal reference limdidate net
cooling. The solid curve is a fit as describedhia text.

where/is the length of the crystad, is the total absorption coefficient ai), is the
incident power on the sample. The cooling power t&n obtained from general
thermodynamical considerations. In fact, at equuiim the cooling power must balance

the incoming power. If we consider that the onlathlead on the sample is due to the
radiation from the vacuum chamber, we can write:

Poooi = Prea =€ T ATe= T9 4
whereT; is the temperature of the samplg,is the vacuum chamber temperatuigis
the emissivity of the host materiah is the surface area of the sample, ants the
Stefan-Boltzmann constant. The cooling efficiengys, is then obtained by dividing Eg.
4 by 3. Shown in Fig. 4 are both the theoretical #re experimental cooling efficiency
versus pump wavelength for the 1.2% *fBaY.Fs crystal when pumped in tHe || b
polarization. A maximum cooling efficiency @f..x= 3.4% has been observed at 1934
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nm. The slope attained &t 1855 nm is -0.74 deg/Watt which compares fagrabthe
best previously reported valuesmpfy = 3% and —0.73 deg/Watt for FitZBLAN [10].
The discrepancy between the theoretical and expetah data at wavelengths longer
than ~ 1950 nm can be ascribed to the low absorption woeft in this region (hence,

the large error bars).
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Fig. 4. Cooling efficiency as a function of the purwavelength for the 1.2% Tt

BaY,Fs crystal. The theoretical prediction (solid lineg)daexperimental data (dots) are
shown forkE || b.

Note that the maximum cooling efficiency occurs 34 nm, while the
maximum temperature drop occurs at 1855 nm. Inideal case with no impuritieg,
cool increases with increasing wavelength [2]. This lisady visible in Fig. 4 for
wavelengths up to 1934 nm, beyond which the impulisorption dominates and the
cooling efficiency decreases. According to Eq.h2 temperature drop for a given pump

power is proportional to the productwf (Fig. 2) andn.ol (Fig. 4). Since with increasing
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wavelength,agr decreases amgloo increasesAT/P (Fig. 3) forms a minimum which is
found at 1855 nm.

A similar analysis was performed also for thelL b,c polarization. The results,
not shown here, are comparable with that obsereeth&E || b polarization and are in

good agreement with theoretical values.

4. Conclusion

In summary, we report the first observation of taseoling with Trni*:BaYFs. This
crystalline host has shown net cooling when dopétl e rare-earth ions Y¥b and
Tm** which allows for pumping at distinctly differentawelengths. BaXFs possesses a
range of properties that compare favorably with 2ZBL glass in laser cooling

applications.
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High-purity fluorides for optical refrigeration.

We present a chelate-assisted solvent-extractiothadethat can be applied to every
component of ZBLANI:YB* (ZrF; — Bak — LaRk — AlF; — NaF — Ing YbF;) glass to
enable a material with significantly reduced trinsimetal impurities. In addition, an
advanced method for the precipitation of the respedinary fluorides and the removal

of oxide and OH- impurities is described. Sevetahracterization tools are used to
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guantitatively and qualitatively verify the reduwartiof both transition metal and hydroxyl
ions. First, the concentrations of several probl@naansition-metal impurities in the
zirconium precursor were measured at various stafjéise purification process using
inductively-coupled plasma mass spectrometry (ICB-MChelate-assisted solvent
extraction was found to be successful in reducnagsition-metal concentrations in a
ZrCl,0O solution from 72,500 to ~100 parts-per-billionpl§p. Second, laser-induced
cooling in bulk ZBLANI:Yb** samples was used as a sensitive probe for ppb-leve
impurities. Laser cooling was observed at room tnapre for ZBLANI:YE" samples
fabricated from purified metal fluoride precursacenfirming the results of the ICP-MS
analysis and demonstrating the effectiveness ofptirefication methods in an optical
material. The high-purity metal fluorides synthesiZy the methods presented here are
expected to enable a number of high-performanceapnaterials, including solid-state

optical refrigerators and deep-ultraviolet trangpacrystals.

Introduction

Fluoride crystals and glasses are of interest vade range of photonic applications
including bulk optics for deep ultraviolet (UV) piotithography [1], optical fibers for
high power or long-haul transmission [2],[3], hastaterials for lasers and optical
amplifiers [2],[4]-[7], scintillators [8],[9], upaaversion phosphors [10], and solid-state
optical refrigerators [11]. These applications taklvantage of the high band gap energy

and/or the low optical phonon energies (typical08 cm') of fluorides. The attractive
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intrinsic properties of fluorides, however, candubstantially degraded by the presence
of impurities. Transition metal ions have optigalnsitions in the UV and visible spectral
regions [12],[13], leading to undesired backgrowasorption as well as non-radiative
guenching of excited states even at trace levelgh&rmore, oxygen-based impurities
such as oxides, hydroxyl (Ofl and water can degrade material performance by
introducing UV absorption [14],[15] and high-energiprational modes that enhance
multi-phonon relaxation rates of excited states]-[2&]. While the slow growth of
fluoride crystals can reduce the concentration arhes of these impurities, fluoride
glasses generally contain all of the impurities thare present in the melt from which
they were quenched. Solid-state optical refrigesatalso known as laser coolers, have
particularly demanding purity requirements. For tloerozirconate glass ZBLAN (ZuF

— Bak, — Lak — AlFR; — NaF), for example, it was estimated that tramsitmetal and
OH impurities in excess of ~100 parts-per-billion fpseverely compromise material
performance [22]. Other applications have similatgingent purity requirements. The
preparation of high-purity binary fluorides is thtare critical to enabling the desired
performance of many fluoride optical materials.

There currently exists no comprehensive methodHerpurification and synthesis of
ultra-pure metal fluorides. The chemical inertnasg fairly high melting temperatures of
fluorides prevent the use of many of the standardfipation methods. While some
successes have been achieved by sublimation atiatien of ZrF, as well as zone
refining [23],[24], these are not applicable to maf the metal fluorides of interest. The
use of Ck, NF;, Sk, Cl,, CCL, or O, reactive gas atmospheres during melting has been

widely used to reduce oxide impurities [25],[26]pwever, such methods are not
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acceptable for many high purity glass applicatiaeshey can re-contaminate the final
glass with unwanted species. More recent develofsrianlude vapor phase processes,
which appear attractive due to the success of adamiapor deposition (CVD) in
purifying silica for fiber technology. Some prelimairy results appear to be encouraging
[27]-[29]. However, the practical achievement afditide glasses through CVD appears
difficult due to the high evaporation temperature several of the fluoride glass
components. A comprehensive purification strategygtntherefore, target the chemistry
beforethe formation of the metal fluoride. One such rodtls chelate-assisted solvent
extraction (CASE). In this process, a chelate edus bind to undesired metal ions in an
aqueous phase and to transfer the metal-chelatplexes into a second organic phase.
Chelate-assisted solvent extraction is widely usedanalytical chemistry to pre-
concentrate heavy metals for trace analysis [38]:[alternatively, it can be used to
remove metal ions from the aqueous phase to aclpenication. Ling et al. have used
the latter approach with ammonium-pyrrolidine-ditisiarbamate (APDC) as the chelate
and methyl-isobutyl-ketone (MIBK) as the organi@pé to reduce Co, Ni, and Cuto <5
ppb and Fe to < 10 ppb in zirconium solutions [33].

Our approach is to exploit a single chelate/orgasutvent system suitable for the
individual purification of all components of theskr-cooling glass ZBLANI:YY (ZrF, —
BaF, — Lak — AlF; — NaF — Ing — YbR;), in order to minimize the development effort
and to simplify processing. The APDC/MIBK systemidegal for the removal of the
specific transition metals that are detrimentallaser cooling while not affecting the

metal ions of the glass components.
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In this paper, we (1) expand CASE to the purifmatof main group elements (Zr, Ba,
Al, Na, In) and the rare earths (La, Yb, Tm), (2lvance the method to include the
precipitation and ultra-drying of the resulting &g metal fluorides, and (3)
guantitatively verify the impact of reduced impig# in an optical refrigerator material.
We begin the Materials Synthesis section with aitkt description of all processing
steps used to produce ultra-pure ZBLANI*YHglass. As a measure of our ability to
successfully remove both transition metal and hygroions, we use several
characterization tools to quantitatively and qadiNely verify purity, detailed in the
Experimental section. These include ICP-MS wheeezilconium precursor solutions are
analyzed for quantities of particular transitiontahdons of interest. We also outline

measurements on the bulk ZBLANI:¥bsamples, where we test for optical refrigeration.

Materials Synthesis

Figure 1 shows a flow chart outlining the genetaps used to produce ultra-pure

ZBLANI:Yb 3" glass.
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1) Unpurified 2) CASE purificatiof 3) Add HF to
precursors process, 3 times convert to fluoride
2) a. Buffer to 2) b. APDC - 2) c. MIBK -
In Class 100 control pH chelate organic phase
Cleanroom
4) HF drying

4) a. HF generation| | 4) b. to reaction chambgr| 4) c. HF waste
from KHF, for ultra-drying neutralization

7) Characterizatio

In Drybox 6) a. annedl | 6) b. cut| | 6) c. polish
i)
TBDLT

Figure 1. Outline of the major steps for reductioh transition metals and oxidic
impurities in an effort to produce ultra-pure ZBLANb>" glass. The boxes represent
material synthesis steps while the ovals indicat@wus characterization tools.

—

5) Melting/Casting 6) Post processing

Hydrofluoric acid and hydrogen fluoride gas: The following procedures involve
experimentation with concentrated hydrofluoric aeidd hot hydrogen fluoride gas.

These substances are toxic and can pose a sewdtte lezard if not handled properly.

High-Purity Reagents and Clean Processing: Hydrofluoric acid (49%), nitric
acid (69%), and hydrochloric acid (33%) were dotdtbtilled and trace-metal grade
(GFS Chemicals, Veritas). The ultra-high purity [®Hwater was obtained from
Inorganic Ventures. Methyl-isobutyl-ketone (alsoowm as 4-Methyl-2-pentanone or
MIBK) was from Acros Organics, electronic gradel pdocessing steps were carried out

in a fume hood inside a Class 100 clean room enmenmt. Acid evaporations were
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performed in a distillation still constructed eatyr from perfluoroalkoxy (PFA) resin
(Savillex Corp.) and operated inside a fume hoaithénclean room. The evaporation side
of the still was heated to 190 °C by a temperatar@rolled heating jacket. The PFA
evaporation tube was wrapped in an aluminum sleefere inserting it into the heating
jacket to allow for more even heat distributionrfBening acid evaporations in the still
reduced the risk of recontamination by keepingsiletions enclosed during the lengthy
evaporation process. Furthermore, the still saéelytained the highly corrosive acidic
fumes and allowed for easy and proper disposahefacidic distillate. All vessels and
utensils used in the following processing stepsewaeaned by leaching them in dilute
nitric acid at elevated temperatures for severgs deefore use. This released undesirable
ions potentially trapped within the matrix of thelymer which might have contaminated

the solutions.

Preparation of APDC Chelate Solution: The ammonium-pyrrolidine-dithio-
carbamate (APDC) chelate (Acros Organics) wasdtat 4 °C until needed for solvent
extraction. A 1% solution of APDC in UHP.8 was prepared daily by dissolving 1 g of

APDC in 100 mL of water and filtering through a 2 um pore size Nylon syringe filter.

Preparation of Buffer Solution: Proper extraction of unwanted transition metal
impurities required a stable pH of the aqueoustswiun the range of 2.5 - 5.5 [31]-[33].
This was achieved by use of a buffer solution tgihycprepared by dissolving 50 g of
ammonium acetate (Fluka, 99.995%) in 100 mL of UkHRer and adding acetic acid to

adjust the pH to ~ 4.5.
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Chelate-Assisted Solvent Extraction (CASE): 5 mL of the 1% APDC solution
was added to the buffered (see below) agueousi@olaf the metal ion to be purified.
The mixture was briefly shaken. 35 mL of MIBK waddad, and the two-phase system
was shaken vigorously for 1 minute. After lettitng tsystem equilibrate for 10 minutes,
the bottom aqueous phase was collected and theniorghase was discarded. This
extraction procedure was repeated three times fillheaqueous phase was collected in
poly-tetrafluoroethylene (PTFE) beakers. Separdi€BPbeakers were used for each

metal ion to prevent cross-contamination.

Zirconium fluoride (ZrF,): 41 g of ZrCjO-xH,O (Alpha Aesar, Puratronic®,
99.9985%) were dissolved in 68 g UHP water. Theoplhis solution was increased by
boiling the solution and continuously adding watigpically ~350 mL total) over the
course of 24 hours to reach a pH of ~1, thus reduthie amount of buffer needed to
adjust the pH for the subsequent solvent extracfldns step was important as excess
buffer interfered with the final precipitation ofr@onium fluoride. The volume of the
solution was ~65 mL after this step. 60 g of buffelution was added to adjust the pH to
> 2, preferably ~2.5, and the solution was filtettl@ugh a < 0.2 pm Nylon syringe filter
to remove larger particulates. The filtered solutwas transferred into a separatory
funnel for CASE (see above). During solvent extaatthe organic phase progressed
from yellowish to colorless with each successivieastion step. After three extractions,
the last aqueous phase was combined with 28 gdrofyoric acid to form a slurry of
zirconium fluoride precipitates which was evapadate dryness (see above) over 12

hours. The product was Z(NH,)s which was decomposed to 2rH,O (see below).
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Barium Fluoride (BaF»): 10 g of BaCQ (Strem Chemicals, Puraterm, 99.999%)
were dissolved in 30 g of hydrochloric acid. Thedagas added very slowly in order to
control the violent release of GOThe milky solution was evaporated to dryness aver
hours. The resulting BagWwas dissolved in 34.5 g of UHP water, and 33 thefbuffer
solution was added to reach a pH of ~3.8. The bedfequeous solution was filtered
through a < 0.2 um pore size syringe filter dingatto the separatory funnel for solvent
extraction (see above). The color of the organiasphprogressed from light yellow to
colorless by the last extraction. The final aquepbase was collected, and 42.5 g of
hydrofluoric acid was added. A thick opaque slwufBaF, could be isolated by carefully
decanting the excess hydrofluoric acid after altoyvihe precipitates to settle for several
hours.

