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Summary 

As shown in a recent study, it is likely that Bose-Einstein condensation of metastable neon 
(Ne*) can he achieved using the existing techniques for such an experiment. The standard 
experimental setup includes the combination of a magneto-optical trap and a DC magnetic 
trap. For loading the magneto-optical trap, an atomie beam is needed with a sufficiently large 
partiele flux, dNjdt ~ 5 x 1010 s-1. Such a beam is generated via six laser cooling stages in 
the Gemini beam machine of the group of Theoretica! and Experimental Atomie Physics and 
Quanturn Electranies of Eindhoven University of Technology. 

The research reported in this thesis follows two lines. On the one hand, a design is 
presented of the combination of a magneto-optical trap and a magnetic trap for the realisation 
of Bose-Einstein condensation of Ne*. On the other, the investigation is reported of the 
transverse sub-Doppier cooling stage of the Gemini beam machine. 

For designing the traps, the phenomenon of Base-Einstein condensation of Ne* atoms is 
considered and criteria for the trap design are derived. Using these criteria as a starting 
point, a complete design is constructed. The designed magneto-optical trap has a relatively 
large trapping volume of about 0.1 cm3 . The designed magnetic trap is of the cloverleaf type, 
exhibiting a trapping potential that can be characterized by a radial and an axial trapping 
frequency, Wr and Wz, respectively. The trapping potential of the trap is variabie between a 
mode that matches the potential of the magneto-optical trap and a mode of tight confinement. 
The modes are characterized by Wr = 62 (27r) Hz, Wz = 45 (27r) Hz, and Wr = 0.38 (27r) kHz, 
Wz = 45 (27r) Hz, respectively. Fora number of 106 trapped atoms, the tight confinement gives 
rise to Bose-Einstein condensation of Ne* atoms at a transition temperature Tc = 0.83 J.LK. 
This temperature is camparabie to the transition temperatures in the experiments realizing 
Bose-Einstein condensation of alkali atoms. For bath modes, the trap depth is about ~IBI = 
60 G, providing complete confinement of atoms up to an atomie temperature of 1 mK. On 
the other hand, the depth is sufficiently small, in order that heating effects are limited to 
acceptable values. 

All Doppier laser cooling stages of the Gemini beam machine are operational and a short 
survey on their performance is presented. In this connection, a microscopie model of Doppier 
laser cooling is presented, that allows implementation in a Monte Carlo-type computer pro
gram. The transverse sub-Doppier cooling stage of the beam line is investigated in detail. For 
bath the lin ..L lin and the lin lllin molasses configuration, the minimum observed beam diver
gence is 6 mrad, which is 4 mrad larger than the expected value. Applying a magnetic field in 
the interaction region of the sub-Doppier molasses does nat leadtoa smaller beam divergence. 
The beam is, however, observed to be defl.ected. This effect can he understood partially in 
terms of so-called velocity selective resonances. A possible explanation for the discrepancy 
between the expected beam divergence and the observed one is the action of purely magnetic 
farces in the radial quadrupale magnetic field following the sub-Doppier cooling stage. 
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Chapter 1 

Introduetion 

Photon absorption and emission modify the momenturn of atoms and ions absorbing the 
photon. The kinetic effect of light on atoms was for the first time demonstrated as early as 
1933 [1]: a beam of sodium atoms was illuminated perpendicularly with resonant light from 
a lamp and the atoms were observed to be defl.ected when the lamp was switched on. The 
practical use of the photon momenturn to manipulate the motion of atoms had to wait for the 
development of tunable lasers and in the early eighties researchers first slowed atomie beams 
of neutral atoms [2]. Since those early demonstrations, the laser cooling and trapping of atoms 
has become an autonomous field of physics, giving rise to the investigation of such topics as 
collisions of ultracold atoms and atomie frequency standards using laser caoled atoms. 

In 1995 the techniques of laser cooling and trapping proved to be a key element in the 
experiments leading to the observation of Bose-Einstein condensation of alkali atoms [3, 4, 5]. 
With these techniques a large number of atoms is laser caoled and trapped, and then loaded 
into a magnetic trap. In the trap, the phase space density of the atoms is increased via 
evaporative cooling and Bose-Einstein condensation is realized. A recent study [6] has shown 
that it is likely that Bose-Einstein condensation of metastable neon (Ne*) can be achieved 
using the same techniques. 

This report deals with the design of a magneto-optical trap and a DC magnetic trap for 
Ne* atoms and discusses experiments on the laser cooling of metastable neon in an atomie 
beam machine. The design of the traps is constructed to fit conditions that, according to 
recent insight, lead to the Bose-Einstein condensation of Ne*. For the realization of this 
phenomenon, anatomie beam with a large loading flux is required as a souree of atoms. Such 
an atomie beam is generated in the Gemini beam machine, which is being developed in the 
group of Theoretica! and Experimental Atomie Physics and Quanturn Opties at Eindhoven 
University of Technology. The experiments on laser cooling focus on the transverse sub
Doppier cooling stage of this beam machine. The sub-Doppier cooling stage is designed to 
provide strong transverse cooling of the atomie beam, thereby increasing its brightness. 

The report is organized as follows. The remaining section of this chapter discusses the 
level structure of metastable neon, as well as the transitions that are used for laser cooling. 
Chapter 2 deals with the prospects for Bose-Einstein condensation of Ne* and derives design 
criteria for the traps that are suited for the experimental achievement of this phenomenon. 
Chapter 3 discusses the design of both traps with an emphasis on the magnetic trap de
sign, which is of the cloverleaf type. The magnetic trapping field is presented in terms of 
approximate analytica! expressions and the results of a complete numerical calculation. 
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As an introduetion to the experimental work, chapter 4 deals with Doppier laser cooling. 
After a discussion of the optical cooling force and mechanisms that limit the final temperature, 
a microscopie model of Doppier cooling is presented. The model allows implementation in 
a Monte Carlo-type computer program. Chapter 5 is devoted to the Gemini beam machine. 
After a short survey of the five operating Doppier laser cooling stages of the beam machine, 
it is shown that an investigation of the effects of external magnetic fields on the optical farces 
in the sub-Doppier cooling stage is desirable. This investigation is reported in the remaining 
sections of the chapter. Finally, the report is wrapped up with conclusions in chapter 6. 

1.1 Metastable neon 

All work described in this report is directed at the neon atom. Neon has two naturally 
accuring bosonic isotopes, 20Ne and 22Ne, with respective natural abundances of 90.9 % and 
9 %. The isotape 22Ne is not of interest in this report and, unless indicated otherwise, all 
discussion concerns the other isotope. 

Assuming Russell-Saunders coupling of angular momenta, all (sub)states are described 
using spectroscopie terms (28+1) LJ, where L, S and J are the quanturn numbers of orbital 
angular momentum, spin and total angular momentum, respectively. Neon has a charge 
number of ten and the ground state Ne has an electronk configuration (1s)2 (2s)2 (2p)6 and a 
spectroscopie term 180 . The closed p-shell explains the inertness of the noble gas. The first 
excited state Ne* has an electronk configuration (1s)2 (2s)2 (2p)5 (3s). Magnetic spin-orbit 
interaction splits the state into the four fine structure states I1P1), 13Po), I3P1) and I3P2), 
as shown in figure 1.1. For states I3Po) and !3P2), decay to the ground state is forbidden 
by selection rule t::.J = ±1, 0. The respective lifetimes are very long: 430 s and 24.4 s [7]. 
Accordingly, the states are referred to as metastable states. 

The second excited state Ne** has electronk configuration (1s)2 (2s)2(2p)5 (3p) and, as 
shown in figure 1.1, it consistsof ten fine structure states. Using the monochromatic light of 
a laser, a single transition can be excited. For laser manipulation techniques, the transition 
Ne* !3P2) f-7 Ne** !3D3) is interesting. lt is a (degenerate) two-level system, since the above
mentioned selection rule allows Ne** !3D3) to decay to Ne* !3P2) only. Relevant quantities for 
the neon atom and the specific transition are given in chapter 4, table 4.1. 
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w À. = 640.225 nm 

Figure 1.1: Level scheme for neon. The transition used for laser cooling is marked. 
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Chapter 2 

Bose-Einstein condensation of Ne* 

The pursuit of Bose-Einstein condensation in a dilute atomie gas started in the mid-eighties 
with spin-polarized hydrogen. In 1995 Bose-Einstein condensation was observed in cold dilute 
samples of trapped rubidium [3], sodium [4] and lithium [5], and, later, in 1998 a Bose
Einstein condensate of spin-polarized hydragen was achieved [8]. At this moment, Bose
Einstein condensation of metastable helium is being pursued, as well [9]. 

In all experiments basically the same combination of experimental techniques is used. 
Atoms are loaded into a magneto-optical trap (MOT), transferred to a magnetic trap and 
cooled evaporatively into the quanturn degenerate regime. The resulting condensate is con
fined in the harmonie potential of the magnetic trap. According to a recent study [6], it is 
likely that similar techniques can he used to achieve Bose-Einstein condensation of metastable 
neon. 

A short introduetion on Bose-Einstein condensation is presented in section 2.1. The 
experimental techniques that are used to achieve Bose-Einstein condensation of alkali atoms 
are discussed insection 2.2. A comparison with the alkali atoms shows that metastable neon 
has some divergent properties which require the experimental techniques to he adjusted. This 
is subject of section 2.3, which is basedon [6]. The insight gained in the previous sections is 
applied in section 2.4 to derive criteria of design for the MOT and the magnetic trap. The 
criteria are stated as conditions on the trapping potentials. 

2.1 Bose-Einstein condensation in an ideal gas 

Based on the statistica! arguments of Bose, Einstein predicted that an ideal gas of bosons 
exhibits a fundamentally quanturn mechanica! phase transition at low temperatures, the Bose
Einstein condensation. The new phase is characterized by a macroscopie population of the 
lowest energy level. This section discusses Bose-Einstein condensation in an i deal gas confined 
in a harmonie potential. Expressions for the transition temperature and the condensate 
fraction are derived. For the sake of completeness similar expressions are presented for an 
ideal gas confined in a box potential. 

For an ideal gas of bosons in thermadynamie equilibrium, the mean accupation number 
of a single-partiele state n1n2n3 is given by the Bose-Einstein distribution function [10], 

(2.1) 
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where En
1
n

2
n

3 
is the spectrum of single partiele energy levels, T is the temperature of the gas, 

J.L is the chemical potential and ks is Boltzmann's constant. The chemical potential can be 
determined from the condition N = Ln

1
n

2
n

3 
f(En 1n2n3 , T), which states that the total number 

of particles N equals the sum of accupation numbers of all quanturn states. The specific value 
of the energy levels is not of interest and for convenience the energy spectrum is shifted such 
that the energy of the ground state is zero, Eooo = 0. 

The total number of particles is written as N = No + Nê>O, where No is the accupation 
number of the ground state and N0 o particles occupy higher-energy states. When ksT is 
large compared to the energy level spacing, Nê>O can be approximated by an integral over 
energy1: 

(2.2) 

where D(e) is the density of states of the many-particle system. 
For room temperature, the accupation number of the ground state No = f(O, T) = 

{ exp( -J.L/ksT) - 1} -l « 1. However, when the temperature is lowered to T = 0, all N 
particles will occupy the ground state, 

. 1 
N = No = f(O, 0) = hm ( /k T) . 

T-->0 exp -J.L s - 1 
(2.3) 

Since N » 1, the exponent can be replaced by the first order expansion exp( -J.L/ksT) ~ 
1- J.L/ksT. This yields 

N = lim (-ksT) 
T-->0 J.L 

or, stated as an expression for the chemical potential near zero temperature, 

ksT 
J.L(T) ~ -

N 
(T -7 0). 

(2.4) 

(2.5) 

Anideal gas of bosons confined in harmonie potential V(r) = m(w1
2x2 + w2

2y2 + w3
2z2)/2 

is described by density of states [10] 

é2 
D(c) = 3 . 

2fi W1W2W3 
(2.6) 

At the phase transition the chemical potential can be approximated by expression (2.5) and 
exp(-J.L/ ksT) ~ exp( -1/ N) ~ 1. The accupation of all excited states becomes2 

(ksT) 3 looo x2 (ksT) 3 

Nê>O = 3 dx = 3 ((3). 
2fi w1 W2W3 0 exp X - 1 fi w1 W2W3 

(2.7) 

Consiclering the Bose-Einstein condensation, the transition temperature Tc is defined as 
the temperature for which, in this low-temperature limit, all atoms are still in the excited 
states, Nê>O = N. This yields 

(2.8) 

1 In thermodynamics this is called the semiclassical approximation. 
2Here, the standard integral fooo dx x"- 1 /(expx -1) = r(v)((v) is used, where f(z) is the Gamma function 

and ((z) is the Riemann zeta function [11]. Note that f(3) = 2. 
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Substituting (2.8) in (2.7) and taking into account that N =No+ Ne>O yields the condensate 
fraction as a function of T for T < Tc, 

No = 1- (T) 3 

N Tc 
(2.9) 

A similar calculation can be clone for bosons confined in a box potential with volume V. 
Starting from the density of states [10] 

the transition temperature is 

and the condensate fraction is 

D( ) - ~ (2m)3/2 1/2 
Ë - 471'2 1i2 Ë ' 

1i2 (N)2/3 
kBTc ~ 3.31 m V 

No = 1 - ( T ) 3/2 
N Tc 

(T <Tc)· 

Equation (2.11) can be stated as a condition on phase space density D as well, 

D = nA3 ~ 2.61 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

where n = N/V is the partiele density and A = (27r1i2 jmkBT) 112 is the thermally averaged 
De Broglie wavelength. The expression shows that Bose-Einstein condensation occurs when 
the mean partiele separation ("' n-113) is comparable to the thermal De Broglie wavelength. 

At first sight, the assumption of an ideal gas confined in a harmonie potential seems to 
provide a good approximation for the topic of current interest, Bose-Einstein condensation 
in a magnetically trapped, dil u te gas. However, weak interactions between the bosons are 
found to deeply modify the ground state as well as the dynamica! properties of the system 
[12]. The transition temperature and temperature dependenee of the condensate fraction are 
among the very few properties for which the assumption of no interaction yields expressions 
that fit the experimental data. A more elaborate theoretica! description should include the 
interaction between the particles and the fact that the confined gas consists of a finite number 
of particles [12]. 

2.2 Experimental techniques 

Basically the same experimental techniques are used in all experiments concerning the achieve
ment of Bose-Einstein condensation in dilute atomie gasses [3, 4, 5, 8]. In this section the 
techniques are discussed and for relevant parameters numerical values are presented. The 
data is taken from experiments with sodium [13]. 

The starting point of all experiments is the loading of a magneto-optical trap (MOT)3 . 

A room-temperature gas or a cold atomie beam is used as a souree of atoms. The cloudof 
atoms that is confined in a MOT has a typical temperature of 1 mK and a typical partiele 
density of 1011 -1012 cm-3. The presence of near resonant radiation gives rise to limitations 

3 The MOT is discussed in chapter 4 
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in temperature and partiele density, and therefore in phase space density as well. The phase 
space density is 10-6 at maximum, which is still six orders of magnitude away from Bose
Einstein condensation (see expression (2.13)). 

To overcome these limitations the cloud of atoms is loaded into a magnetic trap: after 
switching off the MOT, the atoms are cooled in an optical molasses and prepared in a trap
pabie magnetic substate using optical pumping, after which the magnetic trap is turned on. In 
the process of loading, phase space density will decrease. To minimize this effect the trapping 
volumes of the traps are made to overlap. Since magnetic traps can confine particles only 
with a maximum temperature of 50 mK at best, precooling, e.g. in a MOT, is a prerequisite 
for magnetic trapping. 

After transferring the atoms to the magnetic trap, the trapping potential is ramped up 
adiabatically. The cloud of atoms is compressed adiabatically: both temperature and partiele 
density increase, but phase space density is conserved. In the tight potential the technique of 
evaporative cooling is used to gain the missing six orders of phase space density. High-energy 
atoms are continuously removed from the trap. They carry away more than the average 
energy, so that the energy per remairring partiele decreases. Elastic collisions between the 
remairring atoms provide for new high-energy atoms, whose removal gives rise to further 
cooling. In steady state the confined cloud of atoms is characterized by a nonthermal energy 
distribution. For sufficiently large cut-off energies it can he approximated by a truncated 
Maxwell-Boltzmann distribution [14]. 

Several techniques have been developed to control the evaporation of atoms in a magnetic 
trap. The most succesful technique is radiative evaporation, where radio-frequency radiation 
is used to transfer atoms from a trapped to a nontrapped state. Because of the spatial 
inhomogeneity of the magnetic trapping field, the atomie resonance frequency is position 
dependent and, using radiation with a sufficiently large rf frequency, transitions occur only 
for atoms with large (potential) energies. Lowering the rf frequency in accordance with the 
decreasing temperature provides effective cooling. lt can he shown that the increase of phase 
space density achieved with evaporative cooling is largest ifthe so-called ratio of good (elastic) 
to bad (inelastic) collisions is maximized at any moment of the process. The optimum strategy 
is to use the tightest confinement possible [14]. 

Provided that the ratio of good to bad collisions is sufficiently high, evaporative cooling 
will raise phase space density into the quanturn degenerate regime and Bose-Einstein conden
sation is achieved. At the transition the partiele density typically is 1014 cm-3 and a typical 
temperature is 1 1-LK. 

Several techniques have been developed to diagnose dense and cold samples of trapped 
atoms. However, their description is beyond the scope of this report. 

2.3 Consiclering metastable neon 

Although metastable neon is equivalent to sodium in many ways, the experimental conditions 
for achieving Bose-Einstein condensation are less favorable [6]. First, metastable neon has 
an electronic energy of 16.6 eV, so that the relative population in a gas discharge or atomie 
beam in only a fraction of 10-4 of the total density. Techniques of beam brightening must he 
used to obtain sufficiently large fiuxes for loading atom traps. For the intended experiment 
the Gemini beam machine is available, delivering a flux of 5 x 1010 metastable neon atoms 
per second in the 3P2 state (chapter 5). 
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Second, the time scale for experiments is limited by the long but still finite lifetime of 
the metastable state. For Ne* I3P2) the lifetime is 24.4 s. Third, no experimental data on 
binary collisions or interaction potentials is available and finally, the ionization of two colliding 
metastable neon atoms is an important loss process. 

