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Abstract

This thesisfocuseson an experimental investigation of refrigeration of solidsinduced

by incident laser radiation. The focus is primarily on achieving and understanding

this processin ytterbium-doped ZBLAN, but an attempt made to cool crystals of

ytterbium doped lithium niobate is alsobrie°y discussed.

Cooling is achieved experimentally in commerciallymanufactured ¯bres of ytter-

bium doped ZBLAN using two lasersources,a tunable titanium:sapphire laser,and a

2W diode laserat the appropriate wavelength. Although poorer beamquality makes

coupling of the diode laser radiation into the ¯bre more di±cult, theseresults show

that a compactall-solid-state laser refrigerator may be a possibility.

Two techniquesareusedto measurethe temperaturedrop of the cooled¯bre. The

¯rst of theseis basedon the temperature dependenceof the °uorescencespectrum,

while the secondinvolves a contact measurement of the ¯bre temperature using a

micro-thermocouple. Both techniques produce similar results when the heat °ow

through the ¯bre and thermocoupleis accounted for using a simple model.

Comparisonof results obtained with old ¯bre with those experiments performed

on new ¯bre show a decreasein the refrigeration e®ect. This is attributed to an

increasein impurities within the ¯bre, possiblydue to adsorption of water.
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Chapter 1

In tro duction

1.1 In tro duction to Laser Refrigeration

Throughout history human beingshave beenaware of the heating e®ectsof radiation

from the sun,sothat it hascometo havesymbolic meaningfor many cultures. Indeed,

so ingrained in everyday experienceis the role of radiation in providing warmth that

one's intuition is to expect any object exposedto radiation to be heated. This is

perhapswhy most peoplethink of lasersas being "hot", since they can be used to

cut through steelor vaporisebiological tissueand other absorbingmaterials.

Intuitiv ely, the concept of optical refrigeration is paradoxical, and most people

¯nd it di±cult to believe. However, laserradiation travels in a well de¯ned direction,

and haswell de¯ned frequency, so it carriesvery little entropy. Thus, the laserbeam

itself can be thought of as having a very low temperature, even though laser light

which is absorbedby a material may generateheat. Therefore,usinga laserto induce

refrigeration is at least plausible.

Whilst lasercooling, especially of atomic gases,hasonly becomea well developed

¯eld of research over the last decade,the idea was suggestedbefore1930by Pring-

sheim[1]. It had beenshown that somematerialsemitted light at shorterwavelengths

1



2 CHAPTER 1. INTR ODUCTION

than that with which the material was illuminated due to thermal (phonon) interac-

tions with the excited atoms [2]. This processis termed anti-Stokes°uorescence,as

opposedto the more common Stokes °uorescencein which the wavelength emitted

is greater than that absorbed. Sinceanti-Stokes°uorescenceinvolvesthe emissionof

higher energyphotons than those which are absorbed, the result of net anti-Stokes

°uorescencewould be to remove energy from the material illuminated, possibly re-

sulting in refrigeration thereof. However, many believed that optically cooling matter

by anti-Stokes°uorescencecontradicted the secondlaw of thermodynamics. In par-

ticular, Vavilov [3, 4] arguedthat the cycleof excitation and °uorescenceis reversible,

and hencethat an energyyield of greater than one would be equivalent to the com-

plete transformation of heat into work. Pringsheim[5] respondedby suggestingthat

the processtransformsa monochromatic and unidirectional input beaminto isotropic

broadband °uorescence,and therefore this processmust be irreversible. Finally, in

1946,Landau [6] conclusively demonstratedthe thermodynamic viabilit y of the anti-

Stokesprocessby consideringthe entropy of the incident and scatteredlight. Using

Bosestatistics on the photon gasand integrating over solid angleand bandwidth of

the radiation, he de¯ned an e®ective temperature for the radiation, with the ¯nal

result that the energyyield could be greater than one.

Many attempts to realiseradiative refrigeration experimentally have beenmade.

The earliest was performed by Kushida and Geusic at Bell Laboratories in 1968

[7]. This focussedon °ashlamp pumped crystals of neodymium yttrium aluminium

garnet (YAG), with the °uorescencefrom one crystal being usedto attempt cooling

of another. When compared with an undoped referencesample, the neodymium

doped sampleshowed reducedheating, but net cooling was not observed. This was

conjectured to be due to impurities in the crystals, and multiphonon decay across

the optical transition. More recently, in 1981,Djeu and Whitney laser cooled low-

pressureCO2 by 1K from 600K using a CO2 laser as the pump source[8], and in
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1995,Zander and Drexhage[9] observed internal cooling of a solution of rhodamine

6G when pumped with a helium:neonlaser at 632.8nm. Bulk cooling of rhodamine

101,againusinga helium:neonlaser,wasobservedby Clark and Rumbles[10] in 1996,

and although their resultswereinitially questioned[11], further work supported their

initial claim [12]. More recently, they have pursued a more detailed spectroscopic

investigationof the e®ect[13], and Rumblesand other collaborators have investigated

the feasibility of constructing optical cryocoolers from moleculardyes[14].

These successesas well as the recent successin laser cooling of gases,and the

subsequent achievement of Bose-EinsteinCondensation[15] againstimulated interest

in optical cooling of solids.

1.2 Historical Overview of Laser Cooling of Solids

In 1997, Gauck et al [16] attempted cooling of a gallium arsenidehetero-junction,

using a laser to pump at frequenciesjust below the bandgap. In this case,thermal

energy is extracted from the material during the excitation process. However, even

with light being extracted at over 95% e±ciency, the losseswere su±cient that net

cooling was not achieved. Still more recently, Finkeissenet al [17] have achieved net

cooling in the interior of a similar semiconductorstructure, but did not measurebulk

cooling.

The most successfulwork on solid cooling to date hasfocusedon ytterbium doped

ZBLANP glass.Gosnell[18] hasrecently publishedresultsdemonstratingcooling of a

small ¯bre of ytterbium-doped ZBLANP by 65K from room temperature. This relies

on retrore°ecting about 2W of laser light at 1015nmthrough the glass. Previously,

Mungan et al [19] at Los Alamos had shown cooling of the sameglassin the form of

an optical ¯bre by 16K from room temperature with 1W of incident laserpower.
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ZBLAN is a °uoride basedglass(Z rF4 ¡ BaF2 ¡ LaF3 ¡ Al F3 ¡ N aF) with im-

portant applications in erbium-doped ¯bre ampli¯ers. A similar glassis sometimes

manufactured with lead, and is thus called ZBLANP, and it is samplesof this glass

with which the group from Los Alamos show cooling. When ytterbium ions (Yb3+ )

aredoped into this glass,the 2F7=2 and 2F5=2 levelssplit into four and three Stark sub-

levelsseparatedby about 0.03eV,or 25nm with the transition near 1000nm(1.2eV).

Furthermore, sincethe ions occupy diversesites within the glassmatrix, the energy

splitting of each ion is di®erent, leading to broadband absorption and °uorescence.

The splitting in this particular host material leadsto signi¯cant absorption at wave-

lengths longer than that corresponding to the average°uorescenceenergy, so if the

glassis illuminated at long wavelengths,it will emit photons of a higher energy, on

average,than those it absorbs:this is the anti-Stokes°uorescenceneededto achieve

refrigeration. Also, the optically active 5F electronsare well shieldedfrom their en-

vironment by the ¯lled 6S and 6P levels, so multiphonon transitions and associated

heating lossesare minimised.

1.3 Applications of Laser Cooling

Currently, the driving in°uence on research into lasercooling of solidsis the needfor

more reliable methods of refrigeration for usein spaceapplications whereoperating

lifetime is critical. Sincethe processof anti-Stokes°uorescencedoesnot require any

mechanical movement, such a solid state refrigerator is likely to have a longer lifetime

than other types. Peltier e®ectdevicesare the obvious choice, but the electrical

connectionsrequired limit both their reliabilit y and the temperature di®erential they

canoperateat. A lasercooledsolid would thushavea number of advantagesfor space

applications, especially if it could be pumped by an e±cient diode laser.

Looking further ahead,with advancesin solid state technology continuing, and
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driven by the need to improve processingpower of computing, one might envisage

having a high e±ciency diode laser and a cooling material integrated onto future

microprocessorchips to provide reducednoisecharacteristicsfor critical parts of the

chip.

Furthermore, sinceoptical coolers may be more e±cient than thermoelectric or

other conventional coolersfor large temperature di®erencesbetweenthe hot and cold

reservoirs [20], thesemay be the ideal solution for cooling high-temperaturesupercon-

ductorsusedin microwavecommunications. In Frey et al's analysis[20], an equivalent

Peltier coe±cient is de¯ned for the optical cooling processby analogywith the elec-

trical Peltier e®ect. In the model of optical cooling, laser power is the analogueof

current in a Peltier device. This equivalent Peltier coe±cient is found to always be

lower for optical cooling than for available Peltier devices,although at low temper-

atures, the two are very similar. However, lossesdue to Joule heating in Peltier

junctions increasewith the squareof current, whereasthe lossesin optical cooling

only increaselinearly with increasedlaserpower. Therefore,in cooling regimeswhere

large current densitieswould be required if Peltier deviceswere used,such as main-

taining large temperature di®erences,optical cooling is more e±cient. Also, for low

temperature operation, both processesare of similar e±ciency, sooptical coolersmay

alsobe usefulin low temperature applications,aswell asfor maintaining temperature

di®erencesof more than 50K wherePeltier coolersceaseto be e®ective.

A ¯nal possibility is that materials used for optical cooling may be able to be

operated as a heat balanced laser gain medium [21], making higher laser powers

possiblewithout damagingthe gain medium. This processwould employ °uorescence

cooling to o®setthe heat producedby higher energyexcitation followedby stimulated

emissionat the laser frequency.



6 CHAPTER 1. INTR ODUCTION

1.4 Cooling Pro cess

For any object to be cooled, the net input power must be lessthan the net power

output from the system. Thus, to laser cool a solid at ambient temperature, the

power of light emitted must be higher than that absorbed. The resulting reduction

in temperature, and henceentropy, of the material appearsto contradict thermody-

namicsuntil radiation is assignedentropy. However, during the processof anti-Stokes

cooling, incident laser light is converted into isotropic and broadband °uorescence.

Landau [6] showedthat the entropy of a radiation ¯eld is proportional to its frequency

bandwidth, and also to the solid angle through which it propagates. Since the in-

cident laser light has a small bandwidth and propagatesin a well de¯ned direction,

this has almost zeroentropy. On the other hand, the °uorescenceis broadbandand

is emitted in all directions, so if the power of the °uorescenceis equal to, or greater

than, the power of the incident beam, the °uorescencehas comparatively large en-

tropy. Therefore,an upper limit on the e±ciency of optical cooling will occur when

the rate of cooling reducesthe entropy of the material being cooled at the samerate

at which radiation entropy is generated.

Multi-photon processesare generally improbable, so in order to achieve a higher

°uorescence(output) power than the absorbedpower, the substancemust emit higher

energyphotons than it absorbsand do so with a very high (almost unity) quantum

e±ciency. We adopt here a commonde¯nition of the quantum e±ciency being the

ratio of the number of emitted photons to absorbed photons.

Ytterbium in a glasshas a number of optical transitions, all centred around a

wavelength of about 1 micron. The simpli¯ed level structure for this material is

shown in Figure 1.1. Theselevels are shifted by di®eringamounts depending on the

site occupied by the ytterbium atom within the glass,resulting in very broadband
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Figure 1.1: Schematicof optically active energylevelsof triv alent ytterbium in a solid
host. The solid lines with arrows represent the most strongly allowed optical tran-
sitions which are important for describingthe cooling process. The levels involving
thesetransitions are designatedfor later reference.
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absorption and °uorescencespectra. The averageemissionwavelength at room tem-

perature is 996nmindependent of input wavelength [22, 3, 9]. This is in accordance

with Vavilov's empirical rule that states that the shape of the emissionspectrum of

a transition is essentially independent of the wavelength at which it is excited [3].

Although this is not true for all materials, in the caseof ytterbium in glass,the time

scaleof thermal interactions is ordersof magnitude shorter (picosecondsto nanosec-

onds) than the timescalefor optical transitions (milliseconds) [23]. This meansthat

no matter what wavelength is usedto excite the ytterbium transition, the population

distribution in the upper manifold reachesthermal equilibrium beforerelaxing to the

ground state manifold, sothe emissionspectrum is independent of pump wavelength,

exceptperhapsat very low temperatures(lessthan about 1K ).

This property can be usedto produce a simple model of the cooling processby

assumingthat this averageemissionwavelength (996nm) represents the averagebe-

haviour of the ytterbium ions. Using this assumption,and a pump light (laser input)

wavelengthof greater than this (say 1015nm),we arrive at the simpli¯ed level struc-

ture shown by the arrows in Figure 1.1.

We can now describe the cooling processwhich occurs on absorption and emis-

sion of a single photon. First an ytterbium ion absorbsan input (pump) photon at

wavelength ¸ , then the ion emits light at wavelength ¸ av. Finally, the ion absorbs

(or releases)thermal energy, or a phonon from the surrounding glassto return to its

initial state. If this processwere 100%e±cient, the glasswould losean amount of

energyequivalent to hc
¸ av

¡ hc
¸ . If we let the energyof an incident photon be E, than

the amount of energyextracted each time this processoccurs is E( ¸
¸ av

¡ 1). Thus,

if the pump wavelength is longer than the average,the object will be cooled by this

e®ect,and if the input is a shorter wavelength,heating will occur.
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1.4.1 Conditions for Cooling

In reality, the transitions arenot 100%optical, soonemust include the heatingdueto

this. For a transition with quantum e±ciency Q, the energyextracted per absorbed

photon is now E(Q ¡ 1) + EQ( ¸
¸ av

¡ 1) or Ecool = EQ( ¸
¸ av

) ¡ E. Therefore, the

condition for net cooling to result is that Q¸ > ¸ av. Note that this neglectsboth

absorption by the host glassand reabsorptionof °uorescenceby the ytterbium ions.

The latter assumptionis adequatefor cooling of optical ¯bres, sincemost °uorescence

exits the ¯bre within a short distance(of the sameorder as the ¯bre diameter).

The power of light absorbed by the sampleis given by the incident power mul-

tiplied by absorptivity at the incident frequency. If the ytterbium transition has a

quantum e±ciency of Q, for each photon absorbed,on averageQ areemitted. If quan-

tum e±ciency multiplied by the averagefrequencyof the emitted photon is greater

than the incident frequency, cooling will result.

We de¯ne the coe±cient of performance(COP) of the cooling by the di®erence

between the °uorescent energyand the incident energy, normalisedby the incident

energy. So,

COP =
Q(hf f l ) ¡ hf in

hf in
=

Q(f f l ) ¡ f in

f in
(1.1)

where f in is the frequencyof the incident light, and f f l is the averageemission

frequency.

Thus, if the averageemissionfrequencyis independent of the incident frequency

(as it is in ytterbium doped ZBLAN or ZBLANP) the cooling power at any input

frequencyis given by:

Pcool = Pin Abs(f in )
Qf f l ¡ f in

f in
(1.2)

or
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Pcool = Pin Abs(¸ in )
Q¸ in ¡ ¸ f l

¸ f l
(1.3)

whereAbs represents the absorptivity, and ¸ f l = c
f f l

Throughout the remainder of this work, we will usually plot the temperature

changeof a sample,which is related to the heating power, so

Pheat = ¡ Pcool = Pin Abs(¸ in )
¸ f l ¡ Q¸ in

¸ f l
(1.4)

Conditions for cooling implicit in this equation will be discussedin section2.3.

1.5 General Thermo dynamic Limitations

A detailed discussionof the thermodynamics of optical cooling is given by Mungan

and Gosnellin their reviewof work in this ¯eld up to 1999[24]. The following is based

on their article, with the inclusion of somemore recent ideasfrom other workers.

Mungan and Gosnell begin with a general refrigeration processsimilar to that

shown in Figure 1.2. The energyand entropy °ux from the pump sourceare denoted

by _Ep and _Sp, respectively. Heat is extracted by the coolant at a rate _Qc from a cold

reservoir at temperature Tc. Energy and entropy are output to the hot reservoir at

rates _Eh and _Sh, respectively, with the coolant experiencingchangesin energyand

entropy. The rate of energychangeof the coolant, at temperatureT, is denotedby _E,

and the rate of entropy changeby _S. The rate of entropy generationin the coolant

by irreversible processesis given by _Se. They suggestthat this generalisedmodel

of a refrigeration processsimpli¯es the analysis when the pump sourceand/or the

exhaust is electromagneticradiation. Essentially , the advantage is that energyand

entropy °owsareconsideredfundamental, asopposedto relating to a thermodynamic

temperature.

Using this model, energyand entropy balanceequationscan be developed:
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Figure 1.2: Schematic of generalisedrefrigeration process.The pump inputs energy
and entropy to the coolant at rates _Ep and _SP , respectively. _Qc is the rate of heat
transfer into the coolant from the cold reservoir, and _Eh and _Sh are the energyand
entropy °uxes from the coolant to the hot reservoir or exhaust. T, _E, _S and _Se are
respectively, the temperature, the rate of energy increase,the total rate of entropy
production and the rate of entropy production due to irreversible processeswithin
the coolant.
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_E = _Ep + _Qc ¡ _Eh (1.5)

and

_S = _Sp +
_Qc

T
¡ _Sh + _Se (1.6)

The maximum ¯rst-la w e±ciency of the cooling processcan be derived by con-

sidering steady state operation of the coolant with no irreversible processes(hence

_Se = 0). This givesan e±ciency of

º max =
T(1 ¡ TFh =TFp )

TFh ¡ T
(1.7)

Herethe energyand entropy °ows from the pump and to the exhaustare replaced

by corresponding°ux temperaturesTFp and TFh . Since _S =
_Q

T for a reversibleprocess,

these°ux temperaturesare de¯ned as

TFh =
_Eh

_Sh
(1.8)

and

TFp =
_Ep

_Sp
(1.9)

Although the introduction of these °ux temperatures are not essential for the

analysis,they make later comparisonwith Carnot e±ciency more obvious.

From this generalmodel, the three level processdescribed in section 1.4 is con-

sidered. This is approached by assigningthe pump in the refrigeration model to the

pump laser,the output reservoir being the ideal of a universeat 0K (coupledvia out-

going°uorescence),and the low temperature reservoir beingthe crystal with coupling

through phonon transitions betweenlevels 1 and 2 in Figure 1.1.
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Although it is possibleto rigorously treat the radiation ¯elds as a sum over all

radiation modes,and calculateentropy and energy°uxes in this manner, this cannot

be donefor a generalinput and output ¯eld. Instead, the input and output reservoirs

are consideredto be heat baths with temperature de¯ned by their respective popu-

lations in the upper and lower levels. Sincethe pump laser excitesbetweenlevels 1

and 2, this de¯nition of an e®ective temperature, can be usedto de¯ne the e®ective

temperature of the pump by

Tp =
E=kB

¡ ln(n2=n1)
(1.10)

where E is the transition energy, and n1 and n0 are the populations of levels 2

and 1, respectively. The temperature of the output reservoir, Th is de¯ned by an

analogousexpressioninvolving the populations of levels 2 and 0.

In the caseof laser cooling of solids, the coolant and cold reservoir are the same

object (i.e in our experiments, the ytterbium doped glass). If this is the case,the

expressionin equation 1.7 is again obtained, with Th and Tp replacing the °ux tem-

perature equivalents.

As would be expectedfor a reversibleprocess,this e±ciency can be simpli¯ed by

substituting for the pump and hot reservoir temperaturesin termsof level populations

to give

´ max =
²
E

(1.11)

WhereE is the energyof the pump transition from level 1 to 2, and ² is the splitting

betweenlevels0 and 1. This can be understood even more simply by thinking of the

processas a cooling cycle, whereabsorption of energyE causesextraction of energy

².

The simpli¯ed analysisgiven above had beenpreviously discussedby Scovil et al

[25, 26] and Weinstein [27].
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Sincein any real system,there will be somelosses,the analysiscan be extended

to incorporate thermal lossesdue to multiphonon transitions between the excited

state and ground state manifolds. Mungan and Gosnell extend the previous model

to incorporate radiative and non-radiative transitions, and ¯nd that decreasingthe

transition energy between levels 1 and 2 improves the e±ciency even in this case.

However, the probability of non-radiative transitions increasessigni¯cantly as the

transition energyis decreased,so there is somelower limit on the transition energy

which can result in e±cient cooling. Sincethe probability of multiphonon transitions

also depends strongly on the phonon energiesavailable, this lower limit is highly

dependent on the host material.

Other possibleheating, or thermal loss, mechanisms include absorption by the

host material and impurities within it, and scattering by the lattice. By analysing

the minimum intrinsic heat losses,including multiphonon relaxation and lattice Ra-

man scattering, for a number of host materials it can be deducedthat the minimum

temperature attainable with an anti-Stokes optical cooler is about 1mK, although

materials with much stronger absorption (i.e. high dopant concentration) might be

able to cool down to the microKelvin range. This is the limit imposedby a balance

betweenintrinsic heating and cooling power, and thereforepresumesthat there is no

heat load from the cooler's surroundings. Therefore, the minimum temperature is

much higher if radiative coupling of the cooler to a "high" temperature environment

is considered.

Finally, they ¯nd the cooling power generatedwith 100W of input power at tem-

peratures of 300K, 100K and 77K to be limited to about 6W, 0.24W and 0.06W

respectively. The value at 77K is compared to a Stirling-cycle refrigerator which

could produce about 1W of cooling power for the sameinput power. Even though

the e±ciency of optical cooling is obviously lower at this temperature, if the temper-

ature di®erencebetween the hot and cold reservoirs is large, it may be possibleto
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achievehighere±ciency with optical coolersthan usingmoreconventional techniques,

sincethe optical cooler needonly be radiatively coupledto the hot reservoir, rather

than in conductive contact.

An investigation of the relative merits of anti-Stokes optical cooling to Peltier

cooling wasperformedby Frey et al [20]. This showed that Peltier coolersweremore

e±cient heat pumps at high temperature operation (> 190K ), but that anti-Stokes

coolerswerelikely to be better in maintaining low temperatures,becauseof relatively

smaller thermal losses.Speci¯cally, the Peltier devicethey considerwould be unable

to maintain a di®erenceof more than 60K betweenthe hot and cold reservoirs due to

thermal conductionalongthe current carriers. However, anti-Stokescoolerscouldstill

generatesigni¯cant cooling power with this temperature di®erence.Also, lossesdue

to Joule heating in Peltier junctions would increasewith the squareof the cooling

current, whereasthe lossesin optical cooling depend linearly on laser power. In

situations where large current densities would be required if Peltier deviceswere

used (i.e. high cooling power density), optical cooling is more e±cient. Also, if

the temperature of the hot reservoir is low (< 40K ), both processesare of similar

e±ciency, so optical coolers may also be useful in low temperature applications, as

well asfor maintaining temperaturedi®erencesof morethan 50K wherePeltier coolers

are ine®ective.

The positive experimental results from the Los Alamos group alsomotivated the

group of Lamouche et al [28] to considerthe temperature dependenceof cooling e±-

ciency. By analysingthe temperature dependenceof the °uorescenceand absorption

broadeningof ytterbium doped ZBLAN, they concludedthat cooling would decrease

with temperature more strongly than the predictions of Edwards et al [29] suggest.

Since the populations of the sublevels of the upper manifold will reach a thermal

equilibrium characterisedby the sampletemperature, °uorescencewill be of a lower
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averageenergyat lower temperatures,as the thermal population of higher lying sub-

levels decreases.Also, absorption on the long wavelength tail, wherepumping is re-

quired for anti-Stokes°uorescence,will decreasewith temperature dueto the reduced

thermal broadening. Thesee®ectsresult in the optimal pump wavelengthdecreasing

towards the averageemissionwavelength, so that if the laser sourceemployed were

not tunable, optimal cooling could not be achieved throughout a cooling run from

ambient down to low temperatures. This analysiswill bediscussedin detail in section

2.5.

1.6 Candidate Materials for Laser Cooling

As has beenstated before, to achieve anti-Stokes cooling in any solid, a number of

conditionsneedto be met. Firstly, there must be signi¯cant absorptionat frequencies

below the averageemissionenergy, which requirestransfer of thermal energyto the

coolant from its surroundings. However, thermal interactions must not be so strong

as to causelossesby collisions or multi-phonon transitions. This essentially means

that the material must have a high optical quantum e±ciency, as well as minimal

thermal losses. The high quantum e±ciency and low loss of many laser materials

makestheseideal candidatesfor anti-Stokesoptical cooling.

Of these,the best seemto be either semiconductorstructures, or rare earth ions

doped into transparent host materials. The latter have a full 6P shell outside the

optically active F levels, which meansthey are shieldedfrom unwanted interactions

with their surroundings. Recent advancesin solid state manufacturing techniques

allow specially designedsemiconductorheterostructuresto be grown which passivate

the thermal interactions,allowing emissionwith a higherquantum e±ciency than was

previously possible. One of the ¯rst materials to be investigated for possibleanti-

Stokescooling was Ruby, sincethis was one of the earliest laser gain media, but no
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evidencefor optical cooling was observed. This was later explainedby the presence

of strong Stokes(i.e. heating) sidebands[30].

Anti-Stokescooling is alsopossiblein materialsother than solids,and theseinclude

the °uorescent dyesusedin lasers,andalsodilute gases,wherethe de-excitingcollision

cross-sectionis small.

In the following sectionwe will explorethe experimental results to date employing

thesecandidates.

1.6.1 Gases

Pringsheim's [1] original (1929) proposal for anti-Stokes cooling discussedthe pos-

sibilit y of sodium vapour as a candidate for cooling, by pumping the D 1 line using

¯ltered light from a sodium source.The pressureof the gaswasto be kept su±ciently

low to reducecollisional quenching of the optically pumped level, while still allowing

thermalisation betweenthe 22P1=2 and 22P3=2 levels. In 1950,Kastler [31] applied a

morerigorousanalysisto this system,and predicteda peakcooling rate of more than

10K/s. However, the experiment was never attempted, and Kastler concludedthat,

although the e®ectcould result in cooling, it would be unlikely to be large enoughto

make this a practical technique for reaching low temperatures.

