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Abstrat
The idea of �atom hips� is a reent innovative onept in the area of quantumphysis whih promotes the use of miniaturised surfae-based elements for trapping,ooling and ultimate ontrol of ultraold atomi gases in lose proximity of thesurfae. Versatile atom hips generate on�ning magneti �elds for atoms throughthe use of urrent arrying mirowires or permanent magneti materials. Thesemirowires or magneti �lms an have strutured shapes and pro�les to produesophistiated potentials whih are ontrolled in time and spae via the appliation ofexternal magneti �elds, both stati and time-varying up to mirowave frequenies.Mirofabriation of atom hips and the subsequent haraterisation of the physialproperties of the mirowires and the �lms and of the quality of the generatedmagneti �eld are of paramount signi�ane for potential appliations in hip-basedatom interferometry and quantum sensors.This thesis is foused on the appliation of a new mirofabriation tehnique, fem-toseond laser ablation, for the atom hip onstrution and on the haraterisation ofthe physial and magneti properties of mirowire strutures using sanning eletronmirosopy (SEM), a newly developed magneto-resistane mirosopy (MRM), andultraold atoms as a sensitive probe of magneti �eld irregularities. Femtoseondlaser ablation an e�iently remove sub-miron thik layers of dieletri, metal ormagneti materials with miron-sale auray. Integration of a nano-positioningtranslation system with a omputer ontrolled automation allows the produtionof sophistiated strutured shapes of mirowires in a simple one-step proedure.The major onditions of the ablation proess were studied and optimised for anumber of materials inluding gold and opper. The quality of the fabriatedmirowires is of utmost importane beause the edge and surfae roughness ausessmall translational perturbations in the urrent �ow resulting in axial orrugations ofthe magneti trapping potential. This deleterious e�et an lead to unwanted spatialbreak up of the ultraold loud.Ablated wires were haraterised using a SEM andthe power spetral density of the edge �utuations was extrated from data analysis.



iiiAn exeedingly good root-mean-square (rms) edge deviation of 16 nm was observedin the range of interest of the spatial periods (1-400 µm).A diret measurement of the magneti �eld reated above a straight mirowireand a sulptured mirowire was performed using a MRM. The development, testingand haraterisation of this MRM was reently published in Review of Sienti�Instruments [Vol08℄. The MRM allowed rapid measurement of the atom hip'smagneti potentials in atmosphere with a resolution and sensitivity omparable toultraold atom tehniques. This thesis also eluidates the proess of data extrationfrom the measurement thus yielding a omplete three dimensional map of themagneti �eld. In addition, the sulptured wire, whih generates an array of axiallysymmetri double-well potentials, is disussed in detail and a motivation for itsdevelopment is given in the ontext of the reent demonstration of a BEC-basedsensor of magneti �eld gradients [Whi07b℄.The quality of the straight and sulptured mirowires will be tested by using aBose-Einstein ondensate (BEC) to quantify any residual fragmentation. Embarkingtowards this goal a new experimental apparatus was designed and onstruted toutilise the femtoseond ablated atom hip. This apparatus is based on a dualhamber vauum system with a low veloity intense atom soure (LVIS) used toload the atom hip. The vauum system, laser system, eletronis, atom hip andomputer ontrol is detailed in addition to measurements of the LVIS operation andinitial results from loading the atom hip. While a measurement of the mirowirefragmentation using a BEC has not been ahieved during this researh the stepstowards this goal are outlined in addition to future improvements.In a related experimental investigation, ultraold rubidium atoms were used toharaterise the quality of a magneti potential generated by a grooved magnetimirostruture. A periodi array of magnets produes an exponentially deayingmagneti �eld whih an repel ultraold atoms and serve as an atomi mirror. Anyorrugations in the potential ause deviations from speular re�etion and lead todi�use re�etion. Time-of-�ight imaging of the ultraold loud before and afterre�etion provides quantitative data on the hange of divergene of the atomi loudaused by the di�use omponent. Two mirrors of periods 1.5 µm and 3 µm oatedwith magneti GdTbFeCo �lms were investigated and the di�use omponent was



ivfully haraterised. The experimental data losely mathes the results of numerialsimulation. This setion of the thesis demonstrates the appliation of ultraoldatoms as a probe of miron-saled magneti potentials.
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Chapter1
Introdution
1.1 Ultraold Atoms and Bose-Einstein Conden-satesAt very low temperatures atom louds exhibit strong quantum statistis e�etsdepending on the atoms being bosons (integer spin, even number of neutrons) orfermions (half integer spin, odd number of neutrons). Bosons, named after SatyendraNath Bose (1894�1974), follow Bose-Einstein statistis (B-E statistis), whih allowsseveral indistinguishable partiles to exist in the same quantum state [Bos24℄.Fermions, named after Enrio Fermi (1901�1954), obey the Pauli exlusion priniple,meaning that no two indistinguishable partiles an exist in the same quantum stateat the same time, and follow Fermi-Dira statistis (F-D statistis) [Fer26℄. Both theB-E and the F-D statistis di�er measurably from the lassial Maxwell-Boltzmannstatistis only at low temperatures, when the number of partiles in a system is ofthe same order of magnitude as its number of possible states.An e�et that was predited by Einstein in 1924 [Ein24℄ is the formation of aBose-Einstein Condensate (BEC) under ertain onditions: A gas of non-interatingindistinguishable bosons in a on�ning potential will undergo a phase transition at ahigh phase spae density, and a major fration of these bosons will ollapse into theground state. After the development of laser ooling tehniques it �nally beamepossible to reate a Bose-Einstein ondensate. Eri Cornell and Carl Wiemanwere the �rst to observe a Bose-Einstein ondensate in 1995 [And95℄, 70 yearsafter its predition. Beause all atoms in a ondensate (often thousands or tens1



CHAPTER 1. INTRODUCTION 2of thousands) share the same wave funtion, this `marosopi' wave funtion anbe diretly observed, whih was not possible before. Experiments onduted withBose-Einstein ondensates inlude the formation and observation of vorties [And00℄and solitons [Bur99℄, as well as interferene experiments utilising the wave-partiledualism [And97℄. Furthermore, the BEC is often losely ompared to laser modesin this regard, that a large fration of the bosoni photons in a laser mode alsoform a marosopi population of a single quantum state of the resonator (thoughusually not the energetially lowest state). This is an indiation that many of thelaser experiments an be adopted in BEC experiments, using the quantum wavefuntion of the atoms instead of the eletromagneti waves of the photons. Thiswill greatly enhane the resolution of the experiment as the wavelength of the BECis orders of magnitude smaller than that of light. Examples of this are double-slit or Mihelson interferometer [Wan05b℄, and Sagna e�et [Kas02℄ experiments.Additionally, atoms an strongly interat with fores that only weakly interatwith light, eg. gravity, whih an allow these fores to be measured with highpreision [Pet99℄.A list of researh groups foussing in trapping and ooling of neutral atoms isompiled by R. Grimm on the website of the University of Innsbruk athttp://www.uibk.a.at/exphys/ultraold/atomtraps.html.The importane of this �eld in today's physis is reognised by the bestowing ofthe Nobel Prize for both laser ooling (1997: Steven Chu, Claude Cohen-Tannoudji,William D. Phillips) and for the reation of BEC (2001: Eri A. Cornell, WolfgangKetterle, Carl E. Wieman). To mimi the steep development of lasers, the BECreation proess needs to be optimised greatly.1.2 Miron-Sale Atom ChipsOne of the developments that are now widely used is the so-alled atom hip.Current arrying wires lose to the atom loud (distanes vary between a few µmto a few mm) an produe traps with a similar and even higher magneti �eldgradient and urvature than those produed by external high urrent oils, whihare omparatively far away [Rei99, Haa01℄. These high magneti �eld gradients



CHAPTER 1. INTRODUCTION 3allow for faster ooling of the trapped atoms as will be shown in setion 2.3. As anaddition, the design of di�erent wire strutures allows very omplex geometries, andeven the possibility of time-dependent potentials [Wei95, Bru00, Hän01a℄.It has been shown that a single urrent arrying wire, together with ahomogeneous magneti bias �eld perpendiular to the wire diretion, produes atwo-dimensional quadrupole �eld, and by only a small hange to the wire geometrya 3D quadrupole �eld an be produed whih is neessary for trapping in Magneto-Optial Traps [Den99a, Haa01℄. The high magneti �eld values and magneti �eldgradients result not from high urrents or many parallel wires like in oils, butinstead from the small distane to the urrent and from the fat that the magneti�eld strength sales as 1/d where d is the distane from the wire.The small indutane and the small urrents in turn allow faster swithing andmore e�etive saling of the magneti �elds ompared to external oils. However, thelose proximity of the wire to the atoms an also have ertain disadvantages, mainlyadditional heating, additional losses, and fragmentation of the atom loud [For02a,Kou04, Est04℄. Thermal �utuations in the wire result in a shaking of the trap andindue spin �ip losses in the magnetially trapped atom loud [Hen03, Jon03, Lea03℄.Fragmentation, in turn, has been shown to be mainly due to deviations of the urrentpath through the wire due to irregularities of the wire's surfae and edges [Est04℄.Depending on the fabriation method, these irregularities have a noise spetrumstarting with a wave number k <≈ 0.1 − 10 µm−1. The higher this wave numberthe faster the resulting orrugations in the magneti �eld beome smoothed outwith distane d from the wire (∝ e−dk). In onventional BEC mahines with onlyexternal oils they are therefore not observable.However, with more elaborate and more sophistiated fabriation tehniques thee�et that small urrent path deviations hange the potential notieably has beenused intentionally. Complex patterns with multiple wires that an be ontrolledindividually have been used to shape the potential in just the right way for variousexperiments, eg. beam splitters (eg. [Cas00℄) and even a onveyor belt for trappedatoms [Lon03℄. The smoother the surfae and edges of the mirowires an befabriated, the smaller are the strutures that an be intentionally shaped in thepotential.



CHAPTER 1. INTRODUCTION 4This thesis desribes results of the researh work on two mirofabriated atomoptial manipulators, a magneti mirror for old atoms and a mirofabriated atomhip. The magneti mirror was fabriated by a ompany using photolithographitehniques and oated in-house with a perpendiular polarised permanent magnetisandwih struture of TbGdFeCo and Cr. For an ideal mirror, atoms, trapped andooled above the mirror and then released, would re�et of this mirror in speularre�etion, meaning they would not gain any additional spread or hange in theirhorizontal veloity distribution during the interation with the mirror. Under theseonditions, the mirror ould be turned into a di�ration grating and work as a beamsplitter for old atoms. However, �nal results suggest that the permanent magnetilayer was probably degraded during bake-out and was the main limiting fator forthe observed quality.The mirofabriated atom hip was onstruted in-house using the femtoseondlaser ablation tehnique. The hip is designed to trap a loud of old atoms of a BECin a tight on�nement of an intentionally shaped potential. The hip inorporatestwo major new ideas: Firstly, it has been fabriated with femtoseond ablation, atehnique not previously used for atom hips, but whih o�ers ertain advantagesover photolithographi tehniques onventionally used. These inlude more rapidprototyping, a simpler approah and resulting therefrom a redued number of souresfor defets introdued during prodution. Seondly, the potential reated by theatom hip is no longer due to the partiular path of the wires, but due to the shapeof the edges of the mirowires themselves. As this was the �rst realisation of an atomhip fabriated in this manner the quality of the proess was investigated thoroughly.With an ahieved roughness of the edges of ∆xrms < 20 nm, and a power spetraldensity that stays mainly �at for k vetors between 0.03 and 1 µm−1 and drops o�sharply thereafter, it has been possible to pattern the wire edges with step sizes of1 to 5 µm, in order to produe a urrent distribution in the wire that results in apotential bottom with a string of double wells.



CHAPTER 1. INTRODUCTION 51.3 Organisation of the ThesisChapter 2 of this thesis gives a brief bakground on the trapping and oolingof neutral atoms. Using the example of a standard tehnique for produing aBose-Einstein Condensate (BEC) with 87Rb atoms, it details the path towards thelowest temperatures for atomi louds produed. After explaining the experimentalbakground of BEC and the interest in this very unusual state of matter, itdesribes the di�erent ooling stages, and their mode of operation. Finally, thehapter desribes the use of so-alled `atom hips', where urrent arrying wires andsometimes other strutures suh as permanent magneti �lms are loated lose tothe experiment region (less than one entimetre) to ahieve high magneti �elds andhigh �eld gradients. The basi strutures of atom hips, namely the U- and Z-wireon�gurations, are presented and their respetive magneti �elds are given.Chapter 3 fouses on our new method of fabriating atom hips. It details therequirements for atom hips, the advantages and drawbaks and how physiistsattempt to optimise the quality of the mirostruture. It presents the ommonmirofabriation tehnique, using photolithography to transfer the pattern onto thehip, and gives di�erent methods to then physially reate the pattern on the hip.In the next setion, a new method, based on femtoseond laser ablation, wherethe whole pattern is written in a single step, greatly simplifying and speeding upthe fabriation proess is ompared to onventional mirofabriation tehniques. Atheoretial bakground to femtoseond laser ablation is given, before our ablationapparatus is desribed. In the last setion of hapter 3, the femtoseond ablationproess is analysed using a sanning eletron mirosope (SEM). Apart fromobserving the rate, width and auray of the ablation, the edge roughness ismeasured by stithing 43 suessive SEM images together. This way the qualityof the ablation is not only analysed through the rms roughness, but also throughthe searh for dominant frequenies in the orrugations by Fourier-transforming theshape of the edge.In hapter 4 the magneti properties of the femtoseond ablation-reatedmirowires is diretly assessed. The magneti �eld produed by the mirowireswas measured using a magneto-resistane mirosope (MRM). The setup of thissensor and the results are presented in the �rst setion of this hapter. It an map



CHAPTER 1. INTRODUCTION 6the magneti �eld with a spatial resolution of down to 5 µm and has a magneti�eld noise of less than 2 mG. This is omparable with the sensitivity of old thermalatom louds, whih allows to make an initial omparison between the quality ofthe femtoseond ablated mirowires and those reated by ommon tehniques. Amethod is presented desribing how to infer the full three dimensional magneti �eldfrom measuring just one of its omponents at a known height above a planar urrent.The seond part of this hapter fouses on the intentional shaping of the edges ofmirowires to generate desired potentials, in this ase a string of double wells. Initialqualitative onsiderations are explained to start the searh for suitable patterns,whih are then tested and optimised on the omputer using �nite element analysis.After �nalising on a pattern, suh a mirowire is produed using femtoseondablation and the magneti �eld is tested using the MRM. The result of thismeasurement is ompared to the expeted outome of the �nite element analysis(FEA).In hapter 5 the atom hip experiment itself is presented. Ultra-low pressures arerequired for evaporative ooling and Bose-Einstein ondensation, and this setiondetails how this an be ahieved in general, and how it is ahieved in this experiment.It details both the soures of pressure, as well as the methods and means to neutraliseand/or ompensate for them. Our two-hamber setting is presented, the bakeoutproedure is explained and the pressure di�erential is measured. The third setionof hapter 5 details the laser system. In order to trap, manipulate, and image theatoms, several laser beams are needed, with varying frequenies and detunings. Thissetion explains the three lasers whih are used in this experiment, how they areloked, how their frequeny and intensity an be adjusted, and what eah beamis used for. The fourth setion details the `Low Veloity Intense Soure' (LVIS)of atoms. The idea behind using an LVIS is that the limited apture region, oneof the major drawbaks of atom hips, ould be ompensated by injeting a largeamount of trappable atoms diretly into the trapping region. The layout and modeof operation of an LVIS is explained, and the implementation of the LVIS in thisexperiment is presented.Chapter 6 desribes a magneti mirror using permanent magneti �elds. The ideais that a periodi array of magnets produes a magneti �eld whose strength deays



CHAPTER 1. INTRODUCTION 7exponentially with distane. Thus old atoms in low-�eld seeking states are re�etedo� suh a potential. Furthermore, a magneti mirror with high speularity ouldbe turned into a di�ration grating by applying a bias �eld. The hapter detailsthe theory behind the magneti mirrors. A omputer simulation (lassial Monte-Carlo simulation) of the mirror is presented. Two mirrors were tested, both showingsignatures of di�use re�etion when the re�eted atom loud takes a urved form.Results at simulating that behaviour with Monte-Carlo simulations are presented,and ompared to reent publiations of di�use re�etion of a BEC from an evanesentwave �eld [Per06℄.Chapter 7.1 onludes the thesis. The major �ndings of eah hapter arereapitulated, and possible further experiments suggested.



Chapter2
Trapping and Cooling of Neutral Atoms
Atom optis is the area of researh whih investigates the manipulation of oldatoms by magneti or eletromagneti potentials whih show analogous e�ets tothe manipulation of light (eg. mirrors, beam splitters, lenses, gratings, beam guides).In order to measure these e�ets, the quantum wave harater of the atoms has tobe observable, whih in turn means that the kineti energy of the atoms has to begreatly redued. The mean kineti energy of atoms in a loud orresponds diretlyto their temperature T (Ē = 3

2
kBT , where kB is the Boltzmann onstant), andtherefore the proess of reduing the kineti energy is alled ooling. This inreasesthe atom's deBroglie wavelength λdB = h /

√
2πMkBT , where M is the mass of theatom and h is Plank's onstant (6.626×10−34 m2kg/s). In atom optis, sientistsfous on the manipulation of the momentum, position and internal state of atomsin various ways, but most ommonly using laser light, stati and varying magneti�elds, and radio frequeny �elds.This hapter desribes the basi forms of suh atom manipulations and presentsthe ommon atom optis methods for produing a Bose-Einstein ondensate (BEC).A BEC is a new state of matter, ompletely unlike the known states of solid, liquid,vaporous or even plasma [Met99, p. 243℄. The BEC phase transition ours whenthe phase spae density ρ of a loud of non-interating bosoni partiles beomessu�iently large:

ρ = n λ3
dB ≥ 2.612 . . . , (2.1)where n is the number density of the gas. An illustrative desription of this onditionis that the wave-pakets of the partiles need to overlap. For omparison: Gases at8



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 9room temperature and atmospheri pressure usually have ρ ≈ 10−6; however BECexperiments have to start at ultra-high vauum where the phase spae density ismany orders of magnitude lower; for example, for Rb at its vapour pressure at roomtemperature (10−7 Torr) ρ ≈ 10−17. The e�et of Bose ondensation is profound:A large number of the bosoni atoms oexist in the lowest bound state of the trapwhose wave-funtion spans a large part of the available volume. Sine this allowsdiret observation of the quantum waves, it is of immense interest in experimentalphysis.2.1 Atom-Light InterationThe interation between atoms and eletromagneti waves is rather omplex, and isgiven in detail in [Met99℄. However, to understand the most important mehanisbehind the interation, several assumptions and simpli�ations an be made to makethe situation more aessible. The �rst and foremost of these is the assumptionof a two level atom in a planar eletromagneti wave: Only two levels exist, aground state |g〉 and an exited state |e〉, with an energy di�erene ~ωa, and theeletromagneti wave with frequeny ωl has onstant phase and amplitude in a planeperpendiular to its diretion of travel (z diretion). In this ase it is usual tode�ne the detuning δ = ωl − ωa. If the light is on resonane (δ = 0), the eletronin the atom osillates between the ground state and the exited state with Rabifrequeny Ω, whih is proportional to the amplitude of the eletri �eld and thematrix element 〈e|r|g〉, where r is the position of the eletron.In the more ommon ase that the detuning is non-zero, two things hange: First,the osillation frequeny hanges to Ω′ =
√

Ω2 + δ2, and seondly the amplitude ofthis osillation redues to (Ω/Ω′)2. During the absorption, a photon of the laser�eld is destroyed, and its energy raises the eletron of the atom to the exited state
|e〉. However, the photon also had a momentum, and to onserve momentum, itis transferred to the atom. Stimulated emission is the opposite of this proess: Aphoton is reated in the laser �eld by transferring the eletron from the |e〉 to the
|g〉 state. The momentum of the photon is taken from the atom, whih reeives amomentum kik in the opposite diretion. If an atom �rst absorbs a photon out of



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 10one light �eld, then emits a new one again into the same light �eld, the momentumof the atom is idential to the one it had before. However, the third of the radiativeproesses, spontaneous emission, allows an atom in the exited state to deay witha deay rate Γ and to emit a photon in a random diretion. Over a large number ofsuh `light satterings' from the same light �eld using absorption and spontaneousemission, a hange in momentum is observed: Sine the momentum transfers fromphoton absorption are all ollinear, they add onstrutively, while momentum kiksinto random diretions from spontaneous emission average to zero. The satteringrate γp is derived in various books (e.g. [Met99℄), and is given by
γp =

Γ

2

s0

1 + s0 + 4 (δ/Γ)2
, (2.2)and gives the number of photons sattered by one atom per seond where s0 = I/Isatis the on-resonane saturation parameter, I is the light intensity, Isat is the saturationintensity, and Γ is the linewidth of the transition, whih is idential to the deayrate and therefore shares its symbol.In our experiment, we use 87Rb, whih is the atom of hoie for many atomoptis experiments as its nature, behaviour and harateristis are well known andfavourable for laser ooling and Bose-Einstein ondensation. A shemati of theenergy levels of interest is given in �gure 2.1. The transition used for ooling andtrapping rubidium is the 52S1/2 F = 2 to the 52P3/2 F ′ = 3 yling transition ofthe D2 line. Of partiular interest in equation 2.2 is the detuning δ; most atomimanipulation tehniques work by adjusting its value. The Doppler shift modi�esthe detuning depending on the veloity of the atom relative to the diretion ofpropagation of the laser, so that equation 2.2 beomes

γp =
Γ

2

s0

1 + s0 + 4 (δ′(~v)/Γ)2
(2.3)

δ′(~v) = δ + ωD(~v) (2.4)
ωD(~v) = −~k.~v, (2.5)where ωD is the Doppler shift, whih depends on the wave vetor ~k of the light �eldand the veloity of the atom ~v. For ooling, the laser light should be red detuned(δ < 0), whih means that ωD > 0 so the atoms have to preferentially absorb photons
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Figure 2.1: Shemati of the energy levels of 87Rb whih are important for laserooling and trapping.from a ounter propagating laser �eld. An optial molasses uses this e�et: Sixlaser beams, eah with the same detuning δ < 0 are guided to interset from allsix mutually orthogonal diretions. The detuning is usually set between -1.5 Γ and-4 Γ. A moving atom will, aording to equation 2.3, satter more photons out ofa ounter propagating beam than out of any other. Regardless of whih diretionthe atom travels, it will always experiene a net fore whih slows it down. As thismethod uses the Doppler e�et for ooling, it is often referred to as Doppler ooling.An important harateristi of optial molasses is the apture veloity vc, whihis the largest veloity an atom may have so that it remains a su�iently long timeinside the molasses region and satters a su�ient number of photons to be ooled torest. The apture veloity depends on the fourth power of the diameter of the laserbeams and the laser detuning and an be evaluated numerially by modelling atomswith varying veloities and heking whih ones remain aptured (see [Met99, p.



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 12159f℄). The intrinsi heating of the atoms due to the spontaneous emission results ina lower limit for the temperature ahievable through Doppler ooling, the so-alledDoppler limit TD.
TD =

~ Γ

2 kB
, (2.6)In the ontext of this thesis, the relevant Doppler limit for the rubidium 52P3/2 stateis 140 µK. Cold atoms will then perform a random Brownian motion until by hanethey leave the volume of the molasses and are lost.Presene of more than two levels in real atoms plays a role in their interationwith light. The transitions are governed by the frequeny of the laser light and aseletion rule that states that a single state transition (emission or absorption ofa photon) an hange the hyper�ne level quantum number F by 0, 1, or -1. Ifonly a single hyper�ne level of the ground state has a hyper�ne quantum numberwithin this range, then the atom will always relax into this single state. Suh a ylewhere the �nal state after an unontrolled spontaneous emission is a single knownstate is alled a losed yle. For the Rb D2 line, suh a losed yle transition isthe F = 2 → F ′ = 3 transition. However due to the red detuning there is a �nitepossibility that an atom an undergo an F = 2 → F ′ = 2 transition upon absorbinga photon where the rate of exitation is about 1 in 10,000. From there it deayswith a probability of around 0.5 into the F = 1 state. One deayed into thatstate (�dark state�), the molasses laser detuning is far from resonane (> 6.8 GHz)and the atom is no longer ooled on the yling transition. Considering that everyatom undergoes about 200,000 yles per seond, on average it would be pumpedinto the dark state after about 100 ms. For this reason, a repump laser is addedwhih exites atoms from the F = 1 into the F ′ = 2 (or F ′ = 1) state, from whereit an deay into the F = 2 state and undergo yli ooling again. The molassesfore is non-onservative; it depends only on the veloity of the atom but not on itsposition. Thus to trap atoms a position dependent restoration fore must be added,whih is ommonly done using a magneto-optial trap (MOT). This kind of trapwas pioneered by Prithard, Chu and o-workers [Pri86, Raa87℄.



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 132.2 Atom-Magneti Field InterationIn the presene of a small magneti �eld, eah of the hyper�ne levels splits into2F+1 magneti sub-levels noted by mF = −F,−F + 1, . . . , F whih have a linearZeeman shift of
∆E|F mF 〉 = µB gF mF B (2.7)where µB is the Bohr magneton (≈ 9.274 × 10−24 J/T), gF is the Landé g-fatorand B is the magneti �eld whih de�nes the quantisation axis. σ+ irularlypolarised light drives the transition between magneti sub-levels with ∆mF = 1,whereas σ− polarised light drives transitions with ∆mF = −1. Thus in the preseneof a magneti �eld ~B(~r) and irularly polarised light, the e�etive detuning δ′ nowdepends on the polarisation of the light and on the strength of the magneti �eld:

δ′ = δ + ωD(~v) ± 1

~
µB gF B(~r) = δ′(~v,~r), (2.8)where the ± denotes the polarity of the irular polarised light σ± and B(~r) is thestrength of the magneti �eld.This position dependene of the detuning is used in the MOT. A magnetiquadrupole �eld, produed by a pair of oils in an anti-Helmholtz on�gurationwith its strong axis in the z diretion, reates a three dimensional magneti �eldgradient, with a �eld zero the entre of the trap:

∣
∣
∣ ~B (~r)

∣
∣
∣ = A

√

x2 + y2 + 4 z2 (2.9)
A = 24 µ0

I N d R2

(d2 + 4R2)5/2
(2.10)where A is the weak �eld gradient, usually given in Gauss per m, I is the urrent,

N is the number of turns per oil, d is the distane between the oils and R is theoil radius. The laser on�guration remains unhanged from the optial molasses,having one beam ollinear with the z axis (axis of the oils). The x and y axes aretypially de�ned to oinide with the other two molasses beams, sine the magneti�eld has a rotational symmetry around the z axis. Its beams are irularly polarisedas follows: The beams oming from +x, +y and −z are polarised σ+ whereas thebeams from −x, −y and +z are polarised σ−. Note that the `handedness' of the



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 14ounter-propagating beams is atually idential. The e�et is best explained usinga simpli�ed sheme as detailed in �gure 2.2: An atom with a trapping transition
F = 0 → F ′ = 1 with gF ′ > 0 has no magneti sub-levels in the ground state andthree magneti sub-levels in the exited state. At rest at position z = z0 > 0 (z = 0denotes the loation of B = 0), itsmF = −1 energy level is shifted loser to resonanewith the laser frequeny, whereas the mF = +1 energy level is shifted further away.This results in the atom predominantly sattering photons out of the σ− beam, andthus being pushed bak into the entre. Similarly, an atom at a position z < 0predominantly satters photons out of the σ+ beam and is therefore also pushedinto the entre. As in an optial molasses, three of these ounter-propagating laserpairs are used for 3D trapping. In the more omplex real system of the rubidiumD2 line F = 2 → F ′ = 3, there are 5 magneti sub-levels in the ground state and7 magneti sub-levels in the exited state. The Lande g-fator gF is 1/2 for theground state and 2/3 for the exited state, so the e�etive detuning δ′ is di�erentbetween the di�erent F = 2, mF = m → F ′ = 3, mF ′ = m− 1 transitions, whih areall driven by σ− polarised light. But the preferred sattering of photons out of a σ−beam at a position with positive magneti �eld and vie versa result in trapping ofthe atoms regardless of whih magneti sub-state they are in.A time of �ight experiment is ommonly used to measure the temperature of aloud of trapped atoms. This experiment onsists of releasing the atom loud andobserving the inrease of the diameter of the loud over time. The atom density ofa ooled, thermal loud projeted into a plane follows a two dimensional Gaussiandistribution:

n(x, y) ∝ exp

[

−(x − x0)
2

2σ2
x

− (y − y0)
2

2σ2
y

] (2.11)where x0 and y0 are the oordinates of the entre of the loud, and σx,y is the rms(root mean square) width of the loud. All four values an be easily obtained by�tting equation 2.11 to an image of the loud. By repeating the measurement andhanging the duration for expansion of the atom loud, a series of expansions σ(t)an be obtained. The measured loud does not reveal single atoms, but a distributionover many atoms, and therefore statistial methods have to be used, hanging the
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Figure 2.2: Priniple of the MOT. The atom is in a magneti quadrupole �eld, wherethe magneti �eld is zero at the entre, and linearly hanges with distane. The reddetuned laser with frequeny ωl orresponds to the dashed line below the energylevels. Beause of the Zeeman shift, the m = +1 sublevel inreases linearly andis therefore at a positive position z0 further detuned from the trapping light thanthe m = -1 sublevel. For this reason, the sattering rate from the σ− beam (whihonnets the m = -1 line with the ground state) is onsiderably stronger than thesattering rate from the σ+ beam. The opposite is true for negative z, whih resultsin a fore pushing atoms towards the entre of the trap.veloity to its expetation value.
σ2(t) =

〈
v2
〉
t2 + 2 〈v〉 tσ0 + σ2

0

=
〈
v2
〉
t2 + σ2

0 (2.12)omitting the term 2 〈v〉 tσ0 beause 〈v〉 averages to zero. With 〈v2〉, the temperaturean then be alulated:
T =

M 〈v2〉
kB

(2.13)where M is the mass of the atoms.Using this tehnique, temperatures of laser ooled louds were observed thatwere far below the Doppler-limit [Let88℄. This groundbreaking observation has sinebeen explained by an e�et alled Polarisation Gradient Cooling [Dal89℄: Counter-



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 16propagating waves interfere in a way that the eletri �eld vetors of eah light �eldat eah loation are added. If the two lasers have the same frequeny, the resultingpattern is stationary in spae. If the original waves are o-linearly polarised, theirombination is a standing wave with nodes and anti-nodes. If the lasers are linearlypolarised in orthogonal diretions, the osillation goes from linearly polarised at 45°to irular polarised to linearly polarised at -45° and irular polarised in the oppositediretion, within one wavelength. In the ase of the lasers having orthogonal irularpolarised �elds, as is present in the MOT on�guration, the result is a linearlyosillating eletri �eld vetor with a diretion that rotates around the propagationvetor similar to a helix.It has been shown in [Dal89℄ that while an atom at rest would be pumpedpredominantly into the mg = 0 state, an atom moving through suh a light �eldwould have a state distribution that slightly lags behind the equilibrium state foreah position. An atom moving towards the σ+ laser beam is populated more inthe mg = +1 state than in the mg = −1 state. The mg = +1 state, however,satters more photons out of a σ+ beam than out of a σ− beam and so the atomis slowed down. Atoms travelling in the opposite diretion orrespondingly havea higher population in the mg = −1 state, and therefore satter more atomsout of the σ− beam. While the e�et � the preferred sattering of photons outof the ounter-propagating beam � is similar to Doppler ooling, the reason forthis preferred sattering is di�erent: It relies only on the distribution among themagneti sublevels for atoms travelling at slow veloities through the standing waveof two ounter-propagating irularly polarised beams, and the state's respetivepreferred sattering from the left- or right-hand irularly polarised beams, andnot the Doppler shift. Therefore, the minimum temperature ahievable throughPolarisation Gradient Cooling is not limited by the Doppler temperature. Instead,sub-Doppler laser ooling is limited by the muh lower reoil temperature Trc, whihis given by
kBTrc =

~
2 k2

2 M
, (2.14)where k is the wave vetor of the laser light, and M is the mass of the atom. Ashort explanation is that the relaxation of the atom due to spontaneous emissionimparts a momentum to the atom that an not be eliminated as it is the last e�et



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 17in any yle of the laser ooling proess. Even more, satisfying equation 2.1 at thereoil temperature would require a density n > 1013 atoms/m3. The repulsive forebetween partiles reated by re-absorption of previously sattered photons makessuh densities impossible to ahieve using resonant or near resonant light �elds.To ahieve even lower temperatures, the atoms have to be trapped and ooleddi�erently, for example by transferring them into a magneti trap and oolingevaporatively.2.3 Magneti Trapping and Evaporative CoolingMagneti trapping of neutral atoms was �rst suggested in the 1960s [Hee63℄, but ithas taken until after the advent of laser ooling to be �rst demonstrated [Mig85℄.Two main reasons for this are the limited trap depth (even 1 T �elds an only holdRb atoms with a temperature of less than 1 K) and the onservative potential, whihmeans that every atom that falls into the trap thereby aquires enough energy toleave it again. Magneti trapping utilises the fat that the energy of the magnetisub-levels hanges in the presene of a magneti �eld, as desribed in setion 2.2.Sub-levels with mF gF < 0 are alled high �eld seekers, as their energy level dereaseswith inreasing magneti �elds and are therefore aelerated towards loations withlarge magneti �eld values. Similarly, sub-levels with mF gF > 0 are alled low�eld seekers and are repelled by magneti �elds, and therefore an be trapped inloal magneti �eld minima∗. As long as the magneti moment of the atom anadiabatially follow the diretion of the magneti �eld, the atom will remain inthe same magneti sub-level and follow the potential whih is proportional to theabsolute value of the magneti �eld at a given point in spae.The simplest magneti �eld on�guration that has a minimum in three dimen-sions is a quadrupole �eld as used for the MOT; however the minimum of thequadrupole �eld is zero, whih means that lose to the entre of the trap, thediretion of the magneti �eld hanges very quikly in spae. Atoms there an nolonger follow the magneti �eld vetor adiabatially thus �ipping their spin. Sinethese atoms beome high-�eld seekers, they are quikly aelerated out of the trap
∗Local magnetic field maxima in all three dimensions, which could trap high field seekers, are

impossible to create in free space.
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Figure 2.3: Layout of a Io�e-Prithard magneti trap: A homogeneous bias �eld inthe z diretion (blak rod) is reated by a set of Helmholtz oils (red) and overlaidby a 2d quadrupole �eld reated by the four rods of the blue oils. To seal o� theends of the elongated non-zero magneti �eld, small end oils (green) are used.and lost. To minimise these Majorana losses, a magneti �eld on�guration is hosenwhere the loal minimum has a de�nite nonzero value. One suh on�gurationis a Io�e-Prithard magneti potential [Pri83℄. This onsists of a two-dimensionalquadrupole �eld whih is superimposed to a homogeneous �eld in the third diretionto allow the trap bottom to be adjusted. A ommon addition are two `end urrents'that reate 1D maxima to seal o� the ends of the elongated trap. An implementationof a Io�e-Prithard trap is shown in �gure 2.3.As with most potential minima, in a su�iently small area around this loationthe magneti �eld an be approximated through a Taylor series to seond order asa harmoni potential. In suh a harmoni potential, the frequeny with whih apartile osillates around the minimum does not depend on the amplitude of theosillation, only on the potential itself and on the partile's mass. This means thatthis trapping frequeny ωt is onstant for all atoms inside the trap, and is therefore aharateristi property of the trap. In elongated traps like the Io�e-Prithard trap,the trapping frequenies in the radial and axial diretions an be very di�erent, andthus are alled the radial trapping frequeny ωtr and the axial trapping frequeny ωta.Inreasing the trap frequeny is also often referred to as making the trap steeper.



