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Introduction I spent the four last months in Pr. Stamper-Kurn's team in the Physics department of U.C. Berkeley. I worked on the installation of an imaging system on a Bose-Einstein Condensation experiment, and its use was made as easy as possible, by developing automation routines on the computer which controled the device.Though my application period nishes only in one month, this report will introduce what has already been achieved during these rst months, and what I plan to nalize in the following month. In a rst part I will present the Bose-Einstein condensation phenomenon, how it can be theoretically predicted, and it can be experimentally realized. This part aims to explain the basics of Bose-Einstein Condensation. Therefore it is taken from dierent books, lectures and websites. People which are already familiar with the subject should skip it, as nothing in it was done on my own. The second part focuses on the imaging system I am building. After a brief explanation of the dierent imaging techniques leading to quantitative measurement, I will present the experimental device, explain why a test pattern has to be used to characterize the system, how this is achieved, and I will nally produce my results. The last part is dedicated to the automation procedures I developed in Visual Basic: the routines were created to save time in the most used imaging processes, such as taking an absorption image, saving the images, or rotating them. I will review all the programs developed.
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Chapter 1



Introduction to Bose-Einstein condensation In 1924-1925, Albert Einstein and Satyenda Nath Bose predicted that a phase transition had to be expected from a boson gas cooled under a critical temperature Tc . Indeed, below Tc , a macroscopic number of atoms in the ground level should be observed. As the increasing number of atoms in this state should suddenly increase the density of the gas, the transition is, in some way, similar to the condensation of a gas into a liquid. Hence the name given to this transition: Bose-Einstein condensation. It took 70 years for scientists to give experimental evidence of the phenomenon: it was achieved for the rst time in 1995 by Eric Cornell and Carl Wieman in Boulder, Colorado. In this part, we will rst give a simple demonstration of the Bose-Einstein Condensation. Then, we will focus on the description of the experimental apparatus.



1.1 Prediction of the phenomenon We will here briey retranslate the derivation made by Claude Cohen-Tannoudji in his lectures at the College de France [4], limiting our study to atoms freely evolving. Let us consider a gas of bosons without mutual interactions enclosed in a cubic box of length L and volume V , in thermodynamic equilibrium at temperature T . In order to make things easier, periodic limit conditions are taken. 2π~ ni , i = x, y, z The momentum of each particle is quantied pi = L 2 2 2π ~ The energy of an atom is thus: ²p = (n2 + n2y + n2z ), the energy of the ground state is mL2 x ² = 0, and the energy dierence between the rst excited state and the ground state is



δ² =



2π 2 ~2 mL2



(1.1)



We will see later that BEC (Bose-Einstein Condensate) appears at a temperature Tc such that kTc À δ². The BEC is hence not due to the fact that thermal energy is of the same order of magnitude (or smaller) than the dierence of energy between the ground and the excited states. The density of state can then be easily calculated using the approximation of the continuous spectrum, by which the summation on the possible values of the momentum is transformed r into √ V 2 ² 2π~2 an integral. The density of state is: ρ(x) = 3 √ x, where x = β² = and λdB = kT mkT λdB π
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is the de Broglie wavelength1 . For µ and T constant, the mean occupation number can be calculated with the grand partition function: 1 1 Np = β(² −µ) = −1 β²p (1.2) p z e −1 e −1 where z = eβµ is the fugacity and µ the chemical potential. An important thing to note is that µ is such that ∀p, ²p − µ > 0, in other words ∀p, ²0 − µ > 0, otherwise Np could be negative2 . In our particular case, it implies that µ < 0 and thus z < 1. Let us now consider another problem which is: given a xed number of bosons N in equilibrium at temperature T , how will vary the repartition of the molecules between the levels ²p when T is changed? If uctuations of the number of particles around their average values are ignored, results of the grand canonical ensemble can be used to write: X X 1 Np = (1.3) N= β² −1 z e p −1 p p To do this calculation, one will, in a rst time, try to use once more the approximation of coninuous spectrum. Thus, Z ∞ 1 (1.4) N = dx ρ(x) −1 β²p z e −1 0 Z ∞ √ V 2 ze−x √ = x (1.5) dx 1 − ze−x λ3dB π 0 V g3/2 (z) = (1.6) λ3dB where g3/2 (z) =



∞ X zl is the Bose function. It is strictly increasing from g3/2 (0) = 0 to l3/2 l=1



g3/2 (1) = 2.612. The problem is that z cannot be greater than 1, so the integral cannot be greater than 2.612, hence the latter equation has no solution if: N



≥ 2.612



V λ3dB



nλ3dB ≥ 2.612



(1.7) (1.8)



where n = N/V is the density of atoms. This problem arose from the approximation of continuous spectrum in which the ground state has a density ρ(0) = 0. The population N0 has been neglected in our calculation, which is not bothering as long as the population of this state is equivalent to the one of the many others. But if N0 becomes macroscopic, it has to be taken into account in the expression of N .



N



V g3/2 (z) λ3dB z V + 3 g3/2 (z) 1 − z λdB



= N0 + =



(1.9) (1.10)



1 De Broglie wavelength can be seen as the extension of the particle given by its ondulatory nature as a function of the temperature: at high T , λdB is small compared with its material size and thus the quantum behavior of the particle is totally negligible, but as T is cooled down, λdB increases, meaning that the quantum nature of the atom has gains in importance, and will ultimately have to be taken into account. 2 A better demonstration of that result can be found in function Q statistical physics books[7]: the grand partition P β(µ−²i )ni Z for a boson gas can be considered as the product Z = ∞ , i=1 Zi of partial partition functions Zi = ni e and Zi can converge only if ∀i, µ − ²i < 0.
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The condensation phenomenon Starting from a high T , λdB will be very small compared



to the mean distance between particles n1/3 . The equation (1.10) of N has a solution with a negligible rst term. But as T decreases, λdB increases, up to T = Tc , where nλ3dB = 2.612. Using the expression of de Broglie wavelength, Tc can be expressed:



kTc =



2π~2 ³ n ´2/3 m 2.612



(1.11)



The second term of the equation (1.10) can be equal to N for the maximum value of z , z = 1. When T < Tc , even for z = 1, the second term cannot equal N , the rst term (the population of the ground state) furnishes the missing macroscopic population. Conclusion: for a xed number N of atoms in the system, as T decreases, a macroscopic population N0 condenses in the ground state when T < Tc . And the Bose-Einstein condensation is born!



Variation of N0 with T By denition of Tc , N =



V



g3/2 (1) λ3dB (Tc )



V g3/2 (1), λ3dB so that, substituting V g3/2 (1) from the former to the latter equation, one gets:



Moreover, for T < Tc , one can write: N = N0 +



·



N



¸3 λ3dB (Tc ) = N0 + N λ3dB (T ) µ ¶3/2 T = N0 + N Tc



N0 =1− N



µ



T Tc



(1.12) (1.13)



¶3/2 for T ≤ Tc



Comparison of kTc with the dierence between the energy levels δ² Using the former equations for δ² and kTc , respectively (1.1) and (1.11), one gets:



δ² n−2/3 1 ∼ = 2 2 kTc L L



µ



N L3



¶−2/3 =



1 N 2/3



¿1



(1.14)



Thus, Bose-Einstein condensation appears for temperatures Tc much higher than δ²/k . For example, for N ∼ 106 , kTc ∼ 104 δ²



Population of the rst excited levels below the condensation threshold Let us com-



pare N0 to the population of the rst excited level N1 when N0 reaches a macroscopic value, such as N0 = N/2. z N 2 N0 = = −→ z ' 1 − (1.15) z−1 2 N As δ² ¿ kT , e−β²1 ' 1 − β δ². Thus,



N1 =



ze−β²1 1 ∼ ∼ 1 − ze−β²1 1 − (1 − N2 )(1 − β δ²)



2 N



1 + β δ²



(1.16)
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Moreover, equation (1.14) leads to β δ² ∼ N −2/3 . Hence, β δ² À
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2 and so N



N1 1 N 2/3 1 ∼ ∼ ∼ 1/3 ¿ 1 N0 β δ² N N N



(1.17)



Below the condensation threshold, the population of the ground level is much higher than the one of the rst excited level.



