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Chapterr  +J I 

Experimentall  apparatus and 
methods s 

Forr the realization of Bose-Einstein condensation of alkali atoms a big variety of ex-
perimentall  techniques have to be implemented. First of all, laser cooling and trapping 
methodss are used to create a precooled atomic cloud. Therefore, a number of laser beams 
aree needed, which are frequency stabilized close to the optical transitions of the atoms. 
Inn case of rubidium this requires laser light in the near-infrared regime at a wavelength 
off  780 nm (see Section 2.1.1) that can be generated by diode lasers. As diode lasers 
aree comparably reliable devices, a number of them can be combined in an integrated 
table-topp laser system, which is described in Section 3.1. 

Thee ultra-cold gas is contained in an ultra-high vacuum (UHV) chamber as described 
inn Section 3.2. As excitation of the gas by the thermal background is negligible, no 
additionall  precautions for thermal shielding are required. This important feature can 
bee fully exploited in experiments with alkali atoms. This is in contrast to experiments 
onn magnetic trapping of atomic hydrogen, where a cryogenic environment is required to 
loadd the trap [Hess et al., 1987, van Roijen et al., 1988]. 

Byy designing the UHV chamber to be compact the whole vacuum assembly fits on 
topp of a standard size optical table. Interestingly, the vacuum system can be made 
veryy compact, as only light fields and magnetic fields are required to manipulate and 
investigatee the samples and these fields can be applied with components outside the 
vacuum.. This approach to minimize the number of components inside the vacuum also 
avoidss problems related to vacuum compatibility at the 10- 11 mbar level. 

Thee magnetic trap coils described in Section 3.3 are build around the vacuum cell. 
Ass a strong confinement and at the same time fast switching has to be achieved, water 
cooledd magnetic field coils of a low winding number carrying currents of up to 400 A are 
necessary. . 

Evaporativee cooling to the BEC phase-transition makes a broad-band source of radio-
frequencyy radiation (see Section 3.4) unavoidable to the electronic environment of the 
setup. . 
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Thee typical size of a Bose-Einstein condensate is 5-100 /im. Thus optical absorption 
imagingg of the condensate involves the use of a calibrated microscope as described in 
Sectionn 3.5. 

Reproduciblee experiments with a Bose-Einstein condensate require control over a se-
quencee of 250 operations separated by precise time intervals varying from 1 fis to several 
seconds.. For this purpose a real-time automation hard- and software system was devel-
oped.. It manages the control and allows the immediate data analysis of the experiments 
inn parallel with the measurements. This system, for which the newest hard- and software 
technologiess have been employed is not further described in this thesis. The software has 
beenn made available to other research groups. 

Inn order to combine all these techniques a strong emphasis has been put on compact-
ness,, reliability and flexibilit y during the building stage. In this way it was possible to 
createe a setup, which provides the experimental flexibility  and reliability to investigate 
Bose-condensedd matter. 

3.11 The laser system 

Thee diode laser system is shown in form of a block diagram in Figure 3.1. The system 
occupiess one half of an optical 1.5 mx2.4 m table. The laser beams are guided directly 
orr via optical fibers towards the optical setup around the vacuum system located on the 
otherr half of the table. 

Startingg point is a grating stabilized diode laser [Wieman and Hollberg, 1991, Ricci 
ett al., 1995] (TUI Optics, DL100), housing a single spatial and spectral mode laser diode 
(Hitachi,, HL7851G, 50 mW). The grating stabilized output power is 25 mW. A power 
off  1.9 mW is used for frequency stabilization employing Doppler-free absorption spec-
troscopy.. The frequency of the light is stabilized to the 'cross-over' signal between the 
twoo hyperfine transitions of the 87Rb D-2 line: |55,

1/2,F = 2) — |5P3/2,.F = 3) and 
\5Si/2,F\5Si/2,F — 2}  —> |5P3/ 2,F = 1). By using a sideband-free, polarization-sensitive spec-
troscopyy method [Suter, 1997], the frequency was stabilized to a bandwidth of 700 kHz. 
Thee diode laser and stabilization method are described in an undergraduate thesis [Gar-
rec,, 1996]. 

Thee primary (23 mW) laser beam is split into four beams, each of which is frequency 
shiftedd by an acousto-optical modulator (AOM) in double-pass configuration. This pro-
videss independent and precise frequency control over the four beams, in which the AOMs 
aree driven by voltage controlled oscillators (VCO) connected to the computer control. 

