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HYDRODYNAMIC MODES IN A TRAPPED GASOF METASTABLE HELIUM ABOVETHE BOSE�EINSTEIN TRANSITION�M. Ledu, J. Léonard, F. Pereira dos Santos, E. JahierS. Shwartz and C. Cohen-TannoudjiCollège de Frane et Laboratoire Kastler BrosselDépartement de Physique, Éole Normale Supérieure24 rue Lhomond, 75231 Paris Cedex 05, Frane(Reeived June 10, 2002)This artile desribes experiments performed with an ultra-old gas ofmetastable helium above the Bose�Einstein transition. The gas is trapped inan harmoni magneti potential and olletive exitations are indued. Boththe frequeny and the damping rate of the lowest monopole�quadrupolem = 0 mode of exitation are studied at di�erent temperatures and om-pared to theoretial preditions. Results indiate that the gas goes froma ollisionless regime towards a hydrodynami regime as the elasti ol-lision rate inreases, when one goes down along the evaporative oolingramp. However, we �nd a disrepany for the ollisional parameters inomparison with preditions relying on the value of the sattering lengthpreviously estimated. Possible explanations are put forward in the �naldisussion.PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj1. IntrodutionSoon after the experimental realization of Bose�Einstein ondensationin trapped atomi gases, studies of olletive exitations in these systemshave beome a subjet of intense investigation by several groups [1�6℄. Atvery low temperature, when the system is Bose�Einstein ondensed, it anbe desribed by the hydrodynami equations of a super�uid [4, 7℄, whihgive preditions in good agreement with experiments performed with alkaliondensates. At higher temperature, the mean �eld e�ets beome less im-portant and ollisions turn out to be the dominant fators. For an ultra-old� Presented at the Photons, Atoms and All That, PAAT 2002 Conferene, CraowPoland, May 31�June 1, 2002. (2213)



2214 M. Ledu et al.gas above the ritial temperature of ondensation, the dynamial behav-ior of the dilute gas an be desribed by the Boltzmann equation. In thisase two extreme situations an our: � the hydrodynami regime, wherethe mean free path between the olliding partiles is small ompared to thedimensions of the old loud on�ned in its trap � and the ollisionlessregime where the motion is desribed by the single partile Hamiltonian. Inboth ases, when exited, the system shows well-de�ned osillations result-ing from the external magneti on�nement, for whih preditions have beenmade (see for instane [5℄ or [6℄ and referenes therein). The frequeny andthe damping rates of the gas osillations an be alulated for a lassialgas on�ned in an harmoni trap, negleting the mean �eld e�ets. In refer-ene [6℄ results are given for the monopole�quadrupole modes of exitation,both for the hydrodynami and for the ollisionless regime, with an expliitdesription of the transition between the two regimes. Many experimentalstudies have foused on olletive exitations of suh gases. Experimentshave studied low-lying exitations over large ranges of temperature. For allthe available data dealing with the thermal loud of trapped alkali gases sig-ni�antly above the ritial temperature T the regime is ollisionless, dueto the relatively low value of the atomi density and of the s-wave satteringlength ruling the elasti ollision rate at very low temperatures. Experi-ments performed at MIT with a dense gas of sodium provided osillationsof the thermal loud analogous to �rst sound and approahing the hydrody-nami regime [3℄. However, this regime was never ompletely reahed andthe omplete hek of the preditions of [6℄ is still to ome.When Bose�Einstein ondensation of metastable helium was �rst ahievedin 2001 [8, 9℄, it was soon realized that the large estimated value of thesattering length (16 � 8 nm) would favor a situation where the hydrody-nami regime ould be observed in the thermal loud above T. In partiularour experiment at ENS seemed appropriate for suh a study beause of itsrelatively large number of atoms at the transition (8 � 106). We thus de-ided to fous on the study of olletive exitations in the thermal loudabove T. The present artile �rst brie�y realls the experimental set-upand the quantitative results already obtained for the relevant parameters:atomi density, temperature, elasti ollision rate at the end of the evapo-rative ooling ramp. Then we explain the generation of exitations in theigar shaped thermal loud and desribe the optial measurements of theosillations of the monopole�quadrupole m = 0 mode generated along theweak axis of the loud. The data for the damping and the frequeny of themode are ompared with the preditions of referene [6℄ and a disussion fol-lows. In partiular one �nds a disrepany between the elasti ollision rateestimated from the initial data of [9℄ and those atually measured throughthe present method.