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 19Sine a magneti trap is a onservative potential, it is not able to independentlyool the atoms or remove their energy without deforming the potential. For this,another method alled evaporative ooling is used. Atoms inside a onservativetrap will have a veloity distribution given by the Maxwell Boltzmann distribution.This proess works by seletively removing atoms whih have an energy far largerthan the average (those in the `tail' of the M-B distribution). This an be done byinduing spin �ip losses at loations only reahable by atoms with large energies.The remaining atoms rethermalise through elasti ollisions, and the loud getsolder. The time it takes for the atoms to rethermalise depends largely on thenumber density and the trap frequeny.One the temperature has equilibriated at a lower value, the uto� level isredued again. Typially, the uto� level is lowered ontinuously over time in anexponential delining rate. The optimal time onstant for this delining uto� levelto retain as many atoms as possible at a given low temperature depends greatlyon the experimental onditions of the trap, like the initial number of atoms, butalso the bakground pressure, the steepness of the on�nement, the noise in themagneti potential and many other things. Therefore, the optimal rate has to befound by experimentation and haraterisation. If the uto� level is lowered tooquikly, the equilibration an not our, and the remaining atoms will not be ooled.On the other hand, the evaporation proess has to ompete with heating and lossproesses: The lifetime of atoms in the trap is limited by several fators, the mostdominant being bakground ollisions. Even in ultrahigh vauum, as is used inBEC experiments, a large number of random thermal atoms are present. These anollide with old atoms in the trap, imparting a momentum to the trapped atomswhih easily exeeds the esape veloity of the trap. At the same time, noise in themagneti oil urrents and other e�ets impart momentum to the trapped atoms,heating them up over time. Experiments therefore strive to ahieve long lifetimesand small heating rates to gain time for the evaporative ooling, as well as to on�nethe atoms in ever tighter traps, whih allows quiker rethermalisation and thereforefaster evaporation.The most obvious way to lower the uto� value is of ourse to lower the depth ofthe trap, thereby allowing ever slower atoms to esape. While this is done in some



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 20experiments [Bar01, Luo06℄, it has a major drawbak: As the depth of the trap islowered, so also is the trap frequeny, and this in turn lowers the ability of the loudto rethermalise. A more onvenient way is to keep the trapping potential onstantover time, and ejet the atoms by other means. This an be done by induingspin-�ip losses. Just like light, eletromagneti waves with a ertain frequenyan onnet atomi levels where the energy di�erene is equal to the rf frequeny,multiplied by Plank's onstant h. The photons of the rf �eld have far less energythan that needed for transitions between the �ne or even hyper�ne levels. They arehigh enough, though, to onnet di�erent magneti sub-levels of the ground statewith eah other. If the frequeny of the rf �eld satis�es the ondition
ωrf = µB gF |B| (2.15)then the eletrons of the atoms will �ip into di�erent magneti sub-levels, quitelikely into a non-trapped or even high-�eld seeking state, at whih point they arelost from the trap. Rubidium usually is magnetially trapped in the F = 2, mF = 2state; suh an rf �eld would pump the atoms in the F = 2, mF = 1, and then into

F = 2, mF = 0 state. At this point, they are no longer trapped and fall out ofthe trap under gravity, or they an be pumped even further into the mF = −1 or
mF = −2 states, whih are high �eld seekers. A shemati of this proess an beseen in �gure 2.4.By then reduing the frequeny, the areas where the atoms are resonant with therf �eld move inwards to older atoms. Sine the frequeny of the magneti �eld anbe seleted diretly, this tehnique allows full ontrol over the evaporation proess.2.4 Atom ChipsIt has been shown that the use of a single wire lose to the atomi sample ombinedwith a magneti bias �eld an produe very strong magneti �eld gradients [Den99b,Rei99℄. The 1/r dependene of the magneti �eld strength of a single wire allows thegradient to be made extremely high even for moderate urrents by moving the atoms
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Figure 2.4: Shemati of the rf evaporation tehnique: An rf �eld is generated inthe trapping region with a frequeny that onnets the magneti sub-levels at aertain absolute value of the magneti �eld. Atoms whih are fast enough to reahsuh a position are spin-�ipped into one of the other magneti sub-states. If �ippedinto the magnetially neutral state mF = 0, then they are no longer trapped andfall under gravity out of the trap. If transferred into the magneti sub-levels withnegative mF gF , they are now high �eld seekers and are atually aelerated out ofthe trap. Either way, they are lost, and their exess energy with them.lose to the wire itself. Magneti �elds of di�erent soures add up as vetorially:
~B(~r) =

∑

i

~Bi(~r) (2.16)The magneti �eld produed by a urrent through a wire in the positive z diretionis limited to the x-y plane and is given by
~Bw(~r) =

µ0 I

2 π |~r|2




−ry

rx



 (2.17)where µ0 = 4 π 10−7 N/A2 is the vauum permeability, and I is the urrent. Byadding a homogeneous bias �eld ~Bb = Bb ~ex, the omplete magneti �eld is givenby:
~B(~r) =




Bb − µ0 I ry

2 π |~r|2

µ0 I rx

2 π |~r|2



 (2.18)



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 22The minimum of the absolute value of the magneti �eld given in equation 2.18 iszero at rx = 0 and ry = r0 with
r0 =

( µ0

2 π

) I

Bb
. (2.19)The gradient of the magneti �eld at this minimum ~r = (0, r0) is given by

dB

dr

∣
∣
∣
∣
r0

=
Bb

r0

. (2.20)Inreasing the bias �eld at onstant urrent through the wire moves this minimumloser to the entre and inreases the gradient, while inreasing the urrent atonstant bias �eld moves the entre further away and dereases the gradient. Toa �rst approximation, the �eld around this point resembles a two dimensionalquadrupole �eld with the axes rotated by 45° to the x- and y axis around the zaxis. This priniple is illustrated in �gure 2.5. To prevent Majorana losses (lossesdue to atoms �ipping their spin at zero magneti �eld to a non-trappable state), itis neessary to have a magneti �eld strength larger than zero at all positions. Toensure this, a seond homogeneous bias �eld BOS an be applied parallel to the wire,so that the absolute value of the magneti �eld is greater than zero at all loations.This also hanges the potential around the minimum from a linear potential into aharmoni potential with a urvature given by
d2B

d r2
y

∣
∣
∣
∣
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=
B2

b

r2
0 BOS

. (2.21)The motion of atoms in the radial diretion of this trap is de�ned by the radialtrapping frequeny
ωtr =

Bb

r0

√
µB gF mF

M BOS
. (2.22)By hanging the o�set �eld along the z axis in suh a way that it has a minimumin the entre and inreases towards both positive and negative z values, the magnetitrap an be losed along this line as well, produing a true three dimensionalmagneti trap with strong on�nement along the x and y diretions and weakon�nement along the z diretion. A simple method to do this, pioneered by Reihelet al. [Rei99℄, is to use a Z-wire on�guration as shown in �gure 2.6. For the Z-wire
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Figure 2.5: Basi idea of an atom hip: (a) A single urrent produes a irularmagneti �eld with a strength that dereases as 1/r (green). Superimposed by ahomogeneous bias �eld of a ertain strength (red), produed for example by a setof Helmholtz oils, these two �elds anel out on one line parallel to the wire. (b)Visualisation of the magneti �eld produed by a urrent (1 A) arrying wire at (0,0)and a homogeneous bias �eld (0.4 G in positive x-diretion) as both |B| ontour linesand arrow plot.on�guration, one end of the entral wire bends into the homogeneous bias �eld, theother end bends away from it. The e�ets of these side-wires add to a magneti �eldomponent in the z diretion, thereby inreasing the absolute value of the magneti�eld above zero. This o�set-�eld inreases in strength towards the sides, forminga weak on�nement for the trapped atoms. Calulations of the absolute magneti�eld strength produed by a Z-wire in ombination with a homogeneous bias �eldin the x diretion an be seen in �gure 2.7.A three dimensional quadrupole �eld is reated by a U-wire on�guration. Itis similar to the Z-wire, exept that the seond side wire runs anti-parallel to the�rst side wire, as seen in �gure 2.8. The z omponent of the magneti �elds reatedby these side wires anels in the middle between them and inreases towards thesides, thereby forming a magneti �eld gradient along the z axis. Their non-zeromagneti �eld omponent in the y diretion, however, slightly shifts the ompletemagneti �eld zero. Calulations of the absolute magneti �eld strength produed



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 24by the U-wire in ombination with a homogeneous bias �eld in the x diretion anbe seen in �gure 2.9.The wires used for these on�gurations are usually designed to withstand urrentsof 60�100 A or more to produe tight on�nement and e�etive trapping and oolingof the atoms. For this reason, the ross setion of the wires S is is often severalsquare millimetres. While these dimensions are neessary for initial trapping andevaporative ooling, they are unsuited for reating �ne miron and sub-miron salepotentials. Mirowire atom hips are reated to perform suh tasks. Their wiresoften have a ross setion of a few tens of µm2 and an usually ondut less than1 A. Their limited urrent and therefore limited trap depth means that atoms to betrapped in mirowires have to be pre-ooled to ultralow temperatures. It is thereforenot unommon to have multi-layer atom hips where one layer omprises high urrentpatterns in the U- and Z-on�guration, and the other layers inorporate variousmirowires whih reate omplex potentials. In suh a hip, the atoms would be �rsttrapped and ooled in the potentials generated by the high urrent layer and thentransferred into the potential reated by the mirowire layers. Examples of mirowireatom hips inlude a magneti onveyor belt for atom louds [Hän01b℄, and radio-frequeny indued double-well strutures for BEC interferometry [Sh05b, Jo07℄.A wide variety of appliations for atom hips and mirowire atom hips are givenin [Fol02℄.
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xFigure 2.6: Illustration of a Z-wire on�guration. The wire itself forms a Z struture,the middle part of whih is perpendiular to the bias �eld (blue). Its magneti �eld(red) forms together with the bias �eld a 2D quadrupole �eld. The parts of the wiresleading to and away from the entre wire produe magneti �elds in the positive zdiretion above the entre wire, thereby lifting the trap bottom to positive values.Furthermore, the strength of their magneti �elds inreases to the sides, therebysealing the 3D trap.
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Figure 2.7: Magneti �eld strength of a Z-wire and a bias �eld. The wire in thissimulation follows the path (−∞, 0, -5 mm), (0, 0, -5 mm), (0, 0, 5 mm), and (∞,0, 5 mm), and has a urrent of 10 A. The bias �eld has a strength of 5.7 G.



CHAPTER 2. TRAPPING AND COOLING OF NEUTRAL ATOMS 26
y

z

xFigure 2.8: Illustration of a U-wire on�guration. The wire itself forms a U struture,the middle part of whih is perpendiular to the bias �eld (blue). Its magneti �eld(red) forms together with the bias �eld a 2D quadrupole �eld. The parts of thewires leading to and away from the entre wire produe a magneti �eld gradient in
z diretion above the entre wire, reating a three dimensional quadrupole �eld.
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Figure 2.9: Magneti �eld strength of a U-wire and a bias �eld. The wire in thissimulation follows the path (−∞, 0, -5 mm), (0, 0, -5 mm), (0, 0, 5 mm), and (−∞,0, 5 mm), and has a urrent of 10 A. The bias �eld has a strength of 5.7 G. As the�elds of the wires leading to and from the entre wire produe a �eld in the negative
y diretion at the entre, the atual minimum is slightly shifted towards positive xvalues.



Chapter3
Femtoseond Ablation: A new tool forAtom Chip Fabriation
This hapter is aimed at the desription of major fabriation tehniques involvedin engineering atom hips [Hän01a, Ott01, Lea02℄, drawing partiular attentionto the femtoseond ablation method of writing sophistiated patterns of urrentarrying mirowires to generate magneti traps for ultraold atoms. While atomhips are a relatively new tehnology, numerous methods have been pioneered byresearh groups worldwide to both understand [For02b, Jon04, Est04, Sh05a℄ andestablish [Gro04, Krü07℄ fabriation proesses that deliver the rigorous requirementsimposed by atom hips for oherent atom optis with Bose-Einstein ondensates.To begin with we introdue the physial e�ets whih govern the quality of anatom hip mirowire along with an overview of the established benhmarks andmethods that have been used to quantify this quality. A signi�ant motivationalfator underlying the initial pursuit of atom hip development is the large bodyof knowledge and experiene that the semiondutor industry has in the area oflithographi fabriation. Sine these methods are urrently used by researh groupsa brief overview is presented whih allows our new work to be plaed in ontextregarding the omplexity of the overall proess.Following this the physis of femtoseond laser ablation is explored withthe assistane of a onise theoretial model that has been elegantly developedelsewhere [Mom97℄. The experimental apparatus that was onstruted for thisprojet is then introdued with a full desription of the femtoseond laser system,27



CHAPTER 3. FEMTOSECOND ABLATION 28the beam alignment and foussing stages, inluding the sample vauum hamber.Then the omputer ontrolled high preision translation stages and their installationrequired by the apparatus are presented, along with the algorithms used forpositioning. To optimise and haraterise the ablation thresholds, experimentswere performed with a variety of di�erent materials (gold, opper, GdTbFeCo,)and substrates (glass, silion, sapphire) with the results presented here. Onethe optimum ablation onditions were understood, several test mirowires werefabriated whih were then examined to asertain their suitability for atom hips.These �nal tests inlude a measurement of the wire edge roughness using a sanningeletron mirosope.As an additional note it should be mentioned that reently the use of eletronlithography for produing atom hips has emerged [Tri08℄, but this will not bedisussed here.3.1 Mirowires: Basi Priniples and Mirofabria-tion Tehniques3.1.1 Introdution to MirowiresIn Setion 2.4 the onept of a onservative magneti trap for ultraold atomswas introdued along with the typial geometries that have been developed foratom hips, prinipally the Io�e-Prithard type Z-wire trap and the side wireguide [Den99b℄. Tight trapping geometries are required in order to ahieve highelasti ollision rates and runaway evaporative ooling leading to the produtionof BEC [Dav95, Ket96℄. It has been shown that the magneti �eld gradientwhih determines the trap tightness above a wire sales favourably with dereasingwire dimensions at a �xed urrent density [Wei95℄. While initial atom trappingexperiments were performed with free standing wires [Haa01℄, it is straightforwardto see that higher urrents are ahievable when the wires are in good thermal ontatwith a heat sink to dissipate the ohmi heating of the wire. Combining these twoonepts resulted in the idea of what is alled an atom hip.Dimensions and shapes of the mirowire on an atom hip are largely determined



CHAPTER 3. FEMTOSECOND ABLATION 29by the fabriation tehnology that is used to reate the wire in the �rst plae.However, it is still useful to theorise what an ideal wire would be to understandwhat limitations the real world imposes on the harateristis of an atom hip. Thesimplest ideal mirowire would be a perfet ylindrial ondutor with negligibleresistivity suh that the magneti potential ould both be solved analytially andwould allow for extreme urrent densities for tight trapping geometries. Whilethe latter ould be ahieved with low temperature superonduting materials, theomplex and expensive ooling systems required for their use were prohibitive forthis researh. (That said, reently pioneering experiments have been undertakenusing superonduting atom hips [Nir06, Ska06℄.) This leaves metal ondutorsas the material of hoie with atom hip wires being fabriated from gold [Fol00℄,opper [For02b℄, silver [Val04℄, and aluminium [Jon03℄, with more exoti metal alloysbeing investigated theoretially [Dik05℄.The eletrial ondutivity σ for the noble metals (silver, opper, gold) used inthis researh are, in desending order, σAg =63.01× 106 S m−1, σCu = 59.6× 106 S m−1,and σAu = 45.2× 106 S m−1. While the eletrial resistivity ρ is small, forthe mirosopi dimensions of atom hip wires this resistivity an easily lead tomirowires with resistanes of up to 50 Ω.The typial length of the mirowires under investigation was around ∼ 5 mmwhih orresponds to the maximum viewing area of an absorption image in the CCDamera under unity magni�ation. This leaves the ross setion as the major tunableparameter to ontrol the resistane. In real atom hips the mirowire ross setionis retangular as opposed to irular, whih aids in the dissipation of ohmi heatingsine one omplete side is in good thermal ontat with a heat sink. Conventionalmirowire fabriation utilises vapour deposition of the ondutor material andthe geometry of this proess naturally leads to retangular wire ross setions.Mirowires typially have very small aspet ratios where the height (typially 1 µm)is muh smaller than the width (typially 10-20 µm). Thus adding a �xed height tothe wire will inrease the ross setion signi�antly more than adding to the width.It is therefore important to establish how high a mirowire an be made for a givenfabriation method.One the wire dimensions have been set, the maximum urrent beomes limited



CHAPTER 3. FEMTOSECOND ABLATION 30by the thermal properties of the substrate. If the substrate is unable to dissipate theohmi heating that ours during operation (i.e. DC urrent �ow), then the wiretemperature an rise rapidly above 400 K where thermal expansion and mehanialstress an result in wire-substrate lift-o� or breakage. Both outomes are undesirableas they an either limit (the former) or terminate (the latter) experiments using thatwire. Substrates with a high thermal ondutivity λ are thus of interest for atomhip development; however, they must also be eletrially insulating and have goodbonding properties for the deposited metals.In this projet three substrates were initially used to haraterise the laserablation tehnique. They were a glass slide (λglass = 0.008 W K m−1), a sapphirewafer (λsapphire = 0.35 W K m−1), and a silion wafer (λsilicon = 1.457 W K m−1)(all thermal ondutivity values are given at room temperature). While the poorthermal ondutivity of glass is undesirable for use in atom hip experiments, its lowost and abundane proved useful during the initial proof-of-priniple experimentsof this projet. The higher thermal ondutivity of sapphire, whih is also anoptially transparent insulator, is adequate for atom hip experiments. In additionthe transpareny was advantageous allowing fabriation results to be examined non-destrutively under an optial mirosope operating in bak-light mode.While silion has the highest thermal ondutivity, the �nite resistivity of thissemiondutor (160-240 Ω-m University Wafer, 350 µm thik) requires an insulatinglayer of silion oxide to be deposited between the wires and the substrate. Thiswas ahieved using a thin �lm deposition system (Kurt J. Lesker CMS-18) apableof magnetron sputtering and eletron beam evaporation in a vauum with basepressure < 5×10−8 Torr. Initially a 25 nm SiO2 thin �lm was deposited onto the Si(100) wafer using e-beam evaporation. The aelerating voltage was 7 kV and theevaporation rate was 0.4 nm/s. The distane between the evaporation soure andthe substrate was 0.7 m. The silion wafer was held at room temperature and wasrotated at 10 revolutions per minute to ensure a uniform oating. This thikness ofSiO2 has been indiated to be an e�etive insulator for mirowires deposited usinglithographi methods [Gro04℄. However, this was not observed to be the ase wheninsulating grooves were mahined using the laser ablation method. Thus for the �nalatom hip developed during this researh projet a 400 µm thik sapphire substrate



CHAPTER 3. FEMTOSECOND ABLATION 31was used. The ombination of a high thermal ondutivity substrate and a higheletrial ondutane metal allows ontinuous operation of mirowires at urrentdensities in exess of 107 A/m2 [Gro04℄. This signi�antly exeeds the urrentdensities of our existing silver foil atom hip (104 A/m2) whih uses a marosopiwire of 1 mm × 0.5 mm ross setion [Hal06℄.With the development of atom hips researhers were able to produe ultraoldatom louds (T ≈µK) or BECs lose to urrent-arrying mirowires and observethe interations between these atoms and the room-temperature surfaes. Initialexperiments showed a startling break-up in the shape of the atom loud as itwas moved loser to the wire, and the loud was desribed as being fragmented[Kra02, Lea03, Jon04℄. Further investigations indiated that this fragmentationwas aused by a orrugation of the magneti potential due to small meanderingurrents aused by the imperfet, rough edges of a real world wire [Est04, Sh05a,Pau05℄. Unlike a geometrially perfet ideal ondutor, roughness of the wireedges auses a longitudinal spatial inhomogeneity in the wire resistane, leadingto small omponents of the urrent to travel perpendiular to the wire diretion.These urrent orrugations produe small (∼ milligauss level) axial magneti �eldomponents B|| parallel to the wire and the o�set �eld (in addition to the largeazimuthal magneti �eld B⊥ (∼10 Gauss level) of the wire urrent), as shown in�gure 3.1.While the magnitude of these modulations of the magneti �eld B|| is smalland an be lowered by reduing the wire urrent I, this size �eld is omparableto the energy sales of ultraold atoms. As an example, a magnetially trappedrubidium loud with atoms in the F = 2, mF = +2 state (gF = 1/2) will experienea Zeeman energy of µB B. Using Boltzmann's onstant to rede�ne this energybarrier in terms of temperature yields an equivalene of µB/kB ≈ 67.2 µK G−1 or67.2 nK mG−1. While fragmentation appears to be a deleterious e�et for atomhips, these experiments suggest a new-found ability to use the ultraold atoms as aprobe to measure small sale magneti �eld inhomogeneities above mirowires andpermanent magneti �lms [Wil05, Whi07b℄.Considerable e�orts have been undertaken to redue the e�ets of fragmentationto negligible levels. Two approahes have developed simultaneously: i) optimisation
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Figure 3.1: Shemati of a fragmenting ondensate: Deviations in the urrent pathreate omponents of the resulting magneti �eld Bz that are parallel to the wireand therefore orrugate the bottom of the trapping potential given by the o�set �eldsuh that atoms pool in the loal potential minima [Pau05℄.of lithographi proesses involved in fabriating the mirowires [Krü07℄, and ii)development of novel trapping geometries with high frequeny (10 kHz) alternatingurrents and bias �elds [Tre07, Bou08℄.The ratio of B||/B⊥ is independent of the urrent but diretly re�ets the amountof orrugation aused by the wire. Thus it has beome one of the �gures of merit fordetermining the quality of a mirowire and hene the usefulness of a fabriationtehnique. The state of play of the �eld is usefully summarised in �gure 3.2whih is reprodued here from a reent publiation [Krü07℄. These data sets wereolleted using ultraold atom louds as sensitive magneti �eld probes, wherebythe extremely low temperature of the loud an be used to alibrate the potentialenergy sale of the observed lumps in the loud [Jon04℄. An auxiliary methodto using ultraold atoms in determining B||/B⊥ was reently demonstrated in ourlaboratory with a home made magneto-resistane mirosope (MRM) whih allowsin air measurement of the magneti �eld above a mirowire [Vol08℄. This novelMRM augments the old atom tehnique as it an measure B|| down to 0.1 µT, witha noise �oor of B||/B⊥ ∼ 10−4 at heights ≥ 25 µm above a surfae.Another �gure of merit that is also useful in determining the quality of the
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Figure 3.2: Comparison of orrugated omponents of the magneti �eld in di�erentatom hips experiments, reprodued from [Krü07℄. The brown hathed area at thetop right indiates the measurement spae that an be suessfully probed with aMRM.mirowire edge is the power spetral density (PSD) of edge �utuations. Thismeasurement is performed by using a sanning eletron mirosope (SEM) to aquirea series of high resolution images whih are then stithed together via post-proessingtehniques to form a wire image of around 0.5 to 1 mm in length. Using numerialtehniques, elaborated further in setion 3.2.4, the PSD of the edge �utuationsis extrated. The PSD yields information on the magnitude and wavelength ofdominant edge �utuations, and the harateristi strength and period of B|| at agiven distane from the wire an be alulated [Est04℄. Sine the PSD measurementan be rapidly obtained in less than a day by a ommerial SEM it is usually thesimplest method available in quantifying the quality of a fabriation method.3.1.2 Conventional Mirofabriation TehniquesWhen introduing a new tehnique to perform a given task, it is useful to �rstelaborate on established methods. This setion fouses on the reation of mirowiresusing ommon mirofabriation tehniques. A shemati representation of thereipe for onventional mirofabriation is shown in �gure 3.3, with the multisteplithographi proess depited on the right, and the single step ablation proess onthe left. The ruial step in the proess of writing the wires onto the hip is usually
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Figure 3.3: Flow diagram of atom hip fabriation tehniques: Left: Conventionalmirofabriation tehniques have a omplex reipe. Right: Femtoseond ablation isa single step proess.
PhotolithographyThe proess of photolithography is based on light-indued hanges to a photoresist(usually a light sensitive polymer) by UV light. These hanges result in di�erentsensitivity of the exposed and nonexposed parts of the photoresist to developingsolvents [Lev03a℄, with further explanations and spei� examples given in [Mad98℄.Positive tone photoresists like PMMA (poly(methylmetharylate)) or DQN (a two-omponent resist onsisting of diazoquinone ester (DQ) and phenoli novolak resin(N)) are weakened by UV exposure, resulting in faster dissolution in the developmentproess, leaving only the unexposed areas remaining. Negative tone photoresists, like



CHAPTER 3. FEMTOSECOND ABLATION 35Kodak KTFR, by ontrast, beome strengthened by the UV exposure, making themmore durable during development, thus remaining after the unexposed areas havebeen dissolved. The photoresist is applied to the sample by spin oating, also alledspinning. A liquid solution of photoresist is plaed in the entre of a sample whihis then spun at high veloity (1.5 � 8 kRPM) suh that the entrifugal fore spreadsthe photoresist evenly over the surfae. The thikness of the resulting photoresistlayer is determined by the polymer onentration in the solution, the visosity of thepolymer, and the rotational veloity. Speial photoresists an produe thiknesses ofup to 20 µm, and the thikness an be further inreased by applying more photoresistonto the surfae during the spinning. To evaporate remaining parts of the solution(as opposed to the photoresist), to minimise loal stress, and to enhane the adhesionof the photoresist to the substrate, the sample with the photoresist is then usually`soft baked', or `pre-baked', for approximately 10 minutes at 75 � 100°C.The exposed and unexposed areas are de�ned by a photomask onto whih thedesired pattern has been written. For mirowire atom hips, preision photomaskswhih are made from quartz plates with a patterned hrome layer are required.The minimum feature sizes of these photomasks are typially 800 nm and areprodued by speialised ompanies [Lev03a℄, in Australia e.g. the BandwidthFoundry (http://www.bwfoundry.om). The photomask an either be attaheddiretly to the surfae of the sample, in whih ase it will generate a patternin unity sale, or projeted onto the surfae by a high-quality optial system, inwhih ase the image of the mask an be miniaturised. The wavelengths used forUV exposure depend on the photoresist, but an range from deep ultraviolet light(DUV, 150 � 300 nm) up to 500 nm. As an example, the maximum sensitivityof PMMA lies at 220 nm and amounts to 150 mJ/m2. When the sample hasbeen exposed for the required time to aquire enough energy, the photoresist isdeveloped. This usually onsists in immersing the sample in a spei� developingsolution at a ertain temperature for a spei� duration. The exposed (positivetone) or unexposed (negative tone) parts of the photoresist are removed by thedeveloper, leaving a relief. After the photolithography, the photoresist forms theexat pattern of the desired hip, either as a positive (when the photoresist remainswhere the mirowires are supposed to be) or negative image (when the photoresist



CHAPTER 3. FEMTOSECOND ABLATION 36overs everything exept the plaes where the wires are supposed to be). To transferthe pattern in the photoresist into urrent arrying wires or other materials, di�erentapproahes an be used.Wet EthingA ommon tehnique for developing positive images is wet ething (�gure 3.4a),where a metal-ething solvent (e.g. an aqueous solution of potassium yanide forgold) is applied to the hip removing metal whih is not proteted by the photoresist.Afterwards, the remaining photoresist an be removed, leaving the desired wirepattern for the atom hip. Wet ething is highly seletive but isotropi meaningthat the right aid needs to be seleted suh that only the metal is removed with thephotoresist and wafer remaining. Isotropi means that the dissolving of the materialis equally e�etive in all diretions, whih in turn results in the metal wires beingslowly dissolved from the sides (see third piture from left in �gure 3.4a). This issueis of relevane for wires less than 30 � 40 µm in width or higher than 1 µm.Dry EthingDry ething or reative ion ething (�gure 3.4b) is similar to the wet ething sinethe positive photoresist protets the metal layer beneath from being removed by abombardment with ions, typially Ar+ ions. In a vauum, the surfae is negativelyharged while the Ar+ ions are generated above the sample. The eletri potentialaelerates these ions towards the surfae where their kineti energy is high enoughto ejet material. In ontrast to wet ething, this is a purely physial proesswhih is anisotropi but not seletive: the ething proess is e�etive mostly inone diretion, and the wires are not attaked from the side. However; the Ar+ ionsdo not disriminate between metal, photoresist or substrate and remove everything.Therefore, the photoresist has to be thik enough to withstand the dry ething longerthan the time needed for the �lm to be ompletely ethed away.Lift-O�A tehnique using a negative photoresist pattern is the so-alled lift-o� tehnique.In this ase, no metal layer is deposited between the sample and the photoresist.



CHAPTER 3. FEMTOSECOND ABLATION 37In its plae, a bonding layer that the desired metal an easily adhere to is reated(e.g. titanium or hromium). When the metal is then evaporated onto the sample,it will stik to the hip only inside the trenhes of the photoresist, forming the wires.The photoresist is then ompletely removed with warm aetone or isopropanol inan ultrasoni bath [Gro04℄, taking the unwanted metal along with it. The height ofthe wires reated with this method an not exeed the height of the photoresist.EletroplatingSimilar to thermal evaporation, eletroplating an be used to grow wires insidethe trenhes of a negative photoresist pattern [Est04℄. A thin layer of ondutivematerial (`seeding layer') has to be attahed to the sample beneath the photoresistlayer, so that it an at as a athode. After the development of the photoresist, thesample is immersed in an eletrolyte solution. An anode made from the metal tobe used for the wires is also immersed. By applying a urrent between the anodeand the athode, metal from the anode is ionised and assoiates with the moleulesin the solution. At the athode (whih is to beome the atom hip) the proessreverses when the metal ions gain eletrons from the athode and deposit on thehip. In this way, the wires are grown inside the trenhes. After the proess and theremoval of the remaining photoresist, the seeding layer has to be destroyed using ashort aid bath to insulate the wires from one another.Post-ProessingWhile the above mentioned tehniques have been used for the fabriation of atomhips, post-proessing tehniques an also be used to enhane the qualities of theatom hips. For example, in all ases, eletroplating an be used to further thikenwires and redue their resistane, and foused ion beam milling has been used toenhane the edge smoothness of the wires. A summary of the state of play of the�eld is provided in table 3.1 showing wire dimensions reported, RMS roughness,fabriation method, urrent density ahieved and substrate used.
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CHAPTER 3. FEMTOSECOND ABLATION 39Table 3.1: Comparison of mirofabriated atom hips.
Author Ref technique metal width height rms current

(µm) (µm) deviation density
Koukharenko [Kou04] wet etching Au 50-100 8.5
et al.

Groth et al. [Gro04] lift-off Au 2-100 1-5 50-80 nm >10 kA/mm2

Krüger et al. [Krü07] lift-off Au 3.1 100 nm 200 kA/mm2

Esteve et al. [Est04] electroplating Au 50 4.5 200 nm 1.3 kA/mm23.1.3 Femtoseond Laser AblationThe proess of laser ablation has a number of possible appliations inludingmiromahining, surfae leaning, surfae-element analysis, generation of supersoniatomi and moleular beams, and pulsed laser deposition (PLD) of thin �lms andoatings [Ned04℄. In our laboratory we have foused on the development of a one-stepmiromahining tehnique for atom hips based upon femtoseond laser ablation ofmetals to form insulating grooves between ondutive wires. Laser ablation desribesthe e�et when a laser pulse transfers its energy into a material faster than thematerial an disperse it thermally. The loal atoms are heated up to far abovemelting and evaporation temperatures and are subsequently ejeted from the bulkmaterial. Clean ablation of metals with nanoseond and pioseond pulsed lasersproved arduous in the past [Wel99℄. This is due to the high thermal ondutivity ofthe metal whih enables large heat a�eted zones of molten and re-hardened materialto form around the laser impat spot. Reently femtoseond laser systems beameavailable with pulse durations signi�antly shorter than the thermal di�usion times.To understand this behaviour, the theory behind the laser ablation of metalshas been desribed with a two-temperature model [Mom97, Wel99℄. The laser pulsetransfers its energy to the eletrons of the metal via an inverse bremsstrahlungproess. The energy is then onduted through the material via the thermal di�usionof the eletrons and oupled to the atomi lattie. In this simple theory, two partialdi�erential equations that desribe the physis are written as [Mom97℄:
Ce

∂Te

∂t
= S − ∂Q(z)

∂z
− γ(Te − Tl) (3.1)

Cl
∂Tl

∂t
= γ(Te − Tl) (3.2)



CHAPTER 3. FEMTOSECOND ABLATION 40where z represents the diretion into the material, Te,l are the temperatures of theeletrons and the lattie, respetively, Ce,l are the heat apaities per unit volume(Ce = C ′
e Te, where C ′

e is onstant), S desribes the laser heating, Q(z) is the eletronheat �ux, and γ desribes the oupling between the lattie and the eletrons. S and
Q(z) are given by

S = I(t) A α exp[−αz] (3.3)
Q(z) = −ke

∂Te

∂z
, (3.4)where α is the material absorption oe�ient, A is the absorbane and ke is theeletron thermal ondutivity. The eletron temperature inreases via the heatingproess, and dereases due to temperature di�usion into the bulk material and byoupling with the atomi lattie (see eq. 3.1). However, the atomi lattie is onlya�eted by the thermal oupling, and its thermal ondutane an be negleted(eq. 3.2). From equations 3.1 and 3.2, two major time sales for equilibration an bede�ned: τe = Ce/γ, the eletron ooling time, whih is usually on the order of 1 ps,and τl = Cl/γ, the lattie heating time, whih is typially muh longer (≈ 100 ps).Depending on the pulse duration τp, three ases an be observed:� τe < τl < τp � nanoseond laser pulses: The ablation ours during the laserpulse. This means that the laser has to traverse a dense loud of ejetedmaterial before arriving at the solid target. This is explained in [Mom96℄ andwill not be disussed in this thesis.� τe < τp < τl � pioseond laser pulses: The di�usion of the eletrons resultsin a large heat a�eted zone around the laser impat spot [Mom97℄, whih isdisadvantageous for reating �ne strutures.� τp < τe < τl � femtoseond laser pulses: In this regime, preise laser ablationwith miron and sub-miron resolution is possible. This thesis fouses onfemtoseond laser ablation.In the ase of femtoseond laser ablation the proess an be analysed by assumingthat the eletrons are heated �rst (with Q(z) = 0 and γ = 0), in whih ase thetemperature of the eletrons at the end of the (assumed to be square) pulse an be
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Te(τp) =

√

2 Fa α

C ′
e

exp
[

−α z

2

] (3.5)where Fa is the absorbed laser �uene. Two further simpli�ations are used toalulate the �nal lattie temperature: Firstly, the temperature of the eletrons istaken to stay onstant at its value for the average ooling time
τec =

C ′
e Te(τe)

2 γ
(3.6)whih is permissible beause Te rises and falls very sharply and an be approximatedby a step funtion. Seondly, the lattie temperature is assumed to rise linearly intime (Tl(t) = Te(τp) t/τl), whih is permissible as long as τl ≫ τec. With theseassumptions, the lattie temperature may be expressed as

Tl(τec) ≈
Fa α

Cl
exp [−α z] . (3.7)For e�etive ablation, the temperature has to exeed a ertain value,

Tl >
ρm Ω

Cl
, (3.8)where Ω is the spei� heat of evaporation per unit mass and ρm is the mass density.This in turn gives a sharp threshold for the laser �uene at whih the ablation starts.Yang et al. gives a more detailed desription and di�erentiation between thermaland non-thermal ablation in [Yan07℄.In pratise, a femtoseond laser beam is foused onto the metal-oated surfaeof the sample, thus removing the metal at the spei� loation. By translating thefoal spot over the sample, or more ommonly translating the sample under thelaser fous, a pattern an be written with many single ablation spots. If the laser,for example, has a repetition rate of 1 kHz and a foal waist diameter of 1 µm, andthe sample is moved at a veloity of 100 µm/s, the resulting 10 pulses per diameterreate a smooth edge.



