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Abstract

Theoretical and experimental research in cooling thulium-doped heavy metal flu-
oride glass is presented. The first observation of anti-Stokes fluorescence cooling in
a thulium-doped material is reported. Cooling to 24 K below ambient with a mul-
tiple pump-pass scheme is attained, as well as results yielding 2.2 W of absorbed
power and a cooling power of 73 mW. Single-pass cooling results agree with a simple
model for anti-Stokes fluorescence cooling that includes considerations of quantum
efficiency and parasitic heating mechanisms. Issues relating to a practical optical
refrigerator are examined, including a general model for the effects of multiple pump
passes. Spectroscopic studies of Tm?*T:ZBLANP — including Fourier-transform in-
frared absorption, photoluminescence excitation, and fluorescence measurements —
allow low-temperature cooling behavior to be predicted. Such modelling indicates

the feasibility of cooling to below 150 K.
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Chapter 1

Introduction

The idea of using radiation to cool matter in the solid state was first proposed by
Pringsheim in 1929 [24]. Its first observation, however, did not take place until
1995 [21]. The anti-Stokes fluorescence cooling process is illustrated in Fig. 1.1
with a simplified energy level structure of a member of an dopant ensemble in a
transparent solid host. A laser excites the dopant atom, which absorbs light at energy
Ey — Ey. The ensemble thermalizes within the glass host by absorbing vibrational
energy contained in the host. The atom illustrated in the figure decays to level
Ey by releasing fluorescent light at energy Fy — Ejy. In this simplified picture, the
fluorescent light carries away thermal energy of magnitude Ey — F;. In order to
achieve net cooling in such a system, the host must be pure (i.e. low parasitic
absorption), the transition from levels Fy to Ey must be primarily radiative (i.e.
high quantum efficiency) and the fluorescence must be efficiently extracted from the

host. Each of these issues will be addressed in Chapters 2 and 4 below.

Practical cooling systems based on the interaction of narrow-band radiation and
solid-state matter have many benefits [1]. Thermoelectric coolers (TEC) are able

to reach 180 K. Optical coolers share the benefit of low mechanical vibrations with



Chapter 1. Introduction

~w  E
\\ I'If\\, J'I \\ i 2
A= - i El
§ >
laser L
— i fluorescence

v EO

Figure 1.1: Anti-Stokes fluorescence.

TEC’s, but can cool at temperatures as low as 100 K [2]. Mechanical coolers such as
Stirling cycle coolers can reach temperatures of order 10 K but are relatively large and
cause vibrations that are problematic for many applications such as focal-plane sensor
elements. Optical coolers do not have this problem and cause low electromagnetic
interference in the region of cooling. They can be based on long-lived and rugged
diode laser systems. A representation of such an optical cooler is shown in Fig. 1.2,

where a cold finger is attached to the doped-glass cooling element.

cold finger
R dielectric

" mirrors

cooling element
(glass)

Figure 1.2: Cryogenic optical refrigerator.
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As discussed below, rare-earth atoms in solid hosts generally have high quantum
efficiency. This makes them good dopants for optical coolers. Further, cooling effi-
ciency scales inversely with the dopant energy gap used for cooling. For ytterbium
this gap is ~ 1.25 eV and for thulium it is ~ 0.7 eV. From this basic scaling relation
we expect thulium-based coolers to perform nearly twice as efficiently as those based

on ytterbium.

The dissertation below describes the development of a thulium-based optical cool-
ing system. Cooling efficiencies of greater than 3% are demonstrated, and tempera-
ture changes of -24 K are achieved along with predictions for cooling to 150 K. This
chapter outlines the historical development of solid-state cooling as well as some of
the important physical issues in solid-state cooling. It is the most theoretical of all
chapters, giving a basic understanding of the origin of the energy level structures
and time scales necessary for cooling. The main ideas will be used and mentioned
later in the dissertation so one may choose to skip Sec. 1.2 altogether. Section 1.1
highlights the achievements of experimental cooling research and Sec. 1.3 summarizes

the organization of the manuscript.

1.1 Historical development

Parallel to advances in laser cooling of atoms and ions in dilute gas phase, major
experimental progress has recently been made in laser cooling of matter in solid
and liquid phases [21, 22]. Laser refrigeration of solids can potentially lead to the
development of an all solid-state cryocooler (illustrated in Fig. 1.2) that can be used
for a variety of applications such as cooling sensors and electronics [23]. Although
the notion of using blue-shifted fluorescence to decrease the temperature of an object
[24] was initially dismissed by some as contrary to the second law of thermodynamics,

Landau established its fundamental validity in 1946 [25]. Kastler suggested that rare-
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earth doped crystals might provide a medium for solid-state cooling resulting from
anti-Stokes emission [26]. However, obstacles to its realization remained — primarily
the highly efficient, heat-generating processes typically associated with absorption in

optical materials.

normalized temperanre change (KW

|
|
| 11
200 &30 1000 1050

Figure 1.3: First solid-state laser cooling in ytterbium-doped glass. Data is taken
from Ref. [21].

The first solid to be cooled as a result of interaction with light was a ytterbium-
doped fluorozirconate glass [21]. Results of the experiment are shown in Fig. 1.3,
where normalized temperature change is plotted against pump wavelength. The ver-
tical line indicates mean fluorescent wavelength. A local decrease in temperature
was detected by a photo-thermal deflection technique when the sample was pumped
by a Ti:Sapphire laser beam. Bulk cooling was also detected directly from measure-
ments with a calibrated thermally-sensitive camera. The results shown in Fig. 1.3
correspond to a single pass of the pump beam. Subsequent multiple-pass schemes
have improved cooling in Yb3*:ZBLANP to -70 K from room temperature. To date,

thulium-doped glass is the second and only other class of solid to achieve bulk cool-
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ing. First cooled to 1.2 K below room temperature in 2000 [27], bulk cooling in a

thulium-doped fluorozirconate by -24 K from room temperature is described below.

Ytterbium-doped glasses have been cooled to 70 K below room temperature and
have been reported cooled at temperatures as low as 77 K [28]. Edwards et al. demon-
strated a prototypical cryogenic refrigerator based on Yb3T:ZBLANP pumped with
a 1.6 W Ti:Sapphire laser and measured a temperature decrease of 48 K from room
temperature [23]. Cooling from low starting temperatures in various Yb3"-doped
glasses has been observed, suggesting that a cryogenic refrigerator with an extended
dynamic range can be built. Mungan et al. observed local cooling in a Yb3T:ZBLANP
sample at temperatures between 100 and 300 K, maintaining a cooling efficiency of
~1% throughout this range [2]. Local cooling between 77 K and room temperature
has been shown using photo-thermal deflection and spectroscopic techniques in a
fluorochloride glass (Yb*":CNBZn), and a fluoride glass (Yb*":BIG), by Fernandez
et al. [28]. The cooling efficiency was shown to change with temperature, varying
between ~2% and ~0.6% in the two materials. Rayner et al. have cooled a Yb3*t-
doped fiber [29]. Gosnell cooled a Yb3*"-doped fiber by an amount AT = —65 K
from room temperature [30]. The temperature of the fiber was monitored through
its temperature-dependant emission spectra. Epstein et al. have cooled a dielectric-
mirrored Yb3T:ZBLANP sample by 70 K from room temperature as measured di-

rectly with a thermocouple.

In addition to glasses, ytterbium-doped crystalline samples have been cooled.
Crystals offer advantages over glass materials such as high thermal conductivity, im-
proved ruggedness, and potentially larger absorption cross sections. Bowman and
Mungan used photo-thermal deflection to demonstrate local cooling in a Yb3*-doped
KGd(WOy,), crystal [31]. Epstein et al. observed bulk cooling in Yb**:YAG, record-
ing a net sample temperature change of ~8.9 K below room temperature [32]. They

also cooled a sample of Yb3*:Y,SO5 by 1 K below room temperature. Mendioroz et
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al. recently showed local cooling in samples of Yb¥":KPhyCls crystal [33)].

Optical cooling has been pursued in other condensed matter materials such as
dyes and semiconductors [34, 35, 11]. Clark et al. excited rhodamine 101 dye with
radiation at 1.96 eV and found that it cooled at a rate of 0.7 Kh™! [22, 36]. A
GaAs/GalnP heterostructure was studied for possible cooling by Gauck et al. [12].
They observed blue-shifted luminescence but did not see net cooling. Finkeiflen et
al. detected local cooling in the area of the pump beam spot due to anti-Stokes
photoluminescence in a GaAs quantum well structure, recording a temperature drop
of 7 K from liquid-nitrogen temperature [13]. As mentioned above, a requirement
for net cooling is efficient extraction of anti-Stokes fluorescence from the solid. Due
to their high refractive indices, luminescence trapping from total internal reflection

remains a major obstacle to observing net cooling in semiconductor materials.

1.2 Physical background

Cooling atoms in the gas phase has shown remarkable success in recent years [3, 4, 5,
6, 7]. As a result of interaction with laser radiation the random velocities associated
with an ensemble of atoms are reduced. Insofar as these velocities can be assigned a
temperature — defined for a body at equilibrium with respect to its surroundings in

the presence of heat exchange [3] — cooling is observed.

Atomic cooling is illustrated in Fig. 1.4. An atom at thermal velocity v = \/m
and momentum muw absorbs a photon of momentum hk. The inelastic collision results
in a reduced atomic momentum in the direction opposite to the laser wavevector,
—k. The atom subsequently spontaneously emits a photon into a random direction,
which means the recoil momentum from this emission after many cycles of absorption
and emission averages to zero. The net effect is a reduced velocity along the linear

dimension of the laser wave vector. However, the fraction of atoms that are cooled
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Figure 1.4: Laser cooling of atomic gases.

in an atomic beam with a thermal velocity distribution is limited due to the Doppler
shift. Depending on the linewidth of the atomic transition, only atoms within a
certain range of velocities will be in resonance with the laser. Certain methods are
used to compensate for this effect, most prominently laser chirping and Zeeman-
shifting. The former technique involves changing the frequency of the laser such that
atoms will continue to absorb laser light even as they slow. The latter technique
uses a current-carrying coil of tapered dimension to gradually decrease the strength
of a magnetic field at the atomic beam that passes through the coil. This causes a
gradual shift in atomic energy levels due to the Zeeman effect that compensates for
the shift out of resonance as the atoms are slowed. In this manner all atoms below a
certain initial velocity are cooled to a narrow velocity distribution. This compression
is shown in Figure 1.5. The figure illustrates data from an early Doppler laser cooling
experiment [8]. The dashed line is the initial thermal distribution of velocities and

the solid line is the distribution after laser cooling. The arrow indicates the velocity
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above which all atoms are out of resonance with the laser beam at all points.

atomic density

velocity

Figure 1.5: Phase space compression.

Atoms have been cooled using the Doppler technique to temperatures of order mil-
liKelvin. Elegant trapping and cooling techniques involving both lasers and electro-
magnetic fields have further reduced temperatures to order nanoKelvin, even reaching
Bose-Einstein condensation [9, 10]. Considering standard Doppler cooling of sodium
atoms, a typical change in velocity magnitude upon absorption of a photon of light
at A ~ 590 pum is 3 cm/sec. A typical initial thermal beam velocity is 10° ¢cm/sec.
The net change in velocity in one dimension as described above corresponds to a
change in energy of ~ 1072* J. The sodium transition has a lifetime of ~ 32 ns.
One can define cooling efficiency as the ratio of cooling power to absorbed power —
for sodium cooling, this ratio is ~ 3x107%. As will be discussed below, solid-state

coolers produce cooling efficiencies of ~ 3x1072, a factor of 10* greater.

Like laser cooling in gases, solid-state laser cooling involves decreasing temper-

ature through laser-atom interactions. Solid-state cooling is defined by a reduction
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in average thermal vibrations of the constituent atoms in a solid host rather than
a reduction in translational kinetic energy. The solid is in thermal contact with its
surroundings, primarily through radiative coupling. Similar to other cooling mecha-
nisms such as thermo-electric coolers, this heat load determines the final steady-state

temperature of the solid for a given cooling power.

Solid-state laser cooling involves a particular solid material that presents an ab-
sorbing transition to the laser beam. This may include the energy band structure
of a semiconductor [11, 12, 13] or an electronic transition for dopant atoms in hosts
transparent to the laser radiation. In the latter scheme, a dopant ion is added to a
solid host by substituting for a particular atomic species. The ion interacts with its
surroundings primarily via an electrostatic Coulomb potential. For crystalline hosts
the ion is surrounded by a system with long-range order and glass hosts present only
short-range order to the ion. The Hamiltonian for the ion in a solid host can be

written as

Hion, = Hy + Hgs + Hso + Herp. (1.1)

The first three terms on the right side of Eq. 1.1 describe the dominant terms of the
bare ion. Hj is the central-force Coulomb interaction, Hgg is the electrostatic in-
teraction between electrons, and the spin-orbit interaction is included as Hgp. The
perturbation due to the presence of a static crystal field arising from the host is
Hep. Energy states given by Hy are labelled by quantum numbers n and [ (4f for
rare-earth ions). The electrostatic interaction lifts the angular-related degeneracy
in angular momentum, so states are labelled in the Russell-Saunders (R-S) scheme
according to total spin and orbital angular momentum: 2°*'L. The spin-orbit in-
teraction lifts the degeneracy in total angular momentum (J = L + S) and states

are labelled 25t L ;. For small spin-orbit coupling with respect to electrostatic inter-
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actions, states are treated as eigenstates of L and S and R-S labelling is retained.
However, as in the case of rare-earth atoms with large atomic numbers, spin-orbit
coupling is significant and the states are eigenstates of J but not S or L. The in-
teraction can cause mixing of states and leads to some confusion in the literature,
notably for Thulium: some researchers label states as if L-S coupling were negligible
while others use a label that indicates the dominant L-S term. Figure 1.6 illustrates
energy level splittings using the latter interpretation for relevant transitions of the

1522522p?3s23p03d194s24p4d104f135525p55d6s? electronic configuration of thulium.
1G

3F

3H4
3H5

3
central Fs
field — 3y
electro- 6

static spin
orbit

3H

Figure 1.6: Rare-earth energy splittings.

The 25+ L; levels are further split by the electric field caused by the surrounding
host ions (ligands). An expression for the magnitude of the Stark splittings within
each 29*1L; manifold is derived from standard crystal-field theory [14, 15]. The
matrix element of the energy splitting of a particular L-S state § to first order can
be expressed as a spherical harmonic expansion of the charge density surrounding

the ion. Treating all species as point charges the integral over the charge density

10
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reduces to a sum over the 4f electrons of the dopant ion:

M = (Ys|Verls)
= <wﬂ’ZAZqZTkaq(ri)Wﬂ>' (1.2)

In Eq. 1.2, Cy,(r;) is a spherical tensor operator of rank k£ and projection g operating
on the ith electron with an orbital radius r;. A}, is a crystal field parameter that is
a sum over charges and positions of the ligands surrounding the ion. Orthogonality
relationships simplify the above expression to only terms of rank two, four and six.
It can then be expressed in terms of reduced matrix elements, 3-j and 6-j symbols
for a particular L, S, J and M; state, all of which are tabulated. For thulium-doped
ZBLAN glass, the average ion-ligand distance is found to be 0.23 nm and the ligands
are arranged with low symmetry in groups of eight [15]. For rare-earth dopants
in glass, the magnitude of the matrix element in Eq. 1.2 is of order 10-100 cm™*
[16]. This is the intra-manifold splitting and is small relative to optical transitions
(~ 6000 cm™!). As discussed below, the relationship between these values will enable

relatively fast thermalization within manifolds, which is necessary for the cooling

process.

The interaction between the dopant ion and host phonons is an important per-
turbation. It leads to fast transitions within a particular ' L; manifold as well
as radiationless transitions between manifolds. Rare-earth ions have relatively low
electron-phonon interaction strengths due to their electronic structure: the optically-
active 4f electrons are screened by the orbitals of the 5s, 5p and 6s electrons. This
is illustrated in Fig. 1.7, which shows the radial wavefunctions for various electron
orbitals. The Hamiltonian for the host can be expressed in terms of an ensemble of

harmonic oscillators (phonon modes). These modes modulate the relative positions

11
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Figure 1.7: Radial wavefunctions for orbitals of rare-earth atoms, taken from Ref.
[14, 17]. The optically active orbital in rare-earth materials is 4f.

of the dopant ions and ligands, which changes the crystal-field interaction. This per-
turbation is known as the deformation potential. The electron-phonon interaction

can be considered a perturbation to the crystal-field Hamiltonian:

Hlp = Hop + €V. (1.3)

Here Hep is the crystal-field Hamiltonian described above, V' is the energy of the
perturbation, and € is a parameter expressing the strength of the interaction. The
latter term is expressed in terms of phonon creation and annihilation operators, bg
and b,. For rare-earths in glasses € ~ 0.075 [14] so terms of order O(e?) or greater
are neglected in the expansion of the crystal-field Hamiltonian. Using Fermi’s golden
rule, the transition probability per frequency (energy) interval between electronic

states of the dopant ion due to electron-phonon (ep) interactions is generally

12



Chapter 1. Introduction

2w
Wep = 7|Mep|2pf7 (14)

where p; is the density of electron and phonon final states and M., = (Us|eV|;)
is the matrix element for the transition involving the total state vector. In this
weak-coupling approximation the electron and phonon states are separable and the

transition rate for direct phonon absorption (i.e. single-phonon) is

aos W, [& e
u = T VI P, — Ubglng)
W, . .
= MUanQwal’V’wilHpr' (1.5)

Similarly, the probability for emission of a phonon of wave vector ¢ is

em __ 7qu

Yeo = 1102

(ng + DI VL) Poy. (1.6)

In Eq. 1.5 and 1.6, w, is the phonon frequency, M is the total mass of the host,
v is the phonon velocity defined by its momentum, | flf) are the initial and final
electronic states of the dopant ion, and n, is the phonon occupation number for
wave vector ¢. If the width of the electronic transition is narrow with respect to the
spread in phonon energies, the density of final electronic states can be approximated
by a delta function. In the Debye model the phonon density of states is 3Qwg /27%v?
for phonon frequencies below the Debye cutoff frequency [18] with volume €. The

phonon occupation number is determined by Bose-Einstein statistics:

(1.7)

13
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where kg is the Boltzmann constant and T is temperature. Total transition rates

are obtained by integrating over electronic and phonon frequency intervals:

3

abs W e e
W = VI (15)
3
em W e e
Wep - 2ﬂ_p2}5h‘<1/}fl‘vlwzl>’2<n0 + 1) (19)

Here wy is the center frequency for the transition with the corresponding phonon oc-
cupation number ng, and p = M/Q. The matrix elements |(§|V[1){)| are generally

difficult to calculate analytically and are therefore determined experimentally.

