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ABSTRACT

Experimental observation of optical refrigeration using ytterbium doped 
silica glass in recent years has created a new solution for heat mitiga-tion in 
high-power laser systems, nonlinear fiber experiments, integrated 
photonics, and precision metrology. Current efforts of different groups focus 
on compositional optimization, fiber fabrication, and investigating how 
much silica can be cooled with a laser. At the start of this work, the best 
effort in laser cooling ytterbium doped silica saw cooling by 6 K from room 
temperature. This dissertation follows the experimental ef-forts that 
culminated in the increase of this initial record by one order of magnitude. 
Comprehensive spectroscopic studies were carried out to fully understand 
the potential of the available samples. The external quantum efficiency was 
measured to be 99% for two Yb-doped silica rods containing at least 6 times 
more Al than Yb. Current laser cooling results employing a homemade 100 
W fiber amplifier operating at 1032 nm have resulted in laser cooling a 1 mm 
diameter Yb, Al co-doped silica glass rod in vac-uum by 67 K from room 
temperature. These results indicate that with some additional optimization, 
silica will soon surpass Yb:ZBLAN as the coolest glass. Detailed 
temperature-dependent and site-selective fluores-cence studies carried out 
in this work show that obtaining relevant laser cooling parameters for 
Yb:SiO2 is not straightforward. For example, mean fluorescence wavelength 
measurements at room temperature vary between 1008 and 1012 nm, 
depending on the excitation wavelength. Regarding the Yb3+ site 
environment, the zero-phonon line transition is well-described by two band 
components spaced approximately 40 cm−1 apart, suggesting the possibility 
of two main local site environments of the Yb3+ ions.
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1 Introduction

1.1 History and fundamentals

C.V. Raman is given credit for first detailing that when a material is exposed to

light, its molecules scatter a small fraction of the incident photons inelastically. This

inelastic scattering results in lower energy (Stokes) and higher energy (anti-Stokes)

photons [1]. Shortly after, Peter Pringsheim postulated that the anti-Stokes fluores-

cence may be used to decrease the temperature of a material [2]. In 1968, Kushida and

Geusic carried out solid-state anti-Stokes fluorescence (ASF) pumping experiments

using an undoped and a Nd3+ doped yttrium aluminum garnet (YAG) crystal [3].

A Nd:YAG crystal was used as the pump laser operating at 1064 nm providing up

to 200W of power. Experiments were done at ambient pressure conditions and the

crystals subject to the pump light were supported by thin needles to decrease the

conductive heat load. Relative to the undoped crystal, the Nd-doped crystal heated

less. The temperature change versus pump data from Reference [3] is reproduced in

Figure 1. ASF of the Nd3+ was ascribed as the reason for the lower temperature in

the Nd:YAG sample at a given incident pump power and the authors claimed the first

observation of optical refrigeration. However, no net cooling was observed.

Slightly prior to these Nd:YAG experiments, Weinstein described a "technical

efficiency", η, of a lamp converting heat into light as the ratio of the power leaving the

lamp in the form of luminescence radiation to the power supplied to the lamp in the

form of work [4]. In the experimental configuration for solid-state optical refrigeration

used by Kushida and Geusic, this could be defined as a cooling efficiency, ηc,

ηc =
Pout

Pin

, (1)

where Pout is the fluorescence (luminescence radiation) leaving the crystal (lamp) and

Pin is the laser light pumping the crystal (power supplied). Kushida and Geusic elab-

1
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Figure 1: Observation of decreased heating in Nd:YAG crystal attributed to the
heating from impurties, as in the undoped YAG case, coupled with anti-Stokes fluo-
rescence cooling by the Nd3+ ions. Adapted from Kushida and Geusic, Reference 3.

orate on the actual realization such a solid-state "lamp", "In order to observe net

cooling, the possible heating mechanisms of Stokes fluorescence, nonradiative transi-

tions, and the absorption of laser radiation by impurity ions in the refrigerator crystal

are required to be weak compared with the cooling by anti-Stokes fluorescence". The

first element of this statement alluding to "the possible heating mechanisms of Stokes

fluorescence" is addressed by choosing λp, the wavelength of the pump source provid-

ing Pin, to be longer than the mean wavelength of the fluorescence emission lineshape,

λf , so that λp > λf . λf is the mean value of the ensemble of radiative decays as an

excited ion returns to the ground state and can be obtained by calculating the first

moment of the experimentally measured emission lineshape, S(λ),

λf =

∫
λS(λ) dλ∫
S(λ) dλ

. (2)

Ignoring, for now, the nonradiative transitions and purity issues raised by Kushida

and Geusic, an ideal form of the cooling efficiency can be written in more accessible

terms as

2



ηc(λp) =
λp

λf

− 1. (3)

Equation 3 simply states that as λp is increasingly detuned further away from λf

in the red-tail of the absorption spectrum, αr(λ), the cooling efficiency will increase.

Since optical absorption of radiation by an ion is often described as a Lorentzian oscil-

lator, in the purely mathematical sense, this implies a finite, albeit small, absorption

of impinging radiation even far away from resonance. One may then be led to think

that a very high value of ηc can be obtained by simply taking λp >>>> λf . However,

as alluded to by Kushida and Geusic, in physically realizable materials there will al-

ways be (at least for the foreseeable future) some amount of impurities giving rise to

some degree of a background absorption, αb. It is most desirable to have as much Pin

as possible resonantly absorbed by the ions that have the potential to radiate ASF.

Absorption by impurities not only decreases the available energy for the ASF process,

but can serve as a source of internal heat generation. The relative magnitudes of the

useful absorption to the background absorption can be introduced as the absorption

efficiency, ηabs(λ),

ηabs(λ) =
αr(λ)

αr(λ) + αb

, (4)

necessitating the modification of Equation 3,

ηc(λp) =
λp

λf

ηabs(λp)− 1. (5)

This tells us that we actually want to make λp not too far from λf , so as to keep

3



ηabs(λ) near 1. The caveat comes in addressing the last facet of the conditions for

net cooling as given by Kushida and Geusic, that the nonradiative transitions ought

to be weak. An ion in its excited state can take two possible avenues to return to

the ground state - a radiative decay or a nonradiative decay. Only radiative decays,

i.e. emitted photons, that escape the bulk solid have any hope at contributing to

net optical refrigeration. Nonradiative decays arising from multi-phonon relaxation,

clustering, and quenching of the excited state by impurities (hydroxyl species, rare-

earth ions, transition metal ions) will all hinder the ASF cooling process. The term

encompassing these processes is dubbed the external quantum efficiency, ηext,

ηext =
ηeWr

ηeWr +Wnr

, (6)

where Wr and Wnr represent the radiative and nonradiative decay rates, respectively,

and ηe is the escape efficiency. The escape efficiency is dependent on the reabsorption

coefficient and the sample geometry. The reabsorption coefficient is calculated from

the overlap between the normalized emission lineshape and the resonant absorption

coefficient spectrum. Since the former is intrinsic and the latter scales directly with

the total ion dopant density, NT , a more highly doped sample will result in a higher

reabsorption coefficient, as might be expected. Sample geometry will determine the

ability of radiated photons to exit the sample-environment interface and not be inter-

nally reflected. In this work, the quantity ηext will be measured directly in Chapter

3, but the interested reader is directed to the works by Heeg et al. [5] as well as Ruan

and Kaviany [6] for further discussion on ηe. Alas, ηext is appended directly to the

main product in Equation 5,

ηc(λp) =
λp

λf

ηabs(λp)ηext − 1. (7)

Assuming a high purity material so that αb is extremely small compared to αr(λ)
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yielding a near unity ηabs in the vicinity of λf , the wavelength invariant ηext sets a

lower limit on the choice of λp to induce net cooling, dubbed the cross-over wavelength

by Bowman et al. [7]. Together, ηext and ηabs(λ) set the short wavelength and long

wavelength bounds, respectively, for net cooling.

The quantities appearing in Equation 7 will be called upon throughout this work.

For a more mathematical and less hand-waving derivation of Equation 7, see Refer-

ences [8, 9]. The construction of the cooling efficiency term in this manner is judged

to be more accessible and prepares us well for later where, in Chapter 5, we will

ultimately learn that the application of this Equation 7 in a predictive manner to

ytterbium doped silica glass (the main character of the story here) needs to be con-

sidered carefully.

1.2 Net cooling

The accidental discovery of stable, multi-component fluoride glasses by Poulain et al.

led to a boom in the study of halide glass [10]. Research in the 1980s was driven by

the theoretical low loss and good infrared transmission of halide glasses [11]. Subse-

quently, in the 1990s, the research focused heavily on the use of halide glasses for opti-

cally active gain media following the discovery of their high rare-earth solubility [11].

With the know-how to produce ultra-pure rare-earth doped materials, solid-state laser

cooling was reported for the first time in Yb:ZBLANP by Epstein and co-workers at

Los Alamos National Lab [12]. These first experiments observed cooling by 0.3K

from room temperature at a pump wavelength of 1015 nm and ηc(λ = 1015 nm) was

estimated to be about 2%. The temperature change as measured with a calibrated

thermal camera, normalized to the input pump power, versus the pump wavelength

as reported by Epstein et al. is reproduced in Figure 2. Foreseen applications of this

new era of ’net cooling’ included mainly the cryogenic cooling of infrared detectors

and other devices. The potential for an all solid-state, vibration-free, liquid-free cool-
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Figure 2: Normalized temperature change versus wavelength displaying the first ob-
servation of net cooling in Yb:ZBLANP glass. Adapted from Epstein et al., Refer-
ence 12.

ing device led to the suggestion that the technology would be useful for space-based

applications, which is indeed still a focus of research efforts and advancing closer to

implementation [13, 14].

In the following years, ytterbium doped fluoride glasses were cooled by 16K (1997),

then by 21K (1998) and then by an impressive 65K (1999) [15, 16, 17]. The 65K

cooling result by Gosnell [17] was achieved with a 1wt% Yb3+ doped multimode fiber

with 170/250micron core/clad diameters. The cooling sample was placed in vacuum

to remove the convective heat load and supported by 125µm diameter silica fibers

to minimize the conductive heat load. This left only the radiative heat load of the

surrounding environment. The sample was pumped with 2.2W at λp=1015 nm from

a Ti:Sapphire laser that had been mode scrambled by propagation through 4 m of

graded index fiber so as to reduce the intensity profile within the cooling medium.

A double-pass geometry reflected the unabsorbed pump back into the sample to in-

crease the overall available pump. The temperature was measured by a least-squares

comparison of the fluorescence lineshape after the sample reached a steady-state with

known temperature dependent emission spectra obtained using a closed-cycle cryo-

stat. This experimental approach is very similar to what will be used in the chapters

ahead.
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A few more years would pass before optical cooling of Yb:ZBLAN down to 208K

was reported in 2005 [18]. For this demonstration, a high vacuum environment and

fiber support system were used, as in Gosnell’s work [17]. The Yb3+ concentration

was increased by a factor of 2 relative to the 65 K cooling Yb:ZBLAN sample. Pump

power was also increased to 10W and best results were obtained at λp=1026 nm. A

fiber preform was employed (as opposed to a fiber) with an 8mm diameter doped

core and an 11mm diameter undoped cladding. A self-contained multi-pass scheme

was implemented by depositing dichroic mirrors on the end faces of the preform with

a clean pinhole opening through which the pump light could be launched into the

sample. The radiative load of the chamber onto the sample was reduced by lining

the chamber with a foil with high absorption at the fluorescing wavelengths and low

emissivity at long thermal wavelengths. To date, this remains the best result in

optical cooling of a vitreous material.

Thereafter, researchers vying for a cryogenic all solid-state cooler redirected their

attention to crystalline materials [19, 20, 21] which has yielded immense success [22,

23, 24]. The lack of inhomogeneous broadening in crystalline materials permits more

resonant absorption at a given pump power and wavelength. Additionally, fluoride

crystals containing an optically inactive lanthanide, such as yttrium in YLiF4 for

example, allow direct substitution of the active refrigerator ion. This allows high

dopant densities before the onset of clustering which in turn allow a larger degree of

cooling. To date, the coldest temperature achieved by solid state optical refrigeration

is in crystalline Yb:YLiF4 down to 91K [20]. Infrared detectors have been cooled down

to cryogenic temperatures [22]. Payloads have, as of this writing, been cooled down

to 124.7K [24] and researchers are closing in on their goal of optically refrigerating

a payload to 123K which will be applied to vibration-free cooling of silicon reference

cavities at NIST [25].

