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Experimentall  setup 

AA table-top ultra-high vacuum rubidium vapour cell has been built. 
OpticalOptical access to the vacuum system is achieved by use of a rectan-
gulargular glass cell. Two techniques of vacuum sealing of such glass cells 
usingusing either a knife-edged metal gasket or epoxy glue are discussed. 
InIn the vapour cell a magneto-optical trap is operated. With addi-
tionaltional optical molasses, cooling provides samples of& 107 atoms at 
temperaturestemperatures of ss 10 fxK. Frequency-stabilised diode lasers serve 
asas trapping and cooling light sources. Their output is amplified by 
injection-lockedinjection-locked single-mode diode lasers or, for high-power appli-
cations,cations, tapered semiconductor gain elements. Real-time control of 
thethe experiment is achieved by a personal computer with an addi-
tionaltional digital signal processor. Cold atoms are detected by imaging 
withwith a triggered digital frame-transfer CCD camera system. 
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3.11 Overview 
Ann optical trapping scheme for atoms has to be realised in ultra-high vacuum (UHV) 
too avoid atom loss due to collisions with room temperature gas. Since the first 
demonstration,, the magneto-optical t rap (MOT) [33] has become a standard tool in 
atomicc physics. Usually, a MOT provides a cloud of cold atoms after a single loading 
cycle.. Alternatively, a slow continuous atomic beam is extracted [115,116]. In our 
experiments,, a MOT with subsequent polarisation gradient cooling (PGC) [70] was 
usedd to prepare a cloud of atoms a few mm above an evanescent-wave atom mirror. 
Wee have chosen frequency-stabilised diode lasers to provide the various light frequen-
ciess required for the MOT, PGC, optical pumping, dipole trapping, and probing of 
atoms.. Such devices are a low-cost and less maintenance demanding alternative to 
Ti:Sapphiree laser systems. Their compactness permits to assemble a larger number 
off  laser sources together with an UHV setup on a single table. The lasers con-
sistt of external grating diode lasers [117,118], the output of which is amplified by 
injection-lockedd diode lasers. The laser stabilisation schemes are based on frequency-
modulationn spectroscopy [119] and "Zeeman polarisation spectroscopy" [120-122]. 
Thee complexity of the experiments demands real-time computer control of exper-
imentall  parameters. A digital signal processor is in charge of this task. Images 
off  atoms bouncing on evanescent-wave mirrors were acquired with a digital CCD 
cameraa system. 

Inn this chapter, the relevant properties of rubidium are discussed and the design 
off  the table-top UHV rubidium vapour cell is described, in which our experiments 
weree performed. A separate section is dedicated to the delicate issue of connect-
ingg and sealing glass cuvettes and window substrates to standard CF 40 and CF 16 
Confiat™™ steel knife-edge flanges. Also an overview of the used laser systems and 
thee controlling computer hardware is given. In the last section, the MOT is de-
scribed.. The temperature of atom clouds, achieved by PGC, was determined by a 
time-of-flightt method using falling atom clouds. The characterisation of one partic-
ularr device, a tapered semiconductor amplifier, is given in Chap. 4. 

3.22 Atomic species — rubidium 

Thee experimental choice of an atomic species depends on physical properties in-
cluding,, (i) appropriate optical transition frequencies and the availability of laser 
sourcess operating on these frequencies, (ii ) the atomic collisional properties and, 
(iii )) the ease of handling in an UHV system. 

(i )) Optical t rans i t ions.— Optical cooling techniques require well separated 
opticall  transitions of sufficiently narrow natural linewidth, among which cycling 
("closed")) transitions. Methods like PGC or velocity-selective coherent population 
trappingg (VSCPT) [107] in "dark states" rely on optical pumping between magnetic 
sublevelss or hyperfine states. The hyperfme-split Dl and D2 fine structure lines of 
alkali-metall  atoms and the optical transitions of metastable noble gas atoms allow 
thee use of dye lasers and Ti:Sapphire lasers with, wavelengths from the visible to 
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thee near-infrared spectrum. With LNA lasers at 1083 nm also metastable helium 
becamee usable [123]. For an overview on common elements for laser cooling, see 
e.g.. Ref. [12]. 

Welll  established in atomic physics are meanwhile stabilised diode laser systems, 
iff  providing sufficient optical output power together with spectral and spatial beam 
quality.. The availability of the laser diodes is generally determined by commercial 
applications,, e.g. for CD disk drives (785 nm wavelength), Nd:YAG laser pumping 
sourcess (808 nm), DVD drives (650 - 670 nm), or magnetometers for navigational 
systemss using helium (1083 nm). Particularly, low-cost high-power laser diodes in 
thee near infrared make rubidium an attractive choice, due to optical resonances at 
7800 nm and 795 nm wavelength. 

(ii )) Collisional properties.— In high density applications of cold atoms the 
s-wavee scattering length is an important parameter, e.g. for evaporative cooling 
andd for the properties of a Bose-Einstein condensate. For an overview of scattering 
lengthss for various atomic species, see Ref. [63]. More specifically 87Rb, due to 
itss suitable positive scattering length (a % 109 a0), may be the most promising 
candidatee to reach quantum degeneracy in a purely optical scheme, as envisaged in 
Chap.. 2. Therefore we use this isotope in our experiments. 

(iii )) Handling in UHV. — A reliable and compact technical solution to handle 
rubidiumm atoms is a table-top UHV vapour cell setup, in which a MOT can be quickly 
andd directly loaded from the room temperature vapour [124-126]. Rubidium can 
bee used at convenient temperatures. For example, the (saturated) rubidium vapour 
pressuree at room temperature is between 10_ 7-10"6 mbar and the melting point is 
38.5°° C [127]. The natural abundance of the 87Rb isotope is 27.9 %, next to 72.1 % 
off  85Rb. Some useful numbers for experiments with rubidium are listed in the 
Appendixx A.1. The hyperfine level structure of the Dl (795 nm) and D2 (780 nm) 
linee is shown in Fig. 3.7. 

3.33 Ultra-high vacuum system 

3.3.11 Requirements on a rubidium vapour cell 

Thee used vapour cell is an UHV system which maintains a partial rubidium pres-
suree of typically 10~8 mbar and a background gas pressure of < 10-9 mbar. In 
ann optical trap, light scattering will dominate the loss of trapped atoms, rather 
thann background gas collisions. An experiment involving bouncing atoms from an 
evanescent-wavee mirror typically lasts less than 100 ms, whereas the mean collision 
timee of cold atoms with room temperature atoms from the vapour is ~ 350 ms 
(meann free path ~ 100 m). Experiments of longer duration, such as evaporative 
coolingg of atoms towards BEC, require significantly better vacuum (< 10~n mbar). 
InIn these cases differentially pumped "double-MOT" systems [128] or bright beams 
off  slow rubidium atoms [115,116] are employed to load a MOT in good vacuum with 
aa sufficient number of atoms. 
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AA vapour cell can be economically realised as a small stand-alone system using 
mostlyy commercial components. The very low rubidium consumption reduces main-
tenancee tasks. For example, using 10 mg of rubidium in a reservoir, the operating 
timee is limited by constructional changes on the system rather than by rubidium 
depletion.. Due to vibrations, the use of turbo-molecular pumps located on a ta-
blee together with stabilised lasers is undesirable. Therefore we employ ion pumps, 
thoughh these pumps require care for shielding or compensating their stray magnetic 
fields.fields. Usually it is sufficient to place an ion pump far enough away (> 0.5 m) from 
thee experimental region. However, this is at the cost of pumping speed and vacuum 
pressure. . 

Inn addition to vacuum specifications, also the optical properties of a vapour cell 
havee to be considered. Experiments on evanescent-wave atom mirrors as discussed 
inn this thesis, require a prism as the only optical component mounted inside the 
vacuumm system. Nevertheless, optical access from various directions is needed to 
applyy the numerous laser beams. The windows should be of laser optical quality and, 
iff  possible, antireflection coated. In the present system, an uncoated rectangular 
glasss cell is used. Beside good optical access, a particular feature of such a cell is 
thatt magnetic field coils can closely approach the region of interest and hence can 
bee small sized and of low power consumption. Since a glass cell is nonmagnetic, 
experimentss are not perturbed by eddy currents caused by switching field coils. 

3.3.22 Vapour cell setup 

Thee vacuum system, shown in Fig. 3.1, consists of, (i) a lower UHV chamber, pumped 
byy a 15 1/s ion pump and, (ii ) an upper differentially pumped vapour cell connected 
too a glass cuvette and to a rubidium reservoir. The vapour cell is (optionally) 
pumpedd by a 8 1/s ion pump. The typical background pressure achieved in this 
systemm is « 10"9 mbar, after gentle bakeout up to 114° C. The epoxy-glued glass 
celll  used so far, did not allow warmer baking. 

(i )) U H V sec t ion .— The components of the UHV system are grouped in the 
horizontall  plane at a 5-way CF40 cross. The system is clamped to the optical 
tablee by aluminium mounts that can be water cooled, in order to protect the laser 
tablee during bakeout. An all-metal sealed valve (Granville-Phillips, gold-seal type 
204)) leads via bellows to a roughing turbo-molecular pump. When the valve is 
closed,, the system is self-sustaining with an ion pump of 15 1/s (N2) pumping speed 
(Varian,, Vaclon Plus 20 StarCell with ferrite magnets). The achieved pressure can 
bee monitored by an ionisation gauge in a range between 10- 12 — 10- 3 mbar (Varian, 
typee UHV-24p). A pressure below 10 9 mbar might be possible by extending the 
systemm with a titanium sublimation pump or non-evaporative getter materials. 

Thee UHV section is separated from the upper vapour cell section by a blank 
CF400 copper gasket with a hole of 1.5 mm diameter. Differential pumping reduces 
thee pumping speed in order to maintain the rubidium pressure in the vapour cell 
duringg experiments. 
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Figur ee 3.1: Vacuum system. Lower UHV section: ion pump (IP1), ion gauge (IG) 
andand valve (&)1) to roughing pump. Upper vapour cell section: rubidium reservoir (Rb, 
unmountedunmounted when photograph was taken) with valve (&2J, and smaJJ ion pump (IP2, 
outout of sight). A bypass valve (&)3) connects the vapour cell and the UHV section. 
AA diaphragm between the sections enables differential pumping. The closeup shows the 
100 x 10 x 4 mm3 right-angle BK7 glass prism used for the evanescent-wave mirror (Melles 
Griot,, high precision prism, no. 01 PRE 009. cut to a width of 4 mm). 
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Forr pumping down from atmospheric pressure and during bakeout, an all-metal 
CF166 valve (Vacuum Generators, type ZCR20R) is opened in a bypass from the 
5-wayy cross to the vapour cell. The strong magnets of the ion pump are approxi-
matelyy 35 cm away from the prism. The ion pump manual specifies a stray magnetic 
fieldfield of < 1.5 G at a distance > 15 cm from the pump. 