For rare-earth ions in glass hosts the rates in Eq. 1.8 and 1.9 correspond to a time
scale of order picosecond [16]. These rates differ only in their occupation numbers
that have temperature dependence given by Eq. 1.7. Since radiative lifetimes between
manifolds of interest for lasers or cooling are of order millisecond these phonon-caused

transitions result in a thermal equilibrium within each manifold.

Consider the situation shown in Fig. 1.8. Figure 1.8(a) shows two ***1L; manifolds
separated by an energy AFE} g large compared to the crystal-field splitting. The upper
manifold shows two adjacent Stark-split levels |1) and |2) with exaggerated spacing.
Considering only these two levels in Fig. 1.8 with total population N = n; + no, the

rate equations for the two levels are

Ng = —NgWap + 1npsWpa

Tib = —anba—i—naWab,

14
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Figure 1.8: Energy manifolds showing direct phonon transition.

In thermal equilibrium the time derivatives are zero and Egs. 1.8, 1.9 and 1.7 can be

used to give the relationship between populations:

ny = nge wo/ksT (1.10)

Equation 1.10 describes the intra-manifold population distributions under the
assumptions given above. The distribution is illustrated in Fig. 1.9 for two ?*!L;

manifolds with lowest intra-manifold energies F; and FEs.

This situation can be referred to as local thermal equilibrium (LTE) [19] — it is
the reason that solid-state systems exhibit differences in absorption and emission.
Consider Fig. 1.10, which depicts two manifolds A and B again separated by an
energy large with respect to the crystal field splitting. The intra-manifold popula-
tion is illustrated in each manifold with energy increasing vertically and population

increasing to the right in the figure. With no optical pumping from A to B as in
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E-Ei,o

B

1,0

Figure 1.9: Local thermal equilibrium.

the right figure, the population in B is low with respect to A. Absorption varies
with frequency according to the population in A, which means low absorption at low
energies. In the presence of optical pumping as shown in the right figure both man-
ifolds thermalize quickly with respect to radiative lifetimes. Strong absorption at
high energies remains but the character of emission spectra is shaped by the thermal
distribution of B, which can include strong emission at low frequencies as shown in

the figure at right.

A formal relationship between absorption and emission cross-sections was established
by McCumber [20]. It will be discussed in detail in Chpt. 5 in the context of spec-
troscopy of thulium-doped ZBLANP glass. The result is stated here for absorption
and emission cross-sections (ogs(v) and o, (v)) at frequency v to indicate the ex-

plicit temperature dependence:
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Figure 1.10: The character of emission and absorption.

Oaps (V) = M=kl 5 (1), (1.11)

One final consideration must be made with respect to electron-phonon pertur-
bations to the electronic states of the dopant ion. Even in the weak-coupling ap-
proximation used above, higher-order phonon decay processes between manifolds are
possible and must be described in order to compare their magnitude to those of
radiative transitions. Higher-order terms in the perturbation expansion are used to
describe multiphonon processes and are generally complicated. However, the ratio of
probabilities for decay via a p-phonon emission process and a p — 1 emission process
of a single effective phonon mode with frequency wy is € (see Eq. 1.3). Therefore the

non-radiative (nr) decay rate for a p-phonon emission process is

17
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Wi = W
= WO en(AE/ (1.12)

where AE = phwg is the electronic energy gap spanned by p phonons of energy
hiwg. The factor W2 in Eq. 1.12 has temperature dependence given by Eq. 1.7 and
is generally difficult to calculate analytically. However, the exponential behavior is
confirmed through experiment by recording non-radiative rates for different dopant
ions with various energy gaps (AFE) in the same host. In this manner the factors
in Eq. 1.12 can be determined. This expression describing multi-phonon decay has
direct implications for quantum efficiency and will be discussed further in Chapters

2 and 5.

1.3 Manuscript organization

This dissertation is organized as follows. Chapter 2 outlines a simple derivation of the
cooling power possible with anti-Stokes fluorescence. This includes considerations for
non-unity external quantum efficiency, parasitic heating mechanisms, and an approx-
imate expression for temperature change in terms of pump power and wavelength.
Chapter 3 relates the details and important characteristics of the tunable pump
source. Experiments that demonstrate cooling and the related efficiency scaling are
presented in Chpt. 4. Chapter 5 reports the results of spectroscopic measurements
and subsequent modelling of cooling efficiency as a function of temperature to in-
vestigate the minimum attainable temperature. The last chapter discusses future
directions of this work. Calculations and experimental details that are not critical

to the major point of the manuscript can be found in the appendix.
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Chapter 1. Introduction

Each chapter begins with an introduction that highlights its contents and at-
tempts to put results in a larger context. References to the literature are indicated
where the interested reader can find further details or more comprehensive treat-
ment. A list of salient results of the chapter is included as a method for reading only

the most important parts of the chapter.

The results presented in this dissertation have been published in Physical Review
Letters [27], Optics Letters [37], and the Journal of the Optical Society of America
- B [38]. They were also presented in the post-deadline session at the conference on

Quantum Electronics and Laser Science [39] and were highlighted in Nature [40].
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Chapter 2

Simple model of anti-Stokes

fluorescence cooling

2.1 Introduction

This chapter details a theoretical description of anti-Stokes fluorescence cooling in
a rare-earth doped solid. Models for this process have recently been developed by
other researchers and can be found in Ref. [23, 32, 41, 36, 31, 28, 30, 42, 43, 44, 45].
The treatment below most closely resembles that of Luo et al. [42], the major differ-
ences being that we include effects of non-unity quantum efficiency and a wavelength-
independent background absorption. Various other models begin from a purely quan-
tum mechanical treatment and reduce to similar results. Reference [45] compares
cooling efficiencies in optical and Peltier coolers. Comprehensive considerations of
thermodynamic physics involved in the cooling process (e.g. entropy-related limits)
can be found in Ref. [25, 46, 47, 48]. The most important relations derived here and

used in later chapters under various approximations are the following:
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Chapter 2. Simple model of anti-Stokes fluorescence cooling

e Cooling power (Eq. 2.6)
e External quantum efficiency (Eq. 2.7)

e Thermodynamic heat load to sample (Eq. 2.11)

2.2 Model

Though general, the principle of anti-Stokes fluorescence cooling is seen in a descrip-
tion of our particular system. The samples consist of high purity ZBLANP (in mol%:
53% ZrF,, 18% BaFq,4-x%LaF3, 3%AlF;3, 20%NaF, 2% PbF,, x%TmF3) cut from a
fiber preform. The relevant energy manifolds for Tm3* ions in this host are shown

in Fig. 2.1 [49, 50].

Each level corresponds to a Stark-split manifold of several inhomogeneously-
broadened levels. We use the transitions between the *Hg and 3F, manifolds for
cooling. The cycle leading to anti-Stokes fluorescence cooling involves pump exci-
tation, thermalization and spontaneous decay. As shown in Fig. 2.1, laser pump
photons excite the dopant ensemble from the top of the ground state manifold to
the bottom of the excited state manifold. The excitations thermalize within the up-
per and lower manifolds by absorbing vibrational energy from the host. The atoms
decay through spontaneous emission (fluorescence) with a mean photon energy of
hvs, where vy is the mean fluorescent frequency. In the ideal case, for each absorbed
pump photon of energy hv an average energy hvy — hv is removed from the glass
and carried out of the system. Cooling power is thus proportional to absorbed power

(Pups) and the difference between mean fluorescent and pump photon energies:

hvy — hv A—A
Pcool = Pabsfhiy = L abs /\f fu (21)
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oH, [ 12900 e

°H, [ 8300 o

pump V., — . =hu+kT

He |

Figure 2.1: Energy manifold diagram of Tm*":ZBLANP after Ref. [49, 50]. The
dopant ensemble is excited by the pump from the top of the ground state manifold
(®Hg) to the bottom of the excited state manifold (°F,). The atoms thermalize in
both manifolds by absorbing vibrational energy from the host and the subsequent
fluorescence, on average, removes an energy hvy — hv for each absorbed photon.

where X\ and Ay = ¢/v; are the pump and mean fluorescent wavelengths, respec-
tively. Figure 2.2 shows room temperature emission and absorption spectrum of a
1 wt. % Tm*":ZBLANP sample. Details of spectroscopic experiments will be dis-
cussed in Chpt. 5. Defining cooling efficiency as 7.1 = Proot/ Paps, Eq. 2.1 gives the
fundamental limit on cooling performance. It suggests that, for a given material,
longer pump wavelengths produce higher efficiencies. In practice, however, dimin-
ished pump absorption at long wavelengths due to the thermal distribution of the
ground-state population limits the useful maximum pump wavelength. Moreover,
parasitic absorption due to uncontrolled impurities further limits the effective range

of long-wavelength excitations. The practical range of the energy difference hvy — hv
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Chapter 2. Simple model of anti-Stokes fluorescence cooling

is of the order of thermal energy (kgT') as a consequence of the ground-state Boltz-
mann distribution. Therefore, Eq. 2.1 indicates that Tm?3"-doped materials with
hv; & 0.7 eV have the potential to cool nearly twice as efficiently as Yb*"-doped
materials with hvy ~ 1.25 eV. This is illustrated in Fig. 2.3, which shows the rela-
tive energy gaps for four rare-earth atoms: ytterbium (~ 1 pm), thulium (~ 2 pm),

holmium (~ 2 pm), and dysprosium (~ 3.5 pm).

A,=1.803 um 410
0.3
— =
c \‘ 108 2
o \
Iy \ =
E 02— \‘\ _ 06 %
=1 =
2 \ IS
2 104 S
< g
0.1- // g
? 102 W
0.0 f=i— // // iz () 0

1.5 1.6 1.7 1.8 1.9 2.0 2.1
Wavelength [um]

Figure 2.2: Absorptivity and fluorescence spectra of 1 wt.% Tm3T:ZBLANP. The
dotted curve is absorptivity data obtained with an FTIR photo-spectrometer, and
the solid curve is fluorescence data obtained with a monochrometer and PbS detector.
The vertical dashed line marks the mean fluorescent wavelength at 1.803 pm, and
the shaded area indicates the pump wavelength region where cooling is expected.

Although dopant ions with lower energy gaps such as rare-earths shown in Fig.
2.3 can produce more efficient cooling, they will generally be subject to higher non-
radiative decay rates that are strongly host-dependent. This dependence is due

to phonon energy distributions that vary with material composition and symmetry.
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Figure 2.3: Rare-earth energy level scaling.

ZBLANP has a relatively low maximum phonon energy, fiwmqe. = 580 cm™! [51]. Non-
radiative decay in various hosts by multi-phonon emission has been shown to exhibit
a simple approximate behavior as described in Chpt. 1. The energy gap law states
that the multi-phonon emission rate is inversely proportional to the exponential of

energy difference (AF) between the initial energy state and energy state below:

W = Woe *AF. (2.2)

Here, W, is a phenomenological parameter that depends strongly on host material.
The parameter a in Eq. 2.2 is inversely proportional to the characteristic phonon
energy in a given material and is thus strongly host-dependent. The symbol AF in
Eq. 2.2 represents the energy gap of the particular electronic state transition. Figure
2.4 is a logarithmic plot of the non-radiative decay rate as a function of energy gap for

a number of different hosts [49, 16]. In this figure, Equation 2.2 has been fit to data
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obtained from experiments involving various dopant ions in a given host material.
The shaded region is defined by the lowest absorption energy gap (~ 2 pm) and peak
of absorption (~ 1.7 pum) for the 3Hg —* Fj transition. For ZBLAN the values of
Wy and a are found to be 1.99x10° s7! and 0.0021 c¢m, respectively [49]. The energy
gap in ZBLAN (~ 6000 cm™! at the peak of absorption) therefore corresponds to
W, = 0.64 s=! which is significantly less than the radiative rate of ~ 83 s~1. The
radiative rate is determined from lifetime measurements as shown in Fig. 2.5. The
resultant heating due to non-radiative processes in pure Tm*":ZBLANP should be
small relative to cooling processes. To see this, assume that the average energy
removed in the cooling process per absorbed photon is kg7 and the average heating
due to non-radiative decay of an excitation per absorbed photon is AE ~ 0.7 eV.
Given the rates above, the average energy removed from the sample in a given time
due to cooling is almost five times greater than the energy deposited as heat as a
result of non-radiative decay. Stated another way, cooling efficiency is sensitive to
the role non-radiative decay plays in quantum efficiency, but the above rates predict

a high quantum efficiency (see discussion below).

Excitations to the 3H, manifold in Tm?**:ZBLANP have the potential to produce
fluorescence cooling. The path 3Hy—3Hj is primarily radiative (see Fig. 2.4), while
the 3 Hs;—3 F transition is strongly non-radiative. This non-radiative decay can cause
heating that would overwhelm the optical cooling effect. Fortunately, the branching
ratio for the ® Fy—3Hjy transition is 0.03 [16], which indicates that the population of
the non-radiative branch should be small. Since the *H, manifold lies 6900 cm™!
above the 3F; level, it can be populated via excited-state absorption (ESA) during
illumination by the OPO at 1.85 um < A < 1.97 pm. This was verified by observing
fluorescence at ~ 1 pum using a silicon-based video camera. This ESA process is
endothermic and should contribute extra cooling if fluorescence efficiency and back-
ground absorption are in the acceptable range. At typical pump wavelengths, the

absorption cross section for the 3 Hg—3F) transition is ~ 2 x 10722 cm? [16]. With a
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Figure 2.4: Non-radiative decay rates versus energy gap for various host materials
after Ref. [49, 16]. The shaded region corresponds to the energy gap for the 3 Hg—>F)
transition.

radiative lifetime of 12 ms at a pump wavelength of 1.9 um, the saturation irradiance
is ~ 84 kW /cm?. Our average irradiance is less than 10% of this value, so we expect
the population of the 3F, manifold to be much larger than that of the 3 H, manifold.
Any heating or cooling effects from the ESA process should therefore be small rela-
tive to the cooling effects on the 3 Hg—3F) transition. We examine transitions to the
3 H, manifold by directly pumping the 3 Hg—3H, transition using a Ti:sapphire laser
at 790-900 nm. The sample showed slight heating. This may indicate the presence
of strong fluorescence quenching in addition to the processes described above that

led to heating.
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Figure 2.5: Room temperature (solid line) and 77 K (dotted line) radiative lifetimes.

The amount of cooling power possible in a realistic system can be obtained from

a simplified rate-equation model for the 3 Hg and 3 F,; manifolds:

N P,
— = 2 N — N 1-— N 2.
dt hV Wrad Wm" + ( ne)Wrad 3 ( 3)

where N is the number density of excited dopant atoms in the ?F) manifold, P7,_ is
the resonantly-absorbed power density, hv is the pump photon energy, and W44,

are the radiative and non-radiative decay rates, respectively.

The last term in Eq. 2.3 describes excitations by fluorescence absorbed in transit
through the sample. Due to total internal reflection, a fraction of the fluorescence
will be trapped within the host and will effectively decrease cooling efficiency because
of re-absorption. This fraction will depend on the relative indices of refraction of the
cooling and surrounding materials. The fluorescence that meets the condition for

escape is illustrated in Fig. 2.6 as cones originating from a small volume df). Light
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sample

f

-,

Figure 2.6: Fluorescence escape illustration. The shaded cones correspond to fluo-
rescence from volume df) that satisfies the criterion for escape from cooling material
with index of refraction ny. For clarity, only two of the six cones are illustrated.

emitted from d) outside of the cones is totally internally reflected. The extent of the
cones is determined by a given pair of cooling and surrounding material indices (n4
and ny, respectively). By integrating over these cones for ny = 1 the emitted fluores-
cence power coupled out of the glass as a fraction of the total generated fluorescence

power is

Ne = 3[1—(1— (1/n1)2)1/2] exp[—a,-(N)] (2.4)

for n; > /2, where n, is the cooling material index of refraction [52]. The expo-
nential factor accounts for fluorescence re-absorption along a characteristic sample
dimension [. Equation 2.4 assumes that all totally internally reflected fluorescence is
re-absorbed. If a(A)l < 1 the extraction efficiency is n. ~ 76% for n = 1.5. Estimat-
ing an average absorption of ~ 0.1 cm ™! for the fluorescence spectrum from Fig. 2.2,

this value is further reduced to ~74%. Cooling schemes that use dielectric mirrors
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directly deposited on the sample to increase absorbed power as discussed in Chpt. 4
will reduce this value further due to confinement of two of the six fluorescence cones
for df2 in Fig. 2.6. This effect will depend on the ratio of mirrored facet surface area
to total surface area as well as the off-normal incidence reflectivity of the dielectric

mirror.