In a criticism of Pringsheim's original work, Vavilov [3, 4] contended that the

cycle of excitation and °uorescenceis reversible, and hencethat an energyyield of

greaterthan onewould beequivalent to the completetransformation of heat into work.

Pringsheim's[5] responsewasto suggestthat the processtransformsa monochromatic

and unidirectional input beam into isotropic broadband °uorescence,and therefore

this processmust be irreversible. In this response,Pringsheim also suggestedthat a

diatomic gascouldbecooledby pumping its vibrational sidebands.A similar ideawas

proposedby Djeu [32], to cool carbon monoxide by pumping its low-lying rotational

sidebands.Further proposalsfor vibrational cooling CO gasand CN ¡ doped in alkali
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halides [33, 34, 35] have been made, but again theseare unlikely to be su±ciently

e±cient for practical application. This is due to the di±cult y of achieving high

radiative quantum e±ciency whilst maintaining good coupling betweenthe thermal

transitions and the surroundings.

The ¯rst successfulattempt to demonstrateanti-Stokesoptical cooling wasmade

by Djeu and Whitney [8] in 1981. They cooled a 600K sampleof CO2 gas by 1K

using a 1cm diameter beamfrom a 300W CO2 laser running on the P(20) line. This

pumped the 10:6¹m vibrational transition (100) ! (001), with cooling resulting from

anti-Stokesemissionat 4:3¹m from the transition back to the vibrational groundstate

(001) ! (000). The (100)vibrational state wasthermally repopulatedby maintaining

the walls of the enclosureat 600K. A xenon bu®erwas used to assist this thermal

repopulation, and thus to optimise the cooling rate. The dependenceof temperature

changeon the partial pressureof xenonshowedqualitativ eagreement with theoretical

calculations,supporting the claim that they had indeedobserved cooling.

1.6.2 Dy es

Strong interest in the properties of °uorescent dyes at the time when optical cool-

ing was debated resulted in Vavilov [3] speculating that these materials could be

used for anti-Stokes cooling. Initial spectroscopicstudies of a number of dyes, in-

cluding rhodamine-B [36] suggestedthat cooling would not be possible. However,

carefulmeasurements by Ericksonin 1972[37] showed that anti-Stokesemissionfrom

rhodamine-6Gcould be obtained. When a dye solution in ethanol was pumped with

a HeNelaserat 632.8nm,yellow °uorescencewas observed. Sadly, the quantum e±-

ciencyof this processwasmeasuredto beonly 0.88,much lower than that requiredfor

cooling. Impurities giving rise to a broad peakat 665nmwereultimately determined

to be quenching the rhodamine-6G emission,and reducing the quantum e±ciency.

Measurements on rhodamine-B were performed almost simultaneously by Chang et
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al [38], and they concludedthat the °uorescencequantum e±ciency would have to

be greater that 0.94 to obtain cooling. It appearsthat theseworkers did not pursue

their investigation further.

The ¯rst successin cooling dyes occurred in the early 1990'swith the work of

Zander and Drexhage[39, 9]. Spectroscopy of rhodamine-6G and considerationof

residual background absorption in their sampleshowed that the quantum e±ciency

would have to exceed0.984to achieve cooling. They then employeda Kr-ion-pumped

dye laser to generatea photothermal lens in their sample. A weak diverging lens

was formed at any wavelength which heated the sample,and defocusing of a probe

HeNebeamwasmeasuredby detecting the power of probe light transmitted through

a pinhole centred on the probe beam axis. After de-aeration of the solution with

a nitrogen purge, the measuredquantum e±ciency rose from 0.980 to 0.990, and

cooling in the region from 570-585nmwasobserved, with the probe beamfocusingif

the pump beamwas tuned to this wavelength region. They measureda peak cooling

e±ciency of 3:2 £ 10¡ 5 at 575nm, and this translates (by normalising to the power

absorbed) to a relative e±ciency (cooling power divided by power absorbed) of 1.1%.

It shouldbe rememberedthat the photothermal lensingtechniqueemployedmeasures

local changesin temperature, and not bulk cooling of the medium.

Soon after this, Clark and Rumbles [10] observed lasercooling of rhodamine-101

dissolved in an acidi¯ed ethanol solution. Cooling of their 0.3mL sample (10¡ 4M

rhodamine) was measuredwhen pumped with 350mW from an argon-ion pumped

dye laser at 620nm and 634nm, whereasheating was observed at wavelengths of

583nm and 605nm, which are shorter than the averageemissionwavelength. The

temperature of the samplewasmeasuredby blocking the dye laserevery 15 minutes,

and measuring the °uorescenceintensity at 620nm with the sample pumped by a

1mW HeNe laser. The maximum cooling of 3K below an ambient temperature of

290K was achieved after 4 hours of pumping at 634nmwith 350mW of laser power.
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Mungan and Gosnell [11] directed a number of criticisms at this work, especially the

observed linear dependenceof temperature on pumping time. Basing their estimate

on the sample'sheat capacity, Mungan and Gosnellarguedthat the time constant for

cooling should be about 40 minutes, and thus the temperature changeshould have

leveled o® after 2 hours. Also, the temperature changeobserved would imply that

the radiative thermal load from the ambient surroundingswas larger than the laser

cooling power generatedif the emissivity of the samplewerenear one,as estimated.

In their reply [12], Rumbles and Clark addresstheseconcernsby measuringthe

temperature as the samplereturned to ambient temperature after cooling. However,

they did not observe the expected exponential rate of temperature change,and did

not fully addressthe concernabout the radiative heat load exceedingthe generated

cooling power, although an emissivity lessthan onewould adequatelyexplain this.

Their morerecent work [13] exploresin moredetail the spectroscopy of rhodamine-

101 at long pump wavelengths,and helps to con¯rm the validit y of their previous

results. Finally, theseworkershave collaborated with a number of other workers [14]

to discusshow theseresults might be scaledup to manufacture an optical cryocooler

basedon this or other dyes. They analysethe potential of a number of dye molecules

other than rhodamine for cooling, and identify candidates for future research. In

discussingoptical refrigeration basedon dye molecules,they highlight the short (less

than 10ns) excited state lifetime and the possibility of tuning the electronic and

physical properties by careful chemical synthesis as advantagesover other proposed

anti-Stokescooling materials.

1.6.3 Rub y

Tsujikawa and Murao [40] proposedin 1963,a year after the ¯rst demonstration of

continuous lasing in ruby [41], that running a ruby laser in reversemay result in

cooling. Although their detailed analysisshowed that this wasa promising candidate



1.6. CANDID ATE MATERIALS 21

for cooling, lack of knowledge of a number of parametersmeant that the process

could not be fully characterisedat the time. Later spectroscopicanalysisof ruby by

Nelsonand Sturge [30] shows Stokes sidebandswhich would completely overwhelm

any cooling e®ect.

1.6.4 Semiconductors

Given the recent advancesin fabrication of semiconductordevices,and their useas

lasers, it is not surprising that a number of workers have consideredthese as can-

didates for optical cooling. In 1962, Keyes and Quist [42] fabricated luminescence

diodes by doping Zn into a single crystal of n-type gallium arsenide. Two electro-

luminescencepeaks were measuredat 298K and 77K, with the higher of the two

being identi¯ed as bandgap emission,whereasthe low energy peak was broad and

presumednot to be intrinsic emission.They found an internal quantum e±ciency of

between0.48and 0.85for their diode, but an external quantum e±ciency of only 0.4

due to reabsorption of light trapped by total internal re°ection. The luminescence

wasobserved to have a weak tail into the visible, and this indicated that electrolumi-

nescencecooling should be feasibleif the quantum e±ciency were made su±ciently

high. Dousmaniset al [43, 44] continued this work, and establishedthat the cooling

e±ciency using this schemecannot exceedthe ratio of sampletemperature to °uores-

cencebrightnesstemperature. Accounting for Joule heating due to the diode's 0:5­

resistance,they concludedthat, for their best diode, an external quantum e±ciency

of 0.99 would be required to achieve measurablecooling. External e±ciencies this

high have yet to be achieved from any diode. The best so far is 96 % achieved by

Gauck et al [16] in the experiment described below.

By pumping the systemoptically, the Joule heating which adverselya®ectedthe

above results could be eliminated. Measurements on an AlGaAs heterostructure by

Schnitzer et al [45] showed an external quantum e±ciency of 72% from which an
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internal quantum e±ciency of 99.7%was deduced. This motivated work by Gauck

et al [16] to attempt lasercooling of a similar heterostructureconsistingof an active

GaAs layer passivated by layers of GaI nP2. The comparatively fast time scalesfor

thermalisation and radiative relaxation (pico- and nano-secondsrespectively) mean

that higher cooling powerscould in principle be generatedin this material than those

for the ionic doped solids discussedin the following section. However, non-radiative

lossesdueto surfacerecombination and Auger recombination limit the optimal carrier

density, and thus the maximum cooling power.

By mounting a ZnSehemispherein optical contact with their semiconductorhet-

erostructure, they achieve better index matching and thus a reduce total internal

re°ection, improving the external quantum e±ciency to 96%. Even so, they did

not observe cooling, although the heating whenpumped by a titanium:sapphire laser

followedthe expectedwavelengthdependenceout to 888nm. Beyond this, the absorp-

tion becamesosmall that insu±cient laserpower wasavailable to excite the optimal

carrier density in the heterostructure. If the pump could be extendedslightly fur-

ther, or in the quantum e±ciency wereto be improved to just 0.972,cooling would be

achieved. This work thereforeindicated that cooling of semiconductorsis achievable

in the near future.

More recently, Finkeissenet al [17] have demonstratedcooling of an internal re-

gion in a GaAs quantum well (QW) in an emissionpeak due to light-hole excitons

observed about 10meV above the input photon energy. Magnetic ¯elds of between

7 and 10T are used,and the QW is pumped by powers of up to 10mW from a Ti-

tanium:Sapphire laser. With 10mW of laser power, the measuredinternal lattice

temperature is observed to decreasefrom 45K to 39:1§ 1:5K. Although theseresults

are encouraging,and suggestthat cooling of a bulk array of quantum wells may be

possible,increasesin heat load due to trapping °uorescencewithin the bulk semicon-

ductor were not considered,and may prevent bulk cooling as in Gauck et al's work
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[16].

1.6.5 Ionic dopan ts in Solids

Among the morepromising options for a coolant are rare-earth ions, sincethe optical

4F levelsare shieldedfrom the surroundingsby the ¯lled 5Sand 5P shells. As well as

suppressingmultiphonon relaxation when they are doped into a host solid, this leads

to sharper linewidths, and thus greater absorption. A side e®ectis that vibrational

sidebandsare rather weak.

Even so, Kastler [31] proposedpumping the anti-Stokesvibrational sidebandsof

such an ion as a cooling mechanism, but the absorption of the sidebandsproved

too low for experimental realisation. Yatsiv [46] was the ¯rst (1961) to suggesta

cooling processsimilar to that outlined in section1.4. By consideringparametersfor

Gd3+ , he deducedthat a cooling power density of 3¹W =cm2 could be achieved with

1% doping at working temperaturesof 10-40K. This led to the ¯rst solid-state laser

cooling experiment by Kushida and Geusicin 1968[7]. They usedNd:YAG (at 1%

N d3+ ) to both generatethe pump light, and as the cooling material. Although they

observed a 0.6K reduction in the temperature of the doped samplecomparedto an

undoped referencesample,which heatedby 2K, the predicted cooling with the 100W

cavit y power employed should have been2.1K. This di®erencewasconjecturedto be

due to a non-unity quantum e±ciency. Theseworkers also reported a similar e®ect

using H o3+ doping. Even though the observed reduction in heating was of great

interest, net cooling was not achieved.

Further work after this encouragingresult did not occur until 1995 when the

group of Epstein et al at Los AlamosNational Laboratoriesdemonstratednet cooling

of ytterbium doped ZBLANP (a new °uoride basedglass)[23]. Gosnellhasextended

the group's initial experiment to achieve cooling of a small ¯bre of this glassby 65K

from room temperature, while Edwards et al have demonstratedcooling of a larger
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preform by 48K. Theseresults are closely related to our own experiments, and will

thereforebe discussedin detail in the next section.

The successesof the Los Alamosgroup have motivated a number of researchersto

study anti-Stokescooling of solidsin moredetail. As well asour work with ytterbium

dopedZBLAN [47, 48] (ZBLANP is a similar glasswith the addition of lead°uoride),

the group of Fernandezet al have shown internal cooling of other ytterbium doped

glasses(CNBZn and BIG) [49, 50, 51]. They model their results by consideringa

quantum mechanical description of the ions in contact with a pair of phonon baths,

and although the theoretical predictions do ¯t their data well, there is no way of

making a comparisonof thesenew predictions with thoseof the Los Alamos group's

energybalancemodel. Fernandezet al ¯nd "excess°uorescence"at long wavelengths

whenthe incident laserpower is increased,and claim that this causescooling, whereas

the models used in our work, and that of the Los Alamos group consider cooling

to be causedby a di®erencebetween the energyof absorbed and emitted photons.

Interestingly, although the LosAlamosgrouphasinvestigateda number of ytterbium-

dopedhostmaterials,no similar changein the °uorescencespectrum with pump power

hasbeennoted.

The model developed in the Fernandezpaper to explain the excess°uorescence

presumably¯ts the experimental data reasonablywell within error, although no in-

dication of the precision of thesemeasurements is given. However, no other group

has so far measuredthe "excess°uorescence"to which they attributed the cooling

process.The di®erencebetweenspectra obtainedwith high and low laserpower could

be explainedby detector non-linearity if the detector was not sensitive to low levels

of irradiation. One would then expect an apparent °uorescenceexcessat short wave-

lengths where the intensity becomessmall, and this appears to be present in their

data, although the spectra at wavelengthsshorter than 905nm would be necessary

for any de¯nite conclusionto be drawn.
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Furthermore, they ¯nd a quantum e±ciency of greater than unity (1.016) in the

cooling wavelength region, which seemsunphysical, although no discussionof this

result is given, sothis may be indicative of the variabilit y of their results. Sincetheir

measurement of cooling e±ciency is basedon this data, and is given by the di®erence

betweenthis quantum e±ciency and that in the heating region (0.996), the result of

a cooling e±ciency of 2.0% would be meaninglessif indeedexperimental error were

to blame for the quantum e±ciency exceedingunity. Estimates of the error in these

values are given only in the paper on ytterbium doped BIG by the sameauthors

[51], and are very small (1:54£ 10¡ 5 in the quantum e±ciency measurement in the

cooling regimeof 1.016). Sincethe measuredvaluesarenot quotedto a commensurate

number of signi¯cant ¯gures, it would be interesting to know how theseerrors were

estimated.

The copropagatingphotothermal de°ection technique theseworkersemploy (this

technique will be further described in Chapter 3) seemsto have resulted in a small

amount of pump light impinging on their detector. This leadsto abrupt "jumps" in

the photothermal de°ectionsignalasthe pump laseris switchedon ando®(weobserve

a similar e®ectwhich is described in section4.4). Theseare followed by exponential

relaxation of the temperature as expected. If this interpretation is applied to the

data in their 2001paper on CNBZn [50], there is no obvious changein phaseof the

photothermal de°ection signal,renderingtheir claimsof cooling questionable.Similar

questionsmay alsobe raisedabout the resultspresented in their results in ytterbium

doped BIG [51].

Other work has focussedon ¯nding either other dopants, or crystal hosts with a

view to improving the e±ciency of cooling. Thulium doped glassesare good candi-

dates, sincethulium has a transition at 1:8¹m , whereasthe ytterbium transition is

near 1¹m , if the level splitting were the same,it would exhibit almost twice the e±-

ciencyof an ytterbium basedcooler. Preliminary results showing cooling of thulium
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doped ZBLANP have beenpublishedby Hoyt et al [52]. They show cooling of a sam-

ple of Tm3+ -doped ZBLAN by 1.2K from room temperature, under vacuum, when

approximately 3W of laserat 1:9¹m was incident on the samplefrom a PPLN-based

OPO in turn pumped by a 20W CW Nd:YAG laser. The samplewas 5 £ 5 £ 9mm,

and they measurethe absorbed power to be 40mW, indicating a peak temperature

changeof 30K/W of absorbed power. Since the host is the sameas that used for

other experiments, the e±ciency of cooling achieved can be calculatedfrom the sam-

ple size and emissivity assumingonly radiative coupling to the surroundings. This

analysis(of which details are given in the analysisof our results in section5.1) indi-

catesan e±ciency for the cooling processof 3.4%, which comparesfavourably with

the e±cienciesachieved in experiments on ytterbium-doped glasses.Given that these

workersstate that "These measurements allow us to test material scalability such as

the predicted increasedin cooling e±ciency with decreasingpump photon energy"

[52], it is di±cult to understandwhy they did not derive this cooling e±ciency from

their results.

Recently, Bowman and Mungan [53] have investigated a number of ytterbium

doped crystal hoststo determinethosewhich can be cooled. Among a number which

did not exhibit net cooling, they found that crystalsof ytterbium dopedK Gd(WO4)2

can indeedbe cooled, as well as re-con¯rming cooling of Yb:ZBLAN. The measure-

ments weremadeusing photothermal de°ection spectroscopy with counterpropagat-

ing beams.This was the ¯rst demonstrationof anti-Stokeslasercooling of a crystal.

Interestingly, the doping level of the crystals was 3.5%,which is signi¯cantly greater

than the 1% used in ZBLANP and ZBLAN. Although this should have resulted in

higher cooling powers, the quantum e±ciency of this material was 98.4%which re-

ducedthe cooling to be comparablewith that of the ZBLAN sample.However, with-

out detailed knowledgeof the dependenceof refractive index on temperature for the

two samples,the photothermal data obtainedcannot be usedfor a direct comparison.
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In November 2001,another set of resultsshowing cooling of crystals wasreported

by Epstein et al [54]. Theseshow cooling of 2.3%ytterbium-doped YAG crystals and

3% ytterbium-doped Y2SiO5. A comparisonis madewith Ytterbium-doped ZBLAN,

which shows that the cooling e±ciency is slightly greater in ZBLAN, but the thermal

and mechanical properties of YAG may be advantageousfor someapplications.

Several groups have tried to ¯nd other materials suitable for cooling, but even

those which have shown promise from an analysisof their absorption and emission

spectra have either had too low a quantum e±ciency, or excessive absorption due

to impurities for cooling to be achieved. Our recent work on an attempt to cool

ytterbium doped LiN bO3 crystals in collaboration with StefanLÄuthi and Mark Riley

of the Chemistry Department at The University of Queensland,although it did not

result in net cooling, will be discussedin Chapter 7.

Other examplesof unsuccessfulsearchesfor suitable materials include a number

by the Los Alamos group into cooling using ytterbium in a number of other hosts

[55, 56, 57, 58]. Even though noneof thesehave proved successful,someof the hosts

were identi¯ed aspossiblecandidatesfor cooling if they could be manufactured with

adequatepurit y.

1.7 Laser Cooling of Ytterbium-dop ed ZBLANP

The ¯rst demonstration of net laser cooling in the condensedphasewas reported

by Epstein et al in 1995[23]. This showed cooling of a sampleof ytterbium doped

ZBLANP usingphotothermal de°ectionspectroscopy with a tunable titanium:sapphire

laserto pump the cooling process,anddetectingthe de°ectionof a counter-propagating

HeNelaseras the pump laserwas chopped on and o®. Bulk cooling of a 2:5 £ 2:5 £

6:9mm3 sampleof the glasswasmeasuredusinga thermal camerato view an attached

pieceof gold foil, which was painted black on the exposedsurface.The temperature
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changewasfound by comparingdata from the cooledsamplewith that for a reference

sampleat room temperature. With 1W of input power at 1015nm,a temperature

drop of 0.3K was observed. This was the ¯rst demonstration of bulk lasercooling of

a solid.

Sincethe ultimate sampletemperature is determinedby the ratio of surfacearea

to absorbedpump power, or essentially pumpedvolume, this sampledid not optimise

the temperature drop. To do so, a ¯bre with as small a diameter as practicable is

ideal. Using the dependenceof the °uorescencespectrum on sample temperature,

cooling of 1cm samplesof ¯bre was measured.Thesehad a corediameter of 175¹m ,

and an outer diameter of 250 ¹m . The temperature drops obtained with this ¯bre

supported in vacuum by thin glassslideswere measuredto be 16K [19] and 21K in

a somewhatlater experiment [59]. A detailed discussionof theseresults, involving a

model which accounts for saturation of the optical transition is given in the reviewby

Mungan and Gosnell [24]. The ¯t of their data to the model suggeststhat the pump

spot diameter in the experiment is only slightly greater than half of the actual core

diameter, and that the observed cooling is signi¯cantly reducedby saturation e®ects.

It might therefore be reasonablyexpected that greater cooling could be achieved if

saturation were reduced. Using the time constant for cooling, they also revisedthe

initial estimate for the e®ective emissivity (the averagevalue which would produce

the sameradiative heat load from the surroundingsas experimentally observed) of

unity to 0:90§ 0:02.

In an e®ort to increasethe temperature drop as much as possible,Gosnell [18],

coupledthe pump laserinto a length of multimode ¯bre to mix the modessu±ciently

that when the output of this ¯bre was coupled into the Yb:ZBLANP ¯bre, the in-

tensity was distributed as uniformly as possibleover the entire coreof this ¯bre. He

employed a small (7mm) length of ¯bre supporting it on ¯ne silica "ropes" to fur-

ther reduceconductive heating from the surroundings. By doubling the pump power



1.7. YTTERBIUM-DOPED ZBLANP 29

at 1015nm,and retrore°ecting unusedpump light back through the sample,he ef-

fectively increasedthe pump power by a factor of almost 4. Under theseconditions,

cooling by 65K from room temperaturewasrecordedusingthe °uorescencetechnique.

This is the greatestlaser induced temperature drop of any solid to date.

Following this, Edwards et al [60] extended the idea of retrore°ecting light to

producea multipass cavit y by using a re°ective dielectric coating on the °at facesof

a 10mm£ 12mm diameterpreform of the ¯bre. A small hole in the coatingof oneface

allowed the pump beamto enter the cavit y. In this caseoptimal cooling wasachieved

at a wavelength of 1030nmwith 1.6W of light from a titanium:sapphire laser. The

vacuumchamber in which the samplewassupported wascoatedto reduceemissivity

at thermal wavelengths,while absorbingall of the °uorescence,thus decreasingthe

thermal load for a giventemperaturedrop. This resultedin cooling by 48K from room

temperature asmeasuredby a thermocoupleattached to the outsideof the dielectric

coating. Although the temperature changewassmaller than Gosnell'sresult with the

¯bre, the cooling power generatedwas signi¯cantly higher (25mW) to achieve this

temperature drop with so large a sample. This work showed the viabilit y of their

patented cooling device,the LASSOR (Los Alamos Solid-StateOptical Refrigerator)

[35], as well as demonstrating an increasein the e±ciency (due to the long pump

wavelength and many re°ections) of cooling to 1.5%of the pump power.

As well as the results of cooling from room temperature, this group performed

photothermal de°ection experiments [59] down to 100K, at which temperature, the

cooling power drops to 5% of its value at room temperature.

The work in this thesishas focusedon cooling ¯bres of ytterbium doped ZBLAN

glass,usingboth a titanium:sapphire laserand a diode laserasthe pump source.The

diodeexperiments aim to show that laserrefrigeration of solidscould becommercially

viable in the near future. To further demonstratethat optical refrigerators may be

practical, contact temperature measurements of the ¯bres were performed using a
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microthermocouple. This was the ¯rst demonstration that other objects could be

refrigeratedby optically cooled ¯bres.

Chapter Two considersa theoretical model of the cooling process. The third

chapter describes the apparatus used,and chapter Four discussesthe methods used

to determine whether a material is a candidate for optical cooling. Chapters Five

and Six are concernedwith measurement of cooling by °uorescencetechniquesand

microthermocouplesrespectively, with the latter also addressingdi®erencesbetween

the temperature measurement techniques. In the seventh chapter, the results of

attempts to cool ytterbium-doped crystals are discussed,and the Conclusion then

highlights the most important results aswell asdiscussingpossiblefuture directions.



Chapter 2

Theory

Although an intuitiv e understandingof the cooling processwasgiven in the introduc-

tion, it is necessaryto have a detailed model to predict and e®ectively analysethe

experimental results. As well asthe cooling processitself, the geometryof the sample

to be cooled and any impurit y absorptionwill a®ectthe results, sotheseare modeled

later in this chapter.

2.1 Simple Quan tum Mec hanical Mo del

In a glasshost such as that usedin our experiments, the 2F7=2 ground state and the

¯rst excited state, 2F5=2, levels of ytterbium are split into four and three sublevels,

respectively. The magnitude of this splitting is dependent on the location of the ions

in the amorphousglasslattice, and sovariesfrom ion to ion within the sample,giving

broadband absorption and °uorescencefeatures. Although this variation is of order

0.01eV(estimatedfrom spectral broadeningof the 1¹m transition), the processfor an

individual ion can be modeledusing the level structure described in the introduction

(Figure 1.1).

The large arrows show the two most strongly allowed transitions (although even

31
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|1>

|3>

|2>

Figure 2.1: Simpli¯ed three level scheme. The transition from j 1i to j 2i is excitedby
the laser, thermal energyis then absorbed to reach level j 3i , and °uorescenceback
to j 1i removesthis energyfrom the system.

thesehavelifetimesof about 5msdueto shieldingby the ¯lled outer 6p levelsof Yb3+ ),

the remainderdo not contribute signi¯cantly, and soare ignoredin this model. In the

simplest conceptual scheme for anti-Stokes °uorescencecooling, the level structure

is as shown in Figure 2.1 with the upper manifold split into two levels (2 and 3).

Cooling in this systemwould result with optical absorption on the 1 to 2 transition,

followed by thermalisation of the upper levels, and °uorescencedecay from level 3

to 1. This is perfectly analogousto the inverted level structure shown in Figure 2.2,

which better re°ects the situation in ytterbium ions.

