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Summary 

In the AQT-group of Eindhoven University of Technology an effort is being undertaken to 
create an ultra-cold plasma. As a first step towards creating such a plasma, laser cooling 
techniques will be applied to confine neutral atoms in a Magneto-Optical-Trap (MOT), in 
which they can be cooled to microKeivin temperatures. 

This thesis reports on the progress made during the last year towards realizing a MOT 
for metastable argon atoms. Hereto, an existing bright atomie beam line has been modified 
and extended with a Zeeman slower, which is necessary to reduce the longitudinal velocity 
of the atoms in the beam, and also with the infrastructure fora MOT. Both Zeeman slower 
and MOT require a combination of laser beams and static magnetic fields. 

The metastable argon atoms are produced in a low pressure gas discharge by collisions 
between electrans and background atoms. The charaderistics of the souree have been 
stuclied by looking at the pressure dependenee of the metastable argon flux and by roea
suring the velocity distribution with a Time-Of-Flight technique. The results are in good 
agreement with a modified Maxwell-Boltzmann distribution model. 

A laser system has been developed, which yields enough power to simultaneously 
operate the Zeeman slower and the MOT. Optical feedback enables tunability to the 
À = 811.531 nm wavelength of the atomie transition. Active frequency stabilization is 
used to reduce the laser's fluctuations to b.fRMS = 0.2 MHz, well below the line width of 
the atomie transition. 

To generate the magnetic fields for the Zeeman slower and MOT, a number of coils 
have been designed and realized. Laser cooling simulations have been applied in the design 
and optimization process. The resulting Zeeman slower consists of two stages: the first 
stage uses a coil inside the vacuum system, the second stage uses coils external to the 
vacuum setup. Simulations show that the Zeeman slower is capable of slowing all atoms 
with veloeities up to 185 m/s down to veloeities below the capture velocity of the MOT. 
The measured values of the magnetic fields are in good agreement with the designed values. 

The Time-Of-Flight technique has also been applied to study the effect of the Zeeman 
slower on the velocity distribution of the metastable argon atoms in the atomie beam. 
The results show general agreement with simulations of the process. The Zeeman slower 
is therefore now operational and the next step will be to trap metastable argon atoms in 
the MOT. 

1 



Acknow ledgements 

In this way I'd like to express my gratitude tosome people in person, whohave been most 
helpful during this project. 

First of all, I'd like to thank Edgar Vredenbregt for his guidance, his devotion to the 
project and the resourceful ways of turning a large pile of second hand equipment into a 
useful apparatus (a processoften referred to as 'scrapheap challenge'). 

I want to thank the group's technicians, Jolanda van de Ven and Louis van Moll, for the 
skillful fabrication of all coils and detectors and for their help in assembling the vacuum 
system over and over again. 

To Bert, who always came barging in unexpected, I say thanks for your interest and 
good advice. Also, thanks to Maarten and Kenian for having useful discussions about 50 
ways to get those darned laser diodes under controL 

I want to thank Herman Beijerinck for the fertile brainstorm sessions and for raising 
my spirits at times when I thought the universe was plotting against me. 

Last but not least, I want to says thanks to Dianne for her help in reviewing this report, 
for listening to my physics-stories without falling asleep and especially for kicking my but 
when I needed it most, and to my parents for their support over the years. 

Marc 

2 



Contents 

1 Introduetion 
101 Cold atom physics 
1.2 Ultra-Cold Plasmas 0 0 0 
1.3 Trapping rare gas atoms 
1.4 Outline of this report 0 0 

2 Laser cooling and trapping 
201 Light forces 0 0 0 0 0 0 0 0 

201.1 Spontaneous force 0 
201.2 Dipole force 0 0 0 

202 Velocity dependent force 
203 Position dependent force 
2.4 Argon atom 0 0 0 0 0 0 0 
205 Applications of laser cooling 

20 501 Magneto-Optical-Trap 
20502 Magneto-Optical Compressor 
20503 Zeeman slower 0 0 0 0 0 0 0 0 0 

3 Booster Setup 
301 Introduetion 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
302 Detection of metastable argon atoms 

30201 Wire scanner 0 0 0 0 0 
30202 Channeltron detector 0 0 0 0 0 
30203 ITO-plate 0 0 0 0 0 0 0 0 0 0 0 

303 Pressure dependenee of the Ar* yield 
304 Beam flux without MOC 0 

3.401 Flux calculation 0 0 0 0 0 0 
3.402 Flux measurements 0 0 0 0 

305 Modifications to the beam section 

4 Laser system 
401 Introduetion 0 
402 Diode lasers 0 

3 

6 
6 
6 
7 
8 

9 
9 
9 

11 
11 
12 
14 
15 
15 
17 
17 

19 
20 
22 
22 
22 
24 
25 
27 
27 
29 
31 

33 
33 
33 



CONTENTS 

4.3 Grating-feedback system .. 
4.3.1 Experimental setup . 
4.3.2 Applying feedback 

4.4 Frequency stabilization . . . 
4.4.1 Saturated-Absorption-Spectroscopy 
4.4.2 Spectrum of the frequency fiuctuations 

4.5 Probe laser system . . . . . . . . ..... 

5 Magnetic fieldsof slower and MOT 
5.1 Introduetion .... 
5.2 Design parameters 

5.2.1 MOT ..... 
5.2.2 Zeeman slower. 

5.3 Design ........ . 
5.3.1 Magnetic field of a current loop 
5.3.2 Coil geometry ..... . 
5.3.3 Performance . . . . . . . . 
5.3.4 Two-stage Zeeman slower 
5.3.5 Post-design . . . . . . 