The net laser power density transferred to the sample can be expressed as

Pnet = gbs + PSbs - neNssthWrad- (25)

Here, N, represents the steady-state number density of excited dopant atoms and

b

s 15 a nearly wavelength-independent

hvy is the mean fluorescent photon energy. P,
background laser absorption that contributes only to heating. This term corre-
sponds to the background absorption coefficient «y,. The total absorption (cegar),
which includes «y, the resonant absorption coefficient «a,.(v) and any other gen-
eralized absorption coefficient (e.g. effective absorption due to scattering losses),
attenuates the input laser power such that absorbed power is expressed P! =
P/ aworar) (1 — exp[—ayorar L]). Here Py, is the input laser power, L is the physi-
cal path length of the beam in the sample, and the index ¢ refers to the particular

absorption channel: resonant (r) or background (b).

Combining Eq. 2.3 and Eq. 2.5 we can express the net power transferred to
the sample from the laser radiation as the product of absorbed power and cooling

efficiency (Neoor):

Pnet = Pabsncool
~ ~ hvg—hv
ap + (1 = ng)an(v) — ar (V)4

Qtotal (V)

— [Pm(l _ e*atotal(V)L)} (26)
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A negative net power transferred to the sample in Eq. 2.6 corresponds to cooling.
Here 7, is the external quantum efficiency which accounts for the effect of imperfect

fluorescence out-coupling:

~ Ne Wrad

= - 2.7
e neWrad + Wnr ( )

Since W, ~ 0.6 s~ and W,.q = 83 s7!, we expect an external quantum efficiency of
~ 99%. Equation 2.6 indicates that the cooling power is the product of two factors.
The term in the first set of brackets is the total absorbed power and the second term
is cooling efficiency. Expressed such that a positive sign corresponds to cooling, the

second term of Eq. 2.6 can be written

A ) -1
Necool = ﬁ;})\—f |:1 -+ :| — 1. (28)

In the spectral region A = A the ratio a;/c,-(A) < 1, so according to Eq. 2.8 cooling
efficiency should be approximately linear with respect to pump wavelengths in this
region. Further, the slope and zero-crossing of a plot of 7c..(A) are given by 7,/A;
and its inverse, respectively. A measure of quantum efficiency can be made from the
pump wavelength at which 7c0(A) = 0 in this linear region. At this point A &= A /7.
Resonant absorption typically approaches zero for A > Af, making as/a,.(A) > 1
for finite ay. In this case Eq. 2.8 becomes large in magnitude and negative in sign,
indicating significant heating. The ideal efficiency in Eq. 2.1 is recovered in the limit

ap =0 and n, = 1.

Equation 2.8 gives a lower limit on the external quantum efficiency allowed in the
cooling process for a given pump wavelength. Assuming no background absorption,

we see that to observe cooling the material must meet the condition
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Mg >1— ];BT? (2.9)
if the pump is tuned such that hvy — hv = kgT. At room temperature Eq. 2.9
indicates that cooling is achieved for 7, > 96.3%. This also means that the material
must have a non-radiative decay rate less than 2.4 s=! given the measured value
of Wyeq = 83 s~ According to Fig. 2.4, the 3F;—3Hg cooling transition in a
fluorozirconate host such as ZBLAN or ZBLANP — indicated by the shaded region

in the figure — safely meet this criterion while hosts such as silicates, YAG, or borates

do not.

Two approximate expressions are helpful in data analysis, both based on mea-
sured temperature change. One follows from Eq. 2.6 and the other from a consid-
eration of thermodynamic factors. In the low pump-depletion limit, such as occurs
in a single pass through the sample where (c.(v) + )L =~ 0.01, we can express the

normalized change in temperature of the sample for small temperature changes as

AT _ A=A
~ ko +a (N1 —17,) — ar (M), Il
P, s

(2.10)

where k is a constant that depends on experimental factors such as radiative load
from the surrounding chamber walls and heat conduction to the sample through the
physical supports (e.g. glass fibers) and convection from residual gas in the vacuum

chamber.

In steady-state, the cooling power expressed in Eq. 2.6 is equal to the external
heat load. Assuming negligible conductive and convective loads, the environmental
coupling to the sample is radiative. The steady-state cooling power can then be

expressed as [36, 53, 54|
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Figure 2.7: Illustration of thermal factors in experimental setup.

Peoot = Pioad = ﬁ(Tf —T)es0 As, (2.11)
where T} . correspond to the temperature of the sample and the surrounding chamber,
respectively, €, is the emissivity of the sample, o is the Stefan-Boltzmann constant, A,
is sample surface area, and x = (€;4;5/e.A:)(1 — €.) is a ratio involving surface areas
and emissivities of the sample and chamber. Figure 2.7 illustrates these quantities.
Equation 2.11 indicates that well-designed experimental conditions can facilitate low
sample temperatures for a given laser cooling power. For example, the sample can
be placed in a small chamber with surface area approximately equal to its own
(As = A.), and a low-emissivity coating can be designed for the chamber walls such
that €./e; < 1. For fluorescence around Ay = 995 nm in ytterbium-based cooling
systems, such commercially available coatings have been shown to reduce radiative
load by greater than a factor of ten relative to a blackbody [55]. Because they do not
absorb at longer wavelengths (i.e. 2 um) these coatings are not adequate for thulium-
based refrigerators. Instead we are developing coatings for gold chamber walls based
on long wavelength absorbers PbS, InSh, or InAs. Without special attention to these

issues, non-ideal experimental conditions result: €5, ~ 1 and A;/A. < 1. In this
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case, for small temperature changes (i.e. T5/T. ~ 1) Eq. 2.11 can be written

Proot = Pioga = 40 AT AT, (2.12)

where AT is the temperature difference between the sample and its surrounding
chamber walls. Equations 2.10 and 2.12 characterize the single pump-pass cooling
experiments described below. The constant x in Eq. 2.10 can be evaluated under
these approximations. Considering only radiative load to the sample and the steady-

state condition P,.; = P..0, from Eqgs. 2.6 and 2.12 we have

L

T — 2.1
des Ao T3 (2.13)

K

Using Eq. 2.11 and assuming negligible heat load to the sample through convective
and conductive channels, an estimation of the time constant for reaching steady-state
temperature can be made. The derivation is included in Appendix A and the result

is stated here for cooling rate k = 1/7:

Pabsncool
AT = ———— — -1 2.14
ol (el /7]~ 1), (214)

with

. CmpVS(l + X)

2.15
de, o AST3 ( )

In these expressions p and V; are sample density and volume, respectively, and c¢,, is

specific heat.
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From Eq. 2.1 and Fig. 2.2, one can see that a proper pump source in the vicinity
of A\ &~ 2 um is necessary to efficiently cool Tm3T:ZBLANP. We now turn to a

description of the optical parametric oscillator, a high-power tunable source in this

wavelength region.
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Pump source: optical parametric

oscillator

3.1 Introduction

This chapter describes the pump system for cooling on the 3F,—3Hg transition
in Tm3":ZBLANP. The system consists of an optical parametric oscillator (OPO)
based on periodically-poled lithium niobate (PPLN) pumped by a cw-modelocked
Nd?**:YAG laser. The OPO is tunable between 1.7 pum and 2.05 gm and has demon-
strated a maximum signal output power of 8 W and a combined power (signal +
idler) of over 12 W — to our knowledge the highest power PPLN-based OPO in any
pulsewidth regime. This chapter contains experimental details and interesting re-
sults of the OPO, most of which can be found in Ref. [37]. Among these results are
the following:

e Output slope efficiency for signal and idler (Fig. 3.4)

e Pump depletion as a function of pump power (Fig. 3.4)
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e Temperature tuning (Fig. 3.3)
e Output power as a function of resonated idler loss (Fig. 3.5)

e Effect of intra-cavity frequency-narrowing optics (e.g. etalons, prism, silicon

window)

e Detailed results and descriptions of autocorrelation measurements are con-

tained in Appendix B

A comprehensive theory of the general OPO can be found in Ref. [56], while the
theory of periodically-poled OPQO’s is described in Ref. [57, 58]. General nonlinear
theory leading to an understanding of parametric frequency conversion is contained
in Ref. [59]. Theory regarding short-pulse diagnostics, especially second order auto-
correlations, is treated in Ref. [60]. In addition, Ref. [61] can be used to understand
information related to first order autocorrelations. Lastly, Ref. [62] contains a broad

overview and working description of OPO’s.

The tunability and remarkable wavelength range available from OPQO’s have made
them attractive sources for a variety of applications. Picosecond OPQ’s offer a
balance between short pulse duration and relatively narrow bandwidth. They also
have the potential for large output powers. Contributing to this are factors such as
the availability of high power pump sources, low threshold average powers, and long
nonlinear interaction lengths in non-critically phasematched schemes. Oscillators
based on lithium triborate (LBO) have generated combined output powers (signal
+ idler) of 5.5 W [63] and 2.4 W [64]. A KTP (KTiOPO,) OPO has generated a
combined 2.9 W [65] and a non-tunable critically-phasematched KTA (KTiOAsOy)
system has produced a combined 21 W [66].

In recent years, the development of periodically poled nonlinear materials has

enhanced the flexibility and performance of OPO’s [62]. In the case of much-studied
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PPLN, one can access the material’s highest effective nonlinearity as well as retain
generous flexibility in phase-matching parameters and nonlinear interaction lengths.
Both continuous-wave [67, 68] (cw) and picosecond [69] OPO systems based on PPLN
have generated multi-Watt output powers. Combined outputs as high as 4.85 W from
a PPLN OPO synchronously pumped by a 7.9 W, 70 ps cw mode-locked source have
been reported [70].

3.2 Experiment, results, and discussion

Scaling PPLN-based OPQO’s to high power levels is potentially problematic due to the
onset of thermal lensing, thermal phase-mismatching, and the increasing effects of
photorefractive damage arising from the large amounts of non-phase-matched visible
light generation in the crystal. These can lead to spatial, temporal, and output power
instabilities, limiting the practical utility of PPLN-based OPO’s at high operating
power levels. Described below is the successful operation of a picosecond PPLN
OPO at out-coupled power levels greater than 12 W with good output stability,
limited only by the stability of the pump source. The OPO is synchronously pumped
by a high-power picosecond Nd*":YAG laser (Coherent Antares) at 1.064 pum and
is continuously tunable between 1.7 and 2.84 pym. Up to 7.7 W signal radiation
at 1.85 um and 4.7 W idler radiation at 2.5 pm is simultaneously extracted from
17.7 W average pump power, corresponding to a total external efficiency of 70%.
Over a period of one hour the output power is stable to within five percent and is
correlated to the stability of the pump laser. This implies that the deleterious effects
discussed above are absent even at high powers. We also achieve spectral narrowing
of the OPO pulses, resulting in transform-limited performance at multi-Watt power
levels. Our results indicate that further power scaling of the PPLN OPO to greater

than 12 W should also be attainable, making the device a stable source of high-power,
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high-quality picosecond pulses for many applications.

M2
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Figure 3.1: Diagram of the asymmetric gamma-cavity OPO. The output coupler
(OC) is highly reflecting for the idler and highly transmitting for the signal. All
other mirrors are highly reflecting for both signal and idler and highly transmitting
for the pump. Fresnel reflections from a transparent window at a finite angle are
used to couple idler radiation from the cavity. High power, nearly transform-limited
pulses are obtained by replacing the transparent window with two dieletric-coated
glass etalons as shown in the inset.
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Figure 3.2: OPO output-coupler transmission.
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Figure 3.1 shows the asymmetric gamma-cavity configuration of the OPO. The
pump source comprises 80 ps (FWHM) cw mode-locked pulses from a Nd**:YAG
laser at a wavelength of 1.064 pum and repetition rate of 76 MHz. Figure B.5 shows
a background-free intensity autocorrelation of the pump pulse. The pump is fo-
cused into a 47 mm PPLN crystal (Crystal Technology) that contains eight quasi-
phasematching periods. The waists of the pump and resonated idler inside the crystal
are 37 pum and 66 pm, respectively, corresponding to an optimum overlap parameter
of & = 2, where £ = L¢yystar/22, and 2z, is the confocal parameter [71]. The two
curved mirrors (M1 and M2, R=20 c¢m) are highly reflecting for both the signal and
idler and mirror M1 transmits 85.5% of the pump. The planar output coupler (OC)
is highly transmitting for the signal and highly reflecting for the idler (Ta~98% and
0.1% at 1.85 pm and 2.5 um, respectively). The transmission of this mirror is criti-
cal to OPO optimization and since we are operating near degeneracy it must have a
sharp transition between high and low transmission. Figure 3.2 illustrates the trans-
mission cutoff for the OC (Rocky Mountain Instruments). The other planar mirrors
(M3 and M4) are highly reflecting for both signal and idler. The length of the cavity
is matched to the repetition rate of the pump laser pulse-train. Idler radiation is cou-
pled from the cavity through the Fresnel reflections from an intra-cavity transparent
material. This partially reflecting element is placed in the cavity arm opposite that
containing the OC so as to avoid loss of the non-resonated signal. Signal and cor-
responding idler wavelengths are tuned by changing the temperature of the crystal.
Tuning data for three of the eight available quasi-phasematching periods (31.2 pm,
31.1 pm and 30.95 pm) is shown in Fig. 3.3, along with the corresponding theoretical
curves based on the appropriate Sellmeier equations [72]. The data corresponds to

a single set of mirrors.

Since the OPO is operating at high powers near degeneracy (2.128 ym), an ex-
pected large signal bandwidth is observed [73]. With 16.9 W pump incident on the

crystal, three polished silicon substrates are placed in the cavity arm containing M4
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Figure 3.3: Tuning curves for three quasi-phasematching periods of the 47 mm PPLN
crystal for a single set of mirrors. Triangles, squares, and circles correspond to periods
of 31.2 pm, 31.1 um, and 30.95 um, respectively. Solid lines indicate corresponding
theoretical tuning curves.

with their normals at an angle of 38 degrees with respect to the propagation direction
of the resonated idler. Together these substrates serve as both an idler loss mech-
anism and frequency-stabilizing etalons. Under these conditions we extract 4.3 W
idler from reflections, 5.3 W signal from the output coupler, and the bandwidth of
the signal radiation is reduced from a maximum tens of nanometers at highest powers
to within the limitations of our current spectrometer (~1 nm). Replacing the silicon
substrates with two dielectric-coated glass etalons (0.5 mm and 0.25 mm thickness)
with their normals at small angles with respect to the cavity beam and each other
also significantly reduces the signal bandwidth. We obtain 6.5 W of signal light at
1.87 um from the OC at a pump power of 16.4 W — a loss of 9% compared to the case
of no intracavity elements. First and second order autocorrelations of this signal radi-

ation yield a time-bandwidth product of ATpw g Avpwam = 72 ps-6.6 GHz = 0.48.
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See Appendix B for a full description of autocorrelation results.

Another technique to decrease bandwidth is the insertion of an intracavity prism
at approximately Brewster’s angle into the arm containing M4. Together with a
subsequent planar mirror with reflectance characteristics identical to those of M3
and M4, the prism acts analogous to an intracavity grating [73]. In this case, au-
tocorrelation measurements reveal a full width half-maximum bandwidth of 0.1 nm.
A time-bandwidth product of 0.7 follows from a second-order autocorrelation yield-
ing ATpw =72 ps. Signal output powers of 4W were obtained with this spectral
profile. (See Fig. B.6(b) and Fig. B.3 for first- and second-order autocorrelations,
respectively.) Signal pulsewidths are approximately 77 ps (FWHM) at highest pow-
ers without any frequency-selecting elements in the cavity. In this case the spec-
trum is wide (tens of nanometers) and unstable due to the proximity to degeneracy
(2.128 pm) and the imperfect transmission cutoff of the output coupler. With high
pump powers and no intracavity elements many frequencies find high gain and may
meet the threshold condition for oscillation. However, the pulsed nature and repeti-
tion rate of the signal output is unchanged because the OPO cavity is synchronously
pumped. The bandwidth characteristics of the signal for various intracavity elements

are shown in Table 3.1.

Table 3.1: OPO temporal and frequency characteristics for signal pulses

Intracavity element  Output power [W] AN [nm] A7Av

Two etalons 6.5 0.07 0.48
Prism 1.1 0.1 0.73
None 1.6 30 -
None 7.4 55 -

Figure 3.4 shows the average output idler, signal, and total powers as a function

of pump power before the crystal for the case of optimum coupling for the idler.
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Figure 3.4: Pump depletion and output powers as a function of average input pump
power before the crystal for the case of optimum intra-cavity loss for the idler. Open
triangles indicate the idler, open circles the signal, and open squares the total ex-
tracted power. Slope efficiencies of these three are 28%, 46%, and 74%, respectively.
Solid diamonds indicate pump depletion.