Lanthanum Fluoride (LaF3): To 2.9 g of LaO; (Metall Rare Earth Limited,
99.9999%) 38 g of doubly distilled HNQvas added very slowly to dissolve the oxide
and to form lanthanum nitrate. It was necessamety slowly add the nitric acid in order
to control the violent reaction with the lanthanoride powder. The entire solution was
transferred to the evaporation tube and evapotatddyness over the course of 10 hours.
The resulting lanthanum nitrate was dissolved irg2% UHP water. Next, 18.5 g of the
prepared buffer solution was added, raising thet@t3.3. This buffered solution was
filtered with a Nylon syringe filter into the sep#ory funnel for solvent extraction. After
three extractions, the last aqueous phase wastllénto a designated PTFE beaker. It
was found that the rate at which the HF acid watkeddffected the LaFerystallization
dynamics. Therefore, the HF acid was added venylglavhile the solution was stirred

with a PTFE stir bar at 550 rpm. This method fadotee formation of Laf and
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suppressed the competing precipitation of ammormsompounds. The excess HF was
easily decanted from the resulting white slurry.

Aluminum Fluoride, (AlF3): The synthesis of AlfFbegan with the addition of 27
g of UHP water to 6 g of aluminum chloride hexalaydr (Alfa Aesar, Puratronic®,
99.9995%). A significant amount of buffer, typigalnore than 50 g, was required to
reach a pH of >2.8. This buffered chloride solutwas filtered into a separatory funnel
for purification. The organic phase progressed feohight yellow tint to colorless by the
third extraction. Following purification, the laatjlueous phase was collected and 40.6 g
of HF acid was added to form visible precipitatEsese precipitates did not settle, and
thus the entire solution had to be evaporatederetraporation tube during the course of
8 hours.

Sodium Fluoride (NaF): 7 g of NaCOs; (Sigma-Aldrich, 99.999%) were
dissolved in 32 g of UHP water. 73 g of buffer $imn was added to raise the pH to ~5.
This solution was filtered and purified via CASEdé times as usual. After collecting the
last aqueous phase from the third solvent extractep, 40.5 g of HF acid was added to
the solution to precipitate the NaF. The excessatl# was easily decanted.

Indium Fluoride (InF3): 7.7 g of indium metal (Alfa Aesar, Puratronic®,
99.9999%) was placed in a glass beaker, and 10MHy©; wasvery slowly poured over
the metal. It was imperative that this step ocauae slowly as possible to control the
violent generation of NQgas and to avoid boiling of the acid. This resgjtsolution was
evaporated to dryness in the evaporation tube twercourse of 12 hours to obtain
indium nitrate. 32 g of UHP water was added to famnilky solution the pH of which

was raised to ~2.5 by adding 25 g of buffer sohutibhis solution was then purified by
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solvent extraction as usual. Following the thirdifozation, the last agueous phase was
collected in a PTFE beaker, 25.4 g of HF acid vesiged, and this solution evaporated to
dryness over 12 hours. The resulting ()hFs was decomposed to yield InRs
described below

Ytterbium Fluoride (YbF3): 2.5 g of YBOs; (Metall Rare Earth Limited,
99.9999%) were combined with 35.5 g of Hi\@sulting in a milky solution which was
dried in the evaporation tube for 8 hours to yigeerbium nitrate. 22 g of UHP water
was added to the nitrate and allowed to sit foodrhuntil the powder was dissolved. 21.3
g of buffer solution was then added to raise thetpH3.6. This solution was filtered
with a Nylon syringe filter into the separatory fugh followed by the usual three steps of
solvent extraction. The aqueous phase of the lasfigation step was collected in a
PTFE beaker, and 21.3 g of HF acid was added topitate the fluoride which was
recovered by decanting the excess HF.

Decomposition and washing: Two of the metals, Zf and If*, formed
(NHg)3ZrFs and (NH)sInFg, respectively, by reaction with the MNAL buffer solution
rather than directly precipitating as metal flueridhese compounds were decomposed
in a large glassy carbon crucible on a hot platehim fume hood. The (NhsZrFs
compound was slowly heated to 370 °C and the 4jMikF to 460 °C to effect the
decomposition and evaporation of ammonium fluo(idel,F) and the formation of the
respective metal fluoride. The NAc buffer did not compete with the fluoride fornaati
for the other metal ions.

All fluorides were subjected to a series of washang drying steps to remove residual

buffer, excess acid, or non-fluoride, water solutwenpounds. Each fluoride was washed
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by adding ~30 mL of UHP water and sonicating therglfor 0.5 - 1 hour. The insoluble
fluoride settled and the excess water was decaat@dpcedure that was repeated three
times. The product was dried in a PTFE beaker botglate at 190 °C to remove excess
water.

Drying of fluoridesin hydrogen fluoride (HF) gas: The fluorides obtained above
were subjected to drying and fluorination by tnegtithem in HF gas at elevated
temperatures using a custom HF gas drying appaag@sted from Burkhalter et al. [34]
and Kramer et al. [35]. The apparatus was desigoedlow for drying of two fluoride
samples per drying run. For this purpose, the ftlesr were transferred to glassy carbon
boats in the clean room and inserted into a seal@upsion-resistant tube, constructed
from Inconel Alloy 600 steel. The Inconel tube wagher lined with a glassy carbon
tube to protect the fluorides from potential vess®losion residues. The drying tube was
connected to the HF gas drying apparatus via PBAkguand inserted into a horizontal
tube furnace.

HF gas was produced by decomposing KihFa separate vertical tube furnace. During
a typical 19 hour drying run, 25.6 g of HF gas wasduced by decomposing 100 g of
previously dried KHE (dried at 190°C for > 60 hours in vacuum) in a glassy carbon
crucible by heating it to 39%C at 135%hr, to 440°C at 4.5°hour, and to 486C at 8.3
°hour. A mass-flow controller (Aalborg, GFC17) mained a constant flow of
semiconductor grade argon (Ar) to provide a ~7 val9eérage HF concentration. The
Ar/HF gas mixture was injected into the drying tuiich was heated to 30C. Excess
Ar/HF gas emerging from the drying tube was bubliedugh a saturated calcium

hydroxide solution that quantitatively removed Hy drecipitation of Caj The entire
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system was contained in a fume hood. Each metatifle was subjected to this drying
and fluorination step before being used as a startiaterial for glass synthesis.

Glass formation and post-processing: The dried fluorides were transferred into
an argon drybox in the sealed drying tube. The hfletarides were weighed, mixed, and
transferred to a glassy carbon crucible and coveiidid a glassy carbon lid. A typical
batch size was 4 g, and typical glass compositamesshown in Table 1. The melting
crucible was inserted into a computer-controlledrnoher furnace which was preheated to
750 °C. The melt remained in the furnace for up to 5redo completely dissolve all
components. The melt was subsequently cooled to°65at 10°minute before the
crucible was removed from the furnace and the mvak cast into a platinum mold at
room temperature.

Table 1. Composition of the ZBLANI: Y’ glass samples fabricated in this study. Also
shown are vendor-quoted purities of the respecramercial metal fluorides as well as

the various chlorides, carbonates, and oxides @aloith their vendor quoted purities)
that were used as starting materials for the CASEqsS.

Z I B L A N Yb
ZrF, InF3 Bak Laks AlF; NaF Ybk
Typical sample

stoichiometry g3 25 20 3 3 175 1
(mol%)
Purity of comm.
fluoride (%) 99.5 99 99.99 99.9 99.9 99.5 99.9
Commercial . .
: . ZrOClh AICl;
starting material gy} 5 In BaCQ  LaOs 6H,0 NaCO;  Yby0s3

Quoted purity (%) 99.9985 99.9999 99.999 99.999939.99956 99.997 99.99992
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The resulting glass was annealed in the mold fevelinternal stress and to improve
mechanical durability and optical homogeneity. Aalimg consisted of heating the glass
to just below the glass transition temperature5f 2C at 2 °/minute, holding for 1 hour,
and cooling to room temperature at a slow rate 2P0ninute.

The glass samples were to undergo a variety otaptharacterization techniques,
many of them discussed in the Experimental Secti®uarface contaminants and
imperfections cause heating when exposed to edtinect or scattered radiation in the
optical experiments. In order to distinguish intdror bulk heating from such surface
heating, a polish of extremely high quality wasessary. To prepare a sample for optical
characterization, the annealed glass was cut inteceangular parallelepiped with an
ethylene glycol-cooled diamond saw. The two paralides designated to receive the
pump laser beam were polished to optical qualityilethe other sides were polished to
transparency. A “wet polish” was necessary to obthe desired optical finish. To that
effect, dried aluminum oxide particles, rangingliameter from 12 pum down to 0.05 pum,
were suspended in emulsions of water-free ethydgyeol and glycerin. The viscosity of
the suspensions was controlled by adjusting theuamof glycol. The polishing
compounds were prepared daily to ensure that thgesisions did not coagulate and form
larger than expected particles that were foundtatsh the surface. The sample was wax
mounted on a hand held polishing assembly and niigmaished with the slurry spread
over a fine textured, non-abrasive, polishing clotitil the desired optical finish was
obtained. The final samples were stored in theradygbox until optical testing. Before
use, the samples were sonicated in optical gradbamel for several hours then gently

cleaned with lens paper.
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Table 2 summarizes the glasses synthesized oveotirse of this development effort
and provides comments on sample preparation conditiSample No. 1 was fabricated
from commercially available metal fluoride precuss@with purities as given in Table 1)
without conducting any further purification, excefite mandatory ultra-drying and
fluorination of metal fluoride precursors in hotdnggen fluoride gas. Without this ultra-
drying step, significant crystallization of the gg&s occurred yielding a glass unfit for
optical characterization. Samples No. 2, 3, ancegrasent various stages during the
CASE process development. Sample No. 5 is identw&ample No. 4, except for a
higher 2 mol% YB" concentration. For Sample No. 6, sublimated,Z{father than
solvent extracted Zgf was provided by the University of Bern. The othgass
components were identical to the fluorides usegrépare Sample No. 4. Sample No. 7 is
a commercial ZBLAN:2%Y® sample procured from IPG Photonics that has shown

good laser cooling performance, and it was usedsnt of reference in this study.

Table 2. Summary of the Ybdoped fluorozirconate samples synthesized and
characterized in this study.

Sample  Yb** ZBLANI composition  Sample descriptions and preparation
Number (mol%) (mol%) notes

Produced from commercial metal
16.5-0-3y0ride precursors without further
purification. Some bulk scattering.

1 1 54-21-3.5-3.5—

1 54-21-3.5-3.5-16—-1 First generation CASE. Some bulk
scattering.
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Second generation CASE. Improved
melting/casting scheme. Excellent
optical quality.

3 1 53-20-3-3-17.5-2.5

Third generation CASE. Modified HF

4 1 53-20-3-3-17.5-2.5 gas drying process. Excellent optical
quality.

5 2 53-20-2-3-17.5-2.5 Same as No. 4 but with 2% ¥b
doping.
Same as No. 4 but ZrRwas purified

6 1 53-20-3-3-17.5-2.5 by sublimation rather than solvent
extraction.

7 2 Unknown Commercial ZBLAN sample from

IPG Photonics.

Experimental Section

ICP-MS Characterization: A Thermo Electron Corporation Element Il high-
resolution magnetic sector inductively-coupled plasnmass spectrometer (ICP-MS) was
used to measure trace metals at various stagesgdime CASE process. This ICP-MS
has a high sensitivity (low parts-per-trillion, pptith a linearity over nine orders of
magnitude. The purification of Zrwas chosen as a representative example. Samples
were collected immediately before CASE, after eaictine CASE steps, and for the UPH
water. All samples were digested using hydrogeroxpde and 1:2 HCI:HNQ then
diluted 20-fold to reduce interference of the ammpnacetate buffer with the ICP-MS.
The instrument was calibrated using certifid@u, *°Fe,>*Co, *®Ni, °Ni, >V, >Cr, **Mn,
and ®*Zn standards. The total concentration of each mesal obtained by scaling the

measured isotope by its terrestrial abundancerdardo eliminate sample matrix effects
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and to account for variations in background reaslirig ppb of In was added to each
sample as an internal standard.
Powder X-ray Diffraction: The phase purity of each metal fluoride was vedlifi

by a commercial Rigaku X-ray Diffractometer (XRBgé Figure 2).

ZrF, BaF,

| | | | | I I I [ I I I I | |
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

LaF, AIF,
P

I | I | | [ | [ | [ | I | I
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NaF YbF,

- AL . A

I | I | | I | I I | I | I I I
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 920

Diffraction Angle 26 [deg] Diffraction Angle 26 [deg]

Figure 2. Powder x-ray diffraction for each of iheividual fluorides used to fabricate
ZBLAN:Yb®*,

Laser Cooling: Two band differential luminescence thermometry PIB) was
used to measure local laser-induced cooling orifgat ZBLANI:Yb** samples and is
described in detail elsewhere [36],[37]. TBDLT mtons the luminescence from a
sample and deduces laser-induced temperature chdrgea changes in the spectral
distribution, achieving a ~7 mK sensitivity in razarth doped materials. Two bands in

the luminescence spectrum are optically selected irtigrference filters that, in

65



Chapter 3. Preparation and characterization of higlrity metal fluorides for photonics applications

combination with large-core optical fibers and tygamplified, balanced photodetectors,
achieve improved optical throughput and higher isieity compared to earlier DLT
studies. The experiment consists of turning on ldser for a period of time and
monitoring the temperature change that occurs d@uentrinsic cooling or heating
processes, followed by turning off the laser fopexriod of time for the sample to
thermalize back to the ambient temperature. Thisiesgce is repeated, and the signals
are averaged over many cycles. The slope of timsitrat signal is correlated to the laser
induced temperature change. The TBDLT techniquevallexamination of the reduction
in efficiency of the laser cooling process dueraspnce of impurities.

The TBDLT characterization included six ¥oped ZBLANI samples produced in
our laboratory (Samples No. 1-6) and a commerciél ¥b*"-doped ZBLAN sample
(IPG Photonics; Sample No. 7) which had shown suitisl laser cooling in earlier
experiments (see Table 2). The TBDLT paramétewhich is a quantity proportional to
the change in temperature, was measured at rooetatare for all six samples. The
rate of laser-induced cooling is a measure of theumt of impurities in the material and

thus a benchmark for the effectiveness of the matibn process.