In this three level model, the Hamiltonian is given by [61]

H12 = ¹h­( ¾12
+ ¾12

¡ ) (2.1)

if we assumethat laser driving with Rabi frequency­ is applied betweenlevels j 1i

and j 2i , and where ¾12
+ and ¾12

¡ are the creation and annihilation operators for the

radiation ¯eld. Level j 0i is not driven, and may only be reached by °uorescence

decay from level j 2i and thermal interactions with level j 1i .

A density operator canbede¯ned sothat the diagonalelements represent the pop-

ulation of thesethree levels,with the o®-diagonalelements representing any coherence
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|0>

|2>

|1>

Figure 2.2: Inversionof simpli¯ed three level schemewhich better re°ectsthe situation
in Yb:ZBLAN. The laserpumps from j 1i to j 2i , and optical relaxation then occurs
to j 0i . Level j 1i is thermally re-populated from j 0i .

betweenthem. The rate of changeof the density operator is:

d½
dt

= ¡ i [H; ½] = ¡ i [H12; ½] ¡ i [H inter action ; ½] (2.2)

whereH inter action is the Hamiltonian describingthe interaction of the systemwith

vacuum radiation ¯elds and a phonon bath representing the host material.

d½
dt

= ¡ i [H12; ½] +
°1

2
(2¾12

¡ ½¾12
+ ¡ ¾12

+ ¾12
¡ ½¡ ½¾12

+ ¾12
¡ ) +

°0

2
(2¾02

¡ ½¾02
+ ¡ ¾02

+ ¾02
¡ ½¡ ½¾02

+ ¾02
¡ ) +

¡
2

¹n(2¾01
+ ½¾01

¡ ¡ ¾01
¡ ¾01

+ ½¡ ½¾01
¡ ¾01

+ ) +

¡
2

(1 + ¹n)(2¾01
¡ ½¾01

+ ¡ ¾01
+ ¾01

¡ ½¡ ½¾01
+ ¾01

¡ ) +
· 12

2
[¾21

z ; [¾21
z ; ½]] (2.3)

where¾21
z = j 2 ih 2 j¡j 1 ih 1 j

2 ,

°1 and °0 are the decay rates from j 2i to j 1i and j 0i respectively,

· 21 is the dephasingrate of the j 2i ! j 1i transition,

¹n = (e
hº
k T ¡ 1)¡ 1, is the phonon population at frequencyº for a temperature T,

and
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¡ is the likelihood of thermal excitation for j 0i ! j 1i . This may alsobeconsidered

as the phonon coupling strength.

The creation and annihilation operators for the optical j 1i to j 2i transition are

given by ¾12
+ and ¾12

¡ , respectively, and the corresponding operators for the j 1i to

j 2i transition are ¾02
+ and ¾02

¡ . Finally, creation and annihilation operators for the

phonon mode associated with the thermal j 0i to j 1i transition are given by ¾01
+ and

¾01
¡ , respectively.

The ¯rst term in Equation 2.3 accounts for interaction of the system with the

pump laser ¯eld, while the secondand third terms, respectively, describe the e®ects

of spontaneousemissionthrough interaction with the vacuum ¯eld on the j 2i ! j 1i

and j 2i ! j 0i transitions. The fourth and ¯fth model the e®ectof the phonon bath

on transitions between the two levels of the ground manifold (the fourth from j 0i

to j 1i , and the ¯fth from j 1i to j 0i ). The ¯nal term accounts for dephasingof the

j 1i ! j 2i transition with respect to the pump ¯eld.

The previousequation may be expandedto give:

d½
dt

= ¡ i ¹h­( j 2i h1j ½+ j 1i h2j ½¡ ½j 2i h1j ¡ ½j 1i h2j) +
°1

2
(2 j 1i ½22 h1j ¡ j 2i h2j ½¡ ½j 2i h2j) +

°0

2
(2 j 2i ½22 h2j ¡ j 0i h0j ½¡ ½j 0i h0j) +

· 21

8
(j 2i h2j ½+ ½j 2i h2j ¡ 2j 2i ½22 h2j +

2j 2i ½21 h1j + 2j 1i ½12 h2j ¡ 2j 1i ½11 h1j + j 1i h1j ½+ ½j 1i h1j) +
¡
2

(1 + ¹n)(2 j 0i ½11 h0j ¡ j 1i h1j ½¡ ½j 1i h1j) +

¡
2

¹n(2 j 1i ½00 h1j ¡ j 0i h0j ½¡ ½j 0i h0j) (2.4)

where ­ is the Rabi frequencyof the pump ¯eld, and ½ij represent the elements

of the density operator. From this, the rate of changeof each element of the density
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operator can be found:

d½00

dt
= °0½22 ¡ ¡ ¹n½00 + ¡(1 + ¹n)½11

d½11

dt
= ¡ i ¹h­( ½21 ¡ ½12) + °1½22 + ¡ ¹n½00 ¡ ¡(1 + ¹n)½11

d½22

dt
= i ¹h­( ½21 ¡ ½12) ¡ °1½22 ¡ °0½22

d½12

dt
= ¡ i ¹h­( ½22 ¡ ½11) ¡

½12

2
(°1 ¡ · 12 + ¡ ¹n)

d½21

dt
= ¡ i ¹h­( ½11 ¡ ½22) ¡

½21

2
(°1 ¡ · 12 + ¡ ¹n) (2.5)

Note that there is no coherencebetween levels j 1i or j 2i and level j 0i , so the

o®-diagonalelements in the third row or column of the density matrix are always

zero.

In the adiabatic approximation, elements of the density operator are assumed

constant - i.e. re-equilibration occurson a timescalesmall comparedwith the obser-

vation time. Making this approximation, the following solutions for the o®-diagonal

elements are obtained:

¹½12 = ¡ ¹½21 =
2i ¹h­( ½11 ¡ ½22)
°2 ¡ · 21 + ¡ ¹n

(2.6)

Thus we may solve for steadystate valuesof the diagonalelements:

½00 = (
1 + ¹n

¹n
°0A

¡ ¹n(°1 + °0 + A)
)½11 (2.7)

½11 = (
1 + 3¹n

¹n
+

A° 0 ¡ ¡ ¹n(° 1 + °0)
¡ ¹n(°1 + °0 + A)

)¡ 1 (2.8)

½22 =
A

°1 + °0 + A
½11 (2.9)
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where

A =
4¹h2­ 2

°1 ¡ · 21 + ¡ ¹n
(2.10)

If we assume¡ À ° 0; °1 (Thermal equilibrium is achieved on time scalesmuch

smaller than the optical decay: this is demonstrated for ytterbium in a glasshost

by DeLoach et al [22]), and also assumethat the pump transition (j 1i ! j 2i ) is

saturated (high pump ¯eld, so the Rabi frequency, ­, is approximated as in¯nite)

then A ! 1 , so:

½11 = ½22 =
¹n

1 + 3¹n
= (e

hº
k T + 2)¡ 1 (2.11)

So the rate of extraction of energy, assumingno spuriousabsorption of incident

laserlight (i.e. the ideal cooling power) will be given by the product of the net energy

transferred per photon, hº , by the rate of transitions, ½22°0, so

Pc = °0hº ½22 = °0hº (e
hº
k T + 2)¡ 1 Watts=Yb3+ ion in pumpbeam (2.12)

or

de
dt

= ¡ Pc = ¡ °0kT0(e
T0
T + 2)¡ 1Watts=Yb3+ ion in beam (2.13)

where T0 is a characteristic temperature for the cooling processde¯ned by the

separationof levels j 2i and j 3i : T0 = hº
k ¼ 150K for ytterbium in ZBLAN.

From this theoretical cooling power, we canestimatean upper limit on the achiev-

able cooling power for our ytterbium doped ¯bre. The doped core has a diameter

of 175¹m and is doped at 1wt% with ytterbium ions. The ytterbium ions have a

level splitting of order 10nm, so assumingthe pump laser saturates the j 1i ! j 2i

transition near 1¹m , the cooling power is approximately,
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Pc = °0
0:01hc
10¡ 6

(e
150
T + 2)¡ 1¼(175£ 10¡ 6=2)2L½Y b (2.14)

Where L is the length of ¯bre, and ½Y b is the number of ytterbium ions per unit

volume,(½Y b = 0:01£ ½glass NA

(M olecular M ass of Y b) ¼ 4 £ 1025 ions
m3 )

Taking room temperature as 24±C, the cooling power per unit length is about
Pc
L ¼ 5:2 £ 10¡ 4°0

W
m

Using an estimate of ° 0 of 500s¡ 1 [24] which agreeswell with our observations of

a °uorescencedecay time constant of about 2ms,the optimal cooling power would be

about 0.26W/m, using the level j 0i ! j 1i splitting of around 10nmfor ytterbium in

a 175¹m core¯bre. Of course,this presupposesperfectly optical transitions, and that

the laser input power is in¯nite, so that the j 1i ! j 2i transition is saturated (i.e.

½11 = ½22). Sinceneither of theseis likely to be true in practice, the ultimate cooling

power will be signi¯cantly smaller. Indeed, in our experiments, cooling power was

found to dependlinearly on laserpump power at 1015nmup to the maximum available

(approx. 1W), indicating that saturation e®ectsare will not in°uence measurements

of cooling.

The actual population of level j 2i , and therefore the cooling power will depend

on temperature: for hº
kT = 0, ½22 = 1

3, and for hº = kT, ½22 = 1
2+ e ¼ 1

5, so that at

T0 (150K), the cooling e±ciency drops to about 3/5 of its asymptotic value for high

temperature.

The likely dependenceof cooling power on temperature can be determined from

equation 2.13. This is shown in Figure 2.3.

This shows that the cooling power beginsto drop signi¯cantly around 50K, indi-

cating that cooling using this energylevel splitting is not e®ective below about 50K.

It would be possibleto reduce this limiting temperature by using a material with

smaller splitting, although this is likely to be problematic, sincethe cooling power is

roughly proportional to the level splitting at temperaturesabout T0. So,while cooling
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Figure 2.3: Dependenceof cooling power on temperature.

to lower temperaturescould be achieved, the rate of cooling would be reduced.This

result is similar to that derived by Mungan and Gosnell [24], although it doesdi®er

slightly becausewe model the thermal transition asoccurring in the ground manifold,

whereasthey considerthis to occur in the excited manifold.

2.2 Limitations due to radiation entrop y °ux

Although the thermodynamic allowabilit y of optical refrigeration has been estab-

lished, an estimate of entropy °uxes in our experiment is essential to verify that the

results are reasonable.

The initial rate of cooling with 0.85W of laserpower can be usedto calculate the

cooling power produced, as discussedin section 5.1. The cooling power is found to

be 2.5mW, so the rate of entropy loss from the ¯bre is given by _Sf ibr e = ¡ Pcool
T =

¡ 2:5mW
297K = ¡ 8:4 £ 10¡ 6 J

K s
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To estimate the entropy of the radiation ¯elds, we make an analogy with black

body radiation. For a black body, dI (T )
d¸ = 2¼hc2 ¸ ¡ 5

ehc=¸k T ¡ 1 , so an e®ective temperature can

be de¯ned for the °uorescencefrom Yb:ZBLAN at the ¯bre surface(of areaA). Since

this is composedof a main transition at 975nm(¸ ), with a bandwidth of about 50nm

(¢ ¸ ), so dI (T )
d¸ = Pf l=(A £ 50nm), so Pf l=(A £ ¢ ¸ ) = 2¼hc2 ¸ ¡ 5

ehc=¸k Tef f ¡ 1

rearranginggives:

Tef f = hc
¸k bln(A£ ¢ ¸ (2¼hc2 ¸ ¡ 5 )=Pf l +1)

Substituting the experimental value in SI units gives

Tef f = 14800
ln( A

Pf l
2:13£ 106+1)

The intensity of light leaving the coreof the ¯bre may be estimatedby considering

that in the 4cm length of ¯bre employed in this experiment, 0.2W of the incident

0.85W is absorbed, so the °uorescencepower is also approximately 0.2W. This is

distributed over an area of ¼DL = ¼175¹m £ 0:04m = 2:2 £ 10¡ 5m2. Since the

assumption of black body radiation is itself an approximation, and Tef f does not

depend strongly on intensity, this should give a reasonablevalue.

Therefore,Tef f is approximately 2:7 £ 103K , and the rate of entropy °ux due to

°uorescenceis

_Sf l =
_Q

Tef f
= 0:2W

2:7£ 103 = 7:4 £ 10¡ 5 J
K s

Sincethe entropy in°ux due to the laser beam is very small due to its unidirec-

tionalit y and small bandwidth, this calculation shows that entropy leavesthe system

at a greater rate (by approximately a factor of 10) than the entropy of the system

decreases,indicating that the processis generating someentropy and is hencenot

reversible.
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2.3 Limitations Imp osed by Material

Real materials, even thosewhich are amorphousor glass-like, such as the ytterbium-

dopedZBLAN usedin the experiments describedlater, donot generallyhavea phonon

spectrum as assumedin the previous section. Indeed, the phonon energy is often

con¯ned to be closeto oneor morebandswhich arebest supported in the lattice [49].

In glassthesebandsarelikely to bereasonablybroaddueto the amorphousnature

of the material, whereasthe bandsin crystalsare likely to be much sharper. Sincethe

phononenergymust be near the splitting betweenlevels j 0i and j 1i for a transition

to be likely, this meansthat a substancein which the level splitting matches the

phonon energiesis needed.This makesthe search for appropriate dopants and host

materials crucial in the optimisation of the cooling process.

A dopant in somehost material is also likely to exhibit reasonablybroadband

absorption and °uorescencespectra. This is particularly the casein glasses,where

the dopant may occupy a range of di®ering sites within the lattice. It is therefore

necessaryto ¯nd the appropriate frequenciesor wavelengthsto usein our three level

model. In this situation, it is sensibleto considerthe transition energybetweenlevels

j 2i and j 0i as the averageenergyof emitted light, corresponding to a wavelength of

¸ f l . If the input power is P, at a wavelengthof ¸ in , then the cooling power generated

is

Pc = (Q
¸ in

¸ f l
¡ 1) £ P(1 ¡ e¡ ®L ) (2.15)

WhereQ is the quantum e±ciency of the transition (i.e. the ratio betweenphotons

emitted and photons absorbed), which accounts for non-radiative losses.

The coe±cient of performance(or e±ciency) of the cooling processis given by the

¯rst factor in equation 2.15,so C:O:P: = Q ¸ in
¸ f l

¡ 1

If the optical lifetime of the dopant is su±ciently long, thermal equilibrium will
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be reached, independent of the input wavelength,so¸ f l may be independent of pump

wavelength. In this casethe aboveequationcanbeusedto show that cooling canonly

occur when Q¸ in > ¸ f l . If this were the only heating or cooling processto occur,

the quantum e±ciency, Q, could be measureddirectly as the ratio of the average

°uorescencewavelength, ¸ f l to the pump wavelength, ¸ in at which no temperature

changeoccurs.

2.4 Geometry and In teraction with Surroundings

Once the material is chosen,this determinesthe maximum e±ciency of the cooling

processand thereforethe maximum cooling power that can be obtained for a certain

input power.

Sincemost optical processeshave a quantum e±ciency lessthan 1, the optimal

e±ciency that can be achieved will be when reabsorptionof the cooling °uorescence

is minimised. To do this, we require a geometry for the cooling material which

allows °uorescenceto escape within as short a distance as possible. Obviously the

best candidate to meet this criterion would be a small sphere. However, this would

signi¯cantly limit the amount of pump light which could be absorbed, so we need

a geometry in which the pump laser travels for a signi¯cant distance through the

material, but °uorescencestill exits within a short distance. A cylinder is thus the

idealgeometryfor the cooling material, and the smallerthe diameterthe better, unless

this were to make coupling of the pump light di±cult, or induce extra impurities

during manufacture.

Having chosena cylinder asthe ideal geometry, it is then necessaryto understand

how the length and diameter etc. will a®ectany results.

If the cylindrical sampleto be cooled is thermally isolatedasbestaspossiblefrom

its surroundings, it will still be coupled radiatively with the ambient environment.
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In equilibrium, the cooling power will be equivalent to the net rate of in°ux of heat

from the surroundings,i.e.

Pc = ¼dL¾²(T4
ambient ¡ T4

eqm ) (2.16)

Where the cylinder, hereafter referred to as a ¯bre, is assumedto be su±ciently

long and thin that the surfaceareaof the endsis negligible. In the equation,d is the

diameter of the cylinder, L its length, ¾is the Stefan-Boltzmannconstant, and ² is

the emissivity of the material.

For small temperature di®erences(Tambient ¡ Teqm = ¢ T) this may be linearised

to give

Pc = 4¼dL¾²T 3
ambient ¢ T (2.17)

substituting for cooling power from equation 2.15and rearrangingfor ¢ T

¢ T = (Q
¸ f l

¸ in
¡ 1) £ P(1 ¡ e¡ ®L ) £ (4¼dL¾²T 3

ambient )¡ 1 (2.18)

If this simple model is adequate,the equilibrium temperature of a cooled ¯bre

shouldscalelinearly with the input laserpower and shouldbereasonablyindependent

of length for much smallerlengthsthan ®¡ 1, since1¡ e¡ ®L is approximately ®L under

this condition. Finally, the temperature changeshould be inverselyproportional to

diameter. However, drawing very small diameter potentially causesgreater impurit y

levels, and small diameter ¯bres are di±cult to couple light to e±ciently. Both of

thesefactors will reducethe resulting temperature change,indicating that there will

be someoptimal diameter for the ¯bre that should be usedin practice.

As well asdetermining the ¯nal temperaturereached,experimental designrequires

that we know how quickly a samplewill reach equilibrium. At any temperature, the

rate of cooling of the ¯bre is given by
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dT
dt

= ¡
1

mc
(Pc ¡ 4¼dL¾²T 3

ambient (Tambient ¡ T)) (2.19)

Thus, the initial rate of cooling when T = Tambient is just

dT
dt

= ¡
Pc

mc
(2.20)

Since the massand speci¯c heat of the ¯bre can be found, this will give a sec-

ond method of measuringcooling power to con¯rm the results basedon equilibrium

temperature change.

Equation 2.19 can also be simpli¯ed using the equilibrium temperature change

from equation 2.17

dT
dt

=
4¼dL¾²T 3

ambient

mc
(Teqm ¡ T) (2.21)

Since dT
dt is proportional to the di®erencebetween T and its equilibrium value,

this givesan exponential decay with a time-constant ¿ of

¿ =
mc

4¼dL¾²T 3
ambient

(2.22)

Which can be further simpli¯ed by replacing the massby the product of density

and volume to give

¿ =
d½c

16¾²T 3
ambient

(2.23)

As ¯bre diameter is reduced, the time constant for cooling is reduced,and the

initial rate of cooling increases. Both of these are desirable to facilitate e®ective

experiments, so again the ¯bres should be manufactured with the smallestdiameter

which doesn't adversely a®ectcoupling or purit y. A ¯bre diameter of 250¹m was

chosensinceearlier experiments performedby the Los Alamos group indicated that
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impurities induced in the manufacture of 125¹m diameter ¯bres overwhelmedthe

cooling e®ect.

The feasibility of experiments can be judged by estimating this time constant,

sinceexperiment runs must be a few time constants long to be meaningful. The ¯bre

employedhasan outer diameterof 250¹m , and its emissivity in the far infrared (where

most thermal radiation is at room temperature) is almost 1, so using the valuesof ½

and c found by Haszet al [62].

¿ ¼
250£ 10¡ 6 £ 4:31£ 103 £ 5:96£ 102

16£ 5:67£ 10¡ 8 £ 2973
= 27:0s (2.24)

Therefore, experimental runs will needto be a few minutes long, which is quite

reasonable.

Sincethe ¯bre must besupported somehow, even if it wereheld in perfectvacuum,

there will be someextra conduction of heat from the surroundingsto the ¯bre. This

will reduce the equilibrium temperature change and the initial rate of cooling as

well as leading to a larger time-constant for cooling. Since all of these e®ectsare

undesirable,signi¯cant e®ortsshould be madeto minimise thermal conduction.

Also, in later experiments, an extra heat load in the form of a thermocouplewill be

brought into contact with the ¯bre, both to measuretemperature, and demonstrate

refrigeration due to the cooled ¯bre. Sincethe results of this experiment will need

to be analysedcarefully, it is necessaryto further expand the model to account for

this. Stray light and °uorescenceis likely to heat the thermocouple,we thereforeonly

considerthe situation where it is put in contact with the cooled ¯bre at sometime

after the pump light is switched o®. Therefore, the initial temperature of the ¯bre

will be determinedby observingthe thermocouplereturning to ambient temperature.

When the thermocouple is initially brought into contact with the ¯bre, its rate

of equilibration with the ¯bre's temperature will depend on the thermal coupling

betweenthe two. Once¯bre and thermocoupleare in equilibrium, they will return to
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ambient with a time constant dependent on the conduction along the thermocouple

wires, as well as their combined thermal mass.

If the conduction of the thermocouple wires is Gth , and that between ¯bre and

thermocoupleis Gf t , then the temperature of the ¯bre and of the thermocouplemay

be modeledby the following di®erential equations:

dTf

dt
=

4¼dL¾²T 3
ambient

mc
(Tambient ¡ Tf ) +

Gf t

mc
(Ttc ¡ Tf ) (2.25)

dTtc

dt
=

Gf t

mtcctc
(Tf ¡ Ttc) +

Gth

mtcctc
(Tambient ¡ Ttc) (2.26)

If equilibration betweenthermocoupleand ¯bre takesplacevery quickly, we can

assumethat Gf t is large, in which case,the temperature change measuredby the

thermocoupleshould be lessthan the actual temperature changeby the ratio of the

thermal massof the ¯bre to the combined thermal mass.

¢ Ttc

¢ T
=

mc
mc + mtcctc

(2.27)

If conduction along the thermocouplewires, Gth , is small comparedto radiative

coupling of the ¯bre with the surroundings, the system essentially behaves as the

¯bre would alone, only with a time constant ¿both determined by the sum of the

thermal massesof the ¯bre and the thermocouple. Thus, the ratio of thermal masses

in equation 2.27 is the sameas the ratio of the time constants for cooling or heating

the ¯bre alonewith that for return of both ¯bre and thermocouple to ambient, and

thesecould be experimentally measured.Therefore,

¢ Ttc

¢ T
=

¿
¿both

(2.28)

For thesesimpli¯cations to beadequate,the thermocouplemust bein good contact

with the ¯bre (large Gf t ), and have reasonably long, thin wires connecting it to
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the ambient reservoir. This, along with reasonsgiven later, motivates the use of a

microthermocouplecarefully positionedusing a microsteppingstepper motor.

2.5 Limitations on Low Temp erature Cooling with

Yb:ZBLAN

Although the majorit y of experiments to date on lasercooling in the condensedphase

have beenperformedat room temperature, applicationswherethis form of cooling is

likely to be moree±cient than other methods arepredominantly at low temperatures

[20]. This motivated a theoretical investigation by Lamouche et al [28] from which a

number of details are presented in this section.

The authors consider an energy level structure consisting of an upper, excited

state manifold with ne sublevels, and a ground state manifold with ng sublevels.

The energydi®erencebetweenthe lowest sublevel of each manifold for each ion 'r' is

denotedas­ r . The energyof each sublevel in the excitedmanifold is ² r
e;m (m = 1::ne)

greater than the lowest level in the excited manifold and similarly, the energyof the

sublevels in the ground state are ² r
g;k (k = 1::ng).

As discussedin section2.1,thermal equilibrium occurson a timescalemuch shorter

than the excitedstate lifetime, sothe population of the upper manifold of a given ion

'r' is

º r =
1

1 + exp[(­ r + Ár ¡ f r ¡ ¹ )=(kbT)]
(2.29)

wheref r andÁr arede¯ned by exp(¡ f r

kbT ) =
P ng

k=1 exp(¡ ²r
g;k=(kbT)) andexp(¡ Ár

kbT ) =
P ne

m=1 exp(¡ ²r
e;m=(kbT). ¹ accounts for optical pumping, so that high pump intensity

would mean¹ approaches­ r and the populationsof upper and lower manifoldswould

be similar.
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The thermal population of the sublevels in the upper level is

nr
e;m = º r exp[¡ (²r

e;m ¡ Ár )=(kbT))] (2.30)

and the thermal population of the lower level is

nr
g;k = (1 ¡ º r )exp[¡ (² r

g;k ¡ f r )=(kbT))] (2.31)

The absorption coe±cient can now be written by summing over all transitions

from ground state sublevels (k) to excited state sublevels (m) [63]:

®(! ) =
X

k;m

N ¹h!
c´

f
¼e2jDk;m j2

²0¹h2 gFk;m (! ) (2.32)

whereFk;m (! ) describesthe probability that an upward transition occursbetween

k (in the ground state) and m (in the excited state), where the braces represent

averagingover all ions 'r'.

Fk;m (! ) = h(nr
g;k + nr

e;m)±(! ¡
­ r

¹h
¡

²r
e;m

¹h
+

²r
g;k

¹h
)i r (2.33)

Here,Dk;m is averagedipole moment for the m ! k transition.

This can be expandedusing the expressionsin equations2.29 to 2.31:

®(! ) =
4¼2N ®f sjD1;1j2!

c´
f 1 ¡ exp[¡ (¹h! ¡ ¹ )=(kbT)]g

£
X

k;m

Rk;m h(1 ¡ º r )exp[¡ (² r
g;k ¡ f r )=(kbT)]

£ ±(! ¡
­ r

¹h
¡

²r
e;m

¹h
+

²r
g;k

¹h
)i r (2.34)

Where®f s is the ¯ne structure constant, andRk;m is the relativeoscillator strength

of the transition from lower to upper sublevel (k,m) comparedto the transition (1,1).

