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Abstrat
The exploration of ultraold quantum gases opens up a vast �eld of exiting exper-iments. Having ahieved the �rst Bose-Einstein ondensates and quantum degen-erate Fermi gases, the mixture of those two led to the development of a new �eldof ultraold moleular physis. The reation of heteronulear ground state mole-ules itself is a quest that demands new tehniques and provides new fundamentalinsights in the �eld of moleular and many partile physis. These moleular sys-tems o�er promising possibilities in examining for example the nature of dipolarinterations.Suh heteronulear moleules an be reated by manipulating the diatomi intera-tion with a Feshbah resonane. These resonanes our when an atomi ollisionstate and a quasibound moleular state oinide and an be ontrolled by a mag-neti �eld. The so alled Feshbah moleules are very weakly bound moleulesin the highest vibrational states. Within the present experiment heteronulear
40K-87Rb moleules ould be realized. One of the limiting fators in examiningthese moleules is their short lifetime. It was shown that it is mainly redued dueto ollisions with remaining 87Rb atoms. Therefore it is neessary to remove theresidual 87Rb atoms from the trap after the generation of moleules. To addressthe atoms, one has to bear in mind that the high magneti �eld whih is used toaddress the Feshbah resonane imposes a Zeeman shift on the energy transitionof the 87Rb atoms. A new laser system is needed that an provide these new tran-sition frequenies.This master thesis desribes a laser system that has been realized to address 87Rbatoms at high magneti �elds. The laser is stabilized to a beat signal with a ref-erene laser. An additional mirowave is used to transfer the atoms to a state atwhih they are resonant with the laser. The ombined system uses the advantage ofa highly seletive mirowave transition and the e�ieny of atom removal throughresonant laser light. This ensures a proess that removes residual 87Rb atoms e�-iently without at the same time addressing and destroying the moleules.Having stabilized the Feshbah moleules, the next experimental step is to optiallytransfer the moleules to more deeply bound vibrational levels.i
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Chapter 1
Introdution

A fundamental interest of humans is to �nd out "what holds the world togetherin its inmost folds" as Goethe has put it [1℄. This is also what makes the researhof atomi interations as well as the reation of moleules partiularly interesting.In order to look loser and loser to these phenomena, from a ertain point on,one has to inlude quantum mehanial e�ets. To be able to see these e�ets, theobjet of desire has to be ooled down so that no thermal e�ets overshadow thequantum nature.An often ited anedote desribes how in the beginning of the last entury theyoung student Plank was told by his professor not to study physis beause therewould not be muh left study. Plank did not listen to his professor, and someyears later he was the �rst to introdue so alled energy "quanta" in his famousradiation theory [2℄. This was the dawn of a revolution in physis beyond ompar-ison. The quantum world held many new disoveries and inventions, and yet ledto many unanswered questions.Current researh with ultraold quantum gases tries to gain a basi insight intothe quantum struture of the interations between atoms. Of partiular interestis the generation of ultraold heteronulear moleules whih will open up a �eldwith many possible researh diretions.Fundamental priniples suh as the searh for an eletri dipole moment of the ele-tron, the parity violation and drifts of fundamental physial onstants an be ex-plored [3℄. Another important researh diretion is the investigation of anisotropidipolar interations. The model for the usual sattering proesses an be om-pared to the simple ase of sattering marosopi billiard balls. It is a very shortrange interation. The anisotropi dipole interation however has a muh longerrange. The quest is to ahieve a dipolar gas in the ultraold quantum regime tostudy this interation. First steps in this diretion have been made by ondensinghromium atoms and examining their dipolar behaviour in the group of Pfau [4, 5℄.1



2 Chapter 1. IntrodutionCompared to heteronulear moleules, these dipole moments are relatively smalland many e�ets may not be detetable. This makes the reation of heteronulearmoleules so interesting.A possible appliation other than fundamental researh was suggested by DeMille[6℄. He proposed a sheme for quantum omputation with ultraold dipolar mole-ules.The work to whih the present master thesis projet ontributed was started in2004. The experiment provides a system to examine ultraold quantum degen-erate mixtures of 87Rb and 40K, to manipulate them with Feshbah resonanesand to form heteronulear moleules of the two speies. The present master thesisprojet's main goal was to build a laser system to enhane the lifetime of theseheteronulear moleules by removing rubidium atoms at high magneti �elds.The thesis is strutured as follows:
• The seond hapter gives an overview of the historial development of ultra-old quantum gases. A brief side trip to some theoretial aspets will roundo� the piture of quantum statistis and to onlude the overview, some ma-jor experiments that have taken plae reently will be desribed. This willplae the present experiment into the ontext of the latest researh.
• The third hapter summarizes the experimental setup. It has already beendesribed in previous master and PhD thesis's, therefore only the basiproesses will be desribed. This motivates the experimental work of thismaster projet.
• The fourth hapter desribes the laser system to address 87Rb atoms at highmagneti �elds in detail.
• The �fth hapter presents the results of addressing atoms with the new lasersystem. It shows how the new system was integrated into the experimentand desribes the haraterization and optimization of the new laser system.
• The last hapter gives an outlook on the next steps of the experiment andfuture projets.



Chapter 2
Ultraold quantum gases

2.1 History of quantum statistisThe story of ultraold quantum gases began in 1924. In this year the Indian physi-ist Satyendra Bose sent a paper [7℄ he failed to publish to his already well knownolleague Albert Einstein. In this paper Bose had worked on Plank's radiationlaw and the statistial desription of photons. Inspired by quantum mehanialpriniples that were still in their infanies, he onsidered the quantum states ofphotons as statistially independent instead of the partiles themselves. Fasinatedby this train of thought Einstein not only helped to publish Bose's paper in therenowned journal "Zeitshrift der Physik" but he also enhaned and generalizedBose's theory for ideal gases of idential atoms [8, 9℄.In the ourse of this examination Einstein predited that partiles should theo-retially ondense in the lowest quantum state at very low temperatures. A �rstunderstanding of this proess an be gained by onsidering a theory published byde Broglie not long before whih states that every partile has as well wave-likeharateristis. The lower the temperature, the larger is this wavelength. Dereas-ing the temperature and inreasing the density of a gas will thus lead to averagedistanes between the atoms so small and the de Broglie wavelength so large, thatthe atoms start to overlap. At this point, the so alled Bose-Einstein ondensationsets in.By this time it was not known that partiles an be divided into fermions andbosons depending on their spin states. Remarkably, Einstein's assumption turnedout to be ompletely orret for bosons.At about the same time Pauli, who was working on a ompletely di�erent �eldof physis, the physial explanation of hemial properties of the elements, foundhis famous exlusion priniple [10℄. He used a new degree of freedom to explainthe inonsistene of measured atom spetra in magneti �elds. Pauli inluded this3



4 Chapter 2. Ultraold quantum gasesdegree of freedom, whih was later identi�ed as the eletron spin, to state that:"An entirely non-degenerate energy level is already losed, if it is oupied by asingle eletron; states in ontradition with this postulate have to be exluded".This is how he phrased his exlusion priniple in his Nobel leture [11℄.Based on Pauli's disovery Fermi developed a new quantum statistial model nowknown as Fermi-Dira statistis, whih was in ontradition to the one Einstein haddeveloped together with Bose [12℄. In Fermi's model, a gas whih is ooled downwill �ll up only the quantum states that are allowed by the exlusion priniple evenif the thermal energy would allow for lower states. At very low temperatures thisresults in a so alled quantum degenerate Fermi sea.It was not until 1940 and it was Pauli again, who explained the onnetion betweenthe spin and if a partile follows either Bose-Einstein or Fermi-Dira statistis, [13℄.It turned out that an integer spin (bosons) means that the wave funtion is sym-metri under exhange of indistinguishable partiles and the statistis to be appliedis Bose-Einstein statistis, whereas a half integer spin (fermions) indiates an an-tisymmetrial wave funtion and Fermi-Dira statistis. For a ombined partileit is the total spin that sets the rule whih statistis governs its behaviour.
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Figure 2.1: The di�erent behavior of bosons and fermions at ultraold temperatures.2.1.1 Bosoni and fermioni statistisAs explained above, the di�erene in explaining the quantum behaviour of eitherfermions or bosons depends on the symmetry of the wave funtion. To be able todesribe both systems simultaneously a onstant a is established:



2.1. History of quantum statistis 5
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−1 Bose Einstein statistis
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0 Maxwell Boltzmann statistisWith this onstant, the statistial behaviour an be expressed as

N(ǫi) =
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e(ǫi−µ)/kBT + a
. (2.1)This equation gives the mean oupation number N of a ertain energy level ǫi foreither bosons (a = −1) or fermions (a = 1). At high temperatures T , the onstant

a an be approximated with zero, whih leads to the lassial Maxwell Boltzmanndistribution.In this equation µ is the hemial potential. In a graphi way, it depits the energythat is needed to add another partile to the ensemble and it is impliitly given bythe normalization ondition
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N(ǫi) = N. (2.2)BosonsThe most important di�erene between fermions and bosons is the di�erent be-haviour at sinking temperatures. For onstant partile numbers and sinking tem-perature, the hemial potential has to rise in order to still ful�l the normalizationondition.For bosons, the hemial potential µ is restrited by the ground state energy ǫ0beause otherwise it would ome to a physial meaningless negative oupationnumber of the ground state. The maximum oupation of a thermal energy levelfor µ = ǫ0 is
Nmax(ǫi) =
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. (2.3)Is the amount of thermal atoms less than the total number of atoms in the ensem-ble, the remaining atoms aumulate in the ground state and form a Bose-Einsteinondensate. The number of atoms in the BEC state is therefore
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6 Chapter 2. Ultraold quantum gasesInteresting is the ritial temperature at whih the trapped atom ensemble willstart to ondense. For thermal atoms above the ritial temperature, the kinetienergy is muh larger than the spaing between the energy levels. Therefore dis-rete energy levels an be approximated by the density of states and for the numberof atoms the sum over the energy levels is replaed by an integral over the densityof state. Negleting the ground state energy, the density of state an be written as
g(ǫ) =

ǫ2

2(h̄ωr)2
(2.6)where ωr is the geometri mean trapping frequeny ωr = 3

√
ωxωyωz. Note thatthis approximation fails for a Bose-Einstein ondensed ensemble where the groundstate energy annot be negleted anymore. For the number of atoms in thermallyexited states follows
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dǫ. (2.7)In this equation the hemial potential µ was negleted whih is possible for thermalatoms. The solution to this integral is