Tonization results from two reactions, 

Ne* I3P2, mJ) +Ne* I3P2, mj) ---t Ne I1So) +Ne++ e

---t Ne2+ +e-. 

(2.14a) 

(2.14b) 

The quanturn mechanical state of the atoms is characterized by quanturn numbers L, S and 
J, in accordance with Russell-Saunders coupling of angular momenta. The branching ratio 
for (2.14b) is in the range of 0.1 to 0.01, fully determined by the details of the initialand final 
state potentials. For both reaction paths, the kinetic energy of the electron is about 11.7 eV, 
as determined by the difference potential of the initial and final state. 

In (2.14a), referred to as Penning ionization, the final state ions and ground state atoms 
each carry a kinetic energy on the order of 0.05 eV to 0.2 eV, depending on the energy gained 
in the well of the initial state potential and the internuclear distance where ionization occurs. 
In (2.14b), usually referred to as associative ionization, almost all of the initial state kinetic 
energy is stored in the molecular ion as vibrational energy. The kinetic energy of the molecular 
ion in the final state is mainly due to the recoil of the electron. 

The dominant process leading to ionization is the exchange mechanism based on the 
Coulomb interaction of the electrons involved. The valenee electron of atom (1) transfers to 
the available core-state of atom (2), leaving the core of atom (1) to forma positive ion. The 
valenee electron of atom (2) is no longer bound and leaves the scene. 

Because the Coulomb interaction does not affect the electron spin, the magnetic quanturn 
number of the total spin does not change. Therefore, the process of ionization is spin forbidden 
for two atoms, both in the I3P2, ffiJ = 2) state. However, the anisotropic nature of the long
range electrastatic interaction due to the (2p)-1 core hole applies a torque that rotates the 
total angular momenturn J of the atoms with respect toeach other. This results in residual 
ionization, even for initially fully aligned atoms. 

Recently, detailed quanturn mechanical calculations of the ionization rates for ultracold 
collisions have been performed [15]. The rate constants Kpol and K, for the spin-polarized 
and unpolarized case respectively, are given by 

Kpol = 10-14 cm3 js, 

K = 5 x 10-11 cm3 js. 

(2.15a) 

(2.15b) 

For collision energies corresponding to equivalent temperatures below 1 mK, as relevant for 
cooling and trapping, the rate constants are energy-independent. 

'frapped in a MOT, the metastable neon atoms are unpolarized and ionization is described 
by K. To avoid large trap loss, a MOT with a large diameter is used. This is discussed in 
section 2.4. In the magnetic trap the atoms are spin-polarized and ionization is suppressed, 
as described by K pol . Residual ionization, however, releases hot ground state atoms and 
(dimer) ions. Secondary collisions with the hot reaction products result in heating of the 
trapped sample. A discussion in terms of semiclassical scattering theory [6] shows that this 
undesired effect can be limited to acceptable values by choosing a trap geometry with a limited 
depthand a large aspect ratio A= Wr/wz, where Wr and Wz are the radial and axial trapping 
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frequency, respectively. For the design an aspect ratio A = 10 is used. Consiclering a sample 
of 106 atoms with a temperature of 1 J.LK, in a trap with the above-mentioned aspect ratio 
and a trapdepthof 10 mK, it can be shown that the heating lifetime is long compared to the 
ionization lifetime, which is r = (Kpol n)-1 = 5 s. 

2.4 Criteria for trap design 

Consiclering the intended experiment, criteria of design are derived for both the MOT and 
the magnetic trap. 

2.4.1 MOT 

Operating the MOT in the intended experiment, two separate stages are distinguished, i.e. 
the loading of the MOT from the atomie beam and the loading of the magnetic trap from 
the MOT. The MOT must meet a requirement regarding each stage. Firstly, if loaded with 
assumed loading rate I = 5 x 1010 s-1, it must contain N = 1010 atoms after a loading time 
of 1 s. Secondly, trap loss processes must be sufficiently slow in order that the magnetic 
trap is loaded efficiently; the time for transferring atoms from the MOTto the magnetic trap 
typically is 1 ms. A criterium for design is derived in terms of a minimum trapping volume. 

In the MOT ionizing collisions result in a loss rate 

(2.16) 

where V is the trapping volume and IC is the ionization rate of metastable neon in the trap. 
As mentioned insection 2.3, the latter can be estimated by IC= 5 x 10-11 cm3 js. 

The build up of population in the MOT is described by differential equation 

dN =I- JCN2 
dt V . (2.17) 

At t = 0 the trap is empty, yielding initial condition N(O) = 0. The salution is given by 

{iV [ii 
N(t) =V IC tanh( V Vt). (2.18) 

Demanding the trapped population to be larger than 1010 after 1 s of loading time, yields a 
condition for the trapping volume: V ~ 0.1 cm3. For this minimum trapping volume, the 
partiele density is 1011 cm-3 and the trapping lifetime is r = N/(dN/dt) ion = 0.2 s. The 
latter is sufficiently large for loading the magnetic trapand a minimum volume of 0.1 cm3 is 
set as a criterium for design of the MOT4 • 

In section 4.4 it is discussed that the potential of the MOT can be represented by the 
three dimensional box potential, 

U ( ) _ { 0 if -a/2 <x< a/2 and -a/2 < y < a/2 and -a/4 < z < a/4 
1 x,y,z -

oo otherwise. 
(2.19) 

The trap volume is V= a3 /2, thus a minimum volume of 0.1 cm3 corresponds toa minimum 
trap dimension a = 5.8 mm. 

4 Note that for this volume the population has reached a steady state after 1 s of loading time, since 
N(t = 1)/N(t-+ oo) ~ tanh{5.0) ~ 0.99991. 
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2.4.2 Magnetic trap 

Matching the MOT 

The magnetic trap is loaded from the MOT. Demanding minimumlossof phase space density 
during the loading process, a condition on the potential of the magnetic trap is derived. 

For the MOT, box potential U1 (x, y, z) of (2.19) is used. The potential of the magnetic 
trap is approximated by a cylindrically symmetrie, harmonie potential 

(2.20) 

where m is the atomie mass and Wr and Wz are the radial and axial trapping frequency, 
respectively. 

The dynamics of the confined atoms are described with basic kinetic theory. In equilibrium 
the density distribution is proportional to a Boltzmann factor, yielding a constant density 
distribution for the MOT, 

2N 
n1(x,y,z) = - 3 , 

a 

and a Gaussian distribution for the magnetic trap, 

(2.21) 

(2.22) 

Here, N is the number of confined atoms, no is the density at the center of the magnetic 
trap, ks is Boltzmann's constant and T is the temperature of the atoms in the magnetic trap. 
During loading the number of atoms is conserved. Therefore, 

N = j j j n2dxdydz (2.23) 

and an expression for the central density is derived, no = (27r)-312 Nm312wr2wz(ksT)-312. 
According to the principle of equipartition of energy, the mean kinetic energy of the atoms 
in both trapsis ~ksT. The mean potential energy is found by calculating 

Epot = ~ JJJ niUidxdydz. (2.24) 

This yields Epot = 0 for the box potential and Epot = ~ksT for the harmonie potential. 
The loading process is modelled as a sudden change of potential. In an infinitesimal time 

interval, the box potential of the MOT is replaced by the harmonie potential of the magnetic 
trap; the centers of the potentials coincide. In the MOT the cloud of atoms is characterized by 
density distribution n1(x, y, z) and temperature T1. The abrupt deformation of the potential 
does not alter the density distribution and conserves kinetic energy as well. However, the 
mean potential energy increases by 

(2.25) 

Immediately after the change of potential, the cloud of atoms is characterized by a 
density distribution n1 (x, y, z), a mean kinetic energy ~ksT1 and a mean potential energy 
W. By means of elastic collisions the atoms relax towards a state of equilibrium, which is 
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characterized by a density distribution n2(x, y, z) and temperature T2; both the mean ki
netic energy and mean potential energy are ~kBT2. Elastic collisions conserve total energy, 
~kBT1 + W = ~kBT2 + ~kBT2, yielding an expression for the equilibrium temperature in the 
magnetic trap, 

1 1 w 
T2 = -T1 + --. 

2 3 kB 
(2.26) 

The phase space density in the MOT and the magnetic trap is denoted by 'D1(x,y,z) and 
'D2 (x, y, z) respectively. The ratio is 

'D2 n2(21r1i2 jmkBT2)3I2 n2T2 - 312 

'D1 = n1(21r1i2 jmkBTI)312 = n 1T1- 312 · 
(2.27) 

Consiclering the ratio at the center of the traps by substituting x= y = z = 0, yields 

'D2 _ -3/2T. -r 1/2 ( ___ T.,--1=-
11
_
2 
___ ) 

3 

- ?T r.lz T 1 
'D1 2T1 + 36(21;. + 'Tz) 

(2.28) 

where Tr = mwr2a2 /2kB and 'Tz = mwz2a2 /8kB have the dirneusion of temperature. The 
loss of phase space density is minimum if ratio (2.28) is maximum, yielding Tr = 'Tz = 6T1. 
Thus the optimum potential of the magnetic trap for loading from the MOT has trapping 
frequencies 

_ 1 _ (12kBT1)
1
/
2 

Wr- -2Wz- 2 
ma 

(2.29) 

Substituting (2.29) and (2.25) in (2.26) shows that for the optimum transfer of atoms the 
equilibrium temperatures in both trap are equal: T1 = T2. 

The temperature of atoms confined in the MOT is assumed to be T1 = 1 mK. For the 
minimum MOT dirneusion a = 5.8 mm, the corresponding trapping frequencies are Wr = 
Wz/2 = 60.8 (27r) Hz. 

Tight confinement 

After loading the magnetic trap, its potential is adiabatically ramped up. In the resulting 
tightly confining potential the cloud of atoms is evaporatively cooled. As stated in expres
sion (2.8) the transition temperature for Bose-Einstein condensation is proportional to the 
geometrical mean of the trapping frequencies w, 

kBTc = 0.941iwN113 (2.30) 

where w = wr213w}l3 for a cylindrically symmetrie trapping potential. Requiring that the 
phase transition occurs at a transition temperature of 1 j.tK and with 106 atoms, a confinement 
characterized by w = 222 (27r) Hz is needed. As mentioned insection 2.3, the trapping poten
tialis cigar-shaped with Wr = 10wz. This yields a radial trapping frequency of 480 (27r) Hz 
and an axial trapping frequency of 48.0 (27r) Hz. 

Minimum depth 

'fransferring atoms from the MOTto the magnetic trap, any lossin number must be mini
mized. Therefore, the depth of the magnetic trap must be sufficiently large, so that, on the 
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one hand, all atoms are captured from the MOT and, on the other, they remain confined 
during the adiabatic compression. In order to derive a minimum depth, the energy of atoms 
is divided in kinetic energy and potential energy. 

First, the moment of transfer is considered. The kinetic energy of atoms is described 
by a Maxwell-Boltzmann distribution which is characterized by a temperature T1 = 1 mK. 
For large TJ, the fraction of atoms in the Maxwell-Boltzmann distribution with energy larger 
than TJksT1 approaches 2 exp( -TJ)vrï!ff [14]. Substitution shows that a fraction of 0.99 has a 
kinetic energy less than 5.59 ksT1. As described by (2.25), the potential energy increases due 
to the transfer. The increase is largest for atoms that are in the corners of the box-shaped 
MOT. Substituting (2.29) in (2.20) and inserting x2 = y2 = 4z2 = a2 14 yields a maximum 
potential energy of U2 = ~ksT1. 

To capture at least a fraction of 0.99 of the total number of atoms in the magnetic trap, 
the depth must be larger than the total energy of each atom in the fraction. Using the above
mentioned values of kinetic and potential energy, the minimum depth is !::..U 2: (5.59+ ~ )ksT1. 
The corresponding field strength difference is !::..JBI = !::..U I J.L 2: 50 G, where J.L = 3J.LB is the 
magnetic moment of Ne* j3P2). 

Second, the adiabatic compression is considered. After the transfer, the atoms relax to
wards a state of equilibrium which is characterized by a temperature T2 = T1 = 1 mK. When 
the atoms are compressed adiabatically, the temperature increases. Descrihing the compres
sion, the trapping potential cannot be approximated by the harmonie expression of (2.20). 
In appendix B, the correct expression is used to derive a differential equation, which shows 
that an adiabatic compression from Wr = wz/2 = 60.8 (27r) Hz to Wr = lOwz = 480 (27r) Hz 
raises the temperature to T3 = 1.3 mK. To confine a fraction of 0.99, a minimumdepthof 
!::..U = 5.59 x ksT3 is needed5 . The corresponding condition on field strength difference is 
!::..JBI 2: 36 G. 

As mentioned in section 2.3, an upper bound for the trap depth must be set as well. For 
heating effects to be limited to acceptable values, the trap depth is 10 mK at maximum. The 
corresponding condition on field strength difference is !::..JBI :S ksT I J.L = 50 G. 

Compromising between the above-mentioned conditions on !::..JBJ, the optimum trap depth 
is about 50 G. 

5 Although the total energy of atoms in a magnetic trap is not described by a Maxwell-Boltzmann distribu
tion, the threshold T} = 5.59 is used nevertheless. This is explained easily: Escape from the trapping potential 
is a local phenomenon where each volume element can be regarcled as a square well. For large TJ, the behaviour 
is independent of the potential because the smaller threshold for escape for volume elements further outside 
the cloud is, at least in leading order, compensated by the lower local density [14]. 
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Chapter 3 

Magnetic trap 

This chapter discusses the design of the magnetic trap. lt has a cloverleaf coil contiguration 
and fulfills the criteria derived in section 2.4. 

Section 3.1 discusses the basicprinciplesof a magnetic trap. Aftera short review of some 
basic considerations regarding the confinement of neutral particles in static potential fields, 
a simple theoretica! description of the trap is given. 

For designing and operating the trap it is important to understand the basic features of 
the trapping field as well as its dependenee on experimental parameters such as the shape and 
position of the coils and the currents running through the coils. In section 3.2 the cloverleaf 
coil contiguration is reduced to its essential shape and approximate analytica! expressions 
descrihing the magnetic field around the center are derived. 

In section 3.4 the final design of the coil contiguration is presented. Calculations of 
the magnetic field strength in the trapping region show that the design fits the criteria. 
Mathematica! details are presented in appendices C and D. 

3.1 Magnetic trapping 

Necessary conditions for trapping particles with a static potential U(r) around r = 0 are 
\lU(O) = 0 and \72U(O) > 0. The first condition states that the force F = -\?U vanishes 
at the center of the trap. For small displacements there must be restoring farces requiring 
that the surface integral f(F · n) du < 0 for any small volume including r = 0. Due to 
the divergence theorem this is equivalent to f(\lU · n) du = f \72U dr > 0, yielding the 
second condition. In potentials that obey Laplace's equation, \72U = 0, no point of stabie 
equilibrium exists and no trapping of particles is possible. This applies to any combination of 
electric charges, permanent magnetic multipales and masses in static electric, magnetic and 
gravitational fields as long as internal motion of the particles does not alter the conservative 
nature of the potential [16], as is the case for atoms exhibiting Larmor precession in an 
external magnetic field. 

The interaction between atoms and an external magnetic field B ext is described by the 
Zeeman effect. As discussed in appendix A, the Zeeman energy is written 

Ez = ffiJ f-LBYJ IBext I, (3.1) 

where ffiJ is the azimuthal quanturn number, f-LB is the Bohr magneton and YJ is the Landé g
factor. In a nonuniform magnetic field, the energy levels of the atom are position-dependent, 
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En ( r), whieh leads to external farces F n = -'V En ( r). As long as the motion of the atom is 
adiabatie, it is fully described by the potential En(r). Generally, En(r) do not obey Laplace's 
equation, '\72 En(r) # 0. Thus, trapping of atoms in a static magnetic field is not excluded by 
the above-mentioned argument. 

Wing's proof states that the strength of a magnetic field in free space can have local 
minima but not local maxima [17]. Atoms with m1 < 0, the so-called strong-field seekers, 
cannot betrappedat rest1, since the internal energy is reduced with increasing field strength 
[16]. Stabie trapping is possible only in low-field seeking states with m1 > 0. Inelastic 
two-body collisions result in a decay to nontrapped states. However, in practice the trapping 
lifetime is several secouds or even minutes, whieh is sufReient for a vast number of experiments 
to be carried out. 

Atoms that move around the trap perceive a magnetie field that continuously changes di
rection. If the characteristic frequency of the variation is camparabie to the Larmor frequency, 
the atoms can make transitions to nontrapped states. The transitions are called Majorana 
(spin flip) transitions and play an important role if atoms are confined around a field strength 
minimum jBj min = 0, as is the case in a quadrupale field generated by an anti-Helmholtz coil 
configuration. In a region around the minimum with a typieal size of 1 J.Lm Majorana transi
tions are likely to occur [14]. This does not affect the trapping time as long as the cloud is 
large compared to this region, but if the trapped cloud is cooled, so that its diameter shrinks, 
the trap loss increases dramatically and confinement becomes ineffective. This problem can 
be solved by adding a rotating magnetie field with appropriate frequency [18] or by focussing 
a blue-detuned laser beam on the center ofthe trap [4], but the problem is avoided completely 
when a magnetic field configuration with jBj min > 0 is used. 

The laffe trap [19] represents a class of coil configurations that is characterized by a 
magnetic field strength which is harmonie and cylindrically symmetrie around a non-zero 
minimum. Several variauts have been applied to the trapping of neutral atoms, e.g. the 
baseball trap, whieh has coils wound on a sphere following very nearly the seams of a baseball 
[19]. The design presented in this report is basedon another variant called the cloverleaf trap. 
Details are discussed in the next section. 