In the limit of low pump level (¹ ¿ ­ r and º r ¿ 1), this reducesto
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®(! ) =
4¼2N ®f sjD1;1j2!

c´

X

k;m

Rk;m hexp[¡ (² r
g;k ¡ f r )=(kbT)]

£ ±(! ¡
­ r

¹h
¡

²r
e;m

¹h
+

²r
g;k

¹h
)i r (2.35)

Similarly the emissionspectrum may be de¯ned as

²(! ) =
X

k;m

N f
4®f s! 3jDk;m j2´

c2
g

£hne;m±(! ¡
­ r

¹h
¡

²r
e;m

¹h
+

²r
g;k

¹h
)i r (2.36)

Again using the earlier results, this can be rewritten as

²(! ) =
4N ®f s! 3jD1;1j2´

c2

X

k;m

Rk;m hº r exp[¡ (²r
e;m ¡ Ár )=(kbT)]

£ ±(! ¡
­ r

¹h
¡

²r
e;m

¹h
+

²r
g;k

¹h
)i r (2.37)

Therefore,the emissionand absorption spectra are related by

²(! ) =
´ 2! 2

¼2c2
®(! )

1
exp[(¹h! ¡ ¹ )=(kbT)] ¡ 1

(2.38)

or, in the caseof low pump intensity,

²(! ) =
´ 2! 2

¼2c2
®(! )exp[¡ (¹h! ¡ ¹ )=(kbT)] (2.39)

Cooling Power

The cooling power is found by the di®erencebetweenemitted °uorescenceenergyand

absorbed laserradiation, soassuminga volumeV is uniformly illuminated, it will be

given by
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Pc = V
Z 1

0
²(! )¹h! d! ¡ Pl f 1 ¡ exp[¡ ®! lL]g (2.40)

If the quantum e±ciency of the transition is unity, this can be simpli¯ed to give

a cooling e±ciency in terms of incident laserpower, Pl , so

Pc

Pl
= f 1 ¡ exp[¡ ®(! l )L ]g

¹h¹! em ¡ ¹h! l

¹h! l
(2.41)

where¹h! l is the average°uorescenceenergy.

If the absorption also has a component due to non-°uorescent species(so that

®(! ) = ®r e(! ) + ®nf (! ) ), and a quantum e±ciency, Q, this equation becomes

Pc

Pl
= f 1 ¡ exp[¡ ®(! l )L ]g

®r e(! l )
® ! lQ¹! em ¡ ! l

! l
(2.42)

Although this result is very similar to equation2.15,only asa function of frequency

instead of wavelength, the temperature dependenceof the absorption spectrum can

also be obtained from equation 2.35, so absorption (®r e) drops as e¡ T0
T , where kT0

represents the e®ective transition energybetweenthe ground and excited manifolds.

Thus, if absorption due to non-°uorescent speciesis small, the cooling e±ciency

will be given by

Pc

Pl
(T) = f 1 ¡ exp[¡ ®(T1; ! l )exp[1 ¡

T0

T
]Lg

Q¹! em(T) ¡ ! l

! l
(2.43)

where®(T0; ! ) is the absorption coe±cient at T0, and ¹! em(T) is the temperature

dependent value of the averageemissionfrequency. The corresponding wavelength is

shown to increasefrom its value of 993nmat 300K to 1000.5nmat 77K by Lamouche

et al [28] using realistic parametersin equation 2.37. Our experimental value for the

absorption coe±cient at 1015nmat room temperature of 7:0m¡ 1 can be usedto ¯nd

that ®(T0; ! ) = 4:3m¡ 1 for T0 = 150K as discussedin section2.1.



50 CHAPTER 2. THEORY

0 50 100 150 200 250 300 350 400
0

1

2

3

4

5

6

7

8
x 10

-3

Temperature (K)

C
oo

lin
g 

ef
fic

ie
nc

y

Predicted cooling efficiency of a 4cm Yb:ZBLAN fibre pumped at 1015nm

Figure 2.4: Predicted cooling e±ciency asa function of temperature using the model
of Lamouche et al.

This can be usedto predict the cooling e±ciency for a certain length of ¯bre asa

function of temperature. This is shown for a 4cm length of ¯bre in Figure 2.4.

As can be seenfrom this ¯gure, the e±ciency of 5.5% possibleat room tem-

perature near 300K drops to one tenth of this value at 77K. However, at theselow

temperatures,1015nmis no longer the optimal wavelengthfor cooling, sosomeof the

lost e±ciency can be regainedby making the pump wavelength slightly shorter, and

thereby increasingthe absorption coe±cient at the pump wavelength.

Further analysisby Lamouche et al [28] using this model revealsthat the predic-

tions madeby Edwardset al [29] for cooling e±ciency at liquid nitrogen temperatures

(77K) are overestimatedby a factor of more than two. So, whilst the cooling power

generatedat low temperaturesmay still be useful, it will be signi¯cantly lower than

initially predicted.
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2.6 Factors In°uencing Optimal Cooling

While the previous sectionsdescribe the limitations on cooling, and suggestconsid-

erations for increasingthe temperature changefor a given samplewith a given laser

input wavelength,we now turn to predicting the optimal input wavelengthfor cooling

a sampleand the e®ectof possibleexperimental di±culties, especially coupling light

into the ¯bre e®ectively, and impurities absorbinginput light. Theseissuesbecome

signi¯cant in later experiments wherethe ¯bre hasaged,and alsowhen using a high

power diode lasersourcewith consequent poor beamquality (sections5.2 and 6.2).

From equation2.15,wenote that cooling power dependson the length of the ¯bre,

and also on the absorption coe±cient at the input wavelength. As the laser input

is tuned to longer wavelengths,the e±ciency of the cooling processincreases(since

one of the terms in this dependson the ratio of input to °uorescencewavelengths),

but the absorption coe±cient will drop, since the processmust be pumped on the

long-wavelength tail of a broadenedtransition. Thus, there will be somewavelength

at which the cooling power developed is optimised, and ideally the initial attempt

to achieve cooling should be at this wavelength. To ¯nd this, it is simply a matter

of ¯nding the minimum value of equation 2.15 for the length of ¯bre in question.

Since a lower absorption coe±cient allows more light to pass further through the

¯bre before being absorbed, it is to be expected that the optimal wavelength will

increasesomewhatwith the longer ¯bres.

Once the optimal wavelength has been found, and cooling power determined to

be greater than zero, experimental veri¯cation is justi¯ed. However, it must be re-

membered that the model so far does not include heating due to impurities in the

¯bre, or lossesof input light due to ine±cient coupling. The e®ectof thesewill now

be explored.

To determinethe e®ectof impurities and coupling, the simplemodel wasextended
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to calculate cooling power. Using the assumption of a 3 level system, a quantum

e±ciency of 99.7%,and parametersfrom our experiment, we calculate the cooling at

small intervals (typically intervals of 0.1mm) along the ¯bre using absorption by the

host and by ytterbium ions [47] from

Pcool = Pabsorbed(Q
¸ in

¸ f l
¡ 1) (2.44)

The absorbed power is calculated using the absorption coe±cient at the pump

wavelength multiplied by the length of the interval and the incoming power at the

interval, which is given by

P(x) = Pe¡ (®+ ¯ )x (2.45)

whereP is the power coupledto the faceof the ¯bre, i.e. the coupling e±ciency

multiplied by the incident power, and ¯ is the coe±cient of absorption due to impu-

rities. Heating due to the impurit y absorption is given by the power absorbed in the

¯bre core,as well as that absorbed in the cladding.

Any variation in dopant distribution is neglected, since our measurements on

preform of the ¯bre indicate that this variation is small. Reabsorptionof °uorescence

was also taken into account, although the e®ectof this is minimal sincemost of the

°uorescenceexits the ¯b er within a comparatively short distance (< 200¹m ). The

only adjustableparameterswerethe input beamcoupling e±ciency and the impurit y

level in the host ¯b er, represented by an additional absorptioncoe±cient, ¯ , (in m¡ 1).

To interpret theseresults, the cooling power at each interval wassummedto give the

net cooling power over the entire ¯b er. Even though the experiment employs quite

high pump intensities, no ampli¯ed spontaneousemissionhas beenobserved, so this

was omitted from the model.

The curves in Figure 2.5 show cooling power as a function of coupling e±ciency

(light which isn't coupled into the core is assumedto passinto the ¯b er cladding)
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Figure 2.5: E®ectof coupling e±ciency on cooling power. Incident power 1W.

for three di®erent levels of background impurit y absorption(dueto impurities). The

assumedincident power is 1W.

From this, it can be seenthat reduced e±ciency of coupling will decreasethe

cooling power, and further, that increasing impurities decreasethe cooling power,

eventually making it impossibleto achieve cooling.

Similar trends can be observed by consideringthe e®ectof changing background

impurit y absorption for three valuesof coupling e±ciency as shown in Figure 2.6.

Essentially this shows the samee®ectsasFigure 2.5, but the in°uenceof impurit y

absorption is now explicit.

Theseresults suggestthat both coupling e±ciency and purit y of the sampleare

crucial for achieving and/or maximising cooling. This meansthat good coupling of

laser light into the ¯bre will be one of the major considerationsfor e®ective experi-

mentation. The ¯bres must alsobestoredin ascleanand humidit y free(sinceZBLAN

is slightly hygroscopic)environment as possible,as well as being manufactured with
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high purit y.



Chapter 3

Exp erimen tal Techniques

A number of techniques were employed to determine whether a material could be

cooled,and if so,how well. Firstly, °uorescenceand absorptionspectra of the sample

weretaken, from which it is possibleto eliminate somematerialswhich havenegligible

absorption at lower frequenciesthan their average°uorescence. Since this doesn't

account for the quantum e±ciency of the transition, nor for parasitic absorption in

the host, photothermal de°ection spectroscopy is then required to determine if the

samplewill cool, and what wavelength is optimal for cooling.

Once it has been establishedat what wavelength a sample will best cool, it is

then placedunder vacuumand pumped by light at this wavelength. Cooling in vacuo

is necessaryto maximise the temperature change, and allow simpler analysis via

the assumption that most heat transfer is then radiative. Finally, the temperature

changeof the samplecan be measuredeither by °uorescencethermometry or with a

micro-thermocouple.

55
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3.1 Requiremen ts

Although a number of di®erent typesof material arecandidatesfor lasercooling in the

condensedphase,the most successfulto date involvesionsembeddedin a transparent

solid host. To achieve cooling of this type of material, we needan appropriate ion

embeddedin a host with minimal background absorption. To prevent reabsorptionof

any cooling °uorescenceand a consequent reduction in cooling, emitted °uorescence

should exit the samplein a very short distance. Thus, an optical ¯bre of ytterbium-

doped ZBLAN is ideal, since this has the added advantage that the pump light is

guided down the length of the ¯bre. The ytterbium ions provide a broadenedtwo-

level systemasrequired,with high quantum e±ciency becausethe optically active 5p

electronis shieldedfrom the surroundingsby the complete6slevel. Whilst silicabased

glassescanbe manufactured with higher purit y and lower lossesthan present °uoride

glasses(of which ZBLAN is one),lossesin the °uoride glassesmay beimprovedbeyond

those in silica as manufacturing processesimprove. Perhapsmore importantly, the

phononenergiesin ZBLAN aresigni¯cantly lower than in silica, thusa greaternumber

of phononsneedto interact simultaneouslyto thermally de-excitethe optical levelsof

ytterbium in ZBLAN. This makesmulti-phonon transitions which reducethe optical

quantum e±ciency much lesslikely with a ZBLAN host than in silica [52].

To makediagnosticmeasurements on the glasseasier,a sampleof the ¯bre preform

is useful, sincethis allows simpler alignment and handling.

A high power laser sourceis required to achieve measurablecooling. Further-

more, sincethe optimal wavelength for cooling is initially unknown, a tunable source

is needed. The absorption of ytterbium in ZBLAN extends from around 900nm to

around 1050nm,so a titanium:sapphire laser was consideredsuitable. Once an op-

timal wavelength has been determined, ¯nding a cheaper alternative to the rather

expensive titanium:sapphire is possible. Recent developments in the production of
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diode lasersallow theseto have high output powers at a range of wavelengths. We

were able to sourcea 2W diode laser, with a nominal wavelength of 1015nmfrom

SemiconductorLaser International Corporation.

Initial investigationof materialsneedsto becarriedout to determinewhether they

are possiblecandidatesfor cooling or not. As shown in the previous chapter, there

is a de¯nite requirement that the averageemissionenergyis greater than the pump

energy, thus we needa substancewith signi¯cant absorption at longer wavelengths

than its averageemission. It is therefore essential to measureboth the °uorescence

and absorptionspectrum accurately. This wasachieved with a high resolution Jobin-

Yvon monochromator and a CARY 17D absorption spectrometer.

Once a material has been identi¯ed as a candidate for cooling, it is necessary

to diagnosewhether or not a sample will cool. A sensitive probe of temperature

change is neededto use the bulk sample of preform for this diagnosis. The best

technique available appearsto be photothermal de°ection spectroscopy [64, 65, 66],

which requiresdetectionof small de°ectionsof a probe laserby the heating or cooling

causedby the pump laser. For this we useda stable helium:neonlaserand usedthe

di®erencebetweentwo quadrants of a quadrant detector to detect the de°ection.

Oncelight is coupledinto the cooling ¯bre, we needto measurethe cooling power

developed. The simplest way to do this is to measurethe temperature change. To

make this data easierto analyseas well as increasingthe temperature change(and

thus the precisionof measurement) the ¯bre needsto have as little thermal coupling

with its surroundings as possible. Ideally, this would be solely radiative. Thus,

the contact area supporting the ¯bre should be minimised, and it should be under

vacuum to reduceconductive heat losses.This was achieved by supporting the ¯bre

to be cooled on a two pairs of crossedoptical ¯bres in a vacuum chamber.

To measurethe temperature, changesin the °uorescencespectrum with temper-

ature were calibrated and used to ¯nd the temperature of the cooled ¯bre. To do
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this with reasonableprecision, a sensitive high resolution spectrometer is needed.

Any noisein the laser output must also be reducedas much as possible. The same

monochromator asusedfor °uorescencespectrum measurements wasagainemployed

here, and the laser was stabilised using a "noise eater" which usesfeedback to an

acousto-opticmodulator (AOM) to stabilise the laser power. Although this signi¯-

cantly reducesthe intensity noise, there is still about 2% variation in intensity, but

the e®ectof this can be reducedby averaging over a number of runs, and it is sig-

ni¯cantly smaller than the changein °uorescenceintensity due to cooling of around

10%. However, the "noise eater" is unable to stabilise long-term °uctuations of laser

power, so it was not usedon somelonger experimental runs. In this case,intensity

was monitored on a photodiode, and the signal was normalisedby this.

An attempt to reducethe e®ectof laser intensity noiseon the measurements was

madeby integrating acrossthe entire spectrum simultaneouslyusingan OceanOptics

¯bre spectrometer,although the resolution of this was limited by the needto observe

reasonablylow intensity signals.

Although the above °uorescencemeasurements can determine temperature quite

precisely, a contact measurement of the temperature would be more convincing, and

also demonstrate refrigeration of another object by the cooled ¯bre. The compar-

atively large devicesused for conventional contact thermometry would require sig-

ni¯cant °ow of heat from the ¯bre and therefore render measurements inaccurate.

The useof a microthermocouple (OmegaEngineeringInc.) reducesthis as much as

possible,and this makes it the only viable instrument for contact measurement of

¯bre temperature.

In the following sectionsthis equipment is ¯rst described in detail, then the ex-

perimental proceduresand their limitations are outlined.
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3.2 Principal Exp erimen tal Apparatus

3.2.1 Ytterbium Dop ed ZBLAN Fibre

Our experiments have focussedon 250¹m diameter ZBLAN (ZrF4 ¡ BaF2 ¡ LaF3 ¡

Al F3 ¡ N aF) ¯bre with the coredoped evenly at 1wt% with triv alent ytterbium ions.

The ¯bre was manufactured on special order by KDDI Research and Development

Laboratories, Japan, and their carefully controlled production minimized the level

of impurit y doping. The ¯bre is uncoatedwith a corediameter of 175¹m and has a

numericalaperture of 0.28,and steppedrefractive index pro¯le. A cylindrical preform

(1cm £ 1cm diameter) of this glasswas alsoproduced.

Since the ¯bre is susceptibleto chemical damageand slightly hygroscopic,we

attempt to minimise its degradationby storing it in a dessicator.Nevertheless,some

evidenceof degradationwas observed in our later results.

Samplesof the ¯bre are preparedusing a diamond cleaver and the quality of the

endsis con¯rmed under a microscope.

3.2.2 Titanium:Sapphire Laser

The laser system consistsof a Coherent 899 ring titanium:sapphire cavit y in high

power con¯guration pumped by a Coherent Innova Argon Ion laser operating with

an output power of about 18W at 514.5nm. With long wavelength optics, the ti-

tanium:sapphire laser can be tuned from 940nmto around 1040nm,with maximum

power output of about 2W at 970nm,but its output power drops signi¯cantly below

1W at wavelengthslonger than 1020nm(to about 0.7W at 1025nm,and down to less

than 0.1W at 1040nm). The output beam is approximately Gaussianas shown in

Figure 3.1, with a half-width of 1mm and a divergenceof 5 £ 10¡ 4 radians. These
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measurements were madeby translating a pinhole acrossthe beam, through a num-

ber of horizontal and vertical cross-sections,and measuringthe transmitted intensity

with a photodiode.

During normal operation, the intensity noise on the laser output was found to

be about 10% on a timescaleof a few seconds,although it was speci¯ed as < 2%.

Sincemany of our measurements require better signal to noise than this, a "noise-

eater" is employed in someexperiments to stabilise the output power. This consists

of a photodiode which detectsa small fraction of the laser beam (for instance, that

which passesthrough a mirror), and the di®erencebetweenthis and a predetermined

referencevalue is fed back to an acousto-opticmodulator (AOM) earlier in the beam

path. The AOM therefore de°ects a greater proportion of the incident beam when

the photodiode signal increases,thereby stabilising the beamintensity. A schematic

of this setup is shown in Figure 3.2. With this arrangement, short-term intensity

noisewasreducedto 1%. To retain asmuch usablelaserpower aspossible,the noise

eater reduced the beam intensity by only slightly more than 10%. Although this

allowed maximal usablepower, larger long-term °uctuations in laserpower could not

becontrolled, sofor somelongerexperiments (> 3 minutes), insteadof usingthe noise

eater, the photodiode output was recordeddirectly, and this was usedto normalise

any measurements.

The pointing stabilit y of the output beamis within 20¹r ad, and this is su±ciently

good that it doesnot a®ectour resultsby altering the coupling of light into the ¯bre.

However, the cavit y doesundergomode hops,and the resulting changein wavelength

can be observed as abrupt shifts in a number of raw measurements. Although it is

possibleto useintracavit y optics to stabilise the output wavelength, this is precluded

in the current application by the needfor high laserpowers at the long wavelengths

used,sowherepossible,the e®ectof mode hopsis reducedby repeating experiments

a number of times.
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Figure 3.1: Contour plot of pro¯le of titanium:sapphire laserbeamat 1015nm.Each
contour line represents a step of 1/50 of the maximum intensity, with the region
outside the lowest contour representing zerointensity. The intensity of the beamwas
measuredalong a number of vertical and horizontal cross-sectionsby translating a
pinhole acrossthe beam,and measuringthe transmitted intensity with a photodiode.
The extremely weak side-lobe (due to re°ection from the back faceof a mirror) does
not signi¯cantly a®ectcoupling e±ciency.
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Figure 3.2: Schematic of noiseeater usedto reducelaser intensity noise. The di®er-
encebetweenthe photodiode measurement and somepre-determinedlevel is usedto
adjust the fraction of light de°ectedby the AOM.
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3.2.3 Dio de Laser

To attempt to bring solid cooling further towards commercial application, we also

useda semiconductordiode laserasan alternative light source.The diode wasman-

ufactured by SemiconductorLasersInternational Corporation, and has a maximum

output power of 2W, centred at 1013nm.The pump diode hasa spectral linewidth of

3nm, with numericalaperturesof 0.14and 0.64for the slow and fast axesrespectively.

The emitter sizeis 100£ 1¹m , with a stripe width of about 8¹m .

The contour plot of the beam pro¯le of input into the ¯bre coupling mirror is

shown in Figure 3.3, and a horizontal cross-sectionis shown in Figure 3.4. It is clear

from these¯gures that the intensity pro¯le of this laser is very poor. The contour

plot suggeststhat there are a number of stripes acrossthe beam, and this is even

more evident in Figure 3.4, which superimposesthe pro¯le of a TEM 62 beamon the

measureddiodebeampro¯le. Although the resolutionof thesemeasurements is rather

coarse,they do show that the beampro¯le is consistent with what may be expected

from a slab diode, with the presenceof modesup to TEM 62. Thus, the diode beam

may be produced by a number of strips, although the lack of zero intensity regions

suggestsmultimode output. In either case,e±ciently coupling this laserbeaminto a

¯bre will be di±cult.

The diode is housedin a TO-3 packageand mounted on a Thorlabs thermoelec-

trically cooled diode laser mount. The current sourceis a Wavelength Electronics

3.25A diode driver, and a 40W temperature controller (Wavelength Electronics) is

usedto stabilise the diode temperature. The temperature wasadjusted between2±C

and 42±C to shift the centre wavelength between1004nmand 1020nm. Throughout

this wavelength range,the beamintensity pro¯le remainssubstantially unchanged.

The laser light is collimated by an aspheric lens which has a small aperture,

limiting the transmissionto 75%,sothe maximum output power achievable from this

systemis 1.5W.



64 CHAPTER 3. EXPERIMENT AL TECHNIQUES

-5 -4 -3 -2 -1 0 1 2

-3

-2

-1

0

1

2

3

4

5

6

x (mm)

y 
(m

m
)

Contour Plot of Diode Beam Intensity

Figure 3.3: Contour plot of diode beam pro¯le. The intensity of the beam was
measuredalong a number of vertical and horizontal cross-sectionsby translating a
pinhole acrossthe beam,and measuringthe transmitted intensity with a photodiode.
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Figure 3.4: Horizontal cross-sectionof diode beam. The smooth curve shows the
pro¯le of a TEM 62 beamfor comparisonwith the diode output (coarsedata).
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3.2.4 Mono chromator

The Jobin-Yvon monochromator hasa path length of 1m, and a grating dispersionof

1.67milliradians/nm. The grating angle is computer controlled via a stepper motor,

and a photodiode on the output port detects the signal. For lock-in detection of

the photodiode signal, the °uorescenceis chopped at 290Hz. This frequencyis not

near a multiple of 50Hz, so electrical noise is reduced,and is su±ciently high that

an integration time of 0.1s can be used during detection. The output of the lock-

in ampli¯er (Model SR510,Stanford Research Systems)may then be recordedon

computer via a PC30 analogueto digital computer card.

The resolution of the monochromator is limited by the width of the entrance and

exit slits, sincethesewereopenedto allow a greatersignalstrength and thus a better

signal to noiseratio. With the 0.5mm slit widths employed, the resolution is 0.3nm.

This could be improved by reducing the width of the entrance and exit slits to the

0.1nm limit imposedby the grating.

3.2.5 Fibre Spectrometer

The Ocean Optics ¯bre spectrometer is speci¯ed to have a grating dispersion of

0.22nm/pixel. To accommodate the low levelsof °uorescenceexpected,the slit width

wasset at 50¹m . This limits the resolution to 7 pixels or 1.5nm, which is not nearly

as good as the monochromator, but still smaller than the sharpest feature in the

°uorescencespectrum (with a half width of greaterthan 10nm). Thus, the ¯bre spec-

trometer is adequatefor identifying spectral features,and preliminary measurements

of the °uorescencespectrum.

However, the ¯bre spectrometercannotbeusedto determinetemperaturechanges

of the ¯bre. Becausethe light is collecteddirectly, and the coupling lensof the spec-

trometer must be as closeto the cooling ¯bre as possibleto increasesignal strength,
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mechanical vibrations can changethe signal signi¯cantly. Sincesensitive detection of

changesin °uorescencespectrum is required to determine temperature changes,this

instrument is not useful as a temperature sensor.

This meansthat the ¯bre spectrometercannot be usedfor temperature measure-

ment, wheregreater sensitivity is required, although it is an e®ective instrument for

determining the °uorescencespectrum.

3.2.6 Microthermo couple

The K-t ypemicrothermocoupleusedwasmanufacturedby OmegaEngineeringIncor-

porated(www.omega.com).It hasa 12¹m tip diameter,with wiresof 12¹m diameter.

In transit it is mounted on a protective plastic support, which must be removed for

it to be of usewith the ¯bre. The thermal EMF developed is 50¹V per degreenear

room temperature, as shown in the calibration curve in Figure 3.5. Any physical

deformation of the thermocoupleseemsto result in a slight shift of the intercept, but

the slope (or sensitivity) remainsthe same.

3.3 Fluorescence Spectroscop y

The average°uorescenceenergy must be known before the cooling power can be

calculated. This is found by taking the weighted averagefrequencyof the °uores-

cencespectrum. The °uorescencespectrum was observed using both a Jobin-Yvon

monochromator and an OceanOptics Fibre Spectrometer.

To measurethe °uorescencespectrum, a titanium:sapphire laser beam was cou-

pled into the sample(either ¯bre or preform) and the °uorescencewas collectedat

right anglesby a 2 inch lens with focal length of 12cm, and the °uorescencestripe

wasimagedonto the monochromator's entrance slit via adjustablemirrors. The °uo-

rescencewaschopped at 290Hz,and the photodiode signal wasampli¯ed and lock-in
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Figure 3.5: Calibration of Microthermocouple. The line ¯ts the data points well,
so the slope can be used to determine temperature changesover the range of our
experiments.

detected using a lock-in ampli¯er (Model SR510,Stanford Research Systems)with

an integration time of 0.1s.

As the grating anglewas scannedby the computer controlled stepper motor, the

output of the lock-in ampli¯er was digitised and recorded. As mentioned earlier, in-

tensity noiseon the laserlimited the precisionof thesemeasurements, sowe employed

a "noise-eater" which measuredthe beam intensity transmitted through a mirror to

feedback to an acousto-opticmodulator and stabilise the power output.

When the noise-eaterwasfunctioning well, the measurements werea®ectedmainly

by frequency hops in the laser output. Even though the °uorescencespectrum is

independent of pump wavelength,the absorption is not, sothesechangesin frequency

causechangesin the °uorescenceintensity. Sincethe monochromator takes time to

scanthrough the wavelengthsof interest (typically 1 minute), this leadsto somejumps

in the resulting °uorescencedata. However, thesecan be eliminated by comparinga
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number of experimental runs.