Ntherm = ζ(3)
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)3 (2.8)where ζ(3) is the Riemann zeta funtion (ζ(n) =
∑∞

i=1 i−n) whose solution isavailable in table form. For the ritial temperature TC follows
kBTC = h̄ωr
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≈ 0, 94h̄ωrN
1/3. (2.9)With equation (2.4) the amount of ondensed atomsNBEC at a ertain temperature

T an now be estimated to
NBEC = Ntotal
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. (2.10)Another possibility to desribe the phase transition from thermal atoms to Bose-Einstein ondensed atoms is to onsider the phase spae density ρpsd. It desribesthe amount of partiles that are loated in a ube with an edge length that orre-sponds to the de Broglie wave length
λdB =

√

2πh̄2

mkBT
. (2.11)Together with the spatial density of the atoms n, for the phase spae density follows

ρpsd = nλ3
dB. (2.12)



2.1. History of quantum statistis 7For a lassial gas, the phase spae density is a measure of the typial oupationof a one partile state. If the phase spae density is in the order of one, the wavepakets of the atoms begin to overlap and ondensation begins.Calulating the ritial temperature not for a harmoni trap but for a homogeneousdensity distribution leads to
kBTC =

(

n

ζ(3/2)

)2/3
2πh̄2

m
. (2.13)Together with the de Broglie wavelength (2.11), a ritial phase spae density of

ρpsd = ζ(3/2) ≈ 2, 612 (2.14)results.FermionsFor fermions, the hemial potential µ is not restrited by a maximum value andtherefore no marosopi oupation of a state is possible. Following the oupationequation for fermions
N(ǫi) =

1

e(ǫi−µ)/kBT + 1
, (2.15)the maximum oupation of a state is one. This orresponds to the Pauli exlusionpriniple and is based on the fat that fermioni wave funtions are anti symmetrifor the exhange of two idential partiles.Analog to the desription of bosons in a harmoni trapping potential and in on-sideration of the Fermi-Dira statistis follows for the oupation of thermal statesin an ideal Fermi gas
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2(h̄ωr)2
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e(ǫ)/kBT + 1
dǫ. (2.16)For T=0, an oupation probability of all states up to an energy EF that is de�nedby

EF = µ(T = 0, N) = h̄ωr(6N)1/3 (2.17)is equal to one and zero for all states above. At very old temperatures the lowestenergy states will be �lled up bit by bit up to the limiting Fermi energy. There is nophase transition as for bosons, but a ontinuous hange to the quantum degenerateregime takes plae and so there is no well de�ned ritial temperature. The Fermitemperature TF is de�ned by the Fermi energy
kBTF = EF = h̄ωr(6N)1/3. (2.18)
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Figure 2.2: Zero temperature Fermi distribution2.2 Experimental development towards ultraoldquantum gases2.2.1 From bosons to a BECNow that the theoretial part was made, the experimentalists had to draw level.Einstein himself never believed that the obsure state of ondensation he preditedwould ever be deteted experimentally. He did not expet the enormous ambitionsof the following generation of physiists.The last entury o�ered a vast amount of exiting disoveries to the physial world,of whih some have ontributed diretly and some indiretly to the developmentof an experimental on�rmation of the existene of ultraold quantum gases.Already in 1938, experiments with ooled liquid helium led to the onnetion be-tween super�uidity and Einstein's predition of the Bose-Einstein ondensation,[14℄, [15℄. Due to the heavy interation between helium moleules in the liquidstate, no further ondensation experiments where possible. It beame lear thatonly a dilute atomi gas would lead to the expeted result. Dilute gases are har-aterized by the fat that the density is muh dereased (about a million timessmaller than the density of air), so that interations between the atoms beometoo small to assist the formation of a liquid and subsequent a solid at lower temper-ature. It is not ompletely avoided but delayed, omparable to superooled water.For the ahievement of quantum degeneray, whih depends on the density as well,it follows that the temperature needs to be dereased even further, to values in theregime of nanokelvin.The development of the �rst laser in 1960 paved the way for the usage of radiationpressure on atoms. This proess has been predited already in 1876, as a result ofMaxwell's equations. It ould be on�rmed experimentally in 1901 by the Russian



2.2. Experimental development towards ultraold quantum gases 9physiist Lebedev [16℄. In 1975, the �rst suggestions to use the fore of laser lightto slow down atoms and thus ool an ensemble were made by Hänsh and Shawlow[17℄. The basi priniple of laser ooling is to diret a laser beam to an ensemble ofatoms, so that absorbing a photon from a �xed diretion and emitting it randomlyleads statistially to a direted momentum transfer. Considering the Doppler shiftby detuning the laser frequeny and using laser beams for all spatial diretions, theensemble of atoms will be e�etively ooled down. For this tehnique, the Nobelprize was awarded in 1997 to Steven Chu, Claude Cohen-Tannoudji and WilliamPhillips.Laser ooling on�ne the atoms in the momentum spae. To trap them spatially,magneti traps were developed, and ombined with laser ooling, the �rst mag-neto optial trap (MOT) was onstruted in 1987, [18℄. Its temperature limit is theDoppler limit whih depends on the random walk movement of sattered atomsand the shot noise of the laser light. Virtually by aident, the group of WilliamPhillips found that for polarized laser beams in the optial molasses the atoms anbe ooled down below the Doppler limit due to an e�et now alled polarizationgradient ooling, [19℄, [20℄.Although identi�ed as the most promising tehnique, temperatures that ould bereahed with laser ooling in a MOT were still not low enough to reah the regimeof quantum degeneray. Another ooling tehnique needed to be found, and wasfound with the fairly simple priniple of evaporation ooling. It is the same meh-anism that ools a up of o�ee, by evaporating the hottest atoms from the top ofa potential while the whole ensemble dereases in temperature after rethermaliza-tion, [21℄.The �rst Bose-Einstein ondensates were ahieved in 1995 by the groups of EriCornell and Carl Wieman, [22℄, and Wolfgang Ketterle, [23℄ who were awarded theNobel prize in 2001. Sine the �rst BECs, lots of di�erent and exiting experimentshave developed all around the world.2.2.2 Quantum degenerate fermionsDuring the thrilling rae for the �rst BEC, the researh on fermions was somewhatnegleted. The experienes gained by working with ultraold bosons made fermi-ons even more unattrative for several reasons. The most important one is thefat that the tehnique of evaporative ooling does not work for fermions at verylow temperatures sine the temperature redution is based on the fat that afterevaporation of the hottest atoms, the remaining ensemble needs to rethermalizedue to ollisions. For fermions at low temperatures, the Pauli exlusion prinipleforbids these rethermalizing ollisions and the ooling e�et is not present anymore. Another problem is the lak of stable fermioni isotopes in alkali elements.
40K is essentially stable with a half life of 109 years, but unfortunately it has anatural abundane of only 0,012 %.



10 Chapter 2. Ultraold quantum gasesThese problems had to be overome and 4 years after the �rst BEC, the group ofDebbie Jin ahieved the �rst quantum degenerate Fermi gas [24℄. They developeda soure of potassium that had a higher abundane of the isotope 40K of 4,5 % [25℄and to use the tehnique of evaporative ooling they prepared 40K in di�erent spinstates of the hyper�ne state 9
2
. The exlusion priniple only prohibits ollisionsbetween atoms in the same spin state, while atoms with di�erent spin state anollide and thus rethermalize.Shortly after this �rst suess, other groups ould report on trapping and ooling

6Li atoms to quantum degeneray [26, 27, 28℄. Instead of another spin state ofthe same atom, these experiments used another isotope. Bosoni 7Li was usedto rethermalize with the fermioni 6Li during evaporation, a tehnique that hasbeome known as sympatheti ooling.Sympatheti ooling ould as well be demonstrated for 40K with bosoni 8787Rb[29℄. A 87Rb BEC emerging from a 40K Fermi sea was ahieved with this tehnique.It is as well the ombination of elements that is used in this experiment.2.3 Mixtures of ultraold quantum gasesHaving ahieved both bosoni and fermioni quantum degenerate gases, the ideaof mixing those two ours quite naturally. Several exiting e�ets are expetedand need to be examined experimentally. The formation of ultraold moleules,onsequently moleular BECs, the exploration of ompletely new quantum phasetransitions, and heteronulear moleules that o�er promising opportunities in re-searhing dipolar interations, were on their way.A powerful tool that paved the way to experimentally examine and manipulatequantum degenerate gases is the so alled Feshbah resonanes [30℄. Feshbah res-onanes our when a state of two freely olliding atoms ouples resonantly witha quasibound moleular state.In a BEC of sodium atoms theses resonanes were by the group of Ketterle 1998[31℄. The BEC was optially trapped in a far detuned optial dipole trap to enablea freely tuneable homogeneous magneti �eld whih is used to tune the Feshbahresonane. Feshbah resonanes are haraterized due to freely adjustable sat-tering properties of two olliding atoms and thus o�er a ompletely new way ofmanipulating atomi interations. The �rst Feshbah resonane for a fermioniquantum degenerate gas was found by the group of Jin 2002 [32℄.With this new tehnique at hand, many exiting experiments in the quantum worldan be realized. By tuning the sattering properties from repulsive to attrative,ultraold moleules an be formed. The �rst to realize the formation of bosonimoleules from a BEC of 85Rb atoms was C. Wieman in 2002 [33℄. This was fol-lowed shortly after by the reation of ultraold moleules from a Fermi gas of 40Katoms by D. Jin [34℄. Moleules of other fermioni speies followed [35, 36℄. Sinefermions naturally form bosons when ombined, not only ultraold moleules but