3.2 Cloverleaf trap 

The cloverleaf trap was developed for experiments with sodium [20]. As shown in figure 3.1, 
the trap consists of twelve coils. Arrows indieate the direction of the current in the coils. The 
coils constitute three series circuits. The so-called pinch coils, (1) and (12), are connected 
and carry current lp. Gradient coils (3)-(10) are connected and carry current lg. Bias coils 
(2) and (11) constitute the third circuit with current h. 

Around the center of the trap the pinch coils generate an axial field consisting of a bias 
part and a harmonie part. The bias coils generate an axial field with maximum uniformity 
that can be used to adjust the axial bias field without altering the axial field curvature. The 
gradient coils provide radial confinement from a radial quadrupale field. The combination 
of a radial field gradient and an axial bias field results in a magnetie field strength that is 
harmonie near the center of the trap and approximately linear at larger distances. Currents 
lp, lg and h are the respective experimental controls over axial field curvature, radial field 

1 Atoms in mJ < 0 state can be confined in a dynamic equilibrium, e.g. using axially symmetrie storage 
rings. 
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Figure 3.1: Schematic view of cloverleaf trap. Pinch coils (1) and (12) and bias coils (2) and (11) are centered 
on a vertical axis. Gradient coils (3)-(10) are positioned in two planes in the form of cloverleafs. 

Table 3.1: Polynomials from series expansions [19]. 

n Pz,n(r, z) Pr,n(r, z) 
0 1 0 
1 z -r/2 
2 z2

- r2 /2 -rz 
3 z3

- 3zr2 /2 -3r z2 /2 + 3r3 /8 

gradient and axial bias field, denoted B", B', Bo. The independent control over the three 
important parameters of the trapping field is an asset of the cloverleaf trap. 

Consiclering the magnetic field around the center of the trap, it is convenient to use 
cylindrical coordinates and to expand the field in a multipale polynomial expansion [19], 

n=O n=O 

B<P = I:>n{ -Cn sin((n + 1)4>) + dn cos((n + 1)4>)}, 
n=O 

(3.2) 

Bz = L bnPz,n(r, z), 
n=O 

which is suited for analysing confining magnetic fields around the trapping minimum2 • For 
n = 0, ... , 3 the polynomials Pr,n and Pz,n in the expansion of Br and Bz, respectively, are 
given in table 3.1. It can be shown that for configurations consisting only of loops centered 
on the z axis, all Cn and dn are zero [19]. 

To derive simple analytica! expressions descrihing the trapping field, the cloverleaf coil 
configuration is approximated by the single wire structure shown in figure 3.2. The pinch 

2Considering the magnetic field as the gradient of a scalar potential B = V\ll, sufficing the Laplace equation 
\72 \ll = 0 and, therefore, denoted as a sumover spherical harmonies \ll = LL,M aLM RL YLM, its multipole 
polynomial expansion includes contributions from the M = 0 and !MI = L multipoles only, since other 
multipole terms do not add to the confining nature of the field [19]. 
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Figure 3.2: Simplified coil configuration of the cloverleaf trap. Anticipating the design, the pinch coils are 
placed inside the gradient coils. 

coils and bias coils are replaced with single loops and the gradient coils are represented by 
straight wire segments. Anticipating the design, the pinch coils are placed inside the gradient 
coils. 

Pinch coils / bias coils 

The magnetic field from a single loop of radius R, perpendicular to the z axis and centered 
at z = A has azimuthal field component Bq, = 0 and transverse and axial components [21, 
chap. 7], 

J.Lol z-A ( 2 R2 + r2 + (z- A)2 
2 ) 

Br = 21rr ((R + r)2 + (z- A)2)1/2 -K(k ) + (R- r)2 + (z- A)2E(k ) ' (3.3a) 

J.Lol 1 ( 2 R2 - r2 - (z- A)2 
2 ) 

Bz = 27r ((R + r)2 + (z- A)2)1/2 K(k ) + (R- r)2 + (z- A)2E(k ) ' (3.3b) 

where the argument of K and E, the complete elliptic integral of the first and second kind 
respectively [22], is 

(3.4) 

The magnetic permeability in vacuum is J.Lo = 47r x 10-7 Tm/ A = 47r G mmj A. 
To understand the field of the pinch coils / bias coils, a contiguration of two loops placed at 

z =±A, carrying the same current I, is considered. Due to symmetry Bq,= 0, thus multipale 
coefficients Cn and dn are zero. Coefficients bn can be determined by reference to a Taylor 
series expansion of Bz along the z axis. To second order in dimension the field components 
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are 

where 

Bq,=O, 

Bz = bo + b2(z2 - r 2 /2) + · · ·, 

J..LolR2 

bo = (R2 + A2)3/2 • 

3(4A2 - R2 ) 

b2 = bo 2(R2 + A2)2 . 

(3.5) 

(3.6a) 

(3.6b) 

Coefficients b0 and b2 correspond to the axial bias field and half of the axial field curvature, 
respectively. 

For fixed spacing A, the curvature has a maximum for R = i(36- 6v'3Q)112 A~ 0.590A. 
The pinch coils are in this configuration, providing optimum axial confinement. The bias field 
and field curvature of the pin eh coils are denoted by Bo,p and B", respectively. The bias coils 
satisfy the Helmholtz condition R = 2A. The resulting field has no curvature and is described 
by the bias term Bo,b· 

The net field generated by the combination of pinch coils and bias coils has bias part 
Bo = Bo,p + Bo,b and curvature B". The parameters can be controlled independently with 
currents h and lp, respectively. 

Gradient coils 

In appendix C it is shown that the eight gradient coils of figure 3.1 can be approximated by 
the eight straight wire segments of figure 3.2. The straight wire segments are positioned in 
two plan es defined by z = ±D. The segments lie at azimuthal angles 0, 1r /2, 1r, 37T /2 between 
radii Pl and P2· The symmetry of the configuration gives rise to a zero axial magnetic field 
both in the z = 0 plane and on the z axis. This means that multipele coefficients bn are zero. 
In appendix C it is shown that coefficients Cn are zero and, to second order in r, the field 
components are 

where 

Br = d1 rsin24> + · · ·, 
Bq, = d1 r cos 24> + · · · , 

(3.7) 

(3.8) 

Coefficient d1 corresponds with the radial field gradient at the center of the trap, denoted by 
B'. For z = 0 a vector plot of the field is given in figure 3.3. 

Cloverleaf trap 

The configuration of figure 3.2 combines four axialloops and eight wire segments, generating 
a magnetic field which is of the loffe-Pritchard type [23]. Combining expressions 3.5 and 3.7 
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Figure 3.3: Vector plot of the radial quadrupole field at z = 0 as generated by the eight wire segrnents. Each 
line segment, bounded by radii p1 = 20 mm and P2 = 80 mm, represents wires at z = ±D with opposed, equal 
currents. 

yields 

Br = B' rsin2<P- ~B" rz + · · ·, 
2 

Bcp = B' rcos2<P + ... , 

Bz = Bo + ~B"(z2 - r2 j2) + ... , 
(3.9) 

IBI = ((Bo + ~B"z2 )2 + r2 (B'
2

- ~BoB")+··-) 
112 

For r = 0 the magnetic field has a z component only, thus IBI = IBzl· The field is generated 
by the pinch coils and the bias coils, as illustrated in figure 3.4a. For z = 0 the field is 
the combination of a radial quadrupale field and a harmonie axial field. In practiee B' » 
(BoB") 112 , thus the corresponding field strength can be approximated by IBI = (Bo2 + 
B'2r2 ) 112 • As illustrated in figure 3.4b, it is harmonie near the center of the trap and linear 
at larger distances. 

If z, r « (Bof B") 112 and r « Bof B', the field strength can be approximated by the 
harmonie expression 

(3.10) 

For B" « 2B'2 j Bo, the radial field curvature is inversely proportional to bias field Bo. 
The distance over which the field strength is harmonie can be approximated by r < Bof B', 
corresponding to IBI - Bo < 0.4 Bo. 
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Figure 3.4: Schematic diagram of the axial and radial trapping fields of the cloverleaf trap. (a) Subtracting 
the fields of the pinch coils and bias coils yields a harmonie z-field with a small bias Bo. Here, the axial field 
curvature is 1.1 G/mm2

• (b) Adding quadratically the radial quadrupole field and the axial bias field Bo yields 
a field strength that is harmonie near r = 0 and linear at larger distances. Curves descrihing the r-field are 
drawn for biasfieldsof 50 G and 10 G, respectively. The respective radial field curvatures of 2.1 G/mm2 and 
10 G/mm2 illustrate the inverse proportionality between curvature and bias field. The radial field curvatures 
are much larger than the axial field curvature, which is typical. 
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Figure 3.5: Vacuum chamber. Measures are given in the construction drawing of figure 3.6a. 

The trapping potential, U= J.LIBI, is harmonie and cylindrically symmetrie, 

U(r) = Uo +; (wz2z2 + wr2r2
), 

Uo = J.LBo, 

Wz = (J.LB" I m) l/2 , 

Wr = (J.t(B'2 I Bo-B" l2)lm)112
, 

(3.11a) 

(3.11b) 

(3.11c) 

(3.11d) 

where J.t is the magnetic moment of the atom, m is the atomie mass and Uo is the minimum 
potential energy. The axial trapping frequency Wz is controlled by lp. The radial trapping 
frequency Wr can be controlled by both Ig and Ib. In practice, sufficient control over the radial 
confinement is obtained, when Jb is used to vary bias field Bo and Ig is kept as a constant. 

For loading the magnetic trap, the potential is matched to that of the MOT. Preceding 
evaporative cooling, the confinement is tightened up, thus campressing the cloud of atoms. 
For a sufficiently slow variation of lp and h, the compression is adiabatic and phase space 
density is conserved. A tight confinement is efficiently achieved by lowering Bo. However, to 
avoid Majorana transitions Bo must be larger than a typical threshold of 1 G [20]. 

3.3 Experimental implementation: vacuum chamber 

All experiments concerning the trapping and cooling of atoms are carried out in a vacuum 
system. Collisions with background gas give rise to heating and loss in a trapped sample of 
cold atoms. For the achievement of Bose-Einstein condensation the pressure must be as low 
as w-n mbar [4]. 

For the intended experiment a vacuum chamber has been constructed. A picture is shown 
in figure 3.5 and part of the construction drawing, including relevant measures, is shown in 
figure 3.6a. The stainless steel chamber has windows in all sides. The windows in the upper 
and lower side are situated inwards and have diameters of 80 mm. 

Positioning the cloverleaf coil configuration around the chamber, the pinch coils are fit 
into the free space in front of the large windows. The gradient coils are placed against the top 
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Table 3.2: Values of currents and field parameters for the two modes of the magnetic trap. The coil dimensions 
fit the geometry of the vacuum chamber. Multiple turns are neglected. 

Trapping frequencies (Hz) 
Wr = 60.8 (27r) Wr = 480 (27r) 
Wz = 48.0 (27r) Wz = 48.0 (27r) 

coils coil dimen- current field parameters current field parameters 
sions (mm) (200 A-turns) (G, mm) (200 A-turns) (G, mm) 

pinch Ap = 30 lp= 8.8 B" = 1.1 lp= 8.8 B" = 1.1 
Rp = 18 Bo,p = 166 Bo,p = 166 

D=45 
gradient PI= 20 lg = 41 B' = 10 lg = 41 B' = 10 

P2 = 80 

bias Ab = 50 h = -6.6 
Bo,b = -118 h = -9.2 

Bob= -165 
' 

Rb= 100 (Bo = 48) (Bo = 1.0) 

and bottorn of the chamber and the bias coils are positioned completely on the outside. For 
this configuration, which corresponds to figure 3.2, the confinement of atoms is maximum. 

In section 2.4 it was shown that for loading the magnetic trap, optimum trapping frequen
cies are Wr = Wz/2 = 60.8 (27r) Hz. Minimum trapping frequencies for achieving Bose-Einstein 
condensation were shown to be Wr = 10wz = 480 (27r) Hz. For the above-mentioned configu
ration, the tight radial confinement is easily achievable. An axial confinement of 122 (27r) Hz, 
however, is not realistic. Insteadan axial trapping frequency of 48.0 (27r) Hz is used and, ad
vantageously, current lp can be kept as a constant during the adiabatic compression. Loading 
the trap under the new condition yields an extra loss of phase space density: its value reduces 
to about half of the optimum value. The loss must be compensated by extra evaporative 
cooling, resulting in less atoms in the final condensate3. 

Under the condition of a minimum bias field B0 = 1 G and a constant field gradient 
B' (current lg is not varied), the required magnetic field parameters are determined. Using 
coil dimensions that fit the geometry of the vacuum chamber, the corresponding currents are 
derived. All results are shown in table 3.2. Anticipating the design, the currents are given in 
units of 200 A-turns. lt is clear that, under the boundary of a maximum current of 200 A, 
coils with multiple turns are needed. 

3.4 Final design 

Using the values of table 3.2 as a starting point, the design of figure 3.6b is constructed. In 
addition to the coils of the cloverleaf configuration, the design includes two extra pairs of 
coils. MOT coils with equal, opposed currents generatea quadrupale field. Fine-tuning coils, 
which are wound around the pinch coils, carry equal currents of about 5 A and are used to 
fine-tune the bias field. 

3 A considerable increase of phase space density can be achieved by adding an extra cooling step. Before 
switching on the magnetic trap, the atoms can be cooled in an optical molasses to a typical temperature of 
0.1 mK. This increases phase space density by a factor of 32, thus more atoms are left to make the transition. 
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(a) 

gradient coils 

pinch coils gradient coils 

(b) 
fine-tuning coils 

Figure 3.6: Part of the construction drawing of the vacuum chamber (a), and the coil contiguration (b). 
Relevant measures are indicated in mm. The large windows of the vacuum chamber are situated inwards and 
the pinch coils are placed in the resulting free space. The MOT coils are made of round profile copper tubing 
with an inner diameter of 2.0 mm and an outer diameter of 4.0 mm. lncluding the rubber insulation the outer 
diameter is 4.3 mm. All other coils are wound using square profile copper tubing. The sicles of the profile are 
3.2 mm {0.125 inch) and the walls have a thickness of 0.81 mm {0.032 inch). Including the fibreglass insulation 
the outer dimension is 3.5 mm. 
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Figure 3.7: Wire structure used as a starting point for the magnetic field calculation. Left, the set of coils 
with z > 0 is drawn; two arrows indicate the direction of the current through the pinch coil and gradient coil. 
Right, the cross section in the plane of the z axis and the bisectrice of x and y axis is shown. 

The MOT coils are made of round profile copper tubing and all other coils are made of 
square profile tubing. In comparison the square profile tubing can be packed more efficiently 
so that a larger current density can be obtained. 

To calculate magnetic fields, each turn is approximated by a closed loop of thin wire. 
Figure 3. 7 shows the resulting wire structure. The field of the axial coils is determined by 
applying equations (3.3). The gradient coils require numerical integration of the Biot-Savart 
law [24, chap. 5], 

B(r) = J-Lol j ds x (r- r'), 
47r Ir- r'l3 

where ds is an element of length of the wire and r - r' is the vector from the element of 
length to the point where the magnetic field is calculated. To perform the calculations, a 
computer program was written. Included in appendix D, it is used to determine magnetic 
field parameters B", B', Bo and make contour plots of IBI. 

Figure 3.8 shows contour plots of the tightly confining field used for evaporative cooling. 
Plot (a) shows the trapping field in the plane defined by azimuthal angle <P = arctan(y/x) = 
1r /4 ( compare to figure 3. 7). Dashed circles mark areas that are close to the positions where 
the trapping field has its lowest threshold. The trap depth, i.e. the field difference between 
the lowest threshold and the field minimum, is ~IBI = 64 ± 2 G. Plot (b) shows the plane 
defined by <P = 0. Compared to (a), the trapping field is much deeper. Plot (c) shows plane 
<P = 7r/4 in a close-up. Clearly the trapping field is elongated. Sirree for small z, r = Jx2 + y2 
the trapping field is independent of </J, plot (c) can be regarcled as a close-up of plane <P = 0 as 
well. For the sake of completeness, plot (d) shows the plane z = 0. It is clear that for small 
r the trapping field is cylindrically symmetrie. 

Figure 3.9 shows contour plots of the field that is used for transferring atoms from the 
MOT to the magnetic trap. The plots resembles those of figure 3.8. However, for small r 

and z the trapping field differs significantly, as shown in plot (b). The trapping field is close 
to isotropic, fitting the trapping potential of the MOT. In plot (a) dashed circles mark areas 
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Figure 3.8: Contour plots of IBI in the tightly confining configuration. Plot (a) shows the plane defined by 
cf> = 7r/4. Contours are drawn for IBI = 50, 75, 125, 165, 200, 250, 300, 400, 800 G. Circles mark areas 
that are close to the positions where the trapping field has its lowest threshold. The small contour loops at 
r, z = ±28, -28 mm have value IBI = 50 G. Plot (b) shows the plane defined by cf> = 0. For the contour Jines, 
the same set of values of IBI is used, showing that in this plane the trapping field is much deeper. Plot (c) 
shows the plane cf> = 7r/4 in a close-up; contours are drawn for IBI = 1.05, 1.25, 1.5, 3, 5, 7 G. Plot (d) shows 
the plane z = 0; contours are drawn for IBI = 50, 75, 125, 165, 200, 235, 275 G. 

26 



30 

10 

z(mm) 

-10 

-50 -30 -10 10 
r(mm) 

(a, <!> = 7t14) 

30 

2.5 

z(mm) 

0 0 
-2.5 

-5 -2.5 0 2.5 5 
r(mm) 

(b, <!> = 7t14) 

Figure 3.9: Contour plots of IBI in the contiguration used for transferring atoms to the magnetic trap. Plot (a} 
shows the plane defined by ljJ = 7r/4. Contours are drawn for IBI = 50, 75, 125, 165, 200, 250, 300, 400, 800 G. 
Circles mark areas that are close to the positions where the trapping field has its lowest threshold. The small 
contour loops at r, z = ±28, -28 mm have value IBI = 75 G. Plot (b} shows the same plane in a close-up; 
contours are drawn for IBI = 30, 35, 40, 45, 50, 55, 60 G. 

that are close to the positions where the trapping field has its lowest threshold. The trap 
depth is ~IBI = 54 ± 2 G. 