Threshold is at 980 mW and output slope efficiencies for the idler, signal, and total
powers are 28%, 46%, and 74%, respectively. The slope efficiency remains linear even
at pump powers 18 times above threshold, which implies further scaling is possible.
Both threshold and slope efficiency are changed with the introduction of loss for
the idler. The optimum loss for maximum extracted total power (~60%) can be
figured from the data in Fig. 3.5, which shows total signal and idler output powers
as a function of intra-cavity loss associated with the Fresnel reflections of a thin
glass window. Pump depletion (Fig. 3.4) is approximately 80% at this optimum.
The bandwidth is decreased by approximately a factor of five when large losses are
introduced for the idler. The highest loss is obtained using only a glass wedge in
place of M4. For the case of no intra-cavity loss (i.e. window at Brewster’s angle

and low cavity losses) we extract 8.0 W average power from the output coupler at a
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signal wavelength of 1.85 ym and 17.7 W pump power.
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Figure 3.5: Output powers as a function of round-trip intra-cavity loss for the idler
due to the insertion of a glass window in the arm containing M4 (see Fig. 3.1). The
circles indicate signal power extracted from the output coupler, triangles indicate
total idler power extracted from the glass window, and filled squares indicate total
extracted power. The highest loss is obtained using only a glass wedge in place of
M4.

An acceptable bandwidth for cooling on the ® F;—3 Hg transition in Tm?":ZBLANP
corresponds to ~ kgT'. This thermal energy is approximately 75 nm at room temper-
ature and 25 nm at 100 K. Because of this, cooling should be possible even at highest
output powers (~ 8 W) where the bandwidth is on the order of tens of nanometers.
The radiative lifetime of the excited manifold (3F}) is 12 ms and the thermalization
time of the Stark levels within the manifold due to electron-phonon interaction is
of order sub-picosecond to picosecond at low temperatures (see Chpt. 1). Because

the OPO pulses are 80 ps with a repetition period of ~ 13 ns, the atoms thermalize
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quickly with respect to the pulse duration and radiatively decay slowly with respect
to pulse repetition. Therefore the pump beam is effectively continuous wave from

the perspective of the cooling process.

This chapter has outlined the setup and results from the OPO pump system.
Due to the high damage threshold, high gain and long length of the PPLN crystal,
the high pump source (~ 25 W) leads to high output powers. The stability and
tunability of the OPO can be used for both precision wavelength studies of cooling
as well as high absorbed power studies leading to low temperatures. We now turn

to a discussion of these studies.
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Cooling experiments

4.1 Introduction

This chapter reports the results of cooling various Tm3":ZBLANP samples. We
first observed anti-Stokes fluorescence cooling in this material in 2000 [27]. In this
experiment the sample rested on glass slides inside a small vacuum chamber. The
pump passed through the sample once and a maximum steady-state temperature
change of -1.2 K from room temperature (RT) was recorded by a thermal camera.
Since that time a number of improvements have been made to the system, notably
a higher pump power (see Chpt. 3), a successful configuration for multiple pump
passes, and a non-contact temperature measurement system with a large dynamic
range. As a result of these improvements, a Brewster-cut sample has been cooled
-24 K from RT. Another larger Brewster-cut sample is cooled -19 K from RT - this
corresponds to ~ 2.2 W of absorbed power and a cooling power of ~ 73 mW. This
cooling power (heat lift) is almost a factor of three greater than the highest published
optical cooling power of 25 mW [23]. The results, fitting and discussion presented

below characterize cooling behavior and include:
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e Cooling 1 and 2 wt. % samples in single-pass configurations, resulting in pre-
cision fits that yield material parameters such as quantum efficiency (Fig. 4.7

and Table 4.3)
e Experimental and calculated cooling efficiencies (Fig. 4.10 and Table 4.3)
e Comparison between Yb**- and Tm?"-based coolers (Fig. 4.11 and Table 4.4)
e Interferometric temperature measurement (Fig. 4.3)

e A simple model for multiple-pass configurations and numerical simulations il-

lustrating effects of mirrored and Brewster-cut samples (Fig. 4.18)
e Cooling two Brewster-cut samples in multiple-pass arrangements (Fig. 4.20)

e Results of heating in mirrored sample (Fig. 4.15)

4.2 Experiment

4.2.1 General description

A number of Tm3*-doped glasses and crystals (CaF,, BaFy, YAIO, LuAG, ZBLANP)
were studied and only certain Tm3:ZBLANP samples exhibit a net cooling effect.
The cause of heating in other samples is primarily due to impurities in combination
with various effective phonon energies that impact non-radiative decay rates as dis-
cussed in Chapters 1 and 2. Fluorescence quenching and parasitic absorption due
to uncontrolled transition metals (e.g. Fe*™ or Cu®") and other rare-earths can lead
to net heat generation in the sample. See Table 4.5(a) for a description of cooled
samples. In a cooling experiment the pump beam is focused into the sample, which
rests on glass supports (microscope cover slips or fibers) that contact relatively small

surface area and are transparent to the fluorescence (e.g. ZBLANP fibers). The
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sample is placed in a vacuum chamber held at ~ 107> Torr. For experiments us-
ing a thermal camera for temperature measurement, an identical reference sample is

placed in the chamber on separate supports out of the beam path.

Samples are cooled in both single- and multiple-pass configurations for the pump
beam. The former allows us to make high-resolution and precise measurements of
sample temperature change with various pump wavelengths, while the latter increases
absorbed power. (The effect of increased absorbed power can be seen in the first
bracketed factor of cooling power in Eq. 2.6.) For small temperature changes as
occurs in the single-pass scenario, we record the net temperature change of the sample
relative to the reference sample using a pyroelectric (ISI Group) or microbolometer-
based (Raytheon) thermal camera. The samples are observed through a thermally-
transparent window (e.g. CaFy or NaCl) in the chamber after the sample reaches a
steady-state with its surroundings inside the vacuum chamber. The single pass setup

is illustrated in Fig. 4.1.

reference ~105 Torr vacuum
chamber
pump
beam
beam
sample block

,,,,,

CaF, or salt//
window

computer
thermal camera P

Figure 4.1: Single pass cooling arrangement.

In the multiple-pass experimental configuration as illustrated in Fig. 4.2, the

sample is placed on glass supports between two dielectric mirrors of high reflectance
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(~ 99.9%) for the pump beam. The beam passes through a small hole of diameter
~0.4 mm in the dielectric coating of a planar mirror. After the first pass through the
sample the pump beam is reflected from a second dielectric mirror with a radius of
curvature and back into the sample. The mirrors are optimized such that the beam

slightly misses the hole in the first mirror resulting in multiple passes.

vacuum chamber

pump
beam T
! <\,/
sample

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 4.2: Cavity arrangement for multiple passes.

4.2.2 Non-contact temperature measurement

Thermal camera

The thermal cameras are calibrated by controlling the temperature of a ZBLANP
glass sample: a digitized image yields an average 8-bit value that corresponds to the
temperature of the sample as read by a reference thermocouple. The attenuation
of blackbody emission varies with window material, resulting in correspondingly
different calibrations. Specific calibrations for the Raytheon micro-bolometer camera
are found in Table 4.1. For each window material the calibration is listed in terms of
an 8-bit pixel value (0-255) difference with respect to an identical reference sample

kept at RT for a degree (Celsius or Kelvin) temperature change. Also included in
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the table is the maximum statistical error in percentage of pixel value found in the
calibration experiment, obtained by taking five identical images and recording the
standard deviation of the pixel value over identical image areas on both the sample
and reference. There is a related error associated with the slope of the line fitted to

the data in the calibration experiment, the maximum of which is also listed in the

table.
Table 4.1: Micro-bolometer camera calibrations
Window calibration statistical error [%] slope error
[pixel value/K]

None 25.3 3 0.7

Salt 21.7 3 0.7

CaFs,, 3 mm 12.6 3 0.7
Interferometer

Based on the errors listed in Table 4.1 and similar errors for the pyroelectric camera
(ISI group), the thermal cameras have a resolution of 0.2 K in the range AT ~ £10 K
from room temperature. This range changes with window material. To measure
larger temperature changes in multiple-pass schemes we instead use a calibrated
Mach-Zehnder interferometer (MZ). This technique is possible because the optical
path length of the sample changes with temperature linearly over a wide range [74,

75]. A diagram of the interferometer is shown in Fig. 4.3.

The difference in optical path length between the two arms is defined as L =nL — L
with sample length L and refractive index n. The pathlengths through the sample
and vacuum are nL and L, respectively. We can then describe the change in path

length difference with respect to sample temperature as :

d,C_L[dn

o= d—T+6(n—1)}. (4.1)
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Figure 4.3: Diagram of the calibrated Mach-Zehnder heterodyne interferometer used
for non-contact temperature measurement. The phase of the 40 MHz beat signal
at the detector changes as the sample temperature changes. The interferometer is
placed in an enclosure to reduce phase fluctuations from air movement.

Here and below the subscript for sample temperature 7§ is omitted. The quantity in
brackets describes the material’s refractive index change (dn/dT) and the coefficient

of thermal expansion # = 1/L - dL/dT, and is defined as

2 =20 1 Bn—1). (4.2)

Previously reported values for ds/dT for ZBLAN are —5.9x107% K=' [75] and
—5.8x107% K=140.4 [76, 74]. By placing the sample in an optical cryostat (Janis Re-
search) located in the interferometer, we measure ds/dT to be —6.6x107% K~ + 0.8

for Tm3T:ZBLANP. Data for this calibration is shown in Fig. 4.4.

Using Eq. 4.1, one obtains the following expression for temperature change in terms

of number of 27 radian phase changes (m fringes), interferometer laser wavelength
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Figure 4.4: Mach-Zehnder calibration data

A, sample length L and ds/dT"

mA

A= T (dsjary

(4.3)

Heterodyne phase detection schemes can make sensitive measurements of small
or rapidly fluctuating phase change [77, 78, 79]. As shown in Fig. 4.3, one arm of
the MZ is shifted by 40 MHz using an acousto-optic modulator (AOM). When the
two beams interfere on the detector, the phase of the beat signal is monitored with
respect to the stable 40 MHz AOM reference signal. Signal processing allows phase
information to be retrieved with high accuracy. For this purpose one may use a high-
frequency lock-in amplifier that directly displays relative phase. In the experiments
described below, the beat signal is analyzed with respect to the reference through
a 200 MHz lock-in amplifier (Stanford Research SR844). A computer records the

phase change as a function of time via GPIB communications with the amplifier.

Interferometers are sensitive to phase changes within a fraction of 27. This cor-
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responds to a small fraction of a wavelength in optical path length change — on the
order of a few nanometers for a helium-neon laser. Systematic and statistical er-
rors in phase information must be carefully monitored and are analyzed in detail
in Appendix C. The maximum error assigned to temperatures obtained with this

interferometric technique is £3 K.
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4.3 Single-pass cooling

Overview

The table in Fig. 4.5(a) lists some specific properties of four Tm3":ZBLANP samples
that are discussed below. The accompanying Fig. 4.5(b) shows the geometry of the
two cylindrical samples cut such that the angle of incidence of the pump beam is at
Brewster’s angle. Table 4.2 lists various properties of ZBLANP and ZBLAN and the
corresponding sources in the literature. The 1 wt. % cuboid sample (Tm A) is cooled
in both single- and multiple-pass schemes. The former results will be compared to
cooling in 1 wt. % Yb?*":ZBLANP [21] and are listed in Table 4.4 in Sect. 4.4 below.
The 2 wt. % cuboid sample (Tm B) is cooled in a single-pass geometry. A relatively
large Brewster-cut sample (Tm C) is cooled in single- and multiple-pass geometries.
The former results are used to analyze surface area scaling behavior. A smaller
Brewster-cut sample (Tm D) is cooled in a multiple-pass geometry. Multiple-pass

results are discussed in Sect. 4.4 below.

Table 4.3 lists the salient results of single-pass cooling for samples Tm A and Tm
B. Listed in the table are quantum efficiency (7,) and background absorption ()
as determined by fitting Eq. 2.10 to temperature data normalized to incident pump
power. Also included in the table are two values for k (see Eq. 2.10) determined
as follows: i) ky; is obtained directly from the data by fitting Eq. 2.10; ii) ke
is found from Eq. 2.13. The difference between the two calculations is the use of
and assumptions about specific experimental parameters. Specifically, whereas
in Eq. 2.10 is kept as a fitting parameter that involves thermodynamic quantities,
in Eq. 2.12 these quantities are fixed. Values are assigned to such parameters as
emissivity, surface area, and ambient temperature, while heat load to the sample

through convective or conductive channels is neglected.

93



Chapter 4. Cooling experiments

Also listed in Table 4.3 is cooling efficiency (7c00) determined from the data in
two ways: 1) the ratio of cooling power in Eq. 2.12 (Stefan’s Law) to absorbed power;
ii) the model of Eq. 2.6 using the values for 7, and o, found in the table. Method
i) is based on experimental parameters and small temperature changes. For small

absorption, it is written explicitly using Eq. 2.12:

Neool,exp =
7 P, abs

(4.4)

In Eq. 4.4 A, is sample surface area, AT is the change in sample temperature with
respect to the chamber temperature (7,), P, is the incident pump power, a,.(\) in
the resonant absorption at the pump wavelength A, and L is sample length. Method
ii) is based on the model of Eq. 2.6, where efficiency is given by the second bracketed

term, defined such that a positive sign corresponds to cooling:

ar(N)1g(A = Ap)/Ar —ap — (1 — 1) (N)
) F o : (4.5)

Ncool,;model =

o4
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Sample Shape Dim. [mm] Doping [wt. %]
Tm A Cuboid 4x4x8 1
Tm B Cuboid 3x3x10 2
Tm C Brewster Dia.=12, L=104 1
Tm D Brewster Dia.=6.5, L=10 1

Figure 4.5: Sample descriptions (a) and geometry of Brewster samples (b).

Table 4.2: Material properties

Property Units Value  Material Source
Refractive index n 1.49 ZBLANP  [5]1]
Density g/cm? 4414  ZBLANP  [51]
Glass transition Celsius 298 ZBLANP  [74]
temp.
Crystallization Celsius 331 ZBLANP  [5]]
temp.
Thermal expan- K™! 17.5 ZBLAN [75]
sion
Temperature co- dn/dT K~'(x107%)  -145  ZBLAN [74]
efficient

1445 ZBLAN  [75]
Specific heat Jg K 0.596  ZBLAN [42]
Thermal conduc- W K~! em™! (x1073) 7.7 ZBLAN [74]

tivity
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Results and discussion

Figure 4.6 shows the induced temperature change in sample Tm B versus the pump
wavelength for a single pass of the pump beam. Temperature change is normalized
to incident pump power. The insets are false color thermal images representing
sample cooling (bright) and heating (dark). At a pump wavelength of 1.9 pum and
incident average power of ~ 2.72 W, the sample cools to 2 K below room temperature
for a single pass of the pump beam. This corresponds to an absorbed power of
~ 120 mW. The heating at wavelengths longer than ~ 1.97 um can be attributed to
parasitic background absorption () from uncontrolled impurities in the glass such
as transition metals. Since absorption in this sample is twice that of Tm A, the
approximation leading to Eq. 2.10 must be adjusted. Instead of keeping only first
order terms we use the first terms in the expansion of the exponential for absorbed
power (i.e. first bracketed quantity) in Eq. 2.6. This form of Eq. 2.10 is indicated by
the solid line in Fig. 4.6. The sample is found to have an external quantum efficiency

M ~ 97.5% and a background absorption o ~ 4 x 107 cm ™.

The proportionality constant x in Eqs. 2.10 and 2.13 can be used to evaluate
the fidelity of our model. The fit of Eq. 2.10 to the data in Fig. 4.6 finds ks =
1002 ecmK /W and the value from Eq. 2.13 is Kege = 1224 ecmK /W, which is an 18%
difference. These values are listed in Table 4.3. The calculated and fitted values agree
to within 3% when experimental error is considered, which is satisfactory under the

given assumptions.

Figure 4.7 shows the induced temperature change of sample Tm A (solid squares)
versus the pump wavelength for a single pass of the pump beam. The single-pass
cooling data for sample Tm B from Fig. 4.6 is also shown in the figure for compar-
ison (open triangles). Temperature change is normalized to incident pump power.

For sample Tm A, at a pump wavelength of 1.9 um and incident average power
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Figure 4.6: Temperature change normalized to incident power versus pump wave-
length for a 2 wt.% Tm3":ZBLANP sample. The solid line is a theoretical fit using
Eq. (2.10) with Ay = 1.803 pum, o, = 0.0004 cm™! and 7, = 97.5% The insets are
thermal images corresponding to different pump wavelengths. Bright color indicates
cooling and dark indicates heating.

of ~ 2.5 W, the sample cools to 1.3 K below room temperature for a single pass
of the pump beam. This corresponds to an absorbed power of ~ 48 mW. The
heating at wavelengths longer than ~ 1.97 yum can be attributed to parasitic back-
ground absorption (ap). The solid line is a fit of Eq. 2.10 and finds 7, = 99% and
a background absorption of ap = 2 x 107% em™! for this sample. Also from the fit,
ki = 591 cmK/W is 28% below the calculated value kg = 825 cmK/W. The cal-
culated and fitted values agree to within 8% when experimental error is considered,

which is satisfactory under the given assumptions.

As shown in Fig. 4.7, a significant difference between the data of the two samples
is the pump wavelength at which the sample temperature change is zero (AT = 0)

in the vicinity of the mean fluorescent wavelength (Ay = 1.803 pm). As discussed
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Figure 4.7: Temperature change, normalized to incident power, versus pump wave-
length for the 1 and 2 wt.% Tm3":ZBLANP samples (Tm A and Tm B). The solid
and dotted lines are theoretical fits using Eq. (2.10) with a; = 0.0002 cm™* and
ap = 0.0004 cm™!, respectively, and 7, = 0.99 and 7, = 0.975, respectively. Mean
fluorescent wavelength is Ay = 1.803 pm.

in Chpt. 2 (c.f. Eq. 2.8), this yields information primarily about external quantum
efficiency. As quantum efficiency deviates from unity, this zero-crossing moves to
longer wavelengths with respect to Ay = 1.804 pm. Cooling magnitude and cooling
efficiency are sensitive to this deviation from unity as can be seen in Fig. 4.8. In
this figure the value for 7, is varied in the fit to sample Tm A data in Fig. 4.7,
while keeping all other parameters the same, including o, = 2 x 107 ecm~!. The
figure indicates that the zero crossing is significantly changed even with a change in

quantum efficiency from 0.99 to 0.98. Further, no cooling occurs for 7, < 0.95.