Thee first beam (1.8 mW) is frequency shifted close to the transition |551/2 l^
7' = 

2)) —> 15^3/2,̂  = 3}  with an adjustable detuning ranging from —55 to +70MHz. This 
transitionn is used to drive the atomic beam source described in Chapter 4. This beam is 
usedd for injected locking of a single mode laser diode (Hitachi, model as above) [Bouyer, 
1993].. After spatial filtering with a pinhole, this diode provides 34 mW of injection locked 
power. . 

Thee second beam (5.8mW) is shifted into resonance with the transition \bSi/2,F 
== 2) —> |5P3/2, F = 3). It serves as a probe beam for the analysis of the atomic beam 
source.. From this beam a part is split off serving as a beam block ('plug beam') for the 
atomicc beam (see Chapter 4). 
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FIGUREFIGURE 3.1: Block diagram of the diode laser system. The frequencies of two grating 
stabilizedstabilized diode lasers are attached to the 87Rb D-2 line by Doppler-free spectroscopy. 
TheThe beams are frequency shifted by acousto-optical modulators (AOM) and amplified 
byby injection locking of three other diode lasers including a broad area diode laser (BAL). 

Thee third beam (8.4mW) is shifted into resonance with the transition \5Si/2,F = 
2)) _  |5P3 /2, F = 2) using an AOM in single pass configuration. It is used to spin-
polarizee the gas by optical pumping and for 'depumping' of the atomic loading beam 
(seee Section 6.1). 

Thee fourth beam (2.2 mW) split from the grating stabilized laser is shifted to the 
transitionn |551 / 2,F = 2) -  |5P3/2 ,^ = 3) with an adjustable detuning ranging from 
-655 to +10 MHz needed for magneto-optical trapping and sub-Doppler laser cooling of 
thee atoms collected in the MOT. For this purpose a power exceeding 100 mW is desired 
(comparee Section 5.2). This is realized using a 'broad-area diode laser' system (BAL) 
[Goldbergg et al., 1993, Abbas et al., 1998, Gehring et al., 1998, den Boer et a l, 1997, 
Praegerr et al., 1998] has been set up. In this work the BAL was integrated in the laser 
systemm and has been demonstrated to be very useful and comparably cheap instrument for 
Bose-Einsteinn condensation experiments involving laser cooling and trapping [Shvarchuck 
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Power, , 
(mW) ) 

130 0 
55 5 

34 4 

1 1 

1 1 

0.5 5 

1.9 9 

8 8 

0.4 4 

0.1 1 

TABLETABLE 3.1: Overview over purposes and properties of the laser beams produced by 
thethe laser system. 

ett al., 2000]. Here, the operation principle of the BAL setup is sketched: First, the 
lightt power is raised to the level of 34 mW by using an injection-lock laser. Aside 'from 
raisingg the power this has the advantage of producing a laser beam with a highly stable 
positionn and direction. This beam is then injected into a 2 W broad area laser diode and 
amplifiedd in a double pass configuration to typically 400 mW. Typically the amplified 
outputt deviates strongly from a single spatial mode pattern. Thus, only 130 mW remain 
afterr spatial filtering by a single mode optical fiber. The intensity of the output beam 
fromm the BAL system can be adjusted by an electro-optical modulator (EOM, Gsanger, 
LMM 0202 P) with an extinction ratio of 1 : 1000. While conserving the power, the light 
cann be redirected to the side port of the EOM, while the power in the main beam used 
forr the MOT is reduced. The beam exiting the side port is used for absorption imaging 
off  the trapped atomic cloud (Section 3.5). 

Inn order to provide laser power driving the repumping transition another grating 
stabilizedd diode laser identical to the first one is used. It is frequency stabilized to the 
transitionn \5S1/2,F = 1) —> |5P3/2, F = 2) by using Doppler-free absorption spectroscopy 
togetherr with a frequency modulation (FM) technique [Bjorklund et al., 1983, Drever 
ett al., 1983]. The achieved line-width is 200kHz. The laser beam (15.5mW) is split 
fourr times for the different purposes given in Figure 3.1. As the repumping transition is 
drivenn resonantly and only weak saturation is necessary, low optical power is sufficient 
andd no further amplification is needed. In case of the detection beam for the atomic 
beamm source and the optical pumping beam the repumping beam is overlapped at beam 
splitterss before spatial filtering takes place. 