(ii )) Vapour  cell sec t ion .— A hexagonal section with six CF 16 ports is mounted 
onn top of the UHV section. It interconnects the cuvette, the rubidium reservoir and 
thee pumping bypass. In addition, an in-line pair of custom-made optical viewports 
iss mounted, that, provides optical access for, e.g., time-of-flight diagnostics of falling 
atomss (if no prism is mounted). The horizontal tube of the bypass leads 40 cm away 
too a small 8 1/s ion pump (Varian, Vaclon with AINiCo magnet). If necessary for 
strayy field minimization and if the pump is not in use, the magnet can be removed. 
Togetherr with the bypass, this pump assists in stabilising the rubidium vapour 
pressuree or to reduce background gas pressure, respectively. 

Thee rubidium reservoir is connected to the vapour cell by a short spacer tube 
andd an all-metal valve. It consists of a flexible tube with a short intermediate bel-
lowss section. Before evacuating the system, a small cylindrical quartz ampule was 
inserted,, containing a few milligram rubidium. When the final roughing pressure 
^^ 10~(> rnbar was established after bakeout, the ampule was broken by bending the 
bellows.. When the pressure settled again, the system was sealed off from the rough-
ingg line and further pumped down by the ion pump. Commercial standard rubidium 
ampuless can be used in the setup (Aldrtch Chemical. 2g, no. 38,599-9). However, 
aa few milligram suffices to keep the system operable for years. For constructional 
changes,, the reservoir can stay evacuated for a short time, avoiding a replacement 
off  the ampule. Hence it is more economical (and more safely) to distil only a small 
amountt of rubidium into custom reservoir ampules. 

Inn case the ampule breaks too neatly it might be necessary to keep the bellows 
bentt to increase the rubidium diffusion out of the ampule. The reservoir is wrapped 
withh a heating cord. When preparing experiments, the reservoir is gently baked with 
openn valve until the desired vapour pressure in the cuvette is reached. (The saturated 
rubidiumm vapour pressure is, e.g., % 10"5 mbar at 60°C.) It can be monitored 
byy observing the fluorescence from a laser beam tuned to an optical resonance of 
rubidium.. After cooling down the reservoir, the valve is kept open and adjusted to 
maintainn a constant vapour pressure. Due to the differential pumping, the vapour 
pressuree decays with a time constant of ~ 30 min if the reservoir is closed. Before 
insertingg the differential pumping hole this was less than 5 min. It is difficult to 
estimatee the rubidium diffusion and pumping speed for two reasons: First, the 
systemm has many bends and apertures. Second, rubidium is strongly sticking to 
surfaces.. Since the surface-to-volume ratio is large, there is a delay of several hours 
inn vapour pressure build-up when charging the system for the first time. One has 
too avoid saturating the entire system and, particularly, the cuvette by a rubidium 
droplett that slowly ''creeps" through the system. 
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I tt  is worth mentioning two alternative techniques of charging a vapour cell with 
rubidium,, taking less constructional and machining efforts: (i) commercial single-
usee quench-seal copper tubes as containment for the rubidium ampule and, (ii ) a 
saturatedd dispenser compound that releases rubidium when heated by an electrical 
currentt (SAES Getters, type Rb/NF/3.4/12FT10+10, 2.6 mg yield). The latter has 
thee advantage that it offers cw and pulsed operation with short time constants —min, 
andd may charge the vacuum system only locally with rubidium. A disadvantage are 
thee electrical UHV feedthroughs and the limited rubidium load. 

3.44 Optical access to the UHV system 

Inn cooling and trapping experiments, laser-beam wavefronts must not be distorted 
byy the UHV viewports. Also (stress-induced) birefringence of the viewports is unde-
sirable,, since it might perturb polarisation sensitive applications such as polarisation 
gradientt cooling or "dark state" trapping. Furthermore, the vacuum sealing has to 
withstandd common bakeout temperatures above 200° C. Commercial viewports are 
usuallyy costly and have clear apertures that are significantly smaller than the Conflat 
flangeflange counterpart. In order to achieve optical quality access from many directions, 
wee have chosen a rectangular cuvette. 

Thee first choice material was fused silica ("quartz glass"). It is available as laser-
opticall  plate elements, that are welded in a baking process using glass weld powder 
att the connecting faces. The surface flatness is preserved locally in this process. 
AA disadvantage is that no inside antireflection (AR) coating can be applied. A 
pre-appliedd coating would be destroyed during welding, and the elongated geometry 
makess the application of an UHV compatible coating after welding impossible. 

Suchh cuvettes are usually supplied with a "graded-seal" transition, with which 
thee mismatch in the thermal expansion of the fused silica cuvette and an Invar steel 
flangee is compensated. The graded seal consists of a succession of tubular segments 
thatt change gradually in composition from fused silica to Pyrex glass. Unfortunately, 
thee minimal length of the graded seal is > 10 cm, which may degrade the UHV in 
thee cuvette. For our vacuum system, we have therefore extended an earlier reported 
windoww sealing technique [129] to seal a cuvette directly to a CF 40 flange. 

Inn the following, our application of this technique to CF 16 viewports is discussed, 
andd the CF40 scheme is refined using spring-loaded knife-edge seals, that reduce 
stresss on the glass substrate. Finally, a less complex preliminary solution based 
onn an epoxy-glued "Optical Glass" cuvette is presented. Note that this cuvette, 
despitee of modest bakeout temperatures, allowed for sufficient UHV to perform all 
experimentss reported in this thesis (see also the photographs in Fig3.1). 
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Figuree 3.2: All-metal sealed optical CF 16 viewport. 

3.4.11 All-metal sealed optical quality UHV viewports 

Thee viewport concept in Ref. [129] makes use of a standard 50 mm diameter laser 
windoww that is sealed to a CF 40 knife-edge flange. The substrate is pressed on a 
knifee edge milled onto the outer surface of a common OFHC (copper) gasket ring. 
Underr compression, the deforming copper knife edge seals the window with a leak 
tightnesss of < 10~12 mbar 1/s helium leakage, comparable with usual CF connec-
tions.. We implemented this technique, to realise viewports also for CF 16 flanges. 
Thee maximisation of the clear aperture required custom-sized windows of 22 mm 
diameterr and 6 mm thickness (Melles Griot, BK7, AR/AR HEBBAR coating). 

Fig.. 3.2 shows a cross section and a frontal view of the viewport construction. 
AA blank CF 16 flange was milled as a compression ring to clamp the window onto 
thee copper seal. The ring has a circular overlap of 2 mm width with the window. 
Betweenn them we use as a cushion a stack of 10 — 15 punched rings of aluminium 
foil .. The clear aperture of the viewport is limited by the flange bore diameter and 
byy the inner diameter of the gasket, both « 16 mm. The knife edge in the copper 
gaskett is also shown in the figure. Tightening of the six (lubricated) bolts was done 
withh a torque wrench uniformly and in small steps. A torque of 4.9 Nm provided 
goodd sealing without damage, whereas for 5.5 Nm we observed cracks in the AR 
coatingss of the window. Also the copper gasket was significantly deformed due to a 
slightt mismatch in the knife edge diameters. Compared to the CF 16 steel knife of 
18.55 mm diameter, we used initiall y a slightly smaller diameter of 18.0 mm for the 
copperr knife, in order to keep more space to the edge of the small glass substrate. 
Laterr we also used copper knifes of 18.5 mm. The final sealing torque on the bolts 
wass 3.9 Nm, similar to that in Ref. [129]. The copper knife was then compressed to 
aa flat ring of 0.5 mm width, by a total loading force of « 150 kN from the 6 bolts, 
orr w 26 kN/cm along the knife. 

Soo far, three of our four windows withstood several bakeout cycles up to 200° C 
(max.. 250° C). One window broke while being unmounted. Another window showed 
aa slight edge damage by the compression ring but did not leak. 
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3.4.22 All-metal sealed fused silica cell 

Thee knife-edged Conflat seal.— In a first attempt, we adapted the knife-
edgedd CF 40 gasket of the viewports also to a cuvette. Fused silica cuvettes were 
manufacturedd by Optiglass (England) and supplied by Starna Analytical Accessoires 
(Austria).. They were made from 4 mm thick plates with a square outside width 
off  30 mm and lengths of 100 mm and 150 mm. The material is Spectrosil B from 
ThermalThermal Syndicate. The cuvettes were molded each on a 15 mm thick ring disk 
substratee of 50 mm outer and 22 mm inner diameter. Particularly the lower (sealing) 
diskk surface was polished. 

Thus,, the disk resembled a 50 mm dia. (CF 40) fused silica window. Here, the 
knifee edge milled onto the copper gasket had a diameter of 42 mm, like a CF40 
steell  knife. For a window, we achieved a good seal with a torque of 5 Nm on each of 
thee 6 flange bolts, corresponding with 173 kN total load (13 kN/cm). Nevertheless, 
thee disk-mounted cuvette did not withstand the compression clamp. Before vacuum 
sealingg was achieved, the disk cracked at the corners of the cuvette, when the torque 
att the bolts was increased to about 3.4 Nm. 

Thereforee it seemed necessary to realise a seal using considerably less loading 
forcee on the disk than with an OFHC gasket. A possibility might be a softer gasket, 
e.g.. made from nickel. However, nickel is ferromagnetic and therefore undesirable 
closee to the experimental region. 

Thee Helicoflex A spring-loaded seal.-— With the single-side knife-edged gas-
ket,, most of the compression was needed to deform the bulk gasket material by 
thee CF steel knife. Therefore, a double knife-edged gasket between two flat sur-
facess promised a stress reduction. A commercial solution is the Helicoflex A gas-
kett (Le Carbone-Lorraine, type HNV200 A (DN25), spring Nimonic90, lining alu-
minium/Inconell  600) [130]. The gasket consists of a toroidal lining made from 
thee sealing material. It has tiny knife edges milled on the top and bottom cir-
cumference.. Inside, as an elastic core, the torus contains a helical spring. This 
springg provides a homogenous compression all around the sealing circumference and 
avoidss (torsion) stress on the sealed UHV components. A cross section of the Heli-
coflexx A gasket is shown in Fig. 3.3 (not to scale). The helium leakage is specified 
ass < 10-10 mbar 1/s [130]. 