CHAPTER 3. FEMTOSECOND ABLATION 423.2 Femtoseond Ablation Apparatus3.2.1 Femtoseond Laser SystemThe laser system from whih the femtoseond laser pulses are derived onsists ofa Spetra Physis Tsunami Osillator and a Spetra Physis Spit�re RegenerativeAmpli�er. It produes pulses with a wavelength of 800 nm and a spetral bandwidth(FWHM) of 10 nm. The pulse energy exeeds 1 mJ at a repetition rate of1 kHz. It was �rst used for femtoseond laser ablation in the researh publishedin [Zha02℄. The temporal width of a single pulse τ is measured using a ommerialautoorrelation sanner (Positive Light Model SSA-F), whih splits the pulse intotwo spatially separated paths with arefully adjusted same length, before theyinterset at an angle 2 β inside a BBO frequeny doubling rystal. The phasemathing ondition inside the rystal is suh that one photon from either beammust be destroyed to reate a photon of the seond harmoni wave whih thenpropagates with an angle β to both original beams. As the wave fronts and therebythe positions of the two wave pakets are at an angle, the width of the region insidethe BBO where the onversion proess an happen is diretly linked to the width
2σw of the two pulses and the wave front veloity inside the rystal cBBO:

τ =
σw

cBBO sin[β]
. (3.9)This width an be simply measured by a CCD hip.After the autoorrelator the light is split equally into two beams, of whih oneis used for the femtoseond ablation proess and the other is used for a di�erentexperiment unrelated to atom optis or mirofabriation. The �rst beam is diretedto the ablation apparatus, a shemati is given in �gure 3.5. At �rst, the beampasses a Beta barium borate (β-barium borate or β-BaB2O4) rystal. BBO hasa wide transpareny range (0.19 � 3.5 µm), a high damage threshold, and mostimportantly a reasonably high nonlinear oupling e�ieny (up to six times thatof potassium dihydrogen phosphate, or KDP). Though BBO an be temperatureontrolled for tunable phase mathing, in this experiment the rystal was operatedat room temperature. The rystal onverts the infrared laser light (800 nm) into



CHAPTER 3. FEMTOSECOND ABLATION 43near UV light (400 nm) via seond harmoni generation with an e�ieny of 10%.The advantages of the 400 nm light are a redution in the di�ration limited spotsize, whih results in the ability to write smaller strutures. A red �lter behind theBBO removes the remaining infrared light from the beam. The intensity of the fspulses an be �ne-tuned by rotating an optial neutral density wheel. A mirosopelens (Olympus LMPlanFL 50×, N.A. 0.5) fouses the beam down onto the sample.To adjust the distane between the lens and the sample surfae, the lens is mountedon a vertial mirometer-srew ontrolled translation stage. The sample is mountedinside a vauum hamber. A rotary pump redues the pressure inside the vauumhamber to 0.01 mTorr, where the mean free path for ollisions (Λ ≈ 5 m) is largerthan the hamber size (8 m by 8 m, 3 m height). This allows the ablated atomsto exhibit ollision-free motion whih results in a signi�antly redued debris �eldabout the ablated groove. In addition, the vauum also redues the self-foussinge�ets in air [Pre95, Nol97℄, so that the foal spot position is independent of laserintensity.The waist of the laser beam at the foal point ω0 (1/e2 radius) was measuredin vauum by ablating several grooves with di�erent �uenes and orrespondingthe groove width to the laser �uene to be 0.7 µm (the omplete proedure ofthe measurement is explained in setion 3.2.4), resulting in a Rayleigh length of
z0 = π ω2

0 / λ ≈ 4 µm. Sine it is important for reliable ablation that the surfaeof the hip is always within the onfoal parameter of the beam, speial are has tobe given to the tilt of the hip with respet to its plane of movement: The distanebetween the lens and the surfae must hange by less than 10 µm over the lengthof the hip (22 x 22 mm2), whih orresponds to a maximum angle between thetranslation plane and the surfae of the hip of 0.4 mrad. Three mirometer srews(80 turns per inh), eah with its own ounter srew, are used to align the hamber sothat the sample is parallel to the plane of translation. To generate the pattern, thevauum hamber with the atom hip inside is moved by two orthogonal, omputer-ontrolled stepper-motor-operated Newport translation stages (UTM150PP.1) witha resolution of 100 nm. The maximum travel distane of 15 m exeeds the size ofany patterns we want to produe, whih are typially of area 25 x 25 mm2. Thisallows for the whole atom hip to be patterned in a single writing step.
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LBOred�lterneutraldensity wheel

white lightlens vauumtranslationstages motion ontroller

CCTV amerawith blue �lter

Figure 3.5: The ablation setup: The infrared beam enters the BBO rystal from theright, where UV light is generated via seond harmoni generation. The red �lterremoves the remaining IR light from the beam. A neutral density wheel is usedto preisely selet the �uene. After the beam is direted vertially down onto thesample, two more glass plate beam splitters (4%) add white light and allow optialimaging using a CCTV amera. The amera is proteted from the UV laser light bya blue �lter. The beam is then foused by an Olympus LMPlanFL 50× mirosopelens (N.A. 0.5) onto the sample inside a vauum hamber mounted on omputerontrolled translation stages.3.2.2 AlignmentTo allow real time observation, a white light soure and a CCTV amera are alsoaligned with the beam and through the mirosope lens. This is useful for aligningthe sample, and for monitoring the ablation proess. The �rst step after plaing asample inside the vauum hamber is to ensure parallel alignment of the sample'ssurfae with the plane of translation. This is done by adjusting the height of thelens to ahieve a reproduible sharp image. This an be the surfae of the hipprovided there are enough features to distinguish, or the lens is positioned so thatan image of the �lament of the white light soure is foused on the amera. After



CHAPTER 3. FEMTOSECOND ABLATION 45having foused the image on one orner of the sample, the hamber is translatedalong one axis so that another orner is now imaged. This image is foused by tiltingthe sample using the appropriate mirometer srew of the vauum hamber. Aftera few iterations of adjusting the lens height to fous on one side and the hambertilt to fous on the other side, the sample surfae should be parallel along this axis,and the same proedure is repeated for the other axis.In a similar way, veri�ation of the surfae �atness was performed to ensure nobowing of the substrate. Every 5 mm, the sample height is monitored by foussingthe surfae using the lens' mirometer srew, and the resulting height is read from themirometer srew's indiator. When using very thin glass samples (100 � 200 µm)the surfae height ould hange by up to 40 µm; however, the �nal 400 µm thiksapphire substrates had a surfae �atness within the unertainty of the measurementof about 5 µm. After the sample is aligned, it is important to position the lens atthe right height for the laser to be foused onto the surfae of the sample. At thestart a high intensity laser beam is used to ensure ablation takes plae even thoughthe surfae is out of fous. Then iteratively, the laser intensity is redued to whereablation is barely observable, and then the fous of the lens is adjusted to maximisethe ablation proess again. After a few iterations, a minimal laser intensity andbest height position of the lens should be found. This adjustment is performed nearthe entre of the hip to ensure optimum onditions where the quality of the edgeis most important, with great are given to the seletion of the region so not tointerfere with the �nal operation of the hip.3.2.3 OperationOne the sample is aligned, the pattern has to be generated. The �rst step is togenerate a list of points that forms the boundary in an arbitrary oordinate system,whih then has to be transformed by translation and rotation to the real oordinatesof the sample. For this, the oordinates of one of the orners of the (square) sampleis measured, and another oordinate that lies on one of the edges of this orner,preferably more than 10 mm away, is also measured. Knowing whih oordinatesthis orner would have in the initial, arbitrary pattern, the translation vetor androtation angle an be alulated. If the ablation laser were to follow the resulting



CHAPTER 3. FEMTOSECOND ABLATION 46pattern, however, the �nite diameter 2r of the foal spot would result in the edgebeing ablated to a depth of r. To ompensate for this, a new list of points has to begenerated that lies always a distane r away from the desired edge (see �gure 3.6).The algorithm used to generate these transposed points is given in Appendix B.2.
(a) (b)

rFigure 3.6: Illustration of the ablation path: (a) Desired remaining wire. (b) Atualpath of the ablation laser. It has to be transposed by half the diameter of the groove,to ahieve the orret edge. Note: The �nite diameter does leave round-o� e�etswhen ablating inner orners.In short, for eah point in the pattern, it alulates the lines parallel to the linesleading to and away from the point with the right distane, and then alulateswhere these lines interset. When using this algorithm, one has to be aware of a fewissues:1. When two suessive points are idential, it annot alulate a parallel line.2. When the pattern turns bak on itself, the algorithm tries to �nd theintersetion of two parallel lines, whih would be at in�nity.3. When one point does not have any hange in diretion (example: (1,0),(2,0), (3,0)) the algorithm may �nd any point on the resulting lines as theintersetion.4. When the pattern makes a very sharp turn, the intersetion point might be along way o�.The patterns that we used never had a orner sharper than 90°, meaning we ouldignore items 2 and 4. However, beause the point list was usually omputer-generated, we had to make sure that the issues 1 and 3 were addressed. Thistehnique allows the alulation of several ablation pathways for di�erent distanesfrom the desired edge of the pattern. In this way, by ablating on several passes



CHAPTER 3. FEMTOSECOND ABLATION 47at di�erent distanes, one an ahieve wider grooves. This redues the likelihoodof shorts between the wires and the rest of the hip, in addition to reduing theapaitane of the wires whih is an important parameter for RF wire urrents.Furthermore, this �exibility allows grooves to be ut with di�erent light intensities:lower intensity for smaller spot sizes and �ner features and leaner ablation loseto the edge, and higher intensity for guaranteed insulation at faster proessing timefurther apart. An example of this is given in �gure 3.7.
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Figure 3.7: A 7 µm wide groove is omposed of 7 adjaent `uts' with di�erent pulseintensities: The high-power intensities (144 nJ/pulse) ablate the metal ompletelyand damage the surfae of the sapphire substrate. The low-power intensities(55 nJ/pulse) reate a lean edge with no damage to the substrate; however, someresidual metal is left inside the grooves. Ablating twie over the same path (as inthe lowest path) results in a lean ablation. Eah path was ut with a veloity of100 µm/s and a repetition rate of 1 kHz.The ontroller of the translation stages (Newport ESP 300 motion ontroller)has a programming mode that is limited but su�ient for this task. An externalprogram transforms the list of points into an ESP ompatible ommand list, similarto the form:5XX5EP1HN2,31HV0.1;1HA0.5



CHAPTER 3. FEMTOSECOND ABLATION 481HO1HL-11.0,11.0;1HW1HL-9.0,11.0;1HW1HL-9.0,6.0;1HW1HL-3.5,0.02;1HW...1HXQPCommands are usually in the form nCCxx[,yy℄ and are separated either by a newlineharater or by a semiolon. Here n is an integer, and xx and yy are �oating pointnumbers. CC is the two-letter ommand itself. Depending on the ommand, n, yyand/or xx an be omitted. The algorithm above would �rst delete a possible programin program slot 5 (5XX), and then tell the ontroller that the following ommandsare to be stored in the program slot 5, rather than exeuted immediately (5EP).Next, a group is reated with group number 1 and translation atuators 2 (as x)and 3 (as y) (1HN2,3). This is important beause it means that the two atuatorsare now moved in a synhronised way, so that the result is a straight line with aset veloity and aeleration independent of the diretion. The next line sets theveloity to 0.1 units (mm) per seond (1HV0.1) and the aeleration to 0.5 units perseond squared (1HA0.5). After ensuring that the atuators are atually swithedon (and doing so if they are not) (1HO), the important part of the program begins:The ommand 1HLxx,yy tells the ontroller to move the atuators of group 1 ina straight line to position xx,yy. It is important to tell the ontroller to wait forthe movement to �nish before exeuting the later ommands (1HW). In this way, thewhole pattern is moved beneath the ablation laser. The last two ommands are todelete the group (1HX) and to exit the programming mode (QP). The program is nowstored on the ontroller and ready to be exeuted with the ommand 5EX. Beforestarting the program, however, it is important to move the translation stage to asuitable start position and then to unblok the laser.The ESP 300 oasionally freezes when a long program is stored while a group isassigned. For this reason it is important to always reate and delete the groups insidethe program, even though the same group will be used for many di�erent programs.



CHAPTER 3. FEMTOSECOND ABLATION 49Another issue with the ESP 300 is the limited storage spae: only 64 kB are availablefor all stored programs together. Even `deleting' spei� programs with the nXXommand does not free the memory that was used by the old program, so that theavailable memory beomes smaller with suessive programming. The ommand0XX an be used to free the memory and delete all programs in the proess. More�exible, but also more expensive, is a Newport XPI ontroller, whih is ontrolled viaan Ethernet able and omes with its own hard disk, a TCL/TK sripting interpreterand National Instruments LabView drivers. For future atom hip development thiswould be a useful upgrade to simplify the system. It usually takes several hours toablate a omplete atom hip struture, but sine the proess is mostly automated,it runs with minimal user interation.3.2.4 Optial and SEM Charaterisation of FemtoseondAblationIn the established researh �eld of laser ablation a variety of experimental methodshave been reported to haraterise this proess for metals, insulators and of reentinterest optially transparent materials. Quantitatively, the parameter of immediateinterest is the threshold laser �uene Φth (units J m−2), whih desribes theminimum �uene required to remove material from a given surfae. One method,reported in [Nol97℄, measured the number of fs pulses required to ablate a hole inopper of �xed depth (30 µm) as a funtion of pulse energy. The results of this study,reprodued here in �gure 3.8, show the ablation depth (nm) per pulse plotted versus�uene (mJ m−2). In this plot two regions an be readily identi�ed, i) at low Φthe amount of material removed per pulse is determined by the optial penetrationdepth of the material (low gradient �t) and ii) at high Φ (steep �t) indiates asigni�antly larger energy penetration depth with a orrespondingly higher Φth.Qualitative di�erenes in the material surrounding the hole were also observed forthe two ablation regimes, i) the low Φ region showed no heat a�eted zones while ii)the high Φ region showed onsiderable ollateral damage about the hole. While thisharaterisation tehnique was not ompletely ompatible with our aim of ablatingthin �lms (100�500 nm) it shows promise that long pulse trains may be used toablate to a very large depth (high aspet ratio mirowires). This ability stems from
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Φ(r) = Φ0 exp

[

−2r2

ω2
0

]

, (3.10)where r represents the distane from the beam entre, ω0 represents the radius ofthe Gaussian distribution and Φ0 denotes the maximum laser �uene at the ross



CHAPTER 3. FEMTOSECOND ABLATION 51setional surfae. Φ0 is related to the pulse energy Epulse by
Φ0 =

2 Epulse

π ω2
0

. (3.11)Rearranging this equation with r2 as the subjet yields
r2 =

ω2
0

2
ln

[
2 Epulse

π ω2
0 Φ(r)

]

. (3.12)De�ning the groove diameter D as 2 × r and �xing Φ(r) = Φth yields the followingequation for the square of the groove width as a funtion of pulse energy
D2 = 2ω2

0

(

ln
[
Epulse

]
+ ln

[
2

πω2
0Φth

])

. (3.13)PlottingD2 versus the log of the pulse energy yields a straight line funtion whih anbe numerially �tted to extrat the foal spot size (from the slope) and the threshold�uene (from the horizontal interept where D2 goes to zero). Experimentally thisis ahieved using the thin �lm deposition system, desribed previously (setion 3.1),to sputter a variety of materials (Au, Ag, Cu, Ni, Cr, GdTbFeCo, SmCo and CoCr)that are of interest to atoms hips. Eah sample onsisted of a thin �lm of ∼100 nmthikness deposited onto a glass mirosope slide (1 mm thikness). A series ofparallel grooves were then ablated in eah material with suessive inreases in thelaser intensity for eah new groove. For these experiments the translation stage speed(100 µm/s), the laser repetition rate (1 kHz) and the foal spot size (0.7 µm) resultin approximately 7 pulses being inident upon the sample at any given position alongthe groove. To measure the widths of the grooves eah sample was imaged with anOlympus mirosope using a 100× optial zoom in both transmission and re�etionmode and a Gaussian funtion is �t to eah groove. An example of this data isshown in �gure 3.9b ontaining a mirosope image of a series of lines ablated inhromium. By extrating the Gaussian widths from the numerial �ts and plottingtheir squares as a funtion of the log of the pulse energy (Epulse), a straight linefuntionality is observed (�gure 3.9a). Epulse is determined by measuring the averagelaser power after the mirosope lens (Coherent Field Max) for eah groove intensity,and multiplying by 1000 (1 kHz−1) to reord the average pulse energy. A linear �t
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Figure 3.9: (a) Squared diameter D2 of the ablated lines in 100 nm thik Cr versusthe natural logarithm of the pulse energy. The data points (open irles) and errorsare obtained using nonlinear regression to �t the Gaussian pro�les to the ablatedhannels imaged using a mirosope in a transmission mode, shown in (b). Toharaterise the ablation proess for eah material, the minimum beam width ω0 andthe threshold �uene Φth are extrated from the straight line �t of equation 3.13.to the data is given by equation 3.13.To summarise these measurements, the ablation threshold �uene Φth istabulated for all the materials studied in table 3.2. In this table rows are ordered byTable 3.2: Threshold �uenes for di�erent materialsMaterial Φth(N=7) [J/m2℄ ξ Φth(N=1) results from literatureSilver 1.54Nikel 1.17 0.96 1.2Copper 0.93 0.92 1.0TbGdFeCo 0.91Chromium 0.87CoCr 0.70Gold 0.52 0.92 0.608 0.6 [Kau94℄SmCo 0.46dereasing threshold �uene with the raw data quoted in olumn 2. To ompare thisdata with others reported in the literature the average number of pulses used in theablation must be aounted for, in this ase N ≈ 7. Initially this may appear suspetas it was laimed that fs ablation is a quik proess and the material does not haveany memory of the previous pulse, as eluidated in [Cer07℄. Hene the threshold for1 pulse should be the same as for 100 pulses, if the energy is just below threshold,



CHAPTER 3. FEMTOSECOND ABLATION 53the material will not ablate regardless of the number of pulses. However, this isjust a zero-th order approximation, and some observations ([Güd98℄) have indiatedthat a material dependent `inubation' e�et, or memory of the previous pulse, analter the observed aumulated threshold �uene Φth(N) with the following powerlaw [Jee88℄,
Φth(N) = Φth(1) × N ξ−1 (3.14)Here the exponent ξ is a material spei� parameter whih appears as a result of thestorage yle of thermal stress-strain energy indued by a laser pulse, where ξ=1indiates no inubation. A literature searh allows a variety of values of ξ to bereported for the table of materials with the trend that for metals this parameter isusually lose to unity. In olumn three we report Φth(1), orreted for inubatione�ets. However, due to the small value of N this only represents on average a15% departure from the zero-th order model. Column four shows values for Φth(1)reported in the literature along with their referenes.The higher threshold �uene of opper ompared with gold allows more ontrolover the ablation region, making it easier to generate smoother edges. However,as the atom hip is also to be used as a surfae MOT, it needs to exhibit high andreliable speular re�etion of the MOT beams, a requirement whih strongly favoursgold over opper. For this reason it was deided to use a dual layer struture of a300 nm thik opper layer with an 80 nm thik gold layer on top for protetion andre�etivity on a 400 µm thik sapphire substrate for thermal ondutivity.To verify the edge roughness of femtoseond ablation of this partiular struture,a straight wire was ut into suh a sample, and the resulting groove was observedwith a sanning eletron mirosope with a magni�ation of 12,500, giving imageswith a resolution of 16.4 nm per pixel. One of these images is shown in �gure 3.7.Forty-two of these images were ombined manually using the image proessingprogram `The Gimp' with minimal overlap to reate a ontinuous image of theedge over a length of 630 µm, as seen in �gure 3.10. From these images it analso be seen that the ablation edges of the gold and the opper layer are at slightlydi�erent loations. This is a result of the lower ablation threshold of gold, whihmeans that at a ertain distane from the entre of the ablation laser, the �uene is



CHAPTER 3. FEMTOSECOND ABLATION 54high enough to ablate gold, but not high enough to ablate opper. This e�et ouldalso be used to onstrut multi-layer hips out of di�erent materials. This ombinedimage is of onsiderable size (about 40,000 pixels in length); so the height of theimage was onstrained to 80 pixels, as the edge is the only feature of interest forthis measurement and always remains within these bounds.

10 µmFigure 3.10: Femtoseond ablated edge: SEM images were stithed together to showthe edge of a femtoseond ablated wire. The whole length is 650 µm.An edge-�nding algorithm was employed to �nd the position of the (opper) edge
yn at every pixel olumn n for the entire edge using the brightness of eah pixel.Subtrating a linear �t through all of these values results in the deviation of theedge from the optimum straight line at eah pixel olumn. From this the rms widthof the edge �utuations ∆yrms was alulated to be 16 nm, whih oinidentally is



CHAPTER 3. FEMTOSECOND ABLATION 55also the pixel size. While important for the quality assessment of the wire edge,the rms roughness is not large enough to assess the e�ets of this roughness onthe atoms. As higher spatial frequeny �utuations wash out with distane muhquiker (∝ e−kd for kd ≫ 1), it is important to measure the power spetral densityof the edge �utuations.The power spetral density (PSD) is alulated by performing a Fouriertransformation on the edge positions. Let yn be the derived position of the positionof the edge in the row n. N is the number of rows in the image, and l the lengthof the edge observed. To alulate the PSD one has to perform a Disrete FourierTransformation of this kind:
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(3.16)Other transformations would produe similar results, but the amplitude might notbe omparable. As an example, [Est04℄ uses a spetral density transformation Jf ,whih is similar in shape, though di�erent in absolute values, and an thereforeonly be ompared qualitatively. A major harateristi of the transformation usedhere is that the integration over the PSD will result in the rms width of the noise:

∑

s PSDs kzs
= ∆yrms. The power spetral density is displayed in �gure 3.11, itshows three dominant areas: For high frequenies (periods of 300 nm and less) theamplitude of �utuations drops o�. Between 300 nm and about 200 µm the powerspetral density indiates mainly white noise. Large �utuations are in the lowfrequeny region, with periods over 200 µm; however, these are of the same order ofmagnitude as the whole san, and the large values might stem from this fat.Sine the orners, both inwards and outwards, are of interest, SEM images weretaken of these as well and are shown in �gure 3.12. The rounding of the innerorners has a radius of about 0.5 µm while the outer orners exhibit a slightlysmaller rounding of 0.4 µm.
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Figure 3.11: Power spetral density plot of ablated wire edge: By stithing togethermany SEM images, the spetral density of the edge �utuations was extrated. Theabsene of any notable spatial omponents is evidene of the quality of the method.3.3 Conluding RemarksIn this hapter, femtoseond laser ablation was introdued as a new, quikmethod for produing mirowire atom hips without the need for photolithographitehniques. Several substrate materials and metal �lms were tested, and the use ofopper for good edge harateristis ombined with a thin gold layer for protetionand reliable re�etivity was hosen for fabriating a mirowire atom hip. The edgeroughness was measured to be 16 nm, and the analysis of a 650 µm long edgerevealed no dominant frequenies. While the adaption of ablation for this goalhas just started, these results of the edges already ompare femtoseond ablatedmirowires favourably with some of those that were photolithographially produed.The advantages of femtoseond ablation are mainly in the simpli�ation of theproess, reduing the number of possible soures of defets and ontamination.
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Figure 3.12: The orners of a test wire reated with femtoseond ablation. The SEMimages were taken with a magni�ation of 12,500. It shows the imperfetions in theorners (both outwards and inwards) are of a magnitude less than 0.5 µm.



Chapter4
Magneti Field Mapping of Mirowires
4.1 Magneto-Resistane Mirosopy of a Straight,Femtoseond Ablated WireWhile sanning eletron mirosopy is a useful tool to image the edge orrugations, itis insensitive to the magneti �eld itself. Many parameters besides the edge qualityan have a profound impat on the magneti potential generated by a urrent inthe mirowires. These inlude defets and inhomogeneities inside the metal layerand hanges in the thikness of the metal layer. Therefore a diret measure of themagneti �eld produed by the mirowire prior to its installation in the experimentis useful. Suh a diret measurement was obtained using a home made MRM [Vol08℄.4.1.1 The Magneto-Resistane Mirosope (MRM)The MRM diretly measures the magneti �eld in one diretion, in our aseperpendiular to the surfae of the atom hip (y-diretion) to an aurayof ∆By/By ≈ 10−4, making it omparable to old atoms when investigatingfragmentation above an atom hip. Low temperature Bose-Einstein ondensatessupersede the auray (∆By/By ≈ 10−6), but are muh more omplex andexpensive than the MRM. Sine the measurement an be performed in air, di�erentatom hips an be tested in a short time. Moreover, omplete magneti �eldmapping above the atom hip an be ompletely automated with typial san times(1 mm × 1 mm, 10 µm resolution) of approximately two hours, so that new designs58



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 59an be rapidly prototyped and the best seleted for installation.To haraterise the magneti �eld of a wire-based atom hip, the hip is �rstplaed on a dual Newport UTM150PP.1 x − z translation stage. This is the samestage that is used in the femtoseond laser ablation apparatus. The magneti tunneljuntion (MTJ) sensor (MiroMagnetis STJ-020) is oupled to a pre-ampli�er(MiroMagnetis AL-05) and positioned above the atom hip. The pre-ampli�erhas a gain of 2500 and a bandwidth of 1 MHz. The distane between the surfae ofthe hip and the tip of the sensor an be set by a manual mirometer srew whilebeing observed with a CCTV amera and a seurity monitor. The high re�etivityof the atom hip helps to hek that the tip and its re�etion are onverging towardseah other and would ultimately touh on the surfae of the hip. By omparingrelative measurements from the mirometer with the on-sreen distane between thetip and its re�etion at di�erent heights, we an infer the tip-surfae separation to areasonable auray (∆h < 10 µm). To enhane the signal-to-noise ratio ∆B/B andto minimise and eliminate other magneti �elds, an AC urrent (frequeny 1.7 kHz,amplitude 10�50 mA) is run through the wire instead of measuring DC magneti�elds. A Lok-In Ampli�er (Stanford Researh Systems SR830) is used to seletivelyisolate the magneti omponent that osillates with the same frequeny. A omputerrunning LabVIEW 6.1 ontrols the translation stages via RS232 and reads the signalfrom the Lok-In Ampli�er via GPIB. The whole setup is shown in �gure 4.1.A measurement of the magneti �eld along the diretion perpendiular to themirowire was used to independently alibrate the sensor tip to the wire separation.The magneti �eld along the y-diretion (By) reated by an in�nitely thin wire withurrent I along the z-diretion is de�ned by
By =

µ0

4 π

2 I
√

(x − x0)
2 + h2
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[

arctan

[
x − x0
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]

+ α

]

, (4.1)where x0 is the position of the entre of the wire, h is the height of the sensorabove the sample, and α is the angle between the sensor diretion and the diretionorthogonal to the surfae. In the ase that the sensor is exatly orthogonal to thesurfae (α = 0) and the wire ongruent with the z-axis (x0 = 0), equation 4.1
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Figure 4.1: Shemati of the magneto-resistane mirosope (MRM). The magnetisample to be haraterised is mounted �at on a omputer-ontrolled 2D translationstage (Newport UTM150PP.1). The ommerial magneti tunnel juntion probe isattahed to the preampli�er built by the same ompany. A CCD amera is usedto verify the proximity of the sample to the hip's surfae, as the probe is easilydestroyed when srathing over the surfae. A lok-in ampli�er is used to inreasethe sensitivity of the measurement.simpli�es to
By =

µ0

2 π
I

x

x2 + h2
(4.2)Figure 4.2 demonstrates how the features of the By �eld hange with height. Whenthe height inreases, the struture �attens and the amplitude dereases. From �ttingthese urves to a set of data, we an loate the exat position of the wire (x0) andthe distane between the tip and the hip. This is important as it helps to optimisethe measurement settings (Gain, Phase, Sensitivity). Figure 4.3 ompares the �t toa set of real measurements, with a resolution of 10 µm, and an integration time of100 ms. The AC urrent was 25 mA, and the wire had a width of 100 µm. It an beseen that when the tip-hip separation is omparable or smaller than the width ofthe wire, e�ets due to the �nite width of the wire start to play a role. To alulatethe e�et of a wire with �nite width w, equation 4.2 has to be onvolved with a step
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(4.4)Figure 4.3 demonstrates how equation 4.4 improves the �tting of a real set ofmeasurement data, taken approximately 50 µm above a 100 µm wide wire.The reliability and repeatability of the MRM are of importane when the qualityof the mirofabriated wires is to be assessed. To test this we made many (usually1000) onseutive measurements at �xed onditions, and alulated the root meansquare spread of the results. These measurements were repeated for di�erent timeonstants of the lok-in ampli�er between 1 ms and 1 s. Also, the measurements wereperformed under di�erent onditions to distinguish between di�erent error soures.At �rst, the measurement was performed without applying an atual magneti�eld, thus measuring the noise of the tip, the pre-ampli�er and the lok-in ampli�er.Next, the tip was plaed approximately 50 µm above the sample and moved to theposition where the signal was maximal (By ≈ 1 G), and the derivative (∂By/∂x)was zero, adding the unertainty of the measured magneti �eld to the bakground.In the third measurement, the tip was loated above the entre of the wire, wherethe gradient was maximal (∂By/∂x ≈ 40 G/mm), whih should introdue additionalerror due to positioning inauray. And �nally, between eah single measurementthe tip was moved between the maximum of the �eld and the maximum of thegradient, giving the error resulting from the atual movement of the sample belowthe tip. As suggested by the manual of the lok-in ampli�er, in this measurementwe waited for 5 time onstants after arrival at the new position before measuring.Figure 4.4 shows the results of these error measurements. Below time onstantsof 10 ms, eah noise level of the �ve measurements is omparatively high. Thebakground noise level drops to 0.2 mG for 300 ms integration time, before risingagain to 0.4 mG at 1 s integration. This is probably due to drifts in the signal
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Figure 4.4: Measurements of the di�erent error soures of the magneti tunneljuntion sensor. By measuring the same �eld many times, the unertainty of theMRM orresponds to the width of the distribution of these results. At very shorttime onstants, there is onsiderable noise on the measurement. The solid red lineorresponds to the measurement on the bakground �eld. The apparent inrease inunertainty at 1000 ms time onstant is explained by the drift of the bakgroundmagneti �eld during the extended measurement time. The dashed yellow andthe dotted green line orrespond to the stationary measurements on the peak (Bymax, ∂By/∂x = 0) and the slope (By = 0, ∂By/∂x max) respetively. The dash-dotted blue line (peak) and the purple dash-dot-dotted line (slope) orrespond tothe measurement series where the tip was moved between eah single measurement.For time onstants longer than 100 ms all of the error levels are below 2 mG, whihmeans that the MRM should be able to resolve magneti features down to a fewmilligauss.whih beome more dominant when larger integration times extend the required timefor eah measurement. At 300 ms integration times, the unertainty in stationarymeasurements both for the gradient and the peak has dropped below 0.7 mG, whilethe moving measurements stay around 1 mG. The most interesting aspet is thatthe unertainties on the �anks are atually smaller than the unertainties on thepeak, even though an additional error soure has arisen. We attribute this smalldi�erene to the inreased amplitude of the magneti �eld. It is safe to assumethat the positioning error itself is negligible. At time onstants larger than 100 ms,the error due to the movement seems to play the dominant role. This ould bedue to the inauray of the translation stage, an inreased in�uene of the drift



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 64beause the longer duration of the measurement, or due to a remaining e�et ofthe measured �eld during the movement. The movement inauray is less thanone mirometer, probably less than 200 nm, as we repeatedly observe during thefemtoseond ablation. Considering the gradient, this would indue a noise of about0.8 � 4 mG. Due to the drift of the magneti bakground, no enhanement an beahieved with time onstants longer than 300 ms.4.1.2 Measuring ∆B/B above the Straight WireThe MRM an only measure the omponent of the magneti �eld perpendiularto the hip surfae. B. J. Roth et al. [Rot89℄† have shown how it is possible toreonstrut the two-dimensional urrent distribution by measuring the magneti�eld omponent perpendiular to the surfae at a known height above the surfae.Sine the height of the tip above the sample (20 � 200 µm) is large ompared withthe wire thikness (0.3 µm), we an assume the urrent to be two-dimensional.The urrent distribution then allows the reonstrution of all the magneti �eldomponents. However, we do not alulate the urrent density, but instead diretlyreonstrut the full magneti �eld from one of its omponents. Firstly, the magneti�eld omponent By, perpendiular to the hip surfae, is measured using the MRMfor an area x = x0 . . . xm, z = z0 . . . zn. With this, the Fourier omponents bz[kx, kz]are alulated using the fast Fourier transform algorithm of Mathematia 5.2 forLinux. Then, the Fourier omponents bx[kx, kz] and by[kx, kz] an be alulatedaording to:
bx[kx, kz] = i

kx

k
bz[kx, ky]

bz[kx, kz] = i
kz

k
bz[kx, kz] (4.5)

k =
√

k2
x + k2

z

†Roth et al. postulate a quasistatic current distribution, which is not the case here, as an AC
current is used in the MRM. However, since we can assume that there are no inductances or
capacitances, and the AC frequency is low enough to not emit noticeable electromagnetic waves,
the condition ∇.J = 0 is still valid.