Thee properties of the different laser beams and their purposes are summarized in 
Tablee 3.1. 
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3.22 The vacuum system 
Thee vacuum system is build on the optical table next to the laser system. It is shown 
inn Figure 3.2, which is a combination of a technical drawing of the central part of the 
vacuumm system and a schematics of the pump arrangement. The central part consists of 
twoo vacuum chambers build on top of each other. These are connected through a small 
differentiall  pumping hole. The lower chamber is a rubidium vapor cell connected to a 
rubidiumm reservoir. This cell serves to realize the atomic beam source. The upper one 
iss a ultra-high vacuum (UHV) chamber that consists of two parts, a quartz cell, around 
whichh the magnetic trap is build, and a metal manifold for pumping and monitoring of 
thee atomic beam. 

Thee vapor cell can be filled with rubidium vapor up to the saturated vapor pressure 
off  rubidium at room temperature, approximately 6 x 10"7 mbar [Roth, 1990]. By heating 
thee rubidium reservoir to a temperature of about 120 °C for a short while evaporated 
rubidiumm is slowly filled into the vapor cell. The vapor cell is pumped by a 21/s ion 
pumpp (Varian) and via the differential pumping hole connecting it to the UHV chamber. 
Thee UHV chamber is pumped by a 401/s ion pump (Varian). This pump is connected 
byy a metal tube (CF40) with a conductance of of 601/s. It is installed in a distance of 
aboutt 80 cm from the manifold. At this distance the distortion of the magnetic trapping 
fieldfield by the pump magnets may be neglected. For the same reason the vacuum chamber 
andd the optical bread-board around it are made of non-magnetic metals such as stainless 
steell  (316 Ti) and aluminum. In order to enhance the pumping speed for reactive gases 
(likee alkalis, hydrogen, and air) by an order of magnitude a titanium sublimation pump 
(aboutt 200 cm2) has been installed in a side arm of the main tube. During pump down 
andd bake out of the system a quasi-oil-free combination of membrane pump and turbo 
pumpp (Balzers, models TPU-062H and MZ-2T) is used, connected to the second port of 
thee ion pump. During bakeout the vapor cell is pumped via a bypass valve. After baking 
thee metal parts of the system to 350 °C and the glass parts to 200 °C for a few days 
thee pressure dropped below the detection limi t of 3 x 10- 11 mbar of the ionization gauge 
(Varian,, model UHV-24 nude, with X-ray enhanced detection limit) . After activating the 
titaniumm sublimation pump this drop was observed to be more rapid. But it turned out, 
thatt it is not necessary to reactivate the pump in order to maintain the low pressure. In 
orderr to obtain a realistic reading of the pressure inside the UHV glass cell the ionization 
gaugee was installed on the vacuum manifold. Ultimately, the life time of the atomic 
cloudd in the magnetic trap (compare Section 6.3) is a decisive indicator for the quality 
off  the vacuum. 

Thee vacuum manifold is a standard cube (CF40) on top of a standard hexagon (CF16). 
Too these metal parts two quartz cells are connected providing the experimental chambers 
withh excellent optical access. To avoid multiple reflection of the laser beams in the cell 
walls,, the walls carry an optical anti-reflection coating on the outer surfaces with a 
reflectivityy lower than 0.2% for 0° incidence at 780 nm. The two glass cells consist of a 
rectangularr part with a length of 65 mm and 150 mm respectively, and a square outer 
crosss section of 30 x 30 mm2. The thickness of the walls is 4 mm. To allow a bakeout 
thee cell is made out of quartz. For a Helium partial pressure of 5 x 10~3 mbar in the 
atmospheree a helium gas load through the cell walls of 1 x 10"12 mbar l /s is calculated. In 
combinationn with a vacuum conductance of the cell of 10-201/s, this allows a sufficiently 
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FIGUREFIGURE 3.2: Central part of the vacuum system (technical drawing) with two quartz 
cellscells as experimental chambers and arrangement of the pumps (schematics). The two 
chamberschambers are connected by a differential pumping hole. The lower chamber contains 
rubidiumrubidium vapor up to 4 x 10"7 mbar. In the upper ultra-high vacuum chamber a pressure 
lowerlower than 3 x 1CT11 mbar is achieved. 
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loww helium partial pressure inside the cell. 
Thee rectangular parts of each cell is fused to a circular quartz disc with a central hole. 