Hydrodynami Modes in a Trapped Gas of . . . 22152. Magneti trapping and optial detetionThe prodution of a Bose�Einstein ondensate of 4He atoms in themetastable 23S1 state at ENS is �rst reported in [9℄ and desribed in moredetail in [10℄. The metastable atoms are produed from a ryogeni dishargesoure at a rate of 1014 at/s/sr. The atomi beam is manipulated by a laseroperating on the 23S1�23P2 transition of the helium atom at 1.083�m. Aftertransverse ollimation, de�etion and longitudinal deeleration in a 2m longZeeman slower, the beam loads a magneto�optial trap using laser beamswith a large detuning ompensated by a large intensity, in order to minimisethe rate of inelasti Penning ollisions indued by the laser [11�16℄.The atomi loud of typially 109 atoms at 1mK is then transfered intoa magneti trap through a multistep proess [10℄ with an e�ieny of about75%. The magneti trap that we use for the on�nement is skethed inFig. 1.
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Fig. 1. Magnetostati trap for the harmoni on�nement of the old helium gas.Q1, Q2, C3 are the Io�e�Prithard oils, H1 and H2 are the Helmholtz oils for thebias ompression. The detetion is optial, using the absorption of a probe laserbeam imaged on a CCD amera.Three oils Q1, Q2, C3 of relatively small size realize an anisotropimagneti Io�e�Prithard trap. Two additional Helmholtz oils H1 and H2redue the bias �eld in order to inrease the radial on�nement. A urrent of46.6 A in all �ve oils produes a 5G bias �eld, radial gradients of 266 G/mand an axial urvature of 186 G/m2. The trap depth is then about 16 mK,the trap frequeny along the x axis (k) is !k=2� = !x=2� = 115 Hz. Theradial frequeny is !y=2� = !z=2� = 190 Hz without ompensation of thebias and 988Hz with a 5G bias �eld. The old loud at thermal equilibriumhas a igar shape, elongated along the x axis and with a ylindrial symmetry



2216 M. Ledu et al.in the radial diretions along the y and z axis. When required the loud anbe further ompressed in the radial diretion: for this we use another pair ofHelmholtz oils delivering an additional �eld along the x axis whih reduesthe value of the bias �eld below 5G down to nearly 0. The urrent in the5 oils an be swithed o� in 200�s, but eddy urrents indued in severalpiees of the set-up in the viinity of the ell reate relatively strong transient�eld gradients whih disappear with a time sale of a few ms. One has totake into aount this phenomenon whih an reate some di�ulties whendeduing quantitative values from time of �ight measurements.The optial detetion is shown in Fig. 1. One measures the absorptionof a laser probe beam passing through the atomi loud with a CCD amera(Hamamatsu C4880) with 1.5% e�ieny at the wavelength � =1.083 �m.The laser soure is a DBR diode laser (SDL 60702 H1) operated in an ex-tended avity and ampli�ed by an Yb doped ampli�er. The probe pulse islong enough (100 �s) and intense enough (I = 0:2Isat) to give a reasonablesignal to noise ratio in spite of the low e�ieny of the detetor. The mag-ni�ation being of the order of 1, the resolution of the images is given bythe size of the detetor pixel, namely 24�m. Usually the image of the oldloud in the trap is too small to be deteted with a good resolution. Thusafter swithing o� the trap, we let the loud expand for a few ms and takea piture. We dedue from the images both the atual size of the loud inthe trap and its temperature.The temperature is ramped down in the magneti trap by evaporativeooling. Details about the optimisation of the ramp are given in refer-ene [10℄. In 8 s one dereases the temperature down to the �K range,whereas the phase spae density inreases by 6 orders of magnitude and onereahes the Bose�Einstein ondensation around 5�K. At the threshold ofthe transition the dimensions of the loud have dereased to 90 and 9�m inthe axial and radial diretions, respetivly.3. Relevant parameters3.1. Number of atomsAn important parameter for ollision studies is the total number ofatoms. As already disussed in [9℄, a proper alibration of this number N isdi�ult to extrat with a good preision from the absorption images, due tovarious di�ulties dealing with the duration of the pulse, the Penning olli-sions that it indues, its pushing of the atoms, and stray magneti �elds pro-dued by eddy urrents. We are urrently developing a alibration methodbased on �uoresene measurements that will be published elsewhere. Forthe time being we prefer to rely on the method disussed in [9℄ based on thedetermination of the ritial temperature T for the ondensation. T is de-