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 65Here it is important to note two issues. Firstly, at kx = kz = 0, the algorithmabove is unde�ned. Seondly, in many math programs (Mathematia was usedhere), the result of a fast Fourier transformation is an array in whih the Fourieromponents are ordered so that the orresponding k vetors are in the order
0, 1, . . . , m/2,−m/2, 1−m/2, . . . ,−1. To orret for this, it is neessary to evaluate
k manually:

kx =







x − 1 − ǫ for x ≤ m/2

x − m − 1 − ǫ for x > m/2
(4.6)where ǫ is a minusule o�set to ensure that k 6= 0. kz is alulated equivalentlyusing n instead of m. An inverse Fourier transform on bx[kx, kz] and bz[kx, kz] willthen return the magneti �eld omponents Bx and Bz. Often it is neessary tojust retain the real omponent of the omplex numbers to aurately desribe themagneti �eld in the x and z diretion.Figure 4.5 demonstrates this for a 100 µm wide, 1 mm long wire with a urrentof 70 mA: The top left image displays a ontour plot of the y omponent of themagneti �eld. This was measured with the MRM at a height of 60 µm. Beneaththis is a pro�le of the potential. The middle and right �gures display the �eldstrength in the x and z diretions, alulated from the By �eld as noted above.Some artefats from the onversion an still be seen, for example the negative o�setin the Bx �gure, and the peaks in the lower and upper entre of the Bz �gure are notphysial strutures but derive from the limited resolution (5 µm) and area (64 mm2)of the san.After eliminating these artefats, the noise of the magneti �eld omponent inthe z diretion an be observed. This is shown in �gure 4.6. Ideally, the lineshould remain zero at all points; the noise in the magneti �eld (B|| = Bz) hasan rms roughness of 1.8 mG, ompared with the full magneti �eld produed bythe wire at this distane (B⊥ = Bx) of 2.4 G†, this translates to a ∆B||/B⊥ of7.5×10−4. More importantly, the noise in the �gure exhibits a strong omponentorresponding to a period of 5 µm, whih is unlikely to be `real data': No lengthsale of the fabriation proess is in this range. The diameter (1 µm), and the

†Figure 4.5 middle shows that the magnitude of the magnetic field goes from 2 G down to -0.4 G,
which is an artefact of the calculation, the total amplitude is therefore 2.4 G, which corresponds
to the analytical expression for B⊥
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Figure 4.5: MRM measurement on a straight wire. Left: The measured Byomponent of the magneti �eld produed by a urrent arrying 100 µm wide wire.Middle: The Bx omponent of the magneti �eld, as alulated by equations 4.5.Right: The Bz omponent of the magneti �eld, as alulated by equations 4.5.Top: 0.8 × 0.8 mm2 2D representations of the magneti �eld. Bottom: Horizontalpro�les of the graph above. All three �gures are saled. Towards the edges of thearea, artefats from the alulations play a dominant role, resulting in seeminglyhigh values.distane between suessive pulses (0.1 µm) of the laser as well as the auray ofthe translation stages (0.1 µm) are of a smaller range. High frequeny omponentsdeay quikly with distane [Whi07b℄
bz[kz, h] ∝

√

K1[4πkzh] (4.7)where Kn is the modi�ed Bessel funtion of the seond kind. As K1[x] asymptotes tozero for large x, frequeny omponents with k ≫ 1/h would be strongly suppressedat larger distanes from the wire, and 5 µm period strutures should not be visibleat the measurement height h = 60 µm. Therefore the noise with this period is muhmore likely to stem from the MRM itself. Sine 5 µm was the resolution with whihthe original magneti san was aquired, it is likely that any unexpetedly high noise
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2 /B⊥ = 7.5 × 10−4Figure 4.6: The magneti �eld omponent in z diretion B|| of a straight wireprodued by femtoseond ablation. The MRM was used to measure By of the �eld;from this, the magneti �eld omponents in the x diretion (B⊥) and the z diretion(B||) were inferred. The data yield a value of 〈B2
||〉

1

2 /B⊥ of 7.5× 10−4.in this range has been produed by the sanning proess.To obtain an indiation of how the parameter 〈B2
‖〉

1

2 /B⊥ hanges with height,the data displayed in �gure 4.6 was transformed into Fourier spae omponents
bz[kz, h0]. These Fourier omponents are then evolved for heights h > h0 aordingto equation 4.7 in the following way:

bz[kz, h > h0] = bz[kz, h0]

√

K1[4πkzh]

K1[4πkzh0]
(4.8)These Fourier omponents are transferred bak into Bz[z, h]; the results are givenin �gure 4.7. The �rst three graphs in the �gure show the orrugations relativeto the radial magneti �eld (B||/B⊥) at the heights of 100, 120, and 140 µmabove the wire, where short periodi �utuations from �gure 4.6 are suppressedquikly with height, while longer period strutures remain until larger distanes.The apparent evolution of 〈B2

‖〉
1

2 /B⊥ is given in the �nal graph, and it showsa partiular two-stage behaviour: While at heights above 100 µm, the deline issteady and only slightly �atter than expeted (∝ e−2.07y as opposed to ∝ e−2.5y),in the region between 60 and 100 µm, the values derease muh faster. This isanother strong indiation of the MR sensor induing high-frequeny noise into the



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 68data whih is eliminated by the proessing of the data in Fourier spae, supportingthe assumption that the real noise �oor of the magneti �eld is more appropriatelydesribed by extending the graph shown for heights larger than 100 µm. Whetherthe exponential deaying �t, displayed as a line in �gure 4.7d, indiates the realmagneti �eld roughness 〈B2
‖〉

1

2 /B⊥ probably has to be evaluated using old atomsand Bose-Einstein ondensates.
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Figure 4.7: To obtain an indiation of the noise levels at higher distanes from thewire, the initial data was transformed into Fourier spae and there multiplied bythe fator√K1[4πkzh]/K1[4πkzh0] where h is the height and h0 is the height of themeasurement (60 µm).Top left: Even at a height of 100 µm, most of the high frequeny noise is alreadysuppressed (ompare to �gure 4.6), suggesting that this noise is atually more likelyto stem from the measurement instead of being real magneti noise.Bottom left and top right: At even higher distanes, the short-ranged �utuationsare gone and only larger range features remain.Bottom right: The haraterising value of 〈B2
‖〉

1

2 /B⊥, whih de�nes the magnitudeof the fragmentation, is numerially alulated for di�erent heights. Again, the fastdeay of the noise level for the region between 60 and 100 µm suggests that thehigh frequeny noise stems not from the real magneti �eld but instead is very likelyinstrument noise from the MRM.



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 704.2 Sulpting a Wire with Femtoseond Laser Ab-lationWhile roughness of the mirowire edges leads to unwanted and random fragmenta-tion of ultraold louds, reent experiments by [Hal07℄ used this deleterious e�etenountered above a permanent magneti �lm atom hip as the basis of a sensitiveprobe of the �eld gradient. In this realisation the orrugated potential above theTbGdFeCo atom hip [Whi07a℄ was due to random magneti domain inhomogeneitywhih resulted in a surprisingly symmetri double-well potential lose to the �lmedge [Whi07b℄. In their experiments an 87Rb Bose-Einstein ondensate was splitaxially from being loalised in a single well to being distributed aross a doublewell. The barrier between the wells was inreased (dereased) by moving the traptowards (away) from the �lm surfae. The sensitivity of this experiment relied oni) the asymmetry of the potential whih determined how evenly the BEC was splitand ii) the extremely low energy sale of the BEC hemial potential whih yieldsthe order of magnitude of the detetable asymmetry. After the splitting proess thenumber of atoms in eah well is determined by a destrutive absorption image takenafter a short (2 ms) free fall. The potential asymmetry ∆ [Hal07℄ is related to therelative atom number asymmetry ∆N/N by the following expression:
∆N

N
=

1.65∆

cN2/5
with c =

ω

4π

(
15a

a0

)2/5

, (4.9)where ∆N/N is the atom number di�erene divided by the total atom number
(NL − NR)/(NL + NR), ω is the geometri mean of the trap frequenies, a isthe rubidium sattering length (109 a0) and a0 is the Bohr radius. From thisexpression one observes that if the atom detetion signal is set to the shot noiselimit ∆N/N ≈1/√N then inreased sensitivity in measuring a given ∆ is obtainedby either inreasing N (saling weakly as N−0.1) or by reduing ω. These oneptsare depited in �gure 4.8 whih shows a) the adiabati transformation of an idealisedsingle-well potential into a double-well potential with the BEC frations marked, b)how ∆N/N behaves as a funtion of applied asymmetry ([Hal07℄), ) the realisedmirowire potential shape along with the parameters of interest (spaing s, barrier
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asymmetry ∆ (Hz)Figure 4.8: Adiabati splitting of a double well: a) Adiabatially splitting a BECfrom a single into a double well results in the atom number in eah well beingdependant on the relative potential bottom. b) Behaviour of ∆N/N as a funtionof the asymmetry in the wells. The straight line is the theoretial predition, thedatapoints are results of a measurement in [Hal07℄, and the dashed line is the best�t to these datapoints. ) Shemati of the important parameters of a double well.Rather than rely on random hane, in this projet our aim was to fabriate astrutured mirowire using the proessing tehniques of femtoseond ablation suhthat the wire was apable of reating arrays of idential single/double-well potentials.One way of ahieving this goal is to fabriate two periodi strutures (λ, Λ), one oneah wire edge, where the wavelength of eah struture determines the spatial periodof the orrugating potential, along with the harateristi length that B|| deayswith from the wire, B|| ≈ K1

[
2πy
λ

] where Kn is a Bessel funtion of the seondkind [Jon04℄. Sine the long wavelength Λ deays less rapidly with height abovethe wire (y), this quantity determines the single-well potential features, leavingthe shorter wavelength λ as the saling parameter for the double-well potential. Inaddition, the amplitudes of the sulptured edges are variables whih tune the relativemagnitude of the two �eld omponents BΛ
|| and Bλ

|| . For this sulptured mirowirethe double-well potentials were designed with a maximum separation of λ=100 µmwhih is su�ient for site spei� addressability while maintaining a low ω.To determine the fabriation path that is required for this goal we �rst start withan ideal analyti expression for the potential that is desired. In this ase an array
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U(x) =

dc

α
cos

[
2πx

λ

]

− dc cos

[
2πx

Λ
+ δ

] (4.10)where the new parameter dc represents the depth of the orrugation in Gauss; α isa unitless parameter whih relates the relative strengths of the two B|| omponents,and its hoie determines the height (y) at whih the potential is evaluated abovethe wire:
α =

ξΛ

ξλ

(
λ

Λ

)2
K1[2πy/Λ]

K1[2πy/λ]
(4.11)In the above equation ξλ resp. ξΛ is the physial edge deviation that is sulpturedby the ablation and δ is a phase shift term whih is responsible for the asymmetry ofthe potential. For an array of perfetly symmetri double wells the phase-shift termshould be zero and Λ should be an integer multiple of λ. In our ase this integer is3. One the potential is known we an use the previously derived [Sh05a℄ responsefuntion of a magneti �eld to a wire edge �utuation |B(x, y)|2 = R(k, y)ξ2 toapproximate the urrent path required and the sale of the amplitude of the edge�utuations ξλ,Λ

I(x) ∝ 2π

3
sin

[
2πx

3λ

]

− 2π sin

[
2πx

λ

] (4.12)where the parameter dc, the orrugation depth in Gauss, is related to the physialsize of the edge �utuation ξ(m) by
dc = ξ3λ(m) 104 4 πI

(
2π

3λ

)2

K1

[
2πy

3λ

]

. (4.13)With these equations it is possible to estimate the funtionality and the saling ofthe parameters of interest (separation s and barrier height β) with distane fromthe wire, as depited in �gure 4.8. For quantitative values we set λ = 100 µm,
Λ = 300 µm, ξλ = 3 µm, ξΛ = 1 µm, I = 100 mA. With these values s and β anbe determined from the analyti expressions

s =
6λ

π
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[√
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2
+

α + 3
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] (4.14)
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dc

α

(
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(
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3

) 3

2

) (4.15)



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 73In the derivation of the response funtion the wire is approximated to be �atsuh that a uniform urrent density only propagates in the x-z plane. Furthermorethe response funtion is derived for distanes from the wire whih are greater thanthe width of the wire. While the �rst approximation is valid for our thin (400 nm)high mirowires, the seond is not as the mirowire width is about 100 µm wide.An additional unertainty arises from the fat that the above alulations assume asinusoidal edge orrugation, whih is hard to fabriate. Instead, it was deided tofabriate a square wave edge. The Fourier series of a periodi, equidistant squarewave has more than 81% of the amplitude in the �rst osine term, and about 9%in the third osine term. The quantitative �ndings of the analytial expressionsdetailed above are therefore not appliable to this experiment, but the qualitativeresults give a starting point for further examination using approximating simulationmethods.4.2.1 Finite Element Analysis of the Sulptured WireTo verify that the broad assumptions and simpli�ations (most importantly thatusing a step funtion instead of sinusoidal edge deviations) still allow one to produea suitable magneti �eld and to ompare experimental measurements to auratesimulations of �what should be�, a �nite element method was used to assess theurrent distribution and thereby the omplete magneti �eld. The eletri potential
V inside a urrent-arrying wire is given by the partial di�erential equation

−~∇.~∇V = 0 (4.16)with the boundary onditions
~n.~∇V

∣
∣
∣
∣
edge

= 0 where ~n is the vetor perpendiular to the edge (4.17)
V

∣
∣
∣
∣
input

= 1 where the urrent enters the wire, and (4.18)
V

∣
∣
∣
∣
output

= 0 where the urrent exits the wire. (4.19)



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 74In omplex geometries, this an not be solved analytially, but it an be approx-imated with �nite element analysis (FEA). For FEA, the objet is divided intosmaller objets, usually triangles. The method assumes that the potential insidesuh a triangle will be in the plane generated by the three orners. In this way,only the potential at the orners needs to be alulated. The method for �ndingan appropriate mesh is omplex: Using fewer triangles makes the alulation faster,but loses some resolution. For this reason, the mesh should be �ne in the interestingareas, whereas large triangles should over the areas where the eletri potentialis assumed to be linear anyway. We have used the automated mesh generation ofMatLab 7.4, whih we found to be quite adequate. MatLab also allows us to re�nethe mesh by substituting every triangle with four new ones. With this method, thenumber of triangles in the �nal meshes was approximately 25,000 � 60,000, overingthe whole wire. An example of suh a mesh with many small triangles in the ornersand fewer, larger triangles in the entre of the wire an be seen in �gure 4.9, topimage.Several di�erent wire geometries were tested using this method. In the end wedeided on the geometry shown in �gure 4.9: One edge has a 300 µm period (1.6 µmout, 150 µm aross, 1.6 µm in, and 150 µm aross), while the other has a 100 µmperiod (5 µm out, 50 µm aross, 5 µm in, and 50 µm aross). Note that the outwardsteps on both sides do oinide, as do the inwards steps.One the program has solved the partial di�erential equations, the mesh issubstituted by a grid of equidistant points. In our ase, a distane of 0.5 µm hasbeen shown to be su�iently small. The potential is alulated for eah of thesepoints. The urrent is proportional to the gradient of the potential (~j ∝ −~∇V ); thefator an be easily alulated by determining the sum of the gradients along one lineaross the wire and omparing it to the urrent that must �ow through there. Theremainder is just adding the magneti �elds produed by the urrents in eah pointof the grid, resulting in the full magneti �eld of the wire. The interesting magneti�eld omponent parallel to the wire Bz at a height of 35 µm above the sample isshown in �gure 4.9, bottom. Atoms, normally trapped above the entre of the wire,experiene a double-well potential. This partiular wire geometry allows two waysto hange the double wells into single wells: a) Inreasing the urrent in the wire,
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200Figure 4.9: Top: The wire geometry is �lled in a mesh of triangles. The �niteelement analysis assumes that inside eah triangle, the potential follows a planarsurfae whih is given by the potentials at the tree orners. Bottom: The alulatedmagneti �eld in the z-diretion, 35 µm above the surfae of the wire. The magnitudeof the magneti �eld is given per Ampère. Using this wire as the entre piee of aZ-wire magneti trap on�guration, this Bz �eld will orrugate the magneti trapbottom.or reduing the bias magneti �eld will both result in the atoms moving furtheraway from the surfae of the hip, where the high frequeny part of the orrugationbeomes less e�etive and the double-well struture dereases towards a single well.b) A seond possibility is to move the atoms aross the wire towards larger x values,as an be seen in �gure 4.9. This an be done by applying a small magneti �eldperpendiular to the atom hip's surfae. The advantage of this method is thatthe trapping potential remains relatively onstant ompared to moving the atomsfurther away from the hip.Observing just the entre of the wire, where the atoms will be on�ned in theexperiment, the Finite Element Analysis allows us to assess the amplitudes of thedouble-well parameters, as well as their hange with distane from the wire. Theseresults are given in �gure 4.10. Left graph: The separation of the two wells s isjust over 80 µm at low heights, but steadily dereases until at a height of about80 µm the two wells turn into a single well. The entre graph shows how the barrierheight β and the well height γ between adjaent double-well strutures derease



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 76relative to the radial magneti �eld produed by the wire. The right graph showsthe dependene of the absolute values of β and the asymmetry ∆ on the heightabove the wire.
0

20

40

60

80

20 40 60 80 100
height (µm)

0.01

0.1

20 40 60 80 100
height (µm)

0

10

20

30

40

20 40 60 80 100
height (µm)

10−5

10−4

γ
β β

∆

se
p
ar

at
io

n
(µ

m
)

∆
B

z
/
B

r

m
il
li
ga

u
ss

Figure 4.10: Properties of the double-well system, derived by analysing the resultsof the �nite element alulations of the magneti �eld produed by a urrent of 1 Ain the wire.Left: Separation of the wells over the entre of the wire, depending on height. Above80 µm, the wells merge into one.Middle: Potential γ between adjaent double-well strutures and barrier height βbetween the two wells of eah struture relative to the radial magneti �eld Br ofthe wire.Right: Absolute values for the asymmetry ∆ and the barrier height β depending onthe height above the wire.
4.2.2 Mapping the Magneti Field above the SulpturedWireHaving deided on this struture, suh a wire was reated using femtoseondablation. The magneti �eld was then measured with the MR sensor, as desribedin setion 4.1.1. The tip of the sensor was plaed as lose to the surfae of the hipas possible, and an a urrent of 150 mA at 1.75 kHz was sent through the wire.The height above the surfae was found to be about 17 µm. The san range was1 mm by 1.5 mm. The result an be seen in �gure 4.11. The interesting Bz �eldomponent learly shows the expeted struture, where the �elds produed by theshorter range, yet higher amplitude, 100 µm frequeny (left side) dominate over thelower amplitude 300 µm frequenies due to the small elevation of the sensor.
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Figure 4.11: The magneti �elds of a orrugated wire perpendiular to the surfae(By, measured), perpendiular to the wire in plane (Bx) and parallel to the wire(Bz) 17 µm above the wire over an area of 1.5 mm by 0.8 mm.Figure 4.12 shows the omparison of the experimental data from �gure 4.11 witha �nite element alulation of the �eld at this elevation. Both amplitude and overallshape agree well. The bottom graph in �gure 4.12 shows the real magneti potentialof all three dimensions with a 6 G bias and a 1 G o�set �eld. It is learly seen thatthe potential reates double wells over the entre of the wire, and the higher (lower)values of the Bz �eld loser to the edge are dominated by the Io�e-Prithard trappingpotential. This proves not only that a double-well struture an be reated with asulptured wire, but even more, validates the methods of femtoseond ablation,magneto-resistane mirosopy and magneti �eld onversion, as well as the �niteelement analysis due to the lose orrespondene between the empiri and theoretiresults. This omparison is also shown one-dimensionally in �gure 4.13 along theentre of the wire. The data points stem from the MRM, while the red line showsthe result of the �nite element alulations. The small deviations between the twographs an be explained by the unertainties of assessing the height and tilt of thesensor, together with the limited resolution whih results in an unertainty in theatual loation of the wire entre.
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√

(Bx − 6G)2 + B2
y + (Bz − 1G)2where Bx, By and Bz are the values measured with the MRM.4.2.3 Sensing near-surfae foresIn 1948, Casimir and Polder investigated the e�et of retardation on the short-range, attrative London-van der Waals fore between a neutral atom and a perfetlyondutive wall [Cas48℄. They found a monotonially dereasing orretion fator,whih approahes unity for y ≪ λ/2π and sales as y−1 for y ≥ λ/2π where y isthe atom-wall separation and λ/2π is the distane assoiated with the wavelengths

λ orresponding to possible transition energies of the atom. In this region, theCasimir-Polder potential is
U(y) = − 3

8π
~ c α(0) y−4 (4.20)where α(0) is the stati polarisability of the atom. This interation is a diret resultof the eletromagneti vauum whose interest has motivated numerous theoretial
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3002001000-100-300 -200Figure 4.13: Bz(z) at the entre of the wire. Points: MRM measurement on theorrugated mirowire, a. 17 µm above the surfae of the hip. This low elevationresults in a lear separation of the two wells. Line: Result from �nite elementanalysis trying to mimi the onditions under whih the measurement was taken(17 µm height, 150 mA, entre of wire).extensions to equation 4.20 to aount for real world e�ets, suh as materialomposition, geometry, and �nite temperature [Bab05℄. In addition, reent preisionmeasurement tehniques using the BEC as a probe have enabled this interation tobe investigated quantitatively [Pas04, Har05, Obr07℄. A shemati representationof the proposed experiment is shown in �gure 4.14 whih uses an atom hip witha entral ondutive wire sulptured in the pattern indiated (�gure 4.9). Initially,ultraold 87Rb atoms are trapped in the F = 1, mF = −1 state and evaporativelyooled to a BEC using the long-period axial array that is loalised on the left-hand side of the wire at a height of ≈100 µm. For a 300 mA wire urrent whih issustainable for mirowires [Gro04℄, the typial radial trap frequeny ωr/2π = 220 Hzwhere the o�set �eld is hosen as Bz = 3.2 × 10−4 T. For the 300 µm long period,the axial trap frequeny is ωz/2π = 28 Hz. With eah well in the array ontaining
104 ondensed atoms, the hemial potential µ = 910 Hz.Sine the ondensate only samples a restrited fration of the Bz landsape,it is straightforward to adiabatially transport it horizontally aross the wiretransforming the axial on�nement from a single well into a double-well potential.In �gure 4.14 this double well is loalized above the short period, right side of the
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adjustFigure 4.14: Shemati of an adiabati splitting experiment that uses the sulpturewire pattern of �gure 4.9). In (a), the attrative C-P potential is both balaned andstrongly attenuated due to the inreasing distane between the dw potential and thesurfae under study. In (b), the right well is lowered by the attrative C-P potentialdue to the lose proximity of the raised surfae. This results in a larger ondensatefration in the right well. The height of the strutured surfae is ontrollable at thenanometre level by a piezo-eletri disk.wire edge. At this edge, a strutured sapphire surfae is introdued whose height isontrollable with a piezoeletri transduer. In setion (a), the surfae is uniformly�at in addition to being reessed by 20 µm when ompared to the surfae belowsetion (b). This reessed setion attenuates the C-P potential suh that its e�et isunobservable thus making (a) a alibration sensor whih enables non-C-P e�ets tobe orreted for, for example a slow drift in the magneti �eld gradient along z overtime. The half-raised setion above (b) introdues a spatially loalised C-P e�etwhih introdues an asymmetry in the double-well potential.The magnitude of this asymmetry is dependent upon the distane betweenthe surfae and the trapping minimum and an be alulated using establishedparameters for alkali atoms suh as 87Rb [Ant04℄; for example at 1 µm separationan asymmetry of ∆/2π = 3 Hz develops. This level of asymmetry should bedisernable with just a single measurement using the adiabati splitting tehniquegoven above parameters and shot-noise-limited atom detetion apability. This



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 81an be further improved with averaging over multiple measurements providedstatistial �utuations dominate. Moreover in a reent paper, it was theoretiallyshown that a phase separable two-omponent BEC ould be used to improve themapping auray for potential energy landsapes over that performed with asingle BEC [Bho08℄. This improvement requires that the sattering parametersare omparable and that both BEC omponents experiene essentially the samepotential landsape. Both of these riteria are met using the F = 1, mF = −1 and
F = 2, mF = 1 states in 87Rb whih an be easily prepared using a two-photonmirowave plus radio frequeny transition [Mat98℄. The hemial potential of asingle ondensate sets the aessible energy sale of the splitting measurement andannot be arbitrarily lowered without reduing the density and the atom imagingsignal. A better strategy is to adopt a two-omponent system where the e�etivepotential that the omponents experiene is saled by 1 − (a11/a22)

1/2, where a11and a22 are the interstate sattering amplitudes. Using 87Rb parameters, a possible35× improvement in sensitivity motivates future exploration of this onept.4.3 Conluding RemarksAmagneto-resistane mirosope was presented that an quikly and `in air' evaluatethe magneti �eld of a given mirowire in one dimension with a resolution of5 µm, and a magneti �eld sensitivity that is omparable to old atoms (thoughnot BEC). This sensor was the basis of the work published in [Vol08℄. A methodwas presented that allows to alulate the full, three dimensional �eld produedby a two-dimensional urrent by measuring just one of its dimensions and knowingthe distane. This was used to aquire the full, three dimensional magneti �eldprodued by a straight, femtoseond ablated mirowire. This allows to makean early omparison between the fs-ablated mirowire and mirowires produedlithographially elsewhere. This an be seen in �gure 4.15, where the fs-mirowire'sharateristis are added to the initial �gure taken from [Krü07℄.The idea of using sulptured edges for magneti �eld shaping was introdued,and the geometry of the edge of a mirowire that produes an array of double wellswas presented. Corrugating both edges with periodi shapes, where the ratio of the



CHAPTER 4. MAGNETIC FIELD MAPPING OF MICROWIRES 82periods on eah side is integer and the two orrugations are in phase an produe apotential of the magneti �eld parallel to the wire that produes a string of doublewells. The validity of this shape was assessed both by omputation (�nite elementanalysis) and fabriation and testing with the MRM. Both assessments agree verywell.
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Figure 4.15: Revisiting �gure 3.2 with the addition of the femtoseond ablated wirewhere the magneti �eld roughness is measured using the MRM (dark magenta).The magenta urve originating from this point and its exponential �t are the onesgiven in �gure 4.7d)



Chapter5
Cold Atoms Apparatus for the Atom ChipCharaterisation
Measurements with the SEM and MRM reveal exellent quality of physial andmagneti properties of the ablated straight and strutural mirowires. The nextlogial step is to use ultraold atoms for probing and mapping the magneti �eldsand ompare the results with the data from the MRM measurements. The aim isto expand on the expertise aquired from our �rst atom hip experiment, desribedin [Whi07a℄, with some modi�ations:Firstly, the atom hip inludes the femtoseond ablation reated mirowiresinstead of permanent magneti �lms, seondly, the setup was to be more ompatand more modular, and thirdly the turnaround time between suessive reations ofold louds/BECs was to be onsiderably shortened by implementing a sheme todiretly injet old atoms into the trapping region, thereby ombining high loadingrates with low vapour pressures.5.1 Dual Layer Atom-ChipThe atom hip is omposed of two layers: The bottom layer of mahined silver foiland the top layer of femtoseond laser ablated mirowires.

84



CHAPTER 5. EXPERIMENTAL APPARATUS 855.1.1 Silver Foil Layer of the Atom ChipThe mirowires lak the ability to withstand the high urrents needed for largevolume on-hip traps that should apture around 108 atoms. Suh a large number oftrapped atoms is required beause the evaporative ooling proess redues the atomnumber by several orders of magnitude on the way to ondensation. Therefore, aseond layer of a 250 µm thik silver foil is loated beneath the mirowire atom hip,and 1.4 mm wide wires were milled as given in �gure 5.1.
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Figure 5.1: The struture of the silver foil layer of our atom hip. High urrentsof up to 30 A allow for apturing large numbers of atoms. The H-shaped struture(red) in the entre an be used for trapping in both a U-shape (urrent going fromb to a) for a quadrupole trapping potential and a Z shape (going from  to a) fora Io�e-Prithard trap. Next to the H struture are the end wires (green) to on�nethe atoms in the magneti trap, and the rf wires (blue) for rf evaporation.A QuikCiruit 5000 milling mahine was used for mahining the requiredstruture. One the pattern was transferred into the ontroller, it was tested ona 1 oz single sided opper lad piee of VERO board using a #20 mil endmill witha diameter of 508 µm. This endmill an ut the roughly 30 µm thik opper layerand additional 20 µm of the �breglass/resin bakboard in a single pass, so the wholepattern was milled in less than 10 minutes.The silver foil used to fabriate the bottom layer of our atom hip has a thiknessof 250 µm. This thikness was hosen as a reasonable ompromise between inreasedthikness of the wires (resulting in lower resistane and heating, thereby allowingmore urrent) and the losest possible proximity between the entre of the wire andthe atom loud. To enhane its �atness, the silver foil was lamped between twosteel �at plates, gauge bloks, and thus heated to about 220°C for two hours. Thisannealing proess relieves internal stress, thereby resulting in a �at foil. Before the



CHAPTER 5. EXPERIMENTAL APPARATUS 86milling, the silver foil was bonded to a Cu lad VERO board using Lotide 406epoxy. This epoxy has a high tensile strength for bonding metals together (about3000 psi), �xes in under a minute, and its reommended maximum temperature is80°C. During the �xation, the silver foil is pressed to the VERO board by the gaugebloks.The milling of the silver foil was performed with a #20 mil endmill with adiameter of 508 µm at 25 krpm (thousand rotations per minute), and a veloityof 5 mm/s. This ut was repeated �ve times while inreasing the milling depth by50 µm until the silver foil was ompletely ut. The holes, both � 1 mm and � 2 mm,were ut with a M1 drill, as the M2 drill had damaged the silver foil in previousattempts. After the milling, a 100 nm Cr layer was deposited at room temperatureonto the silver foil. This Cr layer ensures the bonding between the silver foil andthe epoxy used in the next step. The erami base is then glued to the silver foilusing EPOTEK H77 epoxy, whih is oated generously on the silver foil to �ll theinsulating grooves as well as to bond the foil to the erami. This should improvethe heat dissipation in the wires. The erami base has to be arefully aligned tothe holes in the foil, and �xed there using some alignment srews and wires. TheH77 epoxy is then ured at 150°C, whih exeeds the maximum temperature of thelotide bonding the foil to the VERO board.While the foil is glued between the erami and the VERO board, the holes haveto be ut through the whole struture, using diamond oated drills, as the steeland obalt impregnated drills were blunted by the erami. Afterwards, the VEROboard is no longer needed and has to be removed. The lotide is already weakenedby the exess temperature during the bonding of the H77 epoxy, but still too strongto be easily removed. Therefore, the VERO board was hand polished using oarsesandpaper and water until the VERO board was redued to a thikness of about100 µm. Now the VERO board an be arefully loally lifted using a salpel andopious amounts of aetone to dissolve the glue. One the board and the lotide isompletely removed, the atom hip an be leaned using an ultrasound bath in anExtran detergent (10% Extran, 90% H2O). Exess H77 epoxy, whih had �lled thegaps whih extended through the foil further into the now-removed VERO boardhas to be arefully removed by polishing the foil with very �ne sand paper.



CHAPTER 5. EXPERIMENTAL APPARATUS 87These wires an withstand urrents of up to 30 A, whih is enough to produe themagneti �eld gradients for magneti and magneto-opti trapping. The entral wireis an H-struture, whih is similar to the one desribed in [Hal06℄. It allows a urrentto be applied both in a U on�guration, whih together with a homogeneous biasmagneti �eld generates a quadrupole magneti �eld, as well as in a Z-on�guration,whih in turn results in a Io�e-type magneti potential. Two wires next to the Hstruture are so-alled end wires, used by running a small d urrent in parallel.This loses o� the waveguide shaped Io�e-trap and prevents atoms from spillingout at the sides. Finally, two rf wires an be used for rf evaporation. The smallrf urrent runs anti-parallel through these wires. For perfet eletrial ontat, thehigh-urrent H struture is onneted to the power supply by broad-area lampswith two srews eah to minimise resistane and loalised heating.5.1.2 Mirowire ChipWith the �ndings presented in setion 4.2, a mirowire atom hip was fabriated ona 22 mm by 22 mm, 400 µm thik sapphire substrate. The sandwih struture ofthe deposition is as follows (from bottom to top):1. 20 nm of hromium to improve adhesion,2. 300 nm opper3. 20 nm hromium4. 80 nm gold for protetion and better re�etivity.Into this multilayer struture a pattern forming �ve wires (see �gure 5.2) was writtenusing femtoseond laser ablation. The entres of the wires are equidistant with aspaing of 100 µm. The wires 1, 3, and 5 are 40 µm wide wires that an be used forrf dressed potentials. Wire 4, a straight, 100 µm wide wire an be used for radialtrapping. The measurement of fragmentation of ultraold atoms in a magneti trapprodued by this wire is meant to quantify the quality of the femtoseond ablationproess by measuring ∆B||/B⊥ to a better auray than that produed by theMRM in setion 4.1.2. Furthermore, the rf wires 3 and 5 an be used to perform rfdressed potential experiments similar to [Les06℄.