For the final design of the trap, values of both coil parameters and field parameters are 
given in table 3.3. Three stages of operating the trap are distinguished: precooling atoms in 
the MOT, transferring the atoms to the magnetic trapand the evaporative cooling towards 
quanturn degeneracy. 

Camparing the results to the criteria of section 2.4, it is clear that the trap depths are 
around the optimum value. For the contiguration used to transfer the atoms, the trapping fre
quencies fit the criteria within 6%. However, for the tightly confining configuration, trapping 
frequencies differ significantly. The confinement, characterized by the geometrical mean of 
the trapping frequencies w = Wr 213wz 113 , is only a fraction of 0.83 of the required value. This 
yields a lower transition temperature, so that extra evaporative cooling is needed, leaving 
fewer atoms to make the transition. lt must be noted, however, that the maximum current of 
200 A is arbitrary within certain limits. Increasing the current in the gradient coils to 275 A 
the criteria of design are amply satisfied. 

lt is important to notice that in the major part of space, the trapping field results from 
adding strong magnetic fields with opposed directions, as generated by the various coils. As 
a result the exact shape of the trapping field and the positions of the lowest threshold in 
particular are very sensitive to the mutual position of the coils. Therefore, it is expected 
that small discrepancies in the implementation of the design necessitate an adjustment of the 
currents of table 3.3. 
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Table 3.3: Values of coil parameters and field parameters for the final design. Three stages of operating the 
trap are distinguished. 

coils number of current field parameters trapping frequencies depth 
turns (A) (G, mm) (Hz) (G) 

precooling 

MOT 24 26 B' = 1.0 

transferring 

pin eh 12 200 
B" = 0.95 

gradient 20 200 B' = 8.2 
Wr = 62 {27r) 

54±2 
bias 14 -172 Bo = 29.6 

Wz = 45 {27r) 

fine-tuning 6 0 

evaporative cooling 

pin eh 12 200 
B" = 0.95 

gradient 20 200 B' =8.2 
Wr = 3.8 X 102 {27r) 

64±2 
bias 14 -200 Bo = 1.00 

Wz = 45 {27r) 

fine-tuning 6 -0.6 
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Chapter 4 

Doppier laser cooling 

As an introduetion to the experimental work, this chapter is devoted to Doppier laser cooling. 
Section 4.1 presents a discussion of the optical cooling force and the mechanisms that limit 
the final temperature of this laser cooling technique. In section 4.2, a microscopie model 
of Doppier cooling is presented. This model allows implementation in a Monte Carlo-type 
computer program. In section 4.3, the model is used as a starting point to derive the final 
temperature of Doppier laser cooling in a one-dimensional situation. Finally, section 4.4 deals 
with the magneto-optical trap, where Doppier laser cooling is applied totrap and cool a large 
number of atoms. 

4.1 Optica! friction force 

'l\mable lasers acting as intense, collimated and narrowband light sources, enable the prac
tical use of the photon momenturn to manipulate the motion of atoms. The atoms absorb 
photons at a rate determined by the intensity of the laser beam, the detuning from the atomie 
resonance frequency and the atoms' velocity. Sirree momenturn is conserved, the emission or 
absorption of a single photon changes the atomie velocity by one recoil velocity Vree = nkjm, 
where k = 271" / >. is the photon laser wave number and m is the atomie mass. 

For each photon absorbed, the change of atomie velocity is in the direction of the laser 
propagation. The spontaneously emitted photons are emitted randomly in a pattern that is 
symmetrie on refl.ection through the atom, so there is no net average change in the atomie 
velocity due to these emissions. If absorption is foliowed by stimulated emission into the 
same direction as the incident laser beam, the net momenturn transfer is negligible1 . Only 
absorption foliowed by spontaneous emission yields a significant contribution to the average 
force, which is given by the rate of photon scattering times the photon momentum. For a 
two-level atom this force is [26, chap. 9] 

r 1/1o 
F = nk21 + 1/1o + (28/r)2 • 

(4.1) 

Here r is the spontaneous decay ra te of the up per state and 8 = 8laser + 8 Doppier is the 
effective detuning from the resonance frequency of the atom, consisting of the detuning of the 

1 In laser fields with strong intensity gradients, stimulated emission gives rise to a significant optica! force, 
called the dipole force [25]. These forces play an important role in the sub-Doppier cooling technique, discussed 
in chapter 5. 

29 



mJ~ t,,1-1 6~0 6r:·* ~ 
15 5 8 9 8 5 15 

~ 3 3 ~ 
J=2 

mJ =-2 -1 0 2 

P{mJ) = 1/42 10/42 20/42 10/42 1/42 

Figure 4.1: Relative transition probabilties for Ne*I3P2) <-> Ne**I3D3) (divide by a factor of 105 to obtain ab
solute val u es). Relative occupation numbers P( mJ) describe the steady-state population of the lower magnet ie 
substates 1

3 P2 , mJ) for excitation of the transition with 1r polarized light. 

laser frequency 81aser = w laser - w atom and the Doppier shift 8 Doppier = - k · v. Furthermore, 
vis the atomie velocity, I is the intensity of the laser beam and Io is the saturation intensity, 
which is dependent on the atomie transition: 

Io = 1ick3r. 
1211" 

(4.2) 

The force is limited by the rate of spontaneous emission and at high intensities (I---+ oo), it 
saturates to 

(4.3) 

Because only processes invalving spontaneous emission contribute, the force (4.1) is often 
called the spontaneous force. 

Expressions (4.1) to (4.3) can be applied to the excitation of the transition Ne* I3P2) +-t 

Ne** !3D3). Assuming no external magnetic field, the transition is degenerate, and there
fore the polarization of the laser light must be considered. For atoms in a laser field with 
a-+ polarization, optical pumping will lead to a steady-state situation where only the mag
netic substates !3P2, mJ = 2) and I3D3, mJ = 3) are occupied. The resulting excitation of 
i3P 2, mJ = 2) +-t !3D3, mJ = 3) with O"+ polarized light constitutes a pure two-level system 
with saturation intensity Io,u = 4.08 m W jcm2. The similar excitation of !3P2, mJ = -2) +-t 

1
3D3, mJ = -3) with O"- polarized light constitutes an identical system. 

For atoms in a laser field with 1r polarization, the steady-state population P( mJ) of the 
lower magnetic substates is determined by the relative transition probabilities for spontaneous 
decay. The probabilities and the resulting steady-state population are given in figure 4.1. 
Weighing the b.mJ = 0 probabilities over the relative population of the lower magnetic 
substates, the excitation of Ne* I3P2) +-t Ne** !3D3) with 1r polarized light can be considered 
a two-level system with effective saturation intensity Io,1r = (126/71) Io,u = 7.24 mW jcm2 . 

Relevant quantities for the laser cooling transition are summarized in table 4.1. 
Spontaneous force (4.1) may be used to manipulate the trajectodes of atoms. Laser 

manipulation techniques include defiection, collimation, deceleration and cooling. In the most 
elementary way, cooling is achieved in a configuration of counterpropagating laser beams, 
known as optical molasses. If the intensity of each beam is small (I « Io), the total force 
on the atom may be written as the sum of the spontaneous forces resulting from each of the 
beams. In one dirneusion 

F(v)-1ik~ I/Io -lik~ I/Io (44) 
- 2 1 + (2(8Iaser - kv)jf)2 2 1 + (2(8Iaser + kv)/f)2 · · 
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Table 4.1: Characteristic quantities of the neon atom and the transition Ne*I3P2) <--+ Ne**I3D3)· 

Quantity Symbol Value 

Mass m 33.2 x 10-27 kg 
Internal energy of 3P2 state 16.6 eV 
Wavelength À 640.225 nm 
Wavevector k = 2rr/À 9.81 x 106 m-1 

Spontaneous decay rate r 8.20 (2rr) MHz 
N atural lifetime -r = 1/r 19.4 ns 
Saturation intensity u light Ioa 

' 
4.08 mW/cm2 

Saturation intensity 1r light Io 1r 
' 

7.24 mW/cm2 

Recoil velocity Vree= nkjm 3.12 cm/s 
1D Doppier limit, velocity vo = (nr /2m)112 28.6 cm/s 
1D Doppier limit, temperature To = nrj2kB 196 11K 

Figure 4.2: The spontaneous force (in units of hkr /(I/ Io)) from the separate beams (solid curves) and the 
total force (dashed curve) as a function of velocity (in units of rj2k). The laser detuning is ÓJaser = -rj2. 

Figure 4.2 shows the force of each of the beams, and the total force for laser detuning 81aser = 
-r/2. Around the origin (v = 0) the force is proportional to the velocity and (4.4) can be 
expanded, 

F(v) = 2nk2(2I/Io)(28Jaser/r)~ = -av 
(1 + (28Jaser jr)2) · 

(4.5) 

The force has the character of a friction force with friction coeffi.cient a = "(m. The charac
teristic time for damping the atomie velocity is ,-1. 

The radiation pressure that produces the friction force results from discrete transfers of 
momenturn when the atom absorbs or emits photons. This discreteness means that the force 
fluctuates about the average value. These fluctuations tend to heat the atom. There are two 
contributions to the force fluctuations. The first one is due to randomnessin absorption of a 
photon, and the second one due to randomness in the direction of a spontaneously emitted 
photon. A complete description of Doppier laser cooling, including the heating effects, can 
be obtained using the Fokker-Planck equation [37]. 
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Here, a different approach is taken. The atom is considered at the microscopie level, 
thereby allowing the laser cooling process to be implemented in a Monte Carlo-type computer 
program. 

4.2 Microscopie model of Doppier cooling 

Consider the one-dimensional case of a two-level atom moving along the x axis in a laser 
configuration of two counterpropagating beams. The spontaneous photons are assumed to be 
emitted along the x axis with equal probability for the two directions. The intensity of each 
beam is small (I« Io), so that successive photon scattering events are uncorrelated. For the 
laser beams travelling in the +x and -x direction, the photon scattering rates are given by 

R _!.: I/Io 
+- 2 1 + Iflo + (2(8Iaser - kv)jr)2 (4.6a) 

and 
R =!.: I/Io ' 

- 2 1 + I/Io + (2(8Iaser + kv)jr)2 (4.6b) 

respectively. For a nonzero atomie velocity v i= 0, the Doppier shift -kv gives rise to an 
imbalance of the scattering rates. This imbalance leads to the damping of the velocity, i.e. 
the cooling of the atom. 

In order to describe heating effects, the randomness of photon absorption and spontaneous 
emission must be considered. Therefore, a computational step size is introduced by subdivid
ing the interaction time of atom and molasses in intervals. The interval length r is taken as 
small such that the scattering rates R+ and R_ can be considered constauts in the concerning 
interval. In the interval, the number of photon scattering events from each of the molasses 
beams is distributed according to Poisson statistics [25]. For the laser beam travelling in the 
±x direction, this number is denoted by N±, as illustrated in figure 4.3a. The corresponding 
probability distribution is 

(N± = 0, 1, 2, ... ) (4.7) 

and the expected value is (N±) = R±r. The N = N+ + N_ spontaneous emissions can 
be considered as a sequence of N statistically equivalent trials for determining the emission 
direction. Such a sequence has a binomial distribution [27, chap. 11]. The probability that 
n+ photons are emitted in the -x direction and n_ = N - n+ photons in the +x direction is 

(n+ = 0, 1, ... ,N). (4.8) 

The spontaneous emission sequence is illustrated in figure 4.3b. 
Given the numbers N+, N_, n+ and n_, the change of atomie velocity in the interval can 

be written as an integer number of recoil velocities, 

V int =Vree (N+- N_ + n+- n_) =Vree (2n+- 2N_). (4.9) 
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Figure 4.3: Illustration of the photon scattering events (photon absorption foliowed by spontaneous emission) 
of a single atom in a time interval of length r. (a) The atom absorbs N+ = 2 photons from the left and 
N _ = 3 photons from the right. (b) Each absorption is foliowed by a spontaneous emission. In this case 
n+ = 1 photon is emitted to the left and n_ = 4 photons to the right. The resulting change of atomie velocity 
is V int = {2- 3 + 1- 4) Vree = -4Vrec. 

The expected value (vint) and varianee u 2 are easily obtained as 

oo oo N 
(V int) = L L L V int PPois ( N +; R+ T) PPois ( N-; R_ T) Pbino ( n+; N) 

N+=O N_=O n+=O 

(4.10a) 

(4.10b) 

The varianee is a direct measure of temperature and, being proportional to the interval 
length T, it indicates a constant heating rate. 

lmplementation in a Monte Carlo simulation 

The microscopie model of laser cooling was implemented as an extension of the existing Monte 
Carlo laser cooling simulation program dopev.pas [28]. In this computer program a given 
number of atoms is simulated to move in an atomie beam that is caoled transversely by given 
one-dimensional Doppier molasses. The laser cooling process is approximated as a discrete 
series of velocity changing steps v int , corresponding to the subdividing of the laser cooling 
time in the above-mentioned time intervals. For each atom in each successive interval, the 
change of velocity is calculated according to a fixed sequence of operations. First, the photon 
scattering rates R+ and R_ are determined from the initial transverse velocity of the atom. 
Using these rates as input, the random Poisson deviates N+ and N_ are generated. The sum 
N = N+ + N_ serves as input for the generation of the binomial deviate n+. Finally, the 
transverse velocity is changed by velocity step v int • 

Due to its stepwise construction, the model can be adapted easily to other laser cooling 
situations. For the case of spontaueaus emission in an alternative radiation pattern, the 
binomial distribution is simply replaced with the suitable distribution function. 

4.3 Doppier cooling limit 

As mentioned above, Doppier laser cooling gives rise to bath cooling and heating effects. 
In order to determine the atomie equilibrium temperature, it is convenient to calculate the 
average cooling and heating rates in the steady-state situation. 
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Consiclering the cooling as the dissipation of kinetic energy by the friction force F of ( 4.5), 
the steady-state average cooling rate can be written 

(4.11) 

The heating rate is equated to the increase of the varianee u2 of the laser cooled velocity 
distribution, expression (4.10b). In steady-state, the photon scattering rates from the coun
terpropagating molasses beams are assumed equal, 

R+ = R = ~ 1/Io = R 
- 2 1 +I/ Io + (28laser /f)2 (4.12) 

and the average heating rate can be written as 

. m du2 2 2 
(Eheat) = 2Tt = 2n k Rjm. (4.13) 

The steady-state situation is characterized by the compensation of cooling and heating 
effects, thus 

. 2 2 2 . 
(Ecool) = -o:(v ) = -2 n k Rjm = -(Ehead· (4.14) 

Since this one-dimensional problem has a single degree of freedom, a temperature ksT /2 = 
m(v2) /2 is introduced. Substituting this expression in ( 4.14) and consiclering the low intensity 
limit (J « 10 ), the equilibrium temperature is determined to be 

ksT=_ nf (-r- + 2<5Iaser). 
4 28Iaser f 

The temperature minimizes for 81aser = - r /2 giving 

nr 
ksTn = 2 , 

(4.15) 

(4.16) 

where Tn is called the (one-dimensional) Doppier cooling limit. The corresponding root mean 
square velocity is vn = (v2) 112 = (nf/2m)112 . For the laser cooling transition Ne* J

3P 2) ~ 
Ne** j3D3) the Doppler limit corresponds to Tn = 196 J.LK and vn = 0.29 mjs. 

4.4 Magneto-optical trap 

The situation in an optical molasses, as described by expression (4.5), does not correspond 
to trapping, since there is no spatially dependent force F(x) = -1'\':(x- xo), driving atoms 
back to an equilibrium position xo 2 • Such a situation may be realised by ad ding a spatially 
varying magnetic field, thereby making use of the Zeeman effect of appendix A. 

Trapping of atoms can be achieved by combining a spherical quadrupale magnetic field 
and three orthogonal pairs of circularly polarized laser beams, that are red-detuned from 
the atomie transition. The resulting magneto-optical trap (MOT) is schematically drawn in 
figure 4.4a. The origin of the confining force is explained in figure 4.4b. For simplicity a one
dimensional case and a L = 0 ---+ L = 1 transition is considered. The quadrupale field is zero 

2 A general theorem, referred to as the optica! Earnshaw theorem, forbids any stabie equilibrium for atoms 
subject to spontaneous forces only [25]. 
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Figure 4.4: A diagram illustrating the principle of the MOT. (a) A MOT is formed from three orthogonal pairs 
of circularly polarized laser beams, that interseet at the center of a pair of coils with equal, opposed currents. 
For the depicted choice of the relative orientation of the laser polarizations and magnetic field direction, atoms 
are confined around the origin. (b) The Zeeman effect causes a shift in the atomie levels, as shown along the 
z-axis. The change in detuning with position brings the atoms into resonance with the red-detuned light at a 
distance of"' 1 mm from the origin. (c) The resultant force strongly resembles the confining force of a box 
potential. 

in the origin and increases linearly outwards. This leads to a spatially dependent splitting of 
the L = 1 upper state. An atom rnaving at a position to the left of the origin will be more 
resonant with the a+ laser beam that drives it back to the origin. Equivalently an atom at 
the right side will be pushed back by the er- light. The result is a force that depends both 
on position and velocity. 