Hydrodynami Modes in a Trapped Gas of . . . 2217dued from measurements of the relative number of atoms in the ondensateand in the thermal loud as a funtion of temperature. The determinationof the ritial temperature does not require knowing the absolute numberof atoms in eah phase. However, it an be used to evaluate the number ofatoms N at the transition, assuming that one deals with an ideal bosonigas. If so, N and T are related byN = 1:2�kbTh� �3 ; (1)where h is the Plank onstant, kb the Boltzmann onstant and � the ge-ometrial average of frequenies of the trap (482 Hz). Measurements ofreferene [9℄ gave T = 4:7�0:5�K. One thus dedues N = 8:2�106 atomswith an unertainty of 30%. We negleted the possible errors resulting eitherfrom mean �eld interations or from quantum orrelations (see the disus-sion of note 13 in referene [9℄). One alibrated at T the number of atomsN is dedued for any temperature above T.3.2. Sattering lengthThe sattering length a is another important parameter relevant for thepresent studies, as the sattering proesses for metastable helium atomsour only in the s-wave hannel at very low temperatures. There are severalways of estimating the value of a from the present experiment. All of themsuppose that the absolute number of atoms is known. As the unertaintyon this number is large, the value of a is also derived with a large errorbar. We here hose to rely on the method desribed in [9℄, in whih thesattering length is dedued from the size of the ondensate. Its value isdetermined from the harateristi size of the ground state of the trap andfrom the hemial potential �, whih an be alulated from the size of theondensate in the Thomas�Fermi limit [4℄. We then �nd the value a = 16�8nm, onsistent with the experimental measurement of [8℄ and theoretialalulations of [18℄ and [19℄ estimating a of the order of 8 nm (with noerror estimate). A reent alulation [20℄ is also ompatible with the presentexperimental value but does not give more indiation on its preision.3.3. Elasti ollision ratesFinally from the previous values of parameters N and a, one an deduea value for the elasti ollision rate �oll in the thermal loud just at thetransition before ondensation. We use the simple formula�oll = n�v (2)



2218 M. Ledu et al.where n is the average density and v is the mean relative veloity of theatoms at the transition temperature of 4.7 �K. One easily �nds thatv = 4rkbT�m = 23 m s�1and n = 1:4 � 1013m�3:The value of the ross setion � is estimated from that of the satteringlength by � = 8�a2 = 6:4 � 10�11 m2whih �nally results in �oll = 2� 104s�1 : (3)The unertainty on this value is estimated within a fator of 4 whih om-bines those on a, on N and on T . However, it an be ompared to thelow angular frequeny of the trap (!k = 2� � 115 Hz), and one �nds a ra-tio !k=�oll = 0:04, muh smaller than 1. A ollision rate higher than thetrap frequeny also means that the mean free path L � 1=n� of the atomsbetween ollisions is smaller than the dimensions of the loud. Near theritial temperature, L � 11�m, whih is smaller than the size of the loudalong the weak axis �k � 140�m. We an thus assume that one entersinto the hydrodynami regime, an interesting feature for a old gas abovethe transition, as stated in the introdution. These results motivated us toundertake the following studies of the olletive exitations in the thermalloud above T.4. Generation and detetion of exitation modesWe deided to generate the lowest exitation modes in the old gas.The goal of this study is to observe the osillations of the old loud in theaxial diretion after it reeives a kik appropriate to generate the monopole�quadrupole m = 0 mode. Let us reall that in an anisotropi trap the modesl = m = 0 (monopole) and l = 2, m = 0 (quadrupole) are oupled andthis results in two so-alled �monopole�quadrupole� modes. We study thelow-frequeny monopole�quadrupole mode, for whih the axial and radialosillations are in opposite phase.The alulations of referene [6℄ predit hanges for the frequeny !Qand for the damping �Q of the osillation mode when the ollision ratevaries from a ollisionless regime to a hydrodynami regime (see Fig. 3).