As expected, the cooling process is also sensitive to parasitic absorption. Figure
4.9 shows the fit to sample Tm A cooling data as «; is varied between its best-

fit value of 2 x 107* cm™! and 24 x 10~* cm™! while keeping quantum efficiency
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at its best-fit value (1, = 0.99). As indicated in the figure, no cooling occurs for

ap > 12x 107 em™!.

in

AT/P_[KIW]

. — .
175 180 185 1.90 195 200 205 210
Wavelength [um]

Figure 4.8: Temperature change fit for sample Tm A data varying quantum efficiency.
All other fitting parameters are fixed including o = 2 x 107* em ™.

3.0 T T T T T T T
| a,=0.0002 cm™
2.5 b . 4
| a,=0.0006 cm ~0.99 ]
20 0=00012¢cm* ]
s 1 @,=0.0024 cm™
S 151 -
2® 1ol e ]
S L e
0.5 1 -
00 S — -~ -
-0.5 -
T T T T T T

. — .
175 180 1.85 1.90 195 200 205 210
Wavelength [um]

Figure 4.9: Temperature change fit for sample Tm A data varying background ab-
sorption. All other fitting parameters are fixed including 7, = 0.99.
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Table 4.3: Data analysis

Sample  Doping [wt. %] Mg Qp [Cmfl] K it [emK /W] Feare Neool exp Neool model
Eq. Eq. 2.10 Eq. 2.10 Eq. 2.13 Eq. 4.4 Eq. 4.5
2.10

Tm A 1 0.99 0.0002 590 825 0.028 0.036

Tm B 2 0.975 0.0004 1002 1244 0.013 0.02

Tm?*":ZBLANP sample parameters for the *Hg —3 Fj cooling transition. Quantum efficiency (7,), background
absorption (), and ky;; are determined by fitting Eq. 2.10 to temperature data. keq. is determined from Eq. 2.13.
Cooling efficiency is determined experimentally by Eqs. 4.4 (Stefan’s Law) and according to the model of 4.5 for a
pump wavelength of A = 1.9 um.

sjpuouiLIodxo Suijoo,) f I1ojdey))
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Cooling efficiency

Observed cooling efficiencies can be compared to the efficiency predicted by the
model of Eq. 2.8. Figure 4.10 shows cooling efficiency (9eoi = Phroot/ Paps) versus
pump wavelength for samples Tm A and Tm B. This data is determined for a given
temperature change by Eq. 4.4 assuming unity emissivity for the sample and chamber
and neglecting heat load to the sample through conductive or convective channels.
The solid squares correspond to the single-pass cooling data of sample Tm A shown
in Fig. 4.7. The solid line is the cooling efficiency model given by Eq. 2.8 with
Ay = 1.803 pm, 1, = 99%, and o/, (A) << 1. The dashed line in Fig. 4.10 is
obtained by including the full expression in Eq. 2.8 (i.e. the addition of both 7,
and ap). The rapid drop in efficiency with increasing pump wavelength is explained
by the diminishing resonant absorption that allows background absorption (ay) to

dominate.

The open squares in Fig. 4.10 correspond to the single-pass cooling data of sam-
ple Tm B shown in Fig. 4.6. There is a shifted ordinate-intercept, zero-crossing,
and a slightly shifted slope with respect to sample Tm A (solid squares). As dis-
cussed above, these shifts offer information about the sample, primarily its external
quantum efficiency. We find 7, ~ 98% for sample Tm B by fitting Eq. 2.8 to the
data. This estimate is confirmed by the fit in Eq. 2.10 to the sample’s single-pass
normalized temperature. Using this fit 7, ~ 97.5% and o, ~ 4 x 107* cm™!. These
values indicate that even though a higher doping concentration increases absorbed
power, this may not necessarily improve cooling. It is well known that higher rare-
earth concentrations are related to energy-transfer processes that reduce lifetimes
and quantum efficiency [16, 80, 81, 82, 83, 84|, although McDougall et al. claim that
doping percentages < 2% in ZBLAN do not effect these quantities. Sample Tm
B has a ~ 10% reduction in extraction efficiency (n.) with respect to the lower-

doping sample due to increased fluorescence re-absorption. Using the same radiative
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Figure 4.10: Cooling efficiency versus pump wavelength for two Tm?*":ZBLANP sam-
ples. The solid squares correspond to single-pass data for sample Tm A and open
squares to sample Tm B. The solid lines correspond to ideal cooling efficiency ad-
justed for non-unity external quantum efficiency and the dashed line also includes
background absorption. The vertical line corresponds to the mean fluorescent wave-
length.

and non-radiative rates as above, Eq. 2.7 gives 1, ~ 98.9%, which indicates that
a decrease in extraction efficiency does not fully account for the observed value of
g ~ 97.5%. Equation 2.7 suggests that the non-radiative decay rate increases by a
factor of greater than 2, assuming the radiative decay rate (IW,.4) remains constant

at 83 s71.

Equations 4.4 and 4.5 can be used to compare cooling efficiencies in different rare
earth solid cooling systems. Figure 4.11 shows cooling efficiency as a function of
the pump frequency represented by the ratio of mean fluorescent and pump photon
energy difference (hvy — hv) to thermal energy (kg1’). We compare single-pass
cooling data for sample Tm A (filled squares) and ytterbium-doped ZBLANP (open
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triangles) [21]. The slope of thulium cooling efficiency is approximately 50% greater
than that of ytterbium. At a pump wavelength corresponding to maximum efficiency
in both samples (pump energy ~ 1.3kgT from mean fluorescent wavelength), the
figure indicates that thulium cooling is almost twice as efficient. This implies that,
under identical conditions, a thulium-doped sample should cool nearly twice as much
as a ytterbium-doped sample for a given absorbed pump power. This is expected
since cooling efficiency scales as the inverse of dopant energy gap as discussed in

Sect. 2.2.

Figure 4.11 directly shows the scale to which these cooling systems are limited
by the absorption-related heating effects discussed above. The average difference be-
tween mean fluorescent photon energy and pump photon energy is practically limited
to ~ kgT in both systems. As discussed above (c.f. Eq. 2.8), finite heat-generating
background absorption begins to overwhelm cooling as resonant absorption dimin-
ishes at pump energy differences greater than ~ kgT (i.e. long pump wavelengths).
Table 4.4 compares cooling efficiency at a pump wavelength corresponding to an en-
ergy ~ 1.3kgT from mean fluorescent wavelength for ZBLANP samples doped with
Tm3* and Yb?*" ions. Cooling efficiency is determined from Fig. 4.11, as is the slope

of the fitted line.

Table 4.4: Rare-earth comparison

Sample Doping [wt. %] Neool &t hAV ~ 1.3kgT Slope
Tm A 1 3 2.5
Yb 1 1.5 1.75

Comparison of cooling efficiency at a pump wavelength corresponding to an energy
~ 1.3kpT from mean fluorescent wavelength for ZBLANP samples doped with Tm3*
and Yb?** ions. Cooling efficiency is determined from Fig. 4.11, as is the fitted line.
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Figure 4.11: Cooling efficiency as a function of the pump frequency. The abscissa
is the difference of mean fluorescent and pump photon energies (Av = vy — v)
as a fraction of room temperature thermal energy (kgT'). Filled boxes correspond
to single-pass data for a 1 wt.% Tm?*":ZBLANP sample and the open triangles
correspond to single-pass bulk cooling data obtained by Epstein et al. in ytterbium-
doped ZBLANP [21]. Slopes are 2.5 and 1.75, respectively.
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4.4 Optical refrigerator: multiple-pass cooling

A cryogenic cooler based on anti-Stokes fluorescence requires careful attention to
certain practical considerations, including the temperature dependence of cooling
efficiency [2, 28, 46, 51]. This factor is an important natural occurrence: for a
given pump wavelength in the long-wavelength region of the absorption spectrum,
absorption decreases with decreasing temperature due to the decrease in population
of the high-lying states in the ground state manifold according to the Maxwell-
Boltzman distribution. Behavior relating to this issue will be examined in Chpt.
5. Maximizing the absorbed power seen in the first bracketed factor of Eq. 2.6 is
also an important consideration. This is readily addressed through multiple-pass
schemes. Heeg et al. have studied the possibility of cooling a sample placed inside
a laser resonator operating at the appropriate wavelength [43]. Alternatively, one
might place the sample in an external resonant cavity (Fabry-Perot) with active
stabilization to optimize internal pump power. This idea will be developed in Chpt.
6. Here we consider placing the sample in a non-resonant cavity (NRC) external to
the pump source as shown in Figs. 4.12 and 4.13. The former setup is used to cool
the cuboid sample Tm A and the latter to cool Brewster-cut samples Tm C and D.
The mirrors in Fig. 4.12 are placed close to the sample facets in order to reduce loss
by recycling facet reflections back to the sample. This is not necessary for negligible

facet reflections in Fig. 4.13, which uses typical mirror separations of 11 cm.

The first bracketed term in Eq. 2.6 increases with multiple pump passes. If P;, is
the power just to the right of the first mirror in Fig. 4.12, then the absorbed power
upon mutliple passes through the sample with total effective absorptivity (aopar(A))
and length L is
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Figure 4.12: Cuboid sample multiple-pass illustration.

vacuum chamber

Figure 4.13: Brewster sample multiple-pass illustration.
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where N is number of passes, S = Rexp|—uota L], and R is the reflectance of the
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confining mirrors at each pass. A simplification for the geometric series was used in

Eq. 4.6. The following term now multiplies Eq. 2.6:

1—SN
M = 4.7
-5 (4.7)
and we can express the net power transferred to the sample as
Pnet - Mpzn(]- - e_atotal(A)L)ncool' (48)

In Eq. 4.8, P, is negative for cooling (i.e. 7.0 as defined in Eq. 2.6 is negative). To-
tal absorption includes resonant absorption (a,(\)) and an effective absorption due
to scattering losses (ay), which accounts for the Fresnel reflections from the sample
facets, for example. Also included in total absorption is a generalized background
absorption that contributes to heating. In Eq. 2.6 and Eq. 2.8, «; is replaced with
the generalized background absorption «j, which includes both the material’s fixed
background absorption (~ 107% em™! for experiments above) and any other nearly
wavelength-independent heat-generating absorption. This absorption becomes im-
portant in samples with mirrors deposited directly on two opposite surfaces. In this
case, scattering losses are low and a large number of passes (N) can be achieved.
However, absorption in the mirrors that causes heating can be included in the gen-
eralized background absorption (a;) now present in Eq. 2.6 and Eq. 2.8. This can

weaken net cooling or even lead to heating.

The factor M in Eq. 4.7 is effectively maximized when mirrors are deposited
directly on the sample because of a potentially large number of passes (N), but the
potentially large oy in Eq. 2.8 can be detrimental. This is avoided in the case of

mirrors external to the sample. In this case the effective background absorption is

67



Chapter 4. Cooling experiments

due to the material alone. However, M is no longer optimized due to finite scattering

losses (e.g. Fresnel reflections) and the difficulty of maximizing N.

pump
beam

Figure 4.14: Mirrored sample multiple-pass diagram.

Cooling in both of the above multiple-pass schemes is attempted. Highly-reflecting
dielectric mirrors (Cascade Optical) are deposited directly on opposite sides of a
cylindrical 1 wt.% Tm3*:ZBLANP sample with radius ~ 3 mm and a small entrance
aperture for the pump beam is made in one of the mirrors. Such a sample is il-
lustrated in Fig. 4.14, where the thickness of the multi-layer dielectric coating is
exaggerated. After coupling the pump into the sample, heating was observed at all
pump wavelengths. Because heating magnitude varies with pump wavelength, the
character of the data as the pump wavelength is scanned shows evidence of water
absorption in the mirrors. Two sets of such data are shown in Fig. 4.15 (filled and
open squares). The solid line in the figure is a qualitative fit using Eq. 2.10 with
an additional absorption due to water in the mirrors. This absorption, taken from
Fig. 5.3(b) after Ref. [85], is contained in the effective total absorption (i.e. added
to ap = 0.0002 cm™!) distributed across the sample length.

Figure 4.16 displays data from a cooling experiment in which the pump beam
passes multiple times through sample Tm A in the NRC arrangement shown in Fig.
4.17. Raw data is recorded as phase change in the Mach-Zehnder interferometer

and corresponding temperature change is obtained through the calibration discussed
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Figure 4.15: Mirrored sample heating with qualitative fit using water absorption.

above. At a time ¢t ~ 10 min the pump (power ~3.5 W and wavelength 1.9 um) is
coupled into the sample. The second curved mirror has a radius of 1 m. The sample
cools 19 K below room temperature within 25 min. As discussed in Appendix C,
the particular arrangement of the interferometer shown in Fig. 4.17 has an offset in
phase change due to the slight difference in path length of the two beams through the
second, curved mirror as its temperature increases. The time scale of this offset is
small with respect to the time to reach steady-state temperature, allowing the offset
to be subtracted. The slight oscillations in the phase change data seen in Fig. 4.16
are also traced to this offset. Both the cold sample and the hot mirror mounts can
be seen in the inset of Fig. 4.16, which is a thermal image taken from directly above
the experiment. Here bright regions correspond to temperatures cooler than room

temperature and dark corresponds to hotter than room temperature.

The cooling experiment shown in Fig. 4.16 suggests the effectiveness of external
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Figure 4.16: Cooling data for multiple pump passes through the Tm3T:ZBLANP
sample Tm A. Raw data is recorded as phase change in the Mach-Zehnder interfer-
ometer. Both the cold sample and the hot mirror mounts can be seen in the inset,
which is a thermal image taken from above the experiment. Bright areas correspond
to cooling and dark to heating.

mirrors in a NRC configuration. In this case heating of the sample by direct contact
with the mirrors is eliminated but the parameters in Eq. 4.7 are not optimized
since the pump beam suffers two ~ 4% Fresnel losses at each pass. Figure 4.18
models cooling power for three different multiple-pass schemes: cuboid sample Tm
A with Fresnel losses as in Fig. 4.17, a similar hypothetical sample cut with Brewster-
angle faces as in Fig. 4.13, and a similar hypothetical sample with mirrors deposited
directly on the surfaces as in Fig. 4.14. The solid line shows cooling power from
Eq. 4.8 with the following values: «;, = 0.0002 cm™, a, = 0.025 cm™*, 7, = 0.99,
and sample length is 0.84 cm. An effective absorptivity associated with 4% loss

at two surfaces per pass is added to total absorptivity as ay as discussed above.
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Figure 4.17: Cuboid sample non-resonant cavity arrangement.

The reflectivity of the external mirrors is R = 99.9%, the incident pump power is
45 Wat A =1.9 um and Ay = 1.803 um. The dotted line represents cooling power
with the same calculation except a loss of 0.5% arbitrarily assigned to the facet
losses associated with Brewster-cut surfaces. The dashed line is the same calculation
except the mirrors are now deposited directly on the sample. In this case oy = 0 but a
background absorption in the mirrors must be arbitrarily assigned for the model and
added to ap = 0.0002 cm~!. As discussed above, background absorption becomes
o, and includes both «; and effective mirror absorption. If the deposited mirrors
have a reflectance of 99.95% and the remaining power directly heats the mirror then
each mirror has an optical density (OD) of («L)mirror = 0.0005. The dashed line
in the figure represents this OD distributed over the sample length as an effective

background absorption.

The values assigned to the case of mirrors deposited directly on the sample in Fig.

4.18 (dashed line) are arbitrary and can realistically be significantly better (i.e. less
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background absorption in the mirrors). This is illustrated Fig. 4.19, which shows the
same model model for cooling power as in Fig. 4.18 as a function of deposited mirror

optical density. The dashed and dotted lines represent 20 and 50 passes, respectively.
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Figure 4.18: Room temperature multiple-pass cooling power modelling for a sample
placed in a non-resonant cavity (NRC) and a sample with mirrors deposited directly
on its surfaces.

Figure 4.20 displays data corresponding to cooling Brewster-cut samples Tm C
and Tm D. The thick and thin lines in the figure indicate temperature changes with
respect to RT of samples Tm D and C, respectively. At a time ¢t &~ 10 min. the pump
is coupled into the sample in the arrangement shown in Fig. 4.21. Pump powers of
4.35 W and 4.5 W are incident on the first facet of the sample for Tm C and Tm
D, respectively. For both experiments the curved mirror in Fig. 4.21 has a radius of
20 cm and the cavity length is ~ 11 cm. At a time ¢ & 73 min. the pump is blocked
and the sample warms to room temperature. The data has been scaled according
to the known systematic drift in the interferometer as described in Ap. C. Using

Eq. 2.12, the cooling power corresponding to the temperature changes of sample Tm
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Figure 4.19: Room temperature mirrored sample cooling power modelling.

C and Tm D are 73 mW and 40 mW, respectively. Using Eqgs. 2.6 and 2.12, the

absorbed powers in sample Tm C and Tm D are 2.23 W and 1.22 W, respectively.

Cooling results for these samples are summarized in Table 4.5.