CHAPTER 5. EXPERIMENTAL APPARATUS 88Wire 2 �nally is a sulptured wire as desribed in setion 4.2. The edge faingwire 1 has the following 300 µm period pattern: 150 µm along the wire, 1.6 µmout, 150 µm along the wire, 1.6 µm in. The edge faing wire 3 has the short range,higher amplitude pattern: 50 µm along, 5 µm out, 50 µm along, 5 µm in. To reate adouble-well potential, the steps out and in must oinide on both edges. The wholepattern an be seen in �gure 5.2.
1

2

3

4

5

3 2 1 1 2 3

4 5 5 4Figure 5.2: The mirowire layer of the atom hip: The mirowire atom hip hasan area of 22 mm by 22 mm. Large, 5 mm by 2 mm pads are reated to attahthe wires leading to the hip. In the entre, the �ve wires have a straight, 7.5 mmlong experimental region, where they are parallel to eah other with a distane of100 µm. Wires 1, 3, and 5 are 40 µm wide rf wires, wire 4 is a straight, 100 µm widewire and wire 2 is a 100 µm wide wire with sulptured edges.The femtoseond laser ablation was performed aording to table 5.1. AfterTable 5.1: The fabriation map for the mirowire atom hip. Note that the uts #3to #8 were only performed on the sensitive experiment region.Distane Intensity Veloityut #1 5.5 mm 280 nJ 200 µm/sut #2 4.0 mm 280 nJ 200 µm/sut #3 3.0 mm 55 nJ 100 µm/sut #4 2.5 mm 55 nJ 100 µm/sut #5 2.0 mm 55 nJ 100 µm/sut #6 1.5 mm 55 nJ 100 µm/sut #7 1.0 mm 55 nJ 100 µm/sut #8 0.5 mm 55 nJ 100 µm/s



CHAPTER 5. EXPERIMENTAL APPARATUS 89fabriation, the wires were tested for shorts by measuring the resistane betweenthe pads and by optial imaging. Two areas between the pads had to be insulatedagain by ablating squares around defets in the sapphire surfae where opper andgold had been deposited and was not ablated due to being out of fous, but nodefets on the experiment region were found.The femtoseond ablation fabriated mirowire layer was glued to the silver foilusing EpoTek H77 epoxy. Wires were attahed to the pads of the mirowire hipusing EpoTek H21D ondutive epoxy and guided through the small 1 mm diameterholes seen in �gure 5.1. Spillage of the ondutive epoxy aused additional shortsbetween the pads, but this too was orreted by plaing the whole struture intothe ablation apparatus and ablating at high power in air around the spillage. Theresistivity between the onnetions was measured by running a �xed urrent of50 mA through eah wire and measuring the voltage drop aross eah onnetionbetween opper wire, epoxy and atom hip. The resistane of the thinner rf wires(40 µm) is about 35 Ω, whereas the thiker 100 µm wide d wires (2 and 4) havea resistivity of about 17 Ω. The biggest unertainty in the resistane was found inthe onnetion between epoxy and the atom hip, where the values vary between12 Ω and 70 Ω. The resistane between opper wires and the epoxy was with oneexeption beneath the measurement threshold of 1 Ω.Table 5.2: The resistanes in the mirowire atom hip fatored into the di�erentourrenes. Note: due to an error during the measurement the data for wire 4 waslost. Wire 1 2 3 4 5urrent type rf d rf d rfCu wire to epoxy 0 Ω 0 Ω 0 Ω 0 Ωepoxy to hip 12 Ω 70 Ω 8 Ω 14 Ωpad to pad 34 Ω 18 Ω 38 Ω 36 Ωhip to epoxy 26 Ω 62 Ω 36 Ω 32 Ωepoxy to Cu wire 0 Ω 0 Ω 12 Ω 0 ΩSum 72 Ω 150 Ω 84 Ω 51 ΩA photograph of the assembled atom hip is shown in �gure 5.3.
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Epo-Tek H77 UHV Epo-Tex H21D UHVFigure 5.3: Photo of the �nal atom hip. The square 22 mm by 22 mm mirowirehip is attahed to the 50 mm by 32 mm silver foil layer using insulating epoxy(EpoTek H77). Copper wires are attahed to the mirowire pads using ondutiveepoxy (EpoTek H21D). To have a low resistivity for the high urrent silver foil layer,the onnetors for the H struture are opper bloks with a large area for optimalonnetion, whereas simple srews ondut the urrent into the end and rf wires ofthe silver foil struture.5.2 Vauum ChamberThe bakground pressure of thermal atoms and moleules must be redued to some10−9 Torr to prevent exessive losses due to ollisions of these with the old atomsin the magneto-optial trap. Evaporative ooling towards BEC requires even lowerpressures of several 10−11 Torr or below. Vauum systems are therefore essential foratom optis experiments. In this setion, a short introdution into vauum systems isgiven, the preparation of vauum omponents is desribed, and �nally a desriptionabout our vauum system is presented.5.2.1 Basi Priniples of VauumThe measure of vauum is the measure of the pressure inside the system. The SIunit of pressure is Pasal (Pa); however, when desribing very high and ultrahighvauum systems, it is more ommon to use the units Torr or mbar. In this thesis,pressure is measured in Torr: 1 Torr ≈ 1.33 mbar = 133 Pa. The lassi�ation ofvauum aording to the pressure an be seen in [O'H03, p.4℄, this vauum systemhas to rate in the very high vauum (10−6 � 10−9 Torr) and ultrahigh vauum (10−9 �



CHAPTER 5. EXPERIMENTAL APPARATUS 9110−12 Torr) range.Pumps Depending on the desired vauum, several di�erent types of pumps areutilised during di�erent stages of the evauation proess. The most importantharateristis of a pump are its speed and its base pressure. The speed, givenin litres per seond (l/s), measures the volume of gas (V ) displaed by the pumpper unit time. The atual amount of gas displaed is dependent upon the vessel'spressure (P ). The produt of pressure and pumping speed yields the throughput Kwhih is the number of partiles removed per unit time and is given in Torr l s−1. Thebase pressure is the minimum pressure obtainable when pumping on no load (i. e.a blind �ange attahed diretly to the pump). At the base pressure, bakstreamingand other adverse e�ets equal the throughput of the pump and thereby negateany e�et of the pump. Bakstreaming desribes the e�et that when the pressuredi�erential between the inlet of the pump and its exhaust is su�iently large, somepartiles (atoms, moleules) will pass the pump in the reverse diretion. For areal vauum system with �nite vessel size, the base pressure of the pump is rarelyobtained due to loads arising from other parts of the system. These loads, whih aredesribed in detail below are, with the exeption of leaks (the �rst list item) usuallylumped into the term outgassing.� Leaks: Small unsealed holes in the vauum hamber allow atmospherigases to pass into the vauum vessel. The most likely loations of suhleaks are the onnetions where parts of the vessel are attahed together,transitions between di�erent kinds of materials (glass-to-metal in viewports,metal-to-erami in feedthroughs, et.), and welded links. While leaks in theonnetions an often be overome by re-tightening the srews or replaingthe gasket, the other two ases mean that this omponent has to be replaed.In our experiment, all parts of the hull of the vauum system have beenmanufatured by ompanies speialising in ultra-high vauum omponents.� Virtual leaks: Small pokets of air loally trapped inside the vauum systeman slowly penetrate into the main vauum vessel. A ommon example ofthis is a blind tapped hole, a hole with only one opening in whih a srewis seured. The air beneath the srew is released only slowly during the



CHAPTER 5. EXPERIMENTAL APPARATUS 92evauation proess, and an easily beome the dominant and persistent loadon the pumps. To ounter this, good engineering pratise requires that nopokets of air remain inside the system without a high ondutivity path tothe vauum vessel/pumps.� Desorption: One the volume of gas has been removed, the rate of dereaseof the pressure is quikly limited by the proess of desorption. Partiles thatare attahed to the inside walls of the hamber desorb into the system. This isountered in two di�erent steps: First, it is important to lean the omponentsthoroughly to remove moleules that desorb slowly (i.e. moleules with lowvapour pressure, like oils). The seond step is to bake the hamber to ahigh temperature whih inreases the desorption rate, thus raising the vesselpressure and the pump throughput. This is usually done while operating thedisplaement pump so that the desorbed material is ompletely removed fromthe vessel. Upon returning to room temperature, resorption to the depletedinner surfae of the vessel dominates desorption, resulting in an inreasedpumping speed and a rapid redution in pressure of up to three orders ofmagnitude.� Permeation: Gases (mostly H2) an transverse through the material ofthe vauum hamber; however, the gases transverse with di�erent speedsthrough di�erent material. Thik stainless steel walls redue the permeation toirrelevant amounts; however, viton O-rings used as gaskets an have notieablehigh permeation harateristis. For this reason, opper gaskets are usedinstead of viton gaskets in the vauum vessel. If needed, permeation an alsobe redued by plaing the vauum system inside a vauum system, but thatis relevant only for extreme ultrahigh vauum, or when strongly permeatingomponents are needed (an example of this is given in [Die01, p. 31℄).� Di�usion: Gases (mostly H2) that have been trapped inside the hamberwall materials during the manufaturing proess are released into the vauumhamber. Raising the temperature enhanes this e�et, so during the bakingwith the displaement pumps these gases are released into the hamber andpumped away. For ertain experiments, it might be useful to pre-bake the



CHAPTER 5. EXPERIMENTAL APPARATUS 93omponents, whih means heating them up to temperatures that other partsof the vauum system ould not withstand (several hundred degrees Celsius)under vauum before the assembly of the �nal hamber to redue the amountof trapped hydrogen gas.� Vaporisation: The material of the vauum system itself dissolves into theair. Di�erent materials vaporise di�erently. In our system, the most readilyvaporising material is the rubidium reservoir, but wire oatings and glues alsovaporise.Vauum pumps an be distinguished in two di�erent lasses: Displaementpumps transfer the gas from inside the vauum hamber to the atmosphere. Thisis needed early in the evauation proess, when there is still a lot of gas inside thevauum hamber. Examples for displaement pumps are rotary pumps, diaphragmpumps, and turbo-moleular pumps. However, beause they have a real onnetionto the atmosphere, they are prone to bakstreaming. Thus to improve the pumping,this onnetion must be losed and a di�erent type of pump used. Vauum getterpumps seurely trap the gas inside the vauum hamber, suh that it annot reenterthe vauum. Examples of getter pumps are ion getter pumps, non-evaporative getterpumps and titanium sublimation pumps.5.2.2 Preparation of Vauum ComponentsTo ahieve ultrahigh vauum, all omponents have to be arefully inspeted andprepared. The inspetion mainly fouses on the knife edge, whih will bite into theopper gaskets and form the seal. Damages to the knife edge usually disqualify theomponent from reahing ultrahigh vauum with a reasonable amount of pumps.However, at one point pressures below 10−10 Torr in a 6-way ross with a notieablesrath aross the knife edge have been ahieved. Still, omponents with damagedknife edges should be avoided if possible, as they are most likely a ause for a leak.After the inspetion, to prevent exessive outgassing, the stainless steel om-ponents should be washed. (Copper gaskets should remain in their plasti sealuntil just before assembly and should not be leaned. The soft opper mightbend or srath easily, whih is a risk not worth taking.) Even new, sealed



CHAPTER 5. EXPERIMENTAL APPARATUS 94omponents have oasionally been dirty; older parts whih have been stored willmost likely have attrated dust and other ontamination. The proedure for leaningvauum omponents at this laboratory has been tried and produes lean and usableomponents:First the omponents are leaned in soap water, whih removes larger dirtpartiles. Then they are submerged in an ultrasoni bath with an Extan solutionfor 15 to 30 minutes. This removes residual grease and similar ontamination.For exessively dirty omponents, this proedure an be repeated one or twie(as deemed neessary). The omponent is then washed with tap water to removeremaining Extan, distilled water to remove remaining dirt from the tap, and �nallyaetone to remove any residual water. Afterwards, the omponent is blow-dried ina lean nitrogen jet, after whih it is ready for assembly. All this should be doneshortly before the atual implementation of the omponents, as prolonged exposureto air (weeks, months) an redue the e�ets of the leaning.Suggested srew dimensions (diameter and pith) as well as the optimum torqueare usually given with the omponents, however, we found that a torque wrenh isnot neessary for assembly. The thread of the bolts should be oated in anti-seize toallow easier disassembly when the vauum hamber has to be opened again. Duringthe assembly, unpowdered latex gloves should be worn to protet the inner surfaeof the vauum hamber from natural grease of the �ngertips. Handling both theanti-seize oated bolts and the vauum omponents that must be kept lean insideat the same time is triky, and using more than one person for this helps a lot. Onetwo omponents are joined and the opper gasket is seure in between, the srewsare tightend slowly and evenly, so that the knife edges of the two parts ut evenlyand deep into the gasket.When opening the vauum hamber for minor hanges (e.g. �xing a leak orreplaing an atom hip), it is advantageous to �ush the hamber with a noble gas(helium or better argon) instead of air, as these gasses are far less absorbed into theinner surfae of the hamber. This aelerates the next evauation.
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Figure 5.5: The dependene of the pressures in the atom hip and the LVIS hamber.The pressure in the LVIS hamber was raised by releasing rubidium from thedispenser. When the pressure in the LVIS hamber reahes about 10−8 Torr, itbeomes the main load on the atom hip hamber. The red line is a linear �t whihreveals the ratio to be nearly 1:1000.The LVIS Chamber is designed to be small and ompat. It onsists of a glassell (dimensions: outside: 32×32×118 mm3, inside: 20×20×112 mm3) on a on�at2¾� �ange, a small, 2 l/s ion getter pump, and a rubidium soure. Inside the LVIShamber, at the onnetion to the atom hip hamber, a quarter wave plate (Comar195CM25, � 25 mm), oated with silver on the far end, is mounted as a retrore�etorfor the LVIS operation. An 0.5 mm diameter, 5 mm long hole is drilled through theentre and provides a low ondutivity pathway between the LVIS hamber and theatom hip hamber.The main part of the atom hip hamber is a Kimball physis spherial otagon(MCF450-5020008) mounted on top of the LVIS Chamber. It has two on�at 4½�and eight on�at mini onnetors. Of its on�at mini �anges, one onnets to theLVIS hamber (the bottom one), two have viewports for the mirror MOT beams,two more have viewports for imaging and optial pumping, and the other three haveeletrial feedthroughs for the atom hip, whih is loated upside down in the entreof the otagon. On the one side of the otagon, a 4½� viewport gives aess foranother MOT beam, a seond imaging axis, and other aess as required (eg. aphoto diode for �uoresene measurements). The other side is onneted to a 2¾�



CHAPTER 5. EXPERIMENTAL APPARATUS 97six-way ross, whih in turn onnets to a turbo pump, a 20 l/s ion getter pump,a non-evaporative getter pump with 120 l/s for H2, and a old athode gauge formeasuring the pressure. The far side of the ross has a viewport onneted to allowretrore�eting of the horizontal MOT beam.5.3 Laser SystemThe optial �elds needed to trap, manipulate and image the atom loud are reatedby diode lasers. Before desribing the lasers it is elaborated how these lasers wereloked with a preision of around 1 MHz to the hyper�ne levels or at the desiredfrequeny at a ertain detuning from the hyper�ne transition.5.3.1 Frequeny Loking ShemeIt is ruial that the laser frequeny is loked in a region less than one Megahertz,as frequeny �utuations an hugely a�et the interation harateristis betweenthe atoms and the light, whih ould make trapping, ooling and observation ofthe atoms unreliable at best and likely impossible. Lasers are therefore loked torequired transitions using gases in referene glass ells. To lok a laser, it is neessaryto obtain an error signal, a signal whose sign desribes the sign of the frequeny error,and preferably with an amplitude that shows the magnitude of the error.At room temperature, gases have a Doppler broadening whih is muh larger thanthe hyper�ne splitting of the exited states or the required resolution of the lok, soa saturated absorption system has to be used. Commonly this is realised by having apump beam transversing the gas in the opposite diretion of the probe beam, wherethe pump beam is more intense than the probe beam. Often, probe and pump beamare originating from the same laser and have the same frequeny, though that is notneessary. When sanning the frequeny over the Doppler broadened absorption lineof the gas, at ertain frequenies the two beams will interat with the same veloitylass of atoms in the gas. As the pump beam is stronger than the probe beam, itwill shift a large portion of the atoms into the exited state, thereby reduing theabsorption of the probe beam. This happens when the laser is on resonane with oneof the hyper�ne transitions, where both beams interat with atoms with negligible



CHAPTER 5. EXPERIMENTAL APPARATUS 98veloity parallel to the propagation diretion, but also when the frequeny is exatlyin the entre between two hyper�ne transitions, where the Doppler shift, added tothe frequeny on one beam, subtrated from the other, results in the same atomsbeing resonant to both beams (albeit on di�erent hyper�ne transitions).One option to lok the laser to suh a feature is to modulate the frequeny ofthe laser and to orrelate this modulation to the signal of the probe beam usinga lok-in ampli�er. If the base frequeny of the laser is loated at the maximumof a transmission line, the intensity �utuations of the probe beam will osillatedominantly with twie the frequeny of the laser modulation, as during one ylethe signal will drop slightly one left and one right of the top. If the base frequeny,however, is on the �ank of the transmission peak, the lok-in ampli�er will show alear orrelation between the two signals, with the sign of the orrelation indiatingthe diretion of the o�set.This method is reliable and often used, for example at loking the lasers inthe magneti mirror experiment desribed in hapter 6 in this thesis. However,one drawbak is that the frequeny of the laser has to inherently osillate, afeature usually not desired. In this experiment it was therefore deided to usea polarisation spetrosopy lok. This sheme utilises the e�et that a probebeam lose to resonane ounterpropagating to a irularly polarised pump beamin a gas will experiene a highly frequeny dependant rotation of its polarisationplane [Wie76, Lan99, Pea02, Yos03℄. The irular polarisation of the pump beamresults in a hange in the refrative index for the left-handed and the right-handedirular polarised part that make up the linearly polarised probe beam. This e�et isalled Doppler-free Light Indued Birefringene, or DLIB. This birefringene rotatesthe plane of polarisation of the probe beam proportionally to the detuning of thefrequeny, an e�et that an be measured by running the so-altered probe beamthrough a polarising beam splitter and then onto two photodiodes. Subtrating thesignal from one photodiode from that of the other results in a Doppler-free, jitterfree error signal whih an be used to lok the laser. One the lasers are loked, theirfrequenies an be preisely and oherently hanged by aousto-optial modulators(AOM). This is shown in �gure 5.6.
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Figure 5.6: Shemati of the polarisation spetrosopy loking sheme: The irularpolarisation of the pump beam introdues a rotation of the polarisation of the probebeam via Doppler-free light indued birefringene lose to a hyper�ne transition.This is measured using the di�erene in intensities of the two outputs of a polarisingbeam splitter.5.3.2 Toptia DLX110A Toptia DLX110 laser whih is frequeny stabilised by a polarisation spetrosopylok to the 87Rb resonane at 780 nm produes more than 500 mW of oherentlight with its frequeny tuned at 18 MHz below the F = 2 → F ′ = 3 transition.The laser has two output beams, one of whih is used for loking, and one forthe experiment. The lok arm double passes an AOM tunable around (2×)55 MHzbefore entering a polarisation spetrosopy frequeny lok. There, the light is lokedto the F = 2 → F ′ = 3 yling transition, where the di�erential signal is linear overabout 10 MHz, and an be used diretly as error signal for the Toptia Lok-Box.A seond, �xed frequeny AOM in the operation beam is used in single pass to shiftthe laser frequeny bak to resonane. Between these two AOMs, the frequeny anbe shifted between -60 and +15 MHz and the laser instantly swithed on and o�without any hange to the propagation path. However, for this experiment, the laseris held onstant at -18 MHz detuning. The light from the DLX laser is split into twoparts, with one required for the operation of the Atom Chip 1 experiment. The otherpart is again split using a halfwave plate and a polarising beam ube. Eah beamis then steered using two independent two stage mirrors in a horizontal perisopeon�guration to enter a single mode polarisation preserving �bre. The polarisation



CHAPTER 5. EXPERIMENTAL APPARATUS 100of the laser beam is rotated by a halfwave plate to math one of the polarisationpreserving axes in the �bre to minimise unontrolled polarisation drifts in the �bre.One of these �bres supplies the trapping light for the LVIS, the other �bre bringsthe laser light to another laser table. Prior to injetion loking the slave diode laser,the beam is double passed through an AOM with a frequeny of 40 � 85 MHz (alledMaster AOM in the rest of this doument). This arrangement allows the frequenyof the slave laser to be modulated over a range of -180 � -95 MHz relative to the
F = 2 → F ′ = 3 trapping transition.Coupling light into polarisation preserving single mode �bres As thisexperiment used more than six polarisation preserving single mode �bres, this setionshould give a suggestion as to how to best ouple the light into these �bres. Twohigh auray mirror mounts should be used to steer the beam into the in-oupler,and the laser needs to be loked as it might have di�erent beam harateristis whenit is unloked as opposed to when it is loked. It is highly advantageous if either thein-oupler or the �nal �bre has the option to arefully hange the distane betweenlens and �bre, otherwise any onvergene or divergene of the laser beam will reduethe e�ieny of the in-oupling.If the end of a �bre with oupled light is already available, it an be used to pre-align the laser light: The output port of the �bre already arrying light is onnetedto the �bre in-oupler so that the two laser beams ounter-propagate. This wayit is possible to align the desired beam with the beam oming out of the �bre. Ifthis is not possible, the �bre should still be detahed from the in-oupler, and thestrongly diverging spot of the light behind the in-oupler an be observed. Thelaser is su�iently pre-aligned if this spot is round, without additional re�etions orshadows at the orners, and its entre is aligned with the axis of the in-oupler.The �bre should now be loosely attahed to the in-oupler, just enough that itstooth interloks with the noth in the in-oupler. The further the �bre is out ofthe in-oupler, the less the e�ieny, but the easier it is to maximise that e�ieny.Pointing the output of the �bre diretly onto a amera will allow any oupled lightto be seen immediately, and the �rst iteration of beam steering to maximise thelight intensity at the output an be done this way. As more and more light isoupled into the �bre, the observation of the light intensity should be done with



CHAPTER 5. EXPERIMENTAL APPARATUS 101a powermeter, �rstly beause a seurity amera is not made to observe laser lightof high intensities and might be damaged, but also beause this allows for a morequantitative measurement.The oupling is maximised on both the horizontal and the vertial axisindependently of eah other, but using both mirrors at the same time. One it isfound that one has reahed more or less the maximal oupling, the �bre is arefullysrewed into the in-oupler a bit more, until the light intensity at the output hasseriously diminished (however, it should not go down to zero, as this might make itharder), and then the maximisation proess is repeated. This is done until the �breis all the way in the oupler. The maximal ahievable e�ieny depends mainly onthe transverse mode of the beam and its divergene. The minimum should be about40% to 50%, high quality beams an have e�ienies exeeding 80%.The �nal step is to align the polarisation of the light with the �bre. For this, ahalf wave plate is positioned before the in-oupler (and will remain there); anotherhalf wave plate and a polarising beam splitter are loated behind the outoupler. Apowermeter measures the light intensity oming from one arm of the beam splitter.The wave plate before and after the �bre are rotated alternately to minimise thesignal on the powermeter. The �nal value should be well below 1% of the originaltransmission. If that an not be ahieved, rotate both wave plates by 45° to test theother polarisation plane.5.3.3 Slave LaserThe laser light from the �bre is then oupled into the Sanyo 80 mW diode laserusing the optial isolator where the input and output polarising elements have beenreplaed by two polarising beam ubes mounted with their bases at 45° above thehorizontal (input) and at the horizontal (output). This on�guration allows light tobe oupled through the isolator via the vertial polarised output port (see �gure A.2).The injetion beam not only sets the frequeny of the slave laser, it also transferssome of its good transversal mode that it aquired in the single mode �bre ontothe slave laser mode. To verify that the laser is loked, part of its lasing mode isoutoupled by a glass plate and sent through saturated absorption measurementin a Rb glass ell. When the DLX is unloked and sanning over the resonanes,
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laser detuning from resonance (MHz)Figure 5.7: Demonstration of the ontrol over the frequeny of the slave laser: Bymodulating both the amplitude and the frequeny of the Master AOM, the slavelaser follows the injetion laser over a range of more than 90 MHz. This resolvesthe rossover peak of the F = 2 → F ′ = 2 and F = 2 → F ′ = 3 transitions inthe saturated absorption spetrosopy sensor. On the left the start of the rossoverpeak F = 2 → F ′ = 1 and F = 2 → F ′ = 3 an be seen.the presene of the saturated absorption signal of the slave laser beam is used toverify that the injetion lok is working. The light then passes one through anAOM (alled Slave AOM) with a �xed frequeny of +120 MHz, and a omputerontrollable amplitude. By hanging the frequeny of the light with the MasterAOM and the intensity with the Slave AOM, the light produed by the slave laseran be used for trapping, where the detuning is set to -21 � -8 MHz and maximumamplitude, as well as for optial pumping and imaging (where the light is put ontoresonane and the intensity is attenuated). When ontrolling the intensity of theMaster AOM as well as its frequeny, thereby keeping the light intensity in theinjetion beam onstant, the frequeny an be shifted over a range of more than90 MHz (see Figure 5.7).As both intensity and detuning of this on�guration are highly ontrollable withthe two aousto-opti modulators, the slave laser an be used simultaneously for� MOT trapping: This is the most needed one of the operations, generating



CHAPTER 5. EXPERIMENTAL APPARATUS 103the trapping light for the mirror MOT. The majority of the light (40 mW) isdireted using a half-wave plate/polarising beam splitter arrangement througha shutter and, via two mirrors, into a single mode polarisation preserving �bre.� Optial Molasses with far detuning: Inreasing the detuning to about 40-50 MHz redues the apture veloity onsiderably, but redues the averageveloity of aptured atoms as well. When atoms are already aptured in aMOT, it is possible to redue the temperature shortly before the transfer orthe release by just hanging the frequeny of the laser using the Master AOM.� Optial pumping: During the transfer from the MOT into a magneti trap,the atoms have to aumulate in the low �eld seeking F = 2, mF = 2 state.This is done by shining a low intensity, σ+ polarised on-resonane light �eld atthe atoms. For this, the slave AOM intensity is redued and the small frationof light passing through the other exit of the beam splitter mentioned aboveis used. The light is then sent through a shutter into a seond, single modepolarisation preserving �bre.� Imaging: To observe the old atom loud and the BECs, an absorption shemeis used. The same path as for the optial pumping is used, exept the intensityis raised by running the slave AOM at a higher intensity.5.3.4 Repump LaserThe repump transition F = 1 → F ′ = 2 is too far detuned (6.8 GHz) from thetrapping transition to be onveniently generated by the same laser and shifted usingAOMs or other means. A home built extended avity diode laser with a Sanyo80 mW laser diode was loked using the error signal from a polarisation spetrosopylok.The distint features of the hyper�ne transitions are not as resolved on the
F = 1 → F ′ = 2 transition as they are on the F = 2 → F ′ = 3, so it was atuallyloked to the �ank of a broader peak and then shifted using an AOM to the transitionline.The light is then equally distributed into two beams, eah injeted into its ownsingle mode �bre, and guided to the LVIS and the mirror MOT respetively.



CHAPTER 5. EXPERIMENTAL APPARATUS 1045.4 Computer Control of the ExperimentDuring every yle of the experiments, many hanges have to be made with sub-milliseond preision. An example is the hange in frequeny of a laser, the swithingon or o� of magneti �eld oils, or the triggering of the imaging amera. Sine thisis not possible to ahieve by hand, a omputer ontrol system was used. The systemitself onsists of two omputers, the ontrol omputer and the aquisition omputer.5.4.1 Computer 1: The Control ComputerThe ontrol omputer was �tted with a National Instruments PXI system, onsistingof � two PXI-6733 analogue output ards with 8 hannels eah,� one PXI-6289 multifuntion ard, from whih 32 digital output hannels andthe two ounters were used, and� one PXI-5404 funtion generator ard meant to perform the rf evaporation.Furthermore, NI LabView 8.0 was installed on this omputer.The LabView program that runs on the omputer is shown in �gures C.1 and C.2.The dominant item on the front panel is a tab ontrol, in whih the sequene isdisplayed. If the �rst tab, labelled `All' is ativated, the whole sequene is shown. Itis displayed as a list of states, with eah state represented by one line on the array.Suh a line an be seen in �gure 5.8.Figure 5.8: Representation of a single state in the LabView experiment ontrolprogram.Eah line ontains �rstly three buttons, `opy', `paste', and `delete', whih areimplemented for onveniene, as it is hard to use the LabView in-built funtionsfor this array due to the omplex topology of the array. The next item of the lineis a green button, showing whether this state should atually be exeuted duringthe run of the sequene. This allows the operator to quikly deativate parts of



CHAPTER 5. EXPERIMENTAL APPARATUS 105the sequene without atually deleting them. The next item an be used to mark astate as `interesting' � with onsequenes desribed later. Next is a short text �eldwhere the operator an write a desription of the state, whih has no impat on thesequene itself, but will be stored.The next �eld sets the time that the experiment should remain in this state, inmilliseonds. Following are two arrays of double values (length 8 eah) representingthe voltages that the analogue outputs will have at the end of the state (if thetransition seletor is set to `Step', these voltages will be set during the whole timeof the state). Similarly, the next item is an array of Boolean values representingthe digital output lines. While only 16 are shown at the moment, the programalready uses the whole 32 digital output lines of port 0 of the PXI-6289. The �nalitem is the transition seletor mentioned earlier. It selets how the voltages on theanalogue output hannels are to be hanged to the new value. The simplest methodis `Step', where all hannels are set to the new values immediately and held at thatvoltage. Other options are `Linear', where the voltage is linearly raised or lowereduntil it reahes the given setting at the end of the state, `Exponential' where thevoltage is hanged exponentially†, and `Sine' where the values hange in a sinusoidalapproximation. This has no e�et on the digital hannels.Next to `All', there are two other tabs labelled `Interesting' and `Bath'. Onlythose states marked as interesting on the `All' seletion are shown in these tabs, eventhough all that are marked `ative' will be exeuted. The `Interesting' tab is meantfor the operator to fous on a single or few states. As an example, the operator mightwant to optimise the frequeny of the image beam for best absorption imaging. Hewould then mark the lines orresponding to the absorption image and the refereneimage as interesting and swith to the interesting tab, where he then only has thesetwo states one beneath the other. He will therefore not aidentally hange valuesin the wrong state, nor does he have to sroll up and down through the list of statesbetween the two ourrenes.The `Bath' allows the program to exeute a number of sequenes hangingertain states between suessive runs. Here, there are three lists beneath eahother, showing the same state(s). The top list shows the state as it is; the other
†As an exponential sweep can only work if the old and the new value are both positive or both

negative, it will default to linear for all channels that do not meet this criterion.



CHAPTER 5. EXPERIMENTAL APPARATUS 106two lists are used to set the initial and the �nal versions of these states. A numeriontrol is used to set the number of intermediate runs. As an example, the operatormight want to perform a time of �ight measurement, and to image the atom loudin 2 ms time intervals between 4 ms and 30 ms. For this, he would mark the stateontaining the free fall of the atoms as interesting and swith to the `Bath' tab.This state will then be shown in all three lists. The operator would then enter `4'into the `From' time �eld, `30' into the `To' time �eld, and 14 into the number ofsteps, and then press `Exeute'. As it is only viable to hange analogue values orthe time for eah step in this manner, the digital hannels, the transition seletoror the ative �ag are not hanged.Beneath the tab ontrol, one button is for storing the urrently seleted sequeneinto the ards, two others are to trigger the exeution. One of those will trigger asingle exeution of the sequene, whereas the other button will ontinue exeutingthe sequene until pressed again. The `Save' and `Load' buttons an save or load asequene into or from the �le given in the line. If the `Autosave' button is ativated,every time a sequene is run, the sequene is stored on the hard disk with aninrementing run number. The �les are saved in omma separated values format,so they an be imported, for example, into MS Exel. Finally, the IP address of theomputer is displayed and an indiator is shown whether another lient is onnetedvia TCP/IP to this program, in whih ase the program will transmit the run numberof eah sequene whenever a sequene is run. This an be used to synhronise theontrol omputer with the aquisition omputer.Some simple error handling is performed, for example it is heked if the arraysfor the di�erent hannels of the AO and DI/O ards have the right number, orwhether the transition seletor is set to `Step' for the �rst state. (The programwouldn't know what setting to transition from for the �rst step.) When hangingthe number of lines in the `Interesting' or `Bath' tabs, the program automatiallydisards these hanges and reverts to the `All' tab, as it ould not know whihline to remove or where to enter the new line. But there are some issues worthnoting: Right-liking on an array opens a menu in whih elements an be addedor removed from the array. This would result in the voltage settings being sent todi�erent hannels if used on the hannel arrays instead of the sequene array. It is



CHAPTER 5. EXPERIMENTAL APPARATUS 107best to not right-lik on the program and instead use the opy/paste/delete buttonsprovided at the left side of eah state in the `All' tab. Auto-saving short sequenesset to ontinuously exeute will quikly reate hundreds of �les on the hard disk.While it is enouraged to have auto-save on when performing sequenes that haveeven a slight hane of being used later on, it is best to disable autosaving when notperforming measurements.In the bak panel (�gure C.2), the program performs several things simulta-neously, like writing sequenes, validating the integrity of the sequene, but mostimportantly onverting the sequenes and storing them onto the ards. From thePXI system's point of view, to exeute a sequene, the following has to be performed:1. Create a task.2. Set the timebase to the output of the sample lok.3. Write the onverted data onto the ards.4. Start the task. As the sample lok is not running yet, this just arms thesystem.5. Set up the sample lok to generate a pulse train with the right frequeny andduration.6. Start the pulse train. Now the sequene starts.7. Wait for the pulse train to �nish, then stop the task.8. Clear the task.Items 4-7 an be repeated a number of times as long as the sequene is not hanged.When the user presses the `Write to Cards' button, it atually exeutes steps 8, 1,2, and 3 of this list. When the program starts, a task is reated just so that it anbe leared when the `Write' button is pressed for the �rst time without produingan error. `Exeute' similarly exeutes steps 4, 5, 6, and 7.In the PXI hassis, the ards an share internal signals on a ommon bus. Thisis used here to transfer the pulse train as a synhronised timing soure through allards. As expeted, it was not possible even with an osillosope on nanoseondresolution to observe a timing o�set between di�erent ards.



CHAPTER 5. EXPERIMENTAL APPARATUS 108Not yet implemented is the ontrol of the funtion generator ard. This arddoes not have on-board memory and annot be programmed, instead, it needs to beupdated by the LabView program itself. However, LabView 8 o�ers a struturealled `timed loop' where the exeution of program parts an be triggered andsynhronised to external soures like the pulse train that triggers the other hannels.5.4.2 Computer 2: The Aquisition ComputerThe data is gathered and pre-analysed on the aquisition omputer. This omputerruns LabView 6.1 and is onneted to a omparatively inexpensive Prosilia GigEGC-1380 CCD amera using an additional Ethernet port. This amera has aresolution of 1380x1024 pixel with a depth of 12 bit. Eah pixel has a size of6.45 µm by 6.45 µm. The frame rate is 20 Hz, meaning the shortest possible timebetween suessive images is 50 ms. It has a very fast software shutter whih anbe triggered either by software or by hardware, and has a shortest possible shuttertime of just under 20 µs. The limited depth (other experiments use ameras with16 bit or more) is somewhat ompensated by the very low dark ount of less than10. On the LabView program running on this omputer, a tab ontrol is used todistinguish between the di�erent views on the front panel. On the �rst tab, severalimportant parameters an be set. Among them are the area represented by eahpixel, the ross setion of the atoms (whih an either be set diretly or alulatedfrom the detuning), but also whih �les to store and where. As the program isdesigned to be triggered by a noti�ation over a TCP/IP onnetion, the targetIP an be set here and the onnetion an be initialised. When onneted to theontrol omputer in this way, the program will reeive the run number every time asequene is ativated and uses this noti�ation to arm the amera and wait for theimages. The amera itself is then triggered using its SynIn 2 port via a digital I/Ohannel from the PXI-6289 ard.The seond tab allows to set the time in miroseonds that the shutter will beopen for after eah trigger. Note that due to the amera operation, another 8.2 µswill be added to that time, whih normally is of no onsequene as the time willoften be set to some milliseonds.