Hydrodynami Modes in a Trapped Gas of . . . 2219We thus deided to measure the response in time of the elliptiity of theloud after the mode is exited. We repeated the measurements at varioustemperatures above T in a large range of ollision rates, expeting to reahthe hydrodynami regime at the viinity of the ondensation transition.The exitation is made by a transient pulse of magneti �eld giving a kikto the trapped loud. Several proedures were used and �nally we found thatthe most e�ient one is the following one:� One starts with the gas at rest in the trap at a given temperature Tabove T in the onditions used for the evaporative ooling ramp, namelywith a bias �eld B0 of 5G resulting of an equal urrent in the 5 oils of thetrap;� One abruptly lowers the bias �eld B0 along the weak axis (x dire-tion) to a fration of a Gauss by applying an appropriate urrent to theadditional bias oils mentioned above. This reates a ompression in theradial diretion, the loud beomes very elongated. The trap is no longerharmoni but the atomi density inreases dramatially;� One simultaneously reates a sinusoidal modulation of this ompres-sion �eld with the additional bias oils. The amplitude of the short mod-ulation pulse is of order 0.15G, its duration of order 15 ms (3 periods).We hose a modulation frequeny of 180 Hz, intermediate between 2 �k and1.55 �k whih are the expeted frequenies for the low frequeny monopole�quadrupole mode in the two extreme ases, the ollisionless regime and thehydrodynami regime [6℄;� Just after this pulse one hanges the bias �eld again and sets it toabout 2G, a value signi�antly lower than the usual bias �eld B0 of 5G.This value is hosen in order the obtain the maximum ompression of thegas ompatible with an harmoni trap. On the one hand the higher theompression, the larger the ollision rate, failitating the entrane into thehydrodynami regime. On the other the trap has to remain harmoni, mean-ing that the ondition �B=kbT � 1 must remain ful�lled, to avoid that theintrinsi frequeny of the trap is hanged by the anharmoniity.One an show that suh a proedure allows to exite the low frequenymonopole�quadrupole mode m = 0.5. Experimental results, omparison with theoryWe monitor the evolution of the elliptiity of the loud as a funtion oftime after the osillation is produed. Atually the elliptiity osillates atthe same frequeny as the olletive mode with the same damping in aseof a su�iently small exitation. A measurement is shown in Fig. 2.
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(b)Fig. 3. Theoretial preditions of [6℄ for the low frequeny monopole�quadrupolemode m = 0 of an elongated loud of old gas as a funtion of the elasti ollisionrate. On the upper part (Fig. 3(a)) is plotted the damping of the osillations, andon the lower part (Fig. 3(b)) the frequeny of the osillations, both in units of !k,the axial (weak) frequeny of the trap. (Figure taken from [6℄).



Hydrodynami Modes in a Trapped Gas of . . . 2221These results derive both from numerial simulations and from analyti-al alulations, whih are in exellent agreement. One notes that the ratio!Q=!k dereases from 2 for the ollisionless regime to 1.55 for the hydrody-nami regime, whereas �Q=!k goes to 0 at both ends but reahes a maximumin between the two regimes. The results of Fig. 3(a) and Fig. 3(b) an beombined to give the urve of Fig. 4.
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Fig. 4. Plot of the frequenies and damping rates of the lowest monopole�quadupolemode m=0. The solid line summarizes the theoretial alulation already men-tioned in Fig. 3. The ross orresponds to the estimated value of the ollision rate�oll = 2� 104s�1 for metastable helium as derived from [9℄. The arrow indiatesthe displaement on the urve when �oll inreases. ENS: Experimental results ofthis work for metastable helium. MIT: Experimental data point of [3℄ for sodium.Fig. 4 shows the experimental data we obtained. The advantage of suha presentation is that only relative values of the measured frequenies areused, whih are known with good preision. One does not require knowledgeof the ollision rates, whih is di�ult due to the unertainties in the presentstage of the experiment. In Fig. 4 we plotted the points (alled �ENS�)orresponding to the highest ollision rates that we were able to ahieveat a temperature of about 3T. The omparison between experimental dataand theoretial alulation allows us to make an indiret measurement of theelasti ollision rate in the exited loud. The highest ollision rate that weobtained is in the range of 3:5�103 s�1. One remarks that we were unable toreah the expeted ollision rate of 2�104s�1 whih is indiated with a rossin Fig. 4 and whih was estimated independently at the transition [9℄. Wealso plotted the results obtained by the group of Ketterle at MIT [3℄ for oldNa atoms.