The digitising of °uorescencedata was performed via an A/D converter using a

PC-30computercard. This wasusedboth for °uorescencespectroscopy, and later for

°uorescencethermometry, and in both cases,the samplingrate wasset at 4kHz, and

the data was then digitally ¯ltered with a 200Hzbandwidth to reducethe e®ectof

noisein the A/D conversion. Computer code for simultaneousdata acquisition and

wavelength scanningof the spectrometer was developed. This allowed the selection

of wavelength rangeand speedfor the scanningprocess.

To overcomesomeof the inherent disadvantagesin this scanningsystem,an Ocean

Optics ¯b er spectrometerwastrialled. This avoids the needfor wavelengthscanning,

sincethe incoming light is dispersedby a grating over an array of CCDs, soall wave-

length are integrated simultaneously. This meansthat a noise-eateris unnecessary

to achieve good precision in the °uorescencespectrum. Although this was useful in

somesituations, the needfor a large entrance slit width (50¹m ) to collect su±cient

°uorescencelimited the wavelength resolution to 1.5nm.

Whilst both of theseinstruments wereuseful for measuringthe °uorescencespec-

trum and averagewavelength,neither had su±ciently good signal to noiseto measure

the small changesin °uorescencespectrum with temperature, soanother method had

to be developed to measuretemperature.

3.4 Absorption Spectroscop y

Oncethe average°uorescencewavelength is known, the cooling power may be deter-

mined from the absorption at any wavelength. The absorption wasmeasuredusing a

CARY 17D absorption spectrometer (from the Chemistry Department, The Univer-

sity of Queensland)with the ¯bre preform mounted in the centre of onearm.
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Figure 3.6: Schematic of CARY absorption spectrometer.

This spectrometerworks by selectingonewavelength from the output of a broad-

band °ash lamp and splitting this between two arms. The signal strength in each

arm is measuredas the selectedwavelength is varied, and the ratio givesthe fraction

absorbed in the samplearm. This is shown schematically in Figure 3.6.

Where absorption is strong, collection of °uorescenceby the detector may reduce

the apparent absorption. However, light collected by the detector is within a solid

angle of 0.04 steradians,so lessthan 0.5% of emitted °uorescenceis detected, and

this will not signi¯cantly a®ectthe results, even at the highest absorption observed.

For wavelengthswith small absorption, the noisein the detectionapparatuslimits the

precisionof measurement. This can be problematic for analysinge®ectsof the long-

wavelengthabsorption tail which is relevant in our experiments, so it will sometimes

be necessaryto usea functional ¯t to the experimental absorption spectrum.

To measurethe absorptionspectrum, the 1cmlong ¯bre preform is mounted in the
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samplearm, and the absorption spectrum acquired using in-housedata acquisition

software. There is a baselinedue to di®erencesin the two arms of the spectrometer,

and this is removed from our experimental data by comparisonwith a blank run

with only the aperture in the samplearm. Taking the di®erencebetweentheseruns

removes the baseline. There remainssomeo®setdue to surfacere°ections from the

sample,but this can be removed by setting the absorption to zeroat wavelengthsfar

from any transition.

To determine the absorption coe±cient from the data, we use the fact that the

fraction of incident power absorbed in 1cm is given by Fraction Absorb ed =

1¡ e¡ ®¤0:01m where® is the absorptioncoe±cient in m¡ 1. Sothe absorptioncoe±cient

is given by ¡ log(1¡ A(¸ ))
0:01m , whereA is the fractional absorption at wavelength ¸ .

3.5 Photothermal De°ection Spectroscop y

Photothermal de°ection spectroscopy is a technique which may be usedto measure

the temperature change of a sample of material. Since the refractive index of a

material varies with temperature, if we passa laser beam through the sampleat an

angle, the beam will de°ect di®eringamounts depending on the temperature of the

material.

In our experiment, the heating or cooling is causedby the pump laser,sothe tem-

perature will vary radially from the centre of the pump beam,and so will refractive

index. This is analogouswith a lens, so we would expect a probe beampropagating

parallel or anti-parallel with the pump beam to be de°ected by someangle propor-

tional to the temperature gradient if it is displacedlaterally from the centre of the

probe beam.

The change in temperature of the sample, and also the temperature gradient

within it, is proportional to the heating or cooling power it experiences.Sinceover
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Figure 3.7: Schematic of photothermal de°ection experiment. The de°ection of the
Helium:Neonbeamis measuredas a function of the titanium:sapphire output wave-
length.

small temperature ranges,the refractive index changeis linear with temperature, the

de°ection of a probe beam will be proportional to the cooling (or heating) power

input into the sample.Thus, this is a very good technique for analyzingsmall regions

of temperature change,such as when pumping a large samplewith a small beam of

laser light. This motivates its use in determining whether or not a given material

may be able to be lasercooled.

In the experiment, we employ an arrangement shown schematically in Figure 3.7.

The sampleis the preform of our ZBLAN ¯bre.
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Figure 3.8: Photothermal de°ection experiment. The titanium:sapphire beamenters
via the rotary chopper in the back right of the photograph.

The idea of the experiment is to determine whether or not the samplewill cool

when irradiated with somewavelength of laser light. Thus, we passa focussedbeam

of light from the titanium:sapphire laser through the sample,and counter-propagate

a focussedhelium-neonprobe beam to one side of the pump beam so that the focal

points coincide longitudinally. Any de°ection of the probe beam from its initial

direction is pickedup by di®erencingtwo quadrants of a largeareaquadrant detector.

Figure 3.8 shows the physical experimental setup.

Say that the index of refraction of the material decreaseswith temperature, then

if the pump beam is heating the sample,then essentially a diverging lens is formed,

de°ecting the probe beamaway from the pump beam. If the sampleis cooling then

the de°ection will be towards the pump beam,asa converging lens is formed. Thus,

by chopping the pump beamon and o®,we can watch the de°ection and the sample

heating when the beam is on, and cooling back down to ambient temperature with
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the beam o®. If the beam were cooling the sample, the opposite would occur, so

if we seethe signalsat two di®erent pump wavelengthsgoing in opposite directions

without changingany beamor detector alignment, onemust be a cooling processand

the other heating.

By chopping the pump beam on and o®at 7Hz, we should seede°ection in one

direction as the glassheats, and then an exponential return to the initial de°ection

as it cools back to room temperature. Sincepump light of shorter than the average

wavelength must causeheating, comparisonof a photothermal de°ection curve with

the pump light at 975nmwith a curve for a pump wavelengthgreater than 1 micron

will indicate whether the solid is cooling at the latter wavelength.

What we expect to seeis shown in Figure 3.9. Note that the signal for cooling is

180degreesout of phasewith that for heating. In this case,heating is taken to cause

a positive changein the signal, although an experimental arrangement may reverse

this due to the relative positions of pump and probe beamin the sample,and which

quadrant of the detector is chosenas positive.

A notch ¯lter at 633.2nmis placedin front of the quadrant detector to minimise

the e®ectof any stray light from the titanium:sapphire laser. Becausethe pump

beam is chopped, there is some(albeit small) periodic re°ection of He:Ne radiation

from the chopper bladeswhich can distort the signal. Another issueis the time it

takesfor the pump beamto be chopped on and o®. Sincethe beamwidth is ¯nite, it

takessometime (approx. 3mswith the chopper operating at 7Hz) betweenthe light

being fully on and fully o®,thus we expect somedistortion of the signal as the light

is switched on and o®. Even though thesee®ectsare noticeablein somealignments,

the air currents in the room (air ¯lters were required to maintain cleanliness)cause

greater noisethan any other factor in our measurements. Thus, even though further

stabilising both laserswould improve the signal in an ideal situation, this was not

attempted becausethe air movement was the major limitation. Nevertheless,taking
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Figure 3.9: Predicted results of photothermal de°ection measurements. This is de-
rived from the exponential dependenceof the heating and cooling processes,with the
time constant estimatedto be similar to that in later experiments. Note the ¼change
in phasebetweenheating and cooling.
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a su±cient number of averagesincreasedthe signal to noise ratio su±ciently that

the relative amplitude of heating or cooling could be determinedto within 2% of the

maximum heating at 975nm.

Finally, the experiment can be repeated with both laser beamspropagating in

the samedirection to check that the signal is not someartifact of the experimental

arrangement. The experiment (with available equipment) was more cumbersomein

this case,making accurate alignment di±cult, so results from this method have a

worsesignal to noiseratio than thosefrom the counter-propagating arrangement.

3.6 Cooling in Vacuo

In the experiment, we employ an arrangement shown schematically in Figure 3.10.

The ¯bre sample is approximately 4cm long, although somelater experiments use

¯bres up to 12cmin length.

The experiment is done in vacuum (pressureapproximately 10¡ 5 torr), with the

¯bre supported on the edgesof microscopeslidesto minimisethe conductiveheat load,

and ideally to make the heat load solely radiative. An improvement implemented in

someof the later experiments was to place the cooling ¯bre on two pairs of crossed

small diameter silica ¯bres to further reduceheat load.

The vacuumchamber itself is shown in Figure 3.10. It is about 30cmin diameter.

When the photograph was taken, the laser output window had been replacedwith

a stepper motor and mechanical feed-throughneededto control the position of the

microthermocouplefor later experiments.
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Figure 3.10: Setup for cooling in vacuo. Attached to the vacuumchamber at front is
the Balzersvacuum gauge,with the laserentrance window to the right. Also shown
is the coupling lensmounted on a 3-D translation stage.
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Figure 3.11: Fibre mounted on stand, and supported by two pairs of crossedsilica
¯bres.
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Figure 3.12: Schematic of experimental arrangement for cooling in vacuo. Fluores-
cenceis collectedat right anglesvia a window in the top of the vacuumchamber. The
coupling lens is mounted on a 3-D translation stageto improve the easeof coupling
light into the ¯bre.

3.6.1 Coupling of Laser Sources

Oncethe ¯bre is supported in vacuum(seethe arrangement for support of the ¯bre in

Figure 3.11), the major di±cult y remainingin performing the experiment is e±ciently

coupling the laser light into the ¯bre.

For the almost-Gaussianbeamfrom the titanium-sapphire laser,a single lens (of

focal length lessthan 15cm) is adequateto achieve maximum coupling e±ciency to

the ¯bre. This lensis mounted on a translation stageoutsideof the vacuumchamber,

and the beamis approximately aligned using a CCD camerato view the laserbeam

and ¯bre inside the vacuum chamber. This is done at low laser power to minimise

damageto the ¯bre. Oncea signi¯cant amount of light is coupledinto the ¯bre core,

the CCD camerais replacedwith optics to image the ¯bre °uorescenceon the slit

of the monochromator. The intensity of the °uorescenceat an arbitrary wavelength

is then optimised using the translation stage to adjust the coupling lens, and this

maximisescoupling. This arrangement is shown schematically in Figure 3.12.



80 CHAPTER 3. EXPERIMENT AL TECHNIQUES

Since the wavelength of the laser is also of interest, part of the beam must be

diverted to the wavemeter(Burleigh WA1000) from the transmissionthrough oneof

the mirrors. The laserpower is measuredat the laseroutput, and inside the vacuum

chamber (with the ¯bre removed) to determinewhat fraction of light is transmitted

to the ¯bre's front face. This is 85%of the power at the laseroutput, and this is used

to ¯nd the incident power on the ¯bre facewhen under vacuum when measurements

of the laseroutput only are possible.

The large divergenceand poor beam quality of the diode laser make it more

di±cult to couple into the ¯bre. Initially , the beam is collimated by a combination

of an asphericlensand a cylindrical lens. The emergent beamhas the pro¯le shown

in Figure 3.3. This irregular pattern makese±cient coupling di±cult.

A number of attempts to improve beamquality, and thereforecoupling e±ciency,

were made. Firstly, spatial ¯ltering was attempted, both using a pinhole, and by

¯bre coupling into singlemode and longermultimode ¯bres. Although this may have

improved the coupling e±ciency to the cooling ¯bre, the resulting coupledpower was

lower than a single lensdue to the lossesinvolved in the spatial ¯ltering.

The spectrum of the diode is su±ciently broad that its wavelength could not be

measuredwith the wavemeter,sothe peakof the scatteredlaserlight wasfound using

the monochromator for each temperature at which the diode was operated.

3.7 Fluorescence Thermometry

To observe temperature change,it was noted [22] that the °uorescencespectrum of

the glassis independent of pump laser wavelength, but dependent on temperature.

The wings of the spectral lines show the most signi¯cant dependenceon tempera-

ture as evidencedin Figure 14 of Mungan and Gosnell'sreview [24]. Sincecooling is

achieved by pumping at long wavelengths,the short wavelengthsideof the transition
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is chosento avoid the possibility of scatteredlaserlight interfering with the measure-

ment. Preliminary experiments showed that the fractional changein intensity with

temperature at 950nmwas large comparedwith longer wavelengths,while the inten-

sity at this wavelengthwasstrong enoughto observe with good precision. Therefore,

we choseto measurethe variation of 950nm°uorescenceasthe incident laserlight at

1015nm,the optimal cooling pump wavelength,wasturned on. This changewasthen

calibrated against referencelevels obtained by controlled Peltier cooling of the ¯bre.

Wavelengthsnear950nmhave a similar temperature dependence,soa spectral width

of 1nm was usedat 950nmto collect su±cient light without reducing the sensitivity

of the measurement.

The results may be analysedto give a fractional change in the intensity of the

950nm°uorescencefrom switching on the pump light (t=0) to equilibrium (t= 1 ).

In the experiment, the laser light is turned on at time zero, and the intensity

of the 950nm °uorescence(which is collected through a window in the top of the

chamber perpendicular to the pump light) decays over time. To reducenoise, the

titanium:sapphire laseroutput power is stabilisedby a "noiseeater". The °uorescence

is chopped at 290Hzand coupledinto a monochromator with a photodiode detector.

The photodiode signal is lock-in detected.

To calibrate the changein temperature, the ¯bre is then placedon a temperature

controlled Peltier device(1:3cm £ 1:3cm) at atmosphericpressure,and lower power

laser light (approximately 0.2W) at 1015nmis incident on the ¯bre. The ¯bre is in

good thermal contact with the Peltier device,and should thus be at the sametem-

perature. However, even if the ¯bre is somewhat laser cooled, this would produce

only a systematictemperature o®set,and the calibration would still be valid for tem-

perature di®erences.Again, the intensity of the 950nm°uorescenceis measured,this

time against the Peltier temperature (as measuredby a thermistor). This providesa

calibration curve, which can be usedto ¯nd the temperature changeof the ¯bre in
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Figure 3.13: Calibration of °uorescenceintensity at 950nmagainst temperature. The
¯t is good to within the uncertainty in experimental data.

vacuum (Figure 3.13).

To ¯nd the temperature change,we take the ratio betweenthe initial °uorescent

intensity and the value it would reach in equilibrium. This ratio is determined by

¯tting a decaying exponential curve to the experimental data. The cooling is then

read o® the calibration curve (¯gure 5) by ¯nding the point where the °uorescent

intensity drops by the sameratio from its value at room temperature (24±C).

3.8 Microthermo couples

A contact measurement of temperature has a number of advantages over the °uo-

rescencethermometry described above. As well as measuring the temperature, it

introducesa heat load to the cooled ¯bre, and any cooling of the thermocouplewhich
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results can be considereda demonstrationof refrigeration. Furthermore, the temper-

ature is measuredat the surfaceof the ¯bre, not the interior (doped) regionobserved

by °uorescence.Sincethe exterior of the ¯bre is closerto ambient temperature that

the directly cooled region in the ¯bre core,cooling of the surfaceof the ¯bre demon-

strated that bulk cooling of the entire ¯bre hasoccurred.

The thermocoupleusedneedsto be ¯ne gaugeto have a su±ciently low thermal

masssothat the measurements are not unduly a®ected.This hasthe side-e®ectthat

the thermocouplesare not highly mechanically stable,and cannot conduct heat away

readily. The latter considerationmeansthat in normal circumstances,the thermocou-

ple must be kept away from any laser light or intense°uorescence.Someasurements

of temperature may only be madewhen the laserlight is switched o®. In most of our

experiments this was assuredby placing a shutter in line with the thermocouple.

The needto make reproducible contact with the ¯bre without damagingthe ther-

mocoupleled us to mount the thermocoupleand shutter on a rotating shaft which was

controlled by a microstepping(Vextra) stepper motor. A mechanical feed-throughto

the vacuumchamber wasconstructedwith electricalconnectionprovided through two

leadsinserted through the centre of the rotating shaft.

With the ¯bre in position, the thermocouplewascarefully rotated into bestcontact

and this position recordedon the controlling computer. The thermocouplewas then

rotated away from the ¯bre and out of any potential exposure to laser light before

the chamber wasevacuatedand the laseraligned into the ¯bre. The computer could

then return the stepper motor to the optimum thermocouple position as required.

This arrangement is shown schematically in Figure 3.14.

Oncethe pressureinside the vacuum chamber is below 10¡ 5 torr, the experiment

is run by switching the laser light on at sometime (t=0), and allowing it to cool (or

heat) the ¯bre for 3 minutes. The thermocoupleis then rotated in to contact with the

¯bre, and the shutter simultaneouslystopsthe laserlight impinging on the ¯bre. The
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Figure 3.14: Schematic of thermocoupletemperature measurement setup.

decay of the ¯bre and thermocouple back to ambient temperature is then observed

over the ensuing3 minutes. The thermal EMF is ampli¯ed (1000x), digitised and

stored for later analysis.

To determine the initial temperature of the ¯bre, an exponential is ¯tted to the

signal, and extrapolated to ¯nd the changein thermal EMF betweenthe time when

the laserwasshut o®,and equilibrium. This shouldbe a measureof the temperature

of the ¯bre when the laserwas turned o®,so to determine the temperature the ¯bre

would have reached in equilibrium, this must be adjusted in the following manner

Tf inal = TT C
1

1 ¡ e
t
¿

(3.1)

wheret is the length of time the laserwas cooling the ¯bre (3 minutes) and ¿ is the

time constant of cooling of the ¯bre alone.

Sincethere will be someheat °ow along the thermocouplewires, and heat must

°ow from the thermocouple junction for it to be brought into equilibrium with the

¯bre surface, interpreting the results of thermocouple measurements may not be

straightforward, so detailed modeling will be discussedin conjunction with the ex-

perimental results in section6.3.
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Sincethe top window of the vacuumchamber is still accessibleduring thermocou-

ple experiments, the °uorescencetechnique can be usedduring the samerun. This

was usedas a direct comparisonof the results of both techniques.

As an extensionto this experiment, when the laser was very well coupledto the

¯bre, and stray laserlight wasminimised, the thermocouplewasbrought into contact

with the ¯bre while the laser light was switched on, by removing the protective

shutter. It was thought that the thermocouplemay still cool, even though it would

be heatedby the cooling °uorescence.A further extensioninvolvesusing a re°ective

gold coating on a small region of the ¯bre to prevent °uorescencefrom impinging on

the thermocoupleduring the cooling process.
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Chapter 4

Diagnostics of Material by

Spectroscop y

To determinewhethera particular material is a candidatefor cooling, it wasnecessary

to ensurethat it had signi¯cant absorption at wavelengthslonger than that of the

average°uorescence. Therefore, the absorption and °uorescencespectrum of the

material weredetermined. To then check that a sampleof the substancedid actually

cool, photothermal de°ection spectroscopy was used.

4.1 Fluorescence

The °uorescencespectrum of the preform of ytterbium doped ZBLAN wasmeasured

asdescribed in the previouschapter. The spectrum is shown normalisedto its 975nm

peak in Figure 4.1 for pump wavelengthsof 1005nmand 970nm. The samespectral

shape is found when pumping at a range of laser powers, so no detector saturation

is occurring. The °uorescencespectrum for a larger rangeof wavelengths,asusedto

¯nd the averagewavelength, is shown in Figure 4.2.

As discussedin section1.4 of the introduction, although the overall °uorescence

87
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Figure 4.1: FluorescenceSpectrum of Yb:ZBLAN at pump wavelengthsof 1005nm
and 970nm. The spectrum is normalisedto peakat a value of 1 at 975nm. Note that
scatteredlaserlight is observed in the 1005nmcurve, but otherwise,thesespectra do
not di®ersigni¯cantly.
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Figure 4.2: Extended FluorescenceSpectrum of Yb:ZBLAN. The spectrum is nor-
malisedto peak at a value of 1 at 975nm.

intensity is dependent on both absorption (and henceinput wavelength) and input

power, the intensity at any wavelengthrelativeto the 975nmpeakis the same,thusthe

normalisedspectrum is independent of power and wavelength for the parametersof

our experiments, at leastto within the measurement noise.Sincetemperatureinduced

changesin the °uorescencespectrum will later be usedto measurethe temperature

of a cooled ¯bre, it is worth pointing out herethat the temperature changesexpected

in the bulk preform usedare lessthan 0.1K, ensuring that the temperature change

hasa negligiblee®ecton this experiment.

The spectrum is very broad, due to the ytterbium ions occupying random sites

within the glasslattice, and also due to thermal broadening. The main featuresare

a peak at 975nmand another, although lessobvious, at about 995nm. Thesecould

be consideredasthe two optical transitions of the three level systemsuggestedin the

theoretical model, so it is of interest to seehow well the spectrum can be modeled
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Figure 4.3: Fluorescencespectrum for Yb:ZBLAN from Figure 4.1 ¯tted to the sum
of two Gaussians.

as the sum of two Gaussianscentred on the peaks. A comparisonis shown in Figure

4.3.

The ¯t is good to within experimental noiseover most of the range, so this in-

dicates that we were justi¯ed in simplifying the analysis to a three level system.

However, the discrepanciesat both long and short wavelength indicate either other

weakly allowed transitions, or inhomogeneousbroadening.Therefore,any predictions

from the simpli¯ed model are likely to di®erslightly from experimental results.

Thermal broadeningof the ytterbium transition in the lithium niobate crystals

discussedin chapter 7 is about 3nm at room temperature [67], and the thermal

broadening of the transition in ZBLAN is likely to be similar. The half-width of

each Gaussianis between20nm and 30nm, which is much greater than the expected

thermal broadening at room temperature of about 3nm. Again, this indicates the

role of the glasshost, in that di®erent ions are located at di®ering sites within the
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lattice, and thereforeexperiencedi®erent splitting and shifts of their energylevels.

Although it is interesting to have con¯rmation that our theoretical simpli¯cations

are justi¯ed, the most important reasonfor measuringthe °uorescencespectrum is to

determine the averagewavelength of °uorescence.This allows further evaluation of

the material asa candidatefor cooling. To ¯nd the average°uorescencewavelength,

the wavelengthsare ¯rst transformed to frequencies. Then the averagefrequency,

weighted by spectral intensity, is determined. From the variation in runs of °uo-

rescencemeasurement, an error in this averagewavelength may also be determined.

For our sampleof ytterbium-doped ZBLAN, the average°uorescencewavelength is

¸ f l = 996§ 1nm.

As temperature drops, the broadening of the levels will be reduced,decreasing

the °uorescenceintensity at both long and short wavelengths. Lamouche et al [28]

estimate that the average°uorescencewavelength shifts by lessthan 1nm for a 30K

changein temperature near room temperature. So,although the averagewavelength

will shift slightly with temperature, it is essentially constant over the range of tem-

peraturesin our experiments.

4.2 Absorption

Now that the average°uorescencewavelength is known, the cooling power (if unity

quantum e±ciency is assumedfor the transition) for any samplemay be determined

from the absorption spectrum. The dependenceof the coe±cient of absorption on

wavelength is shown in Figure 4.4. It was measuredas described in the previous

chapter.

As with the °uorescencespectrum, this exhibits a de¯nite peakat 975nm,with a

much smaller onenear 940nm.

Again, it is interesting to seewhether this spectrum is essentially composedof two
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Figure 4.4: Absorption Spectrum of Yb:ZBLAN. Note that there is absorption at
longer wavelengthsthan the average°uorescencewavelength of 996nm.

broadenedtransitions or whether it is more complex. The ¯t is shown in Figure 4.5.

The lack of good ¯t around 930nm (this can be ¯tted by using a third Gaussian),

indicates the presenceof a third higher energy transition which is likely to cause

greater heating than the 3-level model would predict at pump wavelengths below

950nm.

On the assumption that the impurit y dopants (Yb3+ in this instance) have a

single broadenedtransition and are all in thermal equilibrium with the glasshost,

the °uorescenceand absorption should theoretically [68] be related by the following

simple transform which is analogouswith equation 2.39.

® = F luorescenceI ntensity £ K exp(
h(f ¡ f centr e)

kT
) (4.1)

where K is an scaling factor, ® is the absorption cross-section,and the centre

frequency, f centr e is taken to be that corresponding to a wavelength of 975nm. The
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Figure 4.5: Fit of Absorption Spectrum of Yb:ZBLAN by the sum of two Gaussians.

result of performing this transformation of absorption, and normalising to give the

best ¯t with °uorescence,is shown in Figure 4.6.

Similarly, the absorption may be transformed to comparewith the °uorescence

spectrum (Figure 4.7).

Since the theoretical prediction of McCumber is derived for a single broadened

transition, whereasthe spectra exhibit two or more distinct broadenedtransitions,

a perfect ¯t cannot be anticipated. Nonetheless,the comparisonshows reasonable

agreement exceptin the relative intensity of the two peaks.Therefore,the discrepancy

hereis most likely due to the assumptionsof the McCumber transform, but may also

partially be explainedby inaccuratemeasurement of the high absorptionat the peak.

The CARY absorption spectrometer used is designedto measurelow absorptance

samples,so this peak may be an overestimateof the actual absorption near 975nm.