Thee disc is clamped onto a metal flange. In first experiments a metal ring with a soft 
coree and two knife edges (Carbone Lorraine, model Helicofiex Delta) has been used to 
providee a helium leak-tight glass-to-metal sealing. In this way a short non-magnetic glass 
too metal transition was realized leading to a distance between the atomic beam source 
andd the magnetic trap of only 25.5 cm. This is of great importance for the recapture of 
thee atoms from the divergent atomic beam (Section 5.2). 

Thee glass to metal joint proved to be not reliabe. A finite element analysis of the 
stresss inside the glass lead to a new design in which the force onto the clamps is applied 
inn a more balanced way, and concentration of the stress at the corners of the rectangular 
partt of the cell is avoided. However, from almost all groups in this field, which are using 
aa similar design, broken cells have been reported. For the present work a differential 
pumpingg solution was used employing two concentric O-rings (Viton) as soft glass-to-
metall  sealing rings. After careful cleaning and prebaking of the rings the vacuum load 
originatingg from the O-rings is dominated by permeation of ambient gases through the 
rings.. Between the pair of concentric rings a low vacuum of approximately 10- 3 mbar 
wass created by a rotary pump. This strongly reduces the permeation rate by six orders 
off  magnitude. With this differential pumping method the permeation rate is estimated 
too be as low as 2 x 10"1 3mbarl /s, which does not limi t the pressure in the chamber. 

Insidee the vacuum three optical mirrors are mounted, two covered with a protected 
goldd coating and one consisting of polished solid aluminum. They allow to apply laser 
beamss for cooling and trapping. The aluminum mirror is part of the wall separating the 
vaporr cell from the UHV chamber. It has a central hole of 0.8 mm diameter and 3 mm 
length.. This differential pumping hole allows a pressure ratio of about K = 3 x 10- 3 

betweenn the pressure in the UHV and the vapor cells. 
Ass the atomic beam source is operated at comparably high rubidium partial pressure 

off  4 x 10~7 mbar (compare Chapter 4), it is important to consider the atomic flux through 
thee trapping region that originates from the vapor cell when the atomic beam source is 
switchedd off. This flux should be small compared to the flux through the capture region 
originatingg from the UHV background. In the present geometry the solid angle which is 
coveredd by the differential pumping hole seen from the cloud is 50, = 2 x 10~7. A small 
calculationn shows that the ratio of the background flux to the flux from the vapor cell 
cann be estimated to be K/(46Q) « 3 X 10- 3. Thus, the direct flux from the vapor cell is 
negligible. . 

3.33 The Ioffe-quadrupole magnetic trap 

Thee field geometry of the Ioffe-quadrupole type magnetic trap [Pritchard, 1983], as de-
scribedd by Equation (2.9), can be achieved by different configurations. The so called 
'baseball'' and 'three coil' configuration [Bergeman et al., 1987] require a low number of 
magneticc field coils and the 'cloverleaf configuration [Mewes et al., 1996a] provides an 
goodd optical access in the radial direction. The Ioffe-quadrupole configuration can also 
bee realized in miniaturized wire-traps [Reichel et al., 1999] contained inside the vacuum 
chamber. . 
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FIGUREFIGURE 3.3: Ioffe-quadrupole magnetic trap. Left: View along the radial direction. 
Right:Right: View along the horizontal symmetry axis. The magnetic held coils are made of 
waterwater cooled copper tubes dissipating 5.4 kW at 400 A. The thermally stable mount is 
designeddesigned like a bench system with four quartz rods. 

Thee magnetic field coil configuration realized in this work is shown in Figure 2.3. It 
consistss of eight individual coils, which are electrically and mechanically independent. 
Thiss has a number of advantages: The strengths of the confinement in longitudinal and 
radiall  direction ('aspect ratio') can be controlled to a large extent independently. The 
currentt of one of the pinch coils can be reversed in order to create an anti-Helmholtz 
configurationn used for the magneto-optical trap. By assembling the Ioffe-bars from four 
individuall  coils unwanted effect of the endings on the central magnetic field is minimized. 
Moreover,, the mutual inductance between the Ioffe-coils and the dipole coils is minimized. 
Byy reducing the current in one of the four Ioffe coils, the center of the trap can be shifted 
inn the radial direction (see Section 6.1). All coils are individually water cooled and 
suspendedd independently from four quartz rods in order to achieve high stability of the 
fieldsfields against thermal expansion of the coil system. 