Conclusion A gas of N bosons without mutual interaction, enclosed in a box, will condense under a given temperature Tc . This condensation is not due to the fact that the temperature reached is smaller than the dierence between the rst energy levels, but anyway the ground state will be macroscopically populated following the law: N0 =1− N



µ



T Tc



¶3/2 for T < Tc



with kTc =



2π~2 ³ n ´2/3 m 2.612



(1.18)



1.2 The experimental device The apparatus used by the Stamper-Kurn's group will now be described. Atoms of 87 Rb were heated in an oven, producing a ne ow of Rubidium in a vacuum chamber. The trapping and the cooling of the atoms can be splitted in 5 parts:



Zeeman Slowing Atoms propagate in a 2-meter long tube. A counterpropagating laser slows



them by radiation pressure. In order to stay on resonance with the slowed atom whose Doppler-shift changes, a magnetic eld varies in strength along the path of the atoms, so that the Zeeman shift maintains the atoms on resonance with the laser. Coming out of the oven, their velocity is about 400 m/s. After the slowing, the mean speed is about 10 m/s.



Magneto-Optical Trapping Atoms then y to the center of the vacuum chamber3 where they



are trapped and cooled further by an optical molasses: 6 counterpropagating lasers keep the atoms in the center of the room, thanks to a magnetic eld which, once again, Zeemanshifts the atoms trying to escape from the trap, putting them to resonance with the laser they are approaching.



Polarization Gradient Cooling The magnetic eld is shut down. The atomic cloud expands.



But as the counterpropagating lasers form a sinusoidal grating, and every time an atom "climbs up" the potential, it is pumped down by a laser to the bottom of the sinusoid, so that the atom always climbs up an innite dielectric potential. This step only lasts a few milliseconds but cools the atoms below 100 µK



Magnetic Trapping After a few ms polarization gradient cooling, a spherical magnetic eld



is suddenly increased to trap the atoms. Because only the mF = −1 state can be trapped, two third of the cloud are lost in this step. The magnetic eld is then adiabatically curved to give the cloud a cigare shape.



Evaporative cooling This last step consists in broadcasting radiofrequency tuned on the tran-



sition frequency of the hottest atoms in the cloud. These one will change their polarizations so that they don't see any conning potential and escape the trap. Getting rid of the hottest



3 During my internship, we unfortunately were forced to open the vacuum chamber, because of a leaquage in the cooling system of the coils. This was the opportunity for me to discover the vacuum techniques. A quick appendix is dedicated to them at the end of the report.
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atoms, and after rethermalization, the cloud will be colder. The radio-frequency are slowly swept to progressively cool further the atoms. After the evaporative cooling a fraction of the atomic cloud should have condensed to the ground state. I will describe more in detail each step of the experiment before summarizing what was achieved during the last four months.



1.2.1 The Slower Rubidium atoms are rst heated at ∼ 500 K to get a vapor of Rb. The atoms enter the vacuum system trough a small aperture controlled by a shutter. A rubidium jet propagates then along a 2-meter channel at very high velocity (around 300 m/s, but the distribution is very spread out). To slow it, a laser beam is sent in the opposite direction of the jet: atoms absorb a photon with a momentum pointing in the opposite direction of their motion. A stimulated emission will emit a photon in the same direction as the laser, and nally the atom will not have lost any momentum in such cycle. But as the spontaneous emission is isotropic, the average momentum of the emitted photons on many spontaneous emission is 0. Hence, after many absorption-spontaneous emission cycles, the atoms will be slowed down. Because of the Doppler-shift, the atoms "see" a blue-detuned laser frequency. In order to be on resonance with the |F = 2 >→ |F 0 = 3 > transition4 , the laser must be red-detuned. The detuning of the laser gives the highest velocity which will be slowed down in the slower. In our case, the detuning is −563 M Hz . It corresponds to a maximum velocity:



∆f = λ∆f f ' 780.10−9 × 563.106 m/s = 440 m/s



(1.19)



v = c



(1.20)



Any atom coming out from the oven with a greater velocity will not be slowed down. As they progress into the channel, the atoms are slowed and thus their Doppler-shift changes, so that, if nothing is done, they are rapidly out of resonance. To cope for the loss of Doppler-shift, a strong Magnetic eld is along the axis, which grows almost exponentially with the distance to the oven, starting from B = 0 G at the oven, up to G ' 260 G at the end of the path. This is achieved by wrapping copper wires around the channel, and by increasing the density of loops when the end of the channel approaches. Let us give an evaluation of the nal velocity. (1.21)



Red detuning = Doppler Shif t + Zeeman Shif t v 2π~frd = µB ∆(gF mF )B + 2π~ λ



(1.22)



Hence,



·



¸ µB ∆(gF mF )B v = λ frd − h · ¸ 1.4.106 ∗ 260 −9 −6 ' 780.10 563.10 − 6.62.10−34 ' 150 m/s 4



For precisions about the transitions, the reader should refer to the appendix dedicated to Let us just mention that |F > states are the ground states and |F 0 > are excited.



(1.23) (1.24) (1.25) 87



Rb spectroscopy.
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1.2.2 The Magneto-Optical Trap After a short time of ight, the atoms arrive at the center of the chamber and fall into a MagnetoOptical Trap (MOT). We will rst decribe it in 1 dimension, and see it can be easily generalized to 3D.



1-Dimension model A 1D MOT is made of two counterpropagating lasers of dierent polarizations (σ + and σ − ) both slightly red-detuned (∼ 8 M Hz ), and a linear magnetic eld B(z) = A.z . We will consider the simple scheme of an atomic transition of Jg = 0 → Je = 1. The excited state has thus 3 Zeeman sublevels which will be proportionaly shifted with the eld. Assuming the lasers and the magnetic eld are as in gure 1.1, when an atom in the ground state moves to the right, its |Je , Me = −1 > state shifts down to the laser frequency. A photon from the σ − beam is then absorbed, and the atom is pushed toward the center of the MOT. On the other side of the center of the trap, analogous phenomenons occur with the σ + beam and the Me = +1 sublevel.



Figure 1.1: Arrangement for a unidimensional MOT. The horizontal dashed line represents the laser frequency seen by an atom at rest in the center of the trap. Because of the Zeeman shifts of the atomic transition frequencies in the homogeneous magnetic eld, atoms at z = z 0 are closer to resonance with the σ − laser beam than with the σ + one, and are therefore driven toward the center of the trap. Figure taken from [9]. The MOT scheme can easily be extended to 3D by using six instead of two laser beams (see gure 1.2). Things are a little bit more complicated in our case, as the "ground" state has dierent Zeeman sublevels. However things will not be dramatically changed, as σ + laser beam will pump the atoms to the Mg = +Jg substate, which forms a closed system with the Me = +Je substate (see Appendix A).