Since this will a®ectonly the predicted cooling at this peak, and it is not in the

wavelength range where cooling is expected, this discrepancywill not in°uence our



94 CHAPTER 4. DIAGNOSTICS

McCumber Transform
of Fluorescence
Absorption                        

850 900 950 1000 1050 1100
0

50

100

150

200

250

Wavelength (nm)

A
bs

or
pt

io
n 

C
oe

ffi
ci

en
t (

m
^-

1)

Comparison of Absorption with McCumber Transform of Fluorescence

Figure 4.6: McCumber transform of °uorescencecomparedwith experimental ab-
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Figure 4.7: McCumber transform of absorption comparedwith experimental °uores-
cence.
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Figure 4.8: Predicted heating (cooling) power for 1cm preform. Valuesbelow zero
indicate cooling.

results.

4.3 E®ect of Quan tum E±ciency and Sample Length

Now that the °uorescenceand absorption are known and the relationship between

them is similar to theoretical prediction, the ideal cooling can be calculated from

equation 2.15 if we assumea value for quantum e±ciency, and a sample length of

1cm (i.e. the length of the ¯bre preform). The result with 1W of power at the

incident wavelength is plotted in Figure 4.8 for valuesof quantum e±ciency of 97%,

99%and 1.

As would be expected,this showsan increasein heatingpower (decreasedcooling)

as the e±ciency of the transition drops. It also indicates that the quantum e±ciency

of the transition will need to be better than 97% if the ytterbium-doped ZBLAN

is to cool. Since the absorption is small at wavelengths above 1000nm, noise in
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Figure 4.9: Predicted heating/cooling power for 1cm preform - magni¯cation of cool-
ing region.

the absorption spectrum masks some useful information. To better predict what

will occur at thesewavelengths,a ¯t of the coe±cient of absorption to a decaying

exponential is used. A magni¯ed view of the relevant portion of the previous plot

(Figure 4.9) is shown using this ¯t instead of the experimental data.

As well as a reduction in cooling power, this shows that the wavelength at which

cooling is optimised dependsquite strongly on quantum e±ciency. Furthermore, the

minimal cooling which can be achieved if the quantum e±ciency were 97% is likely

to be o®setby parasitic heating from any impurities in the sample.

The dependenceof optimal cooling wavelengthcanbe exploited to experimentally

determine the quantum e±ciency. The optimal cooling in photothermal de°ection

experiments (section4.4) is found to benear1015nm,which is the optimal wavelength

if the quantum e±ciency is very closeto 1. Until a better estimate is found, we will

thereforeuseQ=1 for subsequent calculations.
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Figure 4.10: Predicted heating for di®erent lengths.

When ¯bres are cooled under vacuum, we will use lengths of 4cm to 11cm (as

discussedin section 3.6), it is necessaryalso to determine the e®ectsample length

has on cooling power. The predicted cooling power for four di®erent lengths within

the rangeof interest is shown in Figure 4.10.

This ¯gure showsan increasein the magnitudeof heatingand cooling powers,and

the smoothing out of the 975nmheating peakat greater lengths. This latter e®ectis

due to almost all of the light being absorbed by the ¯bre onceits length signi¯cantly

exceeds1
®. Sincethe cooling behaviour at long wavelength is of most interest, this is

again magni¯ed, employing the exponential ¯t of absorption as before(Figure 4.11).

As well as increasedcooling power as length increases,this shows a shift toward

the red in optimal cooling wavelength,which meansthat longer samplescan achieve

more e±cient cooling, since the e±ciency of the cooling processis dependent on

the ratio of pump and average°uorescencewavelengths. The length dependenceof

optimal cooling wavelength is shown in Figure 4.12.
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The wavelength dependenceon length is beginning to °atten o®at 1050nm,and

sincethe absorption is extremely small at this wavelengthand longer, it is likely that

impurit y heating will dominate at thesewavelengths,making cooling impossible,and

reducing the wavelength for optimal cooling.

As well asproviding useful information for our own experiments, this wavelength

dependenceallows us to determine the approximate optical path length inside the

material if the optimal cooling wavelength is known. As an example,Edwards et al's

[69] work on a preform of ytterbium doped ZBLAN with re°ecting dielectric coated

endsshowed optimal cooling at a wavelength of 1040nm,which would indicate that

the path length is about 1m, thus the input light undergoeson average100re°ections

in their 1cm long preform.

Since we cannot measurecooling power directly, but must measurechangesin

temperature, the change in temperature as function of ¯bre length is plotted from

equation 2.17 in Figure 4.13using the dimensionsof our ¯bres, and an emissivity of

1.

This shows that although the cooling power increaseswith length (Figure 4.12),

the maximum temperature changedecreaseswith length, aswell asshifting to longer

wavelength. The shift in maximum cooling from 1015nmfor a 1cm sampleout to

1020nm when the length reaches 11cm should be observable in later experiments.

This e®ectis of particular interest in any practical applications, sincethe e±ciency

of the cooling processis greaterat longer wavelengths,so fewer °uorescencephotons

are required to generatethe samecooling power which shouldmake it easierto cool a

devicewithout any e®ectbeingdominatedby heating from absorptionof °uorescence

photons.

Finally, since the °uorescenceand absorption are temperature dependent, and

we would expect the broadeningto decreasewith lower temperatures,as the sample

cools, the absorption at long wavelengthswill drop, so the samplewill have to be
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Figure 4.13: Temperature changeas a function of ¯bre length.

pumped at shorter wavelengths to maintain cooling power, even though this will

reducethe cooling e±ciency. Lamouche et al [28] have carefully modeled this e®ect,

and predict that the average°uorescencewavelength will increaseas temperature

decreases,further reducing e±ciency. Indeed, they suggestthat this will result in a

drop in the optimal cooling e±ciency to lessthan half its room temperature value at

150K.

4.4 Photothermal De°ection

The plot in Figure 4.14 shows photothermal de°ection curves as the laser light is

chopped on and o®for two di®erent pump wavelengths.The top curve is for a 975nm

pump, which must be heating sincethe incident light hasa higher energyper photon

than the averageemissionat 996nm. The lower curve is for 1015nmpump. This

signal is inverted with respect to the heating signal, and is thus evidencefor cooling
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Figure 4.14: Raw photothermal de°ection measurements on the preform of
Yb:ZBLAN.

of the sampleat this pump wavelength.

The noiseon the signal is considerable,especially on the lower amplitude cooling

signal. Long term shifts are causedby °uctuating air currents, while the short term

oscillations are near 100Hz, and are thus likely due to electrical interference. The

abrupt jumps between the end of an exponential decay, and the beginning of the

next half-cycle as the laser is chopped on or o® in the 975nm signal are due to

back re°ections of the titanium:sapphire laser light onto the quadrant detector (even

though most of this shouldbe rejectedby the notch ¯lter). The 1015signalshows no

such obvious artifacts, becausethe laserpower at this wavelength is only about half

of that available at 975nm.

To further quantify the above results, similar experiments were performed at a

number of wavelengths.The observed amplitude of de°ection was normalizedto the

input laserpower, to give a meaningfulcomparisonof heating and cooling e±ciencies

at various pump wavelengths. This data is shown in Figure 4.15. This shows the
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de°ection signal, or amount of heating when 1W of laser power is incident on the

glasspreform. Cooling occursat any wavelength wherethis signal is negative.

The solid line is the de°ection predicted from consideration of the amount of

light absorbed, and the di®erencein energybetweenabsorption and emission. The

expectedheating power is againgiven by equation2.15. This is calculatedand scaled

to give the best ¯t to the experimental data. The ¯t is good to within experimental

errors,exceptat the 975nmpeak,wherethe photothermal data is lower duethe e®ect

of saturation. Parts of the curve which go below zero(at wavelengthsabove 996nm)

indicate cooling. The greatest negative de°ection is at 1015nm,so this wavelength

was usedto attempt bulk cooling of ¯bre.

In Figure 4.16 the results of further photothermal de°ection measurements with

copropagatingpump and probe beamsare shown. The curve of ¯t is the sameas

Figure 4.15, but scaledto ¯t the new data. The results are very similar albeit with

greaternoisein the measurements due to the fewer degreesof freedomin positioning

the pump and probe beams.However, the majorit y of longerwavelengthdata points

are above the predicted curve, which could be taken as evidencefor an increasein

background absorption (causing parasitic heating) from the original measurements.

Since the measurements were taken almost 18 months apart, somedegradation is

expected,especially assimilar e®ectsare observed in the ¯bre (section5.1), and this

would lead to the decreasein cooling power.

The main discrepancybetweenprediction and experiment in both setsof results

is near the 975nmpeak, wherethe predicted heating is signi¯cantly larger than that

observed. Since the absorption is high at these wavelengths, it is likely that the

transition is being saturated, thus e®ectively reducing the absorption and therefore

alsoreducingheating. Furthermore, asdiscussedin section4.2, the actual absorption

near the 975nmpeak may be lessthan our measurement suggests,which would also

help to explain this di®erence.The lack of ¯t at short wavelengthsis due to the large
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Counterpropagating Photothermal Deflection Results

Figure 4.15: Counterpropagating Photothermal Spectrum of Yb:ZBLAN.

relative uncertainty (sinceabsorption is small) in absorption at thesewavelengths.

From thesephotothermal de°ection measurements, we can concludethat our pre-

form of ytterbium doped ZBLAN exhibits cooling in someinternal region at wave-

lengths betweenabout 1000nmand 1040nm.Thereforebulk cooling of a ¯bre of the

samematerial should be possible. Furthermore, the optimal wavelength for cooling

wasnear1015nm,indicating that the quantum e±ciency of the transition is very close

to 1. Having obtained this optimal wavelength, we will needto pump ¯bre samples

at this wavelength to achieve best cooling.



104 CHAPTER 4. DIAGNOSTICS

940 950 960 970 980 990 1000 1010 1020 1030 1040
-20

0

20

40

60

80

100

120

Wavelength (nm)

P
ho

to
th

er
m

al
 d

ef
le

ct
io

n 
si

gn
al

 (
a.

u.
)

Copropagating Photothermal Deflection Results

Figure 4.16: CopropagatingPhotothermal Spectrum of Yb:ZBLAN.



Chapter 5

Fluorescence Thermometry

The experimental arrangement and proceduresusedto obtain these°uorescencether-

mometry resultsare outlined in section3.3. In interpreting the resultsof °uorescence

temperature measurements, the two most important points to note are that the equi-

librium temperature should be reached exponentially , and that the sensitivity of the

relative °uorescenceintensity at 950nm(with a 1015nmpump) is 0.67%per Kelvin

near room temperature as shown in section3.7.

5.1 Titanium Sapphire Source

To achieve cooling as easily as possible in the ¯rst set of experiments, the tita-

nium:sapphire laser was chosenover the diode laser, since its beam quality is sig-

ni¯cantly better (section3.2), and it should thereforebe much easierto achieve good

coupling e±ciency into the ¯bre. This meansthat the temperature changewill be

maximised,and thereforemeasurements should be easier.

Results from early experiments with 4cm of ¯bre are shown in Figure 5.1. The

laserwastuned to 1015nm,and the power incident on the ¯bre is 0:85§ 0:03W. The

experiment was highly robust in that curvessimilar to this one were produced over

105
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950nm Fluorescence Intensity of Yb:ZBLAN. 1015nm Pump turned on at t=0

Figure 5.1: Single run of °uorescencemeasurement with titanium:sapphire source.
The smooth curve is an exponential ¯t to the data.

a number of trials spanningmany days, so to reducethe e®ectof noise,an average

over 10 experimental runs with the samepower and wavelength was madein Figure

5.2. Note that in this case,the noise is substantially reduced (by about a factor

of 3, as would be expected with an averageover ten runs, since
p

10 is about 3.)

This reduction in noise allows the fractional change in intensity to be found more

accurately, but the precisionof temperature measurement is limited to § 1K in both

casesby the calibration data.

The calibration curve from section 3.7 (Figure 3.13) was used to determine the

temperature change. In this early set of experiments, the ¯bre was supported on

microscope slides,as opposedto the crossed̄ bre support usedfor later experiments

that allowed for more reproducible positioning of the Yb:ZBLAN ¯bre.

To ¯nd the temperature change, we comparethe fractional change in intensity

from its initial value from Figure 5.2 to the value it would reach in equilibrium. This
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Figure 5.2: Fluorescence measurement of cooling of Yb:ZBLAN with tita-
nium:sapphiresource.The signal is averagedover 10 consecutive experimental runs.
The smooth curve is an exponential ¯t to the data.

change is determined by ¯tting a decaying exponential curve to the experimental

data. The ¯t gives a changein °uorescenceintensity of 8.6% at equilibrium. Thus

the results show cooling of about 13§ 1K .

Given the amount of intensity noiseon the laser(approx. 1% with the noiseeater

running), it was di±cult to calibrate temperatures to better than about 1K . Thus,

whenwe ¯nd a temperature di®erence,the precisionis limited to § 1K . Similar mea-

surements made at shorter wavelengthswhere heating would be expected show an

increasein °uorescenceintensity over time, con¯rming that the reduction in °uores-

cenceintensity is due to cooling rather than any spuriouse®ects.The trend in the

observed dependenceof cooling on wavelength also ¯ts with predictions (Figure 5.5)

as will be discussedin section5.3.

The cooling result achieved in this experiment is similar to thosereported by the

Los Alamos group. The most recent result achieved by Gosnelldemonstratedcooling
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by 65K [18]. In his experiment, 2.2W of laser light was carefully coupled into the

¯bre then retrore°ected through the ¯bre. In this way, more of the incident power

was usedwithout saturating the cooling transition, resulting in the improvement on

earlier experiments. However, the temperature changeachieved by Gosnelldoesnot

scaleup as predicted by simple models basedon the sample'soptical properties at

room temperature. This can be explainedby changesof °uorescenceand absorption

with temperature asdiscussedby Lamouche et al [28] whoseargument is discussedin

section2.5 of the Theory chapter. Werewe to perform a similar experiment, samples

of our ¯bre should cool by about 50K, if saturation can be avoided by optimally

coupling into the modesof the ¯bre sample.

To determine the cooling power, we consider the heat load on the ¯bre to be

just radiative from the vacuumchamber and environment, in which case,the cooling

power will be given by:

Pcool = ²A¾(T4
h ¡ T4

c ) (5.1)

where ², the emissivity of the ¯bre, is 0.9 [70], A is the surfacearea of the ¯bre,

Th is ambient temperature and Tc is the temperature of the cooled ¯bre.

The value of emissivity is from work by the Los Alamos group on Yb:ZBLANP.

Initially , they assumeda value of 1 for the averageemissivity basedon known prop-

erties of similar glasses,but measurements made on the ¯bre whilst it returned to

room temperature [70] showed that the value was closerto 0.9.

Equation 5.1 givesus the lowest possiblecooling power which would cool the ¯bre

to the measuredtemperature. In fact the cooling power may be greaterthan this due

to conduction of heat along the supporting microscope slides.

For cooling by 13K from ambient, Pcool > 1:9mW

The cooling power may alsobecalculatedfrom the initial rate of temperaturedrop,

given the speci¯c heat capacity and massof the ¯bre. The heat capacity of ZBLAN
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is 596 J
kg:K as determined by Hasz [62]. This value will not be signi¯cantly changed

by the ytterbium doping, so it is usedto ¯nd the cooling power: Pcool = mc( dT
dt )0 =

2.5mW, where( dT
dt )0 is the initial rate of temperature change(i.e the rate of cooling

when the ¯bre is at ambient temperature, so there is almost no heat load on the

¯bre).

The two values for cooling power are in reasonableagreement. Since the ¯rst

method assumesa solely radiative heat load, the degreeto which the secondvalue

exceedsthe ¯rst may indicate that thermal conduction through the ¯bre supports

is reducing our ultimate cooling. There is also the possibility that the temperature

of the ¯bre surface is closer to ambient than the centre of the ¯bre which would

meanthat the calculation of radiative load wasan overestimate. However, the model

developed in section6.3 shows that this di®erenceis negligible.

Comparisonwith the theoreticalprediction for 4cm¯bre (Figure 2.5) suggeststhat

the higher value is unrealistic, since this would imply that there is no heating due

to impurities, and that the coupling e±ciency was 100%. Taking the lower value for

cooling power, limits can be set on both impurit y absorption and coupling e±ciency

from the same ¯gure. Coupling e±ciency must be at least 80%, while impurit y

absorption is at most 0:01m¡ 1

Remembering that the input power in our experiment was 0.85W, the valuesof

cooling power cited above give cooling e±cienciesof 0.23%and 0.29%respectively.

For any practical application, it is useful to expressthesee±cienciesin terms of the

absorbed laser power rather than the incident power. Sinceonly 20% of the pump

light at 1015nmis absorbed in the 4cm ¯bre, the e±ciency of the cooling process

is between1.2% and 1.5%. If perfect coupling could be achieved to a samplewith

no impurities, and if the quantum e±ciency of the transition were 1, the cooling

e±ciency would be 1.9%. Although the experimental value is less than this, it is

su±ciently closethat substantial improvements in cooling power are unlikely with
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the current host material and doping level, especially since the quantum e±ciency

of the transition will be lessthan 1 due to somesmall proportion of non-radiative

decays.

Another quantit y of interest is the cooling power per ytterbium ion, sinceit may be

necessaryto increaseor decreasethe doping concentration in practical applications.

The density of ytterbium ions in the sampleis about 50mol=m3, so there are about

5£ 10¡ 8 molesof ytterbium ionsin the laserbeam. Giventhat this resultsin a cooling

power of 1.9mW, the cooling power per mole of ytterbium ions is about 36 kW/mol

or 0.37eV per secondper ion.

In the ideal system,although this is probably impossibleto realise,each cycle of

the cooling processcould remove energy of about kT, or 0.16eV(at room temper-

ature). The lifetime of the ytterbium level is about 5ms, so 200 cyclescould occur

each second,leadingto a cooling power for ytterbium of 32eVper secondper ion. Al-

though this value is unrealistically high, it doessuggestthat our present experiments

are operating well below the maximum cooling power which could be achieved if an

"ideal" material could be found.

More recently, about 16 months after the above experiment, a repeat was under-

taken. This time, the ytterbium doped ¯bre was supported on crossedsilica optical

¯bres to further reduceheat conduction from the surroundings,as well as improving

mechanical stabilit y of the support. The pieceof ¯bre usedfor the earlierexperiments

had beendamagedduring handling in the interim, so the sampleof ¯bre usedin this

experiment was a di®erent piece from the samebatch. This had been stored in a

dessicatorto reducewater adsorption.

Results from this re-run are shown in ¯gure Figure 5.3. The incident power of

laser radiation was 0:72§ 0:3W. The equilibrium changein °uorescenceintensity at

950nmis 4.5%,indicating cooling by 7§ 1K . Normalisingthis to the cooling per Watt

of input power for comparisonwith the previousresult, this is about 10K/W. This is
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Figure 5.3: Fluorescence measurement of cooling of Yb:ZBLAN with tita-
nium:sapphirelasersourceperformedon 2 year-old ¯bre.

signi¯cantly smaller than the previousresult of 15K/W, indicating that the ¯bre has

degradedover time, probably through the absorption of water into its surface.

As can be seenfrom Figure 5.3, the signal is much more noisy than the previous

result, as would be expected, sincethe temperature changeis approximately half of

the original, and the laser input power (and thus intensity of °uorescence)is slightly

lower (seefor comparisonFigure 5.1). Therefore, the signal to noise is expected to

be a factor of two worse,as it appearsto be.

Using the plot in Figure 2.6, and assumingthat all other factors are equal in this

experiment, the impurit y absorptionhasincreasedby 0:045m¡ 1, indicating signi¯cant

degradationof the ¯bre betweenthe two experiments, especially in view of the fact

that the ¯rst experiment set an upper bound of 0:01m¡ 1 for background impurit y

absorption.
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5.2 Dio de Laser Source

Once cooling has beenseenwith the titanium:sapphire source,further progressto-

wardsviabilit y for lasercooling over conventional formscould be madeby attempting

cooling with a cheaper and morerobust source.A diode laserwasthe ideal candidate,

and although its beamquality makescouplingdi±cult (c.f. section3.2.3),cooling was

achieved. Theseresults are discussedbelow. For a description of the experimental

procedureand a discussionof the di±culties found in coupling seesection3.8. Ade-

quate coupling to achieve cooling wasonly possiblewith the ¯bre facemounted near

the vacuumchamber window, and this combined with the support used,dictated the

useof an 11.1cmlength of ¯bre instead of the 4cm usedearlier. Theseexperiments

wereperformedjust prior to the secondsetof titanium:sapphire measurements above,

and the pieceof ¯bre usedwascleaved to 4cmfor the titanium:sapphire experiments,

so similar in°uence of ¯bre degradationon cooling is expectedin both experiments.

A typical set of results when using the diode laser is shown in Figure 5.4. This

showsthe resultsfor input laserpowersof 1W, 0.5W and0.25W(in orderof decreasing

magnitude of change). The input power at the diode's maximum operating current,

reaches 1.3W. However, long term temperature stabilit y is required for wavelength

and power stabilit y, and this could only be achieved with input powersof 1W or less.

An exponential ¯t is calculatedfor the 1W data, and this is scaledby power to give

the curvesof ¯t for the other two power levels. Note that this measurement suggests

that cooling power scalesdirectly with power as would be expectedfrom the model.

More convincing evidenceof this is presented in the next chapter, wheremeasurements

performedsimultaneouslywith a micro-thermocouplewill be presented.

For lower power, the signal to noiseratio in the °uorescencemeasurements drops

due to the simultaneousdeclinein °uorescenceintensity and cooling power. Indeed,

for the lowest power, it would be di±cult to justify that this data indicates cooling
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Figure 5.4: Fluorescencemeasurements of cooling of Yb:ZBLAN (length 11.1cm)with
diode sourceat 1015nmwith input power to ¯bre of 1.0W, 0.5W and 0.25W in order
of decreasingmagnitude of change.

were the higher power curves not available. The trend of this data does show the

drop expected,but the noiseis almost as large as the signal.

With 1.0W of incident light, the °uorescenceresults in Figure 5.4 show the inten-

sity at 950nmdropping by 2.5 % (the equilibrium value is determined by ¯tting an

exponential to the experimental data), which indicates cooling by 3.7K. The other

values are respectively 1/2 and 1/4 of this. The temperature change per Watt of

input power is 3.7K/W, which is just over 1/3 of the value obtained for the recent

titanium:sapphire experiment with the samesampleof ¯bre. This indicates that, as

well as any drop in cooling due to ¯bre degradation, other factors are reducing the

temperature changein experiments with the diode laser.

The most obvious of these is the longer ¯bre, but the theoretical prediction for

cooling of 11.1cmof ¯bre at 1015nmshows a drop of lessthan 20% in temperature

change (Figure 4.10). Since purit y of the ¯bre has already been accounted for by
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comparingthis valueto part of the same¯bre illuminated with the titanium:sapphire,

the remainderof the drop in power must be due to lower coupling of laser light into

the ¯bre, and perhapsalsoto heating from direct laserlight impinging on surfacedirt

which would not causesigni¯cant heating if all of the light were coupledto the core

of the ¯bre.

If the seconde®ectis taken to be negligible, the coupling e±ciency can be es-

timated from the theoretical plots in Figure 2.5 and Figure 2.6 to be about 70%.

Sincecoupling to a 7cm length of ¯bre requiresa lens with double the focal length

of that employed for the 11.1cm¯bre, the coupling e±ciency would be expected to

drop to 35%, and even lower for the 4cm ¯bre (where an even longer focal length is

required). Figure 2.5 shows that with the impurit y absorption found from the tita-

nium:sapphireresults, coupling of lessthan 55% will lead to heating over the entire

wavelength range. It is therefore not surprising that cooling could not be achieved

with the shorter ¯bres.

As well ashaving poorer beamquality, the diode laseremissionis morebroadband

than that of the titanium:sapphire laser. This may a®ectthe cooling resultssincethe

temperature measurement relieson a calibration at 1015nm(results of the following

sectionshow that this is valid for wavelengthsfrom 985nmto 1020nmand possibly

longer), and the cooling e±ciency depends on wavelength. The bandwidth of the

diode output is 2nm, and the cooling e±ciency is predicted (Figure 4.8) to changeby

no more than 2% for each 1nm near 1015nm. Therefore, the averagecooling power

will di®er by no more than this from what would be expected with a sharp line at

1015nm.This di®erenceis well within the measurement error. The following section

demonstratesthat the calibration used is adequatefor the bandwidth of the diode

excitation.
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5.3 Wavelength dependence of cooling

Although the °uorescencetemperature measurement is only calibrated at a pump

wavelengthof 1015nm,it is basedon a fractional changein °uorescenceintensity, and

so is likely to be adequatefor pump wavelengthsnear 1015nmwherethe dependence

of absorption on temperature is similar. However, sincethe intensity of °uorescence

at 950nm is proportional to the absorption coe±cient, as well as depending on the

°uorescencelineshape, the calibration will only be valid for pump wavelengths for

which the temperaturedependenceof absorptionbehavessimilarly to that at 1015nm.

Since the diode laser has a bandwidth of 2nm, if the temperature dependenceof

absorption wasstrongly in°uenced by wavelength, the measurements in the previous

sectionmay be invalid.

To determine over what range of pump wavelengthsthe calibration is valid, the

changein °uorescenceintensity at 950nmwasmeasuredat variouspump wavelengths

with the titanium:sapphire lasersource,and the resulting temperature changefound

from the 1015nmcalibration, and normalisedto 1W input power. The ¯bre employed

in theseexperiments was 11.1cmlong. The results are shown in Figure 5.5, as is the

theoretical prediction for cooling without accounting for any parasitic heating.

If the theoretical curve were shifted vertically by 13K (to account for parasitic

heating), the ¯t would be within experimental error for wavelengths longer than

985nm. However, the calibration is obviously not adequatefor wavelengthsshorter

than this, sincethe temperature changeshereare markedly di®erent from that which

would ¯t the theoretical curve. To con¯rm that the actual temperature changesdo

follow the theoretical curve, this experiment wasrepeatedusing the microthermocou-

ple to measuretemperature. These results are discussedin detail in the following

chapter, but do essentially con¯rm the theoretical prediction.

From this, it can be deducedthat the calibration of °uorescencetemperature
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Figure 5.5: Fluorescencemeasurements of cooling at di®erent pump wavelengths.
The solid curve is a prediction without accounting for parasitic heating.

measurement is adequatefor pump wavelengthsabove 985nm,and that it is certainly

reliable for the diode lasermeasurements in the previoussection.