Penning ionization of metastable neon atoms is an important trap loss process (see chap
ter 2). The ionization rate is proportional to the square of the number density of atoms in 
the trap and minimizing trap loss, it is favorable to use a MOT with a large trap volume 
(~ 0.1 cm3). This can be achieved by using laser beams with low power (I ~ 2!0 ) and a 
large negative detuning (8Iaser ~ -5r), combined with a moderate magnetic field gradient 
of"' 1 G/mm [29]. For such a case, the confining force is depicted in figure 4.4c. Since the 
force strongly resembles the confining force in a box potential, the MOT potential can be 
approximated by 

U(x,y,z) = {: 
if -a/2 <x< a/2 and -a/2 < y < a/2 and -a/4 < z < a/4 
otherwise, 

(4.17) 

where dirneusion a typically is 0.5 - 1 cm. This expression refl.ects the fact that the gradient 
along the symmetry axis (z-axis) of the coils has twice the value of the gradient in the 
symmetry plane (xy-plane). 
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Chapter 5 

Sub-Doppier cooling of a slow 
atomie beam 

In the group of Theoretica! and Experimental Atomie Physics and Quanturn Electronics at 
Eindhoven University of Technology, a bright beam machine for metastable neon atoms is 
being developed. Referred to as the Gemini project, the beam line is designed for intra-beam 
scattering experiments. A schematic overview is given in figure 5.1. 

A variety of laser cooling techniques is applied in the beam line. The atoms leaving 
a supersonic souree are captured in a laser collimator. After an extra transverse Doppier 
cooling stage, the atoms are slowed in a midfield-zero Zeeman slower. In the space between 
the Zeeman solenoids additional transverse cooling reduces the divergence of the decelerating 
beam, thereby increasing the flow of atoms within the capture range of the magneto-optical 
compressor. Atoms within the capture range funnel into a narrow beam that is cooled trans
versely in the sub-Doppier cooling stage. After penetrating the hole in the Zeeman mirror, 
the beam can be used for various experiments, including the loading of a MOT. Currently, 
alllaser cooling stages upstream from the sub-Doppier cooling stage are operational and this 
chapter focusses on the latter. 

Applying the technique of sub-Doppier cooling, the internal structure of atoms is exploited 
to achieve strong damping of the transverse atomie velocity. The purpose of the sub-Doppier 

collimator 

transverse 
Doppier 
cooler 

transverse 
Doppier 
cooler 

transverse 
sub-Doppier 

cooler 

n ~nJ n~ n 
·····································~·········· 

c:::::::=====- ~ """':::::::J ~ E$3 ~ Zeeman 
slowar 

magneto-optical 
compressor 

bright beam 

Figure 5.1: Schematic overview of the Gemini beam line. Six laser cooling stages are distinguished. 
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cooling stage in the Gemini beam line is to provide strong transverse cooling of the atomie 
beam, thereby increasing the brightness of the beam. In theory, a beam divergence of 2 mrad 
may be obtained. 

Section 5.1 presents a survey of the Gemini beam line. lt is shown that, after compression 
in the magneto-optical compressor, the cold beam camprises 4.8 x 1010 neon atoms per second 
in the metastable 3P 2 state, with an axial velocity of 100 ± 5 mjs. The diameter of the beam 
is 1 mm and its divergence is 6 mrad. Furthermore, it is shown that, contrary to expectation, 
the optical forces in the sub-Doppler cooling stage do not give rise to a decrease of beam 
divergence and it is concluded that, therefore, an investigation of the effects of external mag
netic fields on the optical forces of the sub-Doppler molasses is desirable. This investigation 
is reported in the remaining sections. Section 5.2 presents a qualitative description of the 
relevant sub-Doppler cooling mechanism by consiclering a simplified one-dimensional model. 
The effects of a magnetic field are discussed in terms of the velocity selective resonance model. 
Section 5.3 describes the experimental contiguration and section 5.4 presents and discusses the 
performed measurements. Section 5.5 summarizes relevant conclusions and concludes with 
recommendations. 

5.1 Gemini atomie beam machine 

The Gemini beam line is situated in a vacuum system with a typical pressure of 7 x 10-7 mbar. 
All laser cooling stages are operated using a continuous-wave, single-frequency ring dye 
laser [30], manufactured by Coherent, type 899-21. When pumped with the light of a 
10 Watt Coherent argon ion laser, type Innova 300, the dye laser has a typical output power of 
700 mW. Using saturated absorption spectroscopy [31], the laser is stabilized toa frequency 
that is Zeeman-shifted by one atomie linewidth to the red from the laser cooling transition 
Ne* !3P2) f-t Ne** !3D3) . The resulting linewidth of the laser is about 1 MHz. Acousto
optic modulators (AOMs) [32, chap. 26] are used to shift the laser frequencies for the laser 
collimator and the Zeeman slower. 

For diagnosing the atomie beam, wire scanners are placed at various positions along the 
atomie beam. A wire scanner consists of a stainless steel wire that can be moved through 
the atomie beam transversely by means of a stepping motor. A metastable neon a torn that 
collides with the wire, transfers its internal energy of 16.6 eV to the metal, thereby possibly 
emitting an electron. The quanturn efficiency K of this so-called Auger process is almost 
unity since the threshold energy for emitting an electron is about 5 eV. By scanning the 
wire through the atomie beam and measuring the number of emitted electrans with a current 
meter, a one-dimensional beam profile is generated. The profile is the result of integrating 
the two-dimensional density distribution of the atomie beam along the length of the scanning 
wire. The resulting current can be written 

I~ Ke8 j iPdl, (5.1) 

where e = 1.60 x 10-19 C is the elementary charge and iP is the flux of metastable atoms in 
the atomie beam. Furthermore, 8 is the thickness of the wire and dl is an element of length. 
The used wires have a thickness of 0.1 mm or 1 mm. Typical values for the measured current 
are in the range 1 - 100 nA. 
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Figure 5.2: Detailed representation of the upstream part of the beam line. 

Souree & collimator 

The upstream part of the beam line is shown in more detail in figure 5.2. The LN2-cooled, 
discharge-excited souree generates a supersonie expansion of atoms in the metastable 3P2 
state. The average atomie axial velocity is 500 mjs [33] and the central intensity is 4.8 x 
1014 s-1sr-1 [31]. Other high-energy products emerging from the souree include atoms in 
the metastable 3P 0 state, atoms of the isotape 22Ne in metastable states and UV photons. 
The respective central intensities amount to 20%, 10% and 20% of the intensity of Ne* I3P2) 
atoms. A beam stop is inserted to prevent the parasitic products from entering the Zeeman 
slower. Two wire scanners are used to diagnose the atomie beam. Each scanner consists 
of a horizontal and vertical wire. The wires have a thickness of 1 mm and can be scanned 
independently in the vertieal and horizontal direction, respectively. 

In the collimator, two laser beams are recycled in a mirror section in order to generate 
effectively curved wavefronts. This is discussed in detail in [31]. Atoms within the 80 mrad 
acceptance are collimated in a beam with a full width at half maximum (FWHM) of 10 mm. 
Figure 5.3a shows beam profiles measured with wire scanner 1. In the transverse Doppier cool
ing stage two orthogonal pairs of counterpropagating laser beams provide transverse cooling 
of the atomie beam, as described in chapter 4. The configuration of laser beams results from 
the recycling of a single laser beam in a mirror section. Figure 5.3b shows beam profiles mea
sured with wire scanner 2, when no beam stop is inserted. The atomie beam has a FWHM of 
15 mm and camprises 1.1 x 1012 atoms per secoud in the metastable 3P2 state. Measurement 
has shown that transverse cooling reduces the divergence of the beam to 11 mrad. 

Zeeman slower & magneto-optical compressor 

The downstream part of the beam line is shown in detail in figure 5.4. The collimated 
and transversely caoled atomie beam enters the 1.3 m long midfield-zero Zeeman slower at 
z = 1250 mm. The atoms are decelerated by a counterpropagating laser beam that reflects 
off a downstream mirror. During deceleration the changing Doppier shift is compensated by 
the Zeeman shift that is induced by the spatially varying magnetic field of two solenoids. The 
atoms are slowed down to a velocity of 100 ± 5 mjs. A detailed discussion of the Zeeman 
slower is given in [33]. 

Due to the randomness in the direction of the spontaneously emitted photons, the di
vergence of the atomie beam in the Zeeman slower increases linearly along the z-axis. To 
counteract this effect a transverse Doppier cooling stage is added. This cooling stage is sim-
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Figure 5.3: (a) Beam profiles measured with wire scanner 1 show the effect of collimation of the atoms in 
the metastable 3 P 2 state. A significant part (rv 30%) of the non-collimated signal is caused by parasitic high 
energy products from the source, notably Ne*I 3 Po), 22 Ne* and UV photons. The acceptance of the collimator 
and the FWHM of the collimated profiles are indicated. (b) Beam profiles measured with wire scanner 2, when 
no beam stop is inserted. Without transverse cooling the atomie beam comprises 1.0 x 1012 atoms per second 
in the metastable 3

P2 state. Due toa reduction of the beam divergence, this increases to 1.1 x 1012 s- 1 with 
cooling. The FWHM of the profiles is indicated. 
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Figure 5.4: Detailed representation of the downstream part of the beam line. 
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ilar to the one behind the laser collimator and is situated between the Zeeman solenaids 
where the magnetic field is relatively small. The transverse cooling reduces the divergence of 
the decelerating beam, thereby increasing the flow of atoms within the capture range of the 
magneto-optical compressor. 

lts principle being identical to that of the MOT (see chapter 4), the Ertmer magneto
optical compressor combines a radial quadrupale magnetic field and two orthogonal pairs of 
counterpropagating, circularly polarized laser beams to generate a spatially depending force. 
The configuration of laser beams results from the recycling of a single laser beam in a mirror 
section. Due to the increase of the radial magnetic field gradient along the z-axis, the resulting 
force compresses the atoms into a narrow beam. A detailed discussion of the magneto-optical 
compressor is given in [33]. The beam is diagnosed using two cross wire scanners, that are 
depicted in figure 5.5. The various wires are marked with the letters B,C,F,G. 

Figure 5.6 shows beam profiles measured with the cross wire scanners. The FWHM of 
the profiles is indicated. For the depicted data, the flow of compressed atoms increases by 
54% due to the transverse cooling between the two solenoids. Furthermore, the mean residual 
divergence of the atomie beam is determined to be (2.2 + 2.6- 0.8- 1.0)/2/142 = 11 mrad. 

By fine-tuning the alignment of the compressor laser beam, the divergence can be reduced 
to 6 mrad. This corresponds to a transverse atomie velocity of 0.3 mjs and it is concluded 
that the optical farces in the magneto-optical compressor provide cooling up to the Doppier 
limit, which is given by vo = 0.29 mjs. 

Electrans that are emitted upon an impact of a metastable atom can return to one of 
the wires of the corresponding cross wire scanner, thereby generating a negative current. 
Consiclering a single wire, this effect can be eliminated by putting the adjacent wire on a 
relatively high positive voltage (rv 30 V). Applying this method, the flow of metastable atoms 
in the bright beam is determined to be 4.8 x 1010 s-1 . 
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stage give rise to a deflection of the atomie beam. However, as indicated, the FWHM of the beam remains 
about the same. 

Sub-Doppier cooling stage 

At a distance of 12 mm downstream from the magneto-optical compressor, a transverse sub
Doppier cooling stage is situated. Two orthogonal pairs of linearly polarized, counterpropagat
ing beams give rise to a two-dimensional molasses with polarization gradients. As explained 
insection 5.2, strong optical cooling is expected to occur, leading totransverse veloeities well 
below the one-dimensional Doppier limit. 

Figure 5.7 shows the effect of the sub-Doppier molasses on the atomie beam for a laser 
detuning 61aser = -r and a single beam laser intensity I = Io, where Io = 4 mW fcm2 is 
the saturation intensity of expression ( 4.2). Clearly, the optical forces introduce a defiection 
of the atomie beam, but no significant decrease of the FWHM is observed. Therefore, it 
can be concluded that a decrease of the beam divergence does not occur. A similar result is 
observed for different single beam intensities, I = Io/2, 2I0 , 3Io, 5I0 , or for a different laser 
detuning, ÓJaser = -5f. Since the FWHM of the atomie beam is not observed to decrease, 
it is concluded that, contrary to expectation, the sub-Doppier molasses does not give rise to 
cooling to sub-Doppier atomie temperatures. 

Reviewing the problem, it is noted that the radial quadrupele magnetic field of the 
magneto-optical compressor extends over the interaction region of the sub-Doppier cooling 
stage. Although, this field is compensated within a few Gauss by a local opposing quadrupele 
field, it is expected that the residual magnetic field has a significant infiuence on sub-Doppier 
laser cooling [34, 35]. Therefore, a systematic investigation was performed of the effects of 
a magnetic field on the optical forces in the two-dimensional molasses. This investigation is 
reported in the following sections. 

5.2 Sisyphus cooling 

The sub-Doppier cooling technique that is applied in the beam line is usually referred to as 
Sisyphus cooling or laser cooling in the lin .llin configuration. A cumhersome theoretica! 
description of two-dimensional Sisyphus cooling has been reported [36], but the principle 
is conveniently explained by consiclering an atomie transition J9 = 1/2 ~ Je = 3/2 in a 
one-dimensional, low intensity laser field. The discussion follows the presentation of [37, 38]. 
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Figure 5.8: (a) The resulting polarization in a Jin .llin polarization. (b) Atomie level scheme and Clebsch
Gordan coefficients for a J9 = 1/2 ..... J. = 3/2 transition. 

Laser field 

The molasses laser field results from the superposition of two counterpropagating waves with 
respective polarizations Ex and €y and respective phases at z = 0 equal to 0 and -1r /2. The 
waves have the same amplitude, waverrumher and frequency, denoted by Eo, k and Wlaser, 

respectively. The electric part of the total laser field can be written as 

E(z, t) = E+(z) exp( -iwlaser t) +e.c., (5.2) 

with 

E+(z) = ~0 (ex exp(ikz)- it:.y exp( -ikz)) = v;Eo (e+ cos kz- ie_ sin kz), (5.3) 

where the polarization veetors €± = =f(t:.x ± it:.y)/.../2 correspond to the u± polarizations. 
The total field can be interpreted as the superposition of two standing waves respectively u
and u+ polarized and with amplitudes .../2Eo cos kz and .../2Eo sin kz. Therefore the resulting 
ellipticity depends on z, as is illustrated in figure 5.8a. 

Light shifts and steady-state populations of the ground-state sublevels 

Figure 5.8b shows the atomie transition J9 = 1/2 ~ Je = 3/2. The resonance frequency of 
the transition is w atom and the spontaneous decay ra te of the excited-state sublevels is r. 
Subtracting the resonance frequency from the laser frequency yields the laser detuning 8 laser = 
w laser - w atom , which is assumed to be negative. 

In the usual dipale and rotating-wave approximations, the interaction between the atom 
and the laser field is characterized by the Rabi frequency 0 [39, chap. 9]. For the system of 
figure 5.8b the Rabi frequency is defined by 

n = - v..J2Eo/n, (5.4) 

descrihing a transition with a Clebsch-Gordan coefficient equal to 1 and a reduced dipale 
operator matrix element V, excited by a laser field with amplitude .../2E0 . Consiclering the 
atomie transition, the atom-laser coupling gives rise to an energy shift of the ground-state 
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Figure 5.9: Light shifts E± 1; 2 (z) of lg±1; 2 ) versus z. The size of the solid circles is proportional to the 
steady-state populations of lg±1; 2 ) for an atom at rest inz. The laser detuning is negative, ëlaser < 0. 

sublevels 19±1; 2). These so-called light shifts1 are proportional to the intensity of the excited 
transition and consist of two terms corresponding to the contribution of the two 0'+ and 0'

standing waves appearing in (5.3). In the low intensity limit (s « 1) the light shifts can be 
written as 

E+1;2(z) = M'(sin2 kz +i cos2 kz) =-
3~0 + Uo cos2 kz, 

E_1; 2(z) = 1i&'(cos2 kz+ !sin2 kz) =-
3~0 

+Uosin2 kz, 

where &' = & lasers /2 is dependent on the saturation parameter 

s = 2 
Ó laser + f 2 /4 

(5.5) 

(5.6) 

and U0 = -~M' is the depthof the potential wells associated with the spatial oscillations of 
E±1;2(z) as shown in figure 5.9. 

FUrthermore, the atom-laser coupling gives rise to a spatial modulation of the populations 
of the ground-state sublevels. It can be shown that the optical pumping rates from IY+l/2) 
to IY-1/2) and from IY-1/2) to IY+l/2) can be written 

rs 2 r + ...... -(z) = 9 cos kz, 

r -->+(z) = ~s sin2 kz, 

(5.7) 

respectively. Optical pumping rate r ±->=F can be considered as the probability per unit time 
of absorbinga 0'± photon from 19±1;2), and then decaying from le:r1;2) to IY:r1;2) by emitting 
a 1r photon. From the corresponding rate equations the steady-state populations for an atom 
at rest can be determined 

rrstat (z) - sin2 kz +1/2 - ' 

rr~tf/2(z) = cos2 kz. 
(5.8) 

1Classically, the light shift can be considered as the polarization energy of the induced atomie dipole moment 
in the driving laser field, which explains the denomination 'ac-Stark shift' which is sometimes used. 
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Figure 5.10: Sisyphus effect for a moving atom. Because of the strong corelation between the spatial depen
dendes of light shifts and optical pumping rates, the atom loses potential energy when it jumps from one 
sublevel to the other. The upper part of the diagram gives the corresponding variation of the total energy. At 
the last jump the cooling limit is reached: the kinetic energy is so low that the atom cannot reach the top of 
the hills. 

The size of the solid circles of figure 5.9 is proportional to these steady-state populations. 
The relaxation time for population differences to reach the equilibrium value is characterized 
by the optical pumping time 

Sisyphus effect 

1 rs 
- = r +-+-(z) + r --++(z) = -9 ° 
Tp 

(5.9) 

To explain the cooling mechanism, an atom is considered, moving along the z-axis in the 
bipotential E±1; 2(z). lts kinetic energy is assumed to be much larger than the modulation 
depth U0 and the optical pumping time Tp is assumed to be long, in order that the atom 
travels on the average over more than a quarter wavelength before being optically pumped 
from one sublevel to the other. 