Table 4.5: Brewster-cut sample cooling results

Sample AT from RT [K] Pabs [W] Peoot [mW]  7pi [s] Teale
Tm C -19 2.23 73 13.8 12
Tm D -24 1.22 40 9 7.8

Also shown in Fig. 4.20 is the expected temporal behavior of temperature change

according to Eq. A.6 as derived in Ap. A. The fitted lines for the data of samples

Tm C and D use time constants of 7 = 13.8 min. and 7 = 9 min., respectively. Using

unity emissivity for the sample and chamber, Eq. A.7 of Ap. A yields theoretical

time constants for the two samples of 7 = 12 min. and 7 = 7.8 min., respectively.

Although the fitted value for 7 is 15% different in each case, if sample emissivity is

changed to 0.9 this difference is reduced to 5% in both cases.
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Figure 4.20: Multiple-pass cooling with Brewster-cut samples Tm C and Tm D. The

dashed and dotted lines fit temporal behavior of temperature change as described in
Ap. A.

Heat load to the sample scales linearly with the sample surface area according to
Eq. 2.12. Because of this, a sample with relatively small surface area should reach
relatively low temperatures for the same absorbed pump power. Assuming that
factors involved in cooling efficiency (e.g. «, and 7,) are equivalent, then cooling
two samples of surface area A; o should result in following ratio of their normalized

temperature changes:

ATyl/-Pabs 1 AQ
1 Az 4.9
ATY2/]Dabs,2 Al ( )

In Eq. 4.9, P, is the absorbed power in sample 7. An optical fiber is a geometrical

limit of this issue and is the reason Gosnell was able to cool a Yb3*-doped ZBLANP

74



Chapter 4. Cooling experiments

OPO
HeNe beam
from AOM window
/
heterodyne
~10° Torr phase
detection

—N :

yR:ZOcm

Figure 4.21: Brewster sample non-resonant cavity arrangement.
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fiber -65 K from RT [30]. To test this scaling, samples Tm A and Tm C are cooled
simultaneously in a single-pass geometry. After normalizing temperature change to
absorbed power, the left-hand side of Eq. 4.9 is found to be 2.8, while the right-hand
side is 3.7. This disagreement may be explained by the assumption of identical cool-
ing efficiency in sample Tm C for which no detailed spectroscopy has been obtained.
If background absorption is decreased by 20% and resonant absorption increased by

20%, for example, Eq. 4.9 would be exactly satisfied.

Another type of scaling is tested using sample Tm A. In the experimental ar-
rangement shown in Fig. 4.17, the sample is cooled under identical conditions while
varying the input pump power. Results are shown in Fig. 4.22. Phase change is
scaled to temperature change and normalized to incident pump power — data is
shown in Fig. 4.22(a). The systematic background drift in phase change is neglected
since it results in a reproducible DC offset that scales linearly with pump power. The

steady-state normalized temperature change as a function of input power is displayed
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in Fig. 4.22(b). The large error bars in the latter figure result from the uncertainty
in temperature change as discussed above and a slight uncertainty in DC offset for

this particular experimental arrangement.

The results in Fig. 4.22 indicate a nonlinearity in cooling efficiency as a function of
input power. There is an expected nonlinearity due to temperature-related manifold
populations, and cooling efficiency as a function of temperature is modelled in Chpt.
5. The expected slope of temperature change as a function of temperature for small
changes is obtained by fitting a line between points of calculated efficiency in Fig. 5.14
at T=250 and 300 K. This slope is used with the temperature changes corresponding
to the data in Fig. 4.22. The result is plotted as the dashed line in Fig. 4.22(b) —
this nonlinearity, more severe at lower temperatures, is not enough to explain the
nonlinearity of the data in Fig. 4.22. Other explanations could include nonlinear
diffraction caused by a higher-order index of refraction in the glass (n2). This would
lead to poor spacial confinement of the pump beam at higher pump powers. Another
possibility is nonlinearities associated with excited state absorption on the 3F; —3 Hy

transition.

The experimental apparatus is tested for systematic nonlinearities that would
explain the results shown in Fig. 4.22. Average power is measured before and after
the first mirror in the NRC shown in Fig. 4.17 while power is varied. Results are
shown in Fig. 4.23. The figure indicates that pump beam pointing is relatively stable
and the existence of clipping as the beam passes through the ~ 400 pym diameter

hole can be eliminated as a source of the nonlinearity shown in Fig. 4.22.
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Figure 4.22: (a) Pump power-normalized phase change scaled to temperature for
various pump powers, and (b) steady-state values from the data in (a). The large
error bars in (b) are primarily due to the uncertainty in MZ temperature (+ 3 K).
The dashed line in (b) is the nonlinearity in normalized temperature expected from
spectroscopic studies in Chpt. 5.
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Figure 4.23: Pump beam pointing stability test. Power is measured before and after
the NRC in-coupling mirror shown in Fig. 4.17.
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Sample chamber

As discussed above in Chpt. 2, attention to certain experimental details can aid the
achievement of low temperatures. According to Eq. 2.11, heat load to the sample is
greatly reduced if its vacuum chamber has low emissivity and a surface area com-
parable to that of the sample. For example, assume emissivities of the sample and
chamber are ¢, = 1 and €. = 0.5, respectively. If the chamber and sample surface
areas are approximately equal (A. &~ Ay), then the factor 1/(1+ x) in Eq. 2.11 is 0.5.
(Recall that x = (e;As/e.A.)(1 —€.).) All other factors being equal (e.g. absorbed
power) this corresponds to half the radiative heat load to the sample and twice the
cooling temperature change relative to scenarios with A;/A. < 1, €. ~ 1. A mount
is constructed for sample Tm D to test this scaling. As shown in Fig. 4.24, a cylindri-
cal enclosure that holds the Brewster-cut sample sits atop an ~ 1 in. cuboid copper
block. A ~ 3 um thick gold coating is deposited on the inside of the cylindrical re-
gion, which is then dipped in a solution of PbS. This coating combination is intended
to absorb fluorescence (via PbS), transfer heat to the rest of the mount, and have
a low effective emissivity (Au-PbS). Small ZBLANP fibers are inserted into holes
inside the cylinder on which the sample rests during cooling experiments. The ends
of the cylindrical mount are open since the sample/mount is placed in a NRC as in

Fig. 4.21.

Results of cooling sample Tm D in this mount are shown in Fig. 4.25. The top
trace shows temperature change relative to RT when the cover is secured over the
sample as intended. The bottom trace is an identical experiment with the cover
removed. The figure indicates that the coating combination is effectively absorbing
fluorescence. However, it appears that the mount has a significant emissivity since
cooling magnitude greatly decreases with the cover on, becoming a positive change
in temperature with respect to RT at time t ~ 55 min. A cause of this net heating

is the poor conductive contact between the mount and the large vacuum chamber
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Sample
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Mount Fiber
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¥ M
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Figure 4.24: Top (a) and end (b) views of special sample mount. The inside of
the cylindrical part of the mount is coated with gold and PbS for absorption of
fluorescence and low emissivity.

(sink). Indeed, a straightforward improvement is an effective heat sink to this mount

(e.g. RT water flowing through the mount).

Cover on _

AT from RT [K]
N
1

Cover off

0 10 20 30 40 50 60 70
Time [min]

Figure 4.25: Effect of special sample mount on cooling sample Tm D. The mount
has a thin coating of PbS on gold.
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Monolithic optical maze

Placing a Brewster-cut sample in a NRC for multiple passes is an effective method to
increase absorbed power as shown above. Another method makes use of total internal
reflection of the pump beam in the sample. As shown in Fig. 4.26, the sample is
cut into a cuboid with a small triangular facet in one corner, the normal of which
is approximately along the diagonal of the shape. The pump beam is coupled into
the sample through this facet at a finite angle with respect to the sample shape’s
diagonal. Meeting the condition of total internal reflection, the beam is reflected
from the opposite corner. The beam is aligned such that the subsequent pass of the
beam just misses the facet and is again reflected inside the sample. The dimension of
the in-coupling facet is on the order of 100 ym and is determined by the waist of the
pump beam, which is optimized such that the Rayleigh range is properly matched
to the characteristic dimension of the sample. A sample with dimensions 3.3 x 4.4 x
4.4 mm and an in-coupling facet of side ~ 400 pm is cooled to -7.5 K from RT with
an incident pump power of 2.8 W at a wavelength A = 1.88 ym. Figure 4.26 shows a
diagram of the pump beam coupled into a sample cut in such a manner. Also in the

figure is a ~ 1 um fluorescence image of the pump beam trapped in this manner.

4.5 Error analysis

Error in a quantity x = f(u,v,...) is propagated from constituent fundamental error

in u,v, ... according to

oz \? o\’
2_ 20T 2 (9T
o, =0, <8u) + o (81}) +--, (4.10)

where each quantity u, v has associated error o,,, 0,. Equation 4.10 assumes that there
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pump
beam

beam trapped

Figure 4.26: Monolithic optical maze for pump beam trapping. The right figure is a
near-infrared image of the beam coupled into the sample.

is no correlation between quantities u,v. Uncertainties in this work are calculated
according to the equation based on measures of fundamental error. Many of these
measures, along with their propagation to other quantities according to Eq. 4.10, are
listed in Table 4.6. For example, normalized temperature change for sample Tm B
(see Fig. 4.6) has two sources of error: statistical error associated with pump power
(P) and both statistical and fitting errors involved in temperature measurement
(AT) as described in Sec. 4.2.2. According to Eq. 4.10, these fundamental errors are

then propagated in normalized temperature change according to

1\ AT
OAT/P = OAT (F> +op <_E) ; (4.11)
where oar = 0.2 K and op is on the order of 20 mW for a pump power of 2 W.

Quantities in Table 4.6 such as 1, and «,, that are determined from a fit to the data
have errors associated with the fitting process. Spectroscopic quantities such as
and Ay have statistical errors associated with the experimental apparatus. However,

extensive averaging is used to minimize this error and the primary uncertainty in Ay
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is systematically due to calibration and correction uncertainties. The uncertainty in
. is determined from a comparison of results from various experiments as illustrated
in Fig. 5.5. The errors for xy; for samples Tm A and Tm B are assessed while fitting
Eq. 2.10 to normalized temperature change as described above in Sec. 4.3. The
uncertainty in ke is obtained using Eq. 4.10. If the errors in & it cq1c for sample Tm
A are considered, the fitted value remains different from the calculated by 8%. If the
eITorS in K it cqre for sample Tm B are considered, the fitted value remains different
from the calculated by 3%. Both remaining discrepancies are acceptable because of

the assumptions made regarding thermodynamic factors described above.

Methods for determining 7.,,; both directly from temperature change data using
Eq. 4.4 (Stefan’s law) and the model based on fitted parameters such as 7, (Eq.
4.5) are described above in Sec. 4.3. Uncertainties in 7., for both methods are
propagated from fundamental errors according to Eq. 4.10. There is agreement
between the two methods within uncertainties. This can be seen in Table 4.6, where
the values used in calculations for the uncertainties in 7.,, (model and experiment)
are chosen for A = 1.903 pm for samples Tm A and Tm B. This agreement is further
illustrated in Fig. 4.27. The data in the figure is the same experimental efficiency (Eq.
4.4) as in Fig. 4.10 for samples Tm A (filled squares) and Tm B (open squares). Error
bars are calculated according to Eq. 4.10. Also in Fig. 4.27 is the model efficiency
according to Eq. 4.5. This model involves quantities that have fundamental error
and this is indicated by the shaded region around the model line for samples Tm A

(black region) and Tm B (grey region).

33



Chapter 4. Cooling experiments
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Figure 4.27: Cooling efficiency error. Open squares and grey shaded region corre-
spond to experimental and model efficiencies for sample Tm B, respectively. Filled
squares and black shaded region correspond to experimental and model efficiencies
for sample Tm A, respectively.
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Table 4.6: Error analysis

Quantity Units Uncertainty Typical value  Method

AT, K 0.2 1.5 statistical, fit

Raytheon

camera

AT, ISI cam- K 0.2 1.5 statistical, fit

era

AT, interfer- K 3 20 statistical,

ometer systematic

T, K 4 293.15 systematic

Ng, Tm A - 0.0025 0.99 fit

ng, Tm B - 0.0025 0.975 fit

ap, Tm A cm™! 0.0001 0.0002 fit

ap, Tm B cm ™! 0.0001 0.0004 fit

a,, Tm A cm~! 8% 0.025 statistical

a,, Tm B cm~! 20% 0.05 statistical,
systematic

Af nm 3 1803 statistical,
systematic

Tonin K 5 150 statistical,
systematic

T ms 0.3 12 statistical

nq(T') - 0.0005 0.992 Eq. 4.10

Kpie, Tm A cm K/W 135 591 fit

Keale, Tm A cm K/W 34 825 Eq. 4.10

Kfit, Tm B cm K/W 150 1002 fit

Keale, Tm B cm K/W 51 1244 Eq. 4.10

Neools ITm A — 0.004 0.028 Eq. 4.10

experimental

Neool, 1M A — 0.0055 0.036 Eq. 4.10

model

Neool, 1m B — 0.004 0.013 Eq. 4.10

experimental

Neool, 1m B — 0.0044 0.02 Eq. 4.10

model
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Chapter 5

Prospects for cryogenic cooling:

spectroscopy

5.1 Introduction

This chapter develops predictions for cooling Tm3":ZBLANP to low temperatures.
These predictions are based on emission and absorption spectroscopy at temperatures

between 77 K and room temperature. Results and discussion include:

Temperature dependence of external quantum efficiency (Table 5.1)

Fluorescence measurements at various temperatures (Fig. 5.1)

Absorptivity measurements using Fourier transform infrared spectroscopy (Fig.

5.5)

Absorptivity measurements using the reciprocal relationship between emission

and absorption cross sections (Figs. 5.7 through 5.12)
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e Photo-luminescence excitation spectroscopy studies yielding highly-sensitive
measurements of absorptivity in the long-wavelength region (Fig. 5.8, 5.10,

and 5.12)

e Cooling efficiency calculations for temperatures between 77 K and 300 K (Fig.
5.14 and 5.15): sample Tm A can potentially cool to 150 K at a pump wave-
length of 1.866 pm

5.2 Experiment, results, and discussion

There are certain nonlinearities involved in anti-Stokes fluorescence cooling. Cool-
ing efficiency — proportional to the amount of temperature change per amount of
absorbed power — is generally a function of temperature. Therefore any model for
sample temperature change should include this nonlinearity with respect to temper-
ature. The population of the dopant ensemble within each manifold is determined
by the Boltzmann distribution N(E) = Nyexp|—E/kgT] under a local thermal equi-
librium assumption [19]. Because of this, spectroscopic quantities such as absorption
and emission will change with temperature. The cooling power possible in a given
experimental configuration is generally a function of temperature. Equation 2.6 is

rewritten here explicitly:

'1 net (T) - Pln(l — efatotal(l/,T)L»
o — IR hvy(T)—hv
o(T) + (1 = ng)a (v, T) — a (v, )Wq%

Oliotal (V> T)

(5.1)

As discussed in Chpt. 2, a,.(v,T) is the resonant absorption for the 3Hg —3 F)

transition, hvs(7T) is the mean fluorescent photon energy, and 7, is the external
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quantum efficiency given by Eq. 2.7. Total absorption is given by ayuq(v,T) =
ap + (v, T), where it is assumed that background absorption («y) has a negligible

temperature dependence.

Phonon-electron interactions are a further source of nonlinearity in Eq. 5.1. For
the transitions presently considered, these interactions in rare earth-doped glasses can
be treated in a weak-coupling regime [14]. The probability of radiationless transitions
to a lower level via the emission of phonons is expressed as a decay rate. As discussed
in Chpt. 1, in the weak-coupling limit for transitions requiring many phonons, the

rate takes the form of an exponential:

In(e)

Whr = W0€$p[_ how

AE]. (5.2)

In Eq. 5.2, € is a measure of electron-phonon coupling, hw is the phonon energy
involved in the decay transition, AF is the energy to the next lowest level of the decay
transition. The temperature dependence is contained in the prefactor Wy. Using the
Debye model for the density of phonon states in the material, Wy = C|n,, + 1]?,
where p is the number of phonons required to bridge the transition gap AFE and n,,

is the phonon occupation number given by the Bose-Einstein distribution function

1

= cholkaT _ 1 (5:3)

N
Together with room temperature data from Ref. [49], one can use the maximum
phonon energy in ZBLANP, hwq = 580 cm™! [51], to calculate how radiationless
transitions affect quantum efficiency as the sample cools. For significant temperature
changes, 7, — 1,(T) in Eq. 5.1 since W,,, — W,,,(T) in Eq. 2.7 with the temperature

dependence contained in Eq. 5.3. Using the above relations, values for quantum
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efficiency range from 0.99 at room temperature to 0.995 at 77 K — these are listed in

Table 5.1.

Figure 5.1 shows fluorescence spectra at sample temperatures ranging from 77 K
to 300 K. Fluorescence spectra were obtained using an Oriel MS257 spectrometer

in a scanning monochrometer configuration. Figure 5.2 shows the experimental ar-

rangement.

14 .
>
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c
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()
e
g 0.14 .
O i
)
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=
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0.01

' I ' I ' I ' I ' I ' I
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Figure 5.1: Sample Tm A fluorescence spectra. The solid lines correspond, from left
to right beginning on the left side of the figure, to 300K, 250K, 200K, 150K, 100K,
and 77K.