Chapter 6

Thermo couple Measuremen ts

Although resultsusing°uorescencethermometry in the previouschapter show cooling

of the ytterbium doped ZBLAN ¯bre, a contact measurement of temperature would

help con¯rm the results and demonstratethat the cooled ¯bre is able to refrigerate

an object brought into contact with it.

The following sectionsdetail such an attempt using a microthermocoupleas the

temperature measurement device. The improved temperature resolution achieved

allows us to measurefeatureswhich would be hidden in the measurement noiseof the

°uorescencetechnique.

Usually, the thermocoupleis brought into contact with the ¯bre immediately after

the laserlight is switched o®,oncethe ¯bre hasbeenallowed to reach equilibrium by

cooling for over 5 minutes. Exceptionsto this will be explicitly noted.

As determined from the calibration curve in section 3.2.6, the sensitivity of the

microthermocoupleis ¡ 0:05mV:K ¡ 1.
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Figure 6.1: Thermocouple measurement of cooling of 11.1cm ¯bre of Yb:ZBLAN.
Cooling was achieved with 0.79W power input from the titanium:sapphire laser at
1015nm.

6.1 Titanium:sapphire Laser Source

Using the titanium:sapphire laseras pump source,experiments using the microther-

mocoupleto measuretemperature wereperformedat 1015nmasdescribed in section

3.8. The result with a pump power of 0.79W is shown in ¯gure Figure 6.1.

By ¯tting an exponential to the decay, as for °uorescence,the changein thermal

EMF betweenthe thermocouplemaking contact with the cooled ¯bre, and returning

to room temperature is -0.1mV. This indicatesthat the thermocouplehasincreasedin

temperatureby 2:0§ 0:1K to reach room temperature,and thus that the temperature

it reached on contact with the ¯bre was 2K below ambient.

The °uorescencemeasurement taken immediately prior to this (seesection 5.1)

showed cooling by 7K.
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Whilst the temperature dropsmeasuredby °uorescenceand usingthe thermocou-

ple areof the samesignand order of magnitudethey do di®ersigni¯cantly. There are

a number of reasonswhy this may be the case. Firstly, the temperature of the out-

sideof the ¯bre neednot be the sameas the internal temperature measuredthrough

°uorescence. Secondly, when the thermocouple contacts the ¯bre, the latter must

absorbheat from the thermocouplefor equilibrium to be reached, and thus the equi-

librium temperature is higher than the cooled ¯bre. Furthermore, the thermocouple

measurestemperature at a point on the ¯bre surface,whereasthe °uorescenceis col-

lected along a large sectionof ¯bre. Any spatial variations in ¯bre temperature (e.g.

due to impurities) may therefore be expected to contribute to a di®erencebetween

the two measurements.

If the temperature of the ¯bre was inhomogeneous,the thermocouple measure-

ments shouldshow equilibration with two distinct time constants: onedueto thermal

equilibration of the ¯bre with itself, and the other due to equilibration of the ¯bre

and thermocouplewith their surroundings. Given the reasonablygood thermal con-

ductivit y of ZBLAN, the equilibration within the ¯bre shouldoccur on a signi¯cantly

faster timescale, so the two should be able to be distinguished. Since only a sin-

gle time constant appear in our data, we may assumethat the ¯bre temperature is

reasonablyhomogeneous.

The equilibrium temperature of ¯bre and thermocoupleoncethe two are in con-

tact will be closer to ambient than the ¯bre was initially . The ¯nal temperature

di®erence(that measuredby the thermocouple) will di®er from the initial tempera-

ture of the ¯bre by the ratio of the heat capacity of the ¯bre, and the heat capacity

of the systemof ¯bre and thermocouple. So long as the thermal conduction is the

samefor both cases,the ratio of heat capacitiesis equal to the ratio of the time con-

stants for cooling of the ¯bre (from °uorescencemeasurements) and equilibration of
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the ¯bre and thermocouplewith ambient temperature (from thermocouplemeasure-

ments). In our experiment, the rate of radiative heat lossper Kelvin of temperature

drop is 5 £ 10¡ 4W:K ¡ 1 in both casessince the surface area of the thermocouple

is negligible comparedwith that of the ¯bre. Lossesdue to thermal conduction of

< 10¡ 5W:K ¡ 1 through the thermocouplewire is comparatively small, sothe expected

ratio of temperaturesis 25s
35s = 0.71which partially explains the observed di®erences.

If the 7K observed using °uorescenceis corrected for these, the expected tem-

perature changeof the thermocouple would be 5K, still more than a factor of two

greater than the observed temperature changewhen using the microthermocouple.

There remain two possiblecausesof the di®erence,neither of which can be directly

measured,but which must have the aggregatee®ectobserved.

The ¯rst possibility is that the cooling radiation is also causingheating in the

cladding of the ¯bre. The averagetemperature of the ¯bre would then be somewhat

higher than the cooled region from which °uorescenceis observed. Equilibration of

thesetwo regionswould likely occur on a fast time scale,and thus not be observable

as a secondtime constant in equilibration with room temperature.

The ¯nal explanation is that the heat conduction betweenthe ¯bre and the ther-

mocouple is the same order of magnitude as that along the thermocouple wires.

Although the conduction along the wires can be estimated, and is very small, the

contact betweenthe ¯bre and thermocoupleis di±cult to model. Sinceboth surfaces

are curved, it is quite possiblethat the resistanceto heat °ow could be large. If the

resistanceto heat °ow from the ¯bre to thermocouple were the sameas that from

the thermocoupleto ambient (along the thermocouplewires), the temperature of the

thermocouplewould cometo equilibrium half way betweenthe ¯bre temperature and

ambient.

If the conductivity of the glassitself is assumedto be high enough,then any heat-

ing in the cladding merely changesthe averagetemperature, while the temperature
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throughout the ¯bre remains essentially homogeneous.Under this assumption, the

measuredtemperaturedrop with the thermocoupleof 2.0K insteadof the expected5K

allows us to estimate that the resistanceto heat °ow from the ¯bre to thermocouple

is 1.5 times greater than that betweenthe thermocoupleand ambient. Given that in

all thermocoupleexperiments, the contact was optimised, this should be reasonably

consistent throughout the following results, as should the ratio of time constants, so

thermocoupleand °uorescencemeasurements should di®erby a factor of about 3.5.

Although the previousdiscussionoutlinespossiblequalitativ e explanationsfor the

results, a quantitativ e description would be much more useful,soa model describing

theseresults in detail will be developed in section6.3.

To comparemore readily with the diode laser sourceusedbelow, cooling of the

11.1cm¯bre was also performedat 1015nmwith the titanium:sapphire laser. Ther-

mocouplemeasurements of this are shown in Figure 6.2.

The temperature changesfor each of the three laserpower levels used(0.47, 0.82

and 1.09W respectively) are 0.8K, 1.6K and 2.2K. Normalising these to 1W input

power gives temperature changesof 1.7K/W, 2.0K/W and 2.0K/W. These agree

well, and the smaller value for the low power pump is most likely due to inaccurate

measurement of the laserpower, sincethis °uctuates signi¯cantly on short timescales

(shorter than the integration time for the power meter) when the laser is operated

at low power. As with the lessconclusive °uorescenceresults, theseresults indicate

that cooling power is directly proportional to pump power, and therefore indicates

that the cooling transition is not being saturated.

Further, if we assumethat the factor of 3.5 between °uorescenceand thermo-

couple measurements is consistent, this yields a normalised temperature changeof

7K/W. The cooling observed for 4cm of the samesampleof ¯bre using °uorescence

was10§ 1K =W, but this is expectedto drop by 20%for the 11.1cm¯bre to 8§ 1K =W.
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Figure 6.2: Thermocouple measurement of cooling 11.1cm¯bre of Yb:ZBLAN per-
formed at a wavelength of 1015nmwith varying laser input power.



6.2. DIODE LASER SOURCE 123

Thereforethe two valuesare in good agreement, indicating that the factor of 3.5 be-

tween°uorescenceand thermocouplemeasurements is reasonablyconsistent between

experiments.

6.2 Dio de Laser Source

Theseexperiments were performed in conjunction with the later °uorescencemea-

surements on 11.1cmof ¯bre, with the intention of making a direct comparison. A

typical set of results are shown in Figure 6.3. This again shows the results for input

laserpowersof 1W, 0.5W and 0.25W (in order of decreasingmagnitude of change).

An exponential ¯t is calculated for the 1W data, and this is scaledby power to

give the curves of ¯t for the other two power levels. Note that as with the °uores-

cencemeasurements, thermocouplemeasurements scaledirectly with power aswould

be expected. Note in this casethat the noise is not only smaller than that for °u-

orescence,but doesnot increasewith smaller temperature changes. This highlights

the advantagesof the microthermocouplefor detecting small temperature changes.

The curve for 1W input power in Figure 6.3 shows the thermocoupleheating by

1:0 § 0:1K to reach room temperature (a changein thermal EMF of 50 ¹V ). Thus,

when the thermocouple was brought into contact with the ¯bre, its temperature

dropped by 1.0K from ambient temperature.

This temperature changeis one half of that calculated from analogousmeasure-

ments madeusingthe titanium:sapphire laser,which is similar to the changebetween

lasersin the °uorescencemeasurements. This rea±rms that the coupling e±ciency

is reducedto about 70% with the diode laser, as comparedto the better than 90%

coupling which wasachieved with the titanium:sapphire laser. The °uorescencemea-

surements taken in conjunction with this experiment (section 5.2) showed cooling
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of 3.7K with 1W input power. This is a factor of 3.7 greater than this thermocou-

ple measurement, again suggestingthat the di®erencebetweenthe two measurement

techniquesmay consistently be a factor of 3.5. Reasonsfor this will be explored in

more detail in section6.3

The result of tuning the diode laser output wavelength is shown by the circles

in Figure 6.4. Also plotted (crosses)are previous photothermal de°ection results

using the titanium:sapphire laser, scaledto give cooling by 13K with 0.85W of laser

light incident at 1015nmas shown in section 5.1. The curves of ¯t are calculated

from the expected cooling powers in an ideal situation, which is then o®setto ¯t

the experimental data, in e®ectaccounting for parasitic heating. For these small

temperature changes,the expectedcooling is given by equation 2.15and 2.17

In the caseof the photothermal de°ection data, a number of the quantities in

theseequationsare not known, so an arbitrary scaling must be employed. The ¯t

shows good agreement with the experimental data, and interestingly shows that the

wavelengthfor optimal cooling shifts to the red asthe length of the sampleincreases,

as predicted by theory.

Thus, whilst the photothermal de°ection results, where cooling is restricted to

a small local region, show optimal cooling at 1015nm, the 11.1cmsampleused for

later experiments shows best cooling at around a 1020nmpump wavelength. Further

investigation of this e®ectwill be undertaken in the following section.

Measurements of ¯bre temperature drop using a micro-thermocouple di®er by a

factor of 3.5from thosedeterminedby °uorescencemeasurements. The di®erencemay

bepartly explainedby consideringthe thermal massof the micro-thermocouple. From

this, a di®erenceof 40%betweenthe two measurements would be expected. However,

the discussionso far has not consideredheat °ow within the ¯bre, or through the

thermocouplewires, so thesewill be addressedin the following sectionin an attempt

to explain the above results.



6.2. DIODE LASER SOURCE 125

0 20 40 60 80 100 120 140 160-0.01

0

0.01

0.02

0.03

0.04

0.05

time (s)

T
he

rm
al

 E
m

f (
m

V
)

Thermocouple Measurement of Laser Cooling of Yb:ZBLAN

Figure 6.3: Thermocouple measurement of cooling of Yb:ZBLAN using the diode
laser at 1015nmwith input power to the ¯bre of 1W, 0.5W and 0.25W respectively
with decreasingamplitude.
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Figure 6.4: Thermocouple measurement of cooling of 11.cm Yb:ZBLAN ¯bre when
the wavelength of the diode laser is varied.
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Table 6.1: Relevant physical properties of ¯bre and thermocouplematerials
ZBLAN Chromel Constantan

Emissivity 0.9 0.1 0.1
Thermal Conductivity (W:m¡ 1:K ¡ 1) 0.6 19 21
Density (kg:m¡ 3) 4310 8730 8920
Speci¯c Heat (J:kg¡ 1:K ¡ 1) 596 464 405

6.3 Mo deling of Thermo couple Results

To understand why the thermocouple always measuresa temperature which is 3.5

times lower than the temperature drop measuredby °uorescence(compare Figure

5.1 and Figure 6.3), a model wasdeveloped basedon conduction of heat through the

materialsaswell asconsideringradiativecouplingbetweenthe ¯bre and surroundings.

Although the majorit y of the essential parametersare known, the coupling between

the ¯bre and thermocouple, and any heating due to surfaceimpurities on the ¯bre

need to be estimated, since there is no direct way of measuring these quantities.

Indeed, the transfer of heat from a surfaceto a thermocouple in vacuum is not well

understood [71, 72], so that the coupling betweenthe thermocoupleand ¯bre will be

a ¯tting parameter in the model.

Throughout, the thermal conductivity and speci¯c heat of the materials involved

needto be considered.Thesevalues,together with the density and emissivity of each

material aregiven in table 6.3 for the ZBLAN and the propertiesof the thermocouple

materials (The E-type thermocoupleis composedof Chromel and Constantan).

Valuesfor ZBLAN were obtained from [62], [73] and [18]. Thermoelement prop-

erties are from the OmegaInc website(www.omega.com).

The thermocouplewires are each approximately 5mm long, so that if a tempera-

ture di®erenceof ¢ T is maintained betweenthe junction and ambient, the heat lost

through the wires by conduction is
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_Q =
½cA¢ T

l
(6.1)

For both thermocouplewires this is about 5:0£ 10¡ 7¢ T, so the total rate of heat

lossdue to conduction through the wires is 1:0 £ 10¡ 6¢ T.

The averagetemperature di®erencebetweenthe wire and ambient is 1
2¢ T, so the

rate of heat lossvia radiation from the wire surfacecan be found by

_Qr ad = 4¾²A sur f aceT3¢ T (6.2)

So the thermal lossesdue to radiation are 1:4 £ 10¡ 7¢ T.

Therefore, to maintain a temperature di®erence¢ T between the thermocouple

junction and ambient temperature, heat must °ow into the thermocoupleat a rate of

1:1 £ 10¡ 6¢ T W.

Initially , the relationship betweenthe temperature of the surfaceof the ¯bre and

the core during the cooling processis examined. Even though the purit y of the

¯bre is highly controlled during manufacture, surfaceadsorption of water and other

impurities is likely over time, so a possibleexplanation for the discrepancyobserved

could be basedon the idea that the ¯bre is heatedby surfaceabsorption. However,

a more likely rationale is found by consideringheat transfer to the thermocoupletip.

6.3.1 Temp erature Distribution in Fibre while Cooling

While cooling the ¯bre with laser light, there is a temperature gradient within the

¯bre. If the di®erencebetweenthe temperature at the centre of the ¯bre, and that

of the surfacewere signi¯cant, this would mean the temperature measuredby the

microthermocouple would di®er from that determined using °uorescencemeasure-

ments, sincethe thermocoupleshould essentially measurethe surfacetemperature of
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the ¯bre, whereasthe °uorescencebasedexperiment measuresthe temperature of the

part of the doped region inside the ¯bre through which the laser light passes.

In modeling the temperature distribution in the ¯bre while cooling, the temper-

ature di®erencebetweenthe outside of the ¯bre and ambient temperature is ¢ T, so

that the rate of radiative heat in°ux from the surroundingsis given by

dQ
dt

= 4¾²2¼Rf ibr el (T3
ambient ¢ T) (6.3)

where¾is the Stefan-Boltzmannconstant, ² is the emissivity of the ¯bre, Rf ibr e

is its radius, and l its length. Ambient temperature is denoted by Tambient , and

the temperature di®erencemaintained betweenthis and the ¯bre surfaceis ¢ T. If

we considerthe heat in°ux per unit length (q) this allows us to model the simpler

situation of heat °ow through a cross-sectionof the ¯bre. In this case, the above

equation becomes:

dq
dt

= 4¾²2¼Rf ibr eT3
ambient ¢ T (6.4)

Once equilibrium is reached (with the pump light switched on), this must be

equivalent to the cooling power generatedper unit length. Therefore, if we assume

that the beam is circular in crosssection with an even intensity distribution, the

cooling power will alsobe evenly distributed acrossthis area. A diagram of the cross

sectionof the ¯bre showing relevant radii is given in Figure 6.5.

We will considerhere a beam of radius R (R < Rf ibr e). Then, for regionsof the

¯bre outside of the beam, the rate of heat in°ux per unit length is the sameas the

rate at which heat is absorbed at the surface,so

dq(r )
dt

=
dq(Rf ibr e)

dt
(6.5)

for Rf ibr e > r > R. For regionsin the beam, the proportion of the total cooling
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Figure 6.5: Diagram of ¯bre cross-sectionshowing modeling parameters.

power generatedinside a radius r is given by the ratio betweenthe areaof the circle

of radius r and the total areaof the beam,i.e. r 2

R2 . Thus, the heat °ow at radius r is

dq(r )
dt

=
dq(Rf ibr e)

dt
r 2

R2
(6.6)

for r < R.

In each case,the temperature gradient within the ¯bre required to facilitate this

heat °ow by conduction is given by the dT (r )
dr = dQ

dt
1

½A, where½is the thermal conduc-

tivit y of the ¯bre (0:6W=m:K ), and A is the cross-sectionalarea of the cylinder at

radius r . Dividing both Q and A by the length,

dT(r )
dr

=
dq(r )

dt
1

2¼r½
(6.7)

Solving this systemof equationsnumerically (using Matlab) for R = 50¹m , and

Rf ibr e = 125¹m gives the results shown in Figure 6.6. The model may be rendered

more realistic by consideringthe beamto have a Gaussianpro¯le with a beamwidth

of D = 100¹m . The results of this analysisare shown in Figure 6.7.

These ¯gures are very similar, and indicate that the di®erencein temperature

betweenthe centre of the ¯bre and the outsidearenegligible(lessthan 0.2%)because

the thermal conductivity is su±ciently high.
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Figure 6.6: Numerical simulation of radial temperaturedistribution within ¯bre while
cooling with an even intensity-distribution circular beam. The plot is scaledfor 1K
cooling from ambient at the ¯bre surface.
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Figure 6.7: Numerical simulation of radial temperaturedistribution within ¯bre while
cooling using a Gaussianbeam pro¯le. The plot is again scaledfor 1K cooling from
ambient at the ¯bre surface.



6.3. MODELING 131

Accoun ting for Surface Heating

The considerationof temperature distribution within the ¯bre given above doesnot

explain the observed results,soit wasconjecturedthat surfaceheating (due to degra-

dation of the outsideof the ¯bre) may be the causeof the observed results. To model

this possibility, it is necessaryto include heat generationat the ¯bre surfacein the

above model. Sinceany heat generatedwill reducethe resultant cooling, this could

alsoexplain why the morerecent resultsshowed lessercooling (6K) that earlier e®orts

(13K).

Presumingthat the cooling power generatedin the ¯bre coreis the samefor both

experiments, this di®erencecan be used to estimate the heating power at the ¯bre

surface.Given this assumption,and that measurements are essentially of the average

temperaturedrop asshown in the previoussection,the heatingpower generatedat the

surfaceof the ¯bre must be 7=13 of the total cooling power to reducethe temperature

changefrom 13K to 6K (i.e. the net cooling power hasdropped to 6=13 of its initial

value).

Repeating the numerical analysis from the previous section with this additional

heat load, the results in Figure 6.8 are obtained.

This is again normalisedto the temperature di®erencebetweenambient and the

¯bre surfaceand shows a greater di®erencebetweencore¯bre temperature and that

on the surface. Indeed, the internal temperature di®erenceis actually the sameas

that without surfaceheating,sincethe rate of heat °ow into the ¯bre coreis the same,

but the surfaceheating reducesthe net cooling achieved, so the relative temperature

di®erenceinside the ¯bre is greater when normalisedto the net temperature change.

However, even though there is now signi¯cant heating at the surfaceof the ¯bre,

the internal temperature di®erenceis still small, and cannot explain the factor of 3.5

observed.

Sincewehavenow establishedthat the ¯bre temperatureis essentially uniform, the
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Figure 6.8: Radial temperature distribution within ¯bre while cooling using a Gaus-
sian beampro¯le and accounting for surfaceheating.

di±cult y seemsto lie in the thermal coupling between¯bre and thermocouple. This

could be improved experimentally by using a conducting compound on the contact

point, but this was avoided for for fear of contaminating the ¯bre, and also because

it would strongly absorb °uorescence,and therefore add heat load to the system.

Therefore, in order to understand the present results, the thermodynamics of the

thermocouple measurement needto be consideredas another possiblecausefor the

discrepancyin thesetemperature measurements.

6.3.2 Heat Flo w in to and from Thermo couple

When the thermocouple initially contacts the ¯bre, the junction and wires are at

ambient temperature. Heat must °ow from theseto the cooler ¯bre for a tempera-

ture changeto be registered. Thereforea model was developed to describe the time

evolution of the temperaturesof the ¯bre (Tf ), the contact point of the thermocou-

ple on the ¯bre surface (Ts), that of the thermocouple junction (Tt ) and ambient
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temperature.

In performing this modeling, heat °ow from the thermocouple to the ¯bre, and

through the thermocouple wires needbe considered,as well as radiative heating of

the ¯bre and thermocouple wires. Also, to maintain the thermocouple at a certain

temperature di®erencefrom ambient, a temperature gradient will be neededalong

the thermocouple wires, so that e®ectively the thermocouple wires must change in

temperature by an averageof half the di®erencebetweenthe junction and ambient

temperatures.

The temperature distribution inside the ¯bre, near the contact point, is assumed

to be hemispherical,i.e. heat °ows radially outward from the contact point. This will

be adequatesolong asthe contact point is small, and temperature di®erencebetween

the ¯bre and the contact point is small so that the temperature gradient within the

¯bre becomesnegligibleat distancesfrom the contact point on the scaleof the ¯bre

radius. The time evolution of the ¯bre and thermocoupletemperaturesthen follows

the di®erential equations:

_Tf =
4¼dL¾²T 3

a (Ta ¡ Tf ) + th(Tt ¡ Ts)
mf cf

(6.8)

whered, L and ² are the diameter, length and emissivity of the ¯bre respectively,

and Ta is ambient temperature. th is the rate of heat °ow between the ¯bre and

thermocouple per Kelvin temperature di®erence,and mf and cf are the massand

speci¯c heat capacity of the ¯bre respectively.

_Tt =
2¼dtc l¾² tcT3

a (Ta ¡ Tt ) + 2½A
l (Ta ¡ Tt ) ¡ th(Ts ¡ Tt )

mtct
(6.9)

where dth is the diameter of the thermocouple wires, A is their cross-sectional

area,½is their averagethermal conductivity, ² tc is their meanemissivity, and l is the

length of each thermocouplewire. mt and ct are the massand speci¯c heat capacity

of the thermocouplejunction.
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The temperature at the contact point is determinedby the temperature gradient

within the ¯bre which is required for the heat °owing in from the thermocouple

to be conducted into the ¯bre, away from the contact point. The area of contact

is estimated to be 10¡ 10m2 for the purposesof this model. This is calculated by

assumingthe ¯bre is comparatively °at (the radius of curvature of the ¯bre is more

than four-fold that of the thermocouple), and that onepoint on the thermocoupleis

in direct contact with the ¯bre. The estimatethen correspondsto the cross-sectional

areaof the thermocouplewhich is within onemicron of the ¯bre (this is the order of

magnitude of the distanceacrosswhich heat can be e®ectively transferedin vacuum

basedon [71]).

An image of the thermocouple junction is shown in Figure 6.9, and this can be

usedto ¯nd the diameter of the junction. The wire diameter is 13¹m , as speci¯ed

by the manufacturer, and con¯rmed by di®raction measurements, so the junction

diameter is 50¹m .

The thermal massof the thermocouple (mc) can then be calculated using the

material properties in table 6.3 to be 3:2£ 10¡ 7 J/K. Similar calculationsfor the ¯bre

yield 5 £ 10¡ 3 J/K. Thermal conduction along the thermocouple wires can also be

determinedto be 1:3 £ 10¡ 6 W/K. The only free parameter is the coupling between

the thermocouple and the ¯bre (th), and the closest¯t to our experimental results

(Figure 6.1) occurswhen this is set at 5 £ 10¡ 7 W/K.

With the parameterscalculated, this numerical model givesthe results in Figure

6.10,which have similar time-constants to the experimental results (seeFigure 6.1).

Note that the curve for the temperature of the contact point lies socloseto the ¯bre

temperature that it cannot be seenin the ¯gure. The ratio of temperature di®erences

of the ¯bre and thermocouple is 3.5, which agreeswith our experimental results, so

this could adequatelyexplain why the ratio betweenthe two measurement techniques

is consistently 3.5,with only slight variation dueto small changesto the contact point
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Figure 6.9: Microscope image of the thermocouple junction. The diameter of the
junction is about 50¹m , and the wires are 13¹m as speci¯ed.

betweenexperimental runs.

6.4 Cooling at di®eren t pump wavelengths

Using the titanium:sapphire laser, cooling and heating of the ¯bre samplescan be

investigated over a large range of wavelengths. The improved temperature resolu-

tion of the thermocouple meansthat we can now meaningfully measurecooling at

wavelengthsas long as 1030nm,even though the laserpower available is very low.

A plot of thermocouple temperature changenormalisedto 1W incident power is

shown is Figure 6.11. The 11.1cm¯bre is usedin this experiment. The curve shown

in the ¯gure is the predicted temperature change(from section4.3) divided by 3.5 to

account for the di®erencebetween°uorescenceand thermocouplemeasurements, as

discussedin the previoussection. Although the data is o®setfrom this prediction by

about 6K/W, the ¯t is otherwiseremarkably good.