2.3. Mixtures of ultraold quantum gases 11moleular BECs were reated from Fermi gases [37, 35, 38℄.A partiular interesting and interdisiplinary researh topi is the BEC-BCS ross-over. It is a ombination of Bose-Einstein ondensation and the theory of Bardeen,Cooper and Shrie�er, that explains solid state superondutivity by the forma-tion of eletroni Cooper pairs [39℄. This theory was expanded to Cooper pairing offermions in general. The BEC-BCS rossover appears in the viinity of a Feshbahresonane. On the BEC side of the resonane, the sattering properties are repul-sive whih leads to the formation of moleules as mentioned before, whereas on theother side, the attrative properties inhibit the formation of moleules. The for-mation of fermioni pairs an therefore be attributed to Cooper-pairing, as in solidstate superondutivity. This leads to a novel approah to understand intriguingproblems of other researh �elds suh as superondutivity and super�uidity byexamining the quantum behaviour of ultraold gases. Sine the �rst experimentsin 2004 [40, 41, 42, 43℄, many other experiments fous on this topi.Optial latties have always played an important role in manipulating ultraoldgases. By produing a standing light wave, a periodi potential is reated in whihatoms an be trapped. Optial latties play a key role in simulating struturesthat an be used as preise models for solid state theory. For example are Fermi-ons in an optial lattie a showase analogy for an eletron gas in a solid body.This has been examined extensively [44, 45, 46, 47, 48℄ Bose-Fermi mixtures havealso been loaded into optial latties. It ould be shown that quantum degeneratefermions are transported in a one dimensional lattie due to the interation withbosons [49℄. The �rst heteronulear Feshbah moleules were reated in a threedimensional optial lattie in 2006 [50℄. These moleules were made of 87Rb und
40K. Parallel to these Bose-Fermi moleules, heteronulear Bose-Bose moleules of
85Rb and 87Rb were reated [51℄.The present experiment has been built up in the ourse of the researh for dipoleinterations to provide ultraold heteronulear moleules of 87Rb und 40K in aharmoni trap.
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Chapter 3
Introdution to the K-RbExperiment

This hapter will give an overview of the whole experimental setup that has beenbuilt up the last 4 years. Due to the omplexity of the experiment and beause ithas already been desribed in detail before, see [52, 53, 54℄, this hapter will notfous on ompleteness but on the omprehensibility of the system.The hapter is divided into parts that follow the hronologial sequene of theexperiment. First, the magneto optial trap (MOT) where the atoms are trappedand preooled is desribed. The vauum ell of the MOT is spatially separatedfrom the experimental ell where better vauum and optial aess an be realized.After preparing the atoms in the right spin state, a moveable magneti trap trans-fers the atom ensemble mehanially from the MOT ell to the experimental ell.Here it is loaded into a magneti QUIC trap, where radiofrequeny evaporativeooling for the bosons and sympatheti ooling for the fermion lead to tempera-tures of the ensemble of about 1µK. To preisely adjust the position of the atomensemble in the trap, a tehnique of magneti transport has been developed. Forfurther experiments, an optial dipole trap is used to on�ne the atoms. In thistrap, the atoms are then ooled down to quantum degeneray. The generationand alibration of a homogeneous magneti �eld is explained, whih is used forontrolling Feshbah resonanes. Finally, some renewals to the existing system aredesribed that have been ontributed during this master projet.3.1 Magneto-optial trapThe priniple of a magneto-optial trap bases on the tehnique of laser oolingpaired with the spatial on�nement of a magneti trap.Laser ooling uses the fat that photons transfer momentum on atoms. If an atom13
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Figure 3.1: Magneto-optial trap with magneti oils in anti Helmholtz on�guration andsix laser beams.absorbs photons from a ertain �xed diretion while the emission is randomlydistributed over all diretions, the average momentum transfer will impose a di-reted fore onto the atom. The resulting fore of two direted beams in oppositediretions is F± = ± h̄kΓ

2

I/I0

1 + I/I0 + (2(δL ∓ |kv|)/Γ)2
(3.1)for eah beam respetively. It depends on the deay rate Γ, the ratio betweenlaser intensity and saturation intensity I/I0, the detuning of the laser omparedto the resonane frequeny δL = ω − ω0 and the Doppler shift |kv| that inludesthe motion of the atoms with veloity v and diretion k.The total fore that is imposed on the atoms isFtot = F+ + F−

=
h̄kΓ

2

[

I/I0

1 + I/I0 + (2δ+/Γ)2
− I/I0

1 + I/I0 + (2δ−/Γ)2

]

. (3.2)In this equation the omplete detuning is δ± = δL∓|kv|. The veloity and detuningdependene of the fore leads to an aeleration of the atoms for blue detuning ofthe laser frequeny (δL > 0), while for red detuning (δL < 0) the fore ats againstthe diretion of the atom veloity and results in a deeleration of the atoms. Thisdeelerating fore is only e�etive for low atom veloities as indiated in �gure 3.2.By shining six red detuned laser beams onto an ensemble of atoms and thusovering eah spatial diretion, the atoms are e�etively slowed down and theensemble is ooled. This temperature is limited to the fat that the momentumtransfer from a photon to an atom an only statistially be onsidered direted.This means that for eah single photon that is absorbed or emitted, the atom
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force F

velocity v

Figure 3.2: Illustration of the veloity dependene of the fore, for a red detuned laser.In the marked veloity region the fore ats as a linear braking fore: F = −αv.obtains a random momentum and performs a random walk motion. The resultingDoppler temperature Tdop limits the ooling proess.
Tdop =

h̄Γ

2kB

. (3.3)It is proportional to the deay rate Γ of the exited energy level.By adding a magneti �eld to the laser ooled atoms, it is possible to on�ne theooled atoms to the middle of the trap. The Zeeman e�et will split the energylevels to their magneti sublevels mF depending on the strength of the magneti�eld
E = mF gF µBB (3.4)with µB the Bohr magneton, gF the gyromagneti fator, mF the magneti sub-level quantum number, and B the external magneti �eld. The Zeeman e�et isexplained in more detail in setion 4.1.This leads to the e�et that the resonane of the transition with the laser fre-queny is shifted as well. By realizing a linear inhomogeneous magneti �eld thatis zero in the middle of the trap, the atoms will be resonant to the laser dependingon their position. Splitting into magneti sublevels results also in a polarizationdependene of the transition. To address a transition that has a positive hangeof the mJ quantum number (∆mJ = +1), right irular polarized light is needed,respetively with a negative hange (∆mJ = −1) and left irular polarized light.Linear polarized light an only address transitions that have the same mJ quantumnumber (∆mJ = 0).To address the highest energeti quantum level of an atom in the negative magneti�eld region, the laser beam has to be polarized right irular and in the positivemagneti �eld region respetively left irular. The fore that is applied to theatom is the same as in equation 3.1 exept for an additional detuning term δB dueto the frequeny shift of the magneti �eld.
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B. Left irular polarized light drives a transition with ∆m = −1 and right irularpolarized light drives a transition with ∆m = +1. The diretion of the resulting fore isindiated.3.1.1 Experimental setup of the MOTThe experiment is loated on two tables, one ontaining the lasers and neessaryoptial omponents ("optis table") and one for the vauum hamber ("vauumtable"). The laser light is delivered to the vauum hamber by optial �bers. Thishas the advantage of an easier readjustment on eah side in ase of hanges of theexperimental apparatus.Laser systemFor ooling and trapping 87Rb two laser frequenies are needed, one to address theooling transition |F = 2〉 ↔ |F ′ = 3〉, and one to repump atoms from the |F = 1〉state to |F ′ = 2〉. Figure 3.4 shows the Hyper�ne struture of 87Rb in the 52S1/2ground state and in the 52P3/2 exited state. The arrows indiate the ooling andthe repumping transition whih are used for operating the MOT.The 40K transition for ooling and repumping, as depited in �gure 3.5, are only1285 MHz apart, a distane that an be overome with aousto opti modulators(AOM). Therefore only one laser is needed. The laser system for potassium isdesribed extensively in [54℄. The laser itself was reently replaed and the newdesign will be desribed more detailed in setion 3.9.1.The lasers in use for the magneto-optial trap are diode lasers with externalavities (ECDL) stabilized to a Doppler free saturation spetrosopy signal. With
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Figure 3.4: 87Rb �ne and hyper�ne struturewith indiated laser transitions
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F

7/2

9/2Figure 3.5: 40K �ne and hyper�nestruture with indiated laser tran-sitionsAOMs the lasers an be operated fast and freely adjusted to di�erent frequenies.Table 3.1.1 shows the di�erent transitions, the detuning and the laser output powerwith whih the experiment is operated. To ensure a suitable small laser linewidth,transition det. power
87Rb 52S1/2 → 52P3/2 [MHz℄ [mW℄ooling laser F = 2 → F ′ = 3 −26 360repumping laser F = 1 → F ′ = 2 0 20detetion F = 2 → F ′ = 3 0 0,5molasses F = 2 → F ′ = 3 −80 250opt. pumping F = 2 → F ′ = 3 +10 0,5transition det power
40K 42S1/2 → 42P3/2 [MHz℄ [mW℄ooling laser F = 9/2 → F ′ = 11/2 −34 360repumping laser F = 7/2 → F ′ = 9/2 0 90detetion F = 9/2 → F ′ = 11/2 0 0,7molasses F = 9/2 → F ′ = 11/2 −18 360opt. pumping F = 9/2 → F ′ = 9/2 +32 0,3Table 3.1: Overview of the laser frequenies and output power for operating the experi-ment with 87Rb and 40K.new urrent ontrollers [55℄ were installed in the ourse of this master thesis. They



18 Chapter 3. Introdution to the K-Rb Experimentare desribed in setion 3.9.2.Figure 3.6 depits the shemati set up of the optis table. The ooling laser servesfour di�erent purposes, the �rst of ourse is to address the ooling transition forthe MOT, the seond is to provide light for optial pumping, the third is to detet
87Rb atoms in the |F = 2〉 state and the last is to provide light for a beat signalwith the high detetion laser whih will be desribed detailed in hapter 4. Itis superimposed with the repumping laser to injet a tapered ampli�er (TA) toinrease the output power. For the detetion of the 87Rb |F = 1〉 state, a smallamount of light is branhed o� the repumping laser.The 40K laser is preampli�ed with a TA, and to lean spatial mode it is guidedthrough a single mode �ber. Then it is divided into ooling and repumping light.Both beams are ampli�ed again with another TA and then superimposed with theooling and repumping beams for 87Rb on to a �ber that guides the light to theMOT. For 40K detetion and optial pumping, light of the 40K ooling laser isbranhed o� and superimposed with 87Rb light of the same purpose.
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mechanical transportFigure 3.7: Shemati illustration of the vauum system [53℄.Vauum systemThe vauum hamber is divided into two parts, one for the MOT where a vauumof ∼ 10−9mbar an be ahieved, and a seond where the atual experiments takeplae at a vauum of ∼ 10−11mbar, alled "siene ell". These two parts areseparated by a di�erential pumping stage. This divison has the advantage thatwhile the MOT is loaded from bakground gas of 40K and 87Rb atoms in the MOTell at a higher pressure, the sattering e�ets with bakground gas are highlyredued in the siene ell and provide the appropriate onditions to ool downthe atoms. This design also provides optimal optial aess to the siene ell.Two ion getter pumps at eah ell provide the needed pumping power to sustainthe vauum.The atomi bakground gas is released by dispensers [25℄ that are loated in theMOT region. It is su�ient to heat the dispensers about one a week by passing aurrent through them. In addition a tehnique to quikly raise the bakground gaspressure to load the MOT, alled light indued atom desorption (LIAD) tehniqueis employed. Ultraviolet light is used to desorb atoms whih are attahed to theell walls. This strongly inreases the bakground gas pressure for the time theUV light is swithed on. The methode is desribe in detail in [56℄.In the MOT, atom numbers of 8 · 109 for 87Rb and 1 · 108 for 40K are ahieved.Cooling below the Doppler limitTo ool down the atoms below the Doppler limit, a tehnique has been developedthat is alled polarization gradient ooling. It is based on spatial variable light�elds indued by superimposes laser beams that generate a shift of the atomienergy levels. This shift an be desribed in the dressed atom piture [20℄.