Recent years have also seen concentrated efforts to use laser cooling for radiation
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Figure 3: Stark levels of Yb3+ with site symmetry decreasing from left to right. All
degeneracy is lifted in the glassy state, making "other" the schematic of interest here.
Superimposed over the Stark sublevels are the straight arrows corresponding to key
radiative events in the laser cooling and radiation balanced processes. Jagged lines
represent nonradiative events.

balanced lasers (RBL) and radiation balanced amplifiers (RBA) [23, 26, 27]. Bowman

first proposed the idea of an RBL in 1999, where the anti-Stokes fluorescence (ASF)

offsets the heat generated during lasing operation due to the quantum defect and

parasitic absorption [28]. Heat mitigation by ASF was then observed in Yb:YAG rod

lasers in 2010 [7] and used to make an RBL in a Yb:YAG disk laser in 2019 [23]. Bow-

man’s concept is illustrated in Figure 3 in the context of an Yb3+ system. The system

is pumped at λp from a thermally populated sublevel of the lower manifold to the

lowest level of the upper manifold. The upper manifold thermalizes rapidly. The ra-

diative relaxation down to the lower manifold is represented by the mean fluorescence

wavelength previously discussed, λf . The lower level then thermalizes, repopulating

the sublevels depleted by previous absorption events at λp. This is the basic laser

cooling cycle. If feedback is introduced into the system so that laser oscillation is

created at a longer wavelength, λs, then this process will result in some amount of

heating. When the net heat caused by lasing at λs is offset by the fluorescence char-

acterized by λf , then the situation is termed "radiation balanced".

Employing heat mitigation by ASF has been of particular interest in the context

of fiber lasers. While fiber lasers routinely output kW level single mode beams [29,
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30, 31], highly stable multi-kW class fiber lasers with narrow linewidths suitable for

beam combination are currently challenged by temperature rise in the core resulting in

the deleterious phenomenon of transverse mode instability (TMI) [32] or catastrophic

material damage due to thermal lensing.

As discussed above, fluoride glasses of the ZBLAN family have been laser cooled

repeatedly with great success [33] and were an early candidate for fiber RBLs [34].

On the other hand, the high degree of polymerization and strong Si−O bonds make

vitreous silica superior to fluoride systems, such as the ZLBAN family, with respect to

mechanical and chemical durability. On a practical note, the prospect of easily splicing

into existing silica fiber components is also highly desirable for the construction of

compact, real world devices using the RBL/RBA idea.

1.3 Optical refrigeration of silica

Despite its ubiquity in optics, laser cooling of silica evaded early attempts [35]. Ex-

ploiting ASF in a silica host was not an obvious solution at first, due to the high

phonon energy of the fully polymerized SiO4 tetrahedral unit, the antisymmetric

stretch of which peaks at νas = 1100 cm−1 [36] (see Figure 4). Note that this is

about twice that of the more highly coordinated Zr polyhedra in ZBLAN glasses

(νas = 500 cm−1) [37]. In Figure 4, the emission spectra of Yb3+ (red lines) and the

infrared absorption spectra (black lines) for SiO2 and ZBLAN are shown [34, 38, 37].

The separation between the ground and excited state of Yb3+ is mostly insensitive to

the host, as is typical of rare-earth ion f−f transitions in general due to the lack of

participation of the f shell electrons in local bonding. This separation for ytterbium

is typically around 10,200 cm−1. As a result, it would appear that since the silica host

environment only requires half the phonons to bridge the Yb3+ excited state relative

to ZBLAN, an ηext approaching unity would be much harder to achieve.

A reevaluation of ytterbium doped silica by Mobini et al. in 2018 argued that
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Figure 4: (a) Normalized infrared absorption coefficient spectrum of SiO2 (black)
and normalized spontaneous emission spectrum of Yb:SiO2 (red). (b) Normalized
infrared absorption coefficient spectrum of ZBLAN (black) and normalized sponta-
neous emission spectrum of Yb:ZBLAN (red). All measurements were made at room
temperature. Infrared spectra are from Ref. 38 (SiO2) and Ref. 37 (ZBLAN).

in fact, there is no fundamental mechanism prohibiting the optical refrigeration of

Yb:silica [39]. This was swiftly followed with experimental observations of laser cool-

ing silica by tens to hundreds of mK from room temperature, by independent groups,

using fiber preforms [40] and drawn fibers [41]. A later experiment [42] on a preform

from Ref. [9] reported cooling in-vacuum by 6K after machining away roughly 95%

of the passive cladding to decrease the associated thermal load, optimizing the wave-

length of the pump light, and doubling the power from the experiments in Ref. [9].

Around the same time, an investigation into the influence of glass composition by the

authors of Ref. [41] led to better performing fibers [43] which were then utilized to

construct the first silica RBL [27] and RBA [26].

Analysis does not suggest silica will necessarily outperform materials like ytter-

bium doped yttrium lithium fluoride (YLF) for optical refrigeration [44, 39]; however,

silica offers unique solutions with its optical isotropy, ruggedness, and formability

(i.e. fibers, substrates, microspheres) and the resulting interest is abundant [45]. De-
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vices have been fabricated exploiting anti-Stokes fluorescence cooling of ytterbium

doped silica [46, 26, 27]. Other efforts have explored various composition ranges and

co-doping schemes [47, 48, 49], including introduction of the ytterbium via fluoride

nanoparticles [50]. Design and modeling of novel fiber architectures have also been

investigated [51, 52, 53, 54]

This dissertation describes the most aggressive experimental endeavor to date in

terms of power cooling Yb3+ doped silica. First, the record at the start of this work is

tripled, with cooling by 18K from room temperature presented in Chapter 2. A two-

fold improvement is described in Chapter 4, where cooling by 41K is recorded. Finally,

the current record of laser cooling silica by 67 K starting from room temperature

is demonstrated in Chapter 6, which represents one complete order of magnitude

increase since the start of this project. The in-between Chapters 3 and 5 relate to

the characterization of the samples used in Chapter 2, 4 and 6. Chapter 3 describes

measurements of the external quantum efficiency using the Laser Induced Thermal

Modulation Spectroscopy (LITMoS) test. Chapter 5 reports an in-depth site-selective

excitation study of Yb3+ doped silica and discusses the implications for the future

characterization of ytterbium doped silica for laser cooling applications. Concluding

remarks will be given in Chapter 7 with a condensed summary of experimental results

of this work as well as recommendations for future work.
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2 Era of double digit silica cooling

2.1 Samples

Our journey begins with the arrival of two sets of samples courtesy of the Fraunhofer

Institute for Applied Optics and Precision Engineering, Jena, Germany. The samples

were silica glass rods 1mm in diameter drawn from preforms fabricated by the modi-

fied chemical vapor deposition method. The preforms consisted of a >3mm diameter

doped core and >14mm undoped cladding. To increase the cooling effect in the sam-

ples, the undoped cladding was mostly removed from the preform and only a thin

layer of passive cladding was left surrounding the active core material. Afterward,

the preforms were drawn to rods with an outer diameter of 1000µm and a doped

core diameter of 900µm. Aluminum (as AlCl3), ytterbium (as Yb(thd)3) and fluorine

were added simultaneously to the core by the gas-phase doping technique [55]. The

aluminum was employed to increase the critical quenching concentration of the yt-

terbium [56, 57]. Fluorine was added to the core of the preform for precise refractive

index control. The core region, where the dopants are present, is 900 micron in diam-

eter and is surrounded by a passive undoped layer. The refractive index step between

the core and the cladding is precisely controlled to give a low numerical aperture.

Glasses of this type in standard 20/400 fiber dimensions have been used in high-

power fiber lasers [31]. Although the numerical aperture is crucial for single-mode

operation of 20/400 fiber, it is of minor relevance for the 900micron core rod-type

geometry. Relevant properties are listed in Table 1.

2.2 Experimental

In these early studies with the new rod samples, in-vacuum power cooling experi-

ments were carried out using the setup that was employed by Peysokhan et al. in the

experiments that saw cooling of a cylinder by 6K from room temperature [42]. See
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Table 1: Material properties of Yb doped fibers
Fiber A B

Codopants Al, F Al, F
Yb2O3 (mol%) 0.15 0.12

Yb3+ density (1025 atoms/m3) 6.56 5.26
Al:Yb ratio 6:1 8.3:1

NAcore 0.06 0.05
Dcore/Dcladding (µm/µm) 900/1000 900/1000

Figure 5 for a visualization. Approximately 45mW of 1035 nm light from a contin-

uous wave (CW) Ti:Sapphire (Ti:S) laser is coupled through free space to a single

mode fiber with an objective lens. A custom-built fiber amplifier increases the signal

power, providing an output up to 20W. The amplifier consisted of a single stage ar-

chitecture. An inline fiber isolator protects the Ti:S from back reflection. A 99:1 tap

coupler placed after the isolator monitors forward and backward propagation. The

forward seed, originally in single-mode (SM) HI1060 fiber (6micron core, 125 micron

cladding - "6/125"), is expanded with a mode field adapter to then utilize a large

mode area (LMA) 25/250 fiber architecture. A pump and signal combiner couples

978 nm multimode (MM) pump light into the cladding in a forward-pumping config-

uration. A forward-pumping fiber amplifier configuration is one in which the pump

and signal light propagate in the same direction, as opposed to a counter-pumping

configuration that will be used in Chapter 6. The 25/250 fiber, now with signal in

the core and pump in the cladding, is spliced to a Yb-doped 25/250 fiber. As the

MM pump is absorbed in the doped core of the gain fiber, the signal is amplified. A

cladding mode stripper (CMS) removes residual pump in the cladding following the

end of the gain fiber. An acid-etched CMS is employed. A passive (undoped) 25/250

fiber serves as the delivery conduit.

The amplified signal serves as the input power to the Yb-doped silica rod subject

for cooling. The output is collimated and passed through 1000 nm long pass filters

(LPF). The LPFs are important for two aspects. First, some low NA pump light
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Figure 5: Schematic of experimental set up with 1035 nm source (Ti:Sapphire), 20x
objective lens (O), single mode fiber (SMF), custom-built fiber amplifier (Fiber Amp),
two long pass filters (LP), focusing lens (FL), vacuum chamber (Vac Cube) contain-
ing the sample and thermally transparent windows for observation, thermal imaging
camera (TIC), multimode fiber (MMF) connected to a spectrometer (SPEC), beam
block (B), and computer for data collection (CPU).

is constrained to the core of the fiber and so is not removed by the CMS. Second,

spontaneous emission is generated in the gain medium, and all light at wavelengths

within the Yb absorption cross-section that are shorter than the cross-over wavelength

will heat the sample.

The doped fiber (Fiber A - Table 1) is supported by undoped thin fused silica fibers

to minimize conductive heating. To minimize convective heating, the doped fiber and

sample holder are placed in an evacuated chamber where, for these experiments, a

pressure of about 5× 10−5 torr was achieved. The input is coupled to the enclosed fiber

by a 10 cm focal length lens. Perpendicular to the axis of the fiber are two windows

for real-time observation. One window is thermally transparent KCl for recording

the temporal behavior of the fiber with a thermal imaging camera (TIC). The other

window is fused silica through which discrete measurements of the fluorescence are

taken by collecting the emitted light with a multimode fiber connected to a silicon

CCD line spectrometer (Ocean Optics).

The temperature difference is defined as ∆T = T −T0 where T0 is taken to be the
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Figure 6: (a) Fluorescence spectra recorded above and below room temperature with
CCD spectrometer. (b) Short wavelength region used for thermometry shown for
selected wavelengths.

ambient temperature of 296K. TIC was used to track the evolution of the tempera-

ture, or at least the initial change in temperature due to the limited dynamic range of

the camera. The TIC available saturates at roughly 6K below ambient temperature,

and is therefore inadequate for recording greater cooling than has been reported up

until now. To record cooling beyond ∆T = 10K, differential luminescence thermom-

etry (DLT) was employed [58, 42]. DLT exploits the temperature-dependence of the

luminescence spectral form. A calibration is performed, and the experimental results

are then quantified through this. Aspects of this calibration process are shown in

Figure 6.

The sample was placed on a temperature controlled plate and excited at λexc =

1035 nm, the same wavelength used for cooling experiments. The emitted fluorescence

was focused with a pair of lenses into a multimode fiber and sent to the OceanOptics

CCD Spectrometer. The temperature of the plate was varied between 278 K and 320
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Figure 7: (a) Difference spectra relative to room temperature for selected temperature
measurements (b) Relation between temperature change and integrated difference
spectrum shown with linear fit.

K. After equilibrium was established, the average of 1000 scans of 100 millisecond

integration times were taken with an approximate 0.5 nm resolution. To correct for

changes in the background, the mean over the interval [200,800] nm was calculated and

this value was subtracted from the entire spectrum. The baseline corrected spectrum

was then normalized to the maximum intensity value.