An atom which is arbitrarily chosen to be in sublevel IY+I;2) moves in E+I;2(z) and 
may undergo a transition to IY-1; 2). The rate r +-+-(z) at which such a transition occurs is 
maximum around the tops of E+I;2(z), the atom being then put in a valley of E_1;2(z). This 
transition lowers the potential energy while leaving the kinetic energy unchanged, if recoils 
due to absorbed and re-emitted photons are neglected. From IY-1; 2) the same sequence can 
be repeated so that the atom on the average climbs more than it goes down in the energy 
diagram. An example of a sequence of successive discontinuous changes of the total atomie 
kinetic energy is shown in figure 5.10 .. This constitutes an atomie realisation of Sisyphus' 
punishment in Homer's Odyssee. 

The intuitive limit of this type of cooling is the modulation depth Uo of the potential: 
cooling is efficient until the kinetic energy is so low that the atom cannot reach the top of 
the hills. A quantitative treatment shows that, for s « 1 and I8Iaser I :» r, the equilibrium 
energy can be written 

(5.10) 
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According to equation (5.10) the temperature can be decreased by decreasing the laser inten
sity I ex 0 2 , or by increasing the absolute value of the laser detuning. For the parameters of 
this work, being s = 0.4 and <>laser = -r, the equilibrium energy is kBTs ~ 26Erec, where 
E ree = n? k2 j2m is the recoil energy. This is about a factor of 7 less than the one-dimensional 
Doppier limit kB To = 170 E ree . Furthermore, a single degree of freedom yields ~ kBT = 
~m(v2 ) and the equilibrium rms velocity becomes vs = (v2) 112 = (kBTs/m) 112 ~ 0.11 mjs. 

Sub-Doppier cooling in an external magnetic field 

In the previous section the external magnetic field is assumed to be so small that any influence 
on the sub-Doppier cooling processcan be neglected. A quantitative condition descrihing this 
situation is wz ~ 1/rp [35], where wz = 9J JlB IBext l/1i is the Larmor frequency, as men
tioned in appendix A, and Tp is the optica! pumping time. Substitution of the experimental 
parameters of this work yield IBext I~ 0.2 G. 

In a stronger magnetic field, wz ;ç 1/rp, the dynamics of atomie motion in the laser 
field is significantly altered. Enhanced Raman coupling causes the population difference and 
coherences of ground-state sublevels to change rapidly near a nonzero resonance frequency 
and therefore gives rise to sub-Doppier cooling of the atoms to this velocity. This effect 
can be modelled in terms of a velocity-selective resonance (VSR) [34, 40] that occurs when 
the difference of the Doppler-shifted frequencies of two laser beams seen by a moving atom 
equals the Zeeman splitting between a pair of ground-state sublevels, 19, ffiJ) and 19, mj). 
The general condition is given by 

(5.11) 

where ki,j are the wave veetors of the laser beams and v is the velocity of the atom. The 
different resonances are labeled by n = mj- mJ, the possible values being -2, -1, 0, +1, +2. 

Illustrating the VSR model for a specific example, the configuration of figure 5.11a is 
considered. A one-dimensional sub-Doppier molasses is formed by a configuration of two 
counterpropagating, linearly polarized laser beams 1 and 2 with orthogonal polarization vee
tors. Laser beam 1 has a polarization parallel to the external magnetic field and induces 1r 

transitions in the quantization frame set by the magnetic field direction. The polarization of 
beam 2 is perpendicular to the magnetic field direction and therefore the beam can induce 
both a+ and a- transitions. When the atom has a velocity such that 2kv = ±wz, then 
beam 1 and the a± component of beam 2 can couple ground-state sublevels with n = ±1, 
thereby giving rise to a VSR with n = ±1 . The transitions forming the n = 1 VSR are 
indicated in figure 5.11b. 

For a configuration of two orthogonal pairs of counterpropagation laser beams, equa
tion (5.11) describes a manifold of lines in the two-dimensional velocity space in which VSR 
occurs. For Ne* 1

3P2) the ground-state angular momenturn is J9 = 2 and the range for values 
of n depends on the polarization components of the concerning laser beams with respect to 
the quantization axis set by the direction of the external magnetic field. The maximum num
ber of VSR lines occurs if the orientation of the magnetic field is such that each laser beam 
can induce 1r, a- and a+ transitions. Raman coupling by counterpropagating beams gives 
rise to the set of VSR lines of figure 5.12a. The spacing between adjacent lines is 

Wz 9JI.lB IBext I 
Vres = 2k = 4Erec Vree' (5.12) 
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Figure 5.11: Illustration of the VSR modelfora specific configuation of laser beams and magnetic field. (a) The 
geometry of the laser beams and the magnetic field. (b) The level scheme with the transitions that form the 
VSR for vres = wz/2k (n = 1). The transitions indicated with an open arrow are induced by laser beam 1 
and the transitions indicated indicated with a solid arrow are induced by laser beam 2. 
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Figure 5.12: Pattem of VSR lines for Raman coupling of ground-state sublevels by: (a) counterpropagating 
laser beams, and (b) orthogonal laser beams. 

where Erec = h2k2 l2m is the recoil energy and Vree = nklm is the recoil velocity. For 
Ne* j3P2), the resonance velocity is 22 Vree per Gauss of applied magnet ie field. Ground-state 
sublevels can be coupled by orthogonal beams as well. As shown in figure 5.12b, the resulting 
VSR lines are tilted by an angle of 1r I 4 and are spaeed by .J2 v res. At the crossing of two 
VSR lines two-dimensional sub-Doppier cooling is effective and atoms are accumulated at 
these VSR points. 

5.3 Experimental configuration 

The position of the sub-Doppier cooling stage in the beam machine is indicated in figure 5.4. 
A configuration of two orthogonal pairs of counterpropagating laser beams is created by the 
recycling of a single laser beam via three mirrors, as shown in figure 5.13a. The laser beam 
has a power of 10 m W and a waist of 1 cm. lts frequency is red-detuned by one linewidth 
from the atomie resonance frequency. In the light way the circular profile of the beam is cut 
off along the sicles of a rectangle with a dirneusion of 18 mm x 5 mm. Therefore, the resulting 
two-dimensional molasses extends over a distance of 18 mm along the direction of the atomie 
beam (z direction) and has a square profile with sicles of 5 mm in the plane defined by the 
wave veetors of the four molasses beams. The mean intensity of a single beam is 4 m W I cm2. 

For a laser detuning 81aser = - r this corresponds to a single beam saturation parameter 
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Figure 5.13: (a) Cross-sections of the transverse sub-Doppier cooling stage with laser beams and coils. The coils 
along the x and y-axis have 13 windings each. The coils along the z-axis have 10 windings each. (b) Orientation 
of polarizations in the lin j_ lin configuration. 

s = 0.2. 
By twos the beams have the same linear polarization. During recycling the light passes 

a quarter wave plate twice, thereby introducing a rotation between the polarization veetors 
of counterpropagating beams. For the molasses contiguration of current interest the angle of 
rotation is 1r /2: one polarization vector lies in the xy plane and the other is directed along 
the z axis. This so-called lin .llin molasses contiguration shows polarization gradients and 
therefore it is expected to give rise totransverse sub-Doppier cooling of the atomie beam. 

In the sub-Doppier molasses the radial quadrupale magnetic field of the magneto-optical 
compressor is compensated by a local, opposing quadrupale field of a contiguration of four 
permanent compensation magnets. The residual magnetic field has a bias part Bz = 2 G 
and gradients d IBxi/dx = 0.29 Gjmm and d IByi/dy = 0.19 Gjmm. In order to investigate 
the effect of magnetic fields on the optical forces in the sub-Doppier molasses, three coil 
pairs are placed around the interaction region. As shown in tigure 5.13a, the coil pairs are 
aligned along the cartesian coordinate axes with their centers coinciding with the center of 
the molasses. The coil pairs along the x and y axis are identical: the coils have an inner 
diameter of 7 mm and are a distance of 23 mm apart. Using equations (3.3) it can be shown 
that, when carrying the same current I, the coils generate a magnetic bias field satisfying 
Bx,y/ I= 1.8 G/ A. For opposed, equal currents the coils generatea magnetic field that is zero 
in the center of the coil contiguration and has a gradient along the symmetry axis satisfying 
B ~.y/ I = 0.35 G mm-1 jA. For the coil pair along the z axis the inner diameter of the coils 
and the distance between them are 25 mm and 21 mm, respectively. The magnetic field 
parameters are Bz/I = 4.4 G/A and B~/I = 0.44 Gmm-1/A. 

The transversely cooled atomie beam is analysed with cross wire scanner 4 of figures 5.4 
and 5.5. The scanner is situated at a distance of 187 mm from the sub-Doppier molasses 
and its wires have a thickness of 0.1 mm. Since the longitudinal velocity of the atoms is well 
known, 100 ± 5 mjs, the observed spatial profile is a map of the transverse velocity profile. 
The width of the longitudinal distribution limits the accuracy of the measured transverse 
velocity to 10%. 
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5.4 Measurements and discussion 

Magnetic bias field 

The effect of a homogeneaus magnetic field on the optical farces in the sub-Doppier cooling 
molasses is determined by applying various magnetic biasfieldsin the sub-Doppler molasses 
and measuring atomie beam profiles. Using each of the three coil pairs, magnetic fields are 
applied along the three cartesian coordinate axes. The fields are defined Bx Ex, By €y and 
Bz €z. Combining the coil pairs along the x and y axis, magnetic fields Bx+y (Ex+ Ey)/-/2 
and Bx-y (Ex- Ey)/-/2 are applied. Figures 5.14 to 5.16 show sets of beam profiles for the 
various magnetic field directions. 

Entering the sub-Doppler molasses, the atomie beam has a divergence of 6 mrad. There
fore, the atoms in the beam have transverse veloeities in a range of 19 Vree. For a magnetic 
field strength IBext I = 0.5 G the resonance velocity is Vres = 11 Vree (equation 5.12) and, 
clearly, several VSR points are included in the initial velocity distri bution of the atomie beam, 
if the magnetic field is not too large. In this case the scanning wires B and C are expected to 
show profiles consisting of several narrow peaks which are separated by a distance proportional 

to IBext I· 
Increasing the magnetic field raises the spacing between the VSR lines. For IBext I~ 2 G, 

the initial velocity distribution of the beam covers only a single VSR point and sub-Doppler 
cooling is expected to occur to a single transverse velocity. Hence, a single narrow peak is 
expected to show up in the measured profiles. 

Contrary to expectation, the figures show braad, single-peaked profiles. The central posi
tion and FWHM of a profile are dependent on the magnetic field configuration. For specific 
magnetic field configurations, the observed FWHM is minimum, corresponding to an atomie 
beam divergence of 6 mrad and a transverse velocity close to the one-dimensional Doppier 
limit. In other magnetic field configurations the observed beam profiles are strongly broadened 
and therefore hardly distinguishable from the background signal. 

When applying magnetic fields Bx, By, Bx+y or Bx-y, the beam is observed to be deftected. 
In good approximation the deftection is proportional to the applied magnetic field strength. 
As a case of particular interest, figure 5.17a shows the deftection on wire B versus the applied 
magnetic field along the y axis. The slope of the deftection as a function of applied magnetic 
field is well described by the VSR model with n = ±1. In the five other situations the 
deftection is proportional to the applied magnetic field, but the slope of the deftection does 
not correspond to a V SR. N evertheless, the proportionality between deftection and magnetic 
field strength suggests that VSR plays a role in the sub-Doppler molasses. 

This suggestion is further substantiated by the observation on wire B of the beam deftec
tion with applied Bz field. As shown in figure 5.17b, the deftection is described by a VSR 
with n = -1. The direction of the deftection is the same for both positive and negative fields 
Bz, which is due to the assymetry of the optical force as a function of transverse velocity 
[35]. Extrapolating the curves of the VSR model yield an intersectionat Bz = -1.4 G. This 
field nearly compensates the residual longitudinal magnetic field, which was independently 
determined to be 2 G. 

The profiles measured on wire C with applied field Bz show a behaviour that is not 
understood. The profiles are very broadened and their deftection is not proportional to the 
applied magnetic field strength. Perhaps a strong imbalance in the intensity of the concerning 
counterpropagating beams can cause these effects. 
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Figure 5.14: Atomie beam profiles measured by scanning wires B and C. A magnetic bias field is applied, 
directed (a) along the x axis and (b) along the y axis. The molasses has the lin .llin configuration. 
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Figure 5.15: Atomie beam profiles measured by scanning wires B and C. A magnetic bias fi~ld is applied, 
directed along the z axis. The molasses has the lin ..llin configuration. 

Magnetic field gradient 

lf the magnetic field exhibits a gradient over the diameter of the atomie beam, then the 
resonance condition (5.11) varies along the diameter and sub-Doppier cooling of the atomie 
occurs to a range of resonance velocities. For a large gradient this effect leads to a broad 
atomie beam profile. 

For sub-Doppier cooling to be observable as the narrowing of the atomie beam profile, 
the magnetic field gradient is required to be so small that over a distance of the FWHM of 
the atomie beam the range of resonance veloeities is smaller than half of the one-dimensional 
Doppier limit. For the Ne* j3P2) beam this yields B ~,y ~ 0.2 G/mm. 

In order to investigate the effect of a transverse magnetic field gradient on the FWHM 
of the cooled atomie beam, the coil pairs along the x and y axis are used to apply magnetic 
field gradients B ~ and B ~' respectively. Both field gradients are varied in 20 steps from 
-0.70 G/mm to +0.70 Gfmm. However, no significant narrowing of the atomie beam profile 
is observed. A typieal set of profiles is shown in figure 5.18. 

Standing wave laser contiguration 

A second molasses configuration was investigated. Referred to as the lin lllin configuration, 
it consists of two orthogonal, linearly polarized standing waves. The polarization vector are 
tilted by an angle of 1r /4 with respect to the xy plane and therefore make an angle of 1r /3 
with respect to each other. The molasses configuration shows polarization gradients and, like 
the lin ..llin configuration, it is expected to give rise to transverse sub-Doppier cooling of the 
atomie beam. 
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Figure 5.16: Atomie beam profiles measured by scanning wires B and C. A magnetic bias field is applied, 
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Figure 5.18: Atomie beam profiles measured by scanning wire B. A magnetic field gradient is applied, directed 
along the x axis. The molasses has the Jin ..Llin configuration .. 

As before, the effect of a homogeneaus magnetic field on the optical forces of the sub
Doppier molasses is investigated by applying various magnetic biasfieldsin the sub-Doppier 
molasses and measuring atomie beam profiles. The observed effects are similar: the observed 
atomie beam divergence is 6 mrad at minimum and the atomie beam deflection is proportional 
to the applied magnetic field strength. In most situations the slope of the deflection as a 
function of applied magnetic field does not correspond to a VSR. The deflection of the atomie 
beam on wire B versus applied field Bx is an exception. Figure 5.19 shows that its slope is 
well described by the VSR model with n = ±1. 

5.5 Conclusions and recommendations 

Consiclering the transverse Doppier cooling stage of the Gemini beam machine, it is concluded 
that both the lin .llin and the lin lllin molasses contiguration do not give rise to an atomie 
beam with a sub-Doppier transverse velocity. The minimum observed beam divergence is 
6 mrad, corresponding to a transverse velocity of about the one-dimensional Doppier limit 
vo = 0.29 mjs. As explained in section 5.2, sub-Doppier cooling is expected to give rise to 
the significantly lower velocity of 0.11 mjs. This corresponds toa beam divergence of 2 mrad, 
which is 4 mrad smaller than the minimum observed divergence. 

Applying homogeneaus magnetic fields or magnetie field gradients in the interaction region 
of the sub-Doppier molasses yield a change of the direction of propagation of the beam 
and of its FWHM. These effects are not completely understood. Nevertheless, it is clear 
that velocity selective resonances play a role, since the applied fields give rise to a beam 
deflection that is proportional to the field strength. Moreover, the VSR model provides a 
quantitative description in several situations. Since the divergence is not observed to decrease 
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Figure 5.19: Atomie beam profiles measured by scanning wire B with a applied magnetic field along the x axis 
and a molasses in the lin lllin configuration. The slope of the deflection as a function of the applied magnetic 
field strength is wel! described by the VSR model. 

and, therefore, the minimum observed divergence remains 6 mrad, it is concluded that the 
magnetic field in the sub-Doppler molasses is not responsible for the extra 4 mrad of beam 
divergence. 

Perhaps, magnetic fields downstream from the sub-Doppler cooling stage can cause such
an increase of divergence. Measurement shows that the magnetic field of the magneto-optical 
compresor extends over a region up toabout 130 mm downstreamof the sub-Doppler cooling 
stage, as shown in figure 5.20. Around the axis of the beam line, this field can be approximated 
by a radial quadrupale field characterized by field gradient dBr j dr, as shown in figure 5.20. 
In such a field atoms experience a radial force [39, chap. 4], 

Fr= ffiJ 9J PB dBr/dr, (5.13) 

where mJ is the azimuthal quanturn number, 9J is the Landé g-factor and PB is the Bohr 
magneton. As in the Stern-Gerlach experiment [39, chap. 4], atoms in different magnetic 
substates JmJ} experience a different force Fr. 

Consiclering the atomie beam travelling through the magnetic field of figure 5.20, it is 
clear that, due to the dependenee of the force on the internal state JmJ}, atoms are defl.ected 
in 2J + 1 different directions. The deB.eetion is calculated by solving Newton's second law 
Fr = m d2rjdt2. Approximating the magnetic field gradient as linearly decreasing with z 
position (see figure 5.20), the various defl.ections are calculated. From such a calculation it 
follows that the force Fr leads to an additional beam divergence of 4 mrad. Clearly the radial 
magnetic field gradient downstream from the sub-Doppler cooling stage could explain the 
discrepancy of beam divergence between laser cooling theory and experiment. 

This suggestion could be tested experimentally by varying the longitudinal velocity of 
the atomie beam and monitoring the beam defl.ection. If the deB.eetion would be caused by 
force Fr. the deB.eetion decreases quadratically with the longitudinal velocity. However, if the 
beam divergence would be aresult of a some processin the sub-Doppler cooling section, the 
deB.eetion decreases linearly with longitudinal velocity. 
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Figure 5.20: The gradient of the radial quadrupole magnetic field of the magneto-optical compressor. At the 
position of the sub-Doppier cooling stage (around z = 15 mm), the magnetic field is compensated by alocal 
opposing quadrupole field. In the region downstream from the sub-Doppier cooling stage, the magnetic field is 
approximated by a linearly decreasing magnetic field gradient. Accordingly, the integral of field gradient over 
z position is approximated by the hatched triangle. 