Results and Discussion

Materials Synthesis:. Our strategy for the synthesis of ultra-pure méhabrides
consists of (1) removing transition metal impustigom an agueous phase by chelate-
assisted solvent extraction (CASE) and precipitatibthe metal fluoride, (2) removing
residual oxidic impurities (such as water, O&hd oxides) by drying and fluorination of

the “wet” metal fluorides in hot hydrogen fluorideliF) gas, followed by (3) glass
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synthesis in a controlled environment. It is theeand drying and fluorination step that
enables the preceding aqueous CASE process. Fudlerthe aqueous phase in the
CASE process offers many choices for starting ma#gras long as the compound can be
dissolved and is of relatively high purity. Togath€ ASE and drying/fluorination in HF
gas constitute a purification method that is agtlie to the synthesis of a wide range of
metal fluorides.

In the present case of purification and synthekigrb,, Bak, Laks, AlFs, NaF, Ink,
YbF; for the fabrication of ZBLANI:YB' laser cooling glass, we chose metal oxides,
carbonates, and chlorides as commercial startirtgrmmats (see Table 1). Even the purest
commercial starting materials, however, typicalbntained ppm-level contaminations.
For example, a ZBLANI:Y® glass prepared from the commercial starting meein
Table 1 without further purification is estimated lhave ~16 ppm of transition-metal
contamination in the final glass, an impurity lettgt exceeds the 10 - 100 ppb target by
factors of 16 - 1¢°. Additional purification by CASE was therefore pssary to produce
metal fluorides having the < 100 ppb transition-ah@&nhpurity levels needed for optical
refrigeration.

While purification of an aqueous phase by CASEffeaive in reducing transition
metals, it always yields metal fluorides with resdt oxidic impurities which can be
equally detrimental in many applications, includiogtical refrigeration. Treatment of
metal fluorides in hot HF gas is effective in renmgyvthese oxidic impurities by two
mechanisms: (1) surface water and water of cryzsddilbn evaporate from the fluorides
as they are heated, and (2) remaining hydroxidesl awxides, which are

thermodynamically less stable than the respeciiveritle react with HF to form the
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metal fluoride by releasing water. The initial glas synthesized and evaluated in this
paper (Samples 1-3, see Table 2) were made framnidies which were dried in HF gas
at an unnecessarily high temperature of 550 °C. [8% found that metal fluorides
exposed to HF at this temperature had a grayishaimd a brownish gelatinous residue
emerged from the output port of the drying vesseind) the HF process. These residues
were likely a result of corrosion of the Inconelloy 600 parts and the glassy carbon
inserts. We have found that lowering the dryinggemture to 306C eliminated these
corrosion residues and resulted in white metalritleopowders. This lower HF process
temperature is also supported by results reporyevioon et al. who have shown that
finely powdered Ce& Nd,Os, and SrO can be quantitatively converted to tispeetive
fluorides by exposure to 33 vol% HF in argon at 8G0in less than 1 hour [38]. We
therefore expect the drying/fluorination in our apdus (19 hours at 360C in ~7 vol%
HF in argon; see the Materials Synthesis Sectionbd highly effective in removing
oxidic impurities.

All glass fabrication steps - including meltingstiag, quenching, and annealing - were
carried out inside an argon filled drybox, equippeith HEPA filters, containing less
than 0.1 ppm of @and < 0.6 ppm BD. Such an inert atmosphere was necessary to
suppress the formation of oxides during meltingheffluoride glass. Oxides can increase
multiphonon absorption, increase the tendency abkglto crystallize, increase light
scattering, and decrease chemical durability [89practical limit for the ZBLAN:YB"
melting temperature is set by the volatilizatioteraf Zrk, which sublimes at 600°C.
Preheating the furnace was necessary to prevemisgxsublimation of Zy-from the

batch of precursor fluoride powders before meltiegurred. The optimized melting and
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annealing schedule described in the Materials ®gmhSection yielded mechanically
rugged samples of excellent optical quality.

Effectiveness of Chelate-Assisted Solvent Extraction: ICP-MS was used to
guantify the effectiveness of removing transitioetat impurities (Cu, Fe, Co, Ni, V, Cr,
Mn, Zn) from the aqueous metal-ion solutions. d@mcm was chosen as the relevant test
case because the final product, Zr&mounts to more than half of the final ZBLANI
glass composition. The UHP water, which was usddnsxvely throughout the CASE
process, was also analyzed for transition-metalnitips, both to verify its purity and to
establish a point of reference. None of the medastiensition-metal ions were detected
in the UHP water within the detection limits of tli&P-MS. We also analyzed the doubly
distilled acids, the buffer solution, and the hygkn peroxide used in the CASE process
and ICP-MS sample preparation. Transition metateatrations in these reagents were
found to be negligible, indicating that any sigeeint transition-metal impurities detected
in the solutions were introduced by the ZxCktarting material.

Figure 3 shows the concentrations of each of @esttion metal impurities (on a log-
scale, in ppb) at various stages of the zirconiwlut®n purification process. The
"Before CASE" sample was the buffered aqueous @¥Glolution taken directly before
the first CASE step. This initial ZrgD solution was substantially contaminated, having a
total of ~72,500 ppb of the measured transitionamsetthe majority of which was Fe.
The remaining three samples shown in Figure 3 vieken after each of the three
successive solvent extraction steps. In most caseh solvent extraction step reduced
the transition metal concentration. The extractomefficients (percentage of impurity

removed per step) for the first CASE step were dbtmbe 99.3% (Mn), 98.7% (Fe), Co
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(98.3%), 98.0% (Ni), 95.6% (Cr), 94.1% (Zn), and. B4 (V). These values are

consistent with earlier reports of solvent ext@ctiusing the APDC chelate in a
water/MIBK two-phase system [31],[40],[41]. Thesxtraction coefficients also

illustrate that at least two extraction steps azeded to reduce the initial concentration
by 10° for most transition metals. It is also notewortinat the apparent extraction
coefficients were generally lower for the second ahird extraction steps (where
applicable), indicating that possible recontammatmasked the effect of the chelate at
concentrations < 50 ppb. This is seen for Zn andf@rwhich a slight increase in the

concentration (although still < 35 ppb) after thed extraction step was observed.
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Figure 3. Results from ICP-MS analysis of the cteetssisted solvent extraction (CASE)
purification of a ZrCJO solution. Reference standards were prepared foar&ition
metal ions known to be deleterious to numerousiegdns which rely on ultra-pure
fluorides. The solution was analyzed before CASif], after each successive CASE step.
Note the different axis scales for the various bgap

Overall, the first CASE step was able to reducetdt@ concentration of the measured

transition metals from ~72500 ppb to ~1400 ppbhwiite residual impurities consisting

primarily of Fe, but also Zn and Cr. The second EAStep further reduced the total

impurity concentration from ~1400 ppb to ~100 ppbe third CASE step did not reduce
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impurity levels any further and appears to be e&fte. Hydrofluoric acid was added to
the aqueous solution after the third CASE steprégipitate Zris(NH,4)s which was then
decomposed to ZkH,O (see the Materials Synthesis Section). The rasittansition
metal impurities in the final zirconium solutioreésFigure 3) are therefore considered to
be representative of the purity in the final flaw®wi ZrR.H,O (before HF gas
drying/fluorination). The impurity level of ~100 ppcompares favorably with the
estimated maximum impurity level of 10-100 ppb reegdi for efficient optical

refrigerator materials.

Table 3. Transition metal concentration (ppb) IrZ&l,0 solution before and after
CASE. This data is presented as a series of bphgtia Figure 3.

Cu Fe Co Ni V Cr Mn Zn Total

Before 0 51600 177 7130 32.8 2140 38207640 72500

CASE

Alter 0 711 3.09 143 507 939 264 454 1440
1 CASE ' ' ' '

After

ieace O 830 0078 0 0695 175 151 0 116

After

dease O 585 0 0 110 186 256 339 115
UHPHO 0 0 0 0 0 0147 0 0O 0.147

Laser Cooling: Laser cooling removes thermal energy from a sbiidanti-
Stokes fluorescence and thereby reduces its tetupersd comprehensive introduction

to laser refrigeration has been given elsewheré. [[bipurities can introduce several
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undesirable processes that cause internal heatthgharefore degrade the laser cooling
performance. The primary quenching mechanism isdnyradiative energy transfer from
the excited laser cooling ion (e.g. ¥pto transition metal impurities (such as*GuFe”,
Co?* and NF*) which subsequently decay non-radiatively. Furtiae, impurities with
high-energy vibrational modes (such as"@hd HO) can quench the excited state of the
laser cooling ion via multi-phonon relaxation. Hipaimpurities can also directly absorb
at the pump wavelength causing heating in the foirimackground absorption. Reducing
transition metal and oxidic impurities suppres$esée impurity-induced undesired decay
channels and thus improves the laser cooling pedoce. The TBDLT characterization
method (see the Experimental Section) provides asuore of the laser-cooling efficiency
of a material and, therefore, an indirect measfite@aggregate impurity concentration.
Each sample listed in Table 2 was characterizyetBDLT to measure the degree
of laser cooling via the parametgi(see Figure 4). Sample No. 1 clearly illustratest t
even the best commercial metal fluorides have fitsenmt purity to enable laser cooling;
this sample showed substantial laser-induced rggatien at room temperature. The use
of CASE purification of precursor materials, suffatly high Ink oxidizer
concentration, optimized hydrogen fluoride dryilagd sufficiently long melting times,
provided a substantial improvement of laser coolipgrformance (successive
implementation of these processes in samples No3,2and 4). The 1% YbH
concentration of Sample No. 4 was increased tor2%ample No. 5, which resulted in
substantial heating. The rate of energy migratiomorg YB* ions increases with
increasing YB" concentration, and some of the excitations cauh ifimpurity sites where

non-radiative relaxation takes place. This processore efficient in the 2% sample (No.
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5) compared to the 1% sample (No. 4), and thetfeattsample No. 5 showed substantial
heating is direct evidence for the presence ofsitimm metal and/or oxidic impurities.
Also note that the use of Zrpurified by sublimation (at the University of Besample
No. 6) resulted in a sample that cooled, albeitasomuch as the best sample fabricated

from precursors purified by the CASE process.

o
@
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i

TBDLT Parametery
o o
o —

o
i

Buljood|bunesH

"1 2 3 4 5 6 7

Figure 4. TBDLT parameter at 300 K measured fohezfcthe samples in Table 2.is
proportional to the laser-induced change in tentpegawhere a positive and negative
TBDLT parameter corresponds to laser-induced hgatind cooling, respectively.
Samples 2-4 exhibited laser cooling, indicatingt tttee CASE purification and HF
drying/fluorination were successful in significanteducing transition-metal and oxidic
impurities.

Conclusions

A comprehensive purification method suited for afl the ZBLANI:Yb®* glass
constituents had not yet been reported and wasmexs here. We show that chelate

assisted solvent extraction (CASE) using APDC abkeaate and MIBK/water as a two-
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phase system is effective in removing relevantsitaon metal impurities from a ZrgD
solution. The transition metal contamination wadured by almost a factor of 3Gind a
residual transition metal concentration of ~100 pgis achieved. Subsequent drying and
fluorination of the resulting metal fluorides intHoydrogen fluoride (HF) gas has proven
effective in removing residual oxidic impuritiess aconfirmed by laser cooling
measurements. Current work is focused on optinunati CASE with the APDC chelate
and on finding other chelates/solvent systems imitbroved characteristics. The suite of
processes presented here is applicable to the ratepaof a wide range of ultra-pure
binary fluorides, and it established a foundation the growth of a variety of fluoride

crystals and glasses for demanding photonic apjita
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Abstract

We present an efficient and numerically stable wetio calculate time-dependent, laser-
induced temperature distributions in solids andvig® a detailed description of the
computational procedure and its implementation. sTBtudy combines the two-
dimensional heat equation with laser-induced heaemation and temperature-dependent
luminescence. The time-dependent optical respohsesgstem is obtained numerically
by the Crank-Nicolson method. This general modehpsplied to the specific case of
optical refrigeration in ytterbium (¥ doped fluorozirconate glass (ZBLAN). The

laser-induced temperature change upon optical pugnpnd the respective transient
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luminescence response are calculated and comparegperimental data. The model
successfully predicts the zero-crossing temperatheenet quantum efficiency, and the
functional shape of the transients. We find thatl#ser-cooling transients have a fast and
a slow component that are determined by the exsiiai lifetime of the luminescent ion
and the thermal properties of the bulk, respectiv€he tools presented here may find

application in the design of a wide range of optisal opto-electronic devices.

. Introduction

Thermal processes in luminescent materials areitiwatrfactor determining the
performance of solid state optical refrigeratorg [Aser gain materials [2], display and
lamp phosphors [3], solid-state lighting devicek[B4, luminescent biomarkers [7]-[9],
and fiber lasers and amplifiers. Light-induced heptalso plays a key role in laser
ablation [10], photothermal therapy [11]-[13], le¢educed damage of tissue, and
thermal lensing. While the fundamental aspectsisfgroblem are readily comprehended
from the basic heat equation, actual calculatiohstime-dependent laser-induced
temperature gradients are more challenging anah aéiquire advanced numerical tools
and considerable computational power[14],[15]. Thacept of laser-induced heating in
general has been studied extensively [16]-[18], tomtcomprehensive model of laser-
induced heat diffusion and its effect on lumineseeim bulk solids exists.

This paper presents an efficient and numerical@plst method to calculate time-
dependent laser-induced temperature distributionsdlids and provides a detailed

description of the computational procedure andintplementation. In addition, we
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introduce a temperature dependent material propertihis case luminescence from a
rare-earth ion, and show that the respective teahsesponse of the system upon optical
pumping is predicted correctly by the model. To kmowledge, this study is the first to
combine the heat equation with temperature-depérdemnescence in order to predict
the time-dependent optical response of a system. tdhls presented here may find
application in the design of a wide range of optisal opto-electronic devices.