Figure 6a shows normalized measurements approximately 20 K above (red) room

temperature (RT) and below RT (blue). The main change is observed in the short

wavelength range (λ < 960 nm). This region is highlighted in Figure 6b for several

temperatures. The two vertical dashed lines highlighted at 895 nm and 955 nm indi-

cate the region used for thermometry.

The normalized difference spectra (Figure 6a) is defined as

∆S(λ, T, T0) =
S(λ, T )

Smax(T )
− S(λ, T0)

Smax(T0)
(8)
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Figure 8: Experimentally measured cooling curves for Sample A from in-vacuum
experiments using λp = 1035 nm.

The change in temperature is found to be linearly proportional to the integrated

difference in spectral density given by

SDLT (T, T0) =

∫ λ2

λ1

|∆S(λ, T, T0)|dλ (9)

such that ∆T = αSDLT with α = 34.5± 0.4K for fiber A ((Figure 6b).

2.3 Results and discussion

Figure 8 displays experimentally measured temporal cooling behavior for Sample A

cooling trials performed in-vacuum with different input pump powers. Trials with

≤ 3W were measured with the TIC and trials using ≥ 12W were measured with

DLT. For trials measured with thermal camera and low pump powers, ∆Tmax is

taken as the average ∆T over the interval of 10 to 25 minutes. For trials measured

with DLT and higher pump powers, ∆Tmax is taken as the average over the interval

of 5 to 7 minutes as sometimes an upward drift in the temperature was observed to

take place beyond 7 minutes. ∆Tmax for all experimental trials is plotted in Figure 9

Focusing on the best results, the temperature difference measured by the TIC is

compared to the temperature difference by DLT in Fig. 10 for a 20W pump power

incident on the sample held under vacuum. In Fig. 10, it can be seen that, in the

absence of convective heating contributions, both DLT (black line) and TIC (blue
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Figure 9: ∆Tmax of sample A for different pump powers using λp = 1035 nm. Spheres
represent high vacuum measurements and the star represents a measurement made
at ambient pressure.

circles) measurements record nearly the same rate of cooling up to about 25 seconds

of lapsed time. At this point, the thermal imaging camera becomes saturated. When

the experiment was performed in-air (red line), the maximum temperature difference

achieved was less than 4K and so the TIC was able to reliably track the cooling of the

fiber with 20W of input power under atmospheric pressure. Despite the maximum

∆T being reduced by about a factor of 5 for the in-air measurement, the onset of

cooling for in-air and in-vacuum trials coincides for the initial ∼5 seconds, ∆T≈1.3K,

before the air measurement deviates. The dashed green line in Fig. 10 represents the

application of the following exponential form to the data,

∆T (t) = ∆Tmax(e
−t/τc − 1). (10)

The time constant in the exponential of Eq. (10) may be defined by

τc =
ρV cv

4ϵσT 3
0A

, (11)

where the values are listed in Table 2. For sample A, evaluation of Eq. (11) gives

τc = 81 s. This agrees well with the average experimental value τc = 84±3 s. Taking

τc = 84±3 s and determining the ∆Tmax from the TIC or DLT data, Eq. (10) was
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Figure 10: Comparison of temperature measurements of sample A pumped with 20 W
of 1035 nm light in both vacuum (TIC-blue and DLT-black) and atmospheric (TIC-
red) pressure conditions. The green line corresponds to the application of Equation 10
to the DLT in vacuum data.

Table 2: Sample parameters
parameter sample A

A 1.6× 10−4m2

V 3.9× 10−8m3

cv 741 J · kg−1 ·K−1

ϵ 0.85
ρ 2.2× 103 kg ·m−3

σ 5.67× 10−8W ·m−2 ·K−4

T0 296 K

found to model the experimental data quite well.

Next the absorbed power, Pabs, is determined with the Beer-Lambert law

Pabs = PinTtot(1− e−αrz). (12)

Pin is the pump power measured before the focusing lens, Ttot is the total trans-

mission coefficient of the experimental arrangement, z is the length of the sample

(5 cm), and αr is the resonant absorption coefficient. Ttot is the product of the trans-

mission of the focusing lens (Tl = 0.998), the transmission of the chamber window

(Tcw=0.92), and the transmission into the glass sample after accounting for Fresnel

losses at the surface (Tg = 0.96) so that Ttot = TlTcwTg.

The resonant absorption coefficient at the wavelength of interest was found by

19



Figure 11: Experimentally measured relationship between input power and output
power at λ = 1035 nm for different sample lengths (blue squares) with linear fit (red
line). Each square represents the average of 6 individual measurements. Error bars
are smaller than the size of the symbol.

measuring samples of the same composition having lengths between 0.05 m and 0.25m.

A fiber pigtailed butterfly laser diode was used as the light source. The collimated

beam was coupled into the sample core using a 20× objective lens. The power was

measured after the objective lens without the sample, and then again at the output

end of the sample. Power was adjusted via varying the current of the laser diode,

with the thermoelectric cooler settings adjusted to maintain a near constant wave-

length. From all measurements, λinput=1035.3±0.3 nm, which is assumed to give a

very accurate approximation for quantities at λ=1035 nm, where cooling experiments

were performed using the Ti:S laser source. Employing the Beer-Lambert law once

more, the logarithm of the ratio between the input power, Pin, and the output power,

Pout, is related to the various sample lengths, z, (Figure 11). A linear fit of the

form ϵ + αr · z indirectly gives the coupling efficiency, ζ, for the measurements,

ζ = (1− ϵ) ∗ 100 = 89.1%, and the absorption coefficient, αr = 1.92 ± 0.04m−1.

As seen clearly in Figure 9, the magnitude of the cooling of sample A in-vacuum

was found to increase with increasing absorbed power. With the absorbed power now

known for each trial, the slope of the ∆T (t) curves at t = 0 is inspected (Figure 12)

to find the cooling efficiency, ηc, of sample A at λp = 1035 nm wavelength via
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ηc(λp = 1035 nm) =
−ρVcv
Pabs

∂t∆T|t=0. (13)

ηc(λp = 1035 nm) = 1.2± 0.1% for sample A at λp = 1035 nm (Figure 13).

Figure 12: Experimentally measured onset of cooling (symbols) with linear fits over
of the plotted range (lines).

Figure 13: Calculated cooling efficiency (symbols) for sample A with respect to ab-
sorbed power shown with the mean (solid blue line) and the standard deviation (blue
dotted line).

For sample B, experiments were conducted under ambient pressure conditions by

colleagues at Fraunhofer Institute for Applied Optics and Precision Engineering. Data

acquisition was carried out with a FLIR T540 thermal camera. The notable result

of these experiments was the observation of cooling by 6.3K from room temperature

using 185W of a 1033 nm pump (Fig. 14). Figure 15, plots the maximum cooling as

a function of pump power from all experiments on sample B at Fraunhofer IOF.
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Figure 14: Temporal cooling behavior of sample B pumped with 185W of 1033 nm
light under ambient pressure conditions. The dotted horizontal line is positioned at
-6.3K to aid the eye.

Figure 15: ∆Tmax of sample B for different pump powers at ambient pressure using
λp = 1033 nm.
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2.4 Conclusions

In summary, optically cooling silica to more than 18K below room temperature has

been achieved. This was achieved for sample A by placing the doped glass rod in-

vacuum and pumping with 20W of 1035 nm light. Compared to the previous work by

Peysokhan et al.[42], increasing the Yb3+ concentration from 0.12mol% to 0.15mol%,

significantly reducing the thermal load of the passive cladding, and optimizing the

sample geometry increased the cooling achieved by a factor of three for pumping

with 20W of 1035 nm light in-vacuum. In particular, a large core diameter was

chosen to improve cooling, as the anti-Stokes fluorescence (extracted heat) is directly

proportional to the Yb-doped core area. Record cooling was also observed under

ambient pressure conditions for a different sample. Laser cooling to more than 6K

below room temperature was achieved for sample B in-air by pumping with 185 W of

1033 nm light.
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3 Measuring the external quantum efficiency

3.1 Background

The previous chapter introduced two sample sets of cooling grade ytterbium doped

silica glasses (see Table 1). The samples had ytterbium ion concentrations in excess

of 5 ·1025 ions perm3, surpassing the intrinsic critical quenching concentration of fused

silica [39]. Therefore, it is of high interest to assess the external quantum efficiency,

which must be near unity in order for the cooling presented in the last chapter to

occur. Since the glasses are doped with aluminium, it is expected that the rare-earth

solubility has been enhanced and in turn the critical quenching concentration will be

greater than that for pure fused silica. To measure the external quantum efficiency,

the Laser Induced Thermal Modulation Spectroscopy technique (LITMoS test) is

employed.

3.2 Experimental

In characterizing the external quantum efficiency of the glasses, first, the emission

spectra are recorded (Figure 16). A 940 nm diode laser is used as the excitation

source and coupled into a fiber with an objective lens. A multi-mode fiber is placed

on the side surface of the Yb-doped fiber to collect the fluorescence which is then

sent to an optical spectrum analyzer. An average of 50 acquisitions at the highest

sensitivity setting were taken.

Low-power (i.e. at least two orders of magnitude below saturation, which is be-

tween roughly 30W and 300W, depending on the wavelength) cooling/heating exper-

iments were conducted in a manner similar as that outlined in the previous chapter.

Experiments were done in high vacuum at 10−6 torr to eliminate convective heating

by air. Conductive heating was minimized by supporting the samples on a custom

support consisting of a pair of crisscrossed 250 micron diameter fibers. Laser light
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Figure 16: Emission spectra recorded with optical spectrum analyzer after excitation
with 940 nm diode laser.

is coupled into the fiber through the vacuum chamber window using a 10 cm focal

length AR coated lens. The temperature of the fiber is then monitored without con-

tact using a thermal camera acquiring at 30 frames per minute. The thermal camera

images are later analyzed to evaluate the temperature versus time relationship.

For excitation sources, three different laser diodes were used in these experiments,

two fixed wavelength diodes for trials below 1000 nm and one diode capable of being

tuned between 1025-1038 nm. For the short wavelength trials at 940 nm and 975 nm,

the absorption is high and so using the power available directly from the laser diode

(20-60mW) was sufficient. For longer wavelengths, the diode laser was coupled into a

homemade forward pumped fiber amplifier constructed with off the shelf parts. The

amplifier provided clean, stable output of approximately 1W for all wavelengths.

3.3 Results and discussion

Since the coupling into the fiber might be sensitive to different wavelengths as well as

disturbances of the free space optical elements employed, reproducibility experiments

were carried out for each fiber (Figure 17). For simplicity, these initial investigations

were carried out at 10−3 torr. Using 1W of 1035 nm light, cooling experiments on a

given fiber were repeated three times, without any adjustments made between trials.

Then, two more trials were conducted with the coupling of the light into the fiber (eg.
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Figure 17: Average cooling curves for experiments pumping the fibers in-vacuum (10−3

torr) with 1W of 1035 nm light (top) and the mean standard deviation (bottom). The
top panel shows the average of the five consistency checks for fiber A (black) and fiber
B (red). The standard deviations of the two lines in the top panel are averaged to give
the mean standard deviation (bottom). To obtain ∆Tmax, the ∆T over the indicated
time interval is averaged.

launch angle, beam waist position) adjusted each time. Efficient coupling to the core

of these large diameter fibers, and not into the cladding, can be qualitatively confirmed

during alignment by holding an infrared detection card just beyond the output window

of the vacuum chamber. From the five trials on each fiber, the standard deviation

of ∆T (t) in the first 15 seconds was found to be 0.023K for fiber A and 0.027K

for fiber B. The higher uncertainty in the less doped fiber B arises from the lower

signal-to-noise ratio due to the lower cooling effect. The mean standard deviation

after establishment of equilibrium was found to be 0.06 K.

The primary figure of merit for the implementation of an optical cooling device

is the cooling efficiency, ηc, which is defined as the ratio of the cooling power (Pcool)

to the absorbed power (Pabs) so that ηc = Pcool/Pabs [12]. Alternatively, the cooling

efficiency may be expressed by Equation 7.
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The mean fluorescence wavelength was determined with Eq. 2 from the min-max

normalized emission spectra, S(λ), shown in Figure 16 with the integration done over

the interval 900 nm to 1200 nm. The spectra of Fig. 16 are nearly overlapping, except

around 1030 nm, where sample A displays a higher relative intensity. This results

in λA
f =1009 nm compared to λB

f =1008 nm, indicating that slightly more energy per

pump photon is converted to fluorescence in sample B, but only a negligible 0.1%

more. Alternatively, the increased intensity in the long wavelength regime of the

more highly doped sample may actually be due to reabsorption of light in the 978 nm

band.