The sample is clamped in a copper mount connected to the cold finger in an optical
cryostat (Janis Research). The pump beam enters sample Tm A along its long axis

near its side to reduce fluorescence re-absorption. Fluorescence from this side passes
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Figure 5.2: Experimental configuration for fluorescence measurements.

through a CaFy; window and is collected with an off-axis parabolic mirror. The light
is then reflected from a planar mirror in a periscope orientation with respect to the
parabolic mirror in order to match the horizontal object line (fluorescence) to the
vertical slit in the monochrometer. After the image-rotating reflection from the pla-
nar mirror, fluorescence is focused onto the input slit of the monochrometer through
a CaFy lens. The PbS detector (Oriel) is AC-coupled so the radiation is chopped at
~ 800 Hz to avoid 1/f-related noise. The 600 lines/mm grating is blazed for 1.6 pm.
The detector is connected to a 102 kHz lock-in amplifier (Stanford Instruments,
SR830). Data from the amplifier is collected by a computer that synchronously con-
trols the operation of the spectrometer. Using a krypton arc lamp the spectrometer
is calibrated to an accuracy of +1 nm. All fluorescence data is corrected for the

response of the system. The data is normalized to the response of the PbS detector
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and grating diffraction efficiency. Both of these factors are shown in Fig. 5.3(a).
Since water has an absorption band near A\ = 2 pm, spectra are corrected for an

average optical density (aL) of ~0.2. Water absorption is illustrated in Fig. 5.3(b).

1.00+
0.95
0.90 1

0.854

0.80 E / 4

Normalized relative response [a.u.]

0.75 N i

T T T T T T
1500 1600 1700 1800 1900 2000 2100 2200
Wavelength [nm]

(a) PbS detector response (dotted
line) and grating diffraction effi-
ciency (dashed line). Their normal-
ized product is indicated by the solid
line.

0.95

0.90 4

Transmission

0.85+

0.80

0.75 T T T
1700 1800 1900 2000 2100

Wavelength [nm]

(b) Transmission through 20 pm

Figure 5.3: Spectrometer correction factors. In (a), the dashed line is relative grating
diffraction efficiency, the dotted line is the relative response of the PbS detector, and
the solid line is their normalized product. (b) Transmission through 20 pm of water.
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The use of Fig. 5.3(b) to correct fluorescence spectra agrees with an estimate of
effective water absorption based on humidity in the laboratory. The absorption

length of water vapor (l,s) can be expressed as

NP,

labs = AwLwLpﬁv

(5.4)
where A, is the cross-sectional area of water molecules, L,, is the diameter of the
molecule, L, is the physical length between sample and detector, N4 is Avagadro’s
number, P, is the partial pressure of water vapor, R is Rydberg’s constant, and T
is temperature. With a molecular diameter of 2.8 A [86] and a relative humidity of

25%, total absorption length is ~ 25 pm.

Fluorescence spectra for various sample temperatures is shown in Fig. 5.1. Spec-
tra have been corrected for system response and water absorption as described above.
The plots in the figure correspond, from left to right on the left side of the figure,
to 300 K, 250 K, 200 K, 150 K, 100 K, and 77 K. Mean fluorescent wavelengths are

calculated from these plots according to

~ [AS(A)dA

ARNEETY

(5.5)

where S()) is the fluorescence power per unit wavelength dA. Mean fluorescent
wavelengths are listed in Table 5.1 and shown graphically in Fig. 5.4. Also in the
latter figure is a solid line representing approximate expected behavior. Assume that
the limits of integration in Eq. 5.5 are over the manifold where the emission originates
and that S(A) has a simple temperature dependence according to the Boltzmann
distribution. For simplicity, assume that this manifold has a homogeneous linewidth

g(v). Then we can write the mean fluorescent frequency as
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fup g(w)e kBT ydy
vr= fupgo/)efhu/kBTdV '

(5.6)

As a first approximation assume that g(v) is constant over the upper manifold. Make

an algebraic substitution to obtain

B kT fup e *xdx

Vi = A f o~ . (57)
up
After carrying out the integration we obtain
kgT hvy 1 — Zexp|—AE/kgT
pp= Bl A —AE/kpT] : (5.8)
h kgT 1 — exp|—AFE/kgT]

where 15, correspond to the upper and lower limits of integration, which are the
highest and lowest intra-manifold energies in the originating manifold, respectively.
The difference between these energies is AE = h(vy —vq). Equation 5.8 is plotted as
the solid line in Fig. 5.4 for an frequency v; corresponding to an energy of 5362 cm ™!

(1.86 pm) and a manifold width of 500 cm™!.

Table 5.1: Modelling parameters

Temperature [K] Ay [nm] Mg

7 1846 0.995
100 1840 0.995
150 1827 0.995
200 1816 0.994
250 1809 0.992
300 1803 0.990
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Figure 5.4: Mean fluorescent wavelength as a function of temperature. The solid line
is an approximate fit using Eq. 5.8

Absorption spectra for sample Tm A at temperatures between 77 K and 300 K are
shown in Fig. 5.5. Absorptivity is obtained using a ThermoNicolet Fourier transform
infrared (FTIR) spectrometer with a resolution of 4 cm~'. The sample is clamped in
a copper mount inside an optical cryostat (Janis Research), which is then placed in
the FTIR spectrometer. Plots in Fig. 5.5 correspond, from right to left on the right
side of the figure, to 300 K, 250 K, 200 K, 150 K, 100 K, and 77 K. Also shown in the
figure as filled boxes are the results of absolute absorptivity measurements at room
temperature taken directly with the tunable OPO. These measurements comprised
measuring the power of the loosely-focused OPO beam before and after the sample.
The 300 K absorptivity measurement is co-incident with the absolute measurement
at high absorption, so re-normalization of the 300 K FTIR data is unnecessary. The
baselines of the FTIR data at other temperatures are slightly adjusted to match that
of 300 K absorptivity.

A local thermal equilibrium (LTE) model assumes that the populations in man-

ifolds 2 Hg and 3F) reach thermal equilibrium within their respective manifolds on a
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Figure 5.5: FTIR absorptivity for all temperatures. The solid lines correspond, from
right to left beginning on the right side of the figure, to 300 K, 250 K, 200 K, 150 K,
100 K, and 77 K. Filled boxes indicate absolute absorptivity measurements at room
temperature taken directly with the tunable OPO.

time scale short with respect to radiative decay. Rare-earth ions in glass hosts are
subject to inhomogeneous broadening and have many small energy splittings within
each manifold [14, 19]. A simple picture of quasi-continuous energies within each
manifold is therefore appropriate. Following the treatment of Verdeyen [19], one can
then express the stimulated emission and absorptive rates as integrals over the energy
distributions in each corresponding manifold. The two manifolds are shown in Fig.
5.6 with lowest intramanifold energies E; and E;o and manifold widths AE; and
AFs. These integrals contain factors that reflect the temperature-related Boltzmann

population distribution as well as the Einstein B-coefficients for this transition. Re-
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A

E,
[

Figure 5.6: Energy manifold diagram.

1,0

expressing these integrals as absorption and emission cross sections (s and ey, ),

one finds the ratio [19]

Tabs(V) hv/kT Noeq
— ¢ 5.9
O'em(l/) Nleq ( )
_ kT 92/ A, Z5(T) o~ Eo/kT | (5.10)

g1/AEy Z1(T)

In Eq. 5.9, Ny and Ny, are the total populations in manifolds one and two at
true thermal equilibrium. Photon energy is hv, kg7 is thermal energy, ¢, are
degeneracy factors, and FEj is the lowest energy level in the upper manifold as shown
in Fig. 5.6. The function Z;(T) = (1 — exp|—AEFE;/kgT]) is used to describe the
atomic populations at the lowest energy manifold edge, which are proportional to

1/Z;(T). The relationship between cross sections in Eq. 5.9 is general [87] and the
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specification made in Eq. 5.10 is particular for a LTE situation. The integrals over
energies in each manifold for absorption and emission have cancelled in the ratio of
Eq. 5.9 since the Einstein coefficients for absorption and emission are directly related.
Defining an energy e such that the bracketed quantity is exp[—e/kgT], Eq. 5.10 is

expressed

Oaps(v) = M= kET 5 (1), (5.11)

This reciprocal relationship between cross sections was first established by Mc-
Cumber [20] and later generalized by other researchers [87, 88, 89]. It is the reason
that the absorption data appear to cross at a single wavelength for all temperatures
in Fig. 5.5. If we assume that the non-exponential terms on the right-hand side of
Eq. 5.10 are independent of temperature (valid for AFE; > kgT), they can be in-
cluded in the exponential involving Fy as an adjustment to this energy. If all of the
other temperature dependence is included in the exponential (i.e. cross sections do
not depend explicitly on temperature), then there is a certain pump photon energy
in Eq. 5.10 for which absorption is approximately independent of temperature. Fur-
ther, the order of this photon energy is Ey. Figure 5.5 indicates that the wavelength
corresponding to this energy is ~ 1.74 pym, or 5700 cm ™! and the peak of absorption
is at ~ 6000 cm™?.

Stimulated emission is related to spontaneous emission by

AS

%, (5.12)

Tem (V) = Ag19(v)

where Ag; is the Einstein A-coefficient for the transition, g(v) is the lineshape, g is

the center free-space wavelength, and n is index of refraction. Absorptivity (a(v))
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is described by the Beer-Lambert Law [14] for irradiance attenuation I(z)/I, =

exp|—a(v)z] and is related to absorption cross section by

Tabs(V) = ; (5.13)

where N; is the population density. Multiplying Eq. 5.12 by the population density
of manifold two (/V3) we find

02

Nyoep, = F,(v) (5.14)

v2n?
In Eq. 5.14, F,(v) is the number of fluorescent photons emitted from a unit volume
per element frequency per element solid angle. Absorptivity can then be expressed

in terms of fluorescence power per unit wavelength (S(\)) [51]:

a(X) oc N*S(N)exp [ /\IZL;T] . (5.15)

Figures 5.7 through 5.12 display fluorescence and FTIR absorptivity data as de-
scribed above, in addition to absorptivity derived from fluorescence data as described
by Eq. 5.15 for 77 K, 100 K, 150 K, 200 K, 250 K, and 300 K. Absorptivity obtained
from reciprocity has been normalized to FTIR absorptivity at large absorptions in
each case. As can be seen from the figures, this method yields values for absorptivity
at relevant wavelengths over an order of magnitude below the noise floor for the
FTIR spectrometer. For this reason, values obtained in this manner are used for all

modelling below.

In addition to the reciprocity method described above, photo-luminescence exci-

tation (PLE) spectroscopy offers a sensitive absorption measurement technique [90].
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The number of absorbed photons per second in a given sample is proportional to the
abosorption cross section of the relevant transition, the atom number density, the
number of laser photons, and the sample length. Assuming unity quantum efficiency,
in steady-state the number of fluorescence photons emitted per second is equal to
absorbed photons. Given an excitation laser at w the number of fluorescence photons
collected per second is proportional to the number of absorbed laser photons, with
the proportionality constant depending on factors such as the size of collection optics,
efficiency of the detector, etc. The absorption information is therefore contained in
an integrated fluorescence signal. Normalizing each collected PLE signal to the input
laser power at w, one obtains a relative map of absorptivity. This highly sensitive
map is limited by the noise of the laser and sensitivity of the detection system. The

latter can be quite high.

Figures 5.8, 5.10, and 5.12 show the results of PLE spectroscopy for sample Tm
A at 100 K, 200 K and 300 K, respectively. In an experimental setup similar to
that of fluorescence measurements described above, the OPO is tuned to a certain
wavelength and passes through the sample. Instead of scanning the grating in the
spectrometer as in the monochrometer configuration described above, the grating is
fixed and a large exit slit is used (~ 1 mm) to select a portion of the spectrum that
does not include the pump wavelength. In this way the detector signal integrates
over a portion of the fluorescence at each pump wavelength. As seen in the figures,
after normalizing to the FTIR spectra at large absorptions, the PLE spectra agrees

remarkably well with reciprocity spectra.
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Figure 5.7: Fluorescence (grey solid line), FTIR (black solid line) and reciprocity
spectra (dashed line) for 77 K. Fluorescence is given in arbitrary units.
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Figure 5.8: Fluorescence (grey solid line), FTIR (black solid line), PLE (data points)
and reciprocity spectra (dashed line) for 100 K. Fluorescence is given in arbitrary
units.
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Figure 5.9: Fluorescence (grey solid line), FTIR (black solid line) and reciprocity
spectra (dashed line) for 150 K. Fluorescence is given in arbitrary units.
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Figure 5.10: Fluorescence (grey solid line), FTIR (black solid line), PLE (data points)
and reciprocity spectra (dashed line) for 200 K. Fluorescence is given in arbitrary

units.
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Figure 5.11: Fluorescence (grey solid line), FTIR (black solid line) and reciprocity
spectra (dashed line) for 250 K. Fluorescence is given in arbitrary units.
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Figure 5.12: Fluorescence (grey solid line), FTIR (black solid line), PLE (data points)
and reciprocity spectra (dashed line) for 300 K. Fluorescence is given in arbitrary

units.
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Chapter 5. Prospects for cryogenic cooling: spectroscopy

Using the values determined by the above spectra, cooling (or heating) behavior
at low temperatures can be predicted. Cooling efficiency is the second bracketed

term in Eq. 5.1:

oy(T) + [1 = (D))o (A, T) = 0, (A, Ty (T) 2245
atotal()\a T)

Neool (T, A) = (5.16)

For the modelling below, background absorption is assumed to be independent of
temperature (i.e. ap(7) — «). Each quantity in Eq. 5.16 has been defined above.
To find the lowest attainable temperature, the roots of 1. (., T) = 0 from the Eq.
5.16 are found at a given temperature for each pump wavelength () in the cooling
region. This yields absorptivity as a function of pump wavelength. These roots
are plotted for a given temperature as a function of A and any intersection with
the known aborptivity indicates a solution. A single intersection will correspond
to the minimum attainable temperature. Two intersections indicate the wavelength
region over which cooling is possible (c.f. Fig. 4.6). Keeping background absorption
fixed at ap, = 2 x 107* em™! and including the temperature dependence of quantum
efficiency discussed above, one finds that sample Tm A can reach a temperature of
150 K at a pump wavelength of 1.866 pm. Numerical results using these assumptions
are shown for 100 K, 150 K and 200 K in Fig. 5.13. Absorptivity obtained by the
reciprocity method are the lines beginning at top-left (labelled by temperature), while
the root-solutions are the corresponding curved lines. The absence of an intersection
of the reciprocity absorptivity at 100 K and the numerical solution for the same
temperature indicates that cooling is not possible at any pump wavelength for this
temperature under the above assumptions. Two intersections of the two plots for
200 K suggests that cooling is possible at this temperature for pump wavelengths
between ~ 1834 nm and ~ 1934 nm. A single intersection of the two plots for 150 K
indicates that cooling is possible to this minimum temperature in the vicinity of

A = 1866 nm (i.e. £9 nm).
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Figure 5.13: Graphical solution for nonlinear cooling efficiency. Absorptivity ob-
tained by reciprocity is indicated by the lines beginning at top left and are labelled
by temperature. Root-solutions as described in the text are the corresponding curves.

Figure 5.14 shows the values of cooling efficiency calculated from Eq. 5.16 for
various pump wavelengths. Fixing background absorption at a, = 2 x 107* cm™!
and including the temperature dependance of quantum efficiency discussed above
(see Table 5.1), results are plotted for two fixed pump wavelengths. Open circles
correspond to A = 1.9 um and filled triangles to A = 1.866 pum. Also shown in the

figure is the case of ideal efficiency (filled boxes), where background absorption is

fixed at zero and quantum efficiency at unity. Here the limit is obtained:

_ A= M(T)

77cool(jj) - /\f (T) (517)
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For this ideal case in the figure, the pump wavelength is chosen at each temperature

such that absorptivity is 1072 em™!. Figure 5.15 shows the values of cooling efficiency
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{ —O—A=1.9um .
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to a =10°cm™
. 0.08- r - -
(6]
‘s 0.06 - m .
© e
2 0.04- .
3 - o— " 1
O /
O 0.02- s O/A A
4 /// A S
0.00 -
-4 ",""’O -
-0.02 1 / |
T T T T T T T T T
50 100 150 200 250 300

Temperature [K]

Figure 5.14: Cooling efficiency as a function of temperature for three pump wave-
lengths. Also included is the ideal efficiency corresponding to zero background ab-
sorption and unity quantum efficiency. For this ideal case, the pump wavelength is
chosen at each temperature such that absorptivity is 1073 cm™!.

calculated from Eq. 5.16 for a pump wavelength of A = 1.866 ym and four different
values of background absorption, varying from a, = 4 x 107* cm™ to ap = 5 x
107° em™!. As indicated by the figure, for the latter absorption sample Tm A could,

in principle, cool to less than ~ 125 K.

Practical considerations for reaching low temperatures are determined by the

radiative, conductive and convective heat load to the sample from its environment.
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Chapter 5. Prospects for cryogenic cooling: spectroscopy

Conductive loads are reduced by careful attention to sample mounts as discussed in
Chpt. 4. By considering energy carried to the sample by air molecules we calculate
that convective loads are negligible for vacuum pressures below 10~* Torr. This
pressure is easily achieved in practice. As described above in Chpt. 2 (c.f. Eq. 2.11),
radiative load is determined by factors such as sample and chamber surface areas, as
well as their respective emissivities. As discussed in Section 4.4, sample mounts can
be constructed as miniature chambers with low-emissivity coatings (see Fig. 4.24).
Along with relatively low sample surface area and high absorbed power, practical
efforts such as these could feasibly lead to the low temperatures predicted in Fig.