Inn the present setup, we have chosen an aluminium lining. Apart from the low 
costs,, it offers advantageous properties in sealing our particular glass substrates. 
Aluminiumm is a ductile material: the knife edge is consumed under compression and 
requiress less loading force compared to a nonductile material. Among other ductile 
materialss like silver or copper, aluminium gaskets require less loading force, whereas 
thee specified final compression is even larger. Note the distinction made here between 
"(linear)) loading force" and "compression". The former is derived from applied 
torquess when tightening flange bolts, the latter describes the visible geometrical 
deformationn of the toroidal gasket and the knife edges. A large compression of the 
gaskett promises accurate control during the sealing procedure. Aluminium gaskets 
requiree a Vickers hardness of the sealing surfaces of 65 only, in contrast to minimal 
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Figur ee 3.3: All-metal VHV sealed fused silica cell. 

1000 — 120 for silver and copper. A disadvantage may be the maximum bakeout 
temperaturee of 280° C, which is, however, still above the attempted rating for our 
cuvettes.. For detailed requirements on machining and finish of the sealed surfaces, 
seee Ref. [130]. As an alternative to the Helicofiex gasket, also a metal wire seal 
mightt offer a solution. However, common wires from gold need significantly more 
loadingg force and, the softer indium does not allow larger bakeout temperatures 
thann the epoxy-glued connection, discussed below. 

Fig.. 3.3(a) shows a cross section and a top view of the sealed cuvette. This 
correspondss to the most recent construction. In order to provide a flat sealing 
surface,, our workshop machined a CF 40 adapter to be connected to the hexagonal 
vapourr cell section. This adapter accepts the Helicofiex gasket. The base of the 
cuvettee assembly consists of a 50 mm diameter quartz disk of 20 mm thickness. In 
addition,, between this disk and the rectangular cell, there is an intermediate quartz 
ringring of 10 mm thickness, the outer diameter of which matches the 30 mm cross 
sectionn of the cell. This assembly was clamped onto the Helicofiex by a combination 
off  a stationary compression ring and a single compression nut, with a fine thread of 
722 mm diameter and a pitch of 1.2 mm/turn. A thin ring of annealed aluminium 
formss a cushion between the compression ring and the quartz disk. A similar cushion, 
lubricatedd with MoS paste, serves as a sliding ring between compression ring and nut. 

Thee 10 mm spacer ring was inserted to avoid focused stress at the cell corners. 
Standardd DN25 Helicofiex A gaskets were used. The inner and outer diameters 
aree 30.4 mm and 40.2 mm, respectively. The torus cross section is 4.8 mm, with 
aa nominal linear sealing load of 245 N/cm and a nominal compression of 0.9 mm. 
Thee load required to achieve sealing should thus be 100 times smaller than with the 
CF-sealedd windows which were described in the previous section. The diameter of 
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thee knife edges is 35.2 mm. The larger inner diameter of thee compression ring causes 
torsionn stress in the quartz disk. Note that the choice of the standard DN 25 gasket 
wass motivated earlier by modifying an existing CF 40 flange rather than machining 
aa custom adapter to the vapour cell section. 

Thee final construction was tested while mounted directly on top of the inlet of 
thee turbo-molecular pump. Sealing was achieved with a compression of 0.49 mm 
(55%% of the nominal one). The pressure reading from a Penning detector indicated 
4.00 x 10- 8 mbar before bakeout. After a bakeout cycle up to 230° C, the pressure 
settledd at 1.8 x 10- 8 mbar, the same as when operating the terminated pump alone. 
Ourr "consumption" of numerous gaskets reflects their quality. Under visual inspec-
tionn both used and freshly unpacked gaskets occasionally showed tiny scratches or 
materiall  faults in the aluminium knife-edges. In these cases sealing of the cuvette 
wass not achieved within the nominal compression. It is strongly recommended to 
consumee as many gaskets as necessary until sealing is achieved within the nominal 
compression.. In fact, a glance at the catalogues [130] indicates that these gaskets 
aree originally designed to seal reactor vessels rather than atomic vapour cells. 

Thee actual two-disk cuvette was motivated by an unsuccessful attempt to use the 
single-diskk construction with a Helicoflex A gasket. The 15 mm thick single disk was 
clampedd on the gasket by 6 bolts of a modified CF 40 flange, similar to the viewport 
construction.. After sealing was achieved, the system was gently baked at 70° C. 
Havingg cooled down slowly and after some hours of settling at room temperature, a 
crackk at one of the cuvette's corners occurred, similar to the crack with the previously 
usedd CF gasket. The reason was probably that the compression clamp finally made 
aa considerable wedge with the flange counterpart. The bolts had been tightened 
evenlyy by observing the applied torque. This suggests that either the spring load 
off  the gasket was not constant along the circumference, or the torque readings 
off  the wrench were not reliable due to variable bolt friction. This is the reason 
whyy we finally used a single screw terminal to control the compression rather than 
controllingg the linear load by individual bolts. Nevertheless, the latter concept has 
beenn successfully realised by Dieckmann et al. [131], including bakeout above 250° C. 
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Figur ee 3.4: UHV sealing of an epoxy-glued glass cell. 

3.4.33 Epoxy-glued glass cell 
Wee started experiments with an improvised glass cell, which we glued to a stain-
lesss steel rectangular platform, see Fig. 3.4. The low-vapour pressure epoxy resin 
wass TorrSeal (Varian) which allows pressures down to 10~9 mbar and bakeout 
temperaturess up to 120° C. The glass cuvette is a standard "Large Cell" from 
HELLMAHELLMA (Germany) and made from "Optical Glass" (B 270-Superwite crone glass, 
fromm DES AG). The outside dimensions are 130 x 42 x 42 mm3 with a wall thickness 
off  4 mm. 

Thee figure shows the rectangular stainless steel platform, that was welded to 
aa tubular CF40 flange. The epoxy resin forms a seam of triangular cross section 
alongg the bottom face of the cuvette. Thus, direct and polluting contact of the resin 
withh the vacuum is kept small. The triangular steel edge is supported by a thin 
rimm of steel. This proved to be necessary in order to allow the seal to relax from 
stresss after bakeout. The resin seemed to soften at bakeout temperatures and to 
relaxx stress that has been induced by the thermal expansion mismatch of steel and 
glass.. When cooling down after bakeout the resin hardens too quickly. In a first 
constructionn without any significant elasticity, this resin property caused the glass 
too break at several locations at the epoxy seam, some hours after cooling down two 
roomm temperature. 

Thee ultimate pressure of 10~9 mbar was reached after bakeout of the system, 
duringg which we kept the resin temperature below 115° C. In fact, this pressure 
wass permissible for the experiments reported in this thesis. Thus, the glued cell 
proofedd to be a low-cost, reliable concept, maybe even simpler and more robust 
thann a cuvette that is assembled from loose glass plates as reported in Ref. [132]. 
Off  course, it was not possible to apply an optical AR coating to the inner surfaces, 
neitherr did we apply any coating at the outside. 
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3.55 Semiconductor lasers for cooling and trapping 

3.5.11 Requirements 

Theree are three essential specifications of a laser system for atom-optical exper-
iments,, (i) frequency stability, (ii) optical output power and, (iii ) beam quality, 
whichh are briefly discussed here, followed by a detailed description of our frequency 
stabilisedd diode lasers and injection-locked diode lasers. 

(i)) Frequency stability.— The laser linewidth must be smaller than the atomic 
transitionn linewidth. The frequency should also be stable on this scale. Using ru-
bidiumm (r/27r = 6.0 MHz), this requirement is usually fulfilled with common laser 
sources.. Frequency drift stability within 1 MHz is achieved by "locking" the laser 
too an atomic resonance using feedback from a reference spectroscopy signal [133]. 
Magneto-opticall  trapping and polarisation gradient cooling typically demand a laser 
detuningg from the atomic resonance of a few times the transition linewidth I\ Con-
tinuouss and fast detuning control is achieved by frequency shifting acousto-optical 
modulatorss (AOM). Passive drift stability of the laser source is desirable when large 
detuningg (S » T) is necessary and suitable references for locking are not available, 
e.g.,, when working with far off-resonance dipole potentials. In some applications also 
thee spectral background has to be considered. In Chap. 4, the amplified spontaneous 
emissionn background (ASE) of a tapered amplifier system (TA) is discussed. 

(ii )) Output power.— In applications with near-resonance light, laser intensities 
off  a few times the saturation intensity are usually sufficient, e.g. 70 = 1-67 mW/cm2 

forr the rubidium D2 line. A laser output of 15 mW allows operating a rubidium MOT 
withh beam waists < 5 mm. Much more power is usually needed to realise optical 
dipolee potentials. The trapping scheme envisaged in Chap. 2 requires intensities 
~~ 106/0. In this case, laser power constitutes the limiting factor to the spatial 
extensionn of the trapping potential. 

(iii )) Beam quality.— Most applications demand good beam quality and a well 
definedd polarisation. For this reason single-mode optical fibres are used as spatial 
filters.. In case of the TA system, such a fibre also provides spectral filtering of ASE 
backgroundd in the amplifier output. 

3.5.22 Compact external grating diode lasers 

AA single-transverse-mode laser diode emits a diffraction-limited, elliptical beam. 
Thee emission linewidth of such a laser is typically several tens of MHz. The emitted 
centree frequency is determined by both the internal cavity formed by the reflective 
waveguidee facets and the spectral gain profile. Between "mode hops", it can be 
continuouslyy tuned by means of operating temperature and injection current. 

Thee most common technique to narrow the linewidth of a diode laser to below 
1000 kHz is optical feedback by the first diffraction order from a grating, see Fig. 3.5 
("externall  grating diode laser", EGDL). The grating establishes an external cavity, 
whilee the specular reflection is coupled out. Simultaneous control of the grating angle 
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andd distance, and of the diode current allows tuning and locking of the laser to a 
referencee frequency [117,118]. In atomic, physics this method provides a standard 
laserr tool, reaching from the mid-infrared [134] to the red [135,136] and, recently, 
too the blue [137] range of the spectrum. 