20 Chapter 3. Introdution to the K-Rb ExperimentThere are di�erent approahes to realize polarization gradient ooling. The oneused in this experiment has an arrangement of two ounter propagating laser beamswith left and right irular polarization respetively. This results into a linearpolarized light �eld whose polarization rotates around the axis of the ~k vetor.Desriptively desribed, this arrangement reates di�erent oupation probabilitiesfor the ground state level depending on the motion diretion of the atoms. Thisresults in di�erent absorption probabilities for left and right irular polarized light.Averaged over time, the atoms absorb ounterpropagating photons more often andthus, are slowed down.The temperature that an be reahed is again limited, this time by the reoil energyof a single spontaneous emission proess
Erec =

(h̄k)2

2m
. (3.5)With this energy, the so alled reoil limit temperature is

Trec =
Erec

kB

=
(h̄k)2

2mkB

. (3.6)It is the last spontaneous emission of a ooling proess that leaves the momentum
h̄k to the atom.To ool down the atoms down to the reoil limit in the experiment, a period with apure optial molasses without magneti trap follows the MOT period. The MOTlight is used to produe the red detuned, ontrary irular polarized laser beamsin opposite diretions that are needed for polarization gradient ooling.3.2 Optial pumping and mehanial transfer tothe siene ellIn a magneti quadrupole trap only so alled low �eld seeking atoms an betrapped. These atoms have a positive produt of their gyromagneti fator andmagneti sublevel number and therefore they are attrated to the lowest magneti�eld in the middle of the trap. During the MOT phase the atoms are in a mixtureof di�erent spin states. Optial pumping is used to prepare the atoms in a spinpolarized mixture. For 87Rb the atoms are prepared in the |F = 2,mF = 2〉 state,the 40K atoms are prepared in the |F = 9/2,mF = 9/2〉 state. For optial pump-ing, MOT laser beams and magneti �eld are swith o�, and a linear magneti�eld of 1G and the pump laser light is applied.After the optial pumping, the atoms are trapped by a quadrupole potential pro-vided by the same oils that were used to operate the MOT. To ompress theatoms spatially in the trap, the magneti �eld is inreased. The size of the atomi



3.3. Magneti trap in QUIC design 21loud is limited due to the fat that it has to �t through the di�erential pumpingstage in the following transport to the siene ell.The two oils that generate the quadrupole trap are mounted on a movable trans-port rail. This transport system transfers the oils, and hene the trapped atomiloud from the MOT ell through the di�erential pumping stage to the siene ellwhere the atual experiments take plae.
3.3 Magneti trap in QUIC designAtoms in the middle of a quadrupole trap where B = 0 an hange their spin states.This proess is alled a Majorana spin �ip [57℄. These atoms are lost from the trapif they are no longer in low �eld seeking states. This e�et is insigni�ant forthermal louds, sine the density in the middle of the trap is too low. Therefore aquadrupole trap was used for the transport between the two ells without exessiveloss of atoms. However, it does beome a problem for very old louds of atoms,in partiular during evaporative and sympatheti ooling. Therefore, a magnetio�set �eld in the trap enter is needed.This o�set is added by another oil that expands the trap to a Quadrupole-Io�e-on�guration (QUIC) trap [58℄. The setup of the qui trap is shown in �gure 3.8.Adding the magneti �eld of a QUIC oil to the magneti �eld that is generated

quadrupole
coils QUIC coil

Figure 3.8: Sheme of magneti trap in QUIC on�guration. It onsists of two quadrupoleoils in anti Helmholtz on�guration and an additional QUIC oil. The yellow arrowsindiate the diretion of the urrent �ow [52℄.by two quadrupole oils in anti Helmholtz on�guration will lead to a deformationof the quadrupole �eld and a shift of its minimum. From a ertain urrent valueon, the ombined magneti �eld forms a harmoni potential with an o�set. In aseof this experiment, the urrent value is 25 A for all three oils and the generatedo�set is 1,5 G. It is an advantage of this design that the urrent has to be the samefor all three oils. They an be onneted in series whih redues the noise of theo�set �eld and a stable o�set �eld is important to avoid �utuations in the trap.



22 Chapter 3. Introdution to the K-Rb Experiment3.4 Evaporative and sympatheti oolingTo derease the temperature of the atoms in the magneti trap, the hottest atomsare removed from the trap and after a period of rethermalization, the ensemblehas a older temperature. This is the priniple of so alled evaporative ooling. Itis the same proess that ools down a up of o�ee. The hottest atoms evaporateout of the up and leave behind older atoms. A main requirement for this ool-ing proess is rethermalization, meaning the energeti equalization of the left overatoms by elasti ollisions. On average all atoms will have less energy after thatand the ensemble has been e�etively ooled.At low temperatures, this method only works well for the bosoni 87Rb, sinerethermalization ollisions are forbidden for the fermioni 40K. Instead, they areooled by sympatheti ooling, whih means that the older 87Rb atoms funtion asa ooling gas for 40K. By heteronulear ollision between the two atomi speies,whih are not forbidden, the 40K atoms adjust to the temperature of the 87Rbatoms.

Figure 3.9: Zeeman splitting of magneti trapped 40K and 87Rb. The RF frequenyphoton (red arrow) addresses 87Rb atoms on the edge of the ensemble, and thus removesthe hottest 87Rb atoms evaporatively, but does not a�et 40K atoms [54℄.To remove the hottest 87Rb atoms, one an assume that they have a largerpossibility of being loated in the high energeti regions of the trapping poten-tial. They pereive the highest magneti �eld and thus, have the largest Zee-man splitting of their spin states. It is taken advantage of this fat by gen-erating spin hanging radio frequeny (RF) photons that are only resonant tothese hotter atoms in the outer parts of the potential. Driving the transition
|F = 2,mF = 2〉 → |mF = 1〉 → |mF = 0〉 will lead to a non trappable spin stateand thus, the loss of 87Rb atoms.
40K atoms are not a�eted by this method beause the same RF photon is not res-onant to any 40K transition as an be seen in �gure 3.9. Therefore no 40K atoms



3.5. Magneti transport 23are lost during this proess.In the experiment the number of atoms that are ooled down to quantum degen-eray at about 450 nK are 1, 3 · 106 for 87Rb and 1, 3 · 106 for 40K.3.5 Magneti transportThe following steps of the experiment inlude transferring the atoms into an optialdipole trap and then applying a homogeneous magneti �eld to the atoms. Onethe atoms are trapped in the dipole trap, it is onvenient to use the quadrupoleoils of the magneti trap in Helmholtz on�guration to generate a homogeneous�eld. The problem is that this �eld is only homogeneous in the middle of the twoquadrupole oils, and as explained in setion 3.3, the QUIC trap has a trappingpotential minimum that is shifted ompared to the middle of the quadrupole oils.The atomi ensemble trapped in the potential minimumwould therefore be exposedto a magneti gradient. To avoid this e�et, the atoms are transported to themiddle of the quadrupole oils. A ompletely new method was developed to ahievethis transport and by these means, a unique method to ontrol and manipulateultraold quantum gases evolved [59℄.In priniple the transport is ahieved by superimposing an extra quadrupole �eldon the QUIC trap that leads to a ombined trapping potential whose minimum isshifted bak to the middle of the original quadrupole oils.To generate this additional �eld, the transport oils are used. With the transport
magnetic field
quadrupole coils QUIC coil

transport
quadrupole coils

Figure 3.10: Shemati illustration of the magneti oil on�guration for the transport.The arrows mark the urrent that �ows through the oils to generate the magneti �elds[52℄.rail on whih the oils are mounted, a positioning preision of 5 µm is possible.It is neessary to arefully alulate the needed urrents for the �ve oils to avoidheating and loss of atoms. A higher o�set �eld favors the loss-free transportbeause it lowers the trap frequenies and thus, density dependent loss is avoided.Figure 3.11 shows the simulated urrent values for the two quadrupole oil pairs



24 Chapter 3. Introdution to the K-Rb Experimentand the QUIC oil. While the urrent of the transfer oils is gradually inreased,the urrent for the quadrupole oils of the magneti trap is dereased. The graphfor the QUIC oil shows the additional urrent that is needed to inrease the o�set�eld.
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Figure 3.11: Simulation of the urrents for the di�erent oils to ahieve a loss-free mag-neti transport [52℄.3.6 Optial dipole trapFor the following experiments, it is neessary to apply a homogeneous magneti�eld to the atoms. Therefore, a magneti trap annot be used to on�ne the atoms.Instead, a dipole trap will be used. The dipole trap is based on the dipole fore,whih depends on the interation of a far detuned light �eld with the dipole mo-ments of the atoms. The light �eld is not resonant with any atomi transitionand thus, does not lead to a light pressure fore on the atoms as for laser ool-ing. Instead, in the dressed atom piture, a spae dependent shift of the statesis indued, and a fore along the intensity gradient of the light �eld is produed.The optial dipole trap has been proposed in 1978 by Ashkin [60℄ and was realizedexperimentally by the group of S. Chu in 1986 [61℄.3.6.1 Optial dipole fore and potentialTo obtain the basi idea of the optial dipole fore, one an onsider an atom thatinterats with laser light [62℄. The eletri �eld E initiates an osillating atomi