To determine αr(λp) for evaluation of ηabs (Equation 4), the cross sections are

first calculated from the emission spectrum in Figure 16 using first the Füchtbauer-

Ladenburg equation,

σem(λ, T ) =
λ5

8πn2cτ(T )
· S(λ, T )∫

λS(λ, T )dλ
, (14)

where c is the speed of light, n ≈ 1.45 is the refractive index of fused silica, and

τ ≈ 1ms is the spontaneous lifetime. From the emission cross section, the absorption

cross section is calculated using McCumber theory [59]

σabs(λ) = σem(λ) exp

[
hc

σBT

(
1

λ
− 1

λo

)]
(15)

where h is Planck’s constant, σB is the Boltzmann constant, T is the sample temper-

ature, and λ0 is the zero-line energy wavelength. From the absorption cross section,

the resonant absorption coefficient spectrum is calculated by αr(λ) = NT ∗ σabs(λ)

where NT is the Yb3+ ion dopant density. For both fibers, over the wavelength range

studied, ηabs(λ) ≥ 0.998 (Figure 18).

The cooling efficiency at each wavelength is determined using Equation 13. ∂t∆T |t=0

is determined experimentally by inspecting the thermal camera data at t = 0. The
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Figure 18: Absorption efficiency versus wavelength for sample A and sample B as-
suming αb = 10 dB · km−1

.

error on this term comes from the standard deviation of ∆T (t) in the first 15 seconds

as determined in the reproducibility studies (Figure 17). The absorbed power, Pabs,

is calculated with the Beer-Lambert law for each trial via Equation 12. The error

on Pabs comes from uncertainty in the αr(λp) arising from the finite laser linewidth.

With ∂t∆T |t=0 and Pabs determined, Eq. 13 can be evaluated to produce the scatter

points presented in Figure 19.

The contents of Eq. 7 can then be rearranged to solve for ηext. The quantum

efficiency describes the capacity of a system to relax to the ground state through

radiative decay channels as opposed to non-radiative decay channels that are accom-

panied by heating of the system (see [39] for a detailed discussion pertinent to the

Yb:silica system). The average of all the trials gives ηAext = 0.989 and ηBext = 0.991.

It is noted that considering only the data in the cooling regime, the ηext values are

slightly lower with ηAext = 0.988 and ηBext = 0.989

With values for ηext in hand, Eq. 7 can be evaluated to give the theoretical cooling

efficiency as a function of wavelength. This is displayed for each sample in Figure

19 as a solid black line. The apparently linear behavior is because αr(λp) >> αb in

the wavelength region investigated. At longer wavelengths, the resonant absorption

decreases which results in ηabs(λp) being increasingly dependent on the background

absorption, causing the cooling efficiency to decrease and eventually switch signs [9].
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Figure 19: Wavelength dependent cooling efficiency for sample A (top) and sample
B (bottom). Scatter points are experimentally measured values. Solid black lines
represent theoretical cooling efficiency according to Eq. 7

.

For sample A, the theoretical value for ηc(1035 nm) = 1.3% which is in excellent

agreement with the value reported in the previous chapter. There, the power cooling

experiments (using a different rod from the same draw) at 1035 nm in-vacuum gave

ηc(1035 nm) = 1.2 ± 0.1%. It is also noted that the composition of sample B was

studied previously in the state of a preform [9] and ηext was reported to be 0.993,

close in value to the external quantum efficiency obtained here from the drawn rod.

This indicates that ηext is not significantly impacted by the fiber drawing process

suggesting that composition optimization studies for fiber laser cooling applications

may be conducted on bulk glasses, a more convenient route to determine the most

suitable concentration of co-dopants. Moreover, the in-house made glasses (at the

Fraunhofer Institute for Applied Optics and Precision Engineering), display external

quantum efficiency values on par with that of a commercial fiber investigated in [60]

while the samples here contain more than 16 times the Yb3+ concentration.
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Resolving Eq. 7 gives the so-called crossover wavelength, λ0, which is important

for designing a laser utilizing heat mitigation by ASF [7]. While the ideal condition for

optical refrigeration is that λp > λf , the efficiency factors effect how this will actually

play out in the laboratory. The crossover wavelength is then the true condition for

laser cooling, λp > λ0. Graphical inspection of Fig. 19 shows that λA
0 = 1021 nm and

λB
0 = 1018 nm. This, along with the other stronger figures of merit for sample B (ηext,

λf ) might be due to the higher Al:Yb ratio, which is favorable for efficient radiative

relaxation as seen also by Knall et al. [43].

In addition to knowing λ0, another design parameter of interest is undoubtedly the

optimal wavelength at which to pump the sample. Focusing on the cooling regime, the

∆Tmax normalized by the Pin of that trial is presented in Figure 20. The wavelength

range with the best cooling performance per watt of input lies between 1032-1035 nm.

This is in good agreement with the theoretical conclusion of 1035 nm being the optimal

pump wavelength, derived from the relation ∆T ∝ −α(λp)ηc(λp) in Refs. [9, 42]. This

expression captures the counteracting effects of the increasing ηc(λp) and decreasing

αr(λp) with increasing λp. Theoretically considering the optimal pump wavelength for

Yb:silica using the calculated absorption cross-section of sample A while varying ηext

values between 0.96 and 1 with αb values between 1 and 20 dBkm−1, the optimal pump

wavelength is independent of αb over the range of values considered. For ηext = 1 the

optimal pump wavelength is predicted to be about 1030 nm and this shifts to longer

wavelengths with decreasing ηext (i.e. 1040 nm for ηext = 0.98).

3.4 Conclusion

The results suggest that in addition to ultra-stable laser operating in the low-power

regime [27, 26], ASF may be used to mitigate heat in high power lasers if unconven-

tional doping schemes are utilized that leverage the cladding. Unconventional doping

schemes have been utilized to achieve different objectives recently, such as saturable
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Figure 20: Maximum temperature difference achieved in high vacuum (10−6 torr)
normalized to the input pump power indicating the optimal cooling wavelength region.
The error bars are based on the reproducibility experiment (see Fig. 17)

.

absorbers [61] and high-power short wavelength Yb fiber lasers [62].

In this chapter, near unity external quantum efficiency values of in-house made

glasses were measured while maintaining high Yb3+ ion densities suitable for power

cooling experiments. In conjunction with previous work ([9]) this indicates that ηext

is not substantially altered by the fiber draw process. While it is expected that this

will hold true for high core-cladding or doped-cladding fibers, it is possible that some

of the properties, including ηext, might be modified when drawn to small, single mode

diameters. The crossover wavelength beyond which cooling by ASF is possible is 1018-

1021 nm while the optimal pump wavelength for ASF cooling of these compositions

lies between 1032-1035 nm.
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4 Potential of ytterbium doped silica glass for solid-state optical

refrigeration to below 200K

4.1 Background

In the last chapter, high external quantum efficiencies were measured for both com-

positions outlined in Table 1. Several questions still remain. In Chapter 2, the

in-vacuum trials carried out at UNM were limited to the available 20W of pump

power. On the other hand, colleagues in Jena saw cooling with up to around 185 W

of pump power. This means that it is neccesary to bridge this gap. That is, to

conduct in-vacuum cooling experiments with increased pump power. Towards this

goal, a new mulit-stage fiber amplifier was constructed for this purpose and used in

experiments. Another question present at this time is, how much can these samples

be cooled? To address this second question, a temperature-dependent spectroscopic

study is carried out to predict the temperature dependence of the cooling efficiency.

4.2 Results and Discussion

4.2.1 Laser cooling of Yb:silica to 255 K

The previous chapters discussed power cooling results [63] and external quantum

efficiency measurements [64] of ytterbium doped silica glasses that have been man-

ufactured by the modified chemical vapor deposition technique [45]. Chapter 4 con-

centrates on the more highly doped sample A. In Chapter 3, sample A displayed

about the same external quantum efficiency (ηext = 0.99) as sample B, but per-

formed better in terms of cooling at a given pump power level. As described before

but reviewed once more here, the sample is cylindrical with a doped core region of

diameter 900µm surrounded by a thin passive cladding 50µm thick [65]. The core has

a Yb3+ ion density of 6.56·1025 ions per cubic meter (0.15 mol% Yb2O3). Aluminum
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is present to increase the ytterbium solubility within the silicate framework [56, 57],

with an Al:Yb ratio of 6:1. Fluorine was also added to the core to decrease the refrac-

tive index relative to the cladding [66]. The targeted and real numerical aperture of

the core-cladding is 0.06, as measured on the preform with a commercial instrument.

These materials were optimized for high power fiber-laser applications [31, 30]. This

required fabrication of glasses with low background loss, high purity, low photodark-

ening, and careful attention to the doping profile. Optimization of such properties

render these materials a perfect candidate for optical refrigeration.

The experimental setup is similar to that which used in the past [9, 42, 63],

with some optimization and enhancement. A custom-built multi-stage fiber amplifier,

constructed with off-the-shelf parts, provides up to 50W of output. The seed consists

of two fiber Bragg grating (FBG) lasers combined with a 2-to-1 coupler. The FBGs

have center wavelengths 200 pm apart, 500 pm bandwidths, and 50% transmission

at the respective center wavelengths. This resulted in laser emission at 1030 nm

with a bandwidth of roughly 120 pm. A similar broadening approach was used in

Reference [30]. The seed lasers are simultaneously pumped by the split output of a

single mode 978 nm diode laser. The 5 cm long sample was placed on a fiber support

system in a vacuum chamber held at about 1·10−5 torr. These measures are taken to

minimize the conductive and convective heat loads. Pump light was coupled into the

sample through a 15 cm focal length anti-reflection (AR) coated plano-convex lens

placed before the entrance to the chamber. The entrance and exit windows of the

vacuum chamber have AR coatings to both maximize the available pump light and

minimize the scattered pump in the chamber. In an additional effort to minimize

the scattered pump light, another AR coated lens was placed inside the chamber at

the output end of the cylinder to collimate and remove unabsorbed pump from the

chamber.

Temperature measurements are made utilizing the non-contact method of differ-
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ential luminescence thermometry (DLT) [67, 68]. The fluorescence of the sample was

monitored through a fused silica window with collection optics and a 600µm core

diameter multimode fiber feeding a CCD spectrometer. Experimental spectra were

acquired once per second with a 100 ms integration time. For a high signal-to-noise ra-

tio, we area normalize the measured fluorescence over the interval λ ∈ {900,1020} nm,

avoiding the influence of scattered pump light. Then, the difference is taken relative

to ambient temperature, or the first measurement at the start of the experiment. The

relationship between the absolute area considered in the difference spectra recorded

by the spectrometer and the sample temperature was determined in separate cali-

bration experiments using a low power laser diode near the pump wavelength as the

excitation source and the sample placed inside a temperature controllable liquid ni-

trogen cryostat. For the calibration (as well as the spectroscopy discussed below), a

sample from the same preform draw was used with identical dimensions of the sample

used in laser cooling experiments.

The time-temperature evolution of the sample pumped with 50W of 1030 nm laser

light is shown in Figure 21a. Figure 21b displays the difference spectra, ∆S(λ), rela-

tive to the measured spectrum at the start of the experiment at t = 0 for t = 30 s and

t = 240 s. As the temperature drops, so does the resonant absorption at wavelengths

in the vicinity of the pump wavelength. Since fluorescence power is directly propor-

tional to absorbed power, as a sanity check of our results, we plot the integrated

absolute value area of the difference spectra, SDLT , against the integrated intensity

of the as-measured photoluminescence spectra over the interval λ ∈ {900,1020} nm

(Figure 21c). A nice linear relationship is observed. When the minimum temperature

is reached in Figure 21a and the sample is held at 41 K below room temperature, the

measured photoluminescence intensity and extracted SDLT after data processing are

stable.

34



Figure 21: (a) Temperature versus time plot of an experiment with 50W pump
power at λP = 1030 nm. The inset depicts the configuration of the experiment. (b)
Difference spectra relative to t = 0 for t = 30 s and t = 240 s for the experiment
shown in (a). (c) The integrated area of the DLT difference spectra as a function of
the integrated intensity of the measured photoluminescence spectra over the duration
of the experiment. In (a) and (b) the black lines are drawn to guide the eye.

4.2.2 Optical spectroscopy from 80 K to 400 K

In addition to these results, we report here an evaluation of the minimum achievable

temperature (MAT) of cooling-grade ytterbium doped silica glass. To find the MAT,

we need to evaluate the cooling efficiency given by Eq. 7 over a wide temperature

range [69], i.e.,
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Figure 22: (a) Measured emission spectrum shown for selected temperatures. The
inset highlights the shift to higher energies and broadening of the 978 nm transition.
(b) Calculated mean fluorescence wavelength as a function of temperature. (c) Mea-
sured peak wavelength as a function of temperature.