As an example, we apply the method to optical gefation in the Y® doped
fluorozirconate glass ZBLAN (ZyBaF,-LaFs-AlF3-NaF). The development of laser-
cooling materials and devices has made signifipgogress over the past decade [19],
[1]. The focus has been primarily on the study ehdety of rare-earth doped materials
and ways to fabricate them in the exceedingly pighty and optical quality required for
laser cooling applications. However, a quantitattescription of the dynamics of laser-
induced cooling is still needed and is critical tbe characterization of laser-cooling
materials as well as for the design and performamgimization of actual optical
cryocooler devices. The relaxation of excited m@meth ions in solids involves both
radiative and non-radiative processes. The norati@di processes are exothermic in
most rare-earth doped materials, that is, net feaeposited into the host, and the
material heats as a result of laser excitationhBatiative and non-radiative processes
also occur in laser-cooling materials; but hereg tiet result of the non-radiative
processes is endothermic, and the material codsrasult of laser excitation. Two-band
differential luminescence thermometry (TBDLT), achimique that measures laser-
induced changes in the luminescence spectrum itinteedomain to infer subtle changes

in internal sample temperature [19], builds on drant laser-induced temperature
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changes and serves as a test of the model developdis study. We show that the
model correctly predicts the time-dependence of iBOLT signal and finds that the

transients have a fast and a slow component tladetermined by the excited-state
lifetime of the luminescent ion and the thermalgaies of the bulk, respectively.

In Section II, the two-dimensional heat equatisnintroduced, laser-induced
internal thermal processes in a two-level systera @ucorporated, and a formal
description of TBDLT is presented. Section Il Aep the model to laser cooling in
ZBLAN:Yb* glass and compares the calculated performanceewjibrimental TBDLT

transients.

. Model of Time-Dependent Laser-Induced Heating in
Solids

Consider a rectangular solid sample that is exdited single-mode laser focused
into the center of the bulk material. If scattercamn be neglected, laser-induced radiative

and non-radiative processes will occur over thei$ed range of the laser, that is over
2z, in the longitudinal direction, wherez, =a§ﬂ//1p is the Rayleigh range.
Temperature changes in the longitudinal directio@rothe Rayleigh range will be
minimal, and the three-dimensional system can lproxpmated by a two-dimensional
(2D) transverse slab with thicknegz,. We will first present the well-known 2D heat
equation, describe the numerical method for solviregrespective differential equations

(Section II.A), and subsequently introduce laseluged heating (Section I1.B). Section

I1I.C introduces a formal description of two-baniffetential luminescence thermometry
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(TBDLT) that will be used as example and validatminthe model developed in this

section.

A. The 2D Heat Equation and the Crank-Nicolson Method

The diffusion of heat is governed by the heat aqonatwhich follows from the

Fourier Law and conservation of energy. The Fouraaw,
@, =-«0T, 1)
states that the local heat flu)ri)g1 is proportional to the temperature gradigmt. Note

that the thermal conductivityx, generally varies with temperature and direction i
anisotropic materials, in which cage becomes a tensor. In the following we shall
ignore both these dependencies. Assuming that mk iwdeing performed, the change

in internal energy per unit volume@qQ, is proportional to the change in temperatuld,

, that is
AQ=C pAT. (2)
We now assume that the specific heat capaGjyand the mass density, are
both independent of temperature. In the absencdgehal heat generation, the change in
internal energy must be accounted for entirely bgthflux across the boundaries, and
therefore the change in internal heat and the flatacross the boundary must be equal.

This yields the heat equation, which in the 2D gaggven by

oT(x v _ « [62T(x vy, 0*T( % y)}_ (3)

ot Cp| ox oy

In Eq.(3), T(x, Y, t)is the temperature (in K) at tim€in s) and locationx y) (in m), x'is

the thermal conductivity (in W thK™), pis the mass density (in kg¥ andC, is the
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specific heat capacity (in J ®gK™). The heat equation is a second-order partial
differential equation (PDE), specifically it is anabolic PDE. Note that this equation
does not account for internal heat generation, wis@dded as a source term later in this
section (Eq.(7)) when the equation is solved ugiiegCrank-Niholson formalism.

The heat equation can only be solved analyticalls few cases and usually must
be evaluated numerically, especially in two ande¢hdimensional problems. Several

explicit and implicit numerical methods exist fbig purpose. Explicit methods calculate

the state of the systenﬂ(t+At) at a later timet+At from the state of the system

Y(t)at the current time, that isY(t+At)= F(Y(9). Implicit methods on the other

hand solve an equation that contains both the cuard the later state of the system, that

is G(Y(t),Y(t+A1))=0. Explicit methods are easier to implement than licrtp

methods, however they often fail because the P2Ed to be unstable unlegas is
chosen to be extremely small, which makes expi@thods slow and sensitive to round
off errors. In contrast, implicit methods requingfront computation that is usually more
than offset by their advantages of unconditionabisity and larger time steps.

The Crank-Nicolson (CN) scheme is an implicit noeth21] that is a particularly
powerful approach for numerically solving parab®DEs such as the heat equation. It is
a second order method that is implicit in time &mak is numerically stable. In the 2D
case on a uniform Cartesian coordinate grid, that lguation in the CN-scheme

becomes [21]
(1+2u) T - (‘2’ j(T.ELl HTO T T
y (4)
:(1_2/'1)-|-|nj +(Ej( i+1 Tl] +-|r]n+1 T—1)1
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where T} is the temperature at time stepand at grid locatiofi,j) . u is the
dimensionless Courant-Friedrichs-Lewy (CFL) numioerthe two-dimensional case and
is given by [22]

KAt (5)

“7 e, ()

where Ad is the lattice constant of the Cartesian squaicetbat compriset x N cells.
These quantities are illustrated in Figure 1. Eguaf4) can be written in matrix

[ =T ©

where [T™ ] and [T"] are one-dimensional matrices of length® containing the

temperatures at locationg, j) for time stepn+1 andn, respectively.| 4™ Jand | 4" |

are two-dimensionamatrices of sizeN > x N 2 that contain thel+ 2u and tu/2

factors in Eq.(4) as well as the boundaopnditions (see Section II.A.2). In the presence
of internal thermal processes (e.g. laser-inducedtiihg or cooling) with poweP,

AQ = PAt of thermal energy will be deposited into the mateduring the time interval
At. According to Eq.(2), this will raise the temperatby AT =AQ/ C,p= PAt/ Cp.
The temperature at time stepl can now be found by multiplying Eq.(6) with the

inverse of matrix[#""], and adding the effect of this additional heatrse such that

[T ]=[w ] (a7 + [AT7] ")
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el

+1 +1 +1
T - [T
h[Ta] - [T
T | T
Y Tl ot
T Thl G
X

Figure 1 Definition of quantities for the Crank-Nicolson rhetl in a two-
dimensional square grid.

n+1

[#™] and [¢"] are constant for a given systemxf and C, in Eq.(5) are

assumed to be independent of temperature. If shatgood approximatiorfu™"] ™1
can be computed up front, and the method then pdscefficiently from one time step to
the next by the simple matrix multiplication of Ef. (see Figure 1), yielding the time-
dependent spatial temperature distribution. Thdodiohg subsections describe the
structure of theu-matrices, the implementation of boundary and ihit@nditions, and

the choice of time step in the numerical evaluatbkq.(7).

1.  Structure of the y£Matrices

The y~matrices in Eq.(7) are sparse and have a bandilégtructure with non-zero
elements only on the diagonal and on two diagooalgither side. The bandedness is a
result of the heat flow being local, i.e. heat ofibwing between neighboring cells. A

sparse matrix with a band-diagonal structure is mpaationally easier to invert than a
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dense matrix; however, we have not taken advamégeis property in the numerical
implementation used in this study and have usedralard matrix inversion routine.

Let us denote the diagonal and off-diagonal elemehthe - matrices in Eq.(4)
by a; and a;, respectively. For thgu™] and [¢"] matrices, these elements then
become:

8™ =1+ 2u qt=-412 (a) (8)
a) =1-2u g=pul2 ).

To illustrate the structure of the resultipgmatrices, let us consider a simple 2D-system
consisting of 4x4 cells. The right hand side of(Egcan be explicitly written as shown
in Figure 2using the definitions in Eq.(8p). The matrix structure of the left-hand side
of Eq.(6) is identical but uses the elements defimeEq.(8) &). Note that the~matrix
consists ofN rows of N rows, i.e. it has one row for every cell of tNex N Cartesian

grid.
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23
a' . || Tis
__________________________________________________________________________________________________ Tas
a! .. L ia) & .. i
. : 2,
al aj al|| Tas
; all . . al a|| Tas
\ ? : : N,
Figure 2 Structure of the matrices on the righesafl Eq.(6) for the example of a4
Cartesian grid. Zero elements are represented tsyfoloclarity.

2. Boundary Conditions and Initial Conditions

One can choose either Dirichlet boundary conditidinat hold the boundary at a given
temperature, or Neumann boundary conditions, tbat the boundary at a given heat
flow rate (e.g. imperfect insulation). Here we cb®odDirichlet boundary conditions
which place the system in a bath with infinite hegpacity and a fixed temperature, i.e.
the temperature of the cells around the perimédténeoN x N system does not change.
Specifically, these are the cells in the top rowttdm row, left column, and right column
of theN x N Cartesian grid (seleigure ). The matrix elements for these cells have to be
modified to ensure constant temperature. Spedyictie first and lasiN rows of the

above i/- matrix (seeFigure 3 correspond to the top and bottom row of thex N
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Cartesian grid, respectively, and the respectieg@hal elements are replaced by 1 and
the respective off-diagonal elements by 0. In ezfcthe other blocks ol rows, the first
row and last row correspond to the left and rigbiumn of theN x N Cartesian grid,
respectively; again, the respective diagonal elésnare replaced by 1 and the respective
off-diagonal elements by O to ensure constant teatpes. With these boundary
conditions, the matrix structure of the right swfeEq.(6) (sedrigure 3 is modified to

the structure shown iRigure 3

——————————————————————————————————————————————————————————————————————————————————————————————————

1 .|| T34

1| Ta4

! ! ! J J
Figure 3 Structure of the matrices on the righe sadl Eq.(6) for the example of a 4x4
Cartesian grid and using the Dirichlet boundary dibtons of Section [I.A.2. Zero
elements are represented by dots for clarity.
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Initial conditions are provided in the temperatueetor T,Ol for all grid locations
(i,j) att = 0. This initial temperature distribution can bebiary. However it is
important to note that the temperature of the pet@mcells of theN x N Cartesian grid
will be held constant at their respecti\Té} value by the boundary conditions defined

above.

3. Choice of Time Step

The numerical stability of the CN method does repgehd on the size of the time
step At [21]. However, there is an upper limit fdkt. Note in Eq.(8) that the diagonal
elements should be sufficiently close to 1. Rathan choosindt, it is preferable to fix

uand calculateAt from Eq.(5), that is,

peC, (Ad)” ©)

K

At =

With proper choice ofy, this approach guarantees numerical stabilitythednaximum
possible At for the given system. The range pf=0.1...0.zhas proven to be a practical

choice.

B. 2D Heat Equation with Laser-Induced Heating or
Cooling

In order to calculatgT"*"] in Eq.(7), we must first obtain the rate of intdrheat

generationP. Assume a two-level system that is optically puchped that can decay
radiatively and non-radiatively. The fractiorg , of the laser excitation energy is

converted to heat (non-radiative relaxation) wkiile fraction,1- &, undergoes radiative
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relaxation as either stimulated or spontaneousstomsNote that stimulated emission is,

by definition, resonant with the laser and doesgesterate any heat. The rate of internal

heat generationP(x, A t), is therefore proportional to the spontaneous somnsrate

according to

P(x yv.)=n(1) AN Vg%, (10)

p
where n,(t) is the upper level populatioA, is the spontaneous decay rate, bids the
number density of absorbers. In the Crank-Nicolsoheme, the excited voluméin
Eq.(10) corresponds to the volume of one c¥lk 2z, (Ad)*, where 2z, = 271w} /A is
the confocal parameter for a Gaussian beam.

Following the analysis of a two-level system aliiogvfor saturation by van Dijk

[24], the upper level normalized population is givey

()=, s At exd—(ow+ A (11)

for continuous constant pumping and the initialditann,(0)= 0. In Eqg.(11) we have
made use of the fact that the Einstein coefficidatsabsorption B,,) and stimulated
emission B,,) are related byB,,/ B,,= g9,/ g, and have introducegi=1+(g,/ g,),

where g, and g, are the degeneracies of the lower and upper leespectively. The

degeneracy is completely lifted in the low coordima symmetries of the glasses studied

here, and we therefore assugpe g, for our computations. In Eq.(11), the absorption
rate constantw, is given by

Wa(/LT):Ua(/L’::-)A" L (% Y, 1), (12)
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where 1,(x,y,t) is the laser irradiance (in W thand 0,(A,T)is the absorption cross
section (in rf). Note that in steady staté £ «) and for high irradiancel, — o) we
have w, - « and n, - 1/2, i.e. at most half of the absorbers can be excitédus

properly accounts for saturation and is consistatit the fact that sustained inversion
cannot be achieved in a two-level system underbati@conditions [25]. The irradiance

at a Crank-Nicolson cell at locatiofx, y) is given by

E(x y 1) = R()AXY) (13)

(ad)"

where the incident laser powd (t) (in Watts) is chosen to be a step functiort tt,.

The normalized transverse spatial laser power iligion, @(X,y), in EQ.(13) is

assumed to be Gaussian, i.e.

p(xy)= Z(HA‘AC,IS) exp(—z2 /wf) ‘ (14)

where r? =x?+ y?. Equation (14) places the center of the Gaussimmbat the origin.

To ensure energy conservation, the physical sizénefCrank-Nicolson grid has to be

chosen such that it substantially contains the &8andeam profile, i.e.
NAd/2

j @r)dr =1 (15)

0
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C. Model of Differential Luminescence Thermometry in
Solid-State Optical Refrigerators

By far, the most widely studied solid-state opticafrigerator system is Yb
doped into the fluorozirconate glass ZBLAN [1]. T$ehematic irFigure 4 illustrates the
concept of solid-state laser cooling using®YBA pump laser is tuned to a wavelength

(Ap) that is longer than the mean luminescence wagdtel] ), and the energy

difference corresponds to the amount of heat thaiiracted as heat from the solid for
each excitation/emission cycle. The respectiveriaseling efficiency of this ideal case

is given by, _ :(/]p_,Tf)//Tf_ Note that the thermal population of the crysteldi
levels in the excited state is temperature dependensing,j to red-shift and,  to

decrease as temperature decreases.
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Figure 4 Schematic of energy levels in*¥bdopedZBLAN showing the ideal case of
laser cooling occurring between the two multiplets’b®*. The dopant is excited by the
pump laser from the top of the ground state mutifF;/,) to the bottom of the excited
state multiplet{Fs/,). Vibrational energy is absorbed from the hosirduthermalization
in both multiplets and, as a result, the mateals.