3.6. Optial dipole trap 25dipole moment with an amplitude p̃ that is proportional to the amplitude of theeletri �eld Ẽ

p̃ = αẼ (3.7)where α is the omplex polarizability of the atom, depending on the driving fre-queny of the eletri �eld ω. The potential is
Udip = −1

2
〈pE〉 = − 1

2ǫ0c
Re(α)I. (3.8)Thus, the potential is proportional to the intensity I = 2ǫ0c|Ẽ|2 of the eletri�eld. Sine a onservative fore is the negative gradient of a potential, it is obviousthat the dipole fore is proportional to the gradient of the intensity

Fdip = −∇Udip =
1

2ǫ0c
Re(α)∇I. (3.9)These equations are very general. To obtain a more aurate view on the dipolefore, one has to examine the polarizability α in more detail.In the semilassial piture, one an assume the atom to be a two level quantumsystem that interats with a lassial eletri �eld. Negleting saturation e�ets,it an be shown that the polarizability is

α = 6πǫ0c
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
(3.10)where ωo is the resonane frequeny and Γ is the damping rate that is determinedby the dipole matrix element between ground and exited state.Inserting this into formula 3.8 and using the rotating wave approximation that anbe applied for detunings ∆ = ω − ω0 that are small ompared to the resonanefrequeny, |∆| ≪ ω0, will lead to the following dipole potential

Udip =
3πc2

2ω3
0

Γ

∆
I. (3.11)This is the basi equation that an be used to desribe the potential of far-detunedoptial dipole traps. It depits two major fats of dipole traps:The potential sales with intensity I and detuning ∆. It means that the greater thedetuning is hosen, for example to avoid resonane e�ets on the trapped atoms,the greater the intensity has to be to balane out the derease in potential.The sign of detuning indiates the type of dipole trap, either blue or red detuned.For the more ommon red detuned dipole trap, the detuning ∆ is negative, whihleads to a negative dipole potential and thus, an interation that attrats atomsinto the light �eld.
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Figure 3.12: The interation of the red detuned light �eld with the atomi dipole momentgenerates a fore that is direted to the intensity gradient [54℄.3.6.2 Experimental realization of the dipole trapIn the present experiment, a Nd:Yag laser (Mephisto, Innolight) at 1064 nm witha maximum output power of 2 W and a linewidth of 10 kHz is used. To obtainan approximately harmoni three dimensional trapping potential, a rossed beamdipole trap was realized.The output of the laser is divided at a beamsplitter ube and eah beam passesa 80 MHz AOM, that is used to stabilize the intensity of the beam. A small partof eah beam is measured by a photo diode. This signal is used to ontrol thepower in the two AOMs. To avoid interferene e�ets in the intersetion of thetwo beams, a frequeny di�erene is realized by using the 1. order after the AOMfor one beam and the -1. order for the other one. To ahieve a good beam pro�le,the two beams pass polarization maintaining �bers. The beams are foussed ontothe middle of the magneti trap by a f = 250mm ahromati lens that produes awaist of 24, 8µm in the horizontal diretion and by a f = 600mm ahromati lensand a waist of 59, 5µm in the vertial diretion.By adjusting the power of the two beams, the trapping potential an be manip-ulated. The dipole trap is swithed on while the magneti trap is still running.High power in the beams assures a deep trap to load as many atoms as possibleinto the dipole trap. The magneti trap is then swithed o�. Reduing the powerin the two beams leads to a relaxation of the trap and a loss of the hottest atoms.This evaporation with a following phase of rethermalization ools the atoms downto almost the region of quantum degeneray.3.7 Spin preparationIn a dipole trap, the spin states of the atoms an be hosen freely. To examine het-eronulear Feshbah resonanes, both atomi speies are transferred to the lowesthyper�ne states: 40K |F = 9/2,mF = −9/2〉, 87Rb |F = 1,mF = 1〉. This prohibits
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Figure 3.13: Shemati illustration of the dipole trap setup.spin hanging ollisions due energy onservation. To hange the hyper�ne and spinstates, adiabati rapid passages are used.The e�et is based on the interation of an atom with an eletromagneti �eld.The eigenstates of the system are shifted by the eletromagneti �eld and onsistof mixtures of di�erent magneti sublevel states. Is the �eld hanged adiabat-ially, the eigenstates follow this slow hange. For resonant frequenies of theeletromagneti �eld, the so alled diabati states ross other atomi states. Anadiabati oupling prohibits the degeneray of the eigenstates and so the transitionto another state beomes possible. The strength of the oupling depends on theeletromagneti �eld intensity.To hange between the magneti sublevel states that belong to the hyper�ne state
F = 9/2 of 40K, a radio frequeny ramp is used. The frequeny tuning has tobe fast enough ompared to relaxation proesses and slow enough that the statehange an happen adiabatially. The frequeny that is needed to transfer 87Rbbetween two hyper�ne states is muh larger. For this transition, mirowave radia-tion is used.



28 Chapter 3. Introdution to the K-Rb ExperimentThe left side of �gure 3.14 shows the dressed atom piture of the 87Rb hyper-�ne transition at 10 G. The energy of the oupled system |F = 2,mF = 2〉 →
|F = 1,mF = 1〉 + γ is depited as a funtion of mirowave frequeny. A typialfrequeny ramp is from 6,8561 GHz to 6,8553 GHz in about 80 ms.The right side of �gure 3.14 shows the transfer between the magneti sublevelstates of the 40K hyper�ne state|F = 9/2〉 at 19,6 G. The transition is addressedby a radio frequeny ramp that starts at 6,56 MHz and ends between 5,79 and6,63 MHz, depending on whih state one wants to prepare.
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Figure 3.14: Left: adiabati rapid passage for the 87Rb hyper�ne transition. Right:Adiabati rapid passage for the 40K magneti sublevel transition [52℄.3.8 Homogeneous magneti �eldFor the generation of Feshbah moleules, a reliable homogeneous magneti �eld isrequired. The two quadrupole oils of the magneti trap are used to produe thishomogeneous magneti �eld. They are swithed from anti Helmholtz on�gurationto Helmholtz on�guration via a mehanial relay. The Helmholtz on�gurationprovides an approximately homogeneous �eld in its enter position where the atomsare loated.The Feshbah resonane that is used for the reation of moleules is loated at amagneti �eld of 546,7 G. With the given pair of oils this value is ahieved for aurrent of 27,8 A. To preisely ontroll the atomi interation in the viinity of theFeshbah resonane, the magneti �eld has to be ontrollable to a ertain extenddepending on the size of the Feshbah resonane. For the used Feshbah resonaneat 546,7 G, the magneti �eld stability has to be in the range of 30 mG. To obtainthis desired magneti �eld stability, the urrent has to be stable up to 1,5 mA. Theurrent is deteted with a Hall sensor and atively stabilized with a PI ontroller.To deouple the ontrol iruit from the mains urrent, a onventional ar batteryis used to operate the iruit.



3.8. Homogeneous magneti �eld 29The stability of the homogeneous magneti �eld is measured by using an atomimirowave or radio frequeny transition. This is possible with the assumption thatthe main ontribution to linewidth of the transition is aused by the magneti �eldinstability. As an example, the 87Rb transition |F = 1,mF = 1〉 to |F = 2,mF = 2〉at a magneti �eld of 546,10 is used. It is the same transition that will be used toaddress the 87Rb atoms at a high magneti �eld for the moleule stabilization, asexplained in hapters 4 and 5.
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Figure 3.15: Spetrosopy of the transition |F = 1, mF = 1〉 to |F = 2, mF = 2〉 at amagneti �eld of 546,10 G. It is �tted by a Gauss funtion with a FWHM of 85,07 kHz.
Figure 3.15 shows a spetrosopi signal of the transition that is obtained bysanning the mirowave frequeny and deteting atoms in the |F = 2,mF = 2〉state. At the resonane frequeny, all atoms are transferred to the |F = 2,mF = 2〉state, whereas the larger the detuning from the resonane frequeny is, the weakeris the signal of transferred atoms. The data points were �tted with a Gaussfuntion. The full width at half maximum (FWHM) of this Gauss funtion is85,07 kHz. The orresponding magneti �eld width an be alulated by usingthe Breit-Rabi formula from setion 4.1 whih relates the transition frequeny toa magneti �eld value. This leads to a magneti �eld width of 37 mG.Using this methode for various magneti �elds helps to alibrate the urrent in theoils that generate the magneti �eld.



30 Chapter 3. Introdution to the K-Rb Experiment3.9 Experimental improvementsThis setion emphasizes the ontributions to the experiment that have been addedwithin this master thesis projet. Espeially, a new potassium diode laser has beenbuilt as well as new urrent ontrollers for all the diode lasers of the experiment.3.9.1 Potassium laser systemA new diode laser for potassium was set up. The originally used Ti:Sa had beenreplaed by a diode laser within the diploma projet of J. Will [54℄. The stabilityof system was improved in by replaing the formerly used diode laser with one thatfollows the suggested design by T. Hänsh [63℄.It is a laser with an external avity (ECDL) that enables the frequeny tuning ofthe laser. Both the laser diode and the grating are mounted on the same tem-perature stabilized brass blok, whih is neessary for the stability of the outputwavelength. To tune the wavelength to the desired value, the position of the grat-ing an be adjusted relatively to the laserdiode. This is realised by two simpleuts in the brass blok on whih the grating is attahed, one horizontal to thegrating and one vertial. They work as levers and an be adjusted with �ne threadsrews. A piezoeletri element that is also attahed to the horizontal gratingmount provides the adjustment possibilities of the avity length by an eletronisignal. Figure 3.16 shows the shemati design of the laser.Laser diode and gratingThe laser diode used in this setup [Eagleyard photonis, EYP-RWE-0790-0400-0750-SOT03-0000℄ has an anti-re�etion oating. The e�et of this oating is abroadening and blue shift of the gain spetrum of the semiondutor medium.The ative region where the ampli�ation takes plae is on�ned to a thin middlelayer. Above laser threshold, the arrier density depends on the ratio of the hargearriers that are generated by an applied urrent through the juntion and the lossdue to stimulated radiative transitions. Due to a redution of the optial intensity,the number of harge arriers is inreased and this leads to an enhanement of theband gap and thus, an enhaned gain in the blue end of the spetrum.Aording to the manufaturer's spei�ations, the AR oated laser diode has aentral wavelength of 770 nm and is tuneable from 750 nm to 790 nm. The desiredpotassium transition has a wavelength of 766,7 nm whih is well in the range ofthe laser diode.The grating used in this setup is a grating with 1800 grooves per mm [Thorlabs,GH13-18V℄. It is adjusted suh that the �rst order is used to injet the laser, whilethe zeroth order is leaves the laser ase. The re�etivity of the �rst di�ration orderdepends on the orientation of the polarisation ompared to the grating grooves.