ηc(λp, T ) =
λp

λf (T )
ηabs(λp, T )ηext − 1. (16)

λf (T ) is calculated from steady-state fluorescence spectra (Figure 22a) [64]. The

spontaneous emission spectra in Figure 22a were collected from the side of the previ-
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ously mentioned calibration sample, using a 940 nm laser diode excitation source. The

sample was mounted once again in the liquid nitrogen cryostat equipped with a heater.

A 400µm diameter fiber sent the collected light to an optical spectrum analyzer set

at 1 nm resolution. As expected, the mean fluorescence wavelength increases with

decreasing temperature. The mean fluorescence wavelength is fitted with a linear ex-

pression of λf = b−mT where b = 1015.2 ±0.2 nm and m = 0.0271 ±0.0008 nm K−1.

It is interesting to note that this is very close to the slope of 0.03 nm K−1 that Se-

letskiy et al. found for ytterbium doped yttrium lithium fluoride (YLF) [69]. As can

be seen in the inset of Figure 22a, the position of the peak at circa 977 nm broadens

and shifts to shorter wavelengths as the temperature increases. This shift is shown

in Figure 22c to be linear to a first-order approximation. The discretization is an

artifact of the employed resolution of 1 nm of the optical spectrum analyzer, which

was used to obtain measurements with good signal-to-noise ratio.

Figure 23: Depiction of the temperature dependence of the population of the sec-
ond lowest sub-level in upper state manifold of Yb3+. The measured lifetime as a
function of temperature is shown by black circles. The solid red line was obtained
by a two-level model fit of the measured lifetime data (Equation 17). The light blue
squares represent the integrated area between λ ∈ {900,945} nm in the steady-state
fluorescence spectra. The axes have been scaled for comparison.

The radiative lifetime, τr, is required for computation of the emission cross-section.

For high quantum efficiency materials, it is acceptable to make the approximation
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τr ≈ τf where τf is the fluorescence lifetime. The τf values (see Figure 23, black

circles) were measured using 978 nm single mode diode laser as the excitation source

chopped to provide pulses of roughly 85µs duration at a 95Hz repetition rate. The

chopped beam was focused into the sample in the cryostat. The fluorescence was

collected and passed through a 1000 nm long pass filter toward an InGaAs amplified

detector connected to an oscilloscope. A microscope slide was inserted into the path

of the chopped beam so that the reflection was incident on a second detector to

allow recording of the pulse shape and triggering the oscilloscope to allow acquisition

in averaging mode. Measurements were repeated at each temperature with coupling

into the sample lightly adjusted each time with the mirrors and lenses. The measured

lifetimes are fitted with an expression for a two-level system [70],

τ(T ) =
1 + exp [−δE/kBT ]

τ−1
a + τ−1

b exp [−δE/kBT ]
, (17)

where kB is the Boltzmann constant, τa(b) is the lifetime of the first (second) energy

level of the excited state, and δE is the energy difference between these two levels.

The nonlinear fitting procedure gives τa = 1.078 ± 0.003ms, τb = 0.79 ± 0.09ms,

and δE = 597 ± 129 cm−1. While the error of the fit is large on the value for

δE = 597 cm−1, it agrees well with the steady-state fluorescence data obtained in

this study, as well as other reports [39, 71]. The observed lifetimes are a bit longer

than those typically reported for Yb-doped silica optical fibers doped with fluorine and

aluminum, which is typically around 0.8ms [72, 73]. This is attributed to reabsorption

effects due to the sample dimensions, both the diameter of the doped region and the

length of the sample studied [6]. Similar reabsorption effects shift the measured mean

fluorescence wavelength to longer values than the intrinsic value that can be measured

in a small sample with negligible reabsorption [74]. However, in the characterization of
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the MAT for a sample, it is preferred to use the observed values since the interactions

yielding them (i.e. reabsorption, fluorescence trapping) will also be present in laser

cooling experiments involving the studied sample [69]. As a result, we use the observed

values in the calculations of our cross-sections.

Alternatively, insight into the distribution between the sub-levels in the upper

manifold can also be determined from the steady-state fluorescence spectra. Equa-

tion 17 describes the distribution between the two lower levels of the upper manifold

where a is the lowest level and b is the second lowest level. The lowest level is identi-

fied from the emission spectra 22a to be at 10230 cm−1 (taking the mean value of the

two observed components). The fit of the observed lifetimes gives δE ≈ 600 cm−1,

implying level b lies 600 cm−1 above a. This puts level b at circa 923 nm. Insight into

the wavelength range characteristic of this transition is acquired by inspecting the

difference spectra in the cooling experiments (Figure 21b). As a reasonable approxi-

mation, the area between 900-945 nm is taken as representative of the population in

b. Integrating this area of the normalized emission spectra (Figure 22a) and plotting

against the temperature (see Figure 23, blue squares) produces almost the same trend

as seen from the time-domain fluorescence measurements. Indeed, the integrated area

and modeled τ(T ) (Figure 23, solid red line) are linearly correlated with an R2 value

of 0.997.

Figure 24: Calculated resonant absorption spectra shown at selected temperatures.

The ηabs(λp, T ) term requires knowledge of the resonant absorption spectrum as a
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function of temperature. To obtain this, the Füchtbauer-Ladenburg equation (Equa-

tion 14) is applied to the measured emission spectra at different temperatures using

τ(T ) from the two-level model fit as the radiative lifetime at each temperature [75].

With the calculated emission cross-section, McCumber theory allows the determina-

tion of the absorption cross section (Equation 15) [59]. This in turn allows us to obtain

αr(λ, T ) by scaling with the Yb3+ ion dopant density via αr(λ, T ) = σabs(λ, T ) ∗NT .

αr(λ, T ) is shown in Figure 24 for selected temperatures.

4.2.3 The minimum achievable temperature

With the results of our spectroscopic measurements and taking αb =10 dB·km−1 [9],

we can fully evaluate ηc(λp, T ), which is shown in Figure 25. We employ here the

convention of a positive cooling efficiency coinciding with cooling, and so the blue

region encompasses the cooling window. To determine the MATG, we graphically

inspect the white contour in Figure 25 where ηc(λp, T ) = 0, which represents the

minimum achievable temperature spectrum, MAT(λ). At a given wavelength, the

temperature corresponding to ηc(λp, T ) = 0 gives the local MAT, and solid-state

cooling is no longer possible at that wavelength at lower temperatures. MATG is then

given by the lowest temperature at which ηc(λp, T ) = 0. The MATG of the sample

under investigation is found to be 151K (Figure 25). For simplicity, we assume in

this analysis that ηext and αb are temperature independent [69, 76]. Before solid-

state cooling of Yb:silica was ever observed, a spectroscopic investigation by Mobini

et al. was conducted using a commercial ytterbium doped silica single mode optical

fiber [39]. Based off their measurements and assumptions, they predicted the MAT

of Yb:silica to be 175K with an assumed ηext = 0.99. This was already a lower MAT

than determined for ZBLAN, which is about 190 K [69].

The measurements reported here are on our in-house (Fraunhofer IOF, Jena, Ger-

many) made glasses, for which we have experimentally measured an ηext = 0.99 and
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Figure 25: Cooling efficiency versus wavelength and temperature.

repeatedly shown cooling (see Chapter 2 and Chapter 3) [63, 64], indicate the MAT

is about 24 K below what was previously thought possible for ytterbium doped silica.

Moreover, this direct calculation on a true cooling-grade sample shows that Yb:silica

can be optically cooled below temperatures presently achieved by off-the-shelf thermo-

electric coolers. While this is not as low as the MAT of some fluoride crystals [77],

silica has some advantages such as being rugged, isotropic, and able to be readily

formed into microspheres, planar substrates, and drawn into fibers.

Considering our decision to use the observed τ(T ) relation, we compute the MATG

for values of τ that are more characteristic of the typically found intrinsic lifetime of

Yb3+ in silica. These produce lower MATG values. For example, setting τ = 0.85ms

gives MATG = 144K. As such, we are satisfied with our more conservative calculation

employing the extrinsic values relevant to our experiments and sample.

4.2.4 Potentially better potential?

A recent study by Volpi et al. revealed that the background absorption decreased sig-

nificantly in a Yb:YLF specimen with decreasing temperature [44]. In addition, the αb

of rare-earth doped silica fibers can in some cases be as small as 3-5 dB·km−1 [9]. Pas-
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Figure 26: Cooling efficiency versus temperature for (a) several background absorp-
tion values with fixed external quantum efficiency and (b) several external quantum
efficiency values with fixed background absorption.

sive fibers used by the telecommunications industry routinely display αb < 1 dB·km−1,

but this is not attained in rare-earth doped fibers despite using modern methods. In

light of this, we fix the pump wavelength at λp = 1030 nm and take ηext = 0.99 then

consider several different values of αb that might be accessible (Figure 26a). The

calculation indicates that lower MATs might be achievable in ytterbium doped silica,

possibly below cryogenic levels.

The importance of the background absorption at low temperature in Yb-doped

silica is highlighted in Figure 26b. We’ve taken a fixed, rather standard, value for

silica fabricated by CVD of 10 dB·km−1 and evaluated the cooling efficiency at dif-

ferent values of ηext and the corresponding optimal pumping wavelength. Although

an improvement in the external quantum efficiency will increase the cooling efficiency

around room temperature, the background absorption demands more attention for fu-

ture progress. Especially since αb values between 3 and 5 dB·km−1 have been reported,

while an ηext = 0.995 has not been achieved yet in Yb:silica, to our knowledge.
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4.3 Conclusions

This chapter discussed the laser cooling of silica glass co-doped with ytterbium and

aluminum by 41K starting at room temperature. Then, temperature dependent

spectroscopic measurements allowed the calculation of the minimum achievable tem-

perature of this sample. The MAT was found to be in the vicinity of 150K which

is lower than the previously suggested MAT of 175K, as well as below the limit of

typical thermo-electric coolers. Questions about the temperature dependence of the

background absorption in Yb3+ doped silica glass remain.

5 Site-selective spectroscopy and its impact on laser cooling parameter

characterization

5.1 Background

In order to optimize Yb:silica for cooling performance and facilitate comparison be-

tween the results of different research groups, proper characterization must be car-

ried out. This shouldn’t necessarily be complicated, as the spectroscopy of Yb3+

is generally quite straightforward (Figure 3). The ytterbium atom has an electronic

configuration [Xe]4f146s2. In oxide materials, the trivalent oxidation state is preferred

and one f shell electron is sacrificed for the ionized configuration [Xe]4f13. The one

unpaired electron gives rise to just one ground and one excited state, 2F7/2 and 2F5/2,

respectively. The degeneracy of these states is completely removed in amorphous

materials, producing 3 sub-levels in the 2F5/2 upper manifold and 4 sub-levels in the

2F7/2 lower manifold.

More often than not, a two-level model is assumed for Yb:silica. In this concep-

tualization, after exciting a Yb3+ ion in thermal equilibrium in the lower manifold

(2F7/2) to the upper manifold (2F5/2), the population in 2F5/2 thermalizes on the or-
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der of picoseconds to nanoseconds. Since the fluorescence lifetime of a Yb3+ ion is

on the order of a millisecond, the much faster thermalization rate should make the

distribution in the upper manifold at the time of decay independent of the energy

that initially caused the excitation. As a direct result of this, the emission spectrum

created by the ensemble of radiative decays from 2F5/2 →2 F7/2 should be invariant

at a given temperature.

This model can hold for broadband excitation sources; however, excitation by

narrowband sources, such as a laser, can result in greater relative absorption by a

subset of ions in a given coordination environment. The result is variations in the

emission spectrum as a function of excitation wavelength due to the degree of par-

ticipation in the optical process by different ions in different environments. The

systematic investigation of this phenomenon is known as site-selective spectroscopy

or fluorescence-line narrowing [78]. Eu3+ doped glasses have been particularly well-

studied by these methods [79, 80, 81]. In the context of Yb3+ doped silica, Magne et

al. observed dependence of the fluorescence lineshape on the excitation wavelength

in a single-mode ytterbium doped silica fiber co-doped with phosphorous and ger-

manium [82]. Later, Alimov et al. performed a detailed site-selective spectroscopic

investigation using a commercial large-mode area Yb:silica fiber [83]. In addition to

emission lineshape variation with changing excitation wavelength, fluorescence life-

times of discrete emissions varied between 830 to 992µs [83].

In this chapter, the excitation wavelength (λexc) dependence of the fluorescence

behavior of ytterbium doped silica is studied at different temperatures using a cooling-

grade Yb,Al co-doped silica rod. Parameters relevant to optical refrigeration are cal-

culated. Then, the laser cooling performance is modeled with these quantities to

demonstrate the dependence of both theoretical optimal pump wavelength and the

minimum achievable temperature on what λexc is used in the laboratory measure-

ments.
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5.2 Experimental

A 1.2 cm long section of sample B (Table 1) was cleaved for spectroscopic measure-

ments. The more lightly doped sample was used for this work to minimize reabsorp-

tion affects.