Thee actual magnetic trap, which is based on this coil configuration and built around 
thee UHV glass cell, is shown in Figure 3.3. The design of the trap was optimized to 
providee strong confinement and rapid switching. This is best achieved with high currents 
andd low self-inductance. Therefore, the coils have a low winding number and are made 
off  water cooled copper tubes which allow a current of up to 400 A. To minimize the dead 
volumee a choice was made for current wires with a square cross-section ( 4 x4 mm2 for 
pinchh and Ioffe coils, 5 x 5 mm2 for the compensation coils) and thin (25 ̂ m) capton 
isolation.. Thus, it was possible to place the coils at a minimum distance to the cell (and 
thee center of the trap) and to maximize the confinement. With a choice of the diameter 
off  2 mm (pinch and compensation coils) and 2.5 mm (compensation coils) of the hole 
usedd for water cooling a minimum rise in temperature has been realized. The cooling 
waterr is distributed to the coils in parallel, even where the coils are electrically connected 
inn series. With a total throughput of 100cm3/s (at 4.5 bar) and a current of 400 A the 
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FIGUREFIGURE 3.4: The absolute magnetic field (calculation) at the walls of the vacuum cell 
(unfolded(unfolded cube geometry with x-y-plane as the top plane of the quartz cell). Four equal 
minimaminima in the x-y-planes, occurring where the field from the pinch coils is maximally 
cancellingcancelling the quadrupolar held, limit the trap depth to 180 G. This corresponds to a 
potentialpotential depth of 12 mK. 

totall  power dissipation by the coils is 5.4 kW (9.8 kW including the switching elements) 
causingg an average rise of 10 K of the coil temperature. 

Al ll  coils are rigidly mounted to an optical breadboard (see Figure 3.2), on which the 
opticall  setup for the MOT and as well as the imaging system are mounted. 

Beforee installing the magnetic trap around the UHV cell, the magnetic field was 
testedd by means of a Hall-probe. At a maximum current of 400 A a radial gradient 
off  the quadrupole field of 353 G/cm and a curvature of 286 G/cm2 of the field along 
thee symmetry axis are achieved. The central magnetic field of 350 G produced by the 
pinchh coils is compensated by the compensation coils. The distance between the two 
compensationn coils is adjusted so that the central field fully compensated when driving 
alsoo these coils at 400 A. Fine adjustment of the central magnetic field around typical 
valuess of a few Gauss is realized by changing the current in the compensation coils 
byy means of a variable bypass resistor R. The small influence of the Ioffe coils on z-
componentt of the central magnetic field has been measured to be -4.2mG/A. 
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Choosingg a central magnetic filed of 0.85 G the trap frequencies for the trapped state 
|FF = 2, mF = 2) are calculated from Equations (2.11) and (2.12) to be uz = 2ir - 21.6 Hz 
andd up =2?r-486.6 Hz. 

Thee depth of the magnetic trapping potential is limited by the value of the magnetic 
fieldfield at the walls of the UHV glass cell. In Figure 3.4 the absolute value of the magnetic 
fieldfield at the walls is shown in form of a density plot. In the planes perpendicular to 
thee z-axis of the trap two magnetic field minima limit the depth of the magnetic field 
too a value of 180G corresponding to 12mK, if the trapped state \F = 2,mF = 2) is 
considered.. The minima are located, where the radial component of the field originating 
fromm the pinch coils is maximally compensating the quadrupole field. 

Thee magnetic trap is controlled by the electronic setup sketched in Figure 3.5. The 
currentt is delivered by commercial high power supplies, A C (Hewlett Packard, model 
HP6681A).. The pinch coils are driven in series with the compensation coils, and so the 
fluctuationsfluctuations of the central magnetic field AB0/B0 due to the current noise (AI/I < 10"3) 
off  the power supplies are on the same order as the current noise and can be neglected. 
Thee value of the central field can be tuned by changing the current in the compensation 
coilss by means of a variable bypass resistor, which for the sake of stability is consisting 
off  a set of stable high power resistors (100ppm/°C) mounted on a water cooled panel. 