Trapping AND Cooling It is important to note that, contrary to the Magnetic trap we will



study later, the MOT cools down the atoms. It can be showed by writing the radiative force in
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Figure 1.2: A tri-dimensional Magneto-Optical Trap. Figure taken from [14] the low intensity limit5 . The total force on the atoms is given by:



− → → − → − F = F++ F−



where



→ − → − ~kγ s0 F± =± 2 1 + s0 + (2δ± /γ)2



(1.26)



In our case, the detuning δ± for each laser is given by the contribution of Doppler and Zeeman shifts: − → − µB ∆(gF mF )B (1.27) δ± = δ ∓ k · → v ± ~ When both Doppler and Zeeman shifts are small compared to the detuning δ , the denominator of the force can be expanded. The result becomes:



− → → → F = −β − v − κ− r



(1.28)



The force leads to damped harmonic motion of the atoms in the trap.



Repump laser Though cooling and trapping is achieved using the |F = 2, mF = 2 >→ |F 0 =



3, mF = 3 > cycling transition, another excited hyper-ne state |F 0 = 2 >is close by, and only a small excitation rate to that state leads to a loss of atoms caused by spontaneous emission to the |F = 1 > ground state. Since the hyperne splitting in the ground state is very large, atoms are conned to this state and are no longer cooled and trapped. In order to prevent this, a second laser beam, called repump laser is tuned to the |F = 1 >→ |F 0 = 2 > transition. The excited atom can then decay to the original |F = 2 > state.



Doppler limit What temperatures can be reached with such process? Every time an atom



absorbs a photon, its energy changes of Er = ~2 k 2 /2M = ~ωr . This energy is then released by the atom which recoils. This recoil leads to heating the cloud, and the limit of cooling of the method can be found by equating the rates of heating and of cooling. Another instructive way to determine the limit temperature TD (where D stands for Doppler) is to consider that all the spontaneous emissions of an atom cause a random walk in momentum space with step size ~k and step frequency 2γ , where the factor of 2 arises because of the 2 beams. The random walk results in diusion in momentum space with diusion coecient 5



It means that stimulated emission has been neglected emission. For further explanations, see [9].
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(∆p)2 = 4γ(~k)2 . Then Brownian motion theory gives the steady-state temperature in ∆t terms of the damping coecient β : kB T = D0 /β . Calculations nally give the Doppler limit: D0 ≡ 2



TD =



~γ ≈ 100 µK 2kB



(1.29)



However, temperature below TD were observed in a MOT. This phenomenon is due to the cooling described in the following part: the Polarization Gradient cooling.



1.2.3 Polarization-Gradient Cooling We will rst study the linear ⊥ linear polarization gradient cooling, and then focus on our system, working on σ + σ − polarization gradient cooling.



Linear ⊥ Linear polarization gradient cooling or Sisyphus eect Let us consider two counterpropagating lasers with orthogonal linear polarization. The polarization of this light eld varies over half a wavelength, as shown in gure 1.3: − → → − E = E0 − x cos ωl t − kz + E0 → y cos ωl t + kz − → − → → − = E [( x + y ) cos ω t cos kz + (− x −→ y ) sin ω t sin kz] 0



l



l



(1.30) (1.31)



Figure 1.3: Polarization gradient eld for the lin ⊥ lin polarization. Figure taken from [9]. To study the eects of this polarization gradient on the cooling process, we will study a Jg = 1/2 to Je = 3/2 transition as it is one of the simplest transitions showing sub-Doppler cooling. Let us start from an atom at a position where the light is σ + -polarized, as shown at the lower left of gure 1.4. The light optically pumps it to the negative light-shifted mg = +1/2 state. In moving through the light eld, the atom increases its potential energy (decreasing by the way its kinetic energy). After traveling a distance λ/4, it arrives at a position where the light eld is σ − -polarized, and is optically pumped down to mg = −1/2. Again the moving atom is at the bottom of a hill. In climbing the hills, the kinetic energy is converted to potential energy, and in the optical pumping process, the potential energy is radiated away because the spontaneous emission is at a higher frequency than the absorption. Thus atoms seem to be always climbing a hill, just like the Greek hero Sisyphus. This cooling process is eective over a limited range of atomic velocities. The damping is maximum for atoms that undergo one optical pumping process while traveling over a λ/4 distance. The optimum velocity is thus vc ∼ γ/k . Slower atoms will not reach the hilltop before
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Figure 1.4: The spatial dependence of the light shifts of the ground-state sublevels of the J = 1/2 → 3/2 transition for the lin ⊥ lin polarization. The arrows show the path followed by atoms being cooled. Atoms starting up at z = 0 in the mg = +1/2 sublevel must climb the potential hill/ As they approach the z = λ/4 point where the light becomes σ − -polarized, they are optically pumped to the mg = −1/2 sublevel. They must then begin climbing another hill toward the λ/2 point, where light is σ + -polarized, and they are pumped back to the mg = +1/2 substate. The process repeats until the atomic kinetic energy is too small to climb next hill. Each optical pumping results in absorption of light at a lower frequency than emission, thus dissipating energy to the radiation eld. Figure taken from [9]. the pumping process occurs, and faster atoms will already be descending the hill before being pumped toward the other sublevel. In both cases the energy loss is smaller, the cooling process less ecient.



σ + -σ − polarization gradient cooling This case corresponds to our experiment: two counterpropagating laser beams with σ + and σ − polarizations. The resulting optical eld has a constant magnitude and is linearly polarized everywhere, but direction rotates of 2π over one optical wavelength (see gure 1.5). − → → → E = E0 [− x cos (ωl t − kz) + − y sin (ωl t − kz)] − → − → + E [ x cos (ω t + kz) − y sin (ω t + kz)] 0



l



l



→ → = 2E0 cos ωl t [− x cos kz + − y sin kz]



(1.32) (1.33)



In the basis where the quantization axis rotates so that it is always along the electric eld and only π transitions are produced. Since the light shift is spatially uniform, this king of cooling cannot rely on Sisyphus eect. Nevertheless, the cooling derives from motion through a region of rotation of the quantization axis. Let us consider, once again, the simplest model, which is this time: Jg = 1 and Je = 2. Moving atoms will experience a rotation of the quantization axis, and must be optically pumped in order to follow it. Hence, atoms traveling toward the σ + laser beam experience a large momentum change in the direction opposite to their motion, as mg = +1 sublevel scatters six times more eciently σ = than σ − light6 , and as the atom remain 6



Because of the Klebsh-Gordan coecients
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Figure 1.5: Polarization gradient eld for the σ + ⊥σ − polarization. Figure taken from [9] in the mg = 1 substate after an absorption/emission cycle. The same eect occurs in the other direction with σ − beam and mg = −1 substate. The atomic motion is damped by the dierential scattering of light from the two laser beams.



1.2.4 The Magnetic Trap The idea is that all the atoms with an angular momentum F have a magnetic moment µ = −µB gF F. Placed in a magnetic eld of modulus B(x), it precesses at the Larmor pulsation. If the latter is much greater than the characteristic frequency of the atom motion, the magnetic momentum follows adiabatically the eld, with the potential energy U (x) = µB gF mF B(x). As the magnetic eld cannot have a maximum in the vacuum, the only way to get a potential minimum is to have the atom in a state such that: gF mF > 0. As gF < 0 in the ground state, we will only catch the atoms in the mF = −1 hyperne state. It is important to note that this part of the experiment only consists in trapping, not in cooling: the atoms will evolve following the potential described by the magnetic eld, but they will not lose any energy. Let us rst describe the shape of the trap and the coils which create it (cf gure 1.6). The trap is axial (we will call z its axis), two sets of Helmoltz coils are along this axis: the smallest and the closest from the center of the trap are called curvature coils because they are responsible of the curvature of the eld along the z axis; the others are called anti-bias coils because their main purpose is to compensate the eld created in the center of the trap (called bias eld ) by the curvature coils, but without changing the curvature. The current owing through the two sets of coils (called main current ) comes in parallel from the same power supply, but go in opposite directions for the two sets, so that any noise of the power supply will not aect (too much) the bias eld, because the eects on the coils will compensate each other. In order to control further the value of the bias eld (B0 ), an additional power supply runs current through the curvature coils, allowing thus to control the value of B0 7 . What about the radial magnetic eld? The two sets of coils generate at the center of the trap a saddle point, which obviously is not the ideal shape for a trap! To compensate that eect, gradient coils are added. An easier case is showed on gure 1.7. The radial amplitude of B at 7 Coming back to the MOT: for the Zeeman shift, we just needed a linear eld as a function of the distance to the center of the trap. We just used one curvature coil, and the opposite anti-bias coil, running the same current trough these two coils, but in opposite directions.
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Figure 1.6: A Ioe-Pritchard magnetic trap. Figure modied from [15]