Temperature-dependent static fluorescence spectroscopy was carried out in a liquid

nitrogen cryostat equipped with an electrical heater (See Figure 27). The chamber

was held at approximately 10−5 torr for the duration of the experiment. The glass

sample was clamped against a copper cold finger. Fiber coupled butterfly laser diodes

were used as excitation sources. Perpendicular to the length of the rod, collection

optics located outside of the cryostat chamber coupled the fluorescence into a 400µm

core diameter step-index multimode fiber. An optical spectrum analyzer was then

used to record the fluorescence. Spectra were collected at high sensitivity with a

1 nm resolution. Scattered laser light in the measured spectrum was removed and

replaced by interpolated values. The temperature step size between measurements

was 10K.

Time-domain fluorescence decay measurements were made at room temperature

by incorporating a mechanical chopper into the experimental setup. A microscope

slide was inserted into the beam path after the chopper to reflect a fraction of the

excitation pulse toward a Si photodetector to monitor the pulse width (37±5µs) and

trigger acquisition of the fluorescence signal. The modulated fluorescence was col-

lected with the same arrangement as for the steady-state measurements, but with

the output of the multimode fiber coupled to an InGaAs photodetector. Both pho-

todetectors were connected to a two-channel 350MHz oscilloscope. For excitation

wavelengths less than or equal to 940 nm, a 950 nm long pass filter was used. 977 nm

and 1030 nm excitations used a 980 nm notch filter and a 1000 nm short pass filter,

respectively.
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Figure 27: Schematic of experimental setup including pigtailed laser diodes, SMF-28
patch cable to connect to diode pigtails, collimating lens (L1), and steering mirrors
(M1, M2). A pair of lenses (L2, L3) was used to focus and recollimate the beam. For
lifetime measurements, a chopper was inserted at the focus spot. Light was coupled
into the sample with a lens (L4) and a lens array outside the chamber coupled the
fluorescence into a multimode fiber (MMF). For spectral measurements, the MMF
connected to a spectrum analyzer. For lifetime measurements, the output of the MMF
was filtered (see main text) and incident on a photodetector (PD2). A microscope
slide (MS) sent a fraction of the beam to a different photodetector (PD1) for triggering
PD2 on the oscilloscope.
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5.3 Results and discussion

The dependence on excitation wavelength (λexc) is most pronounced by viewing the

low temperature (80K) fluorescence in Figure 28. The intensity on the ordinate axis is

plotted in a logarithmic scale (base 10) to aid in the visualization of the 990-1140 nm

envelope. The spectrum at 80K under 850 nm excitation is broad and diffuse, lacking

distinct features. As λexc increases from 850 nm to 935 nm, the prominent high energy

band from E5 → E1 transitions shifts from 977 nm to around 980 nm. This band is

the so-called "zero-phonon line" (ZPL) transition. Lower energy excitation produces

increasingly varied emission in the long wavelength regime. The envelope spanning

990-1140 nm displays the opposite trend of the ZPL, with the average emission shifting

to higher energies with decreasing excitation energy. Attention is drawn in Figure 28

via vertically oriented dashed lines to the variation in the relative intensity of features

at 1016 and 1036 nm. Increasing λexc from 905 nm to 935 nm results in a decrease

in the relative intensity at 1036 nm and the growth of spectral intensity at 1016 nm.

This trend coincides with the long wavelength tail falling to 1% of the maximum

intensity value at shorter wavelengths. When λexc < 915 nm this cut-off is seen at

about 1130 nm whereas for λexc=935 nm the 1% cut-off occurs at about 1115 nm.

Overall, these trends signal a lower Stark splitting of the 2F7/2 manifold associated

with sites probed by lower excitation energy.

The ZPL bands in Figure 28 were seen to be highly asymmetric, particularly at

λexc ≥920 nm. These features were fit with Voigt component bands in OriginLab. The

measured spectra, simulated spectra, fit residuals, and component bands are shown

for different λexc in Figure 29. In all instances, 2 components adequately describe

this spectral feature. This nature of the ZPL band has not been reported before in

site-selective excitation studies of ytterbium doped silica [82, 83]. The modeling of

the E5 → E1 as two components is convincing. The most plausible explanation at

this time seems to be that the ytterbium ions exist in two (or more) non-equivalent
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Figure 28: Normalized emission spectra at 80K shown with logarithmic intensity
scale.

Figure 29: Decomposition of zero-phonon line transition at 80K into two Voigt bands.
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Table 3: Comparison of zero-phonon line transitions as identified by band fitting here
(See Figure 29) with crystalline materials characterized by two distinct sites.

Host Site 1 (cm−1) Site 2 (cm−1) ∆ν (cm−1)
This work (λexc = 850 nm) Al,F:SiO2 (glass) 10211 10258 47
This work (λexc = 905 nm) Al,F:SiO2 (glass) 10209 10250 41
This work (λexc = 915 nm) Al,F:SiO2 (glass) 10206 10242 36
This work (λexc = 925 nm) Al,F:SiO2 (glass) 10208 10242 34
This work (λexc = 935 nm) Al,F:SiO2 (glass) 10207 10247 40

Ref [84, 85] Y2SiO5 10189 10216 27
Ref [85] Lu2SiO5 10189 10214 25
Ref [85] Sc2SiO5 10196 10219 23
Ref [86] SrSc2O4 10249 10281 32
Ref [86] CaSc2O4 10247 10291 44

environments within the aluminosilicate matrix. Such is the case for some Yb3+

doped rare-earth orthosilicate crystals and alkaline-earth scandate crystals, in which

the rare-earth ion constituents occupy two distinct crystallographic sites, either of

which the Yb3+ dopant can substitute into. The coordination environments differ

between sites, resulting in differences between the crystal field acting on an ion in one

site versus the other. This then produces Stark levels at different energies for each

site. The energies of the E5 → E1 transition of Yb3+ in different crystalline hosts is

compared to the separation between the fitted components here in Table 3. At 80K,

the mean separation between the component band centers is 40±5 cm−1, which is

greater than in crystalline rare-earth orthosilicates but comparable to alkaline-earth

scandates [84, 85, 86].

To investigate how this site-selective behavior influences characterization of laser

cooling parameters, we selected four wavelengths to measure the temperature-dependence

of the emission lineshape. λexc=850 nm was selected as it lies in the blue tail of

the E1 → E7 absorption band and has no overlap with the emission spectrum.

λexc=900 nm was selected as it lies just outside the emission spectrum at room tem-

perature and below, but the absorption is much greater than that at 850 nm, so a

strong emission spectrum can be measured with less incident power. λexc=937 nm
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Figure 30: Normalized emission spectra at 80, 180, and 280K for different excitation
wavelengths.
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Figure 31: (a) Temperature dependence of the peak wavelength for different excitation
wavelengths. (b) Temperature dependence of the the mean fluorescence wavelength
for different excitation wavelengths. All straight lines represent linear fits of the data.

was selected as this is approximately what we have used previously in characteriza-

tion of our samples [64, 87]. λexc=1028 nm was selected because it lies well beyond

the mean fluorescence wavelength and cooling has been demonstrated in this wave-

length regime. The emission spectra at 80, 180, and 280K are shown in Figure 30

for excitation at 850, 900, 937, and 1028 nm. The insets on the left side of each panel

highlight the ZPL transition. For all λexc, the wavelength at which the maximum

intensity of this peak occurs (λpeak) increases with decreasing temperature in a linear

manner (Figure 31a).

The insets on the right side of each panel in Figure 30 highlight E5 → E4,3,2 transi-

tions. In the region between 1010-1045 nm, only two components are expected, corre-

sponding to the E5 → E2 and E5 → E3 transitions. However, clearly for λexc=900 nm

(and to some extent in λexc=850 and 937 nm) this region displays features at roughly

1021, 1028, and 1040 nm. This occurrence seems to support the notion of two main

local environments of Yb3+ ions. Unfortunately the broad bands are not individually

resolved, as is typical for glasses [88], and two distinct Stark manifolds cannot be

unambiguously determined.

Our main goal is to determine how the excitation dependence of the fluorescence

spectra as seen in Figure 30 impacts characterization of the material in the context
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of laser cooling. To achieve net cooling in a rare-earth doped material, the system is

pumped at λp in the red-tail of the absorption spectrum beyond the mean fluorescence

wavelength, λf . In this way, the average emitted photon is blue-shifted relative to

the absorbed pump photon permitting the fluorescence to successfully extract heat

from the system. The cooling efficiency, ηc, of an optical refrigerator can be written,

for the ideal case, as ηc(λp, T ) = λp

λf (T )
− 1 (the temperature dependent form of

Equation 3). The results in Figure 30 show that S(λ, T ) → S(λ, T ;λexc). This

then requires Equation 2 to be adjusted accordingly,

λf (T ;λexc) =

∫
λS(λ, T ;λexc) dλ∫
S(λ, T ;λexc) dλ

. (18)

The temperature dependence of λf for different excitation wavelengths is shown in

Figure 31b. The solid lines represent linear fits of the data, λf (T ) = b−mT [87, 69].

Considering the variation in the mean fluorescence wavelength, we take a moment

to revisit our previous results. In Chapter 3, the Laser Induced Thermal Modula-

tion Spectroscopy (LITMoS) method was used to measure ηext of a sample from the

same preform as this sample. The mean fluorescence wavelength was measured using

940 nm excitation, before we were aware of the dependence of S(λ, T ) on λexc. At

the time λf=1008 nm was found, which agrees very well with what is found here for

λexc=937 nm at room temperature. Measurements here however show that when ex-

cited at longer wavelength around 1030 nm, λf is slightly longer. Thus our previous

measurements represent a slight underestimation of ηext. For the current sample, this

is mostly negligible, as we find that an increase in λf by 1 nm raises the obtained ηext

value by ≈ 0.1%. However, it is recommended that in future LITMoS tests on mate-

rials exhibiting site-selective behavior, that the λf is recorded at each experimentally

used wavelength.
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With Equation 18, it is clear that modeling of the ideal cooling efficiency, for

the case of a material for which the emission has a dependence on the excitation

wavelength, turns into a function of how one goes about measuring the system at

hand and the temperature dependent form of Equation 3 then turns into

ηc(λp, T ;λexc) =
λp

λf (T ;λexc)
− 1. (19)

As discussed in previous chapters, two efficiency terms are introduced into the

cooling efficiency model, ηext and ηabs. ηext is the external quantum efficiency which

describes how likely an incident photon is to subsequently undergo a radiative decay

as opposed to a non-radiative decay, which has no potential to extract heat. ηabs is the

absorption efficiency and represents the likelihood of pump photons to be absorbed

by the dopant species which has the capacity to extract heat rather than be lost

to some parasitic background process that can induce heating. For cooling grade

materials, the product ηextηabs is typically required to be greater than 0.98. The

cooling efficiency is then written with these considerations as

ηc(λp, T ;λexc) =
λp

λf (T ;λexc)
ηextηabs(λp, T ;λexc)− 1. (20)

The absorption efficiency term in Equation 20 is written as function of the pump

wavelength, the temperature, and how the measurements were performed. To see

this clearly, we must take a step back. The first quantity extracted from the emission

lineshape is the emission cross-section, σem, using the Füchtbauer-Ladenburg equation

(Equation 14) and accounting for the dependence on λexc [75, 39]

σem(λ, T ;λexc) =
λ5

8πn2cτ
· S(λ, T ;λexc)∫

λS(λ, T ;λexc)dλ
, (21)
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Figure 32: (a) Fluorescence decay curves measured for different excitation wave-
lengths measured at room temperature. (b) Absorption (black) and emission (blue)
cross-sections for λexc=900 nm (solid) and λexc=937 nm (dashed) measured at 280K

where c is the speed of light, n ≈ 1.45 is the refractive index of fused silica, and τ

is the spontaneous lifetime. Time-dependent fluorescence decays measured at room

temperatures for several excitation wavelengths are shown in Figure 32a. The broad-

band detection approach used here did not detect systematic differences in lifetimes

(see inset of Figure 32a). The mean lifetime for all excitation wavelengths was found

to be 840±20µs. The methods used here can not exclude the possibility that different

emission transitions could have different lifetimes, as Alimov et al. observed [83].