3.9. Experimental improvements 31
Laser diode Collimation lens Grating

Piezoelectric
element

Vertical
adjustment screwHorizontal

adjustment screw

Peltier cooling element

Temperature sensorFigure 3.16: Shemati design of the laser.Beause of the anti re�etion oating, the laser diode is very sensitive to highintensities and therefore, a low re�etivity of the �rst order is desired. This isahieved by adjusting the laser diode and the grating so that the emitted ellipse oflaser light is parallel to the grating grooves. This way only few grooves ontributeto the re�etion, see �gure 3.17.
k k

a) b)

Figure 3.17: Orientation of the laser ellipse ompared to the grating, a) for an AR oatedlaser diode, b) for a normal laser diode.



32 Chapter 3. Introdution to the K-Rb Experiment3.9.2 Laser urrent ontrollerThe linewidth and the stability of a laser ruially depend on a reliable urrentsoure. Within the diploma projet of C. Shubert [64℄, the performane of di�erentlaser urrent ontrollers was tested, with the result that the non-ommerial laserontroller designed by Libbreht and Hall [55℄, proofed to be the one with thelowest urrent noise and thus, ahieved the narrowest laser linewidth. Thereforethe formerly used laser ontrollers based on ommerially available ontroller hips[Wavelength, LDD400-1P℄ were replaed.The shemati iruit diagram is shown in appendix A. The high performaneof the ontroller relies on high preision omponents with very low temperatureoe�ients that are used. A digital display that shows the desired urrent valuegreatly improved the adjustment of the urrent ompared to the formerly usedanalog display for the urrent ontroller. It enables the reproduibility of a ertainurrent value to set the laser frequeny to the desired output.The better performane of the new urrent ontroller beomes apparent whenomparing a spetrosopi signal of 40K using the two di�erent ontrollers, see�gure 3.18. It is the spetrosopy of the ooling transition of an ensemble of old
40K atoms at 1µK in the magneti trap. The number of atoms is muh morestable with the new ontroller and therefore provides a muh higher reliability formeasurements that are based on the partile number.
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Chapter 4
How to address Rb atoms at highmagneti �elds

As desribed in setion 2.3, a way to produe ultraold heteronulear moleules isby adjusting the sattering properties of olliding atoms via Feshbah resonanesand reate weakly bound moleules. These Feshbah moleules have a very shortlifetime partiularly due to ollisional deay with the residual rubidium atoms[65, 66, 67℄.Therefore it is neessary to develop a method to derease the amount of rubidiumatoms in the trap to enhane the lifetime of the moleules. This an be done byheating the atoms with resonant light until their kineti energy is high enough thatthe atoms leave the trap. The problem is that the 87Rb transitions are shifted bythe magneti �eld that is applied to produe the Feshbah moleules. This leadsto a shift of the transition frequenies and the atoms are no longer resonant to thelaser frequenies that are usually used for deteting the 87Rb atoms.Thus, a new laser system is needed that an address atoms even at high mag-neti �elds. The laser system that was built ombines the e�ieny of resonantlyremoving the atoms with a light pulse with the high seletivity of a mirowavetransition. This is neessary to avoid that the laser, here and in the followingreferred to as blast laser, is resonant with the Feshbah moleules and destroysthem. The frequeny of both blast laser and mirowave an be freely adjusted tomath the transition splitting at a broad range of possible magneti �elds. Thismakes the system a �exibly appliable instrument in addressing 87Rb atoms athigh magneti �elds.The following setions explains the in�uene of the external magneti �eld on theatomi states, how to alulate the new transition frequenies for 87Rb at highmagneti �elds and then give a detailed overview of the experimental setup of theblast laser system. 33



34 Chapter 4. How to address Rb atoms at high magneti �elds4.1 Interation with an external magneti �eldIn the presene of an external magneti �eld the energy levels of the hyper�nestruture split into magneti sublevels in the presene of an external magneti�eld. Therefore, the laser light used at low magneti �elds in a MOT will not beresonant anymore when a large magneti �eld applied to the atoms as it is forforming Feshbah moleules. Hene, laser light at the new transition frequeniesis needed.Three regimes an be identi�ed for inreasing magneti �elds, the Zeeman regimefor very weak magneti �eld, an intermediate regime and the Pashen-Bak regimefor strong magneti �elds. Eah of them is relevant for the alulation beause thede�nition of weak and strong �elds depends on the energy state in question.Under the in�uene of a very weak external magneti �eld, the hyper�ne energylevels F split up into 2F +1 magneti sublevels labelled with the quantum number
mF as indiated in �gure 3.4. The energy splitting an be approximated with

∆E|F,mF 〉 = µBgF mF Bz (4.1)where µB is the Bohr magneton, gF the Landé g-fator, and Bz the external mag-neti �eld omponent in z-diretion. The energy splitting is proportional to thestrength of the magneti �eld.For the intermediate region, the energy shift an in general only be alulatednumerially as a diagonalization of the ombined Hamiltonians of the hyper�nestruture and the magneti �eld interation.The exeption is the ase of a ground state with J = 1/2. It leads to the Breit-Rabiformula [68, 69℄:
E|J=1/2,mJ ,I,mI〉 = −Ahfs(I + 1/2)

2(2I + 1)
+ gIµBmB

±Ahfs(I + 1/2)

2

(

1 +
4mx

2I + 1
+ x2

)1/2

. (4.2)In this formula, Ahfs is the magneti dipole onstant, I the total nulear angularmomentum quantum number, m = mI ± mJ = mI ± 1/2 and x = (gJ−gI)µBB
Ahfs(I+1/2)

.It an be used to alulate the energy shifts for the 87Rb ground state 52S1/2 for aertain magneti �eld value. These energies are shown in �gure 4.1.In the Pashen-Bak regime the hyper�ne oupling between the total angularmomentum of the eletron J and the nulear angular momentum I is weak om-pared to the oupling of I and J to the external �eld. This is the ase either fora high magneti �eld or for very weak hyper�ne oupling for example in exited



4.1. Interation with an external magneti �eld 35states. Therefore it is the regime one has to look at when dealing with the exited
87Rb state 52P3/2.The good quantum numbers are now mI and mJ , respetively the magneti sub-level state of the nuleus and of the eletron instead of F and mF . The energysplitting an be alulated aording to: [70, 69℄

E|J,mJ ,I,mI〉 = AhfsmJmI + (gJmJ + gImI)µBBz +

+ Bhfs

3(mImJ)2 + 3
2
mJmI − I(I + 1)J(J + 1)

2J(2J − 1)I(2I − 1)
(4.3)where Bhfs is the eletri quadrupole onstant.It is possible to alulate the energy splittings for the magneti sublevels of theexited 52P3/2

87Rb state at large magneti �eld values.4.1.1 Transition frequenies in the experimentFigure 4.1 shows the splitted energy levels of the 87Rb ground state 52S1/2 and theexited state 52P3/2 at a high magneti �eld up to 600 G. One has to bear in mindthat distane relations in this piture are adjusted to provide an overview and thereal distane between the two states is still 780,241 nm. It an be seen that theground state shows a linear splitting behaviour that is still onsistent with theZeeman regime whereas for the exited state, the energy splitting quikly mergesto the Pashen-Bak regime. This is beause the hyper�ne splitting of the exitedstate is muh weaker and an therefore be broken more easily by an external mag-neti �eld.The transition that will be used to address the atoms at a high magneti �eld is
|F = 2,mF = 2〉 ↔ |m′

I = 3/2,m′
J = 3/2〉. The frequeny of interest is detuningompared to the transition |F = 2〉 ↔ |F ′ = 3〉 for B = 0. Evaluating the formulasof the previous setion provides the needed values to alulate the transition forany magneti �eld. This an be done with any sienti� alulation program. Theexample ase in �gure 4.1 has been alulated for a magneti �eld of 546,173 G.The evaluation of the formulas produes values of the energy splitting with respetto the �ne state energy level. In �gure 4.2 it is depited how to obtain the a-tual detuning frequeny. The di�erene of the �ne to the hyper�ne struture for

B = 0 has to be subtrated from the value for the high magneti �eld for boththe ground and the exited state. These two di�erenes again have to be sub-trated. For the example ase of 546,173 G, a detuning ompared to the transition
|F = 2〉 ↔ |F ′ = 3〉 for B = 0 of 766,83 MHz is alulated.A mirowave is used for the transition between |F = 1,mF = 1〉 ↔ |F = 2,mF = 2〉.For this transition, the evaluated values for the splitting of the ground state onlyhave to be added. For 546,173 G, this is 8039,90 MHz.



36 Chapter 4. How to address Rb atoms at high magneti �elds

Figure 4.1: Level diagram of the 87Rb atom for an external magneti �eld.4.2 Blast laser system with o�set lokIn the following setion, the blast laser system will be desribed. The new lasersystem that has been build up as a part of this master's thesis onsists of threemain parts. First the laser itself will be desribed. The seond part desribes howthe laser is stabilized to the beat signal with the detetion laser by an o�set lok
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Figure 4.2: Example for the alulation of the detuning value.to the exat desired value. The third part is the output, whih inludes an AOMdouble pass to tune the output laser frequeny. Figure 4.3 shows the shematiillustration of the experimental set up.4.2.1 Laser designThe Laser used in this system is idential to the one desribed in setion 3.9.1. Thelaser diode (ADL-78901TX, Roithner LaserTehnik) is designed for a wavelengthrange from 775 nm to 795 nm with a peak wavelength of 785 nm. This model isused for CD players whih makes it a heap and reliable, ommerially availabledevie. The main di�erene to the setup desribed in setion 3.9.1 is the non antire�etion oated laser diode. Therefore the orientation of the light ellipse has tobe perpendiular to the grating grooves in order to re�et as muh light in the �rstorder to injet the laser as possible. This is the ase for the right side of �gure3.17.Linewidth approximation with beat signalFor the appliation of a laser in the experiment, it is important to know itslinewidth. It is ruial for a measurement on an atomi transition that the laser
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Figure 4.3: Shemati illustration of the laser system.linewidth is signi�antly smaller than the transition itself. Whereas the naturallinewidth of an atomi transition is de�ned by its life time, the linewidth of a laseris mainly limited by mehanial noise e�ets.The 87Rb transition 52S1/2 → 52P3/2 that is addressed by the blast laser has anatural linewidth of 6,065 MHz [69℄.To approximate the linewidth of the blast laser, a beat signal between the blastlaser with the detetion laser was reorded. A beat is the result of the superposi-tion of two osillations with similar frequenies. The simplest ase to desribe abeat mathematially is to onsider two sine waves. The sum of two sine waves is
xsum = a(sin(2πf1t) + sin(2πf2t)) (4.4)where a is the amplitude of the sum osillation, and f1 and f2 are the frequeniesof the two sine waves. With the sum-to-produt identity follows

xsum = 2asin

(

2π
f1 + f2

2
t

)

cos

(

2π
f1 − f2

2
t

)