Finally, it is noted that an atomie beam with sub-Doppier transverse veloeities might be 
obtained most efficiently by moving the sub-Doppier cooling stage beyond the magnetic field 
of figure 5.20. A minus of this situation is that at such a position the atomie beam has a 
diameter of about 2 mm, compared to 0.9 mm at the current position of the sub-Doppier 
cooling stage. 
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Chapter 6 

Conclusions 

lt is likely that magnetic trapping and subsequent Bose-Einstein condensation of Ne* can 
be achieved by applying the existing experimental techniques, provided that a number of 
criteria is fulfilled. To limit ionization trap loss to an acceptable value, the MOT must have 
a sufficiently large trapping volume. Assuming a loading rate of I = 5 x 1010 Ne* I3P2) atoms 
per second and an ionization rate of IC= 5 x 10-11 cm3 js, a minimum volume of 0.1 cm3 was 
determined. For the magnetic trap, the trapping potential must be variabie between a mode 
that matches the trapping potential of the MOT and a mode of tight confinement. For both 
modes, the optimum trap depth is about .D.IBI = 50 G, in order that, on the one hand, all 
atoms from MOT can be captured and, on the other, heating effects are limited to acceptable 
values. The minimizing of heating effects yields a condition on the geometry of the trapping 
potential as well: in the mode of tight confinement, the geometry must have a large aspect 
ratio. 

The design of the combination of MOT and magnetic trap constructed in this work fits 
the above-mentioned criteria. The magnetic field gradient of the MOT is 1 G/mm and, using 
laser beams with a large detuning from the atomie resonance (&laser = -5r), the trapping 
volume can be made sufficiently large. The magnetic trap has the cloverleaf configuration 
and, with a maximum current of 200 A, the trapping potential for transferring atoms from 
the MOT, is characterized by trapping frequencies Wr = 62 (211') Hz and Wz = 45 (211') Hz. The 
depthof the potentialis .D.IBI = 54 ± 2 G, which is close to the optimum value. In the tightly 
confining mode, the potentialis characterized by trapping frequencies Wr = 0.38 (211') kHz and 
Wz = 45 (211') Hz, and an aspect ratio A = Wr / Wz = 8.4. The depth of the magnetic trap in this 
configuration is .D.IBI = 64 ± 2 G. Fora number of 106 trapped atoms, the tight confinement 
gives rise to Bose-Einstein condensation at a transition temperature Tc = 0.83 p;K, which is 
comparable to the transition temperatures in the alkali experiments. 

The microscopie model of Doppier laser cooling of chapter 4 lends itself perfectly for 
implementation in a Monte Carlo-type computer program. Such a program can be used to 
simulate Doppier laser cooling, e.g. in the Gemini beam machine. 

All Doppier laser cooling stages of this beam machine are operational. After compression 
in the magneto-optical compressor, the cold beam camprises 4.8 x 1010 neon atoms per second 
in the metastable 3P2 state, with an axial velocity of 100 ± 5 mjs. The diameter of the beam 
is 1 mm and its divergence is 6 mrad. 

After a systematic investigation of the transverse sub-Doppier cooling stage of the Gemini 
beam machine, it was concluded that both the lin j_ lin and the lin lllin molasses configuration 
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do not give rise toanatomie beam with a sub-Doppler transverse velocity. The minimum ob
served beam divergence is 6 mrad, which is 4 mrad larger than the expected beam divergence. 
Applying homogeneaus magnetic fields or magnetic field gradients in the interaction region of 
the sub-Doppler molasses doesnotlead toa smaller beam divergence. The beam, however, 
is observed to be defiected and broadened. These effects are not completely understood, but 
it is clear that velocity selective resonances play a role. 

Finally, it was suggested that the magnetic field downstream from the sub-Doppler cooling 
stage gives rise to the extra 4 mrad of divergence. 
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Appendix A 

Zeeman effect 

In an external magnetic field B ext , the energy levels of an atom are shifted. This ph en omenon 
is known as the Zeeman effect. Using B ext as a quantization axis, the first-order correction 
to the energy may be written [39, chap. 6] 

(A.1) 

where m1 is the azimuthal quanturn number, J.LB = e1ij2me is the Bohr magneton and 

J(J + 1) + S(S + 1)- L(L + 1) 
91 = 1 + 2J(J + 1) (A.2) 

is the Landé g-factor, depending on the usual quanturn numbers L, S and J. Futhermore, 
wz = J.LB 91 IBext I/Ti is the Larmor frequency. 

Fortherelevant states Ne* I3P2) and Ne** I3D3), the g-factors are 91 = 3/2 and 91 = 4/3, 
respectively. Therefore, the respective Larmor frequencies are 2.10 x 271' and 1.87 x 271' MHz 
per Gauss of external magnetic field. The linearity of the Zeeman shift remains valid for 
IBext I« 5 x 105 G, or Ez «Ers where Ers ~ 30 meV is a typical fine structure energy for 
Ne* [41]. 
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Appendix B 

Adiabatic compression 

This appendix deals with the adiabatic compression of Ne* I3P2, mJ = 2) atoms in a cloverleaf 
trap. As derived in equation (3.9), the magnetic potential of the cloverleaf trap can be written 
as 

U(r,z) = J.LIB(r,z)l = J.L ((Bo + ~B"z2 )2 + r 2(B'
2

- ~BoB")f12 , (B.l) 

where the magnetic momenturn of Ne* I3P2, mJ = 2) is J.L = 3J.LB· In order to obtain relatively 
simple expressions, the potential is approximated as 

(B.2) 

In the potential, the atomie density is proportional to a Boltzmann factor, 

n(r, z) = no exp( -U(r, z)/kBT), (B.3) 

where the density at the origin, 

_ _!!_ (J.LB" /2kBT) 112(J.LB' /kBT) 2 
( B jk T) 

no- 7r3/2 3 + 2J.LBo/kBT exp J.L o B ' 
(B.4) 

is determined by equating the integral of n(r, z) over all space to the total number of trapped 
atoms N. 

The average potential energy per atom is calculated as 

(B.5) 

For convenience, the zero-point energy J.LBo is omitted and, taking into account an average 
kinetic energy of ~kBT, the average total energy per atom is written as 

(B.6) 

Ifthis average energy changes by an amount 6E (e.g. by an instantaneous change ofpotential), 
the corresponding change of temperature is 
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Furthermore, a change of bias magnetic field by an amount 8Bo and a change of axial field 
curvature by an amount 8B" result in a change of potential by 

1BII 2 B 2 z+o 111 11 8U(r, z) = 
1 2 2 2 2 112 

(J.L 8Bo + 2B J.L 8B ) + J.L 8Bo. (B.8) 
( ( Bo + 2 B

11 z ) + r B' ) 

Omitting the variation of the zero-point energy, the change of magnetic field parameters yields 
a change of potential energy by 

1 // ) -2 1 11 8E= N 8U(r,z)n(r,z 21rrdrdz= 3 + 2J.LBo/ksTJ.L8Bo+ 2J.LB 11 /ksTJ.L8B (B.9) 

Substituting (B.9) in (B.7), the corresponding change of temperature is found as 

1 3 + 2J.LBo/ksT ( 3 + 2J.LBo/ksT 11 ) 

ks óT = 12 3 + 4J.LBo/ ksT+ (J.LBo/ ksT) 2 -
2

J.L óBo + 2J.LB11 /ksT J.L óB · (B.10) 

The latter expression is used to compute the change of temperature during the adiabatic 
compression of section 2.4.2. In the initial stage, the temperature is 1 mK and the magnetic 
parameters are Bo = 57 G and B" = 7.0 Gjmm2• During the compression the magnetic 
parameters are changed to Bo = 0.9 G and B" = 1.1 G/mm2• Numerical solving of differential 
equation (B.10) shows that compression raises the atomie temperature to 1.3 mK. 
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Appendix C 

Radial quadrupole field of gradient coils 

This appendix is devoted to the calculation of the magnetic field of the gradient coils of 
the cloverleaf trap to first order in r, i.e. the coeffi.cients c1 and d1 of multipale polynomial 
expansion (3.2) are determined. 

Consicier two electrical wire elements 8l and 8l' at cylindrical coordinates (r, </>, z) = 
(a, /3, ±(). Each wire element is oriented parallel to the z plane and makes an angle a 
with respect to the vector a cos /3 €x +a sin ,Lhy, which is simply the projection of the position 
vector onto the z = 0 plane. The wire elements carry equal, opposed currents, denoted by I 
and I', respectively. For calculation, the wire elements are considered as vector elements, ól 
and ól', respectively, with opposite directions as determined by the corresponding currents. 

The magnetic field generated by the electrical wire elements at position P (8r, </>, 0) is 
calculated. Due to symmetry, the z component of the field vanishes for z = 0 and the field 
can be written [24, chap. 5] 

~B(r .,~.. ) = p,oi ól X €z (x· €z) 
u ur, "'' 0 27T lxl3 ' (C.1) 

where 
x = ( 8r cos</> - a cos ,8) €x + ( 8r sin</> - a sin ,8) €y + ( -() €z (C.2) 

is the vector pointing from the vector element ól to position P. To first order in 8r, the 
inverse third power of lxl can be written 

1 ( )-3/2 lxl3 = (8r)2 +a2 -2a8rcos(</>-/3)+(2 ~ 

1 ( 3a ) ~ ( a2 + (2)3/2 1 + a2 + (2 cos(</>- ,8)8r . (C.3) 

Furthermore, the outer product of ól and unit vector €z is 

ól x €z = 8l sin( a+ ,8) €x- 8l cos( a+ ,8) €y = 
= -81 sin(</>- a- ,8) €r- 8l cos(</>- a- ,8) €cf>, (C.4) 

where 8l = lóll = lól'l· Substituting (C.3) and (C.4) in (C.1) yields a magnetic field 

p,oi 8l ( ( 3a ) 
óB(8r,</>,O) = 27T (a2+(2)3/2 1+ a2+(2 cos(</>-,8)8r 

x (sin(</>- a- ,8) €r +cos(</>- a- ,8) €4>). (C.5) 
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To generate a radial quadrupele field, four of these pairs of electrical wire element must 
be combined, thereby forming the essential geometry of the gradient coils. Labelling the pairs 
by n = 1, 2, 3, 4, their position is given by ( r, 4>, z) = (a, /3 + mr /2, ±(). The orientation of 
the corresponding vector elements is characterized by a single angle a and the direction of 
the currents I= -I'= (-l)n+lJ, as before. Adding the contributions (C.5) ofthe four pairs 
yields a total magnetic field 

8B(8r,4J,O) = 
3~-"01 ( 

2 
a(

2
) 5/ 2 8r8l {(cos(a+2/3)sin24J-sin(a+2/3)cos24J)er 

7r a + ( 
+ (sin( a+ 2/3) sin 24> +cos( a+ 2/3) cos 24>) €4>}, (C.6) 

which is proportional to 8r. This radial magnetic field gradient can be considered as the 
first order approximation of the radial quadrupele field of eight electrical wire elements of 
a configuration of gradient coils. Consiclering expression (3.2), it is clear that the magnetic 
field (C.6) corresponds to the first order term of a multipele polynomial expansion with 
coefficients 

3J.Lol a( . 
8c1 = --- ( 2 2) 5/ 2 8l sm(a + 2/3), 

7r a + ( (C.7a) 

3j.tol a( 
8d1 = -- ( 2 2) 5/ 2 8l cos( a+ 2/3). 

7r a + ( (C.7b) 

The magnetic field of eight gradient coils can be determined by integrating the contribu
tion (C.6) along the geometry of the gradient coils, characterized by parameters a, {3, (,a. At 
maximum this contribution is 

(C.8) 

For fixed (, the contribution is maximum at a= (/2, falling off to zeroforsmaller and greater 
values. 

In section 3.2, each gradient coil is approximated by a pair of line segments between radii 
PI and P2· The wires connecting these segments yield a small contribution to the magnetic 
field gradient. The wire connecting the positions with radii p1 is short and therefore has a 
small contribution. The conneetion between the positions with radii p2 is situated at a large 
distance and therefore its contribution is small (expression (C.8)). Moreover, integrating 
along this wire, angle a + 2/3 varies from 0 to 27r and the integral has positive and negative 
contributions that nearly compensate. 

For the approximating line segments of section 3. 2, the angles are fixed, a = {3 = 0. The 
first order coefficients can be determined as c1 = 0 and 

(C.9) 

where ( = D was substituted. 
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Appendix D 

Magnetic potential calculation, computer 
code 

This appendix presents the code of the computer program that was written to analyse the 
magnetic trap design. The program calculates the magnetic field parameters B", B' and Bo, 
and makes contour plots of IBI. It is written in the rnathematics package Maple 5, release 5 
of Waterloo Maple, Inc .. 

restart; 

### Voor gebruik crossprod( , ) 
with(linalg): 

### CURVATURE SPOELEN EN ANTIBIAS SPOELEN 
Bz:=icb*mu0/2/Pi*((Rcb+pcb)~2+(zp-A)~2)~(-1/2)*(EllipticK(kcb) + 
(Rcb~2-pcb~2-(zp-A)~2)/((Rcb-pcb)~2+(zp-A)~2)*EllipticE(kcb)): 

Bp:=icb*mu0/2/Pi*(zp-A)/pcb*((Rcb+pcb)~2+(zp-A)~2)~(-1/2)*(-EllipticK(kcb)+ 

(Rcb~2+pcb~2+(zp-A)~2)/((Rcb-pcb)~2+(zp-A)~2)* EllipticE(kcb)): 
kcb:=sqrt(4*Rcb*pcb/((Rcb+pcb)~2+(zp-A)~2)): 

Bx:=xp/pcb*Bp: 
By:=yp/pcb*Bp: 
pcb:=sqrt(xp~2+yp~2): 

### In Bcb array staan xyz componenten van magneetvelden tgv axiale coils 
### (2 stuks); eerste index: 1=A>O, 2=A<O; tweede index: 1=x, 2=y, 3=z. 
Bcb:=array(1 .. 2,1 .. 3): 
Bcb[1,1]:=subs(A=A,Bx): 
Bcb[2,1]:=subs(A=-A,Bx): 
Bcb[1,2]:=subs(A=A,By): 
Bcb[2,2]:=subs(A=-A,By): 
Bcb[1,3]:=subs(A=A,Bz): 
Bcb[2,3]:=subs(A=-A,Bz): 

### ELLIPSEN 
assume(phi,real); assume(a>O); assume(b>O); assume(dx,real); 
assume(dy,real); R:= ((cos(phi)/a)~2+(sin(phi)/b)~2)~(-1/2); 

ellips:=array(1 .. 3,[R*cos(phi)+dx,R*sin(phi)+dy,zeta]); 
dellips:=array(1 .. 3,[diff(ellips[1],phi),diff(ellips[2],phi), 
diff(ellips[3],phi)]): 

punt:=array([xp,yp,zp]); rhovecell:=array(1 .. 3): for j from 1 to 
3 do rhovecell[j] :=punt[j]-ellips[j] od: 

rhovec3ell:=(rhovecell[1]~2+rhovecell[2]~2+rhovecell[3]~2)~(3/2): 
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crossvecell:=crossprod(dellips,rhovecell): intgell:=array(1 .. 3): 
for j from 1 to 3 do 
intgell[j]:=mu0/4/Pi•i/rhovec3ell*crossvecell[j] od: 

### Array igells bevat uitdrukkingen voor integrand (als functie van 
### integratievariabele fi) van de integraaluitdrukking (volgens wet 
### van Biot & Savart) voor de xyz componenten van magneetveld van 
### elliptische deel van gradient coils (8 stuks) 
igells:=array(1 .. 8,1 .. 3): 
for j from 1 to 3 do 
igells[1,j]:=subs({a=l,b=k,dx=O,dy=d,zeta=zeta,i=i},intgell[j]) od: 

for j from 1 to 3 do 
igells[2,j] :=subs({a=k,b=l,dx=-d,dy=O,zeta=zeta,i=-i},intgell[j]) od: 

for j from 1 to 3 do 
igells[3,j]:=subs({a=l,b=k,dx=O,dy=-d,zeta=zeta,i=i},intgell[j]) od: 

for j from 1 to 3 do 
igells[4,j]:=subs({a=k,b=l,dx=d,dy=O,zeta=zeta,i=-i},intgell[j]) od: 

for j from 1 to 3 do 
igells[5,j] :=subs({a=l,b=k,dx=O,dy=d,zeta=-zeta,i=-i},intgell[j]) od: 

for j from 1 to 3 do 
igells[6,j]:=subs({a=k,b=l,dx=-d,dy=O,zeta=-zeta,i=i},intgell[j]) od: 

for j from 1 to 3 do 
igells[7,j]:=subs({a=l,b=k,dx=O,dy=-d,zeta=-zeta,i=-i},intgell[j]) od: 

for j from 1 to 3 do 
igells[8,j] :=subs({a=k,b=l,dx=d,dy=O,zeta=-zeta,i=i},intgell[j]) od: 

### ***** 
### LINES 
line:=array([tekenx•t+trix*epsilon,tekeny•t+triy*epsilon,zeta]); 
dline:=array(1 .. 3): 
for j from 1 to 3 do 

dline[j]:=diff(line[j],t) od: 
rhovecline:=array(1 .. 3): 
for j from 1 to 3 do 
rhovecline[j]:=punt[j]-line[j] od: 

rhovec3line:=(rhovecline[1]~2+rhovecline[2]~2+rhovecline[3]~2)~(3/2): 

crossvecline:=crossprod(dline,rhovecline): 
intgline:=array(1 .. 3): 
for j from 1 to 3 do 
intgline[j]:=mu0/4/Pi•i/rhovec3line•crossvecline[j] 

od: 