Variation in local site environment often results in the measurement of different life-

times [89], although recent work on terbium doped sodium borosilicates has seen iden-

tical lifetimes measured on bulk samples that displayed site variation of terbium ions

when viewed with high resolution transmission electron microscopy [90]. At any rate,

a value of τ=840µs was employed in the calculations of the emission cross-sections

using Eq. 21. In the previous chapter, it was shown that τ in Yb3+ doped silica

increases by approximately 30µs as temperature decreases from room temperature

to liquid nitrogen temperature, as also reported by others, [71, 87]. The temperature

dependence of τ is ignored here for simplicity.
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As before, McCumber relations then permit the absorption cross-section, σab, to

be calculated from σem by [59]

σab(λ, T ;λexc) = σem(λ, T ;λexc) exp

[
hc

σBT

(
1

λ
− 1

λpeak

)]
, (22)

where h is Planck’s constant, σB is the Boltzmann constant, and T is the sample tem-

perature. λpeak is officially supposed to be the ZPL wavelength but is instead taken

here as the wavelength at which the maximum intensity is achieved in each measured

spectrum. The calculated emission and absorption cross-sections are shown at 280K

in Figure 32b for λexc=900 nm and λexc=937 nm. The laser physicist will immedi-

ately see that this discrepancy then leads to non-unique gain profiles. Measuring

the absorption spectrum with a whitelight source and subsequently calculating the

cross-sections seems like an obvious solution to remove the dependence of σem and

σab on λexc. However, this methodology leads to large errors in the long wavelength

regime, where the absorption is low. This long wavelength regime is particularly im-

portant for the predictive modeling and optimization of lasers employing Bowman’s

radiation-balancing concept [28]. Bowman’s proposition was that in an ultra-pure ma-

terial, the anti-Stokes fluorescence could offset the heat generated by lasing [7, 23].

Recently, Knall and co-workers demonstrated radiation-balancing lasing and ampli-

fication in ytterbium doped silica fibers [26, 27]. Such schemes require pumping in

the long wavelength regime, where the absorption is intrinsically low. Of course, di-

rect absorption measurements at a specific laser wavelength can be made on fibers

with the cut-back method, or, alternatively non-destructive techniques via side-light

analysis [91, 34]. Unfortunately though, this limits the available data accessible for

modeling and simulation. To resolve the emission cross-section dilemma, Figure 32

suggests that modeling and simulation should employ emission spectra acquired di-

rectly at λexc equal to the pump wavelength intended to be used.
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Finally, our last task is to deal with the absorption efficiency factor (Equation 4).

This requires the absorption coefficient spectrum, αr(λ, T ), which is given by the

product of σab(λ, T ) and the ion dopant density, NT . The absorption efficiency is

then given by

ηabs(λp, T ;λexc) =
1

1 +
αb

αr(λp, T ;λexc)

, (23)

where αb is the parasitic background absorption [44, 92, 93]. Evaluation of Equa-

tion 16 with directly measured quantities has become the standard approach for

modeling the cooling efficiency for different pump wavelengths as temperature de-

creases [94, 69, 44]. By plotting Equation 16, one can find the contour where ηc=0.

This contour provides the MAT at which the material can be cooled with optical

refrigeration at the particular pump wavelength. The lowest temperature on this

contour is the global MAT (MATG) and occurs at the optimal pumping wavelength

(λopt) for implementing solid-state laser cooling at low-temperature. However, at this

point it is quite clear that in the presence of site-selective excitation, this approach

will not give a singular MATG nor λopt. Taking the previously found ηext=0.99 [64]

for this sample and reasonably assuming αb=10dB·km−1 [9], Equation 20 is plotted

for different excitation wavelengths in Figure 33

In Figure 33, the cooling efficiency contours are slightly different, reflecting the

variation in the measured S(λ, T ) with different λexc. For this particular sample,

the MATG varies from 151K for λexc=937 nm up to 169K for λexc=850 nm. The

former theoretically takes place under pumping at 1030 nm while the latter takes

place under pumping at 1037 nm. Probably, the contours obtained for λexc=1028 nm

are most applicable for laser cooling since 1028 nm is larger than λf , above which

cooling is possible [64]. It is underlined that the Figure 33 does not say that anti-

Stokes fluorescence cooling is possible when λp < λf .

Although using λexc > λf would be most representative of cooling performance,
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Figure 33: Cooling efficiency versus temperature and wavelength as obtained from
evaluation of Equation 20 with parameters acquired from measurements made with
different excitation wavelengths (a) 850 nm (b) 900 nm (c) 937 nm and (d) 1028 nm.
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it would be more convenient and experimentally simpler to be able to obtain the

cooling efficiency contour under short wavelength excitation. At λexc > λf , the ab-

sorption is low, and decreases significantly as the sample temperature drops. Low

absorption makes the signal to noise ratio of spectroscopic measurements low as well

as increases the prevalence of scattered unabsorbed excitation light in the measured

spectra. Moreover, to remove the presence of scattered pump light, the spectra must

be carefully interpolated which results in only approximate values. This is easy to do

in the short wavelength region where, as can be seen well in Figure 30, a small sub-nm

segment within the range 880-950 nm could easily be approximated with reasonable

accuracy by a simple linear fit. However, as highlighted by Figure 28 and Figure 30,

the long wavelength regime is highly sensitive and nonlinearly shaped, making inter-

polation an undesirable course of action. Despite what may be desirable, the results

herein suggest that MAT contour plots should be carefully obtained at λexc > λf

when site-selective excitation behavior is present.

Taking advantage of the above mentioned benefits when employing λexc < λf

should still be valid when the material under consideration is insensitive to λexc. To

confirm this, two additional material hosts were measured at different λexc. One was

crystalline YLF doped with 1%Yb (black); the workhorse material of current optical

refrigeration technology [22, 14, 74]. Second was a high performance ytterbium doped

fluoride-phosphate glass (6 · 1026Yb3+ ions perm3, Yb:FP15, red) prepared by melt

quenching developed for the POLARIS project (Petawatt Optical Laser Amplifier

for Radiation Intensive ExperimentS) [95, 96, 97, 98]. In Figure 34, the ytterbium

emission linehsape is compared for different hosts under two different excitation wave-

lengths, 935 nm (solid) and 900 nm (dashed), at room temperature. The emission

lineshapes from the investigated YLF and FP15 show no dependence on λexc. For

the silica sample (Al:SiO2, blue), the dependence on λexc is clear. Figure 34 indicates

the standard methodology for determining the MAT of a material [99, 100, 69, 44],
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Figure 34: Emission spectra of ytterbium taken for λexc=935 nm (solid) and
λexc=900 nm (dashed) in crystalline yttrium lithium fluoride (YLF, black), vitre-
ous fluoride-phoshpate (FP15, red), and vitreous silica co-doped with aluminium
(Al:SiO2, blue).

Figure 35: Mean integrated area between 900-960 nm at each temperature for all λexc

in Figure 30. The lines are drawn to guide the eyes. The solid red line is a linear fit
between 80 K and 130K. The dotted blue line is a linear fit of the data above 200K.

as pioneered by Sheik-Bahae and co-workers, remains applicable in cases previously

studied.

A question that arises from this work is whether or not a general approach can be

taken to evaluating the cooling potential of a host material. We do not attempt here

to answer this question in entirety, but would like to present an analysis route that

may have potential. Transitions from E6 → E1,2 have central wavelengths between

900-960 nm. E6 is the thermally populated sub-level of the 2F5/2 manifold. The laser

cooling cycle requires long wavelength pumping from E2,3,4 → E5. This is followed

by excited ytterbium ions absorbing host energy in the form of phonons, thus pop-

ulating E6. The radiative transition out of E6 to the 2F7/2 manifold is one path of
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the laser cooling cycle that permits the fluorescence to cool the material, the other

being E5 → E1 transitions following long wavelength pumping. As the population of

E6 goes to zero with decreasing temperature, either due to lower internal tempera-

ture from optical refrigeration or lower external temperature due to the surrounding

environment, so too will the cooling potential of the material. To represent this, the

mean integrated area between 900-960 nm for all λexc (refer to Figure 30) is shown

in Figure 35. The error bars represent the standard deviation of the individual λexc

measurements. The fitted lines are intended to guide the eyes. The red line represents

a linear fit of the data points between 80-130 K, where graphical inspection suggests

the data is oscillating around a noise floor. The dotted blue line represents a linear fit

of the data points above 200K, where the temperature dependence is highly linear.

The solid red and dotted blue lines intercept at 148K. Such an intercept-method ap-

proach may empirically represent a semi-quantitative determination of the MAT for

a host material under ideal conditions, though more samples of varying compositions

need to be considered. A combination of this approach and the original MAT con-

tour plot technique may be a robust approach to evaluating host materials for optical

refrigeration when site-selective behavior is exhibited.

5.4 Conclusions

As laser cooling of silica glass gains increasing attention, the ability to compare results

of different research groups is becoming increasingly important. In this context, site-

selective excitation plays a non-trivial role. To elucidate the impact of site-selectivity

in characterizing ytterbium doped silica, we carried out temperature-dependent site-

selective spectroscopy using a cooling-grade Yb,Al co-doped silica rod. At 80K,

longer wavelength excitation probed sites with a weaker Stark splitting, as evidence

by the contraction of the emission spectrum. The strongest emission band in the

low temperature measurements could be described by two component bands at all
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excitation wavelengths, which may be due to the ytterbium ions existing in two pre-

ferred site environments. The structural landscape of aluminosilicate glasses is quite

rich [101, 102, 103], and it will require a coordinated effort to investigate this fur-

ther and to clarify the impact it has, if any, on the cooling performance. Near room

temperature, the mean fluorescence wavelength, λf , varied over roughly 4 nm and the

peak wavelength, λpeak, by about 3 nm, depending on the excitation wavelength, λexc.

Quantities calculated from the temperature-dependent emission spectra did not yield

converging values when modeling the sample’s cooling efficiency. When calculating

the temperature-dependent cooling efficiency using the standard procedures [44, 69],

the global minimum achievable temperature, MATG, of the investigated sample varies

between 151-169K for optimal pump wavelengths, λopt, between 1030-1037 nm. The

results of this study show that in the context of materials exhibiting site-selective

excitation, new techniques need to be developed for the precise characterization and

modeling of rare-earth doped materials for solid-state optical refrigeration. How-

ever, many readers will also observe that the implications of the findings reported

here extend beyond applications revolving around laser cooling silica. In particular,

awareness of the dependence of the calculated absorption and emission cross-section

on the excitation wavelength used for acquisition is of universal importance to fiber

laser practitioners.
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6 Power cooling to 229 K

6.1 Background

Chapter 2 contained cooling results of Sample B (Table 1) with up to 185 W of

pump power, though with only marginal returns about ≈100W. Chapter 3 identified

Sample A, the more highly doped composition, as the better performing material

for optical cooling. In Chapter 4, power cooling of Sample A by 41 K was carried

out with 50W of pump power, though Chapter 2 suggests more cooling could be

achieved with greater pump power. The activity of Chapter 4 was limited by the

available pump power. The amplifier used therein was constructed in 10/125 fiber

architecture. Once above the 25-30W output level, two main problems were often

present - stimulated Brillouin scattering (SBS) and, to a lesser extent, overheating

and subsequent breakdown of splices between passive fiber and gain fiber. The most

prevalent issues, was mitigated to some extent in the previous work by using a two-

tone seed, a slight temperature gradient across the gain fiber, a short gain fiber, and

introducing a polarization controller into the passive delivery fiber segment following

the gain fiber. Although these measures allowed maximum output up to 60w at

1030 nm, and operation stable enough for experiments at 50W output levels, it is

obvious from Chapter 2 that to fully explore the cooling potential of these materials

that about 100W of power is required. This chapter describes the design of a high

power amplifier that was constructed which output 97 W limited only by the available

pump power.

6.2 Experimental

A detailed schematic of the fiber amplifier constructed is shown in Figure 36. The sys-

tem begins with a single mode 500mW 976 nm butterfly diode mounted in a compact
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Figure 36: Schematic of 100W 1032 nm amplifier. See text for details.

laser diode driver and temperature controller module (actual maximum output power

close to 350mW). The pigtailed diode is spliced to a 2W 980 nm inline fiber isolator.

The transmission of fiber couplers and wavelength division mulitplexers (WDMs) can

be sensitive to the polarization of the input light, even in non-polarization main-

taining fiber components, and so the forward pump fiber was inserted into a 2-inch

diameter 3-paddle polarization controller.

The single mode pump light was split with a 3 dB coupler to simultaneously pump

two fiber Bragg grating (FBG) laser cavities to create the two-tone seed. A single

cavity had the following structure: The 976 nm pump was inserted into the 980 nm

channel of a 980/1060 nm WDM. The common port leg of the WDM was spliced to

about 50 cm of single mode 4/125 ytterbium doped gain fibers which was followed by

a 50% reflectivity FBG. The bandwidth of both FBGs was 500 pm and the separation

of their center wavelengths was 200 pm (1032.0 and 1032.2 nm). The FBG provided

signal feedback and functioned as the output coupler. The oscillating signal propa-

gating in the direction of the WDM traveled through the common port and exited

the 1060 nm port where a broadband retroreflector served as a highly reflective mirror

(R>96%). Note following the experiments in Chapter 4 where a similar seed was built

using 1030.0 and 1030.2 nm FBGs, a need two-tone seed was built at 1032 nm. The
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1030 nm was initially used as it was the center wavelength of multiple components

used later down the line in the system but operation and experiments eventually led

to the conclusion that a 1032 nm signal would ultimately work as well, which was a

more optimal wavelength based off the results of Chapter 3. The two parallel laser

cavities were combined with a 3 dB coupler.