. (4.5)The resulting beat frequeny is
fb =

f1 − f2

2
. (4.6)Measuring the beat signal to obtain information about the linewidth of the twolasers is based on the assumption that the linewidth of the beat signal is only aused



4.2. Blast laser system with o�set lok 39by the linewidth of the two lasers. It does not provide an independent linewidthfor eah laser, but it does provide an upper bound with whih the linewidth anbe approximated.To measure the beat signal the blast laser and the detetion laser were superim-posed on a fast photodiode (Hamamatsu G4176). The resulting frequeny spe-trum is shown in �gure 4.4.To analyze the linewidth of the beat signal one has to bear in mind that it onsistsof two di�erent ontributions of noise. One follows a Lorentz pro�le:
L(ν, wL) =

wL/2π

(ν − ν0)2 + (wL/2)2
(4.7)where wL = 2γ is the full width at half maximum (FWHM) of the Lorentz pro�le.The other ontribution has a Gaussian pro�le:

G(ν, wG) =
1

σ
√

2π
e

(ν−ν0)2

2σ2 (4.8)with a Gaussian FWHM of wG = 2σ
√

2ln(2).The ombination of the two pro�les in a onvolution is alled Voigt pro�le:
V (ν, wG, wL) =

∫

dν ′L(ν − ν ′, wL)G(ν ′, wG) (4.9)This is the urve that has been �t to the measured beat signal.
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40 Chapter 4. How to address Rb atoms at high magneti �eldsLongbothum, [71℄
wV ≈ 0, 5346wL +

√

0, 2166w2
L + w2

G. (4.10)With the values for wL and wG that are extrated from �gure 4.4, the linewidthfor the beat signal is 1,112 MHz. This is only the upper bound of the linewidthand is still below the linewidth of the atomi transition of 6,065 MHz.SpetrosopyAbsorption spetrosopy is used to preselet the wavelength that is later adjustedand stabilized by the o�set lok. A small amount of light is send through a glassell with rubidium vapor. The glass ell is heated to inrease the vapor pressure ofthe rubidium to amplify the signal. The signal is then reorded by a photo diode.To display the signal with an osillosope, the frequeny of the blast laser is tunedover a small range with the piezo element that adjusts the position of the wave-length regulating grating in the laser. This is shown in �gure 4.5.

Figure 4.5: Doppler broadened spetrosopy signal. Indiated with red and blue arrowsare the o�set lok point and the detetion laser lok point respetively.4.2.2 O�set lok tehniqueThe O�set lok is responsible for the stabilization of the blast laser at a frequenyabove the detetion laser. This is ahieved by onverting the beat signal of thetwo lasers to an voltage signal, omparing it with an external adjustable referenevoltage, and then stabilizing the blast laser with a PID ontroller.



4.2. Blast laser system with o�set lok 41A small part of the blast laser light is direted towards a fast photodetetor (G4176-03, Hamamatsu Photonis, with a bias tee, PSPL 5545-107, EMCO Elektronik).There it is superimposed with light from the detetion laser, that has been trans-ferred to the blast laser system table by an optial �ber. The overlap of the twobeams is ruial for the detetion of a signal of the photo diode. It has been op-timized during the setup phase by superimposing the two laser beams one overa long distane, before inluding the photodiode into the system. The obtainedsignal is the beat signal as desribed in setion 4.2.1. One a �rst signal has beenobtained, it an be displayed with a spetrum analyzer, whih makes the adjust-ment easier.The signal of the photodiode is then fed into the o�set-lok. Its iruit diagram isshown in appendix A. The main part of the o�set lok is a frequeny to voltageonverter for the inoming frequeny signal. Table 4.1 shows the onversion ofdi�erent frequenies to the aording voltage.Frequeny Voltagein MHz in V100 1,184200 2,338300 3,422400 4,325500 5,348600 5,956700 6,408800 7,15900 8,031000 8,31Table 4.1: Frequeny to voltage onversion of the o�set lok.This voltage is ompared with an external referene voltage that an be ad-justed between 0 and 12 V. With this referene voltage, the exat desired frequenyan be set. The output of the o�set lok iruit is the di�erene between this ref-erene voltage and the onverted signal voltage.If the desired frequeny di�erene between the two lasers is, for example, 793MHz, the referene voltage has to be set to the orresponding voltage of 7,08 V.The laser will be adjusted manually to a value that is roughly the frequeny of thetransition |F = 2〉 ↔ |F ′ = 3〉 plus the additional frequeny of 793 MHz using thespetrosopy signal. This value will be displayed as the beat signal by the spe-trum analyzer. In this ase, the di�erene signal that is delivered by the o�set lokiruit is roughly zero. If the laser frequeny is higher, the di�erene is postitive, ifit is lower, the di�erene is negative. This signal is fed into a proportional integralontroller (PI ontroller), whih is onneted to the piezo element of the laser and



42 Chapter 4. How to address Rb atoms at high magneti �eldswhih will then readjust the output frequeny to the exat value.Stability of the o�set lokThe stability of the o�set lok is a ruial fator in adjusting the frequeny of thewhole system. If the referene voltage soure or the o�set lok itself are not stable,the output will di�er and so will the frequeny to whih the laser is loked. Thus,any �utuations should be limited to values below the linewidth of the laser itself.An important improvement for the stability of the o�set lok was the addition ofa large heat sink to the eletroni parts of the o�set lok, beause they proved tobe very temperature sensitive.The long term stability of the frequeny to voltage onversion was tested by supply-ing a very preise frequeny of 700 MHz to the o�set lok. Without the referenevoltage the output of the o�set lok orresponds only to the onversion voltage.This voltage was measured diretly at the output over a time of more than 2 hours.This measurement showed that the �utuations are smaller than 10 mV whih or-responds to a frequeny of 1 MHz whih roughly orresponds to the linewidth ofthe laser, see �gure 4.6. Finally, the o�set lok was tested for one hour in fulloperation with the beat signal as input frequeny, while the lok frequeny wasmeasured with a spetrum analyzer. As expeted, the �utuations did not exeed1 MHz.
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4.2. Blast laser system with o�set lok 43an AOM in double pass on�guration and is then oupled into a �ber, that guidesthe light to the atual experimental site.The AOM shifts the frequeny of light using a sound wave. It splits the light intohigher orders with the frequeny of the sound wave added to these orders. Thelight is foussed with a lens (f=200 mm) on the AOM. After the �rst pass, allbut the �rst order is bloked with a pinhole. The �rst order is then re�eted bya spheri mirror (f=200mm) bak on the AOM. The seond pass will de�et the�rst order bak on the optial axis while again all other orders are bloked.This way, an AOM that is driven by the frequeny of 80 MHz, an detune the laserlight 160 MHz in double pass on�guration. The AOM an be used as a swith,beause if it is turned o�, no light at all will be in the �rst order. It an be usedto san the frequeny of the laser of some tens of MHz.Behind the AOM double pass the laser light is oupled into an optial �ber. This�ber transfers the light to the experimental. For its purpose of addressing andpushing away the atoms, the light does not have to be foused very tightly to theenter of the glass ell where the atoms are loated. It is su�ient for the blastlaser light to shine onto the atomi ensemble. Therefore, no sophistiated optialsetup is needed, the output �ber onnetor is mounted on the same height as theglass ell and the light is direted to the position of the atomi loud. Figure 4.8shows how the blast light is direted onto the atoms ompared to the detetionlight.

Figure 4.8: Shemati illustration of the adjustment of the blast light, the detetion lightand the mirowave antenna to the atomi ensemble.



44 Chapter 4. How to address Rb atoms at high magneti �elds4.3 Mirowave transitionThe mirowave is a ruial part in inreasing the seletivity of the blast lasersystem. Sine the mirowave as well as the transition have extremely narrowlinewidths, they provide a very preise instrument to address atoms. To avoid de-strution of the weakly bound Feshbah moleules the linewidth has to be smallerthan the binding energy of the moleules whih is about 130 kHz. The transitionaddressed by the mirowave has a linewidth of 12 kHz, as it will be shown in theresult hapter 5.For the transition from |F = 1,mF = 1〉 to |F = 2,mF = 2〉 a mirowave of about8 GHz is needed, as it was alulated in setion 4.1.1. This mirowave is generatedin a asade of di�erent omponents, shown in �gure 4.9. It was also used previ-ously in this experiment for mirowave evaporation where a 6,8 GHz mirowavewas needed [52, 72℄.
Frequency
generator

1 Ghz
Amplifier SRD Amplifier-3 dB 8 Ghz

Attenuators

Figure 4.9: Generation proess for the 8 GHz mirowave.A very preise frequeny generator (Maroni Instruments signal generator 2024)is used to supply an initial signal of 1 GHz at -10 dBm. The signal is ampli�edby 27 dB and then attenuated for 3 dB to ensure that de�nitely no more than 0.5W will enter the next important part of the hain, the step reovery diode ombharmoni generator.This is a sensitive devie generating higher harmonis of an input frequeny. Thestep reovery diode used in this setup is a Herotek GC1000DC diode, spei�ed foran input of 1000 MHz and 0,5 W. For the 7th harmoni it still has a spei�edoutput of up to 0 dBm. An integrated isolator helps to avoid the destrution ofthe diode due to bak re�etions.To �lter the 8 GHz out of the generated harmonis, a high pass �lter (Miniiruits)is integrated to the hain. It suppresses all frequenies but 7900 - 11000 MHz. Toimprove the �lter properties at lower frequenies, another low pass �lter (Miniir-uits VFL-7200+) is added that is suppresses from DC - 7200 MHz.The �ltered harmoni of 8 GHz is ampli�ed up to 1 W with an ampli�er (Miniir-uits ZVE-8G) that is spei�ed frequenies from 2000 to 8000 MHz.The output power of the mirowave an now adjusted by onneting additional