CHAPTER 5. EXPERIMENTAL APPARATUS 109Also the three raw images taken by the amera during the last sequene areshown, the absorption image, the referene image, and the bakground image. Inthe absorption image, the �rst image, the region of interest an be set using twoursors. For more detail on how to alulate the atom number and distribution,please see setion 5.6.3 later in this hapter. In the third tab, a larger image showsthe optial density or the atom number for the region of interest in a larger window.A ursor an be manually set into the entre of the loud, whih in turn results inthe ross setions being shown in the two graphs next to the larger image. A button`Fit' an be used to �t Gaussian urves to these two ross setions. As the ursoris moved automatially to the �tted entre of the loud when �tting, pressing thisbutton two or three times should also automatially plae the ursor in the entre ofthe loud and alulate the optimal �t for the loud. From these �ts, the followingparameters are extrated:1. The atom number,2. the entre of mass for both x and z oordinates, and3. the 1/e2 width of the loud in both x and y oordinates.Apart from eah value being displayed independently of eah other, a small textbox shows all values in a single line so that marking this line and opying it (Ctrl-C, not using the mouse) allows it to be onveniently transferred into an MS Exelspreadsheet. All data is also added to a table in the fourth tab, where the data anbe displayed in a graph.On the bak panel, the program interats with the amera using self-reatedLabView subprograms (VI). Most of these VIs aess ertain methods of adynamially linked library (DLL) downloaded and installed from the ProsiliaWebsite (http://www.prosilia.om). The atual interfae to aquire the imagesis a VI ontaining a C interfae node; the soure ode of this CIN is given inappendix B.3.



CHAPTER 5. EXPERIMENTAL APPARATUS 1105.5 Low Veloity Intense Soure of AtomsWhile atom hips have numerous advantages over onventional old atom trappingshemes, as desribed in setion 2.4, one disadvantage is the omparatively smalltrapping region, espeially as the apture veloity sales with the fourth power ofthe trap diameter. Combined with the requirement of ultrahigh vauum duringevaporation, this imposes a serious limitation to the use of atom hips whih needsto be overome.One possibility to overome this limitation is to vary the pressure: During a �rststage, rubidium dispensers are heated for several seonds, to release large amountsof Rb vapour and raise the pressure to over 10−8 Torr. During this stage, the atomsare aptured in a surfae MOT. When the dispenser heating is swithed o�, theuntrapped Rb atoms quikly absorb on the inner surfaes of the hamber or arepumped by the getter pumps, reduing the pressure into the lower 10−11 Torr rangewithin a few dozen seonds. Then the trapped atoms an be loaded into the atomhip and ooled evaporatively [Whi07a℄.However, in the `Atom Chip 1' experiment, this method inreases the turnaroundtime for suessive experiments to just under one minute. Common experimentswith BECs often require hundreds of suessive measurements. With suh a longturnaround time, this not only elongates the measurement itself, it also ampli�es thehane that something might happen during the measurement whih will hange theoutome. Examples for this are hanges in the laser intensity, laser loking problems,temperature �utuations, et. One aim in this experiment was to enhane theturnaround time by injeting a �ux of slow atoms diretly into the trapping regionof the atom hip. Three options for ollimated, bright and ompat soures for oldatoms have been presented in the past:� The 2D MOT [Ber98, Sh02℄ works similar to a standard MOT, exept in onlytwo dimensions. This means that two anti-Helmholtz oils are used to reatea 2D quadrupole �eld, and two pairs of red detuned irular polarised laserbeams along these two axes interset in the entre. The result are two slowbeams of atoms into both diretions of the third axis.� The 2D+ MOT [Die98℄ is an extension to the 2D MOT. In addition, a �fth
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Figure 5.9: Shemati of the LVIS: A quadrupole �eld with the strong axis inthe vertial diretion is generated by two ounterpropagating oils. Two irularpolarised MOT beams (with repumper) enter horizontally and pass after the atomloud through a quarter wave plate before they are retrore�eted on a gold oatedmirror. The double passing of the quarter waveplate means that the handedness ofthe irular polarised beam is �ipped. The vertial beam is similar, but it hits aquarter waveplate/mirror that has a hole in the entre. This hole has two e�ets:Firstly, the retrore�eted beam has a shadow in the entre, so that the old atomsin the entre of the trap are aelerated upwards. Seondly, the hole allows theseatoms to pass through the mirror into the atom hip hamber whih is loated atop.beam pushes the atoms into the desired diretion.� The low veloity intense soure (LVIS) [Lu96℄ onsists of a full 3D MOT withone exeption: One of the six laser beams has a shadow in the entre. Justlike in a standard MOT, atoms are aptured and ooled, however, one theyare ooled and in the trap entre, they observe a pressure di�erential and areslowly aelerated towards the beam with the shadow.The goal with all these soures is to produe an intense beam of slow atoms. So,the atom �ux and the mean veloity of this beam are the major de�ning properties,and as suh they have been ompared in some experiments. Table 5.3 gives anoverview of some experiments. While none of these soures have ever ahieved a�ux of old atoms omparable with a Zeeman slower [Phi82℄, whih was shown toprodue up to 3.2 × 1012 atoms per seond [Slo05℄, this was not onsidered for two



CHAPTER 5. EXPERIMENTAL APPARATUS 112reasons: First, a Zeeman slower is not a ompat, modular soure, and seondly, the�ux of thermal atoms in a Zeeman slower is even larger than the old atom �ux.Table 5.3: Comparison of di�erent old atom souresAuthor ref. Element Method Flux Veloity Pressure(109/s) (m/s) 10−8 TorrBerthoud et al. [Ber98℄ Cs 2D MOT 0.13 0.7-3 3Shoser et al. [Sh02℄ Rb 2D MOT 60 50 120Castagna et al. [Cas06℄ Cs 2D+ MOT 13 20 3Ovhinikov [Ov05℄ Rb LVIS 8.0 8.5 242D+ MOT 8.0 11.0 24Kohel et al. [Koh03℄ Cs P-LVIS 2.2 15.0 0.19Lu et al. [Lu96℄ Rb LVIS 5.0 14.0 10Diekmann et al. [Die98℄ Rb LVIS 0.03 26.0 112D+ MOT 9.0 8.0 11It was deided to implement the LVIS layout in this experiment. Figure 5.9displays the basi operation of the LVIS. To minimise gravity e�ets, the LVIS hasbeen onstruted in suh a way that the atomi beam is progressing diretly upwards.Similar to a MOT, whih is desribed in setion 2.2, red detuned, irular polarisedlaser beams are made to interset from all six spatial diretions at the minimumof a 3D magneti quadrupole �eld, reated by a set of anti-Helmholtz oils. Theaxis of these oils oinides with the vertial extration diretion. The beams areatually three sets of retro-re�eted laser beams. A quarter wave plate between thevauum hamber and the retrore�eted beam hanges the irular polarisation intoa linear one on the way towards the mirror and into the orret irular polarisationon the way bak. The di�erene between an LVIS and a standard MOT is realisedin the vertial beam. It is guided into the vauum hamber from below, and itsretro-re�eting mirror is mounted inside the vauum vessel, forming the boundarybetween the LVIS and the atom hip hamber. It onsists of a Comar quarter waveplate on whih a silver layer has been oated at the upper side, thereby formingmirror and polarisation optis in a single element. Additionally, a 0.5 mm diameterhole has been drilled in the entre of this mirror, at the same time reating theonnetion between the two hambers and the shadow in the re�eted beam that isrequired to turn the MOT into an LVIS.In this experiment, the LVIS hamber is loated diretly beneath the atom hiphamber. A glass ell (32 mm by 32 mm square, 100 mm high, 6 mm thik) surrounds



CHAPTER 5. EXPERIMENTAL APPARATUS 113the trapping region. The glass ell is attahed to a transition stage via a 2¾ inhonnetion. This transition stage has two Con�at Mini onnetors at the side,one of whih onnets to a Varian MiroVa 2 l/s ion pump, and the other to afeedthrough, through whih the urrent for the Rb dispenser is supplied. Oppositethe glass ell, the transition stage onnets to a reduer, whih in turn is onnetedto the bottom on�at mini port of the otagon of the atom hip hamber. However,in the onnetion between the transition stage and the reduer, not a standardopper gasket is used; instead, a single opper piee was fabriated whih ombinesthe funtions as, �rstly, a gasket, seondly, as the separation between the LVIS andthe atom hip hamber, and thirdly, as the mount of the spei� LVIS mirror withthe hole. This opper blok onsists of a 5 mm thik disk, but in the entre, a hollowtube with an outer diameter of 15 mm runs 9 m down into the glass ell beforeterminating in the mirror mount. The whole opper blok is milled from a singlepiee. The hole mirror is a Comar quarter wave plate with a 1 inh diameter anda thikness of 3 mm. The bakside of this wave plate is silver oated for re�etion,and a 0.5 mm diameter hole is drilled o-axially through the mirror and the opperblok, ulminating in a total length of 5 mm.The trapping light for the LVIS is outoupled from two single mode �bres (onefrom the Toptia DLX and one from the repump laser) into a Thorlabs age mountsystem. The trapping light supplied a total power of 80 mW, while the repump lighttotalled 8 mW. The beams are expanded to 10 mm diameter by 50 mm lenses inthe appropriate distane to the end of the �bres, and joined in a polarising beamube. The same ube is also used to split light o� for the vertial z beam, whilethe remaining light is expanded to a diameter of 35 mm using two lenses. This isdesribed in �gure 5.10The oils produing the magneti quadrupole �eld have a diameter of 90 mm andare 60 mm apart from eah other. Eah has 81 turns of oated, 0.527 mm diameteropper wire. Initially the oils were mounted along the y-axis of the LVIS, andadditional Helmholtz oils along both x- and z axis were used to move the entreof the quadrupole �eld. Later the quadrupole oils were mounted along the vertial
y-axis, and plaed on a x-z mirometer adjustable translation stage. This improvesthe aess to the glass ell and also promises to redue the average veloity of the
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Figure 5.10: The LVIS laser age: Trapping and repump light arrive from singlemode �bres, are ollimated at a diameter of 10 mm and joined on a polarising beamube. The same ube also separates the light for the vertial LVIS beam. The restof the light is expanded even further to 35 mm diameter using a telesope, and issplit with a 50 mm polarising beam ube into the two horizontal arms for the LVIS.old atom beam as the strong gradient of the magneti quadrupole �eld will shift theatoms faster out of resonane from the aelerating LVIS laser beam. The resultingmagneti �eld has a strong �eld gradient ∂B/∂z of 4 Gauss per entimetre for 1 A,and was usually run at the maximum of 4.5 A. A alulation of the magneti �eld isgiven in �gure 5.11, showing a near linear magneti �eld dependene with a gradientof 18 G/m in the region 20 mm around the entre.The oils are mounted on a manual x − y translation stage so that the positionof |B| = 0 an be moved horizontally. This is of partiular interest for aligning theentre of the trap with the hole in the LVIS mirror; however, it an also be used tomove the trap away from the hole and operate it as a standard MOT. This allowsto measure the in�ux of atoms into the trap by observing the intensity of the lightsattered from the atom loud. The number of sattered photons per atom is givenin equation 2.2:
γp =

Γ

2

s0

1 + s0 + 4 (δ/Γ)2The saturation parameter s0 = I/Isat depends on the laser intensity and thesaturation intensity. For Rb in a MOT on the F = 2 → F ′ = 3 transition the
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Figure 5.11: The alulated on-axis magneti �eld produed by the LVIS oils at 1 A.Typially, 4.5 A were run through the oils, resulting in a magneti �eld gradient of18 G/m.saturation intensity is hard to alulate, as the atoms will see di�erent magneti�elds. [Ste01℄ suggests using the saturation intensity orresponding to an isotropipump �eld, whih is Isat = 3.58 mW m−2. Of these photons, some transverse a lenswhih is plaed at a distane d = 2f (f is the foal length) from the atom trap andare thus olleted. This is shematially presented in �gure 5.12. The perentage ofsattered photons olleted by the lens an be easily alulated as the solid angle α:
α =

area of lens with radius rsurfae of a sphere with radius d
=

π r2

4 π d2
=

r2

4 d2
(5.1)

N =
S − S0

α ζ ~ωl γp

(5.2)where S is the signal of the photo diode, S0 is the bakground signal, measuredwith all lights on, but the magneti �eld o�, and ζ is the measured sensitivity of thephoto diode, giving the signal per Watt of light intensity. Note that usually a silionphoto diode has a sensitivity given in A/W; however, in this experiment, photodiodes are embedded in a iruit whih returnes a voltage proportional to the lightintensity (V/W) whih was arefully measured by observing the signal when shininga weak laser beam with di�erent known intensities diretly onto the photodiode.The iruit diagram of the photodiode is given in �gure D.1 in the appendix. Thisform of measurement is partiularly onvenient as it an monitor the atom number
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Figure 5.12: Measurement of trapped atom �uoresene: The atom loud in theentre satters light in all diretions homogeneously. A lens with the radius r andthe foal range f is loated at a distane d = 2 f from the atom loud outside thevauum hamber. The solid angle α gives the perentage of these photons whih aremeasured. After another distane d, the image of the atom loud is loated inside aniris diaphragm to minimise the amount of light oming from other soures. Diretlyafter this diaphragm, a high gain photodiode is plaed, giving a signal proportionalto the number of photons and therefore proportional to the number of atoms. Byknowing the light intensity of the trapping beams I, the sattering rate γp, α, andthe gain of the photodiode ζ , this proportional fator an be alulated.in the MOT without interfering with it, with a signal whih is proportional to theatom number. The loading of atoms into the MOT an be observed by monitoringthe development of the signal over time. In �rst order approximation, the numberof the trapped atoms obeys the equation:
Ṅ = φ − γ N, (5.3)where φ is the loading �ux of the atoms, and γ is the loss rate. Even indense magneto-opti traps, higher order terms proportional to the density (N2) anbe omitted. The behaviour of the MOT an more easily be seen by separatingthe variables in equation 5.3 and onsidering the appropriate initial onditions.Assuming the MOT is empty at t = 0 (N(0) = 0), the atom number developmentover time follows a saturated urve.

N(t) = Nsat

(

1 − exp

[

− t

τ

]) (5.4)



CHAPTER 5. EXPERIMENTAL APPARATUS 117with the �ll time τ = 1/γ and the saturation atom number Nsat = φ/γ.Counterintuitively, higher �ux does not load the MOT faster, as the �ll time doesnot depend on the �ux. Rather, the higher �ux will lead to a higher saturationnumber Nsat. When inreasing the loss rate, the MOT will load faster, but to alower total number. In e�et, the �ux de�nes the initial gradient of the �ll urve,while the loss de�nes how soon it turns over. From monitoring the loading of aMOT with a photo diode and �tting the data to equation 5.4, Nsat and τ an beextrated, the �ux alulates to
φ =

Nsat

τ
. (5.5)This is shown in �gure 5.13. It has been shown that the �ll rate is approximately
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Figure 5.13: MOT �lling urve in the LVIS hamber. The �uoresene measuredby a photodiode is linearly proportional to the atom number in the MOT, with theproportionality fator being alulated aording to equation 5.2.equal to the �ux of the LVIS, provided that the `loss' of the trapped atoms into theatomi beam is larger than the loss due to bakground ollisions [Lu96℄. For thisreason, the �ll rate is the most important harateristi of the LVIS, and severalmeasurements were performed to optimise and verify the �ll rate.One of these experiments is measuring the �ll rate at di�erent pressures. Thiswas done by stepwise inreasing the urrent through the Rb dispenser, whih heatedup and released more atoms into the hamber, and measuring �ll urves when thepressure had equilibriated at a new value. The results of this measurement are given



CHAPTER 5. EXPERIMENTAL APPARATUS 118in �gure 5.14, showing that the �ll rate inreases at �rst, but levels out at pressuresover 3×10−8 Torr as the losses due to bakground ollisions beome more dominant.Eventually it would turn over and redue again.
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pressure LVIS (Torr)Figure 5.14: LVIS �ll rate versus pressure. To observe the optimal onditions, several�ll urves were taken for di�erent pressures, where the pressure was inreased byrunning higher urrent through the Rb dispenser, thereby releasing more Rb intothe LVIS hamber. The �ll rate inreases at �rst, but equilibirates still well below10−7 Torr, as the loss rate due to bakground ollisions limits the trap. The �ll ratewould eventually turn over,Another measurement was taken at di�erent detunings of the LVIS laserfrequeny; the results are shown in �gure 5.15. As under normal onditions thelaser frequeny is �xed to -17 MHz, the reason for this measurement was to verifythat the LVIS operates at a reasonable rate with this given detuning. At smallervalues of the detuning the �ll rate was only slightly higher.5.6 Atom Chip Measurements5.6.1 Magneti FieldsFour di�erent magneti trapping potentials are needed in the top hamber to reatea BEC in the mirowire atom hip. In the �rst stage, atoms are to be trapped ina MOT with the quadrupole magneti �eld reated exlusively by external oils.The atom hip operates in this on�guration as a mirror for the MOT beams. The
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Figure 5.16: Shemati of a Mirror MOT: One laser beam passes parallel to thesurfae of the hip in lose distane, the other two beams ounterpropagate atan angle of 45° to the surfae. A set of anti-Helmholtz oils reates a magnetiquadrupole �eld with the strong axis oiniding with one of the angled laser beams.The seond required magneti �eld is the magneti quadrupole trap produedby the silver layer of the atom hip and an external Bx bias �eld. The Bx �eld isprodued by a set of large oils with a diameter of 24 m and a separation of 10 m.Eah of the oil formers harbours two oils, one with 16 turns, and a seond with 4turns. The 4 turn oil (alled Bx small) has a lower indutane and an therefore beswithed onsiderably faster than the Bx large oils. The orientation of the magnetiquadrupole �eld produed by this on�guration orresponds with the orientation ofthe �rst quadrupole �eld. The same set of oils also produes the bias �eld for thethird and fourth stage of the magneti trapping: Using the U-wire on the silver foilstruture, and �nally using the mirowires in ombination with the end wires of thesilver foil.5.6.2 LasersThe lasers needed for trapping atoms in the top hamber are guided to theexperiment with single mode �bres in a similar way as for the LVIS. Inside a Thorlabsage mount setup the light �elds of the repump and the trapping light are ombinedand split into the three arms for the MOT trapping. Note that the trapping light of
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Figure 5.17: The loation of the di�erent oils around the top hamber, displayingthe vauum system (grey), the MOT beams (red), the imaging/optial pumpingbeam (yellow), the MOT oils (green), the By (purple) and Bz (yan) Helmholtzoils, and the Bx bias �eld oils (blue).Table 5.4: The details of the bias �eld oils for the experiment hamber. For eahdiretion, two oils are wound on one former. The �rst line gives the dimensions ofthe former in diameter as well as width and height available for the oils itself, andthe separation of the two formers. The seond and third lines give the details ofthe atual oils, with the diameter of the wire used, the number of turns per widthand height, the alulated resistane of the wires, the magneti �eld strength perAmpère, and the power dissipation for the large oils at 10 A.
Coil colour in diameter width height sep. resistance Gauss Power
Name fig. 5.17 (mm) (mm) (mm) (mm) Ω per Amp @ 10 A
Bx former blue 240 20 20 100
Bx large 4.5 × 3 4 6 0.029 1.75 2.9 W
Bx small 1.57 4 1 0.007 0.46
By former purple 200 6.8 8.5 110
By large 1.57 4 4 0.099 1.33 9.8 W
By small 1.57 4 1 0.025 0.33
Bz former cyan 172 7 8.2 100
Bz large 1.57 4 4 0.086 1.49 8.5 W
Bz small 1.57 4 1 0.021 0.37the horizontal beam is separated from the rest before it is mixed with the repumplight, therefore the horizontal beam does not arry any repump light. The settingis shown in �gure 5.18. The diameter of the beams is limited to about 14 mm, asthis is the size of the viewport on the side of the otagonal atom hip hamber.
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Figure 5.18: The trapping beam and the repumping beam are delivered through twosingle mode polarisation preserving �bres in a Thorlabs Cage Mount system. Thelight in both arms is �rst ollimated using two f=50 mm lenses at 50 mm from theend of the �bre. Then, using a λ/2 half waveplate and a polarising beam splitterube, about a third of the trapping light intensity is removed and guided into thevauum hamber from the +z diretion as the �rst MOT beam. The rest of thetrapping light is then guided through another of these half waveplate/beam splitterube setups to reliably distribute laser power into the two transversal beams enteringfrom the bottom left (+x, +y) and bottom right (−x, +y). The same beam splitteris used to ombine the trapping and the repump light. While the repump beam hasonly a negligible impat on the momentum of the atoms, and therefore does notneed to be balaned, a half waveplate nevertheless was installed in the repump armto be able to distribute the whole repump light into a single beam, whih simpli�esalignment onsiderably.5.6.3 DetetionIn the top hamber, two distint detetion systems were realised. One is aphotodiode measurement idential to the one used in the LVIS hamber. This isused to observe the atom number during �lling and release of the atoms. The otheris an absorption imaging sheme, shown in �gure 5.19. In this sheme, the atomloud is illuminated with resonant light, whih is then olleted in a lens and fousedon a CCD amera.The absorption imaging allows not only to measure the atom number with ahigher auray than the photodiode, but also allows to assess the dimensions of the
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Figure 5.19: Shemati of the absorption measurement: A ollimated on-resonanebeam enters from the left side. The atom loud satters atoms out of the beamaording to its density, leaving a shadow. A lens with foal length f is plaed ata distane d1 behind the atom loud outside the hamber. It forms an image of theshadow on the CCD hip of a amera, whih is plaed at distane d2 behind thelens (1/d1 + 1/d2 = 1/f). For d1 = d2 = 2 f the magni�ation of the image is unity.By omparing the image of the loud with a seond image taken under identialirumstanes exept the absene of the atom loud itself, the optial density ofeah pixel an be observed. From this and the size of the pixel the number of atomsan be alulated.atom loud. In both ases, three images are taken by the amera:1. The absorption image A: The imaging beam passes through the loud of atomsand aquires a shadow while passing through.2. The referene image R: This is taken as shortly after the absorption image aspossible with the same settings. The atom loud has already been destroyedwhile taking the absorption image, and the imaging beam passes onto theamera without a shadow.3. The bakground image B: In this image, the amera shutter opens for thesame amount of time as before, but the image beam remains swithed o�.This identi�es stray light soures.With these three images, the optial density OD of the atom loud an be extratedfor eah pixel:
OD = − ln

[
A − B

R − B

] (5.6)



CHAPTER 5. EXPERIMENTAL APPARATUS 124To assess the dimensions of the atom loud, and also the number of atoms inthe loud, it is important to know the magni�ation of the lens-amera system.In this experiment, a lens (f = 5 mm) is plaed a. 9 m before the CCD hip.This amera-lens system was pointed at a ruler and the magni�ation was diretlymeasured. Eah pixel represents 8.01 µm by 8.01 µm of spae.To alulate the atom number, �rst the ross setion σ of the atoms has to bealulated, using the appropriate equation for two-level atoms:
σ =

3 λ2 / (2 π)

1 +
(
2 δ

Γ

)2 (5.7)Now the number of atoms in eah pixel is
η = OD

pixel area
σ

(5.8)As σ, and therefore OD depends on the detuning, this method an also be usedto map out the maximum absorption, and alibrate the resonane frequeny. Tomeasure this, the top MOT is loaded from the LVIS for 40 s, then the atoms arereleased from the MOT and fall under gravity for 5 ms before an absorption imageis taken of the atom loud. By that time the loud has aquired a Gaussian shape inboth dimensions and is still learly visible on the absorption image. The maximumis then set manually before two Gaussian funtions are �tted to the x- and y-axesof the data, and the maximum of the optial density is noted. By repeating thismeasurement for di�erent Master AOM detunings during the absorption imaging,the setting for the maximal absoption is found, and thereby the on-resonanefrequeny (here 6.63 MHz against the arbitrarily seleted origin of the measurement).The result an be seen in �gure 5.20: The full width half maximum of the urveis 5.6 MHz, whih is also in good agreement with the natural linewidth of thetransition.The total number of atoms in the surfae MOT remains low, even with longloading times. Observing the loading with a timed �uoresene measurement, it anbe seen that the rate of aptured atoms is just 106 atoms per seond, as seen in�gure 5.21. This is onsiderably less than the apture rate of the LVIS, whih was109 atoms per seond. Ideally, the �ll rate of the LVIS, the �ux of atoms from the
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Image beam detuning (MHz)Figure 5.20: Dependene of the absorption of the probe beam on the image beamdetuning. The image beam detuning was hanged by hanging the Master AOMfrequeny from an arbitrarily seleted value. Eah data point is the average (withstandard deviation) of four independent measurements. Eah time, the top MOTwas loaded in the same manner, it was then released for 5 ms before taking theimage. A Gaussian funtion was then �tted through the optial density, and themaximum of this Gaussian funtion is given here. A Lorentz funtion was �tted tothe data (red line).LVIS to the atom hip, and the �ll rate of the atom hip should all be the same.Several re-alibrations and optimisations did not signi�antly enhane the �llrate of the top MOT, so it is unlikely that the poor �ll rate is due to improperalignment. One possibility is a blokage in the hole for the extration beam, butthat is unlikely as a lear spot of the LVIS pushing beam an be seen in the entre ofthe mirowire atom hip, whih is bright and round. A blokage that would reduethe number of atoms by three orders of magnitude would also probably notieablyblok this beam.Another possible reason is that the old atom beam divergene is too large andmost atoms miss the trapping region. To measure the diameter of the atomi beamlose to the trapping region (a. 27 m above the hole), a probe beam was diretedinto the atomi beam through a 1 mm wide vertial slit, thereby only illuminatinga small slie of the atomi beam. A photomultiplier tube was used to observe the�uoresene of the atoms in the beam. The result an be seen in �gure 5.22; the
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Figure 5.22: Measurement of the old atom beam diameter. A probe laser is set toilluminate only a small vertial slie of the atomi beam, while a photomultipliertube observes the �uoresene of the atomi beam from the side. The signal here isthe signal of the PMT divided by the intensity of the probe beam at the position. Itis an arbitrary number, but it gives a good relative beam intensity, whih is all thatis needed to assess the diameter of the atomi beam. The diameter of 7±2 mm isnot wide enough to aount for the di�erene between LVIS �ll rate and top MOT�ll rate.released afterwards. They were allowed to fall and expand for up to 15 ms beforean absorption measurement was taken. At longer times the small number of atomsbeame too widely spread out and too thin to measure the spread with any ertainty.The measured expansion over time yields a temperature of the atomi loud of 55-60 µK. This an be seen in �gure 5.23.5.7 ConlusionThis hapter presented the experimental environment in whih the femtoseondablated mirowire hip was to be assessed. A �exible measurement ontrol softwarewas presented and tested. The �exibility of the laser system was shown. Thedual-hamber vauum system with the high pressure old atom soure hamber andthe low pressure atom hip hamber was introdued and the assembly explained.The small hole for the atoms between the two hambers was shown to allow forpressure di�erentials of fators up to 1000. The implementation of the Low-Veloity
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Figure 5.23: Expansion of the free-falling loud: A very important measurementfor old atoms are `time of �ight' measurements, where the old atom loud isreleased and falls under gravity. Here, the temperature of the loud is measured:The expansion of the loud is plotted in square against the square of the time sinethe release. The slope of this line is ½ v̄2, whih, multiplied by the mass of an atom
M , gives the mean energy, whih is equal to kBT .Intense Soure of atoms (LVIS) was desribed and initial measurements presentedthat suggested a expeted �ux of more than 109 atoms per seond.The dual layer atom hip was introdued with the high-urrent H-wire silver foilstruture and the opper/gold layer with �ve femtoseond laser ablated mirowires.Three of these mirowires are designed for rf urrents and two are for d urrents fortrapping. One of these two is a sulptured wire able to produe a magneti potentialforming a string of double wells.A large disrepany between the �ll time of the LVIS and the �ll rate of the topMOT of three orders of magnitude was observed, even though in theory those tworates should be about equal. A great e�ort has been applied to the alignment, withsome major hanges, but while a �ux of about 106 atoms per seond ould usuallybe ahieved, higher yields were not obtained. This strongly suggests a fundamentalproblem limiting the �ux. This is most likely due to the very limited apture veloityof the mirror MOT, whih in turn is due to the very limited beam size, its proximityto the surfae of the hip, and the fat that the atom jet is injeted perpendiularlyto the hip's surfae. Most likely, the average veloity of the atoms from the LVISstill exeeds the small apture veloity, so that a large fration of the atoms is not



CHAPTER 5. EXPERIMENTAL APPARATUS 129trapped.A solution to this is the implementation of a 2D+-MOT sheme. For this, twosets of anti-Helmholtz oils need to be used along the x and z-axis, with the majorityof the trapping light in the LVIS hamber being direted along these axes as well.The pushing y-beam should ontain only a smaller fration of the intensity.Other possible reasons are:� Defets around the entre of the LVIS mirror hole resulting in an extrationregion wider than the hole of the mirror, so that the majority of the atoms inthe beam hit this mirror and are not transferred into the atom hip hamber.� A wider-than antiipated spread of the atomi beam, with most atoms hittingthe inside of the reduing one. However, measurements performed to assessthe spread of the beam do not hint at suh a problem.� Contamination might have bloked or partially bloked the extration hole.However, even if ontamination had ourred despite the areful handling ofthis entral piee of the LVIS, it would also blok the laser light, but a roundspot originating from the LVIS push beam an be seen on the atom hip, whihstrongly suggests that the extration hole is lear.



Chapter6
Charaterisation of Magneti MirrorQuality with Ultraold Atoms
This hapter presents the results of an experimental investigation of the re�etionof old atoms from an atomi mirror onstruted from the permanent magnetimaterial GdTbFeCo, whih is also used in ommerial mini-dis players. To adaptthe material for use in ultra-high vauum atom optis experiments, the ompositionand relative ratios of the elements were optimised and thin �lms were deposited onsubstrates in-house using the CAOUS mirofabriation failities [Wan05a℄. Atomoptial elements suh as mirrors are of interest to the atom optis ommunity as theyrepresent a fundamental building blok for more omplex systems. For example,an optial interferometer relies on the oherent re�etion of light from mirroredsurfaes and also on the partial re�etion/transmission of photons through partiallyre�etive mirrors alled beam splitters. By analogy mirrors for atoms an be reatedby establishing a large repulsive potential for atoms. Two suh approahes have beeninvestigated in this �eld:1) Use of the repulsive onservative eletri dipole potential of a far blue-detunedoptial �eld [Bal88℄. The spontaneous sattering rate from the �eld must be low toremain onservative and the potential barrier must be high for re�etion of atomswith veloities up to 1 m s−1. These two requirements an be met by using fousedlaser light of high intensity and large blue-detuning. In addition, the potential shouldhave little spatial dependene perpendiular to the diretion of inidene, that is, themirror should be �at in order to yield good speular re�etion. These potentials are130



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY131ommonly realised using evanesent light �eld reated from total internal re�etionof a prism [Lan96℄.2) Use of a periodi array of magnets giving a magneti �eld that deaysexponentially with distane above the surfae of the array [Opa92℄. This reatesa gradient that repels atoms whih have a magneti dipole moment and whihare in low-�eld-seeking states (mF gF > 0), as shown in setion 2.2. Di�erentapproahes have been used to realise suh a periodi magneti array. The two maintypes are based on urrent arrying wires (e.g. used in [Lau99a℄) and permanentmagnets [Sid02℄. While it is not possible to swith or modulate the magneti �eldswith permanent magnets, the advantages of these inlude the `plug and play' usage,the absene of heating or urrent �utuations, and the inherent absene of short oropen iruits. The �rst atomi mirror based on permanent magnets was made byreording a sinusoidal pattern of period about 10 µm onto ommerial audio tape[Roa95℄. Subsequent mirrors based on reording media used video tape [Sab99℄,�oppy disks [Hug97℄, and hard disks [Lev03b, Boy07℄. Suh media o�er goodmagneti properties, but beause they magnetise in-plane, it is very di�ult toreord miron-sale patterns onto them.Films that magnetise perpendiular to the surfae are more attrative inthis respet. GdTbFeCo, developed in the magneto-optial reording industryand used in the mirrors disussed in this work, o�ers several other advantages[Wan05a℄. These inlude a high remanent �eld, good homogeneity, high oerivity,and high Curie temperature. A high oerivity prevents the mirror from beingdemagnetised by stray magneti �elds, while a high Curie temperature is needed forthe magnetisation of the mirror to survive the baking of the vauum hamber.The speularity of the mirrors, or angular spread resulting from the re�etionproess, must be thoroughly haraterised. Other important harateristis of thesemirrors are the deay length, end-e�ets (due to the �nite size of the mirror) andthe �eld strength. The deay length depends on the periodiity and dereases asthe period of the array beomes smaller. Mirrors with short deay length are alled`hard' mirrors. End-e�ets, and their e�et on the speularity, and possible ountermeasures, are disussed in setion 6.3.2.A di�ration grating an be produed by applying a bias magneti �eld [Opa92,



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY132Dav01℄, by applying an osillating magneti �eld [Opa99℄ or by physially vibratingthe struture. Sine the period of the grating should be omparable with thedeBroglie wavelength of the atoms, short-period hard mirrors are required.6.1 Basi Priniples of Magneti MirrorsMagneti mirrors rely on the fat that an array of magnets of alternating polaritywith period a will produe a magneti �eld whose strength dereases exponentiallywith distane y above the surfae (see �gure 6.1).
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Figure 6.1: Shemati of a magneti mirror: An array of magnets of alternatingpolarity produes a magneti �eld with a strength that deays exponentially withdeay length k = 2π/a above the surfae.We assume the surfae of the magneti struture is in the x-z-plane with themagneti polarity in the ±y diretion alternating along the x-axis. For an in�nitearray the amplitude of suh a �eld is [Lau99b℄:
|B[x, y]| = B0 e−ky

{
(
1 − e−kb

)
+

1

3

(
1 − e−3kb

)
e−2ky cos[2kx] + . . .