Spectroscopicc applications usually demand a wide tuning range, free of mode-
hopss and covering various atomic or molecular resonances. A common realisation of 
ann EGDL is the Littrow configuration (see e.g. Ref. [133]). The rotation axis of the 
gratingg is chosen such, that a change in feedback frequency Aw, due to a rotation 
Aa,, is matched with the grating displacement Al. or (duj / da) Aa = (du>/dl)Al. 
Simultaneouss modulation of the laser diode current provides continuous tuning over 
tenss of GHz. 

Efficientt coupling of the laser output to a single-mode optical fibre requires the 
ellipticall  beam profile to be circrrlarised. This is done immediately after the EGDL 
byy a pair of anamorphic prisms. Since the Brewster effect assists in reducing reflec-
tionn losses, the laser polarisation is first rotated to horizontal by means of a half-wave 
plate.. The resulting circular beam typically has a waist of 0.5 mm (1/e2 intensity 
radius).. An EGDL demands good optical isolation against backreflections. In most 
situationss an isolation of 30 dB is sufficient. However, if the EGDL is used as "mas-
ter""  oscillator to seed an amplifier or an injection-locked "slave" laser [138, 139], 
600 dB isolation may be required to prevent direct feedback to the master laser from 
thee mode-matched slave output, see below. 

Ann external cavity makes the system susceptible to vibrations and thermal drift. 
Variouss designs use compact realisations of the Littrow type to improve laser stabil-
ityy [135,140]. Other concepts put emphasis also on economical usage of commercial 
opto-mechanicall  components [141,142]. In the experiments reported in this thesis, 
ourr interest was in locking lasers to a single atomic resonance rather than a wide con-
tinuouss tuning range. Hence, a very compact EGDL design was chosen, based on a 
stimulatingg idea from Poul Jessen [142]: the grating angle is preset manually with a 
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Figur ee 3.6: Compact external grating diode laser. 

resolutionn ~ 100 MHz and kept fixed in experiments. Fine adjustment is performed 
byy tuning the grating distance from the laser facet with a piezo actuator (PZT). 

Thee construction of the laser head is shown in Fig. 3.6. A laser diode (TO-5 
windoww package, 9 mm dia.) is mounted in a collimation lens tube (ThorLabs, 
typee LT230B, ƒ = 4.5 mm, N.A.=0.55). The beam can thus conveniently be colli-
matedd before the lens tube is mounted in the laser head. A gold coated holographic 
gratingg with 1800 lines/mm provides feedback to the laser diode (Carl Zeiss Jena, 
no.. 263232-9451-325, 10 x 10 x 6 mm3). The feedback angle for 780 nm and 795 nm 
wavelengthh is a = 44.6° and 45.7°, respectively. In a similar construction also grat-
ingss with 1200 lines/mm were used (Zeiss, no. 263232-9052-825). The feedback angle 
wass there ~ 19°. However, these gratings provided significantly less output power. 
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Bothh collimation package and grating are integrated in a single, milled block 
fromm copper-bronze. The rotational degrees of freedom for the grating are provided 
byy a flexure construction. Adjustment of optical feedback (coarse vertical tilt ) is 
achievedd with a small screw using an Allan key. The feedback wavelength (hori-
zontall  til t a) is coarsely set with a screw also at the flexure mount, whereas fine 
adjustmentt is achieved using an additional double-stage flexure gear. Not shown in 
thee drawing is an AD 590 temperature sensor, attached to the base of the laser head, 
closee to a Peltier thermo-electric cooler (TEC). The small volume of the laser head 
allowss relatively fast temperature control and provides good thermal drift stability 
too the external cavity. In particular, the flexure grating mount has better thermal 
conductancee than a comparable spring-loaded construction using ball-bearings. The 
choicee of copper-bronze (7 % Sn) is a compromise between thermal and elastic prop-
ertiess [140]. The typical passive stability of this system is ~ 100 MHz per hour and 
limitedd by both thermal drift and drift of the PZT. 

Thee laser head is mounted via the TEC on a brass heatsink that can be wa-
terr cooled and also includes a compartment for laser current modulation circuitry. 
Vibrationss from the optical table are damped by a polymer sheet underneath the 
heatsinkk (Edmund Scientific, Sorbothane) The laser head is shielded from surround-
ingg airflow and from electro-magnetic noise by a metallised cap. This cap allows 
accesss to the fine adjustment gear. 

Th ee flexure gear .— In the drawing of the double-stage gear, the concentric 
pairss of large and small circles indicate the motion of parts from the gear, or the 
translationss d \—> d' and d' i—> d", respectively. The total translation is 7:1. A 
singlee turn of the screw (d = 0.5 mm) results in a travel of d" — 70 /mi. The length 
changee of the external cavity is A/ as 0.3 rf", or 20 /xm per turn of the screw. The 
frequencyy change of the cavity is « 20 GHz//xm. (With a cavity length of PS 20 mm, 
thee free spectral range is FSR~ 7.5 GHz.) This resolution is sufficient to allow 
smoothh manual presetting of the laser frequency. Essential is, that the user touches 
ann actuator fixed to the bulk of the laser head rather than to the vibrationally 
sensitivee grating holder. 

T h ee P ZT stack ac tuator .— The grating is directly glued to a polymer-molded 
low-voltagee PZT stack actuator (Piezomechanik, bare actuator type PSt 150/7/7, 
travell  7 /tin for 150 V). The length or frequency tuning of the cavity is given by 
sss 30 nm/V, or « 0.6 MHz/mV, respectively. The only moving mass is that of the 
grating.. This allows a faster response when tuning the cavity length as compared 
withh a rotational grating mount. A prestressed PZT device in a tubular steel case 
hass also been tested (PSt 150/5/7VS10), in first instance promising a more linear 
response.. Unfortunately, the weight of the horizontally mounted grating bent the 
PZT.. This resulted in friction with the steel case, causing an unreliable actuator 
responsee [Pickelmann, Piezomechanik, private communication]. 
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Figur ee 3.7: Hyperfine structure of rubidium [143,144]. 

(i)) Near  resonance cooling, probing and hyperfine pumping: 
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(ii )) Far  off-resonance dipole potentials: 
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Tablee 3.1: Laser frequencies used in experiments with Rb. 
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3.5.33 The laser park for atom-optical experiments 

Ann experiment with rubidium requires various frequency-stabilised laser sources 
tunedd to specific optical resonances of the considered isotope, here 87Rb. Fig. 3.7 
showss the hyperfine energy levels of the rubidium Dl and D2 line. The optical 
transitions,, labelled (1) —(7), indicate the corresponding laser frequencies in our 
setupp of diode laser systems. The specific usage of the lasers is listed in Table 3.1. 
Ann overview of this setup is given in Fig. 3.8. It is specified essentially by two 
groupss of lasers, (i) EGDL's tuned close to a rubidium resonance, some of which are 
amplifiedd by an "injection-locked" laser diode, and (ii) high-power tapered amplifiers 
usedd far off-resonance (see Chap. 4). 

(i )) Cool ing, probin g and optical hyperfin e pump ing .— The laser frequen-
ciess of the beams (1) — (3) are derived from an EGDL that is stabilised by feedback 
fromm a frequency modulation (FM) spectroscopy on rubidium. The EGDL serves 
ass a master oscillator for an injection-locked slave diode laser (ILDL) , providing 
thee trapping and cooling light of beam (3). The laser diodes used for the EGDL's 
weree 6Ü mW single-spatial and -frequency mode laser diodes with a specified wave-
lengthh close to the Dl or D2 line (Hitachi, HL 7851 G98, selected 781 - 785 nm; 
Mitsubishi,Mitsubishi, ML64114R, selected 788 - 793 nm). Recently also an 80 mW device 
becamee available (Sanyo, DL-7140-001, specified 785 nm). 

Thee optical output power of our EGDL's ranges between 5 — 30 mW after the 
isolator,, depending on the used laser diode. A small fraction (~ 0.5 mW) is split 
offf  to be used for spectroscopy. The lasing frequency mode of both master and 
slavee can be permanently monitored by an optical spectrum analyser. The seeding 
beamm from the master laser was inserted into the slave's beam path by means of the 
accessiblee output polariser of a 30 dB optical isolator (Gsanger, single-stage type 
FR780).. Perturbing feedback from the slave to the master is thus prevented by this 
isolator,, in addition to the 60 dB isolator directly after the EGDL. Mode matching 
off  master and slave was achieved using identical beam collimation and circularising 
optics,, see Fig. 3.5. If optimally aligned, a seeding input of 100 fiW was sufficient to 
providee a stable locking range over > 10 T, as required to load a MOT and perform 
molassess cooling. 

Fastt and continuous frequency control of the beams (1) — (3) was achieved using 
acousto-opticc modulators (AOM) in double-pass, see below. For the beams (1) and 
(2),, the AOM also serves as a power modulator and a shutter. 

Figur ee 3.8: The system of stabilised lasers and amplifiers (previous page). Injection-
lockedlocked diode laser (ILDL), tapered amplifier (TA), half-wave plates (HW), optical spec-
trumtrum analysers (SA), grating spectrometer (GS) and wavelength meter (WM). The fre-
quencyquency modulation (FM) and Zeeman polarisation (ZS) spectroscopy schemes are indicates 
symbolicallysymbolically (Rb). Frequency shifting AOM's in double-pass are explained in detail below: 
lenslens (L), quarter-wave plate (QW), diaphragm (D), and mirror (M). The laser frequency 
ôLL  is shifted by twice the RF frequency of the acoustic wave, WRF-
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Thee EGDL of beam (4) provides hyperfine repumping light to transfer atoms 
fromm Fg = 1 to Fg = 2, mainly for operating the MOT and cooling but also for 
specificc probing techniques, see Chap. 7. 

Al ll  beams were coupled to single-mode optical fibres, as indicated for beam 
(4).. Coupling efficiencies were achieved, ranging between 70 — 85 % for circularised 
beamss of single-mode laser diodes, using compact fibre coupling ports, designed for 
beamm input diameters between 0.9-1.8 mm (OFR, type PAF-X-5-780). These ports 
weree used with standard fibre patchcords with angle-polished fibre connectors (type 
FC/APC).. This avoids etalon effects from reflections at the fibre facets. The fibres 
weree not polarisation conserving. However, twisting the fibres in loops and fixing 
themm to the optical table provided arbitrary polarisation control of the output beam. 