Figure 1.7: Ioe conguration of the magnetic eld. The curves represent the modulus of the magnetic eld along the axis and in the transverse direction. In our case, an anti-bias et of coils has to be added, lowerig thus the eld for z = 0. Figure taken from [3]
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z = 0 is thus:



s



q B(ρ) =



B02



+



ρ2 B 02



= B0



µ 1+



ρ2



B0 B0



¶2 ' B0 +



15
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(1.34)



The expression of B shows that the radial curvature of the eld is given by B 02 /B0 . The most ecient way to get a cigare-shaped trap will thus be to decrease the bias eld B0 8 The global magnetic eld can be approximated by: µ ¶ 1 B 02 B” 2 B(ρ, z) ' B0 + B”z + − (1.35) 2 B0 2 How will practically be used this magnetic trap? Before turning on the current in the coils, the atoms must be in the ground state. There are mainly two ways of doing it: either by using a depumping laser9 , or by shutting the repump laser of the MOT a few ms before shutting o the MOT. The atoms will thus all be in the F = 1 state. Unfortunately, the atoms equally populate the mF = −1, 0, 1 sublevels, and as our magnetic eld will trap only mF = −1 atoms, we are bound to loose 2/3 of the atomic cloud! The coils are turned on. Typical values of the magnetic eld are: (1.36)



B0 = 20 G B



0



= 85 G/cm 2



B” = 25 G/cm



(1.37) (1.38)



To get such magnetic elds, very high currents need to run into the coils (up to 600 A!). To prevent them from overheating, the coils are made of copper wires inside which high pressure water is run through10 . The atomic cloud is rst loaded into a spherical trap. Then it is slowly (in 3 s) curved. To do so, the main current is increased (to 400 A), the curvature current is decreased (from 400 A to 25 A) and the gradient current is increased (from 170 A to 300 A). What is the point in creating a cigare-shaped cloud? There are mainly to assets: rst, compressing the cloud will increase the collision rate and thus decrease the time needed for the system to thermalize; then it makes the detection of the BEC easier.



1.2.5 Evaporative Cooling This is the last step to get a BEC. The idea is to get rid of the hottest atoms, so that after rethermalization, the cloud is colder. One can gure the motion of a trapped atom as an oscillation in the magnetic potential. The hottest atoms will be the one which climb the highest in the trap. They will thus experience the strongest Zeeman shift. A radio-frequency is broadcast through a coil in the vacuum chamber and will be absorbed by these atoms. They will switch from |F = 1, mF = 1 > to |F = 1, mF = 0 >. In the latter state, atoms are not trapped any more. Hence, the hottest atoms are expelled from the trap starting from high radio-frequency (∼ 30 M Hz ), and slowly sweeping down. Provided the collision rate is sucient to rapidly rethermalize the cloud, evaporative cooling should lead to BEC! 8 However it is important not to cross the zero-eld level, otherwise the shape of the magnetic eld would be dramatically changed, with minima not out the center of the trap. 9 The depumping is processed by using light which will send atoms from state F = 2 to F 0 = 2. They can either relax to F = 2 where they will once again be pumped to F 0 = 2, or to F = 1. Thus after a few ms, most of the population is in the F = 1 level. 10 One of these wires was responsible for the leakage I mentionned earlier, leading to opening the vacuum chamber to x it.
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Figure 1.8: During the evaporative cooling, the depth of the magnetic trap is slowly decreased. The hottest atoms escape, and after rethermalization, the cloud is colder. Figure taken from [16]



1.2.6 State of our art As I arrived in May, the rst attempts to transfer atoms into the magnetic trap were achieved. The vacuum in the chamber was limited by a leakage at very high pressures (around 200 psi) in one of the water-cooled coils. First the water ow was inversed in hope the leakage was at a wire's end, but as the leakage persisted, the chamber was open, and the leakage xed, by breezing the leaking coil to its input.The chamber was then baked during 10 days to go back to a high vacuum (∼ 10−11 T orr). Appendix B briey explains the dierent techniques to reach such vaccum conditions. Moreover the laser beams turned out to not to be well shaped and not to be powerful enough. A light amplier was thus installed in order to get enough power. As the power was widely sucient, the beam was ltered using a spatial lter and a monomode optical ber. The outcoming beam was about 60 mW and had a correct shape. These improvements lead to a 2 billion atom cloud in the MOT, and up to 600 million atoms in the magnetic trap. Some compression tests have been successfully tried. The collision rate increased during the compression but is not sucient though. The rst attempts of evaporative cooling showed that the broadcast radio-frequencies were caught by almost all the electric appliances. The radio-frequencies were nally emitted from a coil inside the vacuum chamber. Requiring less power, it partly solved the problem. A regime with higher collision rate has to be found to have the evaporative cooling work.



Chapter 2



The imaging system We enter here more specically into the work I achieved during these four months, and that I will nish in one month. My project was to set up an imaging system to take picture of the BEC, with dierent magnications, and which could allow some quantitative measurement of it, such as temperature or density.



2.1 Dierent imaging techniques This section is taken from [10].



Absorption, dark-ground and phase-contrast imaging Assuming the cloud is suciently



thin so that light rays enter and exit the cloud at the same (x, y) coordinate1 (this is the thin lens approximation), the complex electric eld of the probe light after passage through the atomic cloud is: − → − → − → E0 −→ E (x, y) = t.E0 exp iΦ (2.1) Moreover, the optical density D, dened for resonant light as: Z σ0 D(x, y) = n(x, y, z) dz, 1 + δ2



(2.2)



0 where σ0 is the resonant cross-section, δ = ω−ω Γ/2 the detuning and n the atomic density, can be related to the transmission t and the phase shift Φ [5]:



t = exp −D/2 D Φ = −δ 2 Thus by measuring either t or Φ, one can get the column density of the cloud n ˜=



(2.3) (2.4)



Z n(x, y, z) dz .



This measures can be achieved by dierent ways:



Absorption image An absorption image is taken by shining a probe light through the sample,



and then imaging the atomic cloud onto the camera. This gives a spatial image of the transmission T = t2 of the cloud. This is the method we are currently using. As the laser beam is chosen resonant, the number of atoms in the sample can easily be derived: A X N= −ln(t2 (i, j)) (2.5) σ0 pixels



1



The light is propagating along the z axis.



17



18



BEC experiment Imaging System



where A is the area imaged by a pixel.



Dark-ground image This image is taken by substracting the unscattered eld to the electric



eld coming out of the cloud. This is achieved by placing a small dot in the center of the Fourier plan. Thus, the intensity on the camera can be written:



1 Idg = |E − E0 |2 = I0 [1 + t2 − 2t cos Φ] 2



(2.6)



Hence, for suciently low Φ, the signal is quadratic in φ.