5.15.
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Figure 5.15: Cooling efficiency as a function of temperature for A = 1.866 pm and
four values of background absorption. The value from experimental fits is a;, =
2x107* ecm™t.
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Chapter 6

Future work

6.1 Introduction

The work presented in this manuscript can be extended and its methods improved.
Relatively straightforward ideas could lead to lower temperatures and a better un-
derstanding of the physical processes involved in cooling. These may include the

following;:

e The special sample chamber discussed in Chpt. 4 can be actively cooled to
ambient temperature. The effect of reduced chamber surface area and emis-
sivity might then be separated from the effects of a poor heat sink as shown
in Fig. 4.26. A reduced heat load (discussed in text) might then be recovered.
Research into other materials that absorb in the ~ 2 um wavelength range
and have relatively low emissivity such as PbTe, InAs, InSb and Ge should be

pursued.

e The predictions of Chpt. 5 can be tested by cooling the sample at low temper-

atures. Together with a relatively long sample to increase the signal-to-noise
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ratio, the large dynamic range of the interferometer should enable successful

testing.

e Mirror deposition should be pursued further with particular attention to the

benefits of ion beam sputtering techniques.

e Monolithic optical maze processing technology should be refined to assure tight
tolerances on its right angles. Even small deviations from 90 degrees will cause
the beam to deviate after a number of passes such that it no longer meets the

condition of total internal reflection.

e Radiative heat load to the sample could be dramatically decreased by using a

host material such as BaYF that has low emissivity.

6.2 External resonant cavity

Chapter 4 proved the success of using a non-resonant cavity (NRC) arrangement to
increase absorbed power. Relative to single-pass cooling in sample Tm A, an increase
in absorbed power of 480% is obtained when Brewster-cut sample Tm C with similar
length is cooled in a NRC. Only 51% of the incident power is absorbed in this case,
however. It may be possible to improve this fraction, even to the point of nearing
100%. This may be achieved by placing the sample in a resonant cavity external to
the pump source as shown in Fig. 6.1 [91]. Since high intracavity power relies on
interference effects the OPO must be operated in a continuous-wave configuration,
which is accomplished by disengaging the active-modelocking system in the OPO

pump source. OPO threshold increases according to a decrease in peak irradiance.

Consider the external resonant cavity (ERC) as shown in the figure with mirror
reflectances R; 2 and transmittances 7} 5. The single-pass phase in a cavity of length

L and sample with length /, index n, and facet transmittance T is 0 = ko L+ Ankol —
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i, (A)l/2 for a laser wavenumber kg, An = n — 1, and absorptivity «,(\). The
absorptivity in this phase relation corresponds to that defined through the Beer-
Lambert irradiance attenuation law. After coherently adding fields on sequential
passes and using a geometric series simplification, the total irradiance transmitted

through the ERC (i.e. travelling to the right of mirror 2) in Fig. 6.1 is

T?(1— R)(1 — Ry)

[rans 0) = Iinc . ;
trans (0) (1 — T?VRiR2)? + AT?/Ri Rysin20

(6.1)

where Ty = 1 — Ry is the transmittance of the sample facet. Similarly, the reflected

irradiance I,.¢(#) is

(1 — R1)2}%2T1}’L — 2(1 — Rl)\/ RlRQT)%(l — 28in20 — 1\ RlRQTJ%)

Le(0) = Line -
s®) (1~ T?VRRy)? + 4T?/Ri Rysin®d

+Ry.

(6.2)

Equations 6.2 and 6.1 are combined to yield a measure of fractional intracavity

irradiance (/;.):

Ii (0) =1- [Iref(e) + Itrans(e)]’ (63)

where incident irradiance is normalized to unity. Intracavity power at resonance con-
dition (i.e. Re[f] = mm for m =0,1...) is shown in Fig. 6.2 (solid line) for a typical
absorptivity o, = 0.02 cm™!, a facet transmittance Ty = 0.96 and a reflectance R = 1
for the second mirror. Multiple-cavity coherent effects due to the internal surfaces
are neglected. The dashed line represents fractional intracavity resonant irradiance

according to
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Iz/c(e) =1- [Iref(e) + [trans(0> + Irefl (9) + [ref2(9)]7 (64)

where I,.f1 2 are the irradiances corresponding to field losses from reflection at either

side of the sample as shown in Fig. 6.1.

The intracavity irradiance described by Eq. 6.4 represents absorbed power relative to
incident power, assuming that all losses at the sample facets are not absorbed. The
dotted line in Fig. 6.2 indicates the reflected relative irradiance described by Eq. 6.2
for a second mirror with 100% reflectance. By setting the derivative of Eq. 6.4 equal
to zero and solving for R;, we find that the reflectance of mirror 1 for maximum

absorbed power for a given absorptivity «a, () is Ry = exp(—2a,.(N\)I).

This represents a nonlinear system since index change (An) will vary with tem-
perature and the resonance condition will correspondingly change. As indicated in
Fig. 6.1, active stabilization of the cavity is necessary. Further, since ZBLANP has
been calibrated for net phase shift as a function of temperature (c.f. Eq. 4.1), this

feedback mechanism will allow temperature to be determined.
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Figure 6.1: External resonant cavity arrangement. The OPO pump beam is mode-
matched to the cavity with high-reflectance mirrors. As the sample cools the condi-
tion for resonance changes and cavity length must be actively stabilized.
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Figure 6.2: Intracavity pump power in the external resonant cavity arrangement as a
function first mirror reflectance for the case of unity reflectance for the second mirror.
The solid line represents a fractional irradiance inside the cavity but disregards losses
due to sample facets. The dashed line signifies intracavity irradiance including facet
losses. The dotted line is irradiance reflected from the cavity if facet losses are
disregarded.
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Appendix A

Cooling time constant

The rate of heat flow in the system consisting of the sample and surrounding chamber

is given by [36]

dT
C— = Piotal- Al
ar ot (A1)
In Eq. A.1, C is the sample’s heat capacity, dT'/dt is its change in temperature
in a differential time, and P, is the total power. The latter quantity includes the
net power deposited by the laser to the sample as in Eq. 2.6 (P.ooy = Papseoor fOr

negative temperature changes), and, assuming negligible convective and conductive

loads, the radiative load to the sample given by Eq. 2.11.

Inserting the sum of P.,, and the expression for radiative load in Eq. 2.11 as

Pioiar in Eq. A.1, for small temperature changes we obtain

dTy

Cdt

1
= Popsleoor + d€s0 Ag——T3AT. A2
bsNcool T 4€50 T+ c ( )
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Appendix A. Cooling time constant

In Eq. A.2, P, is absorbed power, 7., is cooling efficiency, o is the Stefan-
Boltzmann constant, A, is sample surface area, T . is the sample and chamber tem-
perature, AT =T, — Ty is the difference between chamber and sample temperature,
and x = (e;A4s/e.Ac)(1 — €.) where €, are the sample and chamber emissivities,

respectively.

Now define a characteristic constant with units of a rate:

4e,o AT

k= ———<. A.3
C(1+x) (A.3)
Now Eq. A.2 can be expressed
Pll S [COOI
dT, = [% + kAT] dt. (A.4)
With the initial condition 75 = T at ¢t = 0, the solution to Eq. A.4 is
- Pabsncool
where ATy =T, — T} . Given the initial condition 7§ = T this reduces to
Pa S ' [COO
AT = = (eopl—t/7] - 1), (A.6)

where 7 = 1/k. Heat capacity is related to specific heat (¢,,,) as C = ¢, pVs, where

p and V; are sample density and volume, respectively. So from Eq. A.3,

_ CmpVs(1+ x)
 4e,0AT3

115



Appendix A. Cooling time constant

See Table 4.5 and Fig. 4.20 for numerical examples.
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Appendix B

OPO autocorrelation

measurements

The experimental arrangement to obtain second order autocorrelations (pulsewidths)
of the OPO beam is shown in Fig. B.1. The second harmonic of the OPO (~ 1.87 pum)
is generated from a KTP crystal (KTiOPOy, potassium titanyl phosphate) cut for
type II phasematching (o + e — o for positive uniaxial crystal (n. > n,) [59]). Since
the OPO beam is P-polarized with respect to the autocorrelator mirrors and no po-
larizing optics are used, the crystal must be oriented such that the beam is at an
angle m/2 with respect to the crystal phasematching angles. As shown in the figure
two corner cubes are used in a Michelson interferometer arrangement, one mounted
on a long translation stage (Newport). The stage is controlled via serial communi-
cations by a computer, which synchronously records both the reference (extended
indium-gallium-arsenide) and signal (silicon) detectors. The collinear arms result in
an interferometric signal, which can be interpreted as an intensity autocorrelation by
averaging over the phase-dependent terms. In the absence of a rapidly moving corner
cube in the translated arm, this can be done by averaging through many passes or

simply averaging the interferometric data in software. The latter technique yields
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Appendix B. OPO autocorrelation measurements

the autocorrelation traces for the case of intra-cavity prism in Fig. B.3 and Fig. B.2.
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cube

corner
cube \/

Figure B.1: Interferometric autocorrelation experimental setup. The KTP crystal is
cut for type II phasematching.
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Figure B.2: Second-order autocorrelation trace of the OPO pulse when a frequency-
stabilizing prism is introduced into the cavity. Assuming a Gaussian pulse-shape,
the full width, half maximum of the pulse is 77 ps.
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Figure B.3: Interferometric autocorrelation trace of the OPO pulse when a frequency-
stabilizing prism is introduced into the cavity. Assuming a Gaussian pulse shape,
the full width, half maximum of the pulse is 77 ps. The solid line is an intensity
autocorrelation resulting from averaging over the interferometric data in software.
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Appendix B. OPQO autocorrelation measurements

The characteristic temporal width of the pump pulses from the Nd3*:YAG laser
(Coherent Antares) were obtained in a similar arrangement shown in Fig. B.4. The
KTP type II crystal is replaced by a KTP crystal cut for type I phasematching. The
non-collinear arms are focused into the crystal leading to a true background-free
second harmonic signal. The vector phasematching scheme is illustrated in the inset.

Data showing the autocorrelation signal is shown in Fig. B.5.
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Figure B.4: Intensity autocorrelation experimental setup. The KTP crystal is cut
for type I phasematching.

The Fourier transform of the envelope of a first order autocorrelation is directly re-
lated to the beam’s power spectrum [61]. The bandwidth characteristics of the OPO
beam are established in this manner for various intracavity frequency-narrowing ele-

ments (see Ch. 3 for a discussion). The experimental arrangement for this technique
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Figure B.5: autocorrelation trace of the OPO pump pulse. Assuming a Gaussian
pulse-shape, the Coherent Antares Nd®*:YAG laser has a full width, half maximum
pulsewidth of 79.6 ps.

is similar to that shown in Fig. B.1, except no second harmonic crystal is used. Re-
sults of measurements with various intracavity elements are shown in Fig. B.6. The
dashed line in each plot indicates the Fourier-transform limit corresponding to the
measured pulsewidths of two intracavity etalons in Fig. B.6(a) (72 ps), intracavity

prism in Fig. B.6(b) (72 ps), and no intracavity element in Fig. B.6(c) (78 ps).
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Figure B.6: First-order OPO autocorrelation with intracavity etalons (a), prism (b),
and no intracavity element (c). The dashed line in each plot corresponds to the
Fourier-transform limit of measured pulsewidths: 72 ps (a), 72 ps (b) and 78 ps (c).
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Mach-Zehnder interferometer

error analysis

As shown in Fig. C.1, the Mach-Zehnder interferometer (MZ) calibration is tested
against that of the thermal camera, which is calibrated against a thermocouple as
described above, and found to agree to better than 1 K in the region that the cam-
era is not saturated. The solid curve is the phase change due to sample temperature
change recorded by the interferometer calibrated to temperature as discussed above.
The experimental setup is similar to that pictured in Fig. C.2. Only the last few tens
of minutes are shown in the figure as the sample is warming up to room temperature
after the pump beam is blocked. The data points correspond to temperature mea-
sured by the thermal camera as discussed above with the proper calibration (21.7
pixel values/K) as well as two other incorrect calibrations for comparison. The flat
regions of the camera data indicate saturation, expected since blackbody radiation
energy flux scales as T* and so drops off rapidly from an equilibrium temperature
(RT). The agreement between the MZ and camera calibration is well within the res-
olution of the MZ (£3 K), which is determined primarily by the possibility of small

background phase shifts over time scales of ~1 hr.
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Figure C.1: Mach-Zehnder calibration to thermal camera. The solid line is MZ
temperature change data as the sample warms to room temperature. Data points
correspond to temperature obtained with the micro-bolometer thermal camera with
the proper calibration (21.7 pixel values/K) and two others for comparison.

The MZ calibration discussed above is tested in-situ against a thermocouple
(TC). In an arrangement similar to the setup shown in Fig. C.2, a TC is attached
to the sample with epoxy (Duco cement). The pump is coupled into the sample
and temperature is recorded with the MZ and TC simultaneously. Resulting data
is shown in Fig. C.3. No direct confirmation of calibrations can be made from the
figure. The TC indicates an immediate increase in temperature due to absorption
of fluorescence in the surrounding epoxy. The MZ beam spans most of the sample,
so there is temperature gradient between the edge of the sample the the location
of the TC in the epoxy. As seen in the figure, the sample nevertheless cools and
lifts heat from the hot epoxy. When the pump beam is blocked at around 85 min.
the temperature gradient is lifted and the TC quickly drops to negative temperature
change with respect to RT.
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Figure C.2: Brewster sample non-resonant cavity arrangement.
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Figure C.3: Mach-Zehnder calibration to thermocouple.
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Appendix C. Mach-Zehnder interferometer error analysis

There is an offset of the MZ temperature as the sample approaches equilibrium
in Fig. C.3. This offset and others like it are explained by statistical and systematic
drifts in the MZ. Statistical drifts are caused primarily by air currents and thermal
changes in the optical table on a time scale of tens of minutes. Five experiments
measuring these drifts are shown in Fig. C.4. These experiments are identical to those
that involve sample cooling except for the absence of the pump and sample. To show
the effect of the drift on cooling data, the phase change is scaled to temperature.

The longest drift in the figure was taken early in the morning.
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Figure C.4: Mach-Zehnder background drift.

Systematic drifts in the MZ are caused by non-uniform mechanical heating and
vary with the particular experimental arrangement. For the multiple-pass config-
uration shown in Fig. C.5, a DC offset in phase change results from non-uniform
heating in the curved mirror. Since the arms of the interferometer pass through dif-
ferent parts of this mirror they encounter different physical lengths. Even assuming

uniform temperature across the mirror, Eq. 4.1 indicates that this will lead to a net
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change in phase which manifests as a change in sample temperature. To quantify
this, numerous experiments are done identical to those involving sample cooling ex-
cept for the absence of the sample. Figure C.6 shows the results of one of these
experiments. The bottom data shows the raw phase change data resulting from
a multiple-pass cooling experiment, calibrated to temperature change. The upper
trace corresponds to the identical experiment in the absence of the sample. The
figure indicates that the background phase shift due to the curved mirror occurs on
a fast time scale relative to the time to steady-state sample temperature. Because of
this it is straightforward to subtract this DC offset to obtain temperature to within
three degrees. The offset is reproducible for a given mirror alignment and linear with
respect to pump power. Any change in cavity configuration for experiments using

the setup in Fig. C.5 requires a new offset measurement.

from OPO
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AOM beam 2

%
Q
=
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Figure C.5: Cuboid multiple-pass arrangement with interferometer.

A different systematic drift is associated with the experimental arrangement

shown in Fig. C.2. Here the MZ beams do not pass through the mirrors forming
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Figure C.6: Mach-Zehnder phase offset for the experimental arrangement in Fig.
C.5. Raw phase data is normalized to temperature. The bottom trace indicates
phase change when the pump is coupled into the sample. The top trace corresponds
to the identical experiment with no sample.

the cavity for multiple pump passes and so avoid the systematic drift just described.
However, tests similar to those described above reveal a less extreme but qualitatively

reproducible phase change not associated with sample temperature change.

Figure C.7 shows these results. With the sample removed the experiment is per-
formed in a manner identical to cooling experiments with the pump beam blocked in
various places. The top three dark traces correspond to the following case: the pump
beam passes through the first cavity mirror and is reflected for multiple passes. At a
time of ~ 54 min. the pump beam is turned off a distance away from the chamber.
The bottom two dark traces correspond to the following case: the pump beam passes
through the first mirror and is reflected directly out of the chamber through a cham-
ber window other than that through which the MZ beams pass. Again, at a time
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Figure C.7: Mach-Zehnder systematic phase drift for the experimental setup in Fig.
C.2.

of ~ 54 min. the pump beam is turned off a distance away from the chamber. The
two grey traces correspond to the following case: the pump beam is blocked before
it enters the vacuum chamber — the pump is again blocked in the same place as the
previous tests at a time of ~ 54 min. These results suggest that the presence of the
pump non-uniformly heats the chamber window through which the MZ beams enter.
They also indicate that any cooling experiment using this multiple-pass arrangement
will suffer a phase change (linear in time) acting opposite to that of actual temper-
ature change. This results in a cold steady-state temperature (pump on) slightly
warmer than actuality. Further, the subsequent phase change when the pump is
blocked will lead to the indication of an equilibrium temperature warmer than RT.
This can be seen in the MZ data in Fig. C.3. Accordingly, phase shifts that are linear
in time are subtracted from MZ data in experiments described below that are based

on the setup in Fig. C.2. The final RT offset at equilibrium is kept as a measure of
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uncertainty.
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