(ii )) Far  off-resonance dipole potent ia ls.— High power output up to 200 mW 
fromm a single-mode fibre is achieved in two systems using tapered semiconductor 
amplifierss (TA). Only one scheme is sketched in Fig. 3.8. One system provides beam 
(5),, the other provides the beams (6) and (7). The gain elements are each seeded by 
aa well isolated EGDL. A detailed characterisation of these systems is given in the 
nextt chapter. 

Forr near-resonance applications, the EGDL can be frequency stabilised by a Zee-
mann polarisation spectroscopy (ZS). A tunable frequency offset between 0 MHz 
fromm the referenced atomic resonance is achieved using an AOM. For larger detun-
ings,, the EGDL remains unlocked and the frequency can be monitored by means 
off  an optical spectrum analyser, a wavelength meter (Coherent, WaveMate), or a 
gratingg spectrometer (Ocean Optics, PC2000). 

Laserr  frequency tun in g by acousto-optical modula tors .— Laser frequencies 
aree shifted using acousto-optic modulators in double-pass, also shown in Fig. 3.8. 
AA lens (L) of focal length ƒ (between 10 — 20 cm) and a mirror (M) form a folded 
telescope.. After the first passage of the AOM, the Bragg-deflected beam is retro-
reflectedd and collimated again before passing the AOM a second time. Al l light 
butt the selected diffraction order is blocked by a diaphragm (D). The polarisation 
off  the retro-reflected beam has been turned by 90°, passing twice a quarter-wave 
plate.. The light is coupled out by a polarising beam splitter cube. Using Bragg 
deflectionn in the first diffraction order, the light undergoes a net frequency shift 
off  twice the RF modulation frequency UJRV, with no net deflection or frequency 
dependentt displacement. This property is particularly important when shifting the 
frequencyy of the master laser in an injection-locking scheme or when coupling light 
too an optical fibre. Both cases require excellent directional beam stability. 

AA typical double-pass efficiency is 50 % in first diffraction order. Higher orders are 
nott practical due to their low efficiency. Our modulators have PbMo04 crystals and 
acceptt random polarisation [A.A. Opto-Electronique, type AA.SP.200/B100/A0.5-
irr (u;RF = 200  50 MHz) and AA.MP.25-IR 0 MHz); hornet, type 1205C 

55 MHz)]. It is recommended to use linear polarisations only, since birefrin-
gencee of the crystal together with varying RF load may lead to severe thermal drift 
inn the diffracted beam power. 
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Inn the laser setup of Fig. 3.8(1), AOM's are used to derive the required frequencies 
fromm the master laser that is locked to the (bf) cross-over spectroscopy signal of the 
FFgg = 2 —> Fe = {1,3}  transitions, see Fig. 3.9. The cross-over is centred between 
thesee transitions. Hence, a blue shift of 212 MHz realises the resonant probe (1) on 
thee cycling transition Fg = 2 —  Fe = 3, using an AOM with 110 MHz specified 
centree frequency. By a red shift of 133 MHz, the depumping beam (2) on the open 
transitionn Fg = 2 —  Fe = 2 is realised. The injection-locked slave is supplied with 
aa shifted seed beam, thus saving power from the slave for the experiment. Using 
ann AOM with 80 MHz centre frequency, beam (4) is thus tuned 0 - 10 T to the red 
off  the Fg = 2 —> Fe = 3 transition. The collimation of the (astigmatic) master 
laserr beam was optimised for mode-matching the slave laser. This resulted in poor 
beamm quality and thus poor AOM efficiencies in beam (1) and (2). In a later stage, a 
secondd injection-locked slave laser supplied these beams with more power and better 
beamm quality. 

Whenn using an AOM as a switch or power modulator, "leakage" into the selected 
diffractionn order reduces the extinction to typically 1 : 1000. Therefore we use also 
mechanicall  shutters. Power modulation with an extinction of 1 : 200 is obtained for 
beamm (3) by an electro-optical modulator. [Gsanger, type LM0202 5WIR, aperture 
3 x 33 mm2. We use also a version of the LM0202 5WIR with 5 x5 mm2 aperture.] 

3.5.44 Laser frequency stabilisation 

Thee lasers were locked to rubidium resonances using Doppler-free saturation spec-
troscopytroscopy [133]. Rubidium is commonly used as a saturated vapour in spectroscopy 
cellss at room temperature. Most spectroscopy schemes provide absorptive signals 
("dips"),, resolving the natural transition linewidth I \ It is necessary to derive a 
dispersivedispersive signal with a zero-crossing as feedback to the laser. Three common tech-
niquess are: 

 Frequency modulation (FM) of the laser creates RF sidebands [119]. A dis-
persivee signal is obtained by mixing the spectroscopy signal with the local RF 
oscillatorr and adjusting the phase. 

 Zeeman spectroscopy employs nondegenerate magnetic sublevels. "Disper-
sion""  signals are electronically generated from oppositely frequency-shifted 
absorptivee signals of orthogonal polarisations [120 122]. 

 Polarisation spectroscopy [133,145] probes the dispersion of the atomic species 
ratherr than the absorption, and a feedback signal is directly obtained. This can 
alsoo be used in passive schemes, relying on purely optical feedback [146,147], 

FMM spectroscopy has an intrinsically large bandwidth providing fast feedback to 
thee laser, with good distinction between neighbouring optical transitions. However, 
thiss technique is relatively complex due to RF electronics. More important, the FM 
sidebandss imprinted onto the laser output may perturb the laser application. (This 
couldd be avoided by using an EOM to modulate only the light used for spectroscopy.) 
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Wee employ the FM technique therefore as a robust locking scheme for less sensitive 
tasks,, such as the MOT. optical pumping or probing atoms. Zeeman spectroscopy 
iss less demanding in electronics and optics equipment. We use it. with the far off-
resonancee lasers, were the moderate accuracy of the artificially dispersive locking 
signall  is not an issue. In the following, a brief description of both methods is given. 

Frequencyy modula t ion spectroscopy.— The FM scheme is shown in Fig. 3.9. 
Thee optical part is based on Doppler-free saturation spectroscopy: Light is split 
offf  from the output of an EGDL and sent in a first pass through a spectroscopy 
celll  with rubidium vapour. If resonant within the Doppler-broadened absorption 
profiles,, rubidium optical transitions are saturated. When the laser scans across 
aa resonance, the retro-reflected beam probes these transitions. The Doppler effect 
cancelss out on a resonance and an absorptive signal with a width ~ V is recorded. 
Optimall  retro-reflection, i.e. Doppler cancelling is achieved using a quarter-wave 
platee and a polarising beam splitter cube. 

AA  dispersive signal is achieved by modulation of the diode laser current. /, with 
aa local oscillator radio frequency, here U/'RF — 40 MHz. This results in frequency 
sidebands,, ^'L  UJ-^Y- next to the laser carrier, jj\ t. shown in the inset of the figure. 
Bothh sidebands beat with the carrier. If no spectral atomic feature is covered by 
anyy of these laser frequencies, the net. beating cancels out, due to the opposite phase 
off  the sidebands. The photodetector then receives no signal oc UJRV. However, if 
onee of the frequencies probes a resonance, the beating is out of balance and the 
photodetectorr detects an RF signal. (The detector is supplied with a RF bandpass 
filter.)) By amplification of this signal, adjusting the phase, and mixing with a local 
oscillator,, the dispersive (low frequency) signal for the laser lock is obtained and fed 
backk to both, laser current and grating actuator. The grating feedback tackles down 
sloww drifts of the laser using a longer integration time constant than the intrinsically 
fastt current feedback. 

Twoo exemplary FM spectra, are plotted in the figure. For the (f) transition also 
thee sidebands are resolved. Typical for this type of Doppler-free spectroscopy is 
thee occurrence1 of so-called "cross-over" resonances, given the Doppler broadened 
absorptionn profiles of several resonances overlap. This is the case with room tem-
peraturee rubidium vapour. The cross-over resonance1 of two transitions is located at 
thee average transition frequency. (The spectra in the figure show that the overlap 
off  the Doppler profiles is larger for the D2 line.) In our laser setup we locked the 
EGDLL for the beams (1) —(3) to the (bf) cross-over. 
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Figur ee 3.9: Laser stabilisation by FM spectroscopy. Scheme: Half-wave plate (HW), 
doubledouble pass through a rubidium cell (Rb), outcoupling using a quarter-wave piate (QW) 
andand a polarising cube, detection with a photodiode (PD). Inductive frequency modulation 
ofof the laser current I using a RF oscillator. The photodiode signal is phase shifted (<j>) 
andand mixed (§Q) with the local oscillator (LO). The resulting dispersive DC signal is fed 
backback to laser current and grating actuator (PZT). Inset: Laser carrier frequency O>L and 
FMFM sidebands U>L  IJJRF, spectral feature of natural linewidth T at atomic resonance uio-
Graphs::  FM signals ofS7Rb (see Ref [148]), labelling as in Ref. [143]. For comparison: 
absorptionabsorption signals from a DC photodiode (thin curves). 
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Figur ee 3.10: Laser stabilisation by Zeeman spectroscopy, (a) Doppler-free saturation 
spectroscopy:spectroscopy: rubidium cell (Rb) with axial magnetic field (B). quarter-wave plate (QW). 
polarisingpolarising beam splitter cube, and photodetectors for cr*  polarisation, (b) Exemplary 
ZeemanZeeman shift of magnetic sublevels: the resonance is blue (red) shifted for o+ (a') po-
larisedlarised light, (c) Zeeman-shifted resonances of both circular polarisations. The dispersive 
signalsignal obtained by subtraction. 