Figure 2.1: Darkground (A) and phase-contrast (B) imaging set-up. Probe light from the left is dispersively scattered by the atoms. In the Fourier plan of the lens, the unscattered light is ltered. In dark-ground imaging (A), the unscattered light is blocked, forming a dark-ground image on the camera. In the phase-contrast imaging (B), the unscattered light is shifted by a phase plate (consisting of an optical at with a λ/4 bump or dimple at the center), causing it to interfere with the scattered light in the image plane. Figure taken from [5].



Phase-contrast image This technique is roughly the same as the latter, except that the black dot in the center of the Fourier plan is replaced by a λ/4 waveplate. The phase of the unscattered light is shifted by π/2. The intensity of a point in the image plane is then:



´¯2 ³ π 1 ¯¯ ¯ ¯E + E0 ei 2 − 1 ¯ 2 h √ π i = I0 t2 + 2 − 2 2t cos (Φ + ) 4



Ipc =



(2.7) (2.8)



which is linear in Φ.



In situ and time-of-ight imaging We saw that the number of atoms in the cloud could be



derived from the measure of the transmission. However, this method, called In situ imaging has its drawbacks: because the transmission drops exponentially with the optical density (i.e. with the column density), quantitative measurement requires the optical density to be on the order of 1. For typical condensates, D ∼ 300 and thus, no quantitative information can be extracted from an absorption image. Another method, called time-of-ight imaging, consists in turning o the magnetic trap so that the cloud expands and its density decreases, and take a picture after a variable time. This method is also very useful to measure the temperature of the condensate2 . The shape of the expanding cloud after a very short time is depends on the shape of the trap, but after having expanded to a few times its original size, the shape of the clouds is a function distribution3 . Hence, a measurement of the temperature can be derived. 2 Indeed, 3



at our stage of the experiment, this is the main use of time-of-ight imaging As the trajectory of the atoms can be considered as ballistic, which implies that the time between two collisions in the cloud is much bigger than the time of ight.
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2.2 Realization of the imaging system Our imaging system will require a probe laser enlightening the cloud in the top-bottom axis4 . As this axis is also used by the MOT, there are only two solutions to avoid imaging the MOT light: either a beam-splitter is installed in the common path of the MOT and the probe lights and will split the beams, which should have dierent polarizations; or a ipper mirror is placed, and ips once the MOT light is shut down. As we would like to keep the polarization of the light for later work on spinor condensates, we chose the latter solution. On the other hand, we will not be able to take a picture of the MOT5 . I will describe now what has been done to build this imaging system.



2.2.1 Setting up of the probe light First, we need to get a laser beam at the right frequency. To do so, we take a part of an already existing beam by adding a λ/4 waveplate and a beamsplitter: the waveplate turns the polarization of the incoming light6 of a given amount, and the cubic crystal sends the horizontal and the vertical polarizations in two orthogonal directions. We take the horizontal one for our probing purpose. As showed in gure ??, we used the MOT laser light which was the closest from the transition we reached: |F = 2 > → |F 0 = 3 >. The MOT laser is tuned 123 M Hz under this transition. The modulation will be achieved using an Acousto-Optic Modulator (AOM). It is a small crystal in which a longitudinal acoustic wave is run trough a piezo-electric cell. Coming out are dierent orders of interaction of light with matter, giving rise to dierent frequencies: ωl , ωl ± ωao , ωl ± 2ωao ... The eciency of a given order can be increased by modifying the angle between the incoming light and the crystal. AOMs are characterized by the frequency at which their eciency is the best.



Figure 2.2: Light traveling through a quartz crystal can be diverted from its path by an acoustic wave. This process is called Brillouin scattering: from a classical point of view, the compression of the crystal will change the index of refraction, and therefore lead to reection or scattering at any point where the index changes; from a quantum point of wiev, the process can be considered as the interaction of light photons with vibrational quanta (phonons). The modulation of the outgoing light is a function of the incident angle. Figure taken from [17] I used a 80 M Hz AOM to obtain the probe light. As the desired frequency at which I drove the crystal (123 M Hz ) was far from its optimum value, I got a bad eciency (between 15 and 20%). But it did not really matter, as there was no need for high probing power. 4 The 5



windows of the top-bottom axis have better optical properties This drawback slowed dramatically down my work: as pictures of the MOT needed being taken to work on the 3 rst steps of the experiments, I could work with the camera only when nobody else needed imaging the MOT! To take pictures of the MOT, another window was used, and the probe beam was sent to the cloud through another path. 6 Most of the light on the table is vertically polarized
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There is another way of setting an AOM called double pass. During my internship, I also set up the depumping beam (used before turning on the magnetic trap) using the double pass method. In the appendix C, I explain this method. Once the right frequency is generated, probe light needs being mixed to the MOT light to be sent from the bottom to the top-bottom axis. This is achieved using a beamsplitter.



2.2.2 Setting up of the magnication system After having crossed the atomic cloud, the probing light (which is now an absorption gure) exits the chamber through the top window. It goes then trough the magnication system. One would like to image the atomic cloud (or the BEC) at 1/2, 5 and 16 magnication. On that purpose a set of lenses and mirror was designed so that, depending on the position of the camera, the dierent magnication could be reached. Figure 2.3 shows the magnication system. There is an additional constraint: the polarization of the light must not be lost. This requires the use of gold mirrors, but it also restricts the number of mirrors that can be used. Currently, only classic mirrors are used, as we do not need to keep the polarization of the probe beam for the time being, and as gold mirrors are fragile. In a rst time, I tried to design the device on a single axis, but it was really dicult to do the alignment without any mirror. So I used the solution shown in gure 2.3.



Figure 2.3: The imaging system and its 3 dierent magnications. In addition to the mirrors and lenses, some optics will ultimately be placed on the path of the beam:



• A mask in the path of the magnication 16. This mask hides a part of the chip on the camera, so that many shots in a row can be taken: a picture is taken on the enlightened part of the chip, then the picture is very quickly translated to other pixels of the chip and another picture can be taken on the enlightened part of the chip. Thanks to this method up to 30 pictures with a frequency of up to 1 kHz can be taken.
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• Prisms which separate σ + and σ − light. This prisms will be very useful to study spinor condensate: as dierent spin will absorb dierent polarizations, it will be interesting to take separate pictures of both polarizations.



2.3 Characterization of the imaging system The dicult part of this work7 is to characterize the system. This task is made dicult here because we do not exactly know neither the size of the atomic cloud, nor its shape. Thus it is very dicult to precisely focus on it and to know the magnication of the system. So here is the procedure I adopted: I rst imaged the cloud with the 1/2 magnication. I focused it as well as I could. Then as one could not place any object in the center of the trap, I designed an optic path imaging on the camera a test pattern at the distance the atomic cloud should be of the camera. I set the position of the test pattern so that its image on the camera was well dened. Assuming that the camera focused well on the atomic cloud, I have now a very ne object virtually at the same position as the cloud. I can then do the same for magnication 5 and 16. The characterization device is represented in gure 2.4.



Figure 2.4: Placing a mirror between the cloud and the camera, and a test pattern in the object plan allows to determine the magnication of the system and gives an idea of the resolution of the system, as long as the mirror placed is not the smallest aperture of the system



Magnication 5 Let us start with this magnication because it is the easiest one: light only



goes through two 2-inches lenses. The magnication measured with the test pattern is 4.56±0.05. This is not exactly 5, but what really matters is the precision with which it is measured, because quantitative imaging relies on such value. 7



If one excepts the problem of nding the room to install the system on an already crowded experiment!
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The resolution will be determined by the smallest lines on the test pattern which can clearly be distinguished. It can be compared with a theoritical limit, assuming that the diraction by the lenses is the limiting factor. To get an evaluation, the Rayleigh criterion for a lens is used:



d = 1.22λF



(2.9)



where F is called F-number, and is the ratio of the focal lens over the clear aperture of the lens. In our case, as we have many lenses in a row, it is assumed that the diraction is limited by the lens with the smallest F-number. It is important to notice that the value of the clear aperture is determined by the part of the lens which is eectively enlightened by the beam, and not by the real size of the lens. Figure 2.6 gives an example of how to determine the diraction limit in the case of magnication 16. For magnication 5, the diraction limit is evaluated: 3 µm. The resolution measured is 9 µm. This is of the same order of magnitude, but does not exactly match the expected value. Three explanations can be given: rst of all, the mirror has not been taken into account in our calculation because it is very dicult to tell which part is eectively enlightened, as the spot is not centered on it, it may thus be a limiting aperture; moreover, the approximation done in my calculation may be to strong, and we may have to do the exact computation; nally, the denition I give from the measured resolution may be wrong. Indeed, I am taking the distance between the center of the two smallest lines which can be distinguished. Using the distance between the closest edge would lead to a value of the resolution two times better.