Thee current in the coils can be controlled in two ways: First, the programming voltage 
andd current inputs of the power supplies can be controlled by analog outputs of the 
computerizedd automation system. Second, the current in te paths A-E can be controlled 
byy IGBTs (IXYS, model IXGN2O0N6OA). The characteristic curve of current vs. gate 
voltagee of the IGBTs was measured. This allows accurate control of the IGBT currents 
byy computer controlled adjustment of the gate voltage. Fast 'switch-off' of the currents 
cann be performed by the IGBTs with help of the diodes D1-D6 (IXY S DSEI2xl01) 
andd the capacitors CI and C2 preloaded to a constant voltage of U = 200 V. As the 
selff  inductance L of the Ioffe coils and the pinch + compensation coils are 26.5 /iH and 
32.8/iHH respectively, the current of I = 400 A is typically measured to vanish within 
LL - I/U « 60 fjs. During the switching of the compensation coils a cross current through 
thee bypass resistor is prevented by a the use of the additional dummy coil Ld w 300 JJ,E 
whichh produces the same but reverse voltage peak during switching as the compensation 
coils.. The 'switch on' time is on the order of a few ms. It is determined by the regulation 
circuitt and the maximum voltage (8 V) of the power supplies. As for some experiments 
fastt switching of moderate currents through the pinch coils (80 A in 300 fjs) is essential, 
ann additional fast switching power supply D (Power Ten Inc.) and IGBT switches have 
beenn included in the design. 

Forr driving the pinch coils in anti-Helmholtz configuration path A and C are used 
andd the power supplies B and C deliver twice the current of supply A. The Ioffe coils are 
drivenn by two more power supplies of the same type. The shift of the quadrupole axis 
hass been realized by partially bypassing the Ioffe coil number 1 with the help of the path 
D. . 

Inn order to fine tune the trapping fields, some additional shim coils are available. 
Thesee coils consist of PCB boards having the same loop-like shape as the Ioffe and the 
compensationn coils being directly mounted on top of them (compare Figure 3.3). With 
thee copper layer on both sides of the boards loops with two windings are realized. These 
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FIGUREFIGURE 3.5: Control circuit of the magnetic trap: The 8 coils of the trap carry currents 
upup to 400 A. The currents are controlled by programming the power supplies and using 
thethe IGBT switches. The different paths A-E are used for the operation of the MOT, 
thethe compression of the magnetic trap and the compensation of the gravitational shift of 
thethe trap center. 
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nominall  current 
gradient t 

curvature e 
BQBQ -offset due to Ioffe coils 

axiall  trap frequency 
radiall  trap frequency 

switch-offf  time 

powerr dissipation 

temperaturee rise 

4000 A 

aa = 353 G/cm 

f3f3 = 286 G/cm2 

-4 .2mG/A A 

UJUJZZ = 2?r • 20.6 Hz 

uupp = 2?r • 477.4 Hz (at B0 = 0.85 G) 
600 fis 

5.4kWW (coils), 4.4kW (IGBT switches) 
100 K on average 

TABLETABLE 3.2: Properties of the Ioffe-quadrupole trap: The given measured trap fre-
quenciesquencies are in good agreement with the values calculated from the measured magnetic 
trappingtrapping parameters. 

shimm coils are, for example, used to modulate the magnetic trapping potential during the 
measurementt of the trap frequencies (compare Section 6.4). 

Thee properties of the magnetic trap are summarized in Table 3.2. 

3.44 The radio frequency source 

Forr evaporative cooling an oscillatory magnetic field ramped down in frequency from 
500 MHz to 600 kHz is applied to the atoms. Therefore, a tunable broad band radio-
frequencyy (rf) source was build [Valkering, 1999]. The rf-signal is generated by a fre
quencyy synthesizer (Wavetek, model 80). The frequency ramp is performed either with 
aa voltage controlled oscillator (VCO) input or using the internal linear sweep of the 
generator.. Using two of the analog outputs of the computer interface, the VCO input 
providess the possibility of using arbitrary waveforms for the ramp. The control signal 
iss produced by adding the two signals from the analog outputs (12-bit resolution) with 
differentt gains. Coarse adjustment of the frequency is done in steps of 20 kHz to cover 
thee desired frequency range, whereas fine adjustment in steps of 1 kHz is used at the final 
stagee of the ramp. However, in this mode drifts of typically a few kHz on a time scale of 
ann hour are observed. As this drift only occurs using the full dynamic range of the VCO, 
thiss problem can be circumvented by using the internal sweep generator for the initial 
rampp down and the VCO for the final stage (10%) of the ramp. In most experiments 
onlyy the VCO was used. The signal amplitude is set under (analog) computer control 
usingg a 60 dB variable attenuator. At the output of the attenuator the signal can be 
switchedd by a mechanical relays with a switching time faster than one millisecond. The 
signall is then amplified by 43 dB to yield a maximum power of 20 W into 50 fi. For this 
wee use an rf-power amplifier (Amplifier Research, model 25A250A). 