Zeemann spectroscopy.— The scheme for this method is shown in Fig. 3.10 (see 
alsoo Ref [148]). It uses the decomposition of linearly polarised light into circular 
polarisations,, a . In Doppler-free saturation spectroscopy, rubidium vapour is made 
birefringentt by using the Zeeman shift of magnetic sublevels in an axial, homoge-
neouss magnetic field. Therefore, the orthogonal circular polarisations encounter 
oppositelyy shifted resonances. Both polarisations are detected independently using 
aa combination of a quarter-wave plate and a polarising cube as an analyser for the 
circularr polarisation basis. A dispersive laser-lock signal is obtained electronically. 
Thiss method requires an optical transition scheme with different (^-factors, i.e. dif-
ferentt Zeeman shifts in the ground and excited state sublevels. For example, for the 
Dl-lin ee Fs — 1 —> Fe = 1 transition this are gg = 9/4 and ge = 3/2, respectively. 
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3.66 Real-time experimental control 
Ann atom-optical experiment constitutes a series of processes in quick succession, 
demandingg real-time application of analogue and digital control signals. Data ac-
quisitionn (DAQ) also requires precise triggering with /us-resolution. A typical exper-
imentall  sequence consists of loading a MOT, cooling atoms in optical molasses, re-
leasingg them for bouncing on an evanescent-wave mirror and, finally, imaging them 
withh a CCD camera. Laser beams must be switched on time scales of typically 
0.11 ms. We employ a common personal computer (PC), that operates LabVIEW 
underr Windows NT, to do both real-time control and data acquisition. This provides 
aa flexible system with various software-controlled input and output channels. It can 
bee configured for arbitrary time sequences. These tasks are performed by several 
hardwaree extension cards. In particular, a self-sustaining digital signal processor 
(DSP)) performs the real-time control of digital output (trigger) channels, thus cir-
cumventingg perturbing interrupts of the PC processor. Table 3.2 gives an overview 
onn the various hardware components. 

PCC platfor m and DAQ hardware.— The system is based on a PC with Pen-
tiumm II processor. An analogue output board (AT-AO-10) controls the modulation 
off  AOM and EOM drivers. A general purpose DAQ board (MIO-16E-4) provides 
analoguee inputs, which are used, e.g., to acquire photodetector signals for time-of-
flightflight  measurements. This board has additionally two waveform output channels 
andd two general purpose counters. Therefore, it is also used as a versatile function 
andd pulse generator. Two more slots of the PC are occupied by the DSP (DIO-128) 
andd by the interface (ST-138) of a digital camera system. 

Thee fluorescence of trapped atoms is permanently monitored by several analogue 
videoo cameras. These cheap surveillance cameras (Conrad Electronic) have no near-
infraredd blocking filters and are thus sensitive to the rubidium fluorescence. The 
videoo signals can be recorded by a framegrabber (FlashBus), e.g., for beam profiling 
taskss or assisting laser beam alignment in the UHV vapour cell. A grating spec-
trometerr (PC 2000) allows monitoring laser wavelengths. The framegrabber and the 
spectrometerr are operated by a second PC. 

Digitall  signal processor  and LabVIE W user  interface.— The main task of 
thee DSP is to provide precise timing during the experiments. In a screen interface, 
thee user fill s in a time schedule of the experimental events. This record contains 
thee possibly altered status of digital and analogue output ports for a given event, 
includingg the time of the event with 1 /is resolution for the DSP timer. Using a 
LabVIEWW driver, the DSP loads the time table and the digital output record into 
itss on-board memory. The analogue output record is buffered in the PC's memory 
andd handed over on request to the FIFO-buffered analogue output board by the 
DMAA ("direct memory access") controller. All input and output channels are ex-
perimentallyy accessible through a front-end connector panel. One digital output of 
thee DSP supplies a hardware event-update trigger to the analogue output board. 
Otherr digital outputs provide modulation signals for AOM/EOM drivers, magnetic 
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fieldfield coil current supplies and mechanical shutter drivers. CCD image capture and 
inputt of photodetector signals are triggered similarly. The DSP works independently 
fromm the PC. Thus, other LabVIEW routines can be used on the PC to acquire mea-
surementt data. The LabVIEW interface for the experiments discussed in this thesis 
wass programmed in a simple and effective way, mainly using exemplary routines 
fromm the DSP driver library. Meanwhile, we use a commercially available program 
thatt has been developed by H. Alberda (AMOLF Institute, Amsterdam) and is very 
convenientt in use, including also DAQ functions. 

C C DD digita l camera imaging sys tem.— An imaging system for (cold) atoms 
mustt have an accurate image capture trigger and a well defined exposure time. 
Mechanicall  shutters are usually too slow. Therefore we use a frame-transfer system 
(Prmceton(Prmceton Instruments). Half of the CCD array is covered by a mask. After an 
exposure,, the image is shifted within 1.6 ms under the mask to be shielded against 
furtherr illumination and is read out. After shifting, the CCD is ready for another 
imagee capture. If masking a larger area of the sensor (1024 x 512 pixels in total), 
ann even faster sequence of more than two image frames, although smaller in size, 
cann be captured (cf. Refs. [149,150]). An advantage of the frame transfer for our 
experimentss is, that the sensitive area can be kept "clean" (unexposed) by means of 
continuouss line shifting, until ~ 2 ms before an image capture. This is particularly 
important,, if an image is taken only a few ms after a strong (saturating) illumination 
source,, e.g. an evanescent-wave, has been switched off. 

Otherr important CCD specification are the spectral sensitivity, the pixel size, the 
pixell  fillin g ratio, the pixel well depth (electron capacity), and the noise properties 
(darkk current). These specifications are discussed in Ref. [151]. We may expect a 
strongg background illumination while imaging optically trapped atoms. Therefore, 
thee well depth of the pixels must be sufficiently deep (> 105 electron charges) to 
avoidd saturation, and the resolution of signal digitisation should be at least 10 bits. 
I tt is also this expected background illumination why we don't use an intensified 
imagingg system. 

Theree exist also "interline transfer" systems, which have read-out registers be-
tweenn adjacent pixel lines. This allows for even faster cleaning, shuttering and read 
out.. However, the pixel filling  ratio and the well depth of these CCD's are low. 

Wee use our CCD system with either a commercial 50 mm camera objective to 
capturee fluorescence images of bouncing atoms (see Chap. 6) or with a relay telescope 
too do absorption imaging (see Chap. 7). 
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Hostt  system: 

Personall  computer 

Programming g 

Pentiumm II , 300 MHz, 256 MB RAM; 
Windowss NT 4.0 

Labb VIEW 5.1, 
userr interface by H. Alberda, AMOLF Institute, Amsterdam 

Exper imentall  control : 

Real-timee control, 
digitall  output 

Analoguee output 

ViewpointViewpoint Software Solutions, DIO-128 (PCI-bus), 
Dynamicc Digital I/O System, 
644 inputs/64 outputs (128 inputs), 
timerr 32 bit, resolution 1 fis; 
Labb VIEW driver library 

NationalNational Instruments, AT-AO-10 (ISA-bus), 
100 channels, resolution 12 bit, max. sampling 300 kS/s 

DAQ ,, imaging: 

Analoguee input, 
counters, , 
waveforms s 

Digitall  imaging 

Videoo cameras 

Framegrabbing g 

NationalNational Instruments, MIO-16E-4 (PCI-bus), 
166 single-ended (8 differential) analogue input channels, 
resolutionn 12 bit, max. sampling 300 kS/s, 
22 general purpose counters (24 bit), 
22 waveform analogue output channels (12 bit) 

PrincetonPrinceton Instruments/Roper Scientific, 
TE/CCD-512EFTT frame transfer digital camera system, 
sensorr EEV37, grade 1, 512 x 512 pixel, 
pixell  size 15 x 15 /im, 100% pixel filling , 
shiftt time 1.6 ms/frame, 
darkk current 11 e~/pixels (@ - 40° C, fan cooled), 
NIRR AR-coated vacuum window, no window on CCD; 
controllerr ST-138 (PCI-bus), A/D converter 12 bit (@ 1 MHz); 
WinVieww 32 imaging software, Lab VIEW driver library 

ConradConrad Electronic, b&w miniature camera module, 
no.. 19-27-75, tele-lens no. 11-65-32; 
EHDEHD Physikalische Technik, KAM 08, b&w 1/3" CCD sensor 

IntegralIntegral Technologies, FlashBus BV Lite (PCI-bus) 

Laserr  diagnostics: 

Spectrometer r OceanOcean Optics, PC 2000, 
miniaturee PC-card fibre optic grating spectrometer (ISA-bus), 
gratingg no. 6, range 650 — 850 nm, entrance slit 10 /mi, 
resolutionn 0.4 nm, accuracy 0.1 nm 

Tablee 3.2: (Computer) hardware for experimental control and data acquisition. 
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3.77 The magneto-optical trap 

3.7.11 Trapping principle and molasses cooling 

Sincee the first demonstration [33], the magneto-optical trap and optical molasses 
coolingg have been topic of numerous experimental and theoretical investigations. 
Forr detailed information see, e.g., Refs. [11,12,70,71]. Particular work on vapour-
cellcell configurations has been reported in Refs. [124-126,132]. 

Thee MOT is based on the spontaneous light force [2,152,153], i.e. the transfer of 
photonn recoil momenta, hk0, to atoms, where k0 = 27r/A0 is the vacuum wave vector 
off  near-resonance laser light. The configuration of the light field is chosen such that 
thiss momentum transfer occurs with a preferential direction and in a succession of 
absorptionn and spontaneous emission cycles. A central trapping force is established 
inn combination with a (velocity dependent) friction force that cools the atoms to 
aa temperature close to the "Doppler limit" , TD — hT/2kB. For rubidium, with a 
transitionn linewidth T/27r = 6.1 MHz, this limi t is TD = 146 [xK. 

Sub-Dopplerr cooling schemes, such as polarisation gradient cooling in optical 
molasses,, provide temperatures close the "recoil limit" , TR — (hk^)2/'Mk%. With 
thee rubidium mass M = 87 amu, this is TR — 361 nK. The corresponding photon 
recoill  velocity is vrec = 5.88 mm/s. (Some additional, useful numbers for rubidium 
aree listed in the Appendix A. l ) . 

Fig.. 3.11(a) shows the principle of the MOT in a one-dimensional scheme. For 
convenience,, a Jg = 0 —> Je = 1 transition scheme is considered. In a magnetic 
fieldfield of constant gradient, B{z) — bz, the excited state sublevels, me = {0, , 
aree Zeeman-shifted in a position dependent way by CÜZ(Z, me) — mege(fiB/h)b z. For 
simplicity,, we assume a Lande factor ge — 1. The counter-propagating laser beams 
aree red detuned, 5 — UJ  ̂— UÜQ < 0. The circular polarisations are assigned with 
respectt to the 2-axis, which is the atomic quantisation axis. The cr+-beam that 
travelss to the right carries +h angular momentum, the i7--beam that travels to the 
leftt carries —h. However, when defining the polarisation state with respect to the 
propagationpropagation direction, and following the notation of Ref. [7], both beams are "left-
circularly""  polarised (£): An observer facing the source sees the electric field vector 
inn a counter-clockwise rotation. The Zeeman shift brings the red detuned light in 
resonancee with the appropriate transition to a sublevel me, such that the atom is 
pushedd towards z — 0. This establishes a central trapping force. 