Figure 2.5: The test pattern imaged by the magnication 5 system. The smallest lines which can be distinguished are 4 µm-thick.



Magnication 1/2 For the magication 1/2, a 1-inch lens of 64 mm focal length is placed in



the optical path. The magnication measured is 0.51 ± 0.02. The diraction limit expected is roughly the same as before, as the lens added does not have the smallest F-number. However, the resolution measured is about 80 µm. This could be because, this size is close to the size of a pixel on the chip of the camera. Moreover, because of the shape of the lens, spherical aberrations have to be expected. It also creates distortion if slightly turned from its original position.
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Magnication 16 For this magnication, a 1-inch, 75 mm lens is placed, leading to an ex-



pected diraction limit of 12 µm. The magnication measured is 12.0 ± 0.5. The resolution measured is 20 µm. As for magnication 1/2, a slight rotation of the lens can lead to important distortions, but there is a greater problem: as the camera is moved forth and back, magnication signicantly changes (about .35 magnication per cm), without changing the resolution. Thus, every time focusing is done on the cloud, many dierent positions of the camera can be found, with similar resolution, but very dierent magnication. It is then mandatory to remeasure the magnication of the system every time the focus is done.



Figure 2.6: This is a schematic of how calculation of the diraction limit is done: rst the extremal paths, that is the paths which go from the cloud to the camera with the maximal deviation have to be found; then the biggest F-number have to be found, considering the eective aperture and the focal length of each lens. In the case of the magnication 16, the greatest F-number is for the last lens, giving a diraction limit of 13 µm.



Conclusion The settings of magnication 5 seem satisfying. However, magnication 1/2 and



16 suer from a high sensitivity to the position of the third lens. In the next month, dierent lens should be tried to solve that problem. Finally, as the magnication 16 changes signicantly with the position of the camera, an easy way to x and remove the mirror has to be found, so that the calibration of the system is made easier. That is the second axis I shall work on during the next month.



Chapter 3



WinView automation The Roper Scientic's camera is controlled by a PC Software: WinView. With it, you can select the trigger mode, take pictures, do some basic image processing. The extensive use of images we do in this experiments urges us to automate the tasks as much as possible. On that purpose, WinView provides a macro editor. It is very easy to use (to write a macro, you just have to press a Record button and do the actions you want the macro to do; once nished, you just have to stop the record, WinView will automatically write the code), but not very reliable (there is no way to handle any error, which causes the macro to bug very often)! There is another way to automate WinView, much heavier, but much faster and more powerful. This is the one I have been working on. It consists in writing add-ins for WinView in Visual Basic. Visual Basic is an object oriented language and Roper Scientic provides visual basic classes, allowing you to write procedures controlling WinView. Once written, you can transform these routines in buttons in WinView's taskbar. In appendix, you will nd the paper I write explaining how to translate the routines to buttons (or Snap-Ins). It is also important to note that this translation can only be achieved with Visual Basic 61 . In this section I will explain you the main features I added to WinView, and also the one I will probably write in the coming month...



3.1 The easiest ones: CloseAll, AutoSave and QuickASCII CloseAll This function simply closes all the open windows. Though probably the easiest to



write it is probably the most useful: indeed, every time you want to take an absorption image, you open 4 new windows (one containing all the shots, 2 corresponding to substractions of dierent shots, and the absorption image resulting of the division of the 2 later pictures). Before taking a new absorption image, you will be asked for each of the former windows if you want to close them! As most of the time, you just want to close all the windows without saving them, the CloseAll button turns out to be very handy.



AutoSave Nevertheless, if you need to quickly save your images, AutoSave can be used. It



takes all the pictures on the screen. It then determines wheter an image has to be saved or not: to do that the name of each image is read:



• If it is the default name for a picture taken by the camera, it will be saved as RawData. 1



I spent 3 weeks trying to make it work on Visual Basic.NET, Microsoft's latest version of Visual Basic. With Visual Basic it took me 2 days to have my rst add-in working!
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• If it is called Absorption, it means that it is the result of a post-processing of the pictures taken of the cloud2 , and it will be saved as Abs • Images named pwa or pwoa are just calculation steps in the post-processing leading to the absoprtion image. Thus they will not be saved. • Files with any other name will be saved with their name unchanged. Date and time are also automatically written on the name of the le. Finally, in order not to save twice the same pictures, les whose name nishes with a date and time will not be saved. A former version displayed a list of all the open windows and you could select the one you wanted to save. By defaults all the pictures were selected. But this renement was considered useless.



QuickASCII Finally, QuickASCII is a procedure which saves the image you are working on as a text le in which ach line contains the coordinates of a point, and its intensity. This allow you to process your data with Igor or Matlab.



3.2 Cycling absorption loop In the frame of our experiment, the absorption imaging is the most used routine, as all the quantitative measurements (Temperature, number of atoms in the cloud, aspect ratio) are taken from the density column. Let us rst describe the dierent steps of taking an absorption image:



• An acquisition is run during which four pictures are taken:



 The rst one cleans the captors of the CCD camera. It will not be used to get the absorption image, it is just a technical necessity.



 Picture 2 contains the atomic cloud shone by the probe beam and the repump  Picture 3 contains the probe and the repump lights  Picture 4 only contains the repump light • The background (i.e. picture 4) is substracted to the pictures 2 and 3 so that the two new images are the one with only the probe light, and the one with the absorption of the probe light by the cloud3 . • Getting the absorption image nally consists in dividing the image with the cloud by the 2−4 image without: 3−4 The whole process of creating the absorption image was achieved by a macro. The problem was that it was faulty: for example, if you decided to stop the acquisition before it was done, the program crashed. My rst task was to write the Absorption routine in Visual Basic and to handle that kind of errors. I then added a new feature: the Absorption routine can be cycled either a nite or innite number of time, and each absorption can either be saved or overwritten. This option is of little interest currently but will probably be useful once a BEC is observed. 2 This 3



post-processing will be described in the next section These are the pictures which are automatically not saved by AutoSave: they only are a step in the calculation, there is no need to save them
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Figure 3.1: As the gure is represented by matrix, the coordinates of a pixel must be integer numbers. This is a problem for all the angles dierent from 90, 180 or 270 degrees.