Thee amplifier is connected to an rf-antenna located next to the quartz cell at a distance 
off 16 mm from the trap center (see Figure 3.3). The direction of the oscillatory magnetic 
fieldfield in the central region of the trap is pointing in horizontal direction perpendicular 
too the static magnetic field in order to obtain <r-polarization (compare Section 2.5.2). 
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rf-frequency,, f (MHz) 

FIGUREFIGURE 3.6: Oscillatory magnetic held at the trap center radiated from the antenna. 
TheThe value calculated on the basis of the power delivered to the antenna (dashed line) is 
comparedcompared to the measurements with a 'pick-up' coil (open circles). In the presence of 
thethe magnetic trap resonances occur (solid circles). 

Thee antenna is a coil with two loops with a diameter of 31 mm and is made of copper 
wiree with a thickness of 1 mm. The diameter of the coil preserves good optical access 
too the trap (Figure 3.3, left), whereas the winding number was chosen to achieve the 
largestt magnetic field at the upper edge of the frequency band. An identical coil used 
ass a 'pick-up coil' is mounted directly onto the antenna. The signal received from this 
coill  is connected to a 50 fl input of a spectrum analyzer. In this way the power delivered 
too the antenna can be measured. Moreover, the two coils act as a 1 : 1 transformer, 
whichh in combination with the 50 fl load improves the overall impedance matching to 
thee amplifier. 

Thee magnitude of the rf magnetic field in the trap center as a function of frequency 
wass measured before installation of the trap assembly around the quartz cell. For this 
purpose,, an 11mm diameter pick-up coil was used replacing the sample in the center 
off  the trap. The results are shown in Figure 3.6. Except for a resonance at 3 MHz the 
responsee is more or less flat and in fair agreement with the response calculated for the 
twoo coils in the absence of the trap assembly. Measuring the rf field in the absence of 
thee trap assembly reveals that the resonance originates from mutual inductance with the 
trapp coils. 
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3.55 The imaging system 

Forr detection of the cloud absorption imaging is used. The general configuration is shown 
inn Figure 5.1. The laser beam used for detection is spatially filtered by an optical single-
modee fiber. After collimation, the beam passes horizontally, along the radial direction 
off  the magnetic Ioffe trap through the UHV quartz cell, which contains the atomic 
cloud.. The optical setup used for absorption imaging of the atomic cloud is shown in 
Figuree 3.7. An image of the shadow of the cloud is created outside the vacuum chamber 
usingg a relay telescope of unit magnification (M = 1). This image is magnified by a 
microscopee objective and thrown onto a CCD camera (Princeton Instruments, model 
TE/CCD-512EFT).. Three different magnifications, M = 0.25, M = 2.39, and M = 4, 
havee been used to match the image of the atomic cloud after release from the MOT 
andd from the magnetic trap with the size of the CCD array (EEV 512 x 512 FMTR, 
7.7mmm x 7.7mm). The M = 0.25 is used for imaging of clouds released from the 
MOT.. For clouds released from the magnetic trap M = 2.39 and M = 4 are used. The 
opticall  resolution of the imaging setup is given by 1.22 A/NA = 6/mi, where NA = 0.15 
iss the numerical aperture of the telescope and A = 780 nm is the wavelength of the 
light.. The 15/mix 15/xm size of the CCD pixels corresponds to 6.28/mi (M=2.39) in 
thee object plane. The resolution and the magnification have been measured with the 
helpp of a calibrated test pattern replacing the cloud. The use of the telescope allows the 
applicationn of a standard microscope objective with a small working distance. Moreover, 
byy inserting a phase plate in the center of the telescope phase-contrast imaging method 
forr non-destructive imaging [Andrews et al., 1996] of the atomic cloud can be applied. 