This againsupports the validit y of the model for cooling aswell asagain rea±rm-

ing that the factor betweenthermocoupleand °uorescencetemperatures(the latter
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Figure 6.10: Temperature of thermocouple, centre of ¯bre, and contact point as a
function of time after coming into contact. The temperature of the contact point is
so closeto the ¯bre temperature that it cannot be distinguishedin the plot.

representing the temperature of the ¯bre) is 3.5. Indeed, this suggeststhat the dif-

ferencebetweenthermocoupleand °uorescencemeasurements, asidefrom the added

thermal mass,is almost solely due to low thermal conduction betweenthe ¯bre and

thermocouple. If the inhomogeneity of temperature within the ¯bre werea signi¯cant

in°uence, the thermocouplemeasurements shouldall be o®setby someconstant tem-

perature from the °uorescencemeasurements, which would changethe ratio between

°uorescenceand thermocouplemeasurements at di®erent wavelengths.

Comparisonwith Figure 5.5 shows that both °uorescenceand thermocouplemea-

surements follow the predicted curve well, and agreewith each other. The exceptions

are the °uorescencemeasurements at shorter wavelengthswhere the calibration at

1015nmis no longer valid.

This con¯rms the earlier assertionthat the °uorescencecalibration is adequate
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Figure 6.11: Thermocouplemeasurement of cooling of 11.1cmYb:ZBLAN ¯bre nor-
malised to input power as a function of wavelength. The excitation sourceis the
titanium:sapphire laser.

for wavelengths above 985nm, and shows another of the advantages of using mi-

crothermocouples, in that this technique is independent of the pump sourceused,

and could usedto measuretemperature changesof the ¯bre under illumination from

very broadbandsources.

6.5 Length dependence of cooling

It hasbeendemonstratedin the precedingsectionsthat cooling power and equilibrium

temperaturearedependent on the length of ¯bre used. Furthermore, predictionsfrom

theory (Figure 4.12) show that the optimum wavelength for cooling will depend on

the length of ¯bre employed. This wasinvestigatedexperimentally within the con¯nes

of the vacuum chamber and ¯bre support: ¯bres had to be 4cm or longer, and could

not ¯t inside the chamber if longer than 11.1cm.
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Figure 6.12: Cooling of di®erent lengths of Yb:ZBLAN ¯bre using the tita-
nium:sapphirelaseras a function of wavelength.

Results of microthermocouple measurements of heating of lengths of 4cm, 7cm

and 11.1cmof ¯bre at a number of wavelengthsare shown in Figure 6.12. The ¯t

at long wavelengthsin this plot is not good due to the noisein the absorption data

at long wavelengths. More detail of the cooling region is given in Figure 6.13, to

determine the optimal cooling wavelength for each of these lengths. In this ¯gure,

the smooth ¯t to absorption is usedinstead of the raw data so the predicted curves

can be comparedwith experimental cooling results. The titanium:sapphire laserwas

employed throughout to allow the investigation of cooling at the largest range of

wavelengthspossible. The curves of ¯t are those from theory scaledto best ¯t the

data, and o®setvertically to account for parasitic heating.

Again the data follow the predicted curve, but there is not su±cient resolution

in either the prediction from raw absorption data, nor in the cooling data itself to

conclusively show the shift in optimal cooling wavelength predicted. The noisedue

to inaccuracyin measuringthe very small absorptionbeyond 1020nmmeansthat the
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Figure 6.13: Details of the cooling region of Figure 6.12. This shows thermocouple
measurements of cooling of three di®erent ¯bre lengths as a function of wavelength.
The curves are predictions from the smooth exponential ¯t of absorption discussed
in section4.3.

¯t from raw absorption data is not meaningful at wavelengthslonger than this.

To seethe shift in wavelength, cooling was measuredin 1nm intervals about the

predicted optimal cooling wavelength for each length of ¯bre. Power stabilit y was

monitored with the photodiode for each run of the experiment. The higher resolution

data in Figure 6.13 is comparedwith the predicted cooling using the exponential ¯t

to absorption for long wavelengths(seesection4.3)

The predictionsarescaledand o®setasstated above, and appear to ¯t the experi-

mental data quite well. What is especially obvious is that optimal cooling is achieved

experimentally at the wavelength predicted. So, whilst photothermal de°ection re-

sults (section 4.4) indicate optimal cooling at 1015nm,this is only true for cooling

of the small internal region of the 1cm ¯bre preform where the titanium:sapphire

and helium:neonlaser beamsare both focussed.Once the ¯bre length is increased,

the optimal wavelength for cooling shifts to longer wavelengths,so that a 4cm ¯bre
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cools best at 1018nm,a 7cm length at 1020nm,and an 11.1cmlength experiences

optimal cooling at 1022nm. The experimental results show the 11.1cm¯bre cooling

better at 1023nmthan at 1022nm,but this is likely due to the increasingerror in

normalisedtemperature changeasthe laserpower dropsat longerwavelengths.Since

the precision of the temperature measurement is 0.1K, and the laser power varies

from 1W near1012nmto 0.5W at 1025nm,the error in the valuesof normalisedtem-

perature change increasesfrom 0.1K/W for the shorter wavelengthsto 0.2K/W at

longer wavelengths. Thus, most of the data points are within error of the predicted

curves.

6.6 Additional Exp erimen ts

6.6.1 Gold plated ¯bre

In an attempt to show simultaneouscooling of the thermocouple and ¯bre while in

contact with one another, samplesof ¯bre were sputter coated in gold to shield the

thermocouple from °uorescence.Gold was chosenfor its high re°ectivit y near 1¹m

of 95% [74]. The laser was aligned into the coated ¯bre at low power to minimise

damageto the gold coating from direct laser radiation. However, when the laser

power was increasedto attempt a cooling measurement, the ¯bre would invariably

melt at a point near the beginning of the gold coating. It may be that the gold

absorbed su±cient °uorescencethat it heats the ¯bre, indicating that even higher

re°ectivit y would be essential. Other possibleexplanations are that someform of

stressor chemical changeoccurs in the ¯bre during gold deposition, but the most

likely is that the gold coating frustrates the total internal re°ection of pump light,

and the absorption of even 5% of this causesthe observed extremeheating.

Irrespective of the reasonfor the observed melting, this does suggestthat using
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Figure 6.14: Thermocouple measurement of cooling of 11.1cm¯bre of Yb:ZBLAN
as a function of log vacuum pressure(in torr). The excitation is at a wavelength of
1015nmfrom the titanium:sapphire laser,with 0.82W input power.

a gold coating to protect an object to be refrigerated from °uorescenceradiation

emitted by the cooling ¯bre is unlikely to be e®ective. Unfortunately it was not

possibleto coat the ¯bre with a dielectric re°ector.

6.6.2 Pressure dependence of cooling

Sincewe have assumedthat the vacuum pressureis su±ciently low that conduction

through the surroundinggasdoesn't in°uence the ¯bres temperature, it is interesting

to test this assumption. In all of the above experiments, the pressurewasmaintained

below 10¡ 5 torr. The results of measuringcooling with 0.82W of input power at

1015nmfrom the titanium:sapphire laser as pressureis varied are shown in Figure

6.14. The vacuum systemusedmakesit very di±cult to maintain pressuresbetween

10¡ 2 and 10¡ 3 torr, so no data is available in this region.
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The curve of ¯t is calculated by assumingthat the conductivity of the medium

surrounding the ¯bre is proportional to pressure,and including radiative coupling

with the surroundings to ¯nd the equilibrium temperature. This approximation is

only good to 1% for pressuresbelow 0.016torr [75] with our 250¹m diameter ¯bre.

However, all but the atmosphericpressuredata point lie within this range, so the

approximation is adequate.

Sincethe cooling power is always the same,the condition for equilibrium will be:

Pcool = · (Pressure)+ 4¾²AT 3¢ T, and this is usedto ¯nd the equilibrium valueof ¢ T

asa function of pressure(· is a measureof the couplingof the ¯bre to it's surroundings

via heat conduction through air, and is usedasa ¯tting parameter). The plot shows

that the measuredresultsfollow the curveof ¯t very well. For pressuresbelow 3£ 10¡ 5

torr, the temperature change is within 2% of what it would be in perfect vacuum,

indicating that the level of vacuum usedthroughout our experiments is su±cient to

assumethat there is no conduction of heat through the surrounding gas.

6.6.3 Cooling with thermo couple in Con tact

Finally, sincethe gold coating experiment wasunsuccessful,the e®ectof °uorescence

light heating the thermocouple while it was being cooled by contact with the ¯bre

wasinvestigated. The 11.1cm¯bre wasused,asthis reducedthe chancesof any stray

laser light hitting the thermocouple. Sincethe e±ciency of cooling increasesas the

pump wavelength increases,the ratio of °uorescencepower to cooling power drops,

even though the absorption, and therefore the absolute cooling power drops faster.

Therefore, we would expect that with the thermocouple in contact with the ¯bre,

cooling may be achieved even though it will be reducedby heating from absorbed °u-

orescence,but would beoptimisedat a longerwavelengthwherecooling candominate

the heating due to °uorescence.

The plots in Figure 6.15 and Figure 6.16 shows the thermocoupleEMF when in
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Figure 6.15: Measurement of cooling of Yb:ZBLAN with Thermocouple in contact
with ¯bre at three absorptionwavelengths.Note that the thermocoupledoesnot cool
while the laser is on at 1015nm,but doescool at the longer wavelengths.

contact with the ¯bre at three di®erent pump wavelengthsin each ¯gure. Figure 6.15

showsthe resultswith pump wavelengthsof 1015nm,1020nmand 1025nm,and Figure

6.16arethe resultsfor longerwavelengthsof 1030nm,1035nmand 1040nm.The EMF

is normalisedby the incident power to that for 1W. The ¯rst 180sshow the switch

on of laser light, initially heating the thermocouple. This is followed by exponential

cooling as the ¯bre comesto its equilibrium temperature. The laser light is switched

o®at 180s,and the thermocoupleshows an abrupt jump to lower temperature, since

it is no longer being heated by the °uorescence,and then an exponential return to

room temperature as for the other thermocoupleresults.

From these¯gures, it canbeseenthat net cooling of the thermocoupleresultswhile
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Figure 6.16: Measurement of cooling of Yb:ZBLAN with Thermocouple in contact
with ¯bre at three longer absorption wavelengths.

the laserlight is on for all wavelengthsexcept1015nm.The equilibrium temperature

of the thermocouplewith the laseron, and the temperature of the thermocouplesoon

after the laser is turned o®are plotted in Figure 6.17

Cooling the thermocouple while the laser light is switched on requires that the

rate of heat extraction from it through contact with the cooled ¯bre is greater than

the rate at which it heats due to absorption of the °uorescence.At 1015nm,where

signi¯cant cooling of the ¯bre is usually observed, the thermocouple remains above

ambient temperature, since absorption of °uorescenceradiation o®setsthe cooling

from the ¯bre. However, at 1020nm,the cooling e±ciency (in terms of the absorbed

light) is greater,soless°uorescencestrikesthe thermocouplefor the sametemperature

drop of the ¯bre. At this and longerwavelengths,cooling of the thermocouplecan be

achievedwhile the laserlight is switchedon. Note that the optimal cooling wavelength

hasmovedfrom 1020nmout to almost1030nmfor measurements wherethe laserlight

is on.
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Figure 6.17: Temperature changeof thermocouplein contact with the ¯bre with the
laserswitched on and soon after switching lasero®.

Also, oncethe laserlight is switched o®,the maximum temperature drop is found

at 1025nm,as opposedto the 1020nmexpected, indicating that the heat generated

by °uorescenceincident on the thermocoupleis su±cient to reducethe net cooling of

the ¯bre.
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Chapter 7

Evaluating the Poten tial for Laser

Cooling Crystals

7.1 Crystal vs Glass Hosts

Advancesin crystal growing technology allow very pure crystals to be doped with

selectedimpurities at well de¯ned levels. Ytterbium doped crystals are of interest

becausecooperative upconversion [76, 77, 78, 79] can be used to very accurately

study the distribution of dopant, and the formation of dimer sites. Upconversionof

infrared to greenoccurswhen two nearby ytterbium ions cooperatively emit a single

photon, and this processscaleswith the squareof input power. The nonlinearity of

the upconversion processis of interest in 3-D image production [80] where a region

near the focusof a laserbeamcanemit strongly in the greenwith emissionfrom other

regionsbeing below the threshold for vision. Sinceytterbium-doped glasshas been

usedto achieve optical cooling, achieving this with ytterbium-doped crystals may be

possible.

Crystals have a regular structure, as opposed to the inhomogeneity of glasses.

Therefore,any impurit y is likely to occupy a similar position within the lattice, and

147
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all dopants should experiencea similar environment, leading to the °uorescenceand

absorption spectra of doped crystals generally having much sharper features than

thoseof dopedglasses,wheremuch of the broadeningis causedby the randomlocation

of ions within the amorphoushost [53].

For cooling, crystals do o®erpotential advantages, in that the °uorescencemay

be able to be isolated to a small number of wavelength regions,reducing the likeli-

hood of reabsorptionof the cooling °uorescence[53]. Furthermore any transition at

long wavelengthmay provide signi¯cantly greaterabsorption at a wavelength further

from the average°uorescencethan is possiblewith the large broadening in glass.

This would allow greater cooling to be achieved if there were only minimal parasitic

absorption.

The di±cult y imposedby the morediscretetransition energies,and regular struc-

ture is that phonon energiessupported in the crystal must match the di®erencein

energybetweentransitions if absorption at one wavelength is to lead to emissionat

another, as required for cooling to occur.

Samplesof dopedand undoped lithium niobate (LiN bO3) wereobtainedfrom Ste-

fan LÄuthi and Mark Riley of the Chemistry Department, The University of Queens-

land. Thesewere grown using the Czochralski method [81], and the doped samples

have a 0.5%ytterbium concentration. The optical surfaceswerepolishedwith Al 2O3

powdersdecreasingin particle sizedown to 1¹m . Lithium niobate waschosenas the

host becausethe spectral propertiesof ytterbium doped LiN bO3 suggestthat optical

cooling could be achieved, the high quantum e±ciency of the ytterbium transitions

in this crystal, and alsobecausesampleswere readily available.
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7.2 Description of Exp erimen t

Both the ytterbium-doped and undoped samplesof LiN bO3 were mounted on thin

capillaries (to minimise conductive heat transfer) inside the vacuum chamber which

was evacuated to about 10¡ 6 torr. The sampleshave dimensionsof approximately

4mm £ 1:2mm £ 1mm, with the largest facespolished.

Laser light from the titanium-sapphire laser at wavelengthsbetween950nmand

1040nmwas allowed to impinge on the samples. The optics for this setup are the

sameas for cooling of ¯bres (seechapter 3), except that a longer focal length lens is

required to focusat the centre of the vacuumchamber wherethe sampleis mounted.

Since the optical face of the sample is large compared to the ¯bre cross section,

e±cient coupling is not di±cult in this case.Nevertheless,the samplessurfaceswere

not perfectly °at, so the position of the beamon the input facewas adjusted (using

the coupling lensmounted on the 3-D translation stage)to minimise scatteringof the

pump light. This was checked using both an infrared viewer, and by observingthe

spectrum of light emitted from the samplewith an OceanOptics spectrometer. The

latter showed that when optimally aligned, scattered laser light accounted for only

10%of that coming from the sample(the rest being °uorescence).

The laserlight wasturned on for at least 30 minutes, so that the samplesreached

thermal equilibrium (the time constant in this caseis measuredto be about 7 min-

utes due to the comparatively large sizeof the samples). The laser beam was then

blocked, the E-type microthermocouple was rotated into contact with the sample,

and the temperature measured.The method for temperature measurement with the

microthermocouple is described in more detail in section 3.2.6. The laser output

power was alsomonitored, and the temperature changeper Watt of laserpower was

recorded. The laser wavelength was measuredwith the Burleigh Wavemeter to an

accuracyof better than 0.1nm. Good contact betweenthe thermocoupleand samples
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Figure 7.1: Fluorescenceand Absorption of Yb doped LiN bO3.

was ensuredby adjusting the position of the microthermocouple until temperature

changewas maximised,and the time taken for the thermocoupleto cometo equilib-

rium with the samplewas mimimised.
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7.3 Results in Ytterbium Dop ed Lithium Niobate

7.3.1 Fluorescence and Absorption

The °uorescenceand absorption spectra of the ytterbium-doped samplesare shown

in Figure 7.1. The undoped sample shows no absorption or °uorescencefeatures,

although there is somescatteringof the input laser. Using this °uorescencespectrum

(measuredby Stefan LÄuthi), the average°uorescencewavelength (i.e. wavelength

corresponding to averageenergy) is 988nm. Measurements with the OceanOptics

¯bre spectrometercon¯rm that this is 988§ 1nm.

Note that there is an absorption transition near 1005nm,which is longer than the

average°uorescencewavelength, indicating that cooling may be possibleby pumping

the sampleat this wavelength. Also note that there appears to be another (albeit

weak) transition at 1060nm. This may indicate the presenceof an impurit y, but

signi¯cant cooling may be achieved at this wavelength as well if indeed the feature

is due to an ytterbium transition. Sincethe titanium:sapphire laser can only reach

1040nmwith appreciableoutput power, this transition is not within the bounds of

our experiment.

Given these spectra, the ideal cooling power (and temperature change) can be

calculated from equation 2.15 and 2.17. The surfacearea of the doped samplewas

A = 2:0 £ 10¡ 5m2. The undoped samplehad a similar surfacearea. The heating

predicted with this absorption data is shown in Figure 7.2. The quantum e±ciency

is taken to be 0.997and the e®ective emissivity 0.76, sincethis gives the best ¯t to

later experimental measurements. There is likely to be someheat conduction down

the supporting capillaries which could be accounted for directly . However, the use

of emissivity asa ¯tting parameter in equations2.15and 2.17will e®ectively include

this.

The curve goes below zero around the transition at 1005nm, again indicating
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Figure 7.2: Predicted Ideal Heating of Yb doped LiN bO3 samplewith 1W incident
laserpower.

that cooling may be possible. In calculating this predicted curve, the absorption

at wavelengths about 1020nm has been taken to fall exponentially to zero, since

the measurement of the 1060nm feature has too much noise to give a meaningful

prediction. However, as stated earlier, signi¯cant cooling would also be expected at

this wavelength if the feature is due to ytterbium.

7.3.2 Cooling in Vacuo

The experimental valuesof heating of the doped sampleat a number of wavelengths,

normalised to an input power of 1W, is shown in Figure 7.3. The prediction from

Figure 7.2is shifted vertically (to account for parasitic heating) to ¯t the experimental

data.

The data in Figure 7.3 shows that cooling was not achieved at any wavelength.

However, the data follows the curve predicted from absorptionand °uorescencedata,
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Figure 7.3: Experimental Heating Results with sampleof Yb doped LiN bO3. Tem-
perature changeis normalisedto 1W input power.

indicating that the assumedcooling (or heating) processis occurring, but is o®setby

too much parasitic heating to achieve net cooling. This suggeststhat cooling is likely

if a su±ciently pure crystal could be manufactured with minimal or no scattering

defects.

The plot in Figure 7.4 shows the heating of the undoped sample (circles) and

the predicted heating if the doped samplewereonly to have this amount of parasitic

heating, that is, if the doped samplewere as pure and defect free as the undoped

sample.

Note the region from about 1000nmto 1020nmwherethe curve goesbelow zero,

indicating that cooling could be achieved in this region if a doped sampleof simi-

lar purit y to the undoped samplewere manufactured. Theseresults show that the

technique usedto producethesecrystals can almost give samplesof ytterbium doped

lithium niobate which can be optically cooled. However, somee®ectof adding the

dopant causesgreater impurit y levelsor more defectswhich lead to parasitic heating
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Figure 7.4: Heating of undopedLiN bO3 and predictedheating of pure dopedsample.
Note that this suggeststhat cooling would be possiblebetween1000nmand 1020nm.

being greater than the cooling power achieved at any wavelength.

The likelihood of future improvements in crystal manufacturing techniquesmeans

that the prospects of laser cooling ytterbium-doped lithium niobate in the near

future are good. Furthermore, recent results showing cooling of ytterbium-doped

K Gd(WO4)2 crystals [53] and both YAG and Y2SiO5 crystals doped with ytterbium

[54] indicate that laser cooling of crystals is indeedpossible,and the di®erencesbe-

tweencrystals and glassesmake this an interesting areafor future research.



Chapter 8

Conclusion

The work in this thesis has demonstrated laser refrigeration of a solid material,

namely ytterbium-doped ZBLAN. Photothermal de°ection experiments using the ti-

tanium:sapphire laser as a tunable sourceshowed that an internal region of a large

commerciallymanufactured ¯bre preform wascooledwith laserpump light at a wave-

length of 1000nmor longer,with optimal cooling achievedat a wavelengthof 1015nm.

This agreedwell with predictions from a simple model basedon the °uorescenceand

absorption spectra of the material.

Fibres drawn from the samesampleas the preform were then cooled under vac-

uum using light from both the titanium:sapphire laser,and a high power diode laser

emitting at 1015nm.The doped ¯bre coreis 175¹m in diameter,with an outer radius

of 250¹m . In an early setof experiments conductedsoon after the ¯bre wasdelivered,

cooling of a 4cm length of ¯bre by 13K from room temperature was observed with

0.85W input power from the titanium:sapphire laser. This temperature drop was

measuredusing the temperature dependenceof the °uorescencespectrum. These

experiments con¯rm the results of the Los Alamos group [23, 19, 69, 18], but in a

commerciallymanufactured ¯bre with slightly di®erent composition (ZBLAN instead

of ZBLANP).
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Experiments with aged ¯bre achieved cooling by only 7K with the sameinput

power, and this is attributed to degradation of the ¯bre over time, possibly due to

adsorption of water, since ZBLAN is hygroscopic. In conjunction with this set of

experiments, a microthermocouplewas also usedto measurethe temperature of the

cooled ¯bre. The results achieved when using the contact method were consistently

lower than the °uorescencemeasurement by a factor of 3.5, a surprising result which

can nonethelessbe adequatelyexplainedby a model describingheat °ow through the

thermocouplewires and junction.

To move further toward practical applications for this method of cooling, cooling

was also attempted with a diode laser source,but in this case,cooling of only 3.7K

from room temperature (using the °uorescencemeasurement technique) wasobserved

with 1W of incident laser power. This indicates a signi¯cant reduction in coupling

e±ciency dueto the poor beamquality of the diode laseroutput. However, this is the

¯rst demonstration of lasercooling of a solid using a robust, small and relatively in-

expensive lasersource.As with the titanium:sapphire experiments, the thermocouple

measureda much smaller temperature drop than the °uorescencetechnique, in this

case1K, a factor of 3.7 smaller, very closeto the factor of 3.5 previously mentioned,

indicating that the heat °ow model usedto describe this result is consistent.

The greater sensitivity of the microthermocouple temperature measurement as

opposedto that using°uorescenceallowed a number of interesting theoretical predic-

tions to be tested. The ¯rst of thesewas the con¯rmation that cooling power scaled

linearly with input laser power. Secondly, the dependenceof cooling on laser pump

wavelength was investigatedin detail, and it was found that ¯bres of greater length

neededto be pumped at longer wavelengthsto optimise cooling as predicted.

Finally, an attempt was made to cool the ¯bre with the microthermocouple in

contact. A small region of the ¯bre was gold plated to shield the thermocouple



8.1. FUTURE DIRECTIONS 157

from °uorescence,but whenever the laserpower was su±cient to producea measur-

able temperature change, the region of the ¯bre near the gold plating would melt.

Nonetheless,cooling of the thermocouple while the laser light was switched on was

possible,without coating the ¯bre, at longerwavelengthswherethe cooling e±ciency

is greater.

As well as the work on ytterbium-doped ZBLAN, the potential of crystals of

ytterbium-doped lithium niobate for optical refrigeration wasinvestigated. Although

none of the samplestrialled showed cooling, the wavelength dependenceof heating

was as expected, but shifted by someconstant background heating. This indicates

that su±ciently pure lithium niobate crystals should be able to be cooled by laser

light in the wavelength rangebetween1000nmand 1020nm.

Overall, theseresultsdemonstratethat laserrefrigeration of solidscould ¯nd prac-

tical applications in future, and that the designof any such devicewill requirecareful

considerationof the optimal pump wavelength, and how to couplethe laser light ef-

¯ciently into the ¯bre. Modeling also shows that maintaining purit y of the material

is another crucial considerationfor long-term applications.

If a diode laserand cooling material were integrated onto a micro-chip, onecould

envision using on-chip refrigeration to improve the performanceof microprocessors

and other semiconductordevices.

8.1 Future Directions

Research into laser cooling of solids could explore three principle paths. Firstly,

material propertiesdeterminethe maximum cooling e±ciency which canbe achieved,

so further advancescould result from investigation of other dopants, such as thulium

(as in [52]), to replaceytterbium. Considerationshould also be given to other host

materials, including crystals, aswell asother glasses.Given the rate of advancement
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of semiconductormanufacturing techniques, they may be ideal candidatesfor laser

cooling in the near future, sincethe level structures could be engineeredto optimise

cooling e±ciency in for speci¯c applications.

The secondarea in which improvements could be made is in the beam quality

of the diode laserswhich will eventually be usedto pump the refrigerating material.

However, the demandsof the optical communications industry will probably advance

this areamore quickly than the demandsof lasercooling require.

Finally, and perhapsmost importantly, the geometryof the refrigerating material,

and e®ective removal or recycling of the °uorescenceradiation needsto be carefully

considered. As demonstrated by our experiments with gold coated ¯bre, even re-

°ectivit y of 95%is inadequateto protect a refrigerated object from the °uorescence

without degradingthe cooling performance. One possibleway around this problem

may be to cool the material at a di®erent location from where it is usedto cool an-

other object. For instance, a stream of doped silica microspheres(whosegeometry

could prevent any internal re°ection of °uorescence)might °ow in a circuit, being

cooled at onepoint, then refrigerating an object later in the circuit.

Ideally, the °uorescencewould somehow be recycled into the laser input beam

by somedownconversion process. If it were possibleto drive the cooling cycle with

a stimulated emissionprocess,and the recycling processwas e±cient enough, the

e±ciency of lasercooling of solidscould approach the Carnot limit.
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