In a real system, the excited state may have aumeattum efficiency/(T,A,),

that is less than unity because of non-radiativecgsses occurring as a result of
interactions with impurities as well as backgrowadorption due to direct absorption of

pump energy by the impurities. Note thatis a function of both temperature and pump

wavelength primarily due to its dependence on #@smmant absorption, but also due to
the spectral overlap between the rare-earth ios®an and the impurity absorption [27].

Incorporating these effects, the cooling efficiettays becomes

_N(T,A)4,=4,(T) (16)
,7coo| (T) - jf (T) .
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As the temperature is IoweregIf red-shifts,; ~ decreases, and there is a temperature

at which laser-induced heating and laser-inducedlirop are exactly balanced, i.e.

n.., =0 This temperature is referred to as #ego-crossing temperatut@zcr), and it

can be used as a relative measure of the condentrat impurities and the overall

quality of a laser cooling materialhe net quantum efficiency &t;ct can thus be

calculated fromn(FZCT,/]p):/T (Tzer) /A . At temperatures abovézcr, . >0 and
heat is extracted from the solid, while beldyer, <0 and there is net heating of

the solid. The corresponding laser-induced rateoofing or heating is given by Eq.(10).
The factor £ in Eg.(10) corresponds to the negative coolingcedfficy (i.e. heat
generation) of Eq.(16). Thus, in the context oficgit refrigeration of solids, laser-

induced internal cooling is simply considered agatiee heating,e = -7,

Laser-induced temperature changes inside a satidbeameasured by observing
the subtle changes that occur in the material’sinestence spectrum as the laser is
turned on. This technique is known as differenkishinescence thermometry (DLT);
specifically, we have developed two-band differ@ntluminescence thermometry
(TBDLT) as a sensitive, non-contact method to otteré&ze laser-induced temperature
changes in solids [20]. TBDLT infers changes in tbeal sample temperature from
changes in the luminescence spectrum that occungluhe laser-induced cooling
process, and it provides a temporally and spatiagolved temperature measurement
that allows for rapid performance screening of nasmling samples. Here, a brief
description of TBDLT is presented, and it will beed in Section Ill to validate the

model developed in Sections I.A. and 11.B.
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The luminescence spectrum of %in ZBLAN glass is at a wavelength near 1
pm. As shown inFigure § it consists of two wavelength regions for whidhe t
luminescence intensity increases (A, C) and two elngth regions for which the
luminescence intensity decreases (B, D) as thedmtyre is raised. Regions A and D
are spectrally fairly broad and can be easily $etecby commercial bandpass
interference filters. The TBDLT method chooses ¢hego bands, A and D, and detects
changes in their relative intensity to obtain a swea of the associated internal
temperature change. At a given locatignyj with temperaturd, y, the TBDLT signal is

defined as

Ij’-\(Tx,y’t) B I*D(I-x, y’t)
I:—\(Tx,y’t) + I*D(Tx, y’t) .

¢,y 0= (17)

The luminescence intensitiels;;(“l'x’y,t) and I*D(I'X’y,t) in Eq.(17) are integrated over
the product of the luminescence spectrlid,T) and the bandpass filter transmission

spectrumé(A), i.e.,

(M) =[1(AT,,)604(4)dA

18
o () = [1(AT,,)85(4)dA. (9
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Luminescence Intensity [a.u.]

940 960 980 1000
Wavelength [nm]

Figure 5 ?Fs;,—2F72 luminescence spectra of ¥bin ZBLAN glass at various
temperatures. The gray areas indicate wavelengfiong in which the luminescence
intensity increases (A and C) and regions wherdummgnescence intensity decreases (B
and D) as the temperature is raised. Portions gibme A and D can be selected with
commercially available interference filters.

The experimental implementation of the TBDLT methesks a gain-balanced
amplified pair of photo-detectors for the simultange measurement af, (T), 1,(T)
and 1,(T)-1,(T), and it requires that the optical powers reachiregtwo detectors are

balanced [20]. In practice this is achieved by $ynaetuning the optical alignment of the

band with the larger signal to match the signahefother band. Here, let us introduce a

factor ¢ by which we can scald (T) such that it matched,(T) at the bath

temperatureT,, i.e.
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(AT,
{= : (19)

Finally, since luminescence is collected from thére pumped volume, we must

account for the temperature distribution in the padhvolume not being uniform. The
measured TBDLT signaI,E(T,t), is therefore obtained by integration 6f(TX’y,t)
[Eq.(17)] over the transversal plane. Note thatltimeinescence intensity is proportional

to the excited state populatiom,(x y,t) [Eq.(11)], andf(TX’y,t) is thus weighted by

n,(x vy, t) according to

E(T,t)=j.|'nz(x,y,t){('l;’y,t) dx dy (20)
whereT becomes the average temperature in the opticatliteel volume. With these
definitions, we obtain=(T <T,)<0, =(T =T,)=0, and =(T >T,)>0. That is, the
TBDLT signal will become positive/negative upondagsduced heating/cooling of a

system that was initially thermalized &j.

I1l. Results and Discussion

In the following, the model developed in Section i$l applied to optical
refrigeration in YB*-doped ZBLAN glass as both an example and a qasinst
validation. In Section I1l.A we will first presetite relevant material parameters of ¥b
doped ZBLAN glass that are required for the cakoitaof laser-induced temperature
changes (Section II1.B) using the model develope8ection Il. Section Ill.B presents a
calculation of the laser-induced temperature distion in ZBLAN:Yb** as a function of

time, and Section IlI.C shows the transient respoon$ the respective two-band
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differential luminescence thermometry (TBDLT). Hlgaa discussion of sample size
effects is given in Section I11.D.

Two Yb**-doped fluorozirconate glass samples were usethéomeasurements in
this study. Sample | was a ZBLANI:1%Yb (ZrFs-BaF-LaFs-AlFs-NaF-InR-YbFs)
glass fabricated in our laboratory from purifieceq@ursor materials. Sample Il was a
ZBLAN:2%Yb*" glass obtained from IPG Photonics and known toabgood laser
cooler. The samples were mounted in a liquid-ngroflow cryostat in close thermal
contact with the cold finger. The sample tempemtwas measured with a miniature
temperature sensor mounted directly on the sampitace. Optical excitation was

achieved by a single-pass geometry with focusieddker into the center of the sample.

A. Spectroscopic and material properties of ZBLAN:Yb*"
for thermal diffusion modeling

Several spectroscopic parameters of ZBLAN‘Yhre needed for the thermal
diffusion calculations. The temperature-dependé&sbgption cross section at the pump
wavelength (Eqg.(12)) and was obtained by fittinguaic polynomial to measurements of

the absorption cross section At= 1020.6 nmat different temperatures (séggure 6

(a)). Likewise, the temperature dependencies ofitean luminescence wavelengih
(in Eq.(16)) as well as the luminescence intensitiegrals f'(/'-T)HA(/')d/' and
f'(/l.T)HD (1)dA (Eq.(18)) were obtained by fitting cubic polynomsiaio respective

experimental data obtained at different temperat(seeFigure 6(b) and 6 (c))Table 1

summarizes the respective polynomial coefficientable 2 summarizes material
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properties typical of ZBLAN glass as well as lased computational parameters specific

to the present experiments.

5 1E-25,
£

p 1E-26—§ (a)

~ 1E-27]

=~ ]
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c 999—_
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Figure 6 Temperature dependence of spectroscopameders ofZBLAN:Yb**: (a)
Absorption cross sectiongx(4, T), at A, = 1020.6 nm [26]; (b) Mean luminescence
wavelength, . derived from luminescence spectra at different peeratures; (c)

Spectral overlap integral35|(/1,T)gA(,1)d/1 (circles) andj|(/1,T)gD(,1)d,1 (squares) (see

Eq.(18)). The solid lines in each of the plots lagest-squares fits to a cubic polynomial,
and the respective parameters are summarized ie Tab
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Table 1 Coefficients obtained from least-squareds fiof the function
y(T)=a+3T+ 3T+ g T tothe experimental data shown in Figure 6

Coefficient Absorption Cross Mean Luminescence Band A Band D
Section,ga[m’]  Wavelengthd, [nm]  [a.u] [a.u.]

a, 1.29E-26 1011.33 -2.58 0.669

a, -3.90E-28 -0.130 0.030 0.071

a, 3.09E-30 3.21E-4 -4.64E-5 -2.91E-4

a, -4.46E-33 -3.52E-7 4.09E-8  3.73E-7

Table 2 Summary of key parameters characteriziegZBLAN:Yb®" glass, the laser
excitation, and the Crank-Nicolson computation.

Parameter Symbol Value Units Ref.

Material Parameters

Thermal Conductivity K 0.77 wnm K [26]
Density 0 4445 kg ni [26]
Specific Heat C, 670 Jkg K'  [26]
Specific Heat Capacity  C,=C,p 2978 1¢Ff JInmi’K™
Yb** lon Density (1 mol%) N, 1.899 x10%® m?* [27]
Radiative relaxation rate  w, 540 st [27]
Internal  Net Quantump Varied
Efficiency
Laser Parameters
Laser Power Ve 3.75 W
Laser Wavelength Ao 1020.6 nm
Beam Waist W, 10 pum
Laser ON time t, 0 S
Crank-Nicolson Parameters
Square lattice constant Ad 50 um
Square Grid Elements Nx N 71x71
CFL number M 0.2
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B. Laser-Induced Temperature Changes in ZBLAN:Yb*'

The thermal response (Eq.(7)) and the resultingriastence response (Eq.(20))
of a solid under Gaussian beam irradiation can bewalculated. As an exampkgure
7 shows four calculations of the time-dependentsivarsal temperature distribution (at
To = 300 K) for four hypothetical samples of ZBLAN:¥thaving different net quantum
efficiencies = 1, 0.98, 0.97, and 0.94). Continuous wave (Ca8gi excitation with a
Gaussian beam profile begins as a step functior=dl in these calculations. The lower
part of Figure 7 shows the corresponding change in temperaturdeatcénter of the
Gaussian beam over the course of 5 seconds. Thewom Figure7 represents the case
of an ideal ZBLAN:YE* sample that hag = 1 and exhibits laser-induced cooling. For
this case, the center of the pumped area cools 3@hK to 299.587 K during the first 20
ms and reaches a steady-state temperature of 2BY(a48 = 5 9. Samples with lower
net quantum efficiency show less laser-inducediogadr even laser-induced heating, as

illustrated for they = 0.94 caseHigure7, bottom row) Note that internal heat generation

is essentially zero ap = 0.97. This is expected from Eq.(16},, is zero for

n =A_f IA,=0.971¢& i.e. 300 K is th@lzct for ZBLAN:Yb** with n =0.9718 pumped at

1020.6 nm. Net laser-induced heating thus occurg f00.97.
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AT [degrees]

Time [seconds]

Figure 7 Spatial (top) and temporal (bottom) repnégtion of calculated laser-induced
heat diffusion in ZBLAN:1%YB" glass pumped at 1020.6 nm. The calculation was
performed using the two-dimensional CN method Bi%b x 3.55 mm grid (see Section
Il) and the parameters of Tables 1 and 2. The natenet quantum efficiency; is
reduced from top to bottom in the figure. The gsagle covers the range of 299.0 K
(black) to 300.1 K (white) with the bath temperatbeld at =300 K.

C. Transient Response of ZBLAN:Yb**

Luminescence

The TBDLT transients measured for Samples | arad Warious bath temperatures

are shown in Figure 8.aser-induced cooling is evident by a decreasehéntBDLT
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signal, =(T,t). The dependence of the TBDLT signal as a functiotioé is linear in

the double-logarithmic representation of Figureirftlicating that it follows a simple
power law according to

=(t) Ot7. (21)
The slope,#, of the line in double-logarithmic representatisra metric for the laser-
induced temperature change, and it can be usedigisra of merit for the laser-cooling
performance of the material at a given bath tempera Laser-induced cooling or
heating is therefore present #<0 or #>0, respectively.Figure 9 presents thed
values obtained from fits of Eq.(21) to the expemtal data Figure §, and Tzct was
estimated to be 158 K and 238 K for Sample Il €flllsquares) and Sample I (filled
circles), respectively. At these temperaturesniiean luminescence wavelength is found
to be 995.9 nm and 993.96 nm, respectively Bgare 6(b) andTable 3. With a fixed

laser excitation wavelength of 1020.6 nm, the netngqum efficiencyn at Tzcris thus

calculated to be 0.9758 (Sample Il) and 0.9739 (Sar) [Eqg.(16)].Figure 9also shows
J values calculated from the model presented ini@edt [Eq.(20)]. The calculations
assumed the above net quantum efficiencies, andake $actor was applied to the
experimental data to match the absolute valué adit 300.25 K (Sample 1) and 257.05 K
(Sample I1). The model provides a good quantitatigscription of the experimental data
and thus serves as a useful tool to predict therlasoling performance of other

materials.
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Figure 8 Experimental TBDLT transients of ZBLAN:¥tSamples | and Il (see Section
[lI.A) recorded at different bath temperatur@g, The solid lines are fits to Eqg.(21), and
the respectived-values are shown in Figure 9.