The forward propagating signal was inserted into a 300mW 1064 nm inline fiber

isolator. A 20 dB 2x2 tap coupler was used to monitor the forward signal with

power meter (PM2) and the back-reflection from the pre-amplifier stages (PM1).

Two identical pre-amplifier stages were used. The pre-amplifiers consisted of a pump

and signal combiner with 10/125 signal input/output and 105/125 pump legs. One

pump leg was spliced to a 9W wavelength stabilized 976 nm multimode pump diode.

The pump and signal combiner was spliced to a 1.5m length of 10/125 Yb doped

gain fiber. Residual pump light in the cladding was removed by a high index epoxy

coating on a roughly 2 cm length of fiber on either end of the splice to the following

component. The first pre-amplifier was only operated at a pump level required to

have about 1 W signal output achieved. This kept back-reflection toward the seed

low. The amplified spontaneous emission (ASE) in the signal spectrum was cleaned

up by the use of a narrowband pass filter (NBF) centered at 1030 nm with a 6 nm

bandwidth. The cleaned up signal passes through a 10W 1030 nm 10 nm bandwidth

isolator. Insertion loss from the NBF and isolator reduce the forward power to about

600mW. This signal is then re-amplified in a second pre-amp stage so that the power

entering the main amplification stage is approximately 2.5W.

Before the main amplifier stage, a 20 dB 2x2 coupler monitors the forward and

backward propagating power. The backward tap is split once more with a 3 dB

splitter to monitor on one channel the back reflected power and on the other channel

the spectral content with an optical spectrum analyzer (OSA). The primary forward

signal goes through a mode field adapter (MFA). The MFA takes the single mode
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beam from a 10/125 fiber to a 25/250 fiber architecture. The larger core size was

chosen because the SBS threshold power is direction proportional to the effective

area [104]. 1.8m of Nufern LMA-YDF-25/250 was used as the gain fiber in a reverse

pumping configuration using a 130W nLight 976 nm wavelength stabilized pump

diode. The combiner to gain fiber splice was recoated manually with a low index epoxy

(Coherent) in a copper V-groove in good contact with the aluminum breadboard

underneath. The recoated splice was positioned below a blowing fan. The gain fiber

to signal input splice was acid-etch (AE) using Armor Etch with 3 applications of 6

minute exposures and rinsing with deionized water in between. About 4 cm of fiber

was etched in this way to function as a cladding mode stripper (CMS). This AE-CMS

was suspended in air over a copper V-groove with a fan blowing on it. Because some

low numerical aperture pump light may not be fully removed by the AE-CMS, some

of the low index polymer coating was removed and a low-power splice protector was

heat shrunk over the outer cladding of the fiber. The splice protector acts as a high-

index CMS and to promote the leakage of low NA pump light. The splice protector

was bent to have about a 5 cm radius of curvature to encourage the light to escape.

Lastly, a short segment of coreless 250µm diameter fiber was spliced to the output

end of the amplifier and cleaved at an angle of 7 degrees.

The output of the amplifier was collimated and steered with dielectric mirrors

while passing through two long pass filters before being injected into the sample

in the vacuum chamber held at 10−6. It is worth noting that in between previous

cooling experiments and these experiments, the sample was not removed from the

chamber and had been under high vacuum for over one month during that span

of time, suggesting any possible off-gasing by the sample had already taken place.

The vacuum obtained in these experiments was about 1 order better than previous

experiments, after using a flowing He and mass spectrometer leak detection routine

to identify poor seals in the vacuum chamber.
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The fluorescence was used for temperature measurements, as before. Following

Chapter 5, it is underlined here that the experiments and calibration were both carried

out using 1032 nm excitation. The fluorescence was collimated and attenuated with

a continuous neutral density filter (NDF) wheel. For a given experiment, the NDF

was adjusted for each pump power level so that the fluorescence power reaching the

spectrometer was maximized without saturating the detector. The fluorescence was

coupled into the 600µm core step-index multimode fiber feeding a CCD spectrometer.

The spectra were acquired on a computer every 500ms with a 100ms integration time.

6.3 Results and discussion

The performance of the amplifier is displayed by two figures of merit in Figure 37.

In (a), the optical to optical conversion with respect to the launched pump power

is linear with a slope of 78%. In (b), the wall-plug efficiency is calculated using

the manufacturer specifications for the current and voltage and the measured output

power of the amplifier. The electrical to optical efficiency is is about 35%.

Cooling experiments were conducted as before. The maximum change in temper-

ature for different pump powers is shown in Figure 38. The cooling increases with

increasing pump power, though at higher pump powers the magnitude of cooling per

additional watt of pump starts to diminish.

The best result in Figure 38 is cooling by 67K with 97 W of pump power. Spec-

tral measurements acquired over the full recording spectrometer range are shown in

Figure 39. For reference, the background is plotted in black. The red lineshape,

being the first recorded spectrum, is taken as the room temperature spectrum. A

small amount of cooperative upconversion luminescence is seen at around 518 nm,

which is slightly decreased in the blue spectrum which was acquired at the end of the

experiment.

The near-infrared fluorescence of the blue line is significantly reduced due to the
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Figure 37: Efficiency plots of homemade amplifier: (a) optical to optical efficiency
with respect to launched pump power and (b) electrical to optical efficiency.

Figure 38: Change in temperature versus 1032 nm pump power. Horizontal dashed
line represents ZBLAN record.
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Figure 39: Measured spectrum over full instrument range immediately before pump
was turned on (black), immediately after pump was turned on (red), and at the end
of the experiment (blue).

Figure 40: Measured spectrum in the Yb emission spectral range immediately before
pump was turned on (black), immediately after pump was turned on (red), and at
the end of the experiment (blue).

decrease in the resonant absorption with decreasing temperature which naturally

results in a low fluorescence power. The near-infrared emission region is emphasized

in Figure 40. As the absorption decreases, the scattered pump light reaching the

spectrometer increases. This is highlighted by the inset where it can be seen that

linewidth of the pump did not undergo significant broadening and still has a linewidth

well below 1 nm.

Finally, the temporal cooling curve for the new record of ASF cooling in ytter-

bium doped silica is shown in Figure 41. The black circles represent experimentally

measured data points. The red line represents an exponential fit of the data via
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Figure 41: Experimentally measured cooling curve of Sample A subjected to the
highest available pump power fit with single exponential.

∆T (t) = ∆Tmax [exp(−t/τ)− 1]. In this instance, ∆Tmax and τ are fitting parame-

ters and found to be 69K and 50 s, respectively. With these results, the future looks

pretty cool for ytterbium doped silica.
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7 Concluding remarks

7.1 Summary of work

Ytterbium doped silica fibers are the basis of many fiber laser systems used in indus-

trial, medical, and defense settings. The high melting point of silica combined with

the simple electronic structure of Yb3+ permits extremely efficient operation as well

as the highest output power available in a fiber laser architecture. This doctoral dis-

sertation entitled “High-power laser cooling and temperature-dependent fluorescence

studies of ytterbium doped silica” has dealt with optical refrigeration experiments

and associated characterization of Yb, Al co-doped silica rods. The main goal was

to dethrone ZBLAN as the best performing glass for optical refrigeration, which al-

though not achieved herein, seems to be well within reach now.

At the start of this project, laser cooling of silica glass was young, only being

experimentally realized for the first time within the past two years. The lowest tem-

perature achieved was cooling by 6 K from room temperature (RT) in high vacuum,

compared to the 88K from RT seen in ZBLAN in 2005. Laser cooling of silica in

particular has promise for ultra-stable laser cavities, prevision metrology, and most

obviously as a method of heat mitigation in integrated photonics and higher power

laser systems.

Initial laser cooling experiments were carried out with sample A having dopant

density 6.56·1025 Yb3+ per m3 (sample A) and Al:Yb ratio of 6:1 placed in a cham-

ber held at high vacuum and supported on a fiber support system, to minimize the

convective and conductive heat loads, respectively. Temperature measurements were

made with a non-contact method of either thermal camera imaging or Differential

Luminescence Thermometry (DLT). The maximum available power at the time was

20W at 1035 nm. At atmospheric pressure, cooling by 3.6K from RT was recorded
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using a thermal camera. Cooling by 18K from RT was measured in vacuum us-

ing DLT. Through analysis of the cooling onset in data obtained at different pump

powers, the cooling efficiency, ηc(λ = 1035 nm), of the sample was determined by

comparing the change in temperature to the absorbed power and was found to be

1.2% at λp=1035 nm.

LITMoS tests on both compositions measured cross-over wavelengths between

1018-1021 nm giving ηext of both samples to be ≈0.99. By normalizing the change

in temperature to the input pump power at each wavelength, it was shown that

the optimal pumping wavelength occurred between 1032−1035 nm. The more highly

doped sample showed better pump power normalized cooling performance and so

became the sole subject of the following high-power experiments.

A multi-stage amplifier was constructed in the Master Oscillator - Power Ampli-

fier (MOPA) configuration using a homemade two-tone fiber laser as a seed source.

Typical issues were encountered in the amplifier construction that needed to be over-

come – thermal issues causing splices to break and SBS limiting output. After trial

and error for many months, eventually 50W output at 1030 nm was achieved and

stable enough to carry out experiments. Sample A was cooled by 41K from RT in

high vacuum (10−5 torr) with 50W of pump power. A new seed oscillator at 1032 nm

and a new power amplifier utilizing a larger fiber core were later constructed. The

best power cooling results obtained in this work showed cooling by 67 K from room

temperature, a 10-fold improvement over the record at the start of this undertaking.

Temperature-dependent spectroscopic measurements of the emission lineshape

and fluorescence lifetimes allowed computation of ηc(λ, T ), employing the previously

measured ηext. The global MAT was found to be around 150K. An observation was

made during the low temperature spectroscopy studies that raised questions about the

local environment of the Yb ions. Under 940 nm excitation, the zero-phonon line tran-

sition was highly asymmetric at low temperatures. The feature was well-described
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by fitting with two component bands spaced approximately 40 cm−1 apart. This

spacing is comparable to the same transition for Yb3+ doped crystalline rare-earth

orthosilicates and alkaline earth scandates, where the Yb3+ ions occupy two distinct

crystallographic sites, and the fluorescence spectra is subsequently constructed from

the superposition of both Stark manifolds. This led to further exploration of the

spectroscopic behavior which revealed that the samples also exhibited site-selective

excitation and that the emission spectral lineshapes, and therefore also λf (T ), were

extremely sensitive to the excitation wavelength. The emission spectra versus tem-

perature were measured again at multiple wavelengths and non-unique MATs were

subsequently calculated. This has necessitated a re-evaluation of the application of

the MAT procedure that has, until now, been used successfully for characterizing

materials for solid-state optical refrigeration.

7.2 Future directions

Future power cooling experiments may be improve upon these results. A water cooled

clam shell coated in a material highly absorptive around 1µm and with low emissivity

near 10µm would lower the radiative lead. A more highly doped composition should

allow greater cooling, but this may come along with a decrease in the external quan-

tum efficiency. The two compositions investigated are quite similar and do not allow

definitive conclusions to be drawn for composition optimization. Experiments varying

beam shape may permit a higher fill factor of the pump in the sample, thereby both

reducing overall local intensity and maximizing the number of Yb ions participating

in the cooling process. A more costly route may employ deposition of spectrally se-

lective dielectric coatings on the facets of an existing sample to confine pump light

and achieve a multi-pass geometry without worrying about feedback into the fiber

amplifier. A double-pass geometry with an external mirror would be possible if a

free-space isolator is inserted in the setup after the amplifier output, though more
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pump power would need to be available to offset the insertion loss of the isolator.

Fundamental questions also remain. Does the background absorption of cooling

grade Yb doped silica decrease with temperature? Are two main local environments

of the Yb ions the reasons for the two component bands of the zero-phonon line tran-

sition? Is this related to the presence of the Al cations and, if so, how? If there are

two environments, can this be leveraged for enhanced cooling such as with two judi-

ciously selected pump wavelengths? Or, does the spectral broadening resulting from

more than one unique site environment pose undesirable limitations on the maximum

cooling ability? Regarding the attainment of a figure of merit for a composition or

sample, in light of site-selective fluorescence behavior, is there a methodology that

can lead to converging solutions?
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