Inn the following the typical parameters for the detection are discussed. Detection is 
donee on the 5Si/2, F = 2 —> 5P3/2, F = 3 transition (see Table 3.1). Following Lambert-
Beer'ss law one can write the intensity distribution I(y, z) of the detection light after 

cloud d 

» --

>»--

f== 100mm 
phasee plate 
(optional) ) f=100mm m microscope e 

objective e CCDD camera 

100mm m 100mm m 100mm m 100mm m 
195mm m 

workingg distance 

FIGUREFIGURE 3.7: Setup for absorption imaging: The atomic cloud creates a shadow in the 
centercenter of the collimated detection beam. The confocal relay telescope creates an inter-
mediatemediate image of the cloud outside the vacuum cell. This allows the use of microscope 
objectivesobjectives with short working distance. The magnified image is detected by a CCD 
camera.camera. By inserting a phase-plate in the center of the telescope phase-contrast imaging 
cancan be applied. 
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passingg through the cloud as 

I(y,z)I(y,z) = I0(y,z)e-D  ̂ , (3.1) 

wheree Io{y, z) is the intensity distribution of the detection beam before the absorption. 
Thee optical density profile 

D(y,z)=aD(y,z)=annr}{y,z)r}{y,z) (3.2) 

iss given by the integrated density profile rj(y, z) of the density n(x, y, z) of the cloud along 
thee line of sight 

r](y,r](y,  z) = ƒ dx n(x, y, z) , (3.3) 

andd the photon absorption cross section an. As the detection light is linearly polarized, 
thee cross section averaged over the possible 7r-transitions has to be considered, yielding 

__ 7 3A2 1 ,, . 
"'"'  ~ is ^T i + (2,5/rf • (SA> 

Thee cross section depends on the detuning S of the detection laser. Thus, with the choice 
off the detuning the desired optical density can be adjusted for a given r)(y, z). The 12-bit 
resolutionn of the analog to digital conversion of the CCD signal limits the detectable 
opticall density to D — 8. In practice the observable optical density was limited to about 
DD = 5, probably due to spectral background in the detection beam and scattered light 
inn the optical path. By allowing a maximum optical density of 2.5, these effects could 
bee neglected. At this optical density the photon-shot noise becomes of the order of the 
read-outt noise of the camera. 

Inn order to avoid blurring of the images of the expanded cloud the exposure time was 
typicallyy set to r = 200 /zs, which is much shorter than the typical expansion time of 10 ms 
off the cloud. The intensity of the detection beam of 600mW/cm2 for M=2.39 is then 
chosenn to fully exploit the 130000 electrons well depth of the CCD pixels. The CCD chip 
hass a specified quantum efficiency of 45 % at 780 nm. This intensity corresponds to weak 
saturationn of the optical transition of typically So = 0.026 at a detuning of —10 MHz. 
Duringg the detection typically Np = 100 photons are scattered from each atom. The 
RMSS displacement due to photon recoil transverse to the line of sight can be estimated 
withh the recoil velocity of vTec = 5.9mm/s to be y/Np/3 vrecr = 6.5/im, [Ketterle et al., 
1999].. As this is on the order of the of the optical resolution, it is neglected in the spatial 
analysis. . 

Inn order to extract the density profiles from the CCD images it is not necessary to 
measuree the absolute intensity at the CCD camera, and to consider e.g. reflection loss 
att the imaging optics. Measurements of relative intensities I(y,z)/Io(y,z) suffice for 
thiss purpose. These are accurately measured by taking three images in the following 
way:: First, an absorption image Jabs(?/, z) of the cloud is taken in the manner described 
above.. After the cloud dropped out of the field of view a second so called 'flat field' 
Iff(yIff(y:: z) image is taken with the same exposure. Afterwards, a third image is taken to 
recordd the background Ibg(y,z) without atomic cloud and without detection beam. The 
correctt intensity ratio is then obtained by first subtracting the background image values 
beforee normalizing the absorption image to the flat field image as I(y,z)/Io(y,z) = 
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(Iabs(y,(Iabs(y, z) — Ibg(y, z))/{Iff{y,  z) — hg{y, z)). In order to avoid systematic effects from the 
driftt of the detection intensity, this procedure is repeated each time the density profile 
off  an atomic cloud is measured. 