Thee cooling effect in the MOT configuration is based on the Doppler shift of 
thee atomic resonance, UJ~D(V) = — kQv. Due to the red laser detuning, moving atoms 
aree shifted into resonance with the counter-propagating laser (WD > 0). Hence, a 
movingg atom preferentially absorbs decelerating photons. This mechanism is called 
"Dopplerr cooling". Note that it is effective also in the presence of the magnetic 
fieldfield gradient, thus enabling a combined spontaneous trapping and cooling force T. 
Thiss force can be written in terms of the scattering rate of an atom in the beams 
travellingg to the right (ƒ"+) and to the left (ƒ"_), as shown in Fig. 3.11(a): 

T{z,v)T{z,v) = F+{z,v) + T_{z,v), (3.1) 
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Figur ee 3.11: The magneto-optical trap, (a) Simplified ID two-level scheme with a red 
detuneddetuned laser, 5 = LO  ̂— UIQ < 0. Trapping: The sublevels are Zeeman-shifted in a 
magneticmagnetic held gradient. An atom at a position z, preferentially absorbs resonant light 
thatthat pushes the atom towards z = 0. Doppler  cooling: An atom preferentially absorbs 
counter-propagatingcounter-propagating light that is Doppler-shifted into resonance, (b) 3D configuration of 
threethree counter-propagating beam pairs, Bl, B2, and B3 in the vapour cell. The mutual 
angleangle ofB2 and B3 in the yz-plane is 70°. The opposing currents,  in the coils generate 
aa quadrupole Geld gradient. The polarisation notation of right (1Z) and left (C) circular 
lightlight visualises the symmetries of the configuration. 

r 2 2 ++ i + 

(3.2) ) 

Here,, I0 is the saturation intensity for the atomic species, and  v) 
detuningg including Zeeman and Doppler shift: 

iss the effective 

66 =F -^rbz  k0v . 
h h 

(3.3) ) 

Usually,, a detuning of |<5| ~ T is applied and the magnetic field gradient is 
bb ~ 10 G/cm. 

Inn order to achieve temperatures close to the recoil temperature, we apply PGC 
inn "cr+cr_" optical molasses. Comprehensive descriptions of the cooling process can 
bee found in [11,12,70]. This technique is particularly useful here: when the magnetic 
fieldfield is switched off, the MOT laser configuration just results in the required "CT+<7~" 
polarisationn scheme. Only laser intensities and detunings have to be adapted whilst 
switching.. Note that there is no trapping force in the PGC configuration. 
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3.7.22 Experimental configuration 

Thee 3-dimensional realisation of the MOT scheme is shown in Fig. 3.11(b). We 
usee one horizontal (Bl ) and two diagonal (B2, B3) pairs of counter-propagating, 
circularlyy polarised, collimatcd laser beams. The horizontal .x-direction is the axis 
off  cylindrical symmetry of the magnetic field. The mutual angle of B2 and B3 in 
thee y2-plane is 70°. This allows beam waists up to 5 mm (1/e2 intensity radius) 
withoutt significant clipping of the beams by the prism, given a MOT height larger 
thann ~ 5 mm. In the following, before turning to the experimental performance of 
thee MOT. (i) the optical setup and, (ii ) the magnetic held coils are described. 

(i )) Optical se tup .— The optical components for the MOT were arranged in a 
wayy to maintain access to the vapour cell for other optics. A schematic top view 
iss shown in Fig. 3.12. The beam pairs Bl , B2, and B3 are derived from a single 
Gaussiann beam from a single-mode optical fibre. The fibre output was collimated 
too a waist of 4 mm by two achromatic lens doublets, L l (ƒ — 50 mm, dia. 30 mm) 
andd L2 (ƒ — 300 mm, dia, 40 mm). The lens diameters were chosen large enough 
too avoid diffraction fringes in the collimated beam. Two polarising cubes split off 
subsequentlyy 1/3 and 1/2 of the power, thus preparing three beams of equal power. 
Thee linear polarisation for the splitting is adjusted by polarisation-controlling fibre 
loopss (PCL) and a half-wave plate (HW). Optionally, a polariser is used directly after 
thee fibre to keep the splitting ratio constant, despite thermal polarisation drifts of 
thee fibre output. The cubes steer the beams B2 and B3 upwards at an angle of 
35°° with the optical table. The beams are then horizontally directed towards the 
upperr mirrors (UM) of the trapping setup, shown in the photograph. These mirrors 
steerr the beams downwards through the vapour cell under the same angle. 35°. The 
purposee of this construction is to use the (dielectric) mirrors exclusively either with 
normall  or 45° incidence. Care was also taken to have only light in purely linear TE 
orr TM polarisation being reflected under 45° incidence. This secures the polarisation 
off  the reflected light to stay linear. Beam Bl passes the cell horizontally. Before 
passingg the cell, all beams become circularly polarised by quarter-wave plates (QW). 
Inn retro-reflection, the initial hclicity in each beam is restored by a second QW plate. 
Thee iris diaphragm (ID) before the beam splitters facilitates initial spatial alignment 
off  the MOT beams by means of observing the fluorescence of the narrowed beams 
inn the rubidium vapour cell. A rcpumping laser (RL) is coupled in by the second 
cubee and is superposed with the the trapping beams B2 and B3. 

Thee present retro-reflection concept suffers from an imbalance in the laser inten-
sities,, causing an imbalance in the light forces, for two reasons. First, the cloud of 
coldd atoms in the MOT is optically dense. Hence, each retro-reflected beam carries 
aa shadow in the centre. Particularly in molasses cooling this may increase the final 
temperature.. To avoid this effect, six independent beams of equal intensity could be 
used.. However, this requires more optical components and twice the laser power. A 
simplerr solution is to apply a slight directional misalignment of the retro-reflected 
beams,, in order to keep the cloud of atoms mostly out of the shadows. 
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Figur ee 3.12: Optical scheme MOT. Top view in the drawing (not to scale): retro-
reHectedreHected beam pairs (Bl, B2, B3), trapping laser (TL), repumping laser (RL), optical 
fibrefibre (OF), polarisation-controlling fibre loops (PCL), collimation lenses (LI, L2), iris 
diaphragmdiaphragm (ID), polarising beam splitting cubes (PB). half-wave plate (HW), upper and 
lowerlower mirrors (UM, LM), quarter-wave plates (QW), opposing quadrupole field currents 

 An "atom cloud" (black dot) and a glass prism are also indicated in the drawing. 

Thee second imbalance stems from the uncoated UHV cuvette. While passing 
44 glass surfaces, the beams suffer significant reflection losses. For example, in TM 
(TE)) polarisation, the retro-reflected diagonal beams have 18 % (25 %) less power, 
whenn meeting the cold atoms in the MOT again. Obviously, also a prepared circu-
larr polarisation of the beams wil l become elliptical to a certain degree due to the 
differentt losses in TM and TE polarisation. The imbalance in optical power may 
bee overcome by making the back-travelling beams slightly convergent, in order to 
increasee the intensity at the place of cold atoms. Note, that with a cell made from 
fusedd silica (n = 1.45) the reduction in optical power would be different, namely 
6.55 % (21 %) for TM (TE) polarisation. For details on the consequences of the beam 
imbalancee on the performance of the MOT, see e.g. Ref. [154]. 
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(ii )) Magnet ic field co i ls .— The magnetic quadrupole field gradient is provided 
byy a pair of coils, placed in-axis with the horizontal trapping beam, B3. The currents, 

 oppose each other. This results in a magnetic field that increases approximately 
linearlyy with the distance from the centre. Along the symmetry axis, r = (x,0,0), 
andd close to the centre, the field is given by: 

B( r )) = b x . (3.4) 

bb = fi0NI 3R2d „ x . (3.5) 
(B(B22 + d2)i 

wheree N = 25 is the number of turns per coil, made from 0.8 mm dia. copper wire. 
Thee wire is stacked in a square grid pattern such that the (average) coil radius is 
ƒ?? = 17 mm. The distance between the coils is 2d = 57 mm, being limited by the 
cuvettee of 42 mm width. The resulting field gradient along in the ^-direction is 
calculatedd to be |b ( / )| = I x 1.9 G/cmA. The coils with an estimated induction 
off  each - 25 //H can be switched off by a power MOSFET (IRF 530) within 20 fts. 
Afterr switching, the induction current is dissipated by a 4.7 Q bypass resistor. The 
MOSFETT switch was chosen with a breakdown voltage of 100 V to manage the 
inductionn voltage peak ~ 50 V without damage. Also visible in the photograph of 
Fig.. 3.12 are connections for coolant flow through the coil mounts. However, since 
ourr MOT was not operated continuously over a longer period and the current usually 
wass I < 10 A, no cooling has been required so far. 

Thee source-free character of the magnetic field. V  B = 0, results in a field 
gradientt twice as large along the symmetry x-axis as compared to the orthogonal 
//c-plane.. Also the non-orthogonal crossing angle of the trapping beams in this plane 
togetherr with intensity imbalances results in a reduced vertical trapping force. This 
mayy have caused the observed vertically elongated MOT shape of approximately 1:2 
aspectt ratio. 

Inn order to compensate the earth magnetic field, usually ~ 0.5 G, and other 
strayy fields at the location of the MOT, we mounted a cage-like frame of three coil 
pairss around the setup: 2 rectangular pairs (60 cm wide, 80 cm high) and 1 circular 
pairr for the vertical axis (dia, 85 cm). Each pair consists of 80 turns of 0.8 mm dia. 
copperr wires. The applied current ranged between 0 mA, thus compensating 
indeedd fields ~ 0.5 G. 

3.7.33 Loading the MOT 

Thee trapping light of the MOT is tuned 1.5 T to the red of the Fg = 2 —> Fe = 3 
cyclingg transition of the 87Rb D2-line (see Fig. 3.7). The atoms are trapped in the 
Fgg — 2 ground state. Atoms that are off-resonantly excited to FP = {1,2}  and 
thuss optically pumped into the Fg = 1 ground state, are transferred back by the 
repumpingg laser, which is in resonance with the Dl-lin e (Fg = 1 —  Fe — 2). 
Typically,, a power of 15 mW is distributed among the three trapping beam pairs. 
Thee intensity in the trap centre is ~ 30 IQ. 
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Figur ee 3.13: Fluorescence ofS7Rb in MOT, molasses and background vapour. 