2222 M. Ledu et al.6. DisussionUsually, when the initial elasti ollision rate is high enough, the RFevaporation ramp enters in the so-alled run-away regime, where both phasespae density and �oll inrease exponentially. So we expet to measurethe highest ollision rate at the Bose�Einstein transition. In our ase, weobserved that the phase spae density always inreases (leading to the Bose�Einstein ondensation) but on the ontrary, at the very end of the evapora-tion ramp, the ollision rate starts to derease. The two behaviors are notinompatible sine the phase spae density sales like N=T 3 whereas the ol-lision rate sales like N=T . Monitoring the evolution of the elasti ollisionrate along the evaporation ramp an be easily done while monitoring theOptial Density (OD) at the enter of the loud. Atually, both quantitiesare proportional in a harmoni trap: OD / N=T / �Coll. The evolution ofthe optial density of the loud during the evaporative ooling is plotted inFig. 5. This plot shows that the highest elasti ollision rate we an produeis obtained at about 3T. Then, instead of getting deeper into the hydro-dynami regime, the elasti ollision rate turns bak towards lower valueswhile approahing the transition.
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Fig. 5. Measurement of the optial density at the enter of the loud as a funtionof the trap depth at the end of the evaporative ooling ramp. The optial densitybeing proportional to the elasti ollision rate in a harmoni trap, this plot showsthat one leaves the run-away regime below a temperature of about 3T.Atually, while studying the monopole�quadrupole exitation, the high-est elasti ollision rate measured in Fig. 4 (�maxColl � 3:5 � 103 s�1) wasobtained after evaporation down to about 3T, and after additional ompres-sion of the magneti trap. From this value we an infer the orresponding



Hydrodynami Modes in a Trapped Gas of . . . 2223elasti ollision rate before additional ompression: 2� 103 s�1. Then, fromFig. 5 we an infer the ollision rate at the ritial temperature T whihis about twie as small, leading to 103 ollisions per seond. This value isabout 20 times smaller than the one derived from the measurement of theritial temperature of the phase transition.Within our error bars, assuming 8 nm for the sattering length insteadof 16 nm redues by 4 the disrepany between the two independent mea-surements of the elasti ollision rate. Then, when we �rst estimated theollision rate knowing the ritial temperature, the number of atoms at thetransition was nearly twie as large as it was when we produed olletiveexitations, whih also explains part of the disrepany. Still it is not enoughto onlude to the agreement between the two values. We are still workingon improving the auray of both kinds of measurement to understand thedisrepany. In partiular we started studying in more detail the e�ets ofeddy urrents on the measurement of the temperature. In fat, magneti�elds remaining after the swithing o� of the trap Zeeman shift the optiallines and modify the absorption ross setion of atoms during the optialdetetion. This modi�ation is not homogeneous in spae and might leadto a systemati error on the e�etive measurement of the size of the loudafter free expansion, and, onsequently, of the ritial temperature.In order to �nd out why we leave the run-away regime at the end ofthe evaporative ramp, we studied losses and heating rates. For instane wemeasured heating rates of 20�K/s at 3T. A possible explanation is relatedto inelasti Penning Ionization taking plae when the density beomes highenough. A dominant proess is the formation of He+ ions and He atoms inthe ground state whih have very large kineti energy originated from theinternal energy of the metastable atoms (about 20 eV). These hot produtsmight ollide with trapped metastable atoms and heat them up via elastiollisions [21℄. Estimates from numbers given in [21℄ lead to the right order ofmagnitude for the heating rate. The more hydrodynami, the more e�ientthe heating proess will be [22℄, apparently leading to a limitation in thehighest elasti ollision rate we an produe.In onlusion, the route towards the hydrodynami limit has been ex-plored further than in any other reported experiment on olletive exitationmodes. Espeially the measured frequeny of the exited mode is stronglyshifted towards the hydrodynami regime as predited. The experiment isstill under progress, and we hope to go deeper into the hydrodynami regime.However, intrinsi limitations due to inelasti ollisions have been found.The authors wish to thank the writers of [6℄ for allowing the reprodutionof part of their work (Fig. 3). This work was supported by La Région Ile-de-Frane through SESAME ontrat number 521027.
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