An interesting feature is observed at low tempeegtdor Sample 119 and thus
laser-induced heating reaches a maximum at 133hi6 aximum is the result of two
counteracting effects. On the one hand, the laseling efficiency gradually decreases
with decreasing temperature [EqQ.(16)] causing mofethe absorbed power to be
converted to heat [Eqg.(10)]. On the other hand,absorption coefficient at the pump
wavelength decreases rapidly with decreasing teatyner Figure 6(a)). ThereforeT -

0 causesr, — 0 causing the rate of internal heat generaBon 0 and thusd - 0, a

trend that is confirmed by the experimental data.
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Figure 9 TBDLT parameted (Eq.(21)) for experimental data (filled symbols)da

calculated data (open symbols) for Samples | arfse Section Ill). Th&,.; is found to
be 238 K and 158 K for Sample | and I, respectivel

A
275 300

D. Sample size and associated characteristic time
constants

The model also allows the study of the dependemdheotransient response on
the size of the sample. This is illustratedrigure 8 which shows calculated TBDLT
transients over the course of 60 seconds for ZBIYAN® with ; = 0.9739 and various
two-dimensional sample sizes. Three regimes arendfourhere isan initial fast
component that is independent of sample size aadhidis a time constant governed by

the excited state lifetime of the rare-earth iorheTrespective time constant is
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characteristic of how quickly heat is removed fr(rooling) or deposited into (heating)
the sample in the small excitation volume defingdthe focused laser. This time
constant is on the order of only a few millisecoimd€BLAN:Yb*" and was not resolved
in the measurements shown in Figure 8. The infaat component is followed by a
slower component the duration of which dependshensemple size. The time constant
of this component is governed by the heat capaaity thermal conductivity of the
material and extends for several secoftdsZBLAN:Yb** samples with cross-sectional
areas of >5 mf This is the time regime in which the measurementtis study were
carried out (Figure 8) and from which the TBDLT gaweter# was calculated (Figure
9). Finally, the thermal processesluced by a CW laser, combined with the sample
surface being held at the constant bath temperaigreproduces a steady-state
temperature distribution (and thus a constant TBBIghal) after some longer time. The
time period for this steady state to develop igéarZBLAN samples is on the order of
many seconds and is determined by the total amoluheat being deposited into the
sample (i.e. sample size) and the thermal propeltieermal conductivity and heat
capacity). Note that the initial fast temporal m@sge of the 0.55 x 0.55 nirgrid shown

in Figure 10is typical of what would be expected for a sanvplla small cross-sectional
area such as a bare optical fiber. In the casel&fZBLAN:Yb®*, the measured TBDLT
transients during the first few seconds are weficdeed by assuming a sample size
larger than 3 x 3 mfm(seeFigure 10, which is consistent with the transversal dimensi

of the actual samples used in our experiments.
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Figure 10 TBDLT transients for ZBLAN:Y® calculated from Eq.(20) with; =

0.9739and varying the sample size. The spatial resmiutvas held constant (50 x 50
um? grid element size), and the sample size was variadthe grid dimensionN.
Material parameter values from Tables 1 and 2 weesl.

IV. Conclusions

We have presented a quantitative model that (1gribes the time-dependent
laser-induced temperature distribution in a solil 42) correlates the laser-induced
temperature changes with changes in luminescencpegies. The implicit Crank-
Nicolson scheme used for the computational evaloadf the heat equation was found to
be numerically stable and efficient, allowing ftwetrapid exploration of the parameter
space. As an example, the model was validatedworlbland differential luminescence
thermometry (TBDLT) in ZBLAN:YB" optical refrigerator samples. The laser-cooling
performance as a function of temperature was atmlyrgredicted by the model,

allowing theTzcr and net quantum efficiency to be calculated. Faurttore, the model
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revealed the presence of three distinct time catstéhat govern the luminescence
response in optical refrigerators upon laser eticita The tools developed in this study
are general and can be readily applied to otheemadt and temperature-dependent
properties, enabling quantitative studies of ligtatter interactions in a wide range of

materials and devices.
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Abstract

We present a non-contact optical technique for masurement of laser-induced
temperature changes in solids. Two-band differeniianinescence thermometry
(TBDLT) achieves a sensitivity of ~7 mK and enabbescise measurement of the net
guantum efficiency of optical refrigerator matesial BDLT detects internal temperature
changes by decoupling surface and bulk heatingtsfféa time-resolved luminescence
spectroscopy. Several Ybdoped fluorozirconate (ZBLANI) glasses fabricatedm
precursors of varying purity and by different preges are analyzed in detail. A net
guantum efficiency of 97.380.01% at 238 K (at a pump wavelength of 1020.5 rm)
found for a ZBLANI:1%YB" laser-cooling sample produced from metal fluoride
precursors that were purified by chelate-assistelvest extraction and dried in
hydrofluoric gas. In comparison, a ZBLANI:1%¥bsample produced from commercial-
grade metal fluoride precursors showed pronoun@seriinduced heating that is
indicative of a substantially higher impurity cont®tion. TBDLT enables rapid and
sensitive benchmarking of laser-cooling materiald provides critical feedback to the

development and optimization of high-performancecapcryocooler materials.
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1. Introduction
The first successful laser-induced cooling of adsmi 1995 produced a mere 0.3

Kelvin of cooling in the YB'-doped fluorozirconate glass ZBLAN (ZfBaR-LaFs-
AlF3;-NaF) [1]. Since then, the field has made steadgmmss in material preparation
methods [2],[3], optical configurations [4], andachcterization techniques; and this
effort has recently resulted in the laser coolifg @iYF4Yb®" bulk crystal to 164 K [5].
This temperature rivals high-end thermoelectriclexso[6] and underscores the potential
of laser cooling as an emerging solid-state crymgeefrigeration technology. Laser
cooling down to ~70 K is theoretically possibleYih**-doped materials [7],[8], and even
lower temperatures may be achieved with other earéh ions (such as Finor Dy*")

that have smaller energy gaps and respectivelyehigiser-cooling efficiencies.

The ability to accurately and rapidly measure thset-cooling efficiency of a
sample is critical for the systematic developmehtth® purification and fabrication
processes associated with the preparation of dptieigerator materials. The
measurement of the laser-cooling efficiency, howeigemet with difficulties. Significant
pump light absorption and a corresponding significeemperature change is only
achieved in multi-pass pump geometries. Thesdwevaot only the setup and alignment
of a pump cavity, but also the laborious prepamatiba sample with high quality optical
surfaces. Furthermore, non-contact thermometrggsired since a temperature sensor in
thermal contact with the sample would potentialgchme a heat load when exposed to
the pump light and sample luminescence. A simpbglsipass pump geometry and a

thermometry method that is insensitive to surfaoeparation would greatly facilitate
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sample characterization and enable expeditiousbéetdof laser-cooling performance
data to the process development effort. A non-atrtteermometry method is therefore
needed that (1) has sufficiently high sensitivdydetect the < 0.1 K temperature changes
that are typical of single-pass pumping of lasesliog materials, (2) is insensitive to
laser-induced heating at imperfect sample surfg@san be used at low temperatures,
and (4) can resolve the fast thermal responseednithe domain. Luminescence spectra
have been used in the past as non-contact intemmglerature probes and, in the case of
rare-earth doped materials, absolute temperatugsumements with £0.1 °C accuracy
have been reported [9]. The changes in the lumamescintensity distribution for rare-
earths are quite subtle, especially when comparatidse observed in semiconductors
where substantial wavelength shifts produce latggnges in the intensity distribution
[10]. In contrast, thdf electrons in rare-earths are well shielded froenghvironment in
the solid, and crystal field transitions therefdoenot appreciably shift with temperature.
The temperature-induced intensity changes in rardrduminescence spectra are thus
primarily due to changes in (1) the Boltzmann pagiah of the crystal field levels of the
emitting state and (2) the homogeneous linewidthsthe individual crystal-field
transitions. Seletskiy et al. reported a time-resaltechnique that detects small laser-
induced temperature changes inside the samplehaiages in its luminescence spectrum
[11]. Their differential luminescence thermomet®L{) experiment correlated the
relative intensity change of two adjacent regionsthe luminescence spectrum to a
temperature change and, using a monochromatornjurection with a balanced pair of
photodiodes, achieved milli-Kelvin sensitivity fartGaAs heterostructure sample.
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In this paper we present a two-band differentiahihescence thermometry
(TBDLT) method that achieves ~7 mK sensitivity iare-earth-doped materials. By
selecting two bands in the luminescence spectrunmteyference filters, in combination
with large core optical fibers and highly amplifibélanced photodetectors, improved
optical throughput and significantly higher sendyi is achieved compared to earlier
DLT studies [9]. The TBDLT method offers substalfyidnigher sensitivity than data
acquisition with a commercial luminescence specétemand is a tool to study laser-
induced thermal processes in any doped luminesselid. In this study, we apply
TBDLT to rare-earth doped optical refrigerator metls. We present a detailed analysis
of several YB*-doped fluorozirconate glasses and show that thesumed laser-cooling
performance correlates with the fabrication histofythe sample, providing valuable
information for further optimizing the material pagation processes. The TBDLT
technigue and data analysis methods are descmb8ddtion 2 followed by a description
of the experiments in Section 3. Section 4 presemasurements of two ZBLAN:Y¥b

laser-cooling samples, and Section 5 summarizentiegs of this study.

2. Two-Band Differential Luminescence Thermometry

A. Principle of Operation
Two-band differential luminescence thermometry (TBIp monitors the
luminescence from a sample and deduces laser-iddtemperature changes from
changes in the spectral distributidraser-induced temperature changes can arise from

(1) local cooling or heating inside the materiadaf2) heating at imperfect sample
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surfaces. The main advantage of TBDLT is in itditgttio distinguish the intrinsic laser-
induced cooling or heating processes from lasangad heating at the sample surfaces,
thereby eliminating the need for difficult and laloois surface preparation and thus
greatly facilitating sample characterization. Baioling or heating is decoupled from
surface heating by monitoring laser-induced tentpeeachanges in the time domain and
in a small internal volume. This can be achievedabse internal cooling or heating
processes dominate the temperature change immlgdidtier turning on the laser, and it
is only after some time that heat generated atsHraple surface reaches the locally
monitored excitation volume inside the sample. Eperiment, therefore, consists of
turning on the laser for a period of time and manily the temperature change that
occurs due to intrinsic cooling or heating proces$alowed by turning off the laser for
a period of time for the sample to thermalize béxkhe ambient temperature. This
sequence is repeated, and the signals are avemagegdmany cycles. This cycled
pumping method also eliminates the effects of lmrga ambient temperature drifts.
Such an experiment is also, importantly, insensitovre-absorption effects which plague

experiments taken with an infrared camera for examp
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Figure 1 Area normalized luminescence spectra at differemiperatures for sample No.
4 (see Table 1). As the temperature is increabedutninescence intensity of regions A
and C increases while the luminescence intensitg@ibns B and D decreases. Note that
the full spectrum, which extends to > 1030 nm,asshown for clarity.

Let us now look more closely at one such pumpingecjor the example of the
Yb**-doped fluorozirconate glass ZBLANI (ZABaF»-LaFs-AlFs-NaF-Ink). Assume a
bulk sample of ZBLANI:YB' in thermal equilibrium with the surrounding bath
temperature. A pump laser with a Gaussian transvietensity distribution is focused
into the bulk of the sample and turned on at timeD. A spatially non-uniform and time-
dependent temperature distribution will developaasesult of laser-induced internal
heating or cooling processes. As illustrated inuFégl, the *Fs;»—*F7, luminescence

spectrum of YB' is temperature dependent, and thébns can therefore serve as local
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temperature probes. Specifically, the ZBLANI?Ytluminescence spectrum contains four
spectral regions in which the luminescence intgresther increases (regions A and C) or
decreases (regions B and D) as the sample tempeiattaised (See Figure 1). We will

focus on regions A and D since they can be easilgcted with commercial bandpass

filters (see Section 3.B). The Ybluminescence spectral distributio,T ,t)at timet is

determined by the local temperatufe and the respective differential luminescence

signal is defined as [12]

=(T,1)= |;(r,t)—|’:D(r,t)_
LA(T ) +15(T 1)

(1)

In Eq.(1), I,(T,t) and 1 (T ,t) are integrals over the product of the luminescence

spectrum, | (A,T,t), and the bandpass filter transmission speét{é/l) and 6, ()l)

respectively, i.e.

LTt = [1(A,T.1)6,(1)dA

2
15T =[1(AT.t)6,(4)dA, ()

where Figure 2shows this overlap for our particular example.
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Figure 2 Area normalized luminescence spectra at differentperatures for Sample
No. 4 (left axis) and transmission spectra of themercial band pass filters (right axis)
used in the TBDLT experiment. Filters A and D dnesen such as to select and integrate
a sizeable portion of the luminescence spectrunomeg+A and -D (see Figure 1),
respectively.

Finally, since luminescence is collected from @é&wvolume, wamust account for

the temperature distribution in the collection vokinot being uniform. The measured
TBDLT signal, E(T,t) is therefore obtained by integration of Eq. (1) oW transversal
plane Note that the luminescence intensity is propaeldo the excited state population

n(x Y1), and=(T,t)is thus weighted by, (x, y,t) accordingly, as discussed in detail

elsewhere [12].=(T,t) is defined such that it decreases with decreasagple
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temperature, i.e. laser-induced cooling will cattse value of=(T,t) to decrease with

time. Normalization to the total luminescence isign I, +1, accounts for the
temperature dependence of the absorption coeffi@snwell as for drifts in optical

alignment and laser power. The changeE(ﬂ',t) is thus a direct measure for the laser-

induced temperature change in the collection volu_rr(é',t) can be found, in principle,

from a series of luminescence spectra recorde@pid rsuccession after the laser has
been turned on. The sensitivity of commercial luesitence spectrometers, however, was
found to be insufficient and did not allow for gaiéntly high data acquisition rates to

resolveE(T,t). This provided the main motivation for developithg TBDLT method

presented here.

B. Data Analysis Method

The local temperature in the excited volume, amgstthe measured TBDLT
signal =(T,t), varies as a function of time after turning on tager.=(T,t) therefore

depends on several factors including (1) host natproperties such as heat capacity,
thermal conductivity and the mass density, (2) puream characteristics such as beam
waist and laser power, (3) rare-earth dopant iamsithe and relaxation rate, (4) the net
guantum efficiencys, which is affected by impurity concentrations, d6jisample size.