Thee fluorescence of trapped atoms during MOT loading and molasses cooling 
wass observed by a photodiode facing down from above the UHV cuvette. In order 
too capture light from a large solid angle, we used a lens (ƒ = 50 mm, dia.= 50 mm) 
directlyy above the cuvette, and imaged the cloud on the photodiode. Fig. 3.13 shows 
aa fluorescence signal, recorded when continuously cycling between MOT loading and 
molassess cooling. Note that the signal started here with a molasses period. The 
arroww at 0.8 s indicates the start of a MOT loading period, when the current in the 
quadrupolee coils was switched on together with the trapping laser. The fluorescence 
signall  at that moment stems from fluorescence of rubidium background vapour in 
bothh trapping and repumping light. The latter was applied permanently. After 2 s 
thee number of trapped atoms saturates. By using slightly higher rubidium vapour 
pressure,, also loading times ~ 0.5 s were achieved, which allows to increase the 
repetitionn rate of experiments. After loading the MOT, at 2.8 s, the magnetic field 
wass switched off and the trapping light was changed into the molasses configuration 
byy increasing the red detuning to ö = - 10 T and by reducing the intensity to half 
thee MOT intensity. Hence, the fluorescence signal abruptly gets weaker. The cloud 
diffusivelyy expanded out of the detector's field of view. After 1 s, the signal settled 
att the fluorescence from the background vapour (in the molasses light), and the 
cyclee was repeated. Taking into account the solid angle covered by the detection 
scheme,, we evaluated an atom number of 5 x 107 atoms in the MOT. The horizontal 
rmss diameter of the MOT was approximately 0.5 mm. 
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3.7.44 Time-of-flight temperature measurement 

Inn early experiments on laser cooling, the temperature of cold atom clouds was 
investigatedd by a "release & recapture" technique [155], with which the cooling 
lightt is switched off for a short ballistic expansion period of the released cloud after 
thatt only atoms in reach of the cooling light are recaptured and detected. The 
temperaturee is derived from the recaptured atom fraction. This method has been 
succeededd by the more accurate time-of-flight technique (TOF) [156], which we 
usedd also in our experiments. Various other techniques have been reported so far, 
e.g.. using recoil-induced resonances [157] or imaging of ballistically expanding atom 
cloudss [39]. 

Thee TOF technique makes also use of the ballistical expansion. During molasses 
cooling,, the equilibrium temperature is established after a few ms. In order to 
releasee an atom cloud, we shutter the cooling laser mechanically after typically 4 ms 
off  cooling. A significantly longer cooling time might lead to unfortunate diffusive 
atomm loss. The falling atoms pass a thin sheet of resonant probe light below, and 
welll  separated from the cooling region. Either the fluorescence or the absorption is 
recordedd as a function of time, see e.g. Fig. 5.2(a). The temperature is obtained by 
fittin gg a thermal Maxwell-Boltzmann velocity distribution to the recorded signal. 

Iff  the initial cloud size is known only approximately, the TOF method requires 
aa fall height sufficiently large to make the cloud size negligible with respect to the 
thermall  expansion during the fall t ime. In our setup, we can drop the atoms over 
aa distance of 5 mm, which is sufficient to determine the temperature within 15 % 
accuracy.. The TOF method is also a simple way to investigate atoms bouncing on 
ann atom mirror, see Chap. 5. 

Fig.. 3.14(a) shows TOF signals for two distinct height settings of the flat probe 
beam,, 1.2 mm and 4.3 mm below the MOT. The origin of the time axis is the time 
whenn the mechanical shutter of the cooling light was closed. The signals were again 
recordedd in fluorescence by means of a photodiode from above the vacuum cuvette, 
similarr to the signal shown in Fig. 3.13. The probe had a waist of 0.4 mm vertical 
andd 1.4 mm horizontal (1/e2 radius). It was tuned close to resonance with the 
Fgg = 2 —*  Fe = 3 transition of the 87Rb D2-line. 

Forr the fluorescence technique to be efficient also with small quantities of atoms, 
thee probe must saturate the optical transition. In a travelling-wave probe beam, the 
atomss would be quickly accelerated by the recoils from absorbed photons. The atoms 
aree therefore Doppler-shifted out of resonance and lost for longer recording of the 
TOFF signal. In order to achieve a longer interaction time per atom, the probe was 
usedd in retro-reflection as a standing wave. The flat, horizontal probing section was 
formedd by a cylindrical telescope with the focus of two cylindrical lenses (ƒ = 75 mm) 
locatedd below the MOT. An additional measure to enhance the interaction time was 
too choose a small red probe detuning ~ T, which converts the probe beam into a 
I DD molasses cooling configuration. 
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Figur ee 3.14: Time-of-Bight temperature measurement, (a) Fluorescence signals with 
probeprobe beam 1.2 mm (o) and 4.3 mm  below the MOT. Solid lines are hts to a Maxwell-
BoltzmannBoltzmann distribution, (b) Systematics of the temperature St for various probe settings: 
fittedfitted fall height vs. (relative) probe setting (o, with linear fit); fitted temperatures

Thee fit of the distribution of an expanding and gravitationally accelerating cloud 
too the TOF signals assumes an Gaussian initial phase-space distribution in the 
verticall  direction, $0(20, ^0, to)> that corresponds to the optical molasses temperature 
[cf.. Fig. 2.4(a)]: 
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Thee temperature is represented by the rms velocity spread o~v. The initial rms 
radiuss of the cloud is <rz. As atoms fall, the time-evolution of the distribution can 
bee written by using transformed coordinates: 

11 2 zz = z0 + v0t + -gt 

II II dzdv<b(z,v,t) dzdv<b(z,v,t) 

,, v =v0 + gt, 

/ // dzodvo$o(zo,vo,t0) = 

(3.8) ) 

(3.9) ) 

Whenn the probe beam is approximated by a square intensity profile of thickness d 
andd centred at the height zp, the signal recorded from atoms that pass the probe 
sectionn is 

s(v,t) s(v,t) I I 
Zp+d/2 Zp+d/2 

$(z,v,t)dz $(z,v,t)dz $(z$(zpp,v,t)d. ,v,t)d. (3.10) ) 
Zp-d/2 2 
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Integrationn over the velocity distribution leads to the TOF signal: 

/
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s{v,t)dvs{v,t)dv (3.11) 
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-- - F = d e x P ( - ^ ^ 7T [  ̂ ~ ZP\ ) , (3-12) 

<r(00 = v ^ + ' v W - (3-13) 
Thee TOF signal is thus described by a Gaussian distribution, the rms width of 
whichh is growing in time. If zp, az, and d are known, the temperature T in crv(T) is 
thee only parameter to fit  the recorded signals to. Alternatively, zp and <JZ can also 
bee treated as fit parameters. Note that d appears as an overall amplitude scaling 
factor. . 

Fig.. 3.14(b) shows temperature and fall height as obtained when fitting T, zp, 
<7ZZ and the signal amplitude for various relative experimental probe height settings. 
Thee statistical errors in the temperatures are also shown. The statistical errors in 
thee heights are small and not shown. Accurate knowledge of the fall height is not 
requiredd to obtain a reliable temperature. This can be tested by fixing the height 
withh a slightly different value and fitting again with the temperature as the only fit. 
parameter.. We find that the shift in the fitted temperature remains within the error 
margins. . 

Thee temperature fits suggest a small statistical error, T = 8.5(1) /xK. However, 
thee uncertainty in the initial size of the molasses, az, causes a systematic error. Using 
aazz also as a fit parameter resulted in az ~ 0.55 mm. However, images recorded with 
aa CCD camera suggested a value of 0.25 mm. When the az = 0.25 mm was used 
ass a fixed parameter, the temperature fitted to ~ 12 /xK. since the contribution 
off  thermal expansion in the expression S(t) was increased. It is obvious that a 
systematicc error in az is more severe for small fall heights, for which a falling cloud 
hass littl e time to expand before being probed. 

3.7.55 Molasses cooling and magnetic field compensation 

Thee equilibrium temperature that is achieved in polarisation gradient cooling is ex-
pectedd to scale oc I\J5 with the intensity and detuning of the cooling light [70]. 
Inn order to optimize the cooling process experimentally, we performed TOF tem-
peraturee measurements for various settings of the cooling laser. Fig. 3.15(a) shows 
T OFF signals that were recorded for various red detunings ranging from 1.2 — 8.3 T 
(seee also Ref. [158]). In Fig. 3.15(b), the fitted temperatures are plotted vs. the in-
versee detuning. The inverse dependence on the detuning seems to be approximately 
fulfille dd with our cooling setup. The linear dependence on the intensity, however, 
indicatess an offset, see Fig. 3.15(c). 
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Figur ee 3.15: (a) TOF signals after 4 ms of molasses cooling, laser detuning ranging from 
1.22 — 8.3 r (top-down), Maxwell-Boltzmann distribution fitted to the 40 y,K signal (solid 
curve),curve), (b) Fitted temperature vs. inverse detuning. The temperatures were relatively 
large,large, because stray magnetic fields were not compensated, (c) Temperature vs. laser 
intensityintensity per cooling beam, in units of the saturation intensity, I0 = 1.67 mW/cm2. 

Thee lowest temperatures are achieved in molasses cooling when earth and other 
strayy magnetic fields are compensated on the mG level. Note that the signals shown 
inn Fig. 3.15 were recorded before any field compensation measure. Hence, the final 
temperaturess were relatively high. The experimental region inside the UHV cell is 
nott accessible for external field probes. In situ, one may investigate field dependent 
spectrall  properties of the atomic species using, e.g., electro-magnetically induced 
transparencyy (EIT) [159], i.e. the Hanle level-crossing effect [160]. Although these 
techniquess are sensitive on the ^JG level, they require additional laser sources. As 
aa simpler probe, we use the measured molasses temperature to optimize the field 
compensationn [71], thus achieving temperatures as low as shown in Fig. 3.14. Ex-
perimentally,, it proved to be also sufficient to observe the diffusion of atoms during 
molassess cooling and to maximize the diffusion time constant by means of the field 
compensationn coils, see Fig. 3.13. 
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