︸ ︷︷ ︸orrugations lose to surfae } (6.1)where the deay onstant
k =

2π

a
(6.2)The harateristi surfae magneti �eld is B0 = 2 µ0 M0/π where M0 is themagnetisation of the magneti material, and the fators (1−exp[−nkb]) aount forthe �nite thikness b of the magneti material. For heights y ≫ a/4π, this simpli�esto:

|B[x, y]| ≈
(
1 − e−kb

)
B0 e−ky (6.3)



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY133At a given height above the surfae, the magneti �eld diretion rotates around the
z axis as one moves aross the mirror in the x-diretion:




Bx

By



 = |B[y]|




sin[kx]

cos[kx]



 . (6.4)The �rst mirror made by the CSIRO/University of Melbourne group was an array ofmagnets with alternating polarity, omprising 16 NdFeB magnets of width 1.04 mm(period 2.08 mm) with a 0.52 mm magnet on eah end to ompensate for end-e�ets [Sid96℄. Suh magnets provide large magneti �elds, but the re�etingpotential was quite uneven. Also, the period needs to be short for the mirror tobe hard and to turn the mirror into a di�ration grating, as desribed in setion 6.2.Therefore, muh e�ort has been put into onstruting mirrors and strutures withmiron-sale periods. Grooved strutures are attrative for this purpose as they areonsiderably easier to fabriate than mirrors with alternating polarities. They aresimilar to the magneti mirrors desribed above, exept that every seond magnet(for example every south up faing magnet) is missing, thereby irumventing thetedious task of produing magneti �elds with alternating polarities. In this aseall equations remain unhanged exept for the surfae magneti �eld, whih is onlyhalf of the original: B0 = µ0M0/π. The interation potential between an atom withmagneti dipole moment ~µ and a magneti �eld ~B[x, y] is
Uint = −~µ. ~B[x, y]. (6.5)The potential exerts a gradient fore on the atom given by:

Fgrad = ∇(~µ. ~B) = mFgF µB∇B. (6.6)Low-�eld-seeking atoms approahing the mirror therefore enounter a repulsive foreas the magneti �eld amplitude inreases (see �gure 6.2). How lose the atoms ometo the mirror surfae depends on the �eld strength. For example 87Rb atoms in the
F = 2, mF = 2 ground state dropped from a height of 10 mm are re�eted at adistane where the �eld amplitude is about 15 G. Aording to equation 6.1, thefurther away the re�etion ours, the less the atoms are suseptible to higher order
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Figure 6.2: Re�etion of an atom in a low-�eld-seeking state by a periodi groovedmagneti struture with perpendiularly magnetised �lm as in this experiment: asandwih struture of three layers eah of GdTbFeCo (the permanent magneti�lm) and non-magneti hromium (for better adhesion and to prevent parallelmagnetisation). A thin yttria protetion layer �nishes the struture. The �eldlines are drawn only for the upper magneti layer.harmonis of the magneti �eld or to imperfetions of the mirror itself. In order toahieve miron-sale periodiity, our group initially attempted to onstrut periodigrooved miro-strutures of ferromagneti Ni, Co and AlNiCo [Sid97, Lau99b℄ usingeletron beam lithography and followed by sputtering and eletroplating proesses.All of the grooved part of the struture and some distane below it therefore onsistedof the ferromagneti material. However, this material tended to magnetise in-planealong the grooves, whih does not produe a suitable magneti �eld.A solution to this is to use materials with a perpendiular magneti anisotropy.Perpendiularly magnetised Co0.8Cr0.2 �lms on a non-magneti grooved substrateprodued suessful magneti mirrors [Sid02℄. However, the magneti propertiesof CoCr �lms were not ideal. Hysteresis loop measurements showed that theremanent magnetisation was only about one quarter of the saturation magnetisation.Furthermore, the magneti domains of the mirror were observed to be not ompletelyoriented, resulting in magneti inhomogeneities.The mirrors desribed in this hapter onsisted of miro-fabriated grooved sili-



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY135on strutures, on to whih several alternating layers of ferrimagneti Tb6Gd10Fe80Co4and non-magneti Cr were oated [Wan05a℄. Three double layers of Cr (100 nm)and TbGdFeCo (150 nm) were sputtered onto the silion substrate (see �gure 6.2).On top, a 20 nm layer of yttria was evaporated as a protetion oating. Details ofthe fabriation of the mirrors used in this work, and the magneti harateristis ofthe �lm are disussed in [Wan05a℄. The advantages of this �lm inlude:� a high perpendiular magneti anisotropy,� a high remanent �eld of more than 3.8 kG (see �gure 6.3),� a high oerivity of more than 4 kOe, proteting the magneti struture fromstray �elds (see �gure 6.3),� a high expeted Curie temperature of about 300°C, neessary for allowing the�lm to survive the baking of the vauum hamber, and� exellent magneti homogeneity.The �eld at the surfae (B0(1−exp[−kb])) for this �lm and this grooved strutureis about 1 kG. Figure 6.4 shows sans performed on a 10 mm×10 mm mirror (period
a = 1.5 µm) with atomi fore mirosopy (AFM) and magneti fore mirosopy(MFM).The suitability of the miro-struture for atom optis is veri�ed by taking MFMsans at various heights above the surfae and plotting the relative magneti �eldseen by the MFM logarithmially as a funtion of height (see �gure 6.4). The straightline on�rms the exponential deay, and the deay onstant is onsistent with theperiodiity of the mirror.6.2 Magneti Di�ration Gratings for AtomsCoherent splitting of atomi beams and the onstrution of e�ient beam splittersare of great signi�ane in atom optis. This, too, is urrently usually done bymanipulating the atoms with laser light [Gri94, Pfa93℄. But ideas to use permanentmagneti strutures for beam splitting have been disussed [Opa92℄.
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Figure 6.3: Hysteresis loop of the GdTbFeCo �lm measured using the magneto-optial Kerr e�et (MOKE) before installation. The magnetisation is alibratedusing SQUID-measurements. This displays the advantageous harateristis of thematerial, namely the high remanent �eld (3.8 kG) and the high oerivity (4 kOe)The main idea is to use a periodi grooved struture as a di�ration grating. Forthis, the �atness of the equipotentials has to be broken. This an be done by:� applying a bias �eld in the x or y-diretion,� applying a rotating bias �eld in the x-y plane, or� physially vibrating the mirror.When a bias �eld is applied along the y diretion, a orrugation term results thatvaries with a period of a along the x diretion:
Bx = −b1e

−ky cos[kx]

By = b1e
−ky sin[kx] + b0

︸ ︷︷ ︸ ︸︷︷︸magneti array appl. �eld
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Figure 6.4: Deay of the magneti �eld strength (log sale) as a funtion of heightmeasured with a magneti fore mirosope. The measured k of (4.4±0.2) µm−1 is ingood agreement with the predited value of 4.19 µm−1 alulated from equation 6.2for a period a of 1.5 µm. Inset: Struture of the 10 mm by 10 mm mirror: Left:Surfae san (AFM), the period is 1.5 µm. Right: Magneti �eld san (MFM).
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︸︷︷︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸d �eld mirror term grating (6.7)This orrugation is not to be onfused with the higher order orrugation term inequation 6.1. The atoms see this periodi orrugation as a grating and the atomimatter waves are di�rated from it. The nth order of di�ration of a grating (atnormal angle of inidene) is given by:
sin Θdiff =

(
nλdB

a

) (6.8)where Θdiff is the angle of di�ration, λdB = h/mv the deBroglie wavelength ofthe atom and a the period of the grating. Assuming the inident atom's veloity is



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY13850 m s−1, and a = 1.5 µm, we expet the angle of the �rst order di�ration to be6.1 mrad.Larger di�ration angles an be obtained with non-normal inidene. For anangle of inidene of 45◦ and the other parameters the same as above, the di�rationangle is Θdiff = 10 mrad. This emphasises the point that miron-sale periods orless are needed to observe di�ration. This also puts a limit on the angular spreadthat may result from a lak of speularity in the re�etion proess. Another issuethat needs to be onsidered in using these strutures as gratings is the di�ratione�ieny into the di�erent orders [Dav01℄.6.3 Theory of Atomi Re�etion from a CorrugatedMirrorThis setion desribes the reasons and soures of angular spread assoiated withre�etion of atoms from a magneti mirror, and explains how they an be alulatedor approximated.6.3.1 Angular SpreadIdeally, the veloity vetors of an atom diretly before and after the re�etion shouldhave the same angle with respet to the mirror's surfae, as stated by the law ofre�etion. This is a harateristi of speular re�etion. In di�use re�etion theangle of the veloity vetor after the re�etion has no orrelation with the inidentveloity vetor. As a measure of the speularity of the re�etion, we use the valueof the angular spread Θ. The angular spread is the rms di�erene between thehorizontal omponents of the inident and re�eted veloity vetors of all atoms. Themain reason for angular spread are orrugations in the equipotentials of the magneti�eld, whih an arise from imperfet magnetisation, higher order orrugations, straymagneti �elds (see setion 6.2), and e�ets due to the �nite size of the array (ende�ets, disussed in setion 6.3.2). As desribed in setion 6.2, for the array ofmagnets to be used as a di�ration grating, the angular spread resulting from there�etion proess Θ should be less than about 5 mrad. To alulate the angularspread, the fores due to magneti gradients parallel to the mirror surfae must be



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY139determined. If the total magneti �eld has an osillating omponent of amplitude
BG/2, whih for example would our by adding an homogeneous bias �eld ofmagnitude BG to an otherwise uniform �eld above the array, then the resultingfore on an atom is [Ros00℄:

Fx ≈ k µB BG sin [kx] (6.9)The time the atom is in the mirror �eld is approximately given by [Ros00℄
Tint ≈

4

k
√

2 g h
=

4

k vv
(6.10)We an evaluate the maximum hange in the horizontal veloity:

∆v =
Fx

M
× Tint =

4 µB BG

M vv
sin [kx] (6.11)

Note that the maximum hange in horizontal veloity is not dependent on theperiod 2 π/k of the magneti array. While shorter period mirrors expose the atomto a higher fore, they are also harder and redue the interation time in suh a waythat the period is eliminated. For a single atom, we an obtain the maximum angle
θmax that results from re�etion o� the orrugated surfae of the mirror from thehange in the horizontal veloity ∆v.
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(6.12)
v2 = v1 cos [2θ] + vv sin [2θ]

≈ v1 + vv 2θ (6.13)
θ ≈ v2 − v1

2vv
=

∆v

2vv

θmax ≈ 2 µB

M v2
v

BG ≈ 33 mrad (6.14)for 87Rb dropping from 2 m height (vv = 0.63 m/s) and for BG = 1 G.
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Figure 6.5: Shemati of a single atom re�etion: An atom arrives at the mirrorwith a vertial veloity vv and a horizontal veloity v1. In a speular re�etion, thesign of the vertial omponent of the veloity vetor hanges, whereas the horizontalomponent would stay the same. However, due to orrugations, its veloity vetormight be rotated by 2θ, where θ is the angle of the equipotential at the point ofre�etion.To observe the angular spread, the average horizontal veloities of the atom loudhave to be ompared. For this, ∆v = v2 − v1 has to be replaed by the �root meansquare� value ∆vrms =
√

v̄2
2 − v̄2

1:
Θ =

∆vrms

2vv
=

√

v̄2
2 − v̄2

1

2vv
(6.15)where v̄1 and v̄2 are the average horizontal veloities.6.3.2 End-E�etsThe �nite size of the mirror an produe strong orrugations in the magneti �eld,espeially lose to the edges. End-e�ets are more pronouned when the number ofelements in the magneti array is small. For mirrors using urrent arrying wires,these end e�ets an be suppressed by so alled end-wires. These end-wires areplaed at half the distane to where the next wire would be (a/4), and arry halfthe urrent [Lau99a℄. The magneti �eld from the urrent in suh wires approximatesthe magneti �eld that would have been produed by the missing semi-in�nite array.This is shown in �gure 6.6. The magneti �eld at a distane d from a wire is given
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B =

µ0 I

2 π d
. (6.16)The resulting magneti �eld of a �nite wire array ombined with these end-wiresis in very good agreement with equation 6.1 for the region enompassed by themagneti mirror and is a big improvement over non-orreted mirrors as an be seenin �gure 6.6. A similar sheme has been used with permanent NdFeB magnets [Sid96℄(in-plane magnetisation), where one magnet of half the thikness of the others wasadded to eah end of the array to minimise the end-e�ets.
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Figure 6.6: Computer alulations of the magneti �eld 1 µm above a 3 mm×3 mmmirror with a period of 3 µm. The red dotted line represents a mirror withoutompensation for end-e�ets, whih aquires strong orrugations towards the edgeof the hip. The blue line represents the magneti �eld with an additional end wire.There are no notieable end-e�ets. The small residual orrugations on the blueline orrespond to the higher order terms of equation 6.1. Inset: Shemati of theend-wire: End-wires with half the urrent of the other wires are positioned exatlyin the entre between the last existing wire and where the next wire ought to havebeen (distane a/4 from the last wire).Just as the magneti �eld due to the end-wires an ompensate the end-e�etsin �nite length mirrors, similarly suh a magneti �eld would introdue orrugationsto an in�nite mirror, whose variation would then mimi the end-e�ets of a �nite



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY142size mirror with the edges at the position of the wires in the region between thesetwo wires. This Gedankenexperiment allows one to approximate the magneti �eldstrength distortion resulting from the abrupt end of the magneti array. Thismagnitude an then be used to approximate the orrugation of a �nite size mirrorin relation to the distane from its edge (see equation 6.9). The e�etive urrent I(disussed in setion 6.4.1) of our magnets is about 140 mA, so the end-wires shouldarry about 70 mA. With this value, we alulate that 1 mm from the edge, theequivalent orrugating �eld has an amplitude of about 150 mG, whih should resultin a maximum angular spread of about 6 mrad (equation 6.14). This means that aslong as most of the atoms are hitting the mirror further than 1 mm away from theedge, the end-e�ets will ause an angular spread smaller than this.Considering a Gaussian width σ of the atom loud of 3.0 mm, table 6.1 shows theperentage of atoms re�eted from the parts of the mirror that satisfy this riterion`less than 1 mm from edge', for the two types of mirror used in this experiment.Table 6.1: Fration of atoms inident on the di�erent areas of the mirror. With the3 mm mirror, only 35% of the re�eted atoms are re�eted from the unorrugatedarea. 3 mm mirror 10 mm mirror3.0 µm period 1.5 µm periodmax. spread due to end e�ets< 6 mrad 13 % 82 %> 6 mrad 25 % 9 %atoms missing the mirror 62 % 9 %atom re�eted from`unorrugated' region 35 % 90 %
6.4 Monte-Carlo SimulationsTo better understand and verify our observations, a omputer simulation of theexperiment was reated. The motion of the atoms was assumed to be lassial,with the pre-ooled atoms exhibiting random initial veloities and positions witha Gaussian distribution, following pathways determined by these initial parametersand the prevailing onditions (gravity and the magneti mirror).



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY1436.4.1 OverviewMonte-Carlo simulations are named after a well-known area of Monao, famous forgambling and asinos. In a Monte-Carlo simulation, a random initial on�gurationis hosen, and from this initial on�guration the phase spae is evolved determinis-tially in time. By averaging over many of these iterations, it is possible to makepreditions about the reality. In this ase, the random initial on�guration onsistedof a random positioning of the atoms in the x (horizontally perpendiular to thegrooves) diretion and z (vertial) diretion and giving them random veloities vxand vz. The alulation then evolves the position aording to the atom's veloities,and hanges the veloities aording to the fores experiened at the position.The alulation does this by inrementing time by a ertain amount (timeStep),alulating the new position of the atom onsidering the time inrement and thespeed of the atom in eah diretion, and hanging the speed of the atom aordingto its urrent aeleration. To speed the alulation up, timeStep is omparativelylarge when the atom is far away from the mirror (10 µs, timeStep1), but smaller forauray when lose to the mirror (10 ns, timeStep2). The omplete soure ode(Fortran 77) an be found in the appendix B.1. Note that the soure ode needs the/dev/urandom random number devie, whih is supplied by Linux and most Unixes.Gaussian random numbersThe initial position and veloity in the x- and z-diretion are determined by arandom number generator that produes a Gaussian distribution. Suh a randomnumber generator is not usually part of the programming environment and had to beimplemented. Equation 6.17 (Box-Muller Transformation) transforms two randomnumbers x1 and x2 between 0 and 1 into a new random number y that follows aGaussian distribution with width σ2 = 1.
y =

√

−2 ln[x1] cos[2 π x2] (6.17)Calulation of the magneti �eldThe magneti �eld was alulated in two di�erent ways:



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY144� Using equation 6.1 with or without the higher-order harmoni term. Withoutthe higher-order term the magneti equipotentials are �at, and the re�etionis perfetly speular. While this is not realisti, we an use this to ompareour experimental data to the ideal ase.The advantage of this method is the short time of the numerial simulations.� Using the analogy between a magnet and urrent arrying wires: A magnethas the same magneti e�et as a wire around the boundary of the magnetthat arries a urrent of magnitude
I = M × h (6.18)where M is the magnetisation, h the height of the magnet and I the e�etiveurrent.The magneti �eld above the entre of a wire again is given by the Biot Savartlaw for �nite length wires

B =
µ0 I

2 π d

l√
l2 + d2

(6.19)where l is the length of the wire and d the distane from the wire. The magneti�elds of all wires have to be added up by vetor-addition to generate the total�eld. In this method, higher-order terms and end-e�ets are automatiallyinluded.The fore on an atom with a magneti moment (gFmF µB) an be alulatedfrom the gradients of the magneti �eld in the x and y diretion. For a Rb atom inthe F = 2, mF = 2 streth state, the equation is as follows:
F = −µB ∇B (6.20)where µB is the Bohr magneton.



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY1456.4.2 Determining the Angular SpreadTo determine the angular spread (equation (6.15)), two transverse veloities need tobe measured, one for a perfetly speular mirror (v1), and the other for the mirrorwhih is to be haraterised (v2). This is done by a `time of �ight' method. Thealgorithm generates an atom with random position and speed, aording to theobserved sizes of the atom loud in the MOT, and then follows this atom along itstrajetory. At ertain preseleted times (every 5 ms in this ase), the position of theatom is stored. By repeating this 10,000 to 100,000 times, images of virtual atomlouds at these given times are generated. By �tting the Gaussian funtion
f [x] = n0 exp

[

− x2

2 σ2

] (6.21)to the ross setion of eah atom loud, the transverse size σ is determined. If theatom loud has the initial size σ0, then the size σ(t) at time t is given by
σ2[t2] = σ2

0 + v2 t2 (6.22)A standard �tting algorithm an easily determine v2. The veloities before and afterthe re�etion are determined in this way and equation 6.15 used to alulate Θ.6.5 The Magneti Mirror Experiment SetupThis setion desribes the atual experiment. Initially a brief desription of theexperiment hardware is given, followed by the proedure of eah experiment. Finallythe results of two experiments with di�erent permanent magnet grooved mirrors arepresented.6.5.1 The Magneto-Optial TrapA Toptia DL 100 diode laser was loked to the F = 2 → F ′ = 2 transition of the
87Rb D2 line using a standard Doppler-free saturated absorption loking sheme.A double-passed 110 MHz entre frequeny AOM was used to shift the frequenylose to the desired F = 2 → F = 3 trapping transition. This light was used to



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY146injetion-lok the slave laser.This sheme o�ered three important features:� The frequeny of the laser ould be adjusted as needed for the MOT or optialmolasses use by hanging the AOM frequeny.� Swithing the AOM o� resulted in a far-o�-resonane lasing mode of the slavelaser within less than a miroseond, overoming the negative e�ets of theomparatively slow mehanial shutter(400 µs). Figure 6.7 demonstrates theimportane of this. In this sequene, atoms were trapped in a MOT, ooledfor 10 ms in an optial molasses, and they then reeived di�erent treatmentsover the next 10 ms, before the piture was taken. As an be seen, the numberof atoms in the trap is redued by more then 50% if the laser remains onfrequeny during the losing and opening of the shutter.� A fration of the unshifted master laser beam ould be used for optial pumpingthe atoms into the F = 2, mF = 2 state.The optial pumping laser was expanded to �ll a ross setion of 9 mm2 aroundthe trap, and retro-re�eted to minimise the pushing of the atoms. The 60 mWoutput of the slave laser was oupled into a single-mode �bre with an e�ienyof roughly 50% for beam shaping. The light emanating from that �bre with anear-perfet Gaussian transverse shape was then split into six separate beams using
λ/2 wave plates and polarising beam splitters to allow independent ontrol of theshape and position of the MOT. The sheme an be seen in �gure A.1. A seondToptia DL 100 laser was used as a probe laser. This laser was loked using asimple saturated absorption lok to the peak of the rossover resonane between the
F = 2 → F ′ = 2 and F = 2 → F ′ = 3 transitions, and then frequeny-shiftedonto the F = 2 → F = 3 resonane by an AOM that also worked as a fast shutter.The repumping laser, a home-made extended avity diode laser, was loked to the
F = 1 → F ′ = 2 D2 line. The quadrupole �eld gradient for the MOT was about10 G/m in the axial diretion. It ould be swithed o� in about 1 ms. Threesets of oils were used to eliminate residual magneti �elds inluding the Earth'smagneti �eld. Rubidium was ontained in a separate oven (usually kept at roomtemperature). A valve between the oven and the main hamber provided ontrol
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(a) (b)

(c) (d)

Figure 6.7: Comparison of di�erent tehniques to release the atoms from theMOT/molasses: (a) Atoms are not released, all atoms remain in the molasses. (b)The laser has been swithed o� using a shutter, as is the standard tehnique. Morethan half of the atoms are lost. () The laser remained on, but the injetion lokwas destroyed by swithing o� the AOM. The molasses laser immediately jumpso� resonane, until the AOM is swithed on again. Most atoms are preserved.(d) The laser is unloked shortly before swithing it o�. Again, most atoms arepreserved. All of this indiates that during the swithing o� of the trapping laser,a onsiderable fration of the atoms is blown away. Swithing the laser far-o�-resonane by swithing the injetion beam o� preserves the atoms.over the amount of rubidium vapour entering the hamber. The MOT trapped theatoms out of the tail of the Maxwellian veloity distribution of the bakground Rbvapour. The density of the loud was high enough to absorb 95% of the probe lasersent through the trap, whih orresponds to roughly 108 atoms in the trap.6.5.2 Measurement ProedureThe experiment was ontrolled by a omputer running LabView 6.1. A NationalInstruments analog output ard with 8 analog hannels (PCI-6713) and a NationalInstruments digital I/O ard with 32 hannels (PCI-6534) were used to onnet to



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY148the experiment. These ards were synhronised using the RTSI bus. The atomloud was monitored by �uoresene images taken by a CCD amera positionedabove the atom loud. To operate the amera reliably, the shutter needed to beopened for more than 5 ms. The preise timing was therefore done by opening theamera's shutter 5 ms before the intended time, and losing it 5 ms afterwards, andilluminating the loud for only 1 ms by swithing on and o� an on-resonane probebeam. A typial timing proedure of the experiment an be seen in table 6.2.Table 6.2: Typial experiment sequene: the 1st blok desribes the ooling in themolasses and the optial pumping into the low-�eld-seeking state; the 2nd blokshows the taking of the �uoresent image; the 3rd blok is the bakground image;and the 4th blok swithes the MOT bak on.time desription-10 ms quadrupole �eld o�detuning to a. -40 MHz-4 ms optial pumping beam swithed on0 ms MOT beams swithed o�1 ms optial pumping swithed o�repumping laser swithed o�t - 5 ms CCD amera openedt probe beam swithed ont + 1 ms probe beam swithed o�t + 5 ms CCD amera losed1895 ms CCD amera opened1900 ms probe beam swithed on1901 ms probe beam swithed o�1905 ms CCD amera losed2000 ms MOT-beams onrepumper onquadrupole �eld ondetuning to a. -5 MHzThe yle was repeated every 5 to 10 seonds. The CCD output data wasolleted by a seond omputer, running a NI LabView 6.1 program that wassynhronised to the ontrol omputer via TCP/IP, and gathering the data byinterfaing to a Prineton Instruments WinView 4 using AtiveX and analysing thedata `on the �y'. This inluded �tting a Gaussian to the �uoresene image, plottingthe squares of the loud's width against the squares of the time, and extrating thehange of the horizontal veloity thereby alulating the angular spread during the



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY149re�etion. At longer drop times, the density of the atom loud is small and severalimages are taken and averaged, whih also was automatially done by the LabViewprogram.6.5.3 Experimental Observations with the 10 mm MirrorThe �rst mirror had a size of 10 mm×10 mm. The period a of the magneti groovedstruture was 1.5 µm resulting in an array of more than 6,500 periods. The magnetiproperties of this mirror were disussed in setion 6.1. The distane between theentre of the MOT and the surfae of the mirror ould be adjusted between 14 mm(at shorter distanes, the mirror started utting into the MOT beams) and 20 mm(lowest possible adjustment). Parallel to the grooves, no signi�ant inrease in theangular veloity of the atom loud was observed. This is expeted for geometrialreasons. An example of suh a measurement is presented in �gure 6.8. The slightapparent derease in the horizontal veloity seen in that �gure is due to atoms withthe highest veloity missing the mirror. Measurements of the angular veloity of theatom loud perpendiular to the grooves, however, showed a muh higher spread. Anexample of the observed transverse veloities is given in �gure 6.9 with the followingresults: before re�etion v2
1 = (15.3 ± 0.5) m2 s−2after re�etion v2
2 = (53.3 ± 2.3) m2 s−2vertial vv = (54 ± 2) m s−1

Θ =

√

v2
2 − v2

1

2 vv

= (57 ± 3)mrad (6.23)These errors only onsider the standard deviation, systemati errors might alsoapply.By taking �uoresent images along the grooves (z-diretion) from the side ofthe vauum hamber strong urvature of the re�eted atom loud was observed (see�gure 6.10). This urvature is lear evidene that the magneti potential from whihthe atoms are re�eting is not �at.This ould be aused by:
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Figure 6.8: Transverse veloity (parallel to the grooves) of the atom loud beforeand after the re�etion on the 10 mm mirror. σ is the width of the Gaussiandistribution of the atom loud (see equation 6.21). This measurement does notsuggest a notieable heating of the atom loud, whih would result in v2
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Figure 6.9: Transverse veloity (perpendiular to the grooves) of the atom loudbefore and after the re�etion on the 10 mm mirror. Here, a de�nitive and largeinrease in the angular veloity is observed. The angular spread Θ is alulated to(57±3) mrad.
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Figure 6.10: Sequene of �uoresene images of atoms inident on the 10 mmmirror.The amera is viewing from the side of the hamber along the z-diretion (diretionof the grooves). The images in the top row show the atom loud before the re�etionat 10, 20, 30, and 40 ms. The images in the bottom row are taken after the re�etionat 60, 70, 80, and 90 ms.� Deay of the magneti properties during baking. The Curie temperature forthe GbTdFeCo �lm used was about 300◦C. During the baking, a temperature ofabout 150◦C was reahed, well below the Curie temperature. Tests performedlater by Timothy Roah [Roa06℄, however, showed signs of serious deteriorationof the magneti �lm at temperatures as low as 120 °C during baking, makingthis the most likely reason for the di�use re�etion.� The rubidium ould have hemially reated with the magneti �lm, despitethe protetive layer.� Stray magneti �eld or �eld gradient.Externally applied magneti �elds (up to 1 G) or magneti �eld gradients werenot able to improve the mirror's quality.The observation of urvature in the �uoresene images provides a diret methodto hek for the presene of di�use re�etion. In order to see a urvature in the MonteCarlo simulations, a magneti �eld strength of only 10% of that expeted from theharaterisation of the �lm after fabriation was ombined with a 1 G bias �eld,to produe the spatial atom number distribution (after a simulated 100 ms droptime) in �gure 6.11. Both the weak magneti �eld strength and the bias �eld wereneessary to produe the urvature whih is still muh less than the observations in�gure 6.10. Similar observations of di�use re�etion of a BEC from a evanesent



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY152light �eld and a similar approah to modelling this behaviour is shown in [Per06℄.
Figure 6.11: Monte Carlo simulation of the re�etion of old Rb atoms from a 10 mmmagneti mirror with a 90% weaker magneti �eld strength at 1 G bias �eld aftera simulated drop time of 100 ms. The onset of a urvature in the re�eted loud islearly seen, though small ompared to the observed urvatures in the last frame of�gure 6.10.After verifying the poor quality of the mirror, it was deided to remove the mirrorfrom the hamber. The mirror's magneti properties were reevaluated with themagneti fore mirosope (MFM). Severe deterioration in the magneti propertieswas observed (see �gure 6.12) ompared to before the mirror was installed (�gure 6.4,right part of inset). Apart from the deterioration of the magneti �lm, whih is easilyreognised in the �gure, the ontrast has also dereased by more than an order ofmagnitude. (It is di�ult to quantify the ontrast reliably beause of the use ofdi�erent MFM tips, whih usually give di�erent results.)
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Figure 6.12: Magneti struture measured by a MFM san after removing the 10 mmmirror 15 months after installation in the vauum hamber.Attempts to re-magnetise the mirror produed negligible improvements.6.5.4 3 mm MirrorIt was not possible at that time to fabriate a new mirror. Beause of this, apreviously fabriated `proof of onept' mirror was installed in the hamber. Thismirror had a size of 3 mm x 3 mm. The periodiity a is 3.0 µm resulting in an



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY153array of 1,000 magnets. The mirror had a 1 mm ungrooved area around the groovedsetion. The magneti �lm onsisted of one layer eah of Cr (140 nm), GdTbFeCo(250 nm), and Y2O3 (30 nm) for protetion. Assuming a magnetisation of 3.8 kG,we expet a �eld at the surfae of 320 G, signi�antly less than for the �rst mirror.End-e�ets will have a onsiderably larger e�et (see table 6.1).The magneti properties of this mirror were measured before and after bakingand evauation of the hamber at 110-120°C. No e�ets of this proedure on themagneti �lm ould be seen. The mirror was raised as lose to the MOT as possible,10 mm, without obstruting the MOT beams. This was to minimise the size ofthe atom loud at the time of the boune and so minimise the number of atomsmissing the mirror or su�ering large horizontal aeleration due to the end-e�ets.The expansion of the atom loud after the re�etion seemed to indiate that thee�etive temperature did not hange signi�antly, but this is misleading:
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Figure 6.13: Transverse rms size of atom loud after re�etion on the 3 mm mirror:Observation and simulation. As the small size of the mirror removes the `hotter'atoms by re�eting just the entre, it is no longer viable to ompare the angularveloity before and after the re�etion. Instead the angular spread of the re�etedatoms is ompared to a Monte-Carlo simulation of a perfet mirror. This proeduregives an angular spread Θ of (39.1±2.4) mrad.The sudden derease in the width of the loud at the time of the re�etion



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY154ours beause a onsiderable fration of the atoms have missed the mirror. Sinethese atoms are the hottest atoms, a signi�ant derease of temperature is expeted.Beause of this, the angular spread from the re�etion proess had to be estimated byomparing the observed expansion after the re�etion with the results of a simulationto give the expeted expansion. Also an image taken from the side shows a slighturvature of the atom loud (�gure 6.14).Both propagations are ompared in �gure 6.13. The observed veloities are givenbelow. The vertial speed vv was alulated from the drop height (10±1) mm.simulation v2
1 = 5.35 m2 s−2observed v2
2 = (17.3 ± 0.9) m2 s−2vertial vv = (45 ± 2) m s−1Using the equation for the di�usive omponent (6.15) Θ for this mirror an bealulated:

Θ =

√

v2
2 − v2

1

2 vv
= (39.1 ± 2.4)mrad (6.24)

Figure 6.14: Fluoresene image taken of the atom loud 100 ms after release fromthe MOT 10 mm above the 3 mm mirror. Again a slight urvature is seen, thoughless dominant than for the 10 mm mirror.
6.6 ConlusionThe re�etion of ultraold atoms from two magneti mirrors based on miron-sale periodi grooved magneti strutures was evaluated. Considerable angularspread was observed on both mirrors with the appearane of a urved pro�le of there�eted loud. On the smaller, 3 mm mirror, this ould be explained by end-e�ets,originating from the limited size of the mirror itself. The di�use re�etion on thelarger, 10 mm mirror was due to a degradation of the magneti �lm.



CHAPTER 6. CHARACTERISATION OF MAGNETIC MIRROR QUALITY155Supplementary work by Timothy Roah [Roa06℄ and ShannonWhitlok [Whi07b℄strongly suggests that the inreased temperatures in the vauum hamber duringthe bake out deteriorated the magneti �lm. Annealing magneti �lms with similarompositions to the ones used during the evauation of the vauum hamber inthis experiment showed serious degradation of the magneti properties as well asdemagnetisation after having been submitted to a proedure similar to the bakeoutof the vauum hamber (130°C for 2 days), whereas at lower temperatures (100°C)the harateristis remained good and unhanged.Unfortunately, it was not possible to fabriate another mirror to replae thetested mirrors. It is possible that measurement of the speularity of a mirrorimmediately after installation in the vauum hamber may have produed betterresults. Our experiments with the 3 mm mirror showed that under favourableonditions, the quality of the mirror ould be evaluated within a few weeks afterinstallation.Developing materials with a higher Curie Temperature, ombined with bakingat a lower temperature, will allow for for the fabriation of hard, speular mirrorsthat then an be onverted into di�ration gratings.