A formal description of the spatial and temporapeledence of temperature in laser-

cooling materials is given elsewhere [12]. Fronmsthealculations we expect the TBDLT

signal =(T,t) to have three temporal components. There is afalifiast component
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with a time constant governed by the excited diegeme of the rare-earth ion, and it is
characteristic of how quickly heat is removed fr(rooling) or deposited into (heating)
the sample in the small excitation volume defingdtlie focused laser. A subsequent
second slow component has a time constant thaivisrged by the material properties,
and it is characteristic of how quickly heat floast of (cooling) or into (heating) the

much larger bulk volume of the sample. Finally, anple reaches thermal equilibrium
and E(T,t) reaches a steady-state value. The period of tiopgined for the steady state

to develop depends on the sample size and was fioube > 5 seconds for the samples
of this study. The experimental setup, describedkitail in Section 3.B, did not allow for
measurement of the initial fast component and tbeseonly captured the second slow

component (beginning att25 ms in ZBLANI:YB™"). The functional form of the slow

component of theE(T,t) transient follows a simple power law [12]
=(T.t)ot’ ©)

The sloped, of the respective line in double-logarithmic egentation is a metric for
the laser-induced temperature change, and it cansbd as a characteristic TBDLT

parameter that provides a measure of the laseirgpperformance of the material at a
given bath temperature. Laser-induced cooling atihg is therefore present#<0 or
J>0, respectively =0 corresponds to the temperature at which the rattdaser-

induced heating and cooling processes are exactlgnbed. As shown in the next
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section, this heat-balanced point is of particidggnificance as it can be used to

determine the net quantum efficiency of the makeria
C. TBDLT of Optical Refrigerator Materials

In rare-earth-doped optical refrigerators, a puaget is tuned to excite the rare-earth
ion at a wavelengthl that is longer than the mean luminescence wavehe@?bt), and

thermal energy is subsequently removed from thiel g1 anti-Stokes luminescence. The

laser-cooling process is characterized by the ngdificiency

I7COO|=(I7/1P—/]f)//]f, (4)

wheres is the net quantum efficiency of the rare-earttited state [13]7 is defined as

”(Ap’T) :”abﬂext’ (5)
where/,,describes the efficiency with which an excited oeduces a luminescence

photon that escapes from the sample. The absorptiefficiency,
qabszar(ﬁ)/(a,(A)+ab), accounts for the fraction of excited photons trat engaged
in cooling, whereq, (A)is the resonant (e.qg. YH absorption at a given wavelength and
a, is the background absorption of the material,dgity assumed to be independent of
pump wavelength and temperature. Note thas a function of both temperature and
pump wavelength, largely through the absorptiomter,,., but also due to the spectral
overlap between the rare-earth ion emission andrparity absorption. Previous studies
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have identified certain transition metal ions (e@f*, F&*, Cc*, and Nf") and
impurities having high-energy vibrational modegy(€OH and HO) as contributors to
lowering the net quantum efficiency [14lk was estimated that the concentration of such
impurities must be below the 100 parts-per-billippb) range for a material to realize
practical cooling efficiencies at cryogenic temperas. The measurement of impurity
concentrations is therefore a prerequisite for giigtematic development of advanced

purification and fabrication methods for laser-@oglmaterials.

Here we use the net quantum efficiency of the natas an indirect measure of the
aggregate impurity concentration, providing a qitative benchmark for the quality of a
sample. While measurements of absolute quanturtiesfiies of luminescent materials

are notoriously difficult, particularly when is close to 1, the situation is fortunate in
laser-cooling materials. Here, the wavelength cffieesn ~ A+ can be tuned to one of

the two points where laser-induced cooling and rlastuced heating are exactly
balanced and no laser-induced temperature changersocFigure 3 illustrates the

normalized laser-induced change in temperatife(which is proportional ta@y,_.,), as a
function of pump wavelength. The heat-balanced tgafsolid dots) can be reached by
tuning 774, — A either by (1) changinglpat a fixed sample temperature and observing
the wavelength where this crossover point occuese(red to as the zero crossing
wavelength,dzcw), or (2) by changingl s (T)via the sample temperature at a fixed laser

wavelength. In the latter casgthen gradually increases as the sample temperature
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lowered (and/7)|p—§f is decreased via increasir@f) until laser-induced cooling

switches over to laser-induced heatify> 0) at a characteristic sample temperature.
This crossover point is referred to as the zeresing temperatureT{cr) where laser-
induced cooling and heating are exactly balancesl,Ji=0. This is the lowest
temperature at which the sample can sustain laskiced cooling and is yet another

benchmark for laser-cooling performance. At the tinmat-balanced points, the laser

induced temperature changaT quo,z(/]/lp—jf)/ﬁf =0, and the net quantum

efficiency 7(4,,T) = A /A,, can be calculated from two easily observable gtiesti

Laser-induced temperature changes near the heatdsal point are small, and a

sensitive, non-contact thermometry method is tloeesieeded.
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Figure 3 Calculation of the normalized laser-irelidemperature change as a
function of wavelength illustrating the two poirits a given sample temperature where
AT (and thuscoo) go to 0. The long-wavelength zero crossing ardies toa, > 0. A
widely tunable pump source would clearly be reqlit@ predict thelzct for this long-
wavelength zero crossing. However, near this zeossing, a largedT is observed,

allowing greater sensitivity. The short-wavelengtito crossing occurs wheh =Ar.

Here, a; is large and», can be neglected, allowing for a measurememt.@f The values
of Nexs Nabs @nd ay, used for this example calculation are also shoMrese calculations
were derived from Eg. 2 in Chapter 2.

Changing the pump wavelength to locate one of éhgperature balanced points is a
conceivably easier experiment; however, widely bl@ahigh power lasers are not
necessarily available at the desired pump wavdhsndtt longer pump wavelengths, we

can take advantage of the second approach to radiemperature balanced point when
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such tunable pump sources are not readily avajl@siavas the case for our particular

experiment.

At shorter wavelengths, wheﬁ; '~*/1_f, ap is insignificant with respect to the large
a;. Therefore, n,.,~1 and thusn-~n,, and the cooling efficiency should be
approximately linear with respect ®), . In this cases,,, can be measured by a standard
fractional heating experiment [14] that obser¥ss as a function oﬂp to find Azcw
However, in the longer wavelength regiam, is significantly smaller andr, becomes
more significant and must be accounted for. Assgntimat 7, does not vary with
wavelength,a; can be found at the shorter wavelength and usddtermines,,  [in Eq.

5]. Additionally, givena:(T), we can estimate the background absorptgnThus, each

zero crossing point provides valuable informatiorvg, and a, and thus on the impurity

concentration.

An experiment thus consists of measuriBgT,t) transients at different sample

temperatures, fitting the power law [Eq.(3)] to tslew component of each transient,

calculating the slope$, deducing thélzcr from a plot of9 versus sample temperature,
and calculatingy = A /A, from At at theTzcr. The measured net quantum efficiemcy

or theTzct can be used as a measure for the quality of a-tasding sample, where a

higher value ofy or lowerTzct is indicative of a sample with a lower level ofgurities.
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This method enables performance benchmarking efdasoling samples by correlating

lower impurity samples with loweélzct values.

3. Experimental Section

A. Yb3+-doped Fluorozirconate Glasses

Several YB'-doped ZBLANI (Zrk-BaF-LaFs-AlFs-NaF-Ink) glasses were
characterized by the TBDLT method described in iBece. Table 1 summarizes the
glass compositions and provides comments on saprglgaration conditions. Sample
No. 1 was synthesized from commercially availabggfpurity metal fluoride precursors
without conducting any further purification excéjpé mandatory drying and fluorination
of metal fluoride precursors in hot hydrogen flderigas. Samples No. 2, 3, and 4
incorporate progressive stages of the solvent-etxtra purification currently under
development in our laboratory, a process that aitmeducing transition-metal impurities
to low-ppb levels [2],[3]. Samples No. 5 and 6 @entical to Sample No. 4, except for a
higher 2 mol% YB' concentration in Sample No. 5, and sublimated tfergourification
technique) rather than solvent-extracted ,Znk sample No. 6. Sample No. 7 is a
commercial ZBLAN:YB" sample procured from IPG Photonics that has shgaod

laser-cooling performance, and it was used asra pbreference in this study.

B. TBDLT Experiments
The TBDLT experimental setup is shown schematidalliFigure 4. The sample
was mounted on the temperature-controlled coldefiraf liquid-nitrogen flow cryostat
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(Helitran, LT-3-110) and cooled to the desired temapure in the 100-300 K range. The
ambient sample temperature was measured by a ommigk.5 mm diameter) calibrated

silicon diode (Lakeshore DT-421) mounted directhyoothe surface of the sample using
a small amount of Apiezon grease. Direct measurémiethe sample temperature was
important because different samples exhibited @ffe temperature gradients between
the sample and the cold finger temperature seregmrdling on the quality of the thermal

contact. TBDLT decouples laser-induced temperathenges at the surface from those
inside the sample in the time domain, and we cordd that any potential heating of the
small silicon diode at the sample surface duringosxre to laser and luminescence light

did not affect the measurement.
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Figure 4 Schematic of the TBDLT experimental setup describetktail in Section 3.B.
The transmission spectra of the filters used tinddbands A and D are shown in Figure

2.

A diode-pumped continuous-wave (CW) Yb:YAG laserafllase, DP12011-
T01) equipped with a tunable birefringent filterO{D-1050 nm) produced ~3.5 W of
pump power at 1020.5 nm with a Gaussian intenssfyidution. This pump wavelength
was chosen as a compromise between maximizing likerlaed power for the entire
temperature range (favoring a shorter wavelengtig maximizing the laser-cooling
efficiency (favoring a longer wavelength). Excitatiof the sample was performed in a

time sequence consisting of pump laser exposuré &aconds during which the sample
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heated or cooled, followed by the pump laser beiffigor 5 seconds during which the
sample equilibrated back to the ambient temperaseteby the cryostat. A function
generator was used to control the respective labetter and to trigger the data
acquisition system. The time constant of the meichataser shutter was ~20 ms, and
luminescence transient data collectedtfer 25 ms was therefore discarded. The pump
beam was focused into the sample and, in ordeedace the effects of luminescence
reabsorption, the focal spot was aligned near #mapge surface through which the

luminescence was collected.

Sample luminescence was collected and collimatea Bynch diameter len$ €
60 mm) and coupled into a 600-um diameter multimiilokr by a second len$ € 100
mm). For reference, the luminescence spectrum a@sded with an Ocean Optics mini-
spectrometer (SD2000) at each sample temperatheslufminescence emerging from the
multimode fiber was collimated and then dividedoirivo beams by a 50:50 non-
polarizing beam splitter cube. One beam was filteogy bandpass filter A (Andover
Corporation, 950FS10), and the other beam wasddtéy bandpass filter D (Andover
Corporation, 100FS10). Figure 2 shows the transamsspectra of the commercial
interference filters used to select bands A andfhe YB** luminescence spectrum.
Note that the spectrally narrower bands B and @i¢ated in Figure 1) were omitted for
simplicity and because they could not be selecteilye with commercially available
bandpass filters. Each filtered beam was re-coupien respective 600-um diameter
multimode fibers that terminated on a pair of InGa#alanced photodiodes (ThorLabs

PDB150C). The PDB150C balanced photodetector csnsigswo photodiodes with well
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matched responsivity and provides separate volbagjeuts that are proportional to the
optical power received in each band A and D. Initamtd the PDB150C includes an
ultra-low noise, high speed transimpedance amplifiat generates an output voltage
proportional to thalifferencein the optical power in bands A and D, i(€,—1}). The
voltage at each of these three detector outputsimgependently and simultaneously
measured by a multhannel data acquisition (DAQ) board (Measurememng@uting,
USB-1616FS) that provided 16-bit resolution at a siam#ous acquisition rate of 36
kHz/channel, enabling time resolutions of up to ~38 in the measured TBDLT
transients. The DAQ board transferred the data W&B to a PC-based LabView

application that captured and analyzed the dataimrea. To achieve maximum dynamic

range, the two filtered beam paths were alignedefmch measurement such that the

measured difference signféll, —1 ;) was zero for CW pumping.

The transients recorded during each 5-second puatepval were averaged until
the desired signal-to-noise ratio in the TBDLT si@mt was obtained. Typical averaging
times ranged from 10 minutes (60 intervals) to @req720 intervals), depending on the

luminescence intensity available at a particulargerature.

4. Results and Discussion

The TBDLT characterization included six ¥doped ZBLANI samples prepared in our

laboratory (Samples No. 1-6) and a commercial 293" dbped ZBLAN sample (IPG
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Photonics; Sample No. 7) which had shown substatdiser cooling in earlier

experiments (see Table 1).

Table 1 Yb*-doped fluorozirconate glass samples used in thidys The ZBLANI
composition is given in mol% of the respective ABaF—LaFR—AlF;—NaF-Ink metal
fluoride constituents. A detailed description ofvemt-extraction and hydrogen fluoride
gas drying processes is given in Ref.[2].

Sample  Yb** ZBLANI composition Sample descriptions and preparation
Number (mol%) (mol%) notes

1 1 54-21-3.5-3.5-16.5-0.5 Synthesized from conmiaieretal
fluoride precursors without further
purification. Some bulk scattering.

2 1 54-21-3.5-3.5-16-1 First generation solverraetibn
purification process. Some bulk
scattering.

3 1 53-20-3-3-17.5-2.5 Second generation solvent-

extraction  purification  process.
Excellent optical quality.

4 1 53-20-3-3-17.5-2.5 Third generation solventaeibn
purification  process. Improved
hydrogen fluoride gas drying
process. Excellent optical quality.

5 2 53-20-2-3-17.5-2.5 Same as No. 4 but with 296 Yb
doping.

6 1 53-20-3-3-17.5-2.5 Same as No. 4 bui &ds purified
by sublimation rather than solvent
extraction.

7 2 Unknown Commercial ZBLAN sample from

IPG Photonics.

Figure 5 shows TBDLT transients for Sample No. d 8ample No. 7 at different

temperatures. The solid lines represent least-squds of the power law in Eq.(3) to the
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transient data. The measured TBDLT transients asertbed well by this functional
shape. Both samples exhibit laser cooling at 3Gk kevident from the negative slope of

the transient at that temperature. The magnitudeoofing gradually diminishes as the
temperature is lowered, i.e. gd, -+ decreases due to the increaselin This is more

clearly illustrated in Figure 6, which shows thespective TDBLT parametet as a
function of sample temperature. The closed symadsthe experimental data while the
open symbols were obtained from modeling calcutatidescribed in detail elsewhere
[12]. The temperatures at which laser-induced ogoéind heating are exactly balanced,
Tzct, are found by interpolation to be 238 K and 158KSamples 4 (filled circles) and
7 (filled squares), respectively. Note tifagjoes through a maximuaround 133 K for
Sample 7. With decreasing temperature, the pumprpatisn coefficient decreases and
causes the sample to heat less; while the cooliiicjeacy decreases and causes the

sample to heat more. The maximum at 133 K is dtreSthese two competing effects.
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Figure 5 Transient TBDLT signal corresponding to the laseldced temperature

change at different ambient sample temperatureSdample 4 (left) and Sample 7 (right).
Negative slopes indicate laser-induced cooling evipbsitive slopes indicate laser-

induced heating. The solid lines are fits of theveolaw [Eq.(3)] to the experimental

data.
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Figure 6 TBDLT parameter as a function of ambient tempegatar Samples 4 (circles)
and 7 (squares). Open symbols indidatealculated from a theoretical model [12], while
closed symbols indicate experimental data. Poielevb the horizontal lined < 0)
indicate laser-induced cooling while points abdwe line @ > 0) indicate heating. From
this data, the ZCT can be deduced as 238 K for &a#ngnd 158 K for Sample 7.