3.3 Rotation of images As the imaging system is not aligned with the magnetic eld axis, it is very helpful to rotate the absorption images. For example it is easier to get the longitudinal and transverse shape of the atomic cloud: once turned transverse and longitudinal axis are along X and Y axis. I tried four dierent rotation algorithms and found that the one using Cubic B-Spline interpolation was, by far, both the fastest and the nicest. I will review rst the 3 dierent algorithms I implemented and then I will explain the B-Spline interpolation.



closest neighbor My rst try used the easiest algorithm one could imagine: you take the coordinates of each pixel, you rotate them and you give the closest entire coordinate the value of the pixel. The rotated coordinates must be integers because they must correspond to the index of a matrix. The problem is that two pixels may have the same closest rotated neighbor, and thus some pixels could be overwritten, some information lost. Gaussian interpolation I then tried to consider each pixel as a gaussian, centered on the



index of the pixel, and of width 1 pixel. For each rotated pixel, I determined the 4 closest integer coordinates, I calculated the value of the gaussian for the four neighbors, I summed this four values to get a normalization factor. Finally each closest neighbor was given a part of the intensity of the rotated pixel weigthened by the value of the normalized gaussian. This method had one good asset: no intensity was lost in the rotation. On the other side, it was a bit slow (a few seconds), the rotated image lost in denition, and some periodic patterns sometimes appeared. I varied the width of the gaussian to try to nd a better compromise between the loss in denition and the regularity of the image, without changing the calculation time, but no signicative improvement was found.



Cubic interpolation This method is much easier than the former. Each rotated pixel is shared between its 8 closest neighbors with xed weightings: 0.0625 0.125 0.0625



0.125 0.250 0.125



0.0625 0.125 0.0625



Once again, no intensity is lost during the rotation, but the result is not convincing: a loss in resolution is observed, and some periodic patterns appear on the image.
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B-Spline interpolation As said earlier, this rotation algorithm is much faster and give much



better results than the ones I implemented rst. It uses a technique developed by Michael Unser [11, 12, 13]. There are two main ideas:



• rather than trying to share the value of a rotated pixel between its closest neighbors, what if the discrete starting image was transformed into a continuous 2D graph z(x, y)? By that way, it would be easy to nd the value of each pixel (i, j) in the nal image, one would just do the inverse rotation and pick up the value of the continuous starting function: I(i, j) = z[ 0
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intMax = intMax - 1 Loop intMax = intMax + 3 'Interpolation computation '1. End condition cplus(0) dSum = 0 For k = intMin To intMin + 5 dSum = dSum + a ^ k * array2(kx, k) Next k cplus(intMin) = dSum '2. Calculation of c+ For k = intMin + 1 To intMax cplus(k) = array2(kx, k) + a * cplus(k - 1) Next k '3. End condition of cminus(N-1) cminus(intMax) = a / (1 - a ^ 2) * (cplus(intMax) - a * cplus(intMax - 1)) '4. Calculation of cFor k = intMax - 1 To intMin Step -1 cminus(k) = a * (cminus(k + 1) - cplus(k)) Next k 'Calculates the weighting coefficients dFirst = 117 + si * (kx - 512) '119=379-256 : 1st point of the kx-th column intPart = Ent(dFirst) decPart = (dFirst) - intPart cs1 = cubSpline1(decPart) cs2 = cubSpline2(decPart + 1) cs3 = cubSpline3(decPart + 2) cs4 = cubSpline4(decPart + 3) 'Shearing loop For ky = intMin To intMax array3(kx, intPart + ky) _ = cs1 + cs2 + cs3 + cs4 Next ky Next kx



* * * *



array2(kx, array2(kx, array2(kx, array2(kx,



''''''''''''''''3rd Pass'''''''''''''''''''''''' Dim height As Integer height = Round(514 * (1 + Abs(si) * (1 - Abs(ta2)))) offSetY = Ent((750 - height) / 2) dcoef = 100 / (height - 1) / 3 For ky = offSetY To offSetY + height - 1 ShowProgress 67 + (ky - offSetY) * dcoef



ky) _ ky + 1) _ ky + 2) _ ky + 3)
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' Gets the extreme plotted points of the tx-th column intMin = offsetX Do While array3(intMin, ky) = 0 And intMin < offsetX + width - 5 intMin = intMin + 1 Loop intMin = intMin - 3 intMax = offsetX + width Do While array3(intMax, ky) = 0 And intMax > offsetX + 3 intMax = intMax - 1 Loop intMax = intMax + 3 'Interpolation computation '1. End condition cplus(0) dSum = 0 For k = intMin To intMin + 5 dSum = dSum + a ^ k * array3(k, ky) Next k cplus(intMin) = dSum '2. Calculation of c+ For k = intMin + 1 To intMax cplus(k) = array3(k, ky) + a * cplus(k - 1) Next k '3. End condition of cminus(N-1) cminus(intMax) = a / (1 - a ^ 2) * (cplus(intMax) - a * cplus(intMax - 1)) '4. Calculation of cFor k = intMax - 1 To intMin Step -1 cminus(k) = a * (cminus(k + 1) - cplus(k)) Next k 'Calculates the weighting coefficients dFirst = -137 - ta2 * (ky - 375) '-139=375-514 intPart = Ent(dFirst) decPart = (dFirst) - intPart cs1 = cubSpline1(decPart) cs2 = cubSpline2(decPart + 1) cs3 = cubSpline3(decPart + 2) cs4 = cubSpline4(decPart + 3) For kx = intMin To intMax 'Shearing frNew(intPart + kx, ky) _ = cs1 * + cs2 * + cs3 * + cs4 * Next kx Next ky DocNew.PutFrame 1, frNew DocNew.Update



array3(kx, array3(kx, array3(kx, array3(kx,



ky) _ ky + 1) _ ky + 2) _ ky + 3)
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WinX.StatusBarMsg 0, 0, "Rotation completed" ShowProgress 0 End Sub Private Function cubSpline1(x As Double) As Double cubSpline1 = x ^ 3 / 6 End Function Private Function cubSpline2(x As Double) As Double cubSpline2 = -(3 * x ^ 3 - 12 * x ^ 2 + 12 * x - 4) / 6 End Function Private Function cubSpline3(x As Double) As Double cubSpline3 = (3 * x ^ 3 - 24 * x ^ 2 + 60 * x - 44) / 6 End Function Private Function cubSpline4(x As Double) As Double cubSpline4 = -(x ^ 3 - 12 * x ^ 2 + 48 * x - 64) / 6 End Function Private Function Ent(x As Double) As Integer Ent = Round(x) + Sgn(x - Round(x) - Abs(x - Round(x))) End Function



52



Bibliography [1] R. Bartels, J. Beatty, B. Barsky, An Introduction to Splines for use in Computer Graphics and Geometric Modeling, Morgan Kaufman Publishers, 1987 [2] Y. Bidel, Piegeage et refroidissement laser du Strontium - Etude de l'eet des interferences en diusion multiple, PhD Thesis, Universite de Nice, 2002 [3] A. Browaeys, Piegeage magnetique d'un gaz d'helium metastable : vers la condensation de Bose-Einstein, PhD Thesis, Universite Paris Sud, 2000 [4] C. Cohen-Tannoudji, Cours de physique atomique et moleculaire: condensats de BoseEinstein dans un gaz sans interactions, 1997-98 Website: www.lkb.ens.fr/cours/college-de-france/1997-98/1997-98.htm [5] W. Ketterle, D.S Durfee, D. Stamper-Kurn, Making, probing and understanding BoseEinstein Condensates, in M. Inguscio, S. Stringari and C.E Wieman editions, [6] S. Roman, R. Petrusha, P. Loman, VB.NET language in a Nutshell: a desktop quick reference [7] F. Mandl, Statistical Physics, Wiley, Second Edition 1998 [8] J. Moore, C. Davis, M. Coplan, Building Scientic Apparatus - A practical Guide to Design and Construction, Perseus Books, Second Edition, 1991 [9] H. Metcaolf, P. van de Straten, Laser Cooling and Trapping, Springer Verlag, 1991 [10] D. Stamper-Kurn, Peeking and poking at a new quantum uid: studies of a gaseous BoseEinstein Condensates in magnetic and optical traps, PhD Thesis, MIT, 2000 [11] M. Unser, Splines, a Perfect Fit for Signal and Image Processing, IEEE Signal Processing Magazine (1999), 1053-5388 [12] M. Unser, P. Thevenaz, L. Yaroslavsky, Convolution-Based Interpolation for Fast, HighQuality Rotation of Images, IEEE Transactions on Image Processing, Vol. 4, NO. 10. October 1995 [13] M. Unser, A. Aldroubi, M. Eden, Fast-B-Spline Transforms for Continuous Image Representation and Interpolation, IEEE Transactions on pattern Analysis and Machine Intelligence, Vol. 13, NO. 3. March 1991 [14] Website: www.dbs.c.u-tokyo.ac.jp/torii/bec/tutorial/chapter2_1.html [15] Website: www.mpq.mpg.de/qdynamics/projects/bec/BECtrap.html [16] Website: wlap.physics.lsa.umich.edu/umich/phys/satmorn/2002/20021123/real/sld003.htm