Chapter7
Conlusion
7.1 SummaryThe researh area of atom optis in general and Bose-Einstein ondensate researhin partiular have in reent years more and more embraed the idea of mirowires onatom hips to produe steep and omplex magneti potentials. Sine the observationof fragmentation in atomi louds and BECs lose to urrent arrying wires andmagnets, and the explanation thereof through deviations in the urrent path throughthe wire due mainly to orrugations in the edges of mirowires, onsiderable e�orthas gone into the preise reation of smooth edged omplex mirowire geometrieson atom hips.In hapter 3 of this thesis, it was shown that femtoseond laser ablation is a toolompletely unlike the ommon tehniques based on photolithography to produea mirowire atom hip, with the distint advantage of needing onsiderably fewerintermediate steps. An apparatus to reate two-dimensional patterns was presented;its development is omparatively inexpensive for researh groups that already haveaess to a femtoseond laser system. Consequent testing and haraterisationrevealed that opper is the most suitable metal to produe the leanest possibleedges; however, for reasons of re�etivity and protetion, it is advisable to oat theopper with a thinner gold layer. Sanning eletron mirosope images revealed thatthe edge roughness is only 16 nm, a value to math and exeed the quality of edgeroughnesses reported by some other mirowire atom hip groups. Furthermore, theanalysis of the edge over a range of 650 µm revealed no dominant frequenies of the156



CHAPTER 7. CONCLUSION 157orrugations, whih ould have reated serious fragmentation in BECs.Following up on these promising optial evaluations of the femtoseond laserablation reated mirowires, hapter 4 haraterised the magneti �elds produedby these mirowires. A magneto-resistane mirosope (MRM) was presented,whih used a magneti tunnel juntion sensor to aurately map the magneti �eldomponent perpendiular to the surfae of the atom hip with a spatial resolution of5 µm, and a noise �oor for the magneti �eld of 2 mG. A method was presented touse this data to ompletely alulate the magneti �eld omponents in the othertwo dimensions, thereby giving the full magneti �eld. This was used to inferthe magneti orrugations in the diretion parallel to the wire, whih are mostdominantly responsible for fragmentations of the atom loud. The best aurayof the magneti potential measured by the MRM is omparable with that of old,thermal atoms. In this way it was possible, even before installing the atom hip inthe vauum hamber, to ompare its potential orrugations with that of omparableonventional mirowire atom hips, and assess that the ablated mirowires ahievesimilarly low orrugations.Also in hapter 4, the idea was developed that sine orrugations in the edgesan ause fragmentation, intentionally shaping the edges an produe interestingomplex patterns in muh the same way. This hapter explained how from initialqualitative onsiderations a �nal wire geometry was evolved, and simulated using�nite element analysis (FEA), that would produe a string of double wells. Suh awire was then produed using femtoseond laser ablation, and measured with theMRM. The very good agreement between the simulation and the results from theMRM validates that (a) the shaping of the edge an produe suh a potential, (b)the MRM is able to resolve it, () the method of inferring the two other dimensionsof the magneti �eld from a single one works, and (d) FEA an reliably predit themagneti �eld of a mirowire even before it is fabriated.Finally, hapter 5 desribed the path towards testing the femtoseond laserablated mirowire atom hip with a Bose-Einstein ondensate (BEC). The full dual-layer atom hip was presented, onsisting of a high-urrent silver foil layer beneaththe mirowire layer whih is needed to produe the initial strong magneti �eldsto trap enough atoms for evaporative ooling. A Low Veloity Intense Soure of



CHAPTER 7. CONCLUSION 158atoms (LVIS) was presented, and its modus operandi explained. It was used toload atoms into the MOT reated lose to the atom hip. Initial measurements ofloading atoms into the LVIS and the surfae MOT were presented and the imagingsystem was tested. While the temperature in the surfae MOT was about 55-60 µK,the number of atoms loaded into the MOT was unfortunately too low, about 107,to suessfully start evaporative ooling or to load the atoms into the atom hip.The basis for the low number of atoms was a lower than expeted loading rate:Only about 106 atoms per seond were loaded into the surfae MOT, while initialexperiments suggested that the �ux ould be as high as 109 atoms per seond. Thesuspeted reason is that the mean veloity of the atomi beam is onsiderably higherthan the apture veloity, so only a small fration of atoms are aptured.Chapter 6 desribed researh performed earlier in the studies, where the re�etionof a old atomi loud from two permanent magneti mirrors was evaluated. Atomswere dropped under gravity about 15-20 mm onto a magneti mirror onsisting of agrooved struture with a perpendiularly magnetised magneti �lm. The resultingmagneti �eld deays exponentially with distane, where the period of the strutureorresponds to the deay onstant. Atoms in high-�eld seeking states are repelled,and thus re�eted. It was found that a onsiderable urvature of the atomi loudindiates strong di�use omponents in the re�etion, a feature veri�ed by Monte-Carlo simulations. Whereas this di�use re�etion an be attributed to end e�etsin the ase of the small 3 mm mirror, the magneti �eld pattern in the ase of thelarger 10 mm mirror was found to have degenerated, probably during baking. The�ndings relate to similar experiments on the re�etion of a BEC from an evanesentwave, presented in [Per06℄.7.2 OutlookAs has been shown in hapter 4, the measurement of the magneti �eld omponentparallel to the wire is limited by the noise level of the MRM. The MRM is a veryuseful tool during initial assessment and haraterisation, being omparable withthe use of old thermal atoms. However, to really assess the full potential of thenew fabriation method of femtoseond laser ablation, the author strongly suggests



CHAPTER 7. CONCLUSION 159to try and map the magneti potential with a BEC. A BEC has a onsiderablyhigher preision and lower noise level (∆B||/Br ≈ 10−6 as opposed to 10−4), afeature required to ompare the new mirowires to their `onventionally' fabriatedounterparts of other experiments.To ahieve this, primarily the loading of the surfae MOT needs to be analysedand optimised. The number of atoms in the trap has to be enhaned by at least oneorder of magnitude to supply enough atoms for evaporative ooling. A suggestionis to replae the LVIS with a 2D+-MOT, something that an be done by hangingthe magneti on�guration into a 2D quadrupole �eld and reduing the intensityin the vertial trapping beam. The atomi �ux and its veloity distribution hasto be studied and optimised. When the loading of the surfae MOT is found tobe su�ient, the next tasks are to load the atom loud into a MOT reated byurrents in the silver foil layer ombined with the large Bx external oils. In thistrap, the atoms will be ompressed and prepared for the transition into the magnetitrap. This is done by swithing o� the trapping lasers, shining in weak (100 µW)
σ+ polarised on-resonant light to optially pump the atoms into the F = 2, mF =

+2 low �eld seeking state, and hanging the urrent through the silver foil layerfrom the U- into the Z-shape. One the atoms are magnetially trapped, they anbe evaporatively ooled to quantum degeneray (BEC) and then loaded into themagneti trap reated by a urrent in the mirowires. Imaging the BEC evolvinginside the straight, femtoseond laser ablated mirowire will provide data to assessthe spatial noise of the magneti �eld produed by the femtoseond laser ablatedmirowires to an auray ∆B||/Br at least two orders of magnitude better than theMRM.The sulptured mirowire on the atom hip an be used to arefully map short-ranged fores. The soure of the to-be-measured fore would be plaed lose toone of the double-well strutures so that the potential imbalane will result in ameasurable di�erene in ondensed atoms in one of the two wells. At the same time,other wells will be una�eted and an be used as a referene measurement.The sharp threshold for femtoseond laser ablation ould be used in future atomhip fabriation to reate multi-layer mirowire atom hips reliably: Without havingto re-position the hip itself, just by tuning the �uene of the laser pulses, the



CHAPTER 7. CONCLUSION 160ablation depth an be tuned to ablate just ertain layers of a multilayer oatedatom hip. Similarly, a permanent magneti layer ould be ombined with urrentarrying layers to ombine the low thermal heating rate of magneti traps reatedby permanent magneti �lms with the �exibility of manipulation by mirowires withtunable DC and AC urrents.
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Glossary
2D+ MOT A modi�ation of the 2D-MOT where a low-intensity push beam is added to improve thee�ieny and lower the veloity, 1082D-MOT A method of reating two jets of old atomsby omitting one pair of trapping lasers from astandard MOT, 107
A Weak �eld gradient, 13
a Period of the periodi magneti surfae of theatom mirror, 129AFM Atomi fore mirosope, 132AO Analogue output hannel, 101AOM Aousto-opti modulator, 95
α A unitless parameter whih relates the relativestrengths of the orrugations on the two edgesof the wire, 71
α Angle between MTJ sensor and normal of thehip surfae, 59
~B Magneti �eld, 13
b Thikness of the magneti �lm, 129
B⊥ Strength of the magneti �eld produed by aurrent arrying wire, 31179



Glossary 180
B|| Corrugation of the magneti �eld produed bya urrent arrying wire, parallel to this wire,31
B0 Surfae magneti �eld, 129BBO β-barium borate (β-BaB2O4), 41BEC Bose-Einstein ondensate, 8, 27
BG Magnitude of the orrugation of the potentialof a magneti mirror, 135
BOS Magneti o�set �eld parallel to the wire, 22
β Barrier height in double well, 69CCD Charge-oupled devie, 29CIN LabView C interfae node, 106
Γ Deay rate of the exited state, 9
γ Depth of the well, 69
γ Loss rate, 113
γp Sattering rate, 10dark state Hyper�ne level in the ground state that is notresonant to trapping light, 12DI/O Digital input/output hannel, 101DLIB Doppler-free Light Indued Birefringene, 95
∆ Asymmetry in double well, 69
δ Laser detuning, 9
δ′ Correted detuning, 10
|e〉 Exited state of a 2-level system, 9
∆E|F mF 〉 Linear Zeeman shift, 13F Hyper�ne level quantum number of theground state, 12



Glossary 181F' Hyper�ne level quantum number of theexited state, 12FEA Finite element analysis, 73FET Field-e�et transistor, 199Fragmentation The breaking up of old atomi louds due toroughness in the magneti potential bottom,31
|g〉 Ground state of a 2-level system, 9
gF Landé g-fator, 13
η Number of atoms per pixel, 120
h Plank's onstant (6.626×10−34 m2kg/s), 8
~ Redued Plank's onstant (h/2π), 9
I Laser intensity, 10
Isat Saturation Intensity, 10
K Throughput, the amount of gas displaed perseond, 87
~k Wave vetor of the light �eld, 10
k k-vetor of the periodi magneti strutureand deay onstant of the magneti �eld, 129
k wave vetor, 16
kB Boltzmann onstant, 8LVIS Low veloity intense soure of atoms, 107
Λ Mean free path for ollisions, 42
Λ Period of the lower frequeny orrugated edge,70
λ Period of the higher frequeny orrugatededge, 70



Glossary 182
λmaterial Thermal ondutivity of the material, 30
M Mass of one atom, 15
M0 Magnetisation of the magneti material, 129Majorana losses Loss of atoms due to spin�ip beause of non-adiabatial hange in magneti �eld diretion,17
mF Magneti quantum number, 12MFM Magneti fore mirosope, 132MOT Magneto-opti trap, 12MRM Magneto-resistane mirosope, 58MTJ Magneti tunnel juntion, 59
~µ Magneti dipole moment of an atom, 130
µ0 Vauum permeability (4 π 10−7 N/A), 21
µB Bohr magneton (≈ 9.274 × 10−24 J/T), 13
n Number density, 8
N Number of atoms, 112NI National Instruments, 101
Nsat Saturation atom number, 114
OD Optial Density, 119P-LVIS Pyramid LVIS, 108PSD Power spetral density, 32PXI PCI eXtensions for Instrumentation, a modu-lar instrumentation platform, 101
ξ A material spei� parameter governing theinubation e�et in fs ablation, 53
ξ Physial derivation of the edge of the wire, 71



Glossary 183Rb Rubidium, 8
ρ Eletrial resistivity, 29
ρ Phase spae density, 8
S Wire ross setion, 24
s Double well separation, 69
s0 Saturation parameter (I/Isat), 10SEM Sanning eletron mirosope, 32SQUID Superonduting quantum interferene devie,132
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Trc Reoil temperature, 16
τ MOT �ll time, 114
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AppendixB
Numerial Codes
B.1 Monte-Carlo Simulations of the Magneti Mir-ror ExperimentThe following FORTRAN77 ode modells the propagation of atoms in the potentialof the mirror experiment. For this, an atom is reated with a gaussian distribution inspae and veloity aording to typial values observed in the experiment, and thenprogressed in time steps. At eah timestep, the atom is moved in spae aordingto its veloity, and then the veloities are adjusted aording to the fores onto theatom at the partiular position. In the viinity of the mirror, the time resolution ofthis proedure is strongly enhaned to better follow the fast hanging potential inthat region. At regular intervals, the horizontal position of the atom is stored in anarray, mimiking the experimental proedure of `taking an image of the loud'.On a standart O�e PC with a Intel Pentium 4 CPU (2.8 GHz) and 1.5 GBRAM the simulation of 1,000 atoms took about 2 hours. The amount of timerequired should inrease linearly with the number of atoms.
C +------------------------+
C | Calculate the Mirror |
C +------------------------+

PROGRAM mirror
IMPLICIT NONE
REAL pi, e, g
PARAMETER (pi = 3.14159265, e = 2.71828183, g = 9.81)

C +--------------------------------------------------+
C | declaration of variables |
C +--------------------------------------------------+
C | timeStep1 and 2 is in ms (2 is critical region) |
C | numberAtoms is the number of followed atoms |
C | height is the hight of the MOT above the mirror |
C | droptimes is an array of times when a measurement|
C | shall be taken |
C | next is an arbitrary number to remember which |
C | droptime is next |
C | motRadius is in mm, motTemperature in K |188
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C | x and z are in mm, vx and vz are m/s |
C | picture(10x) is the number of atoms at x mm |
C | x, z is the position in mm |
C | vx, vz is the speed in m/s (=mm/ms) |
C | xn and vxn are x and vx if mirror was perfect |
C | cont is set to FALSE if atom misses the mirror |
C | follow is whether trajectories shall be printed |
C

REAL timeStep1, timeStep2
INTEGER numberAtoms
REAL height
INTEGER droptimes(20)
INTEGER next
REAL initialCloudsize
REAL initialVelocityDistribution
REAL bias
DOUBLE PRECISION x, z, r, v, vx, vz, time, vxn, xn
INTEGER picture(20, -150:150), picture2(20, -150:150)
INTEGER i,current
LOGICAL cont, follow
INTEGER px
DOUBLE PRECISION accelX, accelZ, maxAccelX, maxAccelZ
REAL currents(5400), rf

C +----
C | These are actually functions
C +----

DOUBLE PRECISION magAccelX, magAccelZ, myAbs, magField
REAL myrand, gaussrand
LOGICAL mydiv

C +-------------------------+
C | User questions |
C +-------------------------+

numberAtoms = 10000
cc print *, "please enter number of atoms: "
cc read *, numberAtoms

print *, numberAtoms, " atoms will be followed"
initialCloudsize = 1.

cc print *, "initial cloudsize [mm]: "
cc read *, initialCloudsize

initialVelocityDistribution = 3.7
cc print *, "initial velocity distribution [cm/s]: "
cc read *, initialVelocityDistribution

initialVelocityDistribution = initialVelocityDistribution/100
height = 14.

cc print *, "dropheight [mm]: "
cc read *, height

bias = 1.
cc print *, "biasfield (Gauss): "
cc read *, bias

bias = bias/10000.
follow = .TRUE.

cc follow = (numberAtoms .lt. 100)
cc print *, "follow trajectories? (yes=1) "
cc read *, i
cc follow = (i .eq. 1)
C +--------------+
C | Set default |
C +--------------+

timeStep1 = 1e-2
timeStep2 = 1e-5
do i=1, 20

droptimes(i) = 5*i
do px = -150, 150

picture(i, px) = 0
picture2(i, px) = 0

end do
end do
maxAccelX = 0.
maxAccelZ = 0.
i = 0

C +-------------------+
C | begin of the loop |
C +-------------------+

OPEN(UNIT=99, FILE=’/dev/urandom’)
OPEN(UNIT=20, FILE=’error.log’)
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rf = .006
call randomcurrents(currents, rf)

if (follow) then
open (unit=11, file=’trajectories.dat’)

end if
print *, "random currents generated"
print *, "Beginning loop"
do current=1, numberAtoms

cont = .TRUE.
x = gaussrand(initialCloudsize)
xn = x
z = gaussrand(initialCloudsize) + height
vx = gaussrand(initialVelocityDistribution)
vxn = vx
vz = gaussrand(initialVelocityDistribution)
next = 1
time = 0.
if (current.eq.1) then

print *, "starting fall"
end if
do while ((cont) .and. (time.lt.100) .and. (z.gt.0))

C +----
C | Atoms missing the mirror
C +----

if ((z.lt.0.01) .and. ((x.gt.4) .or. (x.lt.-4))) then
cont = .FALSE.
write (20, *) "atom ", current, " off mirror:"
write (20, *) "x:", x, " z:", z, " vx, vz: ", vx, vz
write (20, *) "Field: ", magField (x, z, bias, currents)

end if

C +----
C | Bouncing
C +----

if (z.lt.1e-2) then
if (z.lt.2e-4) then

cont = .FALSE.
write (20, *) "atom ", current, " fell through:"
write (20, *) "x:", x, " z:", z, " vx, vz: ", vx, vz
write (20, *) "Field: ", magField (x, z,bias,currents)

else
time = time + timeStep2
x = x + vx*timeStep2
xn = xn + vxn*timeStep2
z = z + vz*timeStep2
vz = vz - g*timeStep2/1000.
if (z.lt.5e-3) then

accelX = magAccelX(x, z, bias, currents)
if (myAbs(accelX).gt.maxAccelX) then

maxAccelX = myAbs(accelX)
end if
accelZ = magAccelZ(x, z, bias, currents)
if (myAbs(accelZ).gt.maxAccelZ) then

maxAccelZ = myAbs(accelZ)
end if

else
accelX = 0
accelZ = 0

end if
vx = vx + accelX*timeStep2/1000.
vz = vz + accelZ*timeStep2/1000.

end if
else

time = time + timeStep1
x = x + vx*timeStep1
xn = xn + vxn*timeStep1
z = z + vz*timeStep1
vz = vz - g*timeStep1/1000.

end if

cc if (follow) then
cc write (11, *) current, time, x, z, xn
cc end if
C +----
C | Get picture
C +----

if (next.le.20) then
if (time.gt.droptimes(next)) then
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if (x.gt.-15. .and. x.lt.15.) then

px = 150 + (x * 10);
picture(next, px-150) = picture(next, px-150)+1

end if
if (xn.gt.-15. .and. xn.lt.15.) then

px = 150 + (xn * 10);
picture2(next, px-150) = picture2(next, px-150)+1

end if
next = next + 1
if (follow) then
write (11, *) current, time, x, z, xn

end if
end if

end if
end do

if (mydiv(current, numberAtoms/100)) then
print *, (current*100)/numberAtoms, "% finished "

end if
end do

C +----
C | Write out the crossections
C +----

open (unit=10, file=’pictures.dat’)
do next=1, 20

do px = -150, 150
x = px/10.
write (10, *) droptimes(next), x, picture(next, px),

c picture2(next, px)
end do

end do
write (10,*) "# number:", numberAtoms, " bias:", bias*10000,
c " initial:", initialVelocityDistribution*100,
c " randomness of the field: ", rf
close(10)

C +-----+
C | End |
C +-----+

close(99)
if (follow) then

close(11)
end if
CLOSE (20)
print *, ’max. accel. in X:’, maxAccelX, ’ in Z:’, maxAccelZ

C 1001: i/o Format: droptime [ms], x [mm], number of atoms
C (first real, then perfect mirror)
1001 FORMAT (I5, T4, F7.2, T4, I6, T4, I6)
C 1001: trajectories: atom, x, z, xn
1002 FORMAT (I5, T4, F7.2, T4, F7.2, T4, F7.2)
C 1010: random
1010 FORMAT (F10.2)

STOP
END

C +----
C | magnetic force acceleration
C | in Z and X direction
C +----

DOUBLE PRECISION function magAccelZ(x, z, v, currents)
DOUBLE PRECISION x, z
REAL v
REAL currents(5400)
DOUBLE PRECISION pi, e, a, mu, m
PARAMETER (pi = 3.14159265, e = 2.71828183, a = .0015,
c mu = 9.274e-24, m = 1.443e-25)
DOUBLE PRECISION k, deriv, force, magField, field1, field2, dz

k = (2*pi)/a
dz = 1e-5

if ((x.gt.-4) .and. (x.lt.4)) then
field1 = magField(x, z-dz, v, currents)
field2 = magField(x, z+dz, v, currents)
deriv = 1e3 * (field2-field1)/(2*dz)
force = -mu * deriv
magAccelZ = force/m

else
magAccelZ = 0.

end if
RETURN
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END

DOUBLE PRECISION function magAccelX(x, z, v, currents)
DOUBLE PRECISION x, z
REAL v
REAL currents(5400)
DOUBLE PRECISION pi, e, a, mu, m
PARAMETER (pi = 3.14159265, e = 2.71828183, a = .0015,
c mu = 9.274e-24, m = 1.443e-25)
DOUBLE PRECISION k, deriv, force, magField, field1, field2, dx

k = (2*pi)/a
dx = 1e-5
if ((x.gt.-4) .and. (x.lt.4)) then

field1 = magField(x-dx, z, v, currents)
field2 = magField(x+dx, z, v, currents)
deriv = 1e3 * (field2 - field1)/(2*dx)
force = - mu * deriv
magAccelX = force/m

else
magAccelX = 0.

end if
RETURN
END

C +---
C | Enter magnetic field here
C +---

DOUBLE PRECISION FUNCTION magField(x, z, v, currents)
DOUBLE PRECISION x, z
REAL v
REAL currents(5400)
REAL a
PARAMETER (a=.0015)
DOUBLE PRECISION dx, magX, magZ
REAL cur, c
magX = v
magZ = 0
cur = .136

C cur = .06
i = 0
do dx = -4., 4., a

c = cur + currents(i)
i = i+1
call wire(dx-(a/4.)+x, z, c, 4., magX, magZ)
call wire(dx+(a/4.)+x, z, -c, 4., magX, magZ)

end do

call wire(x-5., z, -cur, 5., magX, magZ)
call wire(x+5., z, cur, 5., magX, magZ)
magField = sqrt(magX**2 + magZ**2)
RETURN
END

C +----
C | returns magX, magZ (in Tesla) according to an
C | additional wire (y=-4mm..4mm) at dx and dz
C +----

SUBROUTINE wire(dx, dz, cur, l, magX, magZ)
DOUBLE PRECISION dx, dz, magX, magZ
REAL cur, l
DOUBLE PRECISION mu0, pi
PARAMETER (pi=3.14159265359)
DOUBLE PRECISION b, bx, bz, d
mu0 = 4 * pi * 1e-7
d = sqrt(dx**2 + dz**2)
b = (l/d)*(mu0 * cur)/(2.*pi*sqrt(l**2 + d**2)) * 1000.
bx = -b * dz/d
bz = b * dx/d
magX = magX + bx
magZ = magZ + bz
RETURN
END

cc DOUBLE PRECISION function magField(x, z, v)
cc DOUBLE PRECISION x, z
cc REAL v
cc DOUBLE PRECISION pi, e, a, mu, m
cc PARAMETER (pi = 3.14159265, e = 2.71828183, a = .0015,
cc c mu = 9.274e-24, m = 1.443e-25)
cc DOUBLE PRECISION k, field, fieldX, fieldZ
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cc REAL b0
cc b0 = 500.
C convert Gauss to Tesla
cc b0 = b0/10000.

cc k = (2*pi)/a

cc field = b0*e**(-k*z)*(1.+e**(-2.*k*z)*cos(2.*k*x)/3.)
cc if (v.gt.1e-7) then
cc fieldX=field*sin(k*x)+v
cc fieldZ=field*cos(k*x)
cc field=sqrt(fieldX**2 + fieldZ**2)
cc end if
cc magField = field
cc return
cc END

SUBROUTINE randomcurrents(currents, s)
REAL currents(5400)
INTEGER i
do i=0, 5399

currents(i) = gaussrand(s)
end do
RETURN
END

C +------
C | Produces random number with gaussian distribution
C | d(x) ~= exp(-.5 * (x/sigma)^2)
C +------

REAL function gaussrand(sigma)
REAL sigma
REAL pi, e, g
PARAMETER (pi = 3.14159265, e = 2.71828183, g = 9.81)
REAL x1, x2, y1, y2
REAL myrand

x1 = log(myrand(1.))/.434294481903
x2 = myrand(2*pi)

y1 = sqrt(-2. * x1) * cos(x2)
cc y2 = sqrt(-2. * x1) * sin(x2)

gaussrand = y1/1.514 * sigma
RETURN
END

C +------
C | produces random numbers between 0 and max
C | needs linux /dev/urandom random generator
C +------

REAL function myrand(max)
REAL max
BYTE r1, r2, r3
INTEGER int
REAL RANF

read (99, 1020) r1, r2, r3
int = (r1+128)*2**16 + (r2+128)*2**8 + (r3+128)
myrand = (.0+int)/(2**24) * max

1020 FORMAT(A1, A1, A1)
c alternative: use function below:
cc myrand = max * RANF()

RETURN
END

C +----
C | true, if m is dividable by n
C +----

LOGICAL function mydiv(m, n)
INTEGER m, n
if (n.lt.m) then

if (n.gt.0) then
mydiv = (m.eq.((m/n)*n))

else
mydiv = .TRUE.

end if
else

mydiv = .FALSE.
end if
RETURN
END

C +---
C | myAbs
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C +---

DOUBLE PRECISION function myAbs(x)
DOUBLE PRECISION x
if (x.lt.0) then

myAbs = -x
else

myAbs = x
end if
RETURN
END

C +-----
C | random number generator
C | Source: http://www.physics.unlv.edu/~pang/comp/code211.f
C +-----

REAL FUNCTION RANF()
DATA IA/16807/,IC/2147483647/,IQ/127773/,IR/2836/
COMMON /CSEED/ ISEED

IH = ISEED/IQ
IL = MOD(ISEED,IQ)
IT = IA*IL-IR*IH
IF(IT.GT.0) THEN

ISEED = IT
ELSE

ISEED = IC+IT
END IF
RANF = ISEED/FLOAT(IC)
RETURN
ENDB.2 Calulating the Ablation Laser PathThe following ode for MatLab 7.4.0 (Linux) generates a new list of oordinateswhih trae a path parallel to a given path. This was used to generate the path theablation laser must take over a sample. Assume that the x- and y-oordinates ofthe desired pattern are stored inside two arrays alled xpos and ypos, and that d isthe distane that the laser enter should have to that pattern. Then this ode willgenerate two new arrays nxpos and nypos whih give the oordinates of intersetionsof the parallels of the original pattern at distane d.

% make sure the line is closed
if (xpos(1)~=xpos(end) || ypos(1)~=ypos(end))

xpos = [xpos, xpos(1)];
ypos = [ypos, ypos(1)];

end

todelete = [];
if length(xpos) == length(ypos)
% dx = xpos(2:end)-xpos(1:end-1);
% dy = ypos(2:end)-ypos(1:end-1);

dx = [xpos(2:end),xpos(1)]-xpos;
dy = [ypos(2:end),ypos(1)]-ypos;

% delete identical points
for n = 1:length(dx)-1

if (dx(n)==0 && dy(n)==0)
todelete = [todelete,n];

end
end
dx(todelete)=[];
dy(todelete)=[];
xpos(todelete+1)=[];
ypos(todelete+1)=[];

% calculate the offset-vector
ndx = dx;
ndy = dy;
for n = 1:length(dx)

ndx(n)=-dy(n)/sqrt(dx(n)^2+dy(n)^2)*d;
ndy(n)=dx(n)/sqrt(dx(n)^2+dy(n)^2)*d;
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end

% calculate the interactionpoints
nxpos = xpos;
nypos = ypos;
todelete = [];
for n=1:length(dx)-2

A = [dx(n),-dx(n+1);dy(n),-dy(n+1)];
B = [ndx(n+1)-ndx(n)+xpos(n+1)-xpos(n); ...

ndy(n+1)-ndy(n)+ypos(n+1)-ypos(n)];
a1 = (B’/A’);
if ((a1(1)>0 && a1(2)<2) || nocorrection)

nxpos(n+1) = ndx(n)+xpos(n)+a1(1)*dx(n);
nypos(n+1) = ndy(n)+ypos(n)+a1(1)*dy(n);

else
if (a1(1)<=0)

A = [dx(n-1),-dx(n+1);dy(n-1),-dy(n+1)];
B = [ndx(n+1)-ndx(n-1)+xpos(n+1)-xpos(n-1); ...

ndy(n+1)-ndy(n-1)+ypos(n+1)-ypos(n-1)];
a1 = (B’/A’);
nxpos(n+1) = ndx(n+1)+xpos(n+1)+a1(2)*dx(n+1);
nypos(n+1) = ndy(n+1)+ypos(n+1)+a1(2)*dy(n+1);
todelete = [todelete, n];

else
A = [dx(n),-dx(n+2);dy(n),-dy(n+2)];
B = [ndx(n+2)-ndx(n)+xpos(n+2)-xpos(n); ...

ndy(n+2)-ndy(n)+ypos(n+2)-ypos(n)];
a1 = (B’/A’);
nxpos(n+1) = ndx(n)+xpos(n)+a1(1)*dx(n);
nypos(n+1) = ndy(n)+ypos(n)+a1(1)*dy(n);
todelete = [todelete, n+2];

end
end

end
nxpos(todelete)=[];
nypos(todelete)=[];
A = [dx(end-1),-dx(1);dy(end-1),-dy(1)];
B = [ndx(1)-ndx(end-1)+xpos(1)-xpos(end-1); ...

ndy(1)-ndy(end-1)+ypos(1)-ypos(end-1)];
a1 = (B’/A’);
nxpos(end) = ndx(end-1)+xpos(end-1)+a1(1)*dx(end-1);
nypos(end) = ndy(end-1)+ypos(end-1)+a1(1)*dy(end-1);
nxpos(1) = nxpos(end);
nypos(1) = nypos(end);

endB.3 LabView C Interfae Node to Aess the Prosil-ia GigE CameraThe following C ode is used to ollet the data from the amera and store it in athree dimensional array to be used by the amera ontrol LabView software.
/*
* CIN source file
*/

#include "extcode.h"
#include "PvApi.h"
#include <malloc.h>
#include <stdio.h>
#include <stdlib.h>

/*
* typedefs
*/
#define ReturnParamNum 4
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typedef struct {
int32 dimSizes[3];
uInt16 Value[1];
} TD1;
typedef TD1 **TD1Hdl;

CIN MgErr CINRun(uInt32 *PvErr, uInt32 *TimeOut, uInt32 *CameraHandle,
uInt32 *NumberOfFrames, TD1Hdl ImagesOut);

CIN MgErr CINRun(uInt32 *PvErr, uInt32 *TimeOut, uInt32 *CameraHandle,
uInt32 *NumberOfFrames, TD1Hdl ImagesOut) {

MgErr mgErr = noErr;
tPvFrame* MyFrame = (tPvFrame*) calloc(sizeof(tPvFrame), *NumberOfFrames);
tPvHandle MyCamera = (tPvHandle) *CameraHandle;
unsigned long imageSize;
unsigned long imageWidth;
unsigned long imageHeight;
unsigned long MyError;
unsigned long MyTimeout = *TimeOut;
unsigned int errorHappened = 0;
unsigned int i = 0;
unsigned long x, y, f;
uInt16* MyImageBuffer;
char* DummyString=calloc(sizeof(char), 256);
unsigned long DummyUint16;
tPvFrame* DummyFrame;
unsigned int SizePerPixel;
unsigned int MyPvErr = 0;
uInt16* PointerToArrayElement;
int32 WholeArraySize;

MyTimeout = (MyTimeout == 0) ? PVINFINITE : MyTimeout;

if((MyError = PvAttrUint32Get(MyCamera, "TotalBytesPerFrame", &imageSize))>0) {
MyPvErr = MyError+800;
goto returnLabel;
} // getBytesPerFrame

if((MyError = PvAttrUint32Get(MyCamera, "Width", &imageWidth))>0) {
MyPvErr = MyError + 100;
goto returnLabel;
} // get Width

if((MyError = PvAttrUint32Get(MyCamera, "Height", &imageHeight))>0) {
MyPvErr = MyError + 200;
goto returnLabel;
} // get Height

if((MyError = PvAttrEnumGet(MyCamera, "PixelFormat",
DummyString, 256, &DummyUint16))>0) {

MyPvErr = MyError + 300;
goto returnLabel;
} // get PixelFormat
if(!strcmp(DummyString, "Mono16")) {
SizePerPixel=2;
} // if Mono16
if(!strcmp(DummyString, "Mono8")) {
SizePerPixel=1;
} // if Mono8

for(i = 0; i < *NumberOfFrames; i++) {
if((MyFrame[i].ImageBuffer = malloc(imageSize))!= NULL) {
MyFrame[i].ImageBufferSize = imageSize;

if(errorHappened == 0) {
if((MyError=PvCaptureQueueFrame(MyCamera, &MyFrame[i], NULL))>0) {
MyPvErr = MyError + (10+i)*100;
errorHappened = 1;

} // if QueueFrame successful
} // if !errorHappened
} // if calloc successful
} // for i

if (errorHappened==1) goto returnLabel;

DummyFrame = &MyFrame[*NumberOfFrames-1];
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PvCommandRun(MyCamera, "AcquisitionStart");
if(0<(MyError=PvCaptureWaitForFrameDone(MyCamera, DummyFrame, MyTimeout))) {
MyPvErr = MyError + 900;
PvCommandRun(MyCamera, "AcquisitionStop");
goto returnLabel;
}
PvCommandRun(MyCamera, "AcquisitionStop");

// ( *ImagesOut )->dimSizes[ 2 ] = 0; //imageWidth;
// ( *ImagesOut )->dimSizes[ 1 ] = 0; //imageHeight;
// ( *ImagesOut )->dimSizes[ 0 ] = 0; //*NumberOfFrames;

WholeArraySize = imageWidth * imageHeight * (*NumberOfFrames);

if (mgErr > 0) goto returnLabel;
PointerToArrayElement = ( *ImagesOut )->Value;

for(f = 0; f < *NumberOfFrames; f++) {
if (MyFrame[f].Status == ePvErrSuccess) {

MyImageBuffer = (uInt16*) MyFrame[f].ImageBuffer;
for(x = 0; x < imageWidth; x++) {
for(y = 0; y < imageHeight; y++) {
*PointerToArrayElement = MyImageBuffer[y+x*imageHeight];
PointerToArrayElement++;
} // for y
} // for x
} // if MyFrame[f].Status successful
} // fo f

returnLabel:

for (i=0; i<*NumberOfFrames; i++) {
free(MyFrame[i].ImageBuffer);
} // for i
free(MyFrame);

*PvErr = MyPvErr;

return mgErr;
} // CINRun
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Figure C.1: Frontpanel of the experiment ontrol program.
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Figure C.2: Diagram panel of the experiment ontrol program.



APPENDIX C. LABVIEW PROGRAMS 200

Figure C.3: Frontpanel of the image aquisiton program.
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Figure C.4: Diagram panel of the image aquisiton program.
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Figure D.2: Diagram of the FET driver iruit. These devies are used to omputerontrol an eletri urrent through setting an analogoue output voltage. The urrentiruit is shown on the right side of the diagram: From a power supply it passesthrough the load Rl (for example a oil or a wire on the atom hip), and then into a�eld-e�et transistor (FET). Between the negative output of the power soure andthe FET, a sense resistor Rs. The eletronis tries to equalise the voltage before the
Rs (whih for a �xed Rs is proportional to the urrent) and the voltage setting. Ifthe load has a large indutane, it is advisable to implement a Zener diode settingparallel to the load so that the exessive voltages produed by the indutane uponrapid swithing do not harm the FET.
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Figure D.3: The oils whih generate the quadrupole �eld for the MOT in thetop hamber had several onstraints: They ould not have a diameter larger than90 mm, while having to be spaed at least 126 mm apart, whih is muh more thanthe optimum Anti-Helmholtz on�guration, where the spaing is ¾ of the diameter.To get a similar gradient, a muh higher urrent has to be used, resulting in higherpower dissipation. This was onpensated by water ooling. The water oolinghannel is loated inside the oil mount, as an be seen in the �gure, and was losedof by welding a irular plate with attahed water in- and outlets (not shown).
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