4.3. Mirowave transition 45attenuators of the desired values. This is partiularly important when the atomtransition is analyzed to avoid power broadening.Optimizing the mirowave antennaThe mirowave is direted to the atoms with a waveguide antenna (Omeon). Amirowave is forming a standing wave inside the waveguide tube and the maxi-mum output is reahed when the end of the antenna is mathed with an antinodeof the standing mirowave. This an be measured by reording the bak re�etion.The optimum output is reahed for the smallest bak re�etion. To optimize theantenna length, small parts of the end were removed bit by bit and the re�etionwas deteted. This optimization proess is shown in �gure 4.10.
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Chapter 5
Charaterization of the blast lightlaser system

The main purposes of the laser system that has been built within this masterprojet are to be able to detet 87Rb atoms at high magneti �elds and to removethe atoms from the trap to ensure the stability of ultraold Feshbah moleules.For the removal, a ertain preision in addressing the atoms is needed to be surenot to a�et the moleules. This is ahieved by ombining the laser system with amirowave that an address a transition with high seletivity.In this hapter the results will be presented that have been ahieved by apply-ing the blast laser system and the mirowave onto an ensemble of 87Rb atoms.First it will be desribed how the parameters of the mirowave that addresses the
|F = 1,mF = 1〉 to |F = 2,mF = 2〉 transition are optimized. The next part willdesribe how atoms in the |F = 2,mF = 2〉 state are removed by the laser light andsubsequently the oupled system of mirowave transition and laser light induedatom removal will be desribed. It will be shown that the narrow mirowave tran-sition in the oupled system does inrease the seletivity of the removal proess.5.1 Mirowave optimizationTo obtain the optimum result in addressing the transition |F = 1,mF = 1〉 to
|F = 2,mF = 2〉 at a high magneti �eld, frequeny and output power of the mi-rowave have to be optimized.By obtaining a spetrosopi signal of the transition, the enter frequeny at whihmost of the atoms are transferred an be determined. Figure 5.1 shows suh aspetrosopy. The number of atoms in the |F = 2,mF = 2〉 is deteted. At alarge detuning ompared to the enter frequeny, almost no atoms an be detetedwhih means that no atoms have been transferred. At the enter frequeny where47



48 Chapter 5. Charaterization of the blast light laser systemthe mirowave is resonant with the transition, most of the atoms are transferredto the |F = 2,mF = 2〉 state. The enter frequeny for present spetrosopy wasobtained by �tting a Gauss funtion to the measured data set. It is 8039,8924MHz. The FWHM of the transition was determined to be 137,0 kHz.As seen in setion 3.8, the spetrosopi signal of the hyper�ne transition an
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|m′

I = 3/2,m′
J = 3/2〉 is addressed by the laser light. By obtaining the reoil en-ergy of the photons that drive the transition, the atoms are gaining enough kinetienergy to leave the trap. The blast laser light needs to be resonant with the transi-tion at a high magneti �eld. Its frequeny is set by the o�set lok as well as by theAOM whih the light passes before being direted to the atoms. It is onvenientto set the o�set lok to a �xed value, in this ase 790 MHz, and san the frequenyof the AOM to obtain a signal. The atoms are deteted in the |F = 2,mF = 2〉state. Sanning the frequeny of the laser leads to a loss of atoms at the resonanefrequeny. This is shown in �gure 5.3.The blast laser is direted onto the atoms for 300 µs. It is then deteted howmany 87Rb atoms were removed for whih detuning of the AOM. The removalof 87Rb atoms out of the trap is a dynami proess and therefore the linewidthof �gure 5.3 annot be identi�ed with the linewidth of the transition. To avoidsaturation the intensity was adjusted suh that the atoms are not removed fullyeven at maximum.The enter frequeny is determined to be 76 MHz for the AOM detuning. Togetherwith the o�set lok that has been set to 790 MHz, and twie the optimum AOMdetuning frequeny, taking into aount the double pass on�guration, the blast
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Microwave frequency [MHz]Figure 5.5: Comparison of the linewidth of the mirowave transition with the seletivityof the atom removal due to the ombined mirowave plus laser system.The mirowave is sanned over a frequeny range of 4 MHz around the resonanefrequeny of 8039,789 MHz. The feature of interest is the seletivity of the proess,represented by the linewidth of the signal. It determines how preise one an ad-dress the atoms. A seletivity as high as possible is desired without losing the atomremoval performane of the system. The FWHM of the �tted Gauss funtion inthis ase is 904,2 kHz.



52 Chapter 5. Charaterization of the blast light laser systemIn omparison, the red dots in �gure 5.5 belong to the transition |F = 1,mF = 1〉to |F = 2,mF = 2〉 that is purely addressed by the mirowave. It indiates howmany atoms are transferred and It has a width of 91,1 kHz.For a non-oupled proess, where the atoms are independently transferred from
|F = 1,mF = 1〉 to |F = 2,mF = 2〉 and then removed by the blast laser light, onewould expet that sanning over the mirowave transition with �xed blast lightwould lead to the same width as the pure mirowave transition. Figure 5.5 learlyshows that this is not the ase and the proess is oupled.To examine this oupling more losely, the dependane of the seletivity on theintensity of the laser light was measured. The seletivity of the ombined systeman be inreased even more by reduing the laser power, as it is shown in �gure5.6. The values that show the seletivity are ompared to eah other in table 5.1.Plotting the seletivity against the blast laser intensity shows linear harateris-
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microwave frequency [MHz]Figure 5.6: Redution of the laser power to inrease the seletivity of the atom removal.The values for the linewidths of the �tted Gaussian pro�les are shown in table 5.1.tis, see �gure 5.7. The data is �tted with a linear funtion that has a zero o�setof 106,2 MHz. This value orresponds whithin the error range to the linewidthof the pure mirowave transition that was 91,2 MHz. Note that the mirowavetransition is plottet in �gure 5.7 as a red dot but has not been inluded in �ttingthe data points to a linear funtion. Thus, �gure 5.7 depits the linear behaviorof the oupling with inreasing laser light intensity.



5.4. Conlusion 53Linewidth of the puremirowave transition 91,1 kHzSeletivity of the purelaser system 23000 kHzSeletivity ofthe ombined system:Laser power Seletivity1,6 mW 1064,4 kHz0,8 mW 636,7 kHz0,4 mW 363,2 kHz0,2 mW 227,7 kHzTable 5.1: Comparison of the seletivity of the ombined laser and mirowave system
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Laser power of push-beam [mW]Figure 5.7: Redution of the laser power to inrease the seletivity of the atom removal.The linear funtion was �tted only to the blak dots, representing the ombined systemof laser and mirowave and has an zero o�set of 106,2 MHz. The red dot represents thelinewidth of the pure mirowave transition of 91,2 MHz.5.4 ConlusionIn onlusion, the optimum values for operating the blast laser system in ombi-nation with the mirowave are summarized.The values for adjusting the frequeny of both blast laser and mirowave dependon the applied magneti �eld and an be alulated following setion 4.1.1. As anexample, for a magneti �eld of 546,057 G, the mirowave has to be set to 8039,640MHz, and the o�set of the laser ompared to the detetion laser has to be set to790 MHz for the o�set lok and 76 MHz for the AOM. This orresponds to a total



54 Chapter 5. Charaterization of the blast light laser systemo�set of 790 MHz + 2·76 = 942 MHz. The mirowave power has to be attenuatedwith -6dB. The output of the laser is 0,08 mW whih orrsponds to a seletivityvalue aording to �gure 5.7 of 160 MHz. The ombined laser light plus mirowavepulse is applied to the atoms for 300 µs.The system has been tested as a part of the experimental operation sequene ingenerating KRb Feshbah moleules and has proved its ability in inreasing thelifetime of the moleules by reliably removing 87Rb atoms at high magneti �elds.



Chapter 6
Outlook

Experiments with ultraold 40K87Rb moleules o�er promising perspetives for theresearh of dipolar interations in many partile systems. This thesis presents alaser system for these experiments whih enhanes the lifetime of these moleules.This is a prerequisite for the transfer of the highly exited Feshbah moleules tothe deeply bound ground state.The laser system is an inherent part of the experiment used to remove residualrubidium atoms to stabilize the Feshbah moleules. In addition this system anbe used to detet the number of rubidium atoms at high magneti �elds. Thisprovides another way to detet the prodution of moleules. In suh a detetionsheme, the moleules are dissoiated by applying a mirowave pulse that transfersthe 87Rb atoms from |F = 1,mF = 1〉 to |F = 2,mF = 2〉. This mirowave pulsehas to have the energy needed to transfer free atoms plus the binding energy ofthe moleules. By sanning the mirowave frequeny and deteting the number ofatoms it is possible to measure the moleular binding energy.Having ahieved stable Feshbah moleules, the next step is to transfer themoleules to a low vibrational state. The ultimative goal of this work is to pro-due ultraold polar moleules to examine the anisotropi dipole interation insuh a sample. Being able to reate ground state KRb moleules would lead to apolar moleule that ould be easily aligned with an eletri �eld.The transfer an be realized by using a stimulated Raman adiabati passage (STI-RAP) [73℄. This methode has reently been used on a similar system in the groupof D. Jin, [74℄. It uses a three level sheme to transfer the moleules to the desiredstate. By oupling the �nal state with an intermediate exited state with a laser,a oherent superposition of the two initially unpopulated states is obtained. Cou-pling this superposition with the pump laser to the initial state, the population is55



56 Chapter 6. Outlooktransferred diretly to the �nal state, avoiding loss due to deay from the exitedintermediate state.The experimental realization requires some preliminary work. Frank-Condon fa-tors indiating the transition probability to exited states have already been alu-lated by the group of E. Tiemann and an appropriate three level system has beenidenti�ed theoretially. The next step is to determine these states spetrosopi-ally. With these prerequisites, a suessful STIRAP transfer an be performedand KRb ground state moleules an be generated.



Appendix A
Ciruit diagrams

The iruit diagrams of the urrent ontroller A.1 and the frequeny-to-voltageonverter for the o�set lok A.2 are presented.

57



58 Appendix A. Ciruit diagrams

Figure A.1: Ciruit diagram of the urrent ontroller.
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Figure A.2: Ciruit diagram of the frequeny-to-voltage onverter.
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