53



BEC experiment Imaging System



[17] Website: hyperphysics.phy-astr.gsu.edu/hbase/optmod/imgopm/acoum.gif [18] Website: www.cas.muohio.edu/meicenrd/sem/pumps.htm [19] Website: is389-proj-collaps.web.cern.ch/.../SpinPol.htm



54



























des documents recommandant







[image: alt]





Imaging system of a Bose-Einstein Condensation ... - CiteSeerX 

Sep 4, 2003 - way, similar to the condensation of a gas into a liquid. Hence the name .... But as T decreases, Î»dB increases, up to T = Tc, where nÎ»3. dB .... Rubidium atoms are first heated at âˆ¼ 500 K to get a vapor of Rb. The atoms enter the va










 


[image: alt]





Thermally activated dynamics of capillary condensation - CiteSeerX 

Theoretically, lattice-gas simulations showed that the .... that the contact angle Î¸ on the surfaces is now non-vanishing and obeys Young's law,. Î³SV âˆ’ Î³SL = Î³LV ...










 


[image: alt]





Three-dimensional computer imaging of hominid fossils: a ... - CiteSeerX 

the use of computed tomographic (CT) imaging in combination with 3- dimensional ... ence with CT imaging of fossil specimens, manual out- lining of ... mal and Human Biology, University of Rome â€œLa Sapienza,â€�. Rome .... form of images on the Web 










 


[image: alt]





performance evaluation of a localization system relying on ... - CiteSeerX 

a Zero Normalized Cross Correlation score is computed between .... tion error in image i is less than 2 pixels at the beginning of the minimization. After a few ...










 


[image: alt]





performance evaluation of a localization system relying on ... - CiteSeerX 

is only briefly presented here, more details can be found in (Royer .... subsequences into larger subsequences and we use a bundle ad- justment .... hicle at the same place as the camera. .... The code uses the SSE2 instruction set for all the.










 


[image: alt]





Frangipani: A Scalable Distributed File System - CiteSeerX 

The ideal distributed file system would provide all its users with co- herent, shared .... The components of Frangipani do not have to be assigned to .... we could reach roughly the NFS level of security by having the ...... The Episode file system.










 


[image: alt]





Frangipani: A Scalable Distributed File System - CiteSeerX 

Each of these components requires human admin- istration. Groups of files are often manually assigned to particular disks, then manually moved or replicated ...










 


[image: alt]





Control System ... - CiteSeerX 

Abstractâ€”MRI based nano- and microrobotics show good potential for new targeted .... an average particle size of 10nm in oil buffer, FerroTec. Corporation) was ...










 


[image: alt]





Ã  condensation 

pour le PV; ASTM F493 pour le CPVC. NOTE: NE PAS COLLER UN CONDUIT EN POLYPROPYLÃˆNE. â€¢ NE pas exposer les terminaisons d'apport d'air ou d'Ã©vacuation Ã  de grands vents dominants. â€¢ Terminaison sur un toit: l'extrÃ©mitÃ© de la terminaison d'Ã©v










 


[image: alt]





An Interferometry Imaging Beauty Contest - CiteSeerX 

The text on the left is written in the standard model file format for OYSTER. The u-v ... Moreover the self-calibration approach relies on the bispectrum ... Buscher also notes that one of the method's advantages is its computational ..... PDF, 2000.










 


[image: alt]





Ã  condensation 

Tout manquement aux prÃ©sentes instructions peut causer un incendie ou une explosion se traduisant par des dommages matÃ©riels, des blessures ou la mort. POUR VOTRE ... DANGER signale une situation de danger imminent qui, s'il n'est pas Ã©vitÃ©, entr










 


[image: alt]





Wealth condensation in a simple model of economy - Hussonet 

Feb 24, 2000 - show that the distribution of wealth is of the Pareto (power-law) type. ... stochastic differential equation is interpreted in the Stratonovich sense.










 


[image: alt]





title of abstract a - CiteSeerX 

In 2012, the MADRAS project successfully resulted in the design, integration and ... Relay optics for beam expansion or compression and mechanical interfaces.










 


[image: alt]





OLSR for InternetCar System - CiteSeerX 

dias such as wireless interfaces are useful in the situation vehicles are in tunnels lose its connectivity for the internet. This paper shows the problem statements ...










 


[image: alt]





Constructive action of the speckle noise in a coherent imaging system 

choose the inputâ€“output image rms error ESY, a basic measure in the domain of .... speckle noise, through an explicit theoretical analysis of the behavior of a ...










 


[image: alt]





title of abstract a - CiteSeerX 

components and control strategies and algorithms. ... of 90mm, a total volume of 80x200x200mm3 and a mass of 4.0kg, the system is able to generate 24 modes ...










 


[image: alt]





Microwave imaging of inhomogeneous ob ects made of a finite 

to that of the contrast source inversion method (CSI) [12, 13]. The latter has already been applied to the case of homogeneous targets, this a priori information ...










 


[image: alt]





TDS: Behavioral Transformation System - CiteSeerX 

specifications into a data flow graph (DFG) optimized for final hardware implementation. The optimizing transformations are based on a canonical representation ...










 


[image: alt]





OLSR for InternetCar System - CiteSeerX 

NEMO(Network Mobility)[3] is the network mobility sup- ... NEMO is the technol- ogy which realize such .... Users install the routing policy via the policy manage-.










 


[image: alt]





Near-Perfect Imaging in a Focusing System Based on a Left-Handed 

Feb 18, 2004 - A. N. Lagarkov and V. N. Kissel*. Institute for Theoretical and Applied Electromagnetics, Moscow, 125412 Izhorskaya 13/19, Russia. (Received ...










 


[image: alt]





Elements of a system System flowcharts - Jean-David Delord 

but they also have another element called feedback. Feedback is information from the output of a system which is 'fed back' into the input to control the way the ...










 


[image: alt]





A Multimedia Retrieval System Using Speech Input - CiteSeerX 

Nov 4, 2009 - and access time, we introduce a query-free or just-in-time re- trieval system [2, 3], the AMIDA Automatic Content Link- ing Device (ACLD), which ...










 


[image: alt]





Inferences about the efferent system based on a ... - CiteSeerX 

C. (-. 8Â° 101BMS. FIGURE 4. Successive eye positions for Observer. C. for one cycle of target moving at .25 ... Circles connected by solid lines indicate saccadic movements. .... Given these assumptions we can calculate what the perception of ...










 


[image: alt]





Block-LDPC: A Practical LDPC Coding System Design ... - CiteSeerX 

as magnetic storage, 10 Gb Ethernet, and high-throughput wireless local area network (LAN). Invented by Gallager [1] in 1962, LDPC codes have been largely ...










 














×
Report Imaging system of a Bose-Einstein Condensation ... - CiteSeerX





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