### Array iglines bevat uitdrukkingen voor integrand (als functie van 
### integratievariabele t) van de integraaluitdrukking (volgens wet van 
### Biot & Savart) voor de xyz componenten van magneetveld van lineaire 
###deel van gradient coils (8 stuks); in essentie zijn 8 lineaire delen 
### verschillend 
iglines:=array(1 .. 8,1 .. 3): 
for j from 1 to 3 do 
iglines[1,j]:=subs({tekenx=1,tekeny=1,trix=O,triy=1,zeta=zeta,i=i}, 
intgline[j]) + subs({tekenx=-1,tekeny=1,trix=O,triy=1,zeta=zeta,i=-i}, 
intgline[j]) 

od: 
for j from 1 to 3 do 
iglines[2,j]:=subs({tekenx=-1,tekeny=1,trix=-1,triy=O,zeta=zeta,i=-i}, 
intgline[j]) + subs({tekenx=-1,tekeny=-1,trix=-1,triy=O,zeta=zeta,i=i}, 
intgline[j]) 
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od: 
for j from 1 to 3 do 
iglines[3,j]:=subs({tekenx=-1,tekeny=-1,trix=O,triy=-1,zeta=zeta,i=i}, 
intgline[j]) + subs({tekenx=1,tekeny=-1,trix=O,triy=-1,zeta=zeta,i=-i}, 
intgline[j]) 

od: 
for j from 1 to 3 do 
iglines[4,j]:=subs({tekenx=1,tekeny=-1,trix=1,triy=O,zeta=zeta,i=-i}, 
intgline[j]) + subs({tekenx=1,tekeny=1,trix=1,triy=O,zeta=zeta,i=i}, 
intgline[j]) 

od: 
for j from 1 to 3 do 
iglines[5,j]:=subs({tekenx=1,tekeny=1,trix=O,triy=1,zeta=-zeta,i=-i}, 
intgline[j]) + subs({tekenx=-1,tekeny=1,trix=O,triy=1,zeta=-zeta,i=i}, 
intgline[j]) 

od: 
for j from 1 to 3 do 
iglines[6,j]:=subs({tekenx=-1,tekeny=1,trix=-1,triy=O,zeta=-zeta,i=i}, 
intgline[j]) + subs({tekenx=-1,tekeny=-1,trix=-1,triy=O,zeta=-zeta,i=-i}, 
intgline[j]) 

od: 
for j from 1 to 3 do 
iglines[7,j]:=subs({tekenx=-1,tekeny=-1,trix=O,triy=-1,zeta=-zeta,i=-i}, 

intgline[j]) + subs({tekenx=1,tekeny=-1,trix=O,triy=-1,zeta=-zeta,i=i}, 
intgline[j]) 

od: 
for j from 1 to 3 do 
iglines[8,j]:=subs({tekenx=1,tekeny=-1,trix=1,triy=O,zeta=-zeta,i=i}, 
intgline[j]) + subs({tekenx=1,tekeny=1,trix=1,triy=O,zeta=-zeta,i=-i}, 
intgline[j]) 

od: 

### HOEKEN VAN INTEGRATIE 
### Parameters zijn niet over hele bereik vrij in te stellen; 
### aangenomen is dat: 
### *) b<a (k<l), 
### *) d-epsilon<=a (1); voor d-epsilon>=a moet+ in- worden veranderd 
###(gebeurt via if statement): 
### solut[1,2]:=subs({a=l,b=k},-b*sqrt(1-(solut[1,1]/a)-2)): 
### LET OP: volgorde van dummy zdd grootste wortel eerst ! 
unassign('l'): unassign('k'): unassign('epsilon'): unassign('d'): 
unassign('zeta'): unassign('muO'): unassign('i'): unassign('xp'): 
unassign('yp'): unassign('zp'): unassign('p'): unassign('pp'): 
solut:=array(1 .. 2,1 .. 3): 
dummy:=solve(k-2*(1-(xx/l)-2)=(xx-(d-epsilon))-2,xx); 

### INSTELLEN PARAMETERS: 
### 
### Algemene parameters 
### mu0=4*Pi G mm I A, buitendiameter stroomdraad (dik)) 
mu0:=4*Pi; 
dik:=3.6; 

### Parameters betreffende curvature en antibias coils 
### (inclusief afzonderlijk toegevoegde windingen om biasveld zo goed 
###mogelijk nul te maken): 
### (positie op z-as; straal; stroom; totaal aantal lagen (tlb,tlc); 
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### totaal aantal windingen per laag (twb,twb)) 
Ac0:=31; 
Rc0:=16; 
ic:=200; 
tlc:=2 ; twc:=3 
Ab0:=61; 
Rb0:=80; 
ib:=-200; 
tlb:=3 ; twb:=2 
Abx0:=61; 
RbxO:=RbO+(twb+1)•dik; 
ibx:=ib; 
tlbx:=1 ; twbx:=O ; 

### Parameters betreffende fine tuning coils: 
### (positie op z-as; straal; stroom; totaal aantal lagen (tlf); totaal 
### aantal windingen per laag (twf)) 
Af0:=31; 
RfO:=RcO+(twc+1)•dik; 
ifi:=-.6; 
tlf:=2 ; twf:=1 ; 

### Parameters betreffende gradient coils: 
### (lange as v ellips; korte as v ellips; positie in z-vlak van lineaire 
###stukken (epsilon); midden ellips (d); stroom; positie op z-as (zeta); 
###totaal aantal lagen (tlg); totaal aantal windingen per laag (twg)) 
unassign('p'): unassign('pp'): 
1:=60-p•dik; 
# l=lbuiten - p*dikte winding; lbuiten=d 
k:=42-p•dik; 
epsilon:=evalf(sqrt(2)•(p+.5)•dik); 
# epsilon=sqrt(2)•(p+1/2)•dikte winding 
d:=57; 
i:=200; 
zeta:=44+pp*dik; 
tlg:=3 ; twg:=4 ; 

### Parameters betreffende berekening 
nstot:=29; 
nztot:=29; 
nbetatot:=9; 
zp0:=-30; 
sp0:=0.000!-50; 
stapz:=evalf(60/nztot); 
staps:=evalf(100/nstot); 
beta0:=0.0001; 
stapbeta:=evalf(Pi/9); 

fd := fopen(datarqs4,WRITE,TEXT): 
### BENADERING: IBI=sqrt( (BO+Bz•z~2)~2 + (Br•r)~2) 
### BEREKENING VAN BO EN Bz: 
unassign('q'): unassign('qq'): 
dkromc := 3•muO•ic•(RcO+qq*dik)~2•(4•(AcO+q*dik)~2-(RcO+qq*dik)~2)/ 
((AcO+q•dik)~2+(RcO+qq*dik)~2)~(7/2): 

dconsc:=muO•ic•(RcO+qq*dik)~2/((AcO+q*dik)~2+(RcO+qq*dik)~2)~(3/2): 
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((AbO+q*dik)~2+(RbO+qq*dik)~2)~(7/2): 

dconsb:=muO*ib*(RbO+qq*dik)~2/((AbO+q*dik)~2+(RbO+qq*dik)~2)~(3/2): 

dkrombx := 3*muO*ibx*(RbxO+qq*dik)~2*(4*(AbxO+q*dik)~2-(RbxO+qq*dik)~2)/ 
((AbxO+q*dik)~2+(RbxO+qq*dik)~2)~(7/2): 

dconsbx:=muO*ibx*(RbxO+qq*dik)~2/((AbxO+q*dik)~2+(RbxO+qq*dik)~2)~(3/2): 

dkromf := 3*muO*ifi*(RfO+qq*dik)~2*(4*(AfO+q*dik)~2-(RfO+qq*dik)~2)/ 
((AfO+q*dik)~2+(RfO+qq*dik)~2)~(7/2): 

dconsf:=muO*ifi*(RfO+qq*dik)~2/((AfO+q*dik)~2+(RfO+qq*dik)~2)~(3/2): 

kromc:=O: kromb:=O: consc:=O: consb:=O: kromf:=O: consf:=O: krombx:=O: 
consbx:=O: 

for q from 0 to tlc do for qq from 0 to twc do 
kromc:=kromc+dkromc: 
consc:=consc+dconsc: 
od: od: 

for q from 0 to tlb do for qq from 0 to twb do 
kromb:=kromb+dkromb: 
consb:=consb+dconsb: 
od: od: 

for q from 0 to tlf do for qq from 0 to twf do 
kromf:=kromf+dkromf: 
consf:=consf+dconsf: 
od: od: 

for q from 0 to tlbx do for qq from 0 to twbx do 
krombx:=krombx+dkrombx: 
consbx:=consbx+dconsbx: 
od: od: 

print('kromming'); 
evalf(kromc); evalf(kromb); evalf(krombx); evalf(kromf); 
evalf(kromc+kromb+krombx+kromf); 
print('biasveld'); 
evalf(consc); evalf(consb); evalf(consbx); evalf(consf); 
evalf(consc+consb+consbx+consf); 
writedata(fd,[evalf(kromc), evalf(kromb), evalf(krombx), evalf(kromf), 
evalf(kromc+kromb+krombx+kromf), evalf(consc), evalf(consb), evalf(consbx), 
evalf(consf), evalf(consc+consb+consbx+consf)]): 

xsol:=5; 
solve({99.6*icsol/200-5.44*ibsol/(-200)+0.96= 
xsol*11.9,240*icsol/200-244*ibsol/(-200)+5.15=392.4 /xsol}, {icsol,ibsol}); 
Bvec:=array(1 .. 3): 
Bveccb:=array(1 .. 3): 
hoek:=array(O .. twg,1 .. 8,1 .. 4): 
snij:=array(O .. twg,1 .. 2): 
calcar:=array(O .. nbetatot,O .. nztot,O .. nstot): 

### Hoek[p,spoel,hoeknr] is de integratiehoek no. 'hoeknr' van wikkeling 'p', 
### spoel 'spoel' 
### Snij[p,1 .. 2] zijn de twee grenzen van parameter t 
for p from 0 to twg do 

for j from 1 to 2 do 
solut[j,l]:=dummy[j] 

od: 
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if (d-epsilon<=l) then solut[1,2] :=k•sqrt(1-(solut[1,1]/l)-2) 
else solut[1,2]:=-k•sqrt(1-(solut[1,1]/l)-2) fi: 

solut[1,3]:=arctan(solut[1,2]/solut[1,1]): 
solut[2,2]:=-k•sqrt(1-(solut[2,1]/l)-2): 
solut[2,3]:=-arctan(solut[2,2]/solut[2,1]): 
hoek[p,1,1]:=solut[1,3]: hoek[p,1,2]:=Pi-solut[1,3]: 
hoek[p,1,3] :=Pi+solut[2,3]: hoek[p,1,4] :=2•Pi-solut[2,3]: 
hoek[p,2,1]:=-Pi/2+solut[2,3]: hoek[p,2,2]:=Pi/2-solut[2,3]: 
hoek[p,2,3]:=Pi/2+solut[1,3]: hoek[p,2,4]:=3•Pi/2-solut[1,3]: 
hoek[p,3,1] :=solut[2,3]: hoek[p,3,2] :=Pi-solut[2,3]: 
hoek[p,3,3]:=Pi+solut[1,3]: hoek[p,3,4] :=2•Pi-solut[1,3]: 
hoek[p,4,1]:=-Pi/2+solut[1,3]: hoek[p,4,2] :=Pi/2-solut[1,3]: 
hoek[p,4,3]:=Pi/2+solut[2,3]: hoek[p,4,4] :=3•Pi/2-solut[2,3]: 
for j from 5 to 8 do 
for jj from 1 to 4 do 
hoek[p,j,jj]:=hoek[p,j-4,jj] 

od: od: 
snij[p,1]:=solut[2,1]: snij[p,2]:=solut[1,1]: 

od: 

### BEREKENING VAN Br: 
Bvec:=[O,O,O]: 
xp:=sqrt(2)/200: 
yp:=sqrt(2)/200: 
zp:=O: 

for p from 0 to twg do 
for pp from 0 to tlg do 
for dim from 1 to 3 do 
for spoel from 1 to 8 do 
Bvec[dim]:=Bvec[dim]+ 

evalf(Int(igells[spoel,dim],phi=hoek[p,spoel,1] .. hoek[p,spoel,2],5,_NCrule))+ 
evalf(Int(igells[spoel,dim],phi=hoek[p,spoel,3] .. hoek[p,spoel,4],5,_NCrule))+ 

evalf(Int(iglines[spoel,dim],t=snij[p,1] .. snij[p,2],5,_NCrule)): 
od: od: # spoel, dim 

od: od: # pp, p 
evalf(100•sqrt(Bvec[1]-2+Bvec[2]-2+Bvec[3]-2),4); 
writedata(fd,[evalf(100•sqrt(Bvec[1]-2+Bvec[2]-2+Bvec[3]-2))]); 

### BEREKENING VAN PLOTDATA 
writedata(fd,[dik,ic,tlc,twc,ib,tlb,twb,ibx,tlbx,twbx,ifi,tlf,twf,i,tlg,twg, 
nztot,nstot, nbetatot]): 

for nbeta from 0 to nbetatot do 
print(nbeta); 

for nz from 0 to nztot do 
for ns from 0 to nstot do 
zp:=zpO+stapz•nz: sp:=spO+staps•ns: 
xp:=cos(betaO+nbeta•stapbeta)•sp: yp:=sin(betaO+nbeta•stapbeta)•sp: 
Bvec:=[O,O,O]: 
for p from 0 to twg do 
for pp from 0 to tlg do 
for dim from 1 to 3 do 
for spoel from 1 to 8 do 
Bvec[dim]:=Bvec[dim]+ 

evalf(Int(igells[spoel,dim],phi=hoek[p,spoel,1] .. hoek[p,spoel,2],5,_NCrule))+ 
evalf(Int(igells[spoel,dim],phi=hoek[p,spoel,3] .. hoek[p,spoel,4],5,_NCrule))+ 

evalf(Int(iglines[spoel,dim],t=snij[p,1] .. snij[p,2],5,_NCrule)): 
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od: od: # spoel, dim 
od: od: # pp, p 

Bveccb:=[O,O,O]: 
for dimcb from 1 to 3 do 
for spoelc from 1 to 2 do 
for q from 0 to tlc do 
for qq from 0 to twc do 

Bveccb[dimcb] :=Bveccb[dimcb]+subs({A=AcO+q*dik,Rcb=RcO+qq*dik,icb=ic}, 
Bcb[spoelc,dimcb]): 

od: od: od: 
for spoelb from 1 to 2 do 
for q from 0 to tlb do 
for qq from 0 to twb do 

Bveccb[dimcb]:=Bveccb[dimcb]+subs({A=AbO+q*dik,Rcb=RbO+qq*dik,icb=ib}, 
Bcb[spoelb,dimcb]): 

od: od: od: 
for spoelbx from 1 to 2 do 
for q from 0 to tlbx do 
for qq from 0 to twbx do 

Bveccb[dimcb]:=Bveccb[dimcb]+subs({A=AbxO+q*dik,Rcb=RbxO+qq*dik, 
icb=ibx},Bcb[spoelbx,dimcb]): 

od: od: od: 
for spoelf from 1 to 2 do 
for q from 0 to tlf do 
for qq from 0 to twf do 

Bveccb[dimcb]:=Bveccb[dimcb]+subs({A=AfO+q*dik,Rcb=RfO+qq*dik,icb=ifi}, 
Bcb[spoelf,dimcb]): 

od: od: od: 
od: # dimcb 

calcar[nbeta,nz,ns] :=[zp,sp, 
evalf(sqrt((Bvec[1]+Bveccb[1])-2+(Bvec[2]+Bveccb[2])-2+ 
(Bvec[3]+Bveccb[3])-2))]; 

writedata(fd,calcar[nbeta,nz,ns]): 
od: od: # ns, nz 
od: # nbeta 
fclose(fd); 

with(plots): 
setoptions3d(axes=frame,orientation=[O,O],shading=zhue, 

contours=[80,90,100,110,120,130,140,150,151], style=patchcontour); 
pltar:=array(O .. nztot,O .. nstot): 
for nbeta from 0 to nbetatot do 
for nz from 0 to nztot do 

for ns from 0 to nstot do 
pltar[nz,ns]:=calcar[nbeta,nz,ns]: 

od: od: 
pldata:=convert(pltar,listlist): 
print(surfdata(pldata,axes=frame, labels=[z,s,Babs])); 
print(evalf((beta0+nbeta•stapbeta)/Pi,4)); od: 
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Appendix E 

Technology assessment 

At this moment, the technologkal impact of laser cooling and trapping of atoms is limited 
to high precision atomie clocks, which have provided improved timekeeping and accurate 
navigation systems as the Global Positioning System (GPS). In atomie clocks, time is related 
to an atomie transition observed in a laser cooled atomie beam. Since such a beam is immune 
to environmental perturbations to a maximum degree, these devices excel in precision and 
reproducibility. It must be noted that the extensive study of the ground-state hyperfine 
transition IF = 4, mp = 0) +--t IF = 3, mp = 0) of cesium-133, has led to a cesium atomie 
frequency standard (AFS) that reached a mature state and that, as a result, the important 
physical units of time and length use the Cs AFS as a reference1 [42]. The central frequency 
of the transition is defi.ned as v(Cs) = 9192 631770.000 Hz. 

Other applications of laser cooling and trapping of atoms are emerging, such as the fabri
cation of nanostructures and neutral atom nano-lithography. This work may become relevant 
for future developments of information technology and processing, in which industries are 
exploiting newly discovered phenomena in low-dimensional magnetic systems. The practical 
limit at this moment is structures of 10 nm wide, corresponding to about 25 atomie diame
ters. New applications can be found in ferromagnetic nanostructures, where features smaller 
than the magnetic domains can be produced. With this reduction in size, information starage 
densities of 1 terabit per square inch can be envisioned. 

1To improve length measurements, the Bureau International des Poids et Mesures (BIPM) decided in 1983 
to adopt a new definition of the meter, that considers the velocity of light as a fixed number: The meter is the 
length of the path travelled by light in vacuum during a time interval of 1/299 729 458 of a second. 
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