The 150 K measurement #ffor Sample 7 has an uncertainty that is just above
the zero line, indicating that this temperaturenggais just resolvable with the TBDLT
technique. The calculated laser-induced temperatigage at this point is ~7 mK [12], a
value that is representative of the sensitivitytted TBDLT method. This sensitivity is
indicative of what can be achieved for %4loped ZBLAN glass. Other materials will
have different luminescence spectra with diffetemiperature dependence and may thus
lead to a different sensitivity.
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Figure 7 shows the mean luminescence Waveleﬁg(ﬁ')calculated from the

luminescence spectra recorded at different temperafor Samples No. 4 and A (T)

is fit with a cubic polynomial function, and thespeective fits (solid lines in Figure 7) can
be used to calculatd (T,er) - Using theTzcr found in Figure 6, this yields 993t9.4
nm and 995.20.4 nm for Sample No. 4 and 7, respectively. Gitlea fixed laser
wavelength of 1020.6 nm, the net quantum efficiencyA+ / A,can now be calculated
to yield 97.3%0.01% (at 238 K) and 97.3®.01% (at 158 K) for Sample No. 4 and 7,
respectively. The highélzcrand slightly lower net quantum efficiency of Sample. 4
indicates that this sample had a higher conceatratif impurities than commercial

sample No. 7, demonstrating that precise measutsm@Ennet quantum efficiency

efficiencies are possible with TBDLT. These valaes also summarized in Table 2.
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Sample No. 7
o Sample No. 4
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Figure 7 Mean luminescence wavelength; (T), as a function of temperature for
Samples 4 (open circles) and 7 (filled squaresg @ibic polynomial fits (solid lines)
were used to interpolaté: (T) at temperatures of interest. The mean luminescence

wavelength is defined as (T) = [ 1(A,T)d/ / [12,T)dA which is calculated from
luminescence spectigA,T).

Table 2 Summary of parameters critical for assessment angbarison of Samples 4 and
7. Tzcrandn were measured as described in detail in thislertjg, was measured using
a thermal camera and a Ti:Sapphire pump sourcefiacional heating experiment as
described elsewhere [14}a,s was derived from the measurementsya&nd 7Jex. b Was
calculated givemaps anda,. Sample 7 has a low8gcr, 77abs ab and a highery and ex;
indicating it contained fewer impurities as comgare Sample 4. The values Qg b
anda; are reported afzct andA, = 1020.6 nm.

Tzer [K] Hext 1abs n a; [Cm_l] ay [cm‘l]
Sample 4 238 0.9906 0.9831 0.9739 0.0315 5.42E-4
Sample 7 158 0.9942 0.9815 0.9758 0.0165 3.11E-4
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A more detailed discussion of the net quantum iefficy in Eq.(4) is instructive,
as past reports of the quantum efficiency weredrghan those we report here [13]. This
lower 77 in the present experiments is due to the fact tiratmaterial is pumped at a
longer wavelength where the absorption efficiengy i Eq.(5)) is lower, indicating the
presence of impurities. In an impurity-free mater@ = 0 and”7 ~ Jex: AS shown in
Table 2, this is clearly not the case for Samplesd 7. Givernvjex and ai(Tzct,Ap), b
can be calculated. Background absorption coeffisiefia, = 5.4210* cm* and ap =
3.11x10* cm* are found for Sample 4 and Sample 7, respectivedicating a lower
impurity concentration in Sample 7. This trend nsagreement with a lowéelzcr for

sample 7, compared to Sample 4.

An even more expeditious characterization can b dry simply measuring the
TBDLT parameterd at room temperature. As seen in Figure 6, a smad&ie ofd
corresponds to a loweTzcr and thus higher quantum efficiency. While a room-
temperature measurement alone does not providé&ztheor 7, it allows for a relative
comparison of the performance of different lasasliogg samples. All samples listed in
Table 1 were characterized in this manner, andréspectivad-values are shown in
Figure 8. Sample No. 1 clearly illustrates thatretlee best commercial metal fluorides
have insufficient purity to enable laser coolingistsample showed substantial laser-
induced heating even at room temperature. Puridicaif precursor materials along with
a sufficiently high Ing oxidizer concentration, optimized hydrogen flueridrying, and

sufficiently long melting times [2] provide a suéstial improvement of laser cooling
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performance as evident from the successive impl&atien of these processes in samples
No. 2, 3, and 4. The 1% Ybconcentration of Sample No. 4 was increased toir2%
Sample No. 5, which resulted in substantial heafling rate of energy migration among
Yb** ions increases with increasing ¥tzoncentration, and some of the excitations can
find impurity sites where non-radiative relaxatitakes place. This process is more
efficient in the 2% sample (No. 5) compared to 1B& sample (No. 4), and the fact that
sample No. 5 showed substantial heating is dirg@leace for energy migration to
transition-metal and/or OHmpurity sites. Also note that the use of Zypurified by
sublimation (sample No. 6) resulted in a samplé ¢baled, however not as much as the

best sample fabricated from precursors purifiedddyent extraction.

0.3

0.2

TBDLT Parameterd
o

Buljoo)|bunesH

1 2 3 4 5 6 7

Figure 8 TBDLT parameters, (measured in vacuum at room temperatiire 296 K)
and withA, = 1020.5 nm) for a qualitative comparison of sal@BLANI:Yb®" samples
fabricated in our laboratory (Samples 1 - 6) and saample commercially procured (IPG,
Sample 7). A positive? corresponds to heating, while a negati¥eorresponds to local
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laser-induced cooling. Here we show a steady ingir@nt in our purified materials over
those produced with commercially available startimegerials.

5. Conclusions

We have successfully demonstrated TBDLT — a norambnspectroscopic
technique for measuring laser-induced temperatuenges in optical materials. This
method was used to characterize and benchmarkettiermance of optical refrigerator
materials. The TBDLT method uses two commercialilable band pass filters to
select regions of the luminescence spectra that shifberent temperature dependences.
These temperature induced luminescence intensayggs can quantify laser-induced
heating and cooling processes. TBDLT achieved aithaty of 7 mK and could
successfully detect the temperature at which lemkreed heating and cooling are
exactly balanced. We have shown that net quanttisiegicy can be obtained with high
precision using TBDLT. Several Ybdoped fluorozirconate glasses were characterized
by this method, and the results provided valualglediback to the development of
material purification and fabrication processes.e Thest ZBLANI:1%YB" sample
produced in our laboratory had Tacr of 238 K and a corresponding net quantum
efficiency of 97.39% at a pump wavelength of 1020é. This laser-cooling
performance is a substantial improvement over sesnmepared from commercial grade,
high-purity metal fluoride precursors. While the DBT technique was shown to be an
expedient and effective experimental method for rattarizing the laser-cooling

performance of YB-doped fluorozirconate glasses, it can be adagsillyeto other rare-
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earth doped crystals and glasses. TBDLT enablesyadiagnostic capability that is

critical to the further development of high perfamee solid-state optical cryocoolers.
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Chapter 6

Conclusions

Optical refrigeration has made significant advarmes the past decade, and is primed to
deliver a promising technology by providing a ruggéow cost, compact, cryogenic
cryocooler in the near future. This technology liedicted to be especially beneficial for
cooling satellite instrumentation and space-based@s where long lifetimes, low mass,
and the lack of moving parts are crucial. Althougbt reviewed specifically in this
manuscript, much progress has been made in senictumebased optical refrigerators,
where advanced heterostructure growth and novelcelefabrication are currently

underway in an effort to achieve high external quamefficiency.

Summary and significance of contributions

The focus of this research was in developing aratatterizing rare-earth doped, solid
state materials for laser cooling by optimizing tie®ling efficiency. This manuscript has
outlined the essential qualities of a laser coolingterial, providing insight into what
constitutes an ideal host material. To summariamescharacteristics of a host material

for laser cooling include:

Low phonon energy

High thermal conductivity

Narrow ground state splitting

High absorption cross-section

High material hardness and durability
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« Low Thermal emissivity
« Low impurity concentration.
The necessity of these properties was each reviewaetail in the Materials Selection of
the Introduction in this manuscript.
Also discussed in the Materials Selection sectibrthe Introduction were the
characteristics of a dopant ion favorable for las®ling. To summarize, we found that a

smaller dopant energ§E, (such as is the case of Thversus YB") provides higher
cooling efficiency, /7., yielding more cooling power. This advantage ofraaller

bandgap is offset by enhanced interaction of thetec state with host phonon modes,
increasing multiphonon relaxation rates. Additibnahe higher energy levels present in
Tm*" or EP* give the potential for excited-state absorption amdss-relaxation. In
contrast to these and other rare earth iong! ¥tunique in that its electron configuration
produces only & manifold split into &F;, ground state and orf€s;, excited state
multiplet. The absence of other electronic statesatty simplifies the excitation
dynamics, comparatively. It specifically excludep-aonversion or cross-relaxation
processes. The multi-phonon relaxation rate is télagively low.

Although significant progress has been made infying our materials to remove
impurities (such as transition metals and Dlthey still exist and must be considered
accordingly. The potential for excited state enetggnsfer from transition metal
impurities to Tri" might possibly be less problematic since therless spectral overlap
between the emission of the Thion, versus the Y8 ion, and the absorption of the
impurity. Even after considering these pros andsdaon thulium versus ytterbium, it is

not clear which ion will provide the most benebtthe field of optical refrigeration and
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researchers continue employing both. In this diaien, both have been demonstrated
and the main discoveries are now briefly summarized

This research was the first to demonstrate lagkraed cooling in a thulium doped
crystal, namely Ba¥s:Tm®", as summarized in Chapter 2. Protocols for maseria
synthesis and purification of ZBLANI:Y&Tm®" glass components were also developed,
providing a contribution to materials science algsihe specific field of laser cooling.
This research was first to synthesize and puifyof the components of ZBLANI glass.
From this development, we prepared a material dapafdaser induced cooling as low
as 238 K with a net quantum efficiency of 0.973%heTdetails regarding these
purification methods described in Chapter 3 caexXtended to other potential ultra-pure
host materials, for applications beyond laser caplio a variety of optical glasses and
crystals. The need for a very sensitive (7 mK) nontact temperature measurement
technique was necessary for this research. Theriengr@, as outlined in Chapter 5, is
general and could easily be modified to evaluateetmaterials with temperature
dependent fluorescence spectra. Finally, the thandysimulation developed in Chapter
4 is also not limited to our particular exampleZBLAN:Yb**. The basis for this theory
can be applied to evaluate cooling or heating in @xaterial exhibiting laser induced
heating or cooling. The specific benefit to ourelasooling effort is in its ability to

predict what materials will cool and by how much.

Future Work
Materials
Certainly, the work presented in this dissertatican be extended and improved.

Improving and optimizing the purification techniguef the precursor materials and the
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glass/crystal synthesis is an obvious extensioergithat only a few iterations of the
entire process were performed for the materialsudised in this study. An exploration of
the optimum pH for more efficient transition metaktraction for each fluoride
component could be studied more comprehensivelgrel'lare also a number solvents
and reagents used throughout the purification m®aeghich could be investigated as
well. For example, APDC (see Chapter 3) is theatkalised to remove transition metals
in our current system, however, other chelates salcidDTC or DOED might prove
more efficient at extraction in one component & tilass system. The buffer used to
control the pH was an acetate found to interfer fluoride formation for two of the
fluorides. Perhaps an alternative buffer could kelared, such as a citrate or formate.
Additionally, the analysis of transition metal centration was only performed on the
zirconium portion of the glass. Further studies M@analyze the degree of purification in
the remainder of the glass components as well. @igat also find from such a study
that three successive extraction steps are notregljto reduce impurities to the desired
level. There is also room for improvement of the/AtFultra-drying system developed to
reduce OHimpurities. Different drying temperatures and tineuld be explored, and
the concentration of HF monitored, to better cdniine amount of HF exposure for the
fluorides.

New materials, in addition to ZBLANI, are certairthging investigated [1]. For
simplicity, the six component system of ZBLANI cdube reduced to a more simple
glass, such as BIG, for example. Although we haresgnted methods for purifying
fluoride glasses, many properties make crystalslitedy choice for next generation

coolers. For example, high dopant concentrationZBLANI are not stoichiometrically
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feasible, given that the dopant partially substgutor Lak (constituting only 4% at
most). Also, as discussed in detail in the Mater&glection section in the Introduction of
this manuscript, crystals not only allow higher ghgpconcentrations, but also exhibit
crystal field splitting which leads to sharp Stanknifolds and thus higher, concentrated
peak absorptions near the cooling wavelengthstefast. A good example of that is the
recent demonstration of optical cooling in LiY[2]. Certainly there is much to explore
regarding the influence of the doping level on teeling efficiency. Additionally, the
radiative heat load on the sample could be draaiftidecreased by using a host
material such as Ba¥s that has low emissivity.

Experiment

Improvements in the characterization and evaluatadnour laser cooling
materials, as well as methods to increase the bbédgower in the samples are needed.
Although the TBDLT method outlined in Chapter 5quite sensitive, measuring laser
cooling transients at very low temperatures protiete consuming. An even more
sensitive experiment incorporating a spectrometer fionochrometers) with better
resolution could reduce the need for long averadinges. This will become more
important as materials cool at lower and lower terafures, as is expected.

New pump sources will be necessary as we seelkctedse the pumping power
and expand the tunability of experiments (a curliemtation). The use of a high power,
tunable, solid state pump laser is very usefulsiudying the cooling properties of a
material; however, the use of a diode laser is nappealing from a technological point
of view. The limited power, tunability, and poortimal quality of diode lasers would

need to be improved.
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In order to increase the absorbed power, new pumpmgtries could be
employed. Cavity-enhanced and other advanced pa#s- pumping schemes have
already been successfully demonstrated and pravstarting point in developing more
efficient ways to trap the pump radiation. Showgngat promise, are the cavity enhanced
methods, where the sample is placed in a resoraaity eexternal to the pump source.
However current limitations in cavity stability nmiuse overcome [3]. Trapping the beam
in a non-resonant cavity has also been demonstratexte the cooling power was
increased over 250% [4]. Finally, improvements lwe teposition of extremely high
quality mirrors should be pursued for either ofsihenethods. The benefits of ion beam

sputtering techniques could be explored for sugh kjuality dielectric mirrors.
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