5.4 Magnetic field measurements . 
5.4.1 Slower coil .... . 
5.4.2 MOT coils .... . 
5.4.3 Internal slower coil 
5.4.4 Discussion . . . . . 

5.5 Performance of the two-stage Zeeman slower 
5.5.1 Comparison of roodels ....... . 
5.5.2 Simulation with measured magnetic field 
5.5.3 Effect on velocity distribution 

5.6 Compensation coils 
5. 7 Condusion . . . . . . . . . . . . . . . 

6 Time-of-Flight measurements 
6.1 Introduetion ..... . 
6.2 Time-of-Flight method ... 

6.2.1 Principle . . . . . . . 
6.2.2 Cross-correlation method . 

6.3 Experimental setup . . . . . 
6.4 Souree properties . . . . . . . . . 

6.4.1 Velocity distribution ... 
6.4.2 Effect of background pressure 

6.5 Slower properties .......... . 
6.5.1 Intensity of the slower beam . 
6.5.2 Reproducibility of the measurements 

4 

CONTENTS 

35 
37 
37 
39 
39 
41 
44 

45 
45 
45 
45 
46 
47 
47 
48 
50 
51 
56 
57 
57 
58 
60 
60 
61 
61 
61 
62 
63 
65 

66 
66 
66 
66 
68 
69 
71 
71 
72 
74 
74 
74 



CONTENTS 

6.5.3 Dependenee on magnetie field .... 
6.5.4 Dependenee on saturation parameter 

7 Concluding remarks 

A Technology assessment 

5 

CONTENTS 

76 
80 

82 

88 



Chapter 1 

Introduetion 

1.1 Cold atom physics 

In the group Theoretica! and Experimental Atomie Physics and Quanturn Electronics, 
AQT, at the Physics department of the Eindhoven University of Technology, research is 
dorre into the interaction between light and atoms. Momenturn can be transferred between 
an atom and the light field by absorption and spontaneous emission of a photon. With 
the intense, monochromatic light field of a laser beam, atoms can be manipulated [1] very 
efficiently, leading to applications like highly accurate at om clocks [2], a torn lithography [3], 
atomie interferometers [4] and the prospect of quanturn computing [5]. In the 1980s laser 
cooling techniques were developed to trap a cloud of atoms and to cool them to microKeivin 
temperatures. The first Magneto-Optical-Trap (MOT) was realized in 1987 [6]. 

The further development of trapping and cooling techniques in 1995 resulted in the first 
observation of a Bose-Einstein Condensate (BEC) of a dilute cloudof alkali atoms [7, 8, 9]. 
A BEC occurs when the thermal De Broglie wavelengthof the atoms is of the sameorder 
of magnitude as the distance between the atoms. At these extremely low temperatures the 
wave functions of the atoms start to overlap, resulting in a collective behavior of the atoms. 
The bosonic character of the particles enables the atoms to occupy a single macroscopie 
quanturn state. In 2001 the first rare gas BEC was achieved [10, 11]. The ultra cold 
temperatures that can be achieved in a MOT, have recently renewed the research in high 
resolution spectroscopy and the study of ultracold collisions [12, 13, 14] of rare gas atoms. 

1.2 Ultra-Cold Plasmas 

Another exciting and new field of research made possible by the development of the 
Magneto-Optical Trap, is the study of Ultra-Cold Plasmas (UCP). At low temperatures, 
these plasmas are expected to show new phenomena, such as crystallization of the ions in 
the plasma [15]. Other reasans why UCPs are interesting are the high level of experimental 
control over the plasma parameters and the dependenee of the behavior of the plasma on 
atomie properties. 
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Introduetion § 1.3 

UCPs can be created by photo-ionizing the trapped atoms in the MOT with a pulsed 
laser [16, 17]. By tuning the photon energy just above the ionization threshold, a plasma 
can be created, with an well defined initia! kin et ie energy of re/ k 8 = 0.1K for the electrans 
and fdks = 10 f.LK for the ions at a density of typically n = 109 cm-3

. Outside the 
laboratory these conditions can only be encountered in astronomical plasmas. In such cold 
plasmas, the kinetic energy of the particles can be lower than the Coulomb interaction 
energy with nearest neighbors, in which case the plasma becomes strongly coupled and the 
usual hydrodynamic equations of motion are no langer valid. In the strongly coupled regime 
many-body spatial correlations exist [18] and phase transitions such as crystallization [15] 
of the plasma can occur. 

After the creation of the plasma the free electrans escape the region of the positive ions 
until a large enough space charge density develops to bind the remaining electrons. The 
trapped electrans exert a thermal pressure on the ions causing the plasma to expand at 
a (asymptotically) constant velocity. The decreasein electron density cools the electrons. 
Eventually, the density will become too low for the plasma to sustain itself. This hap
pens when the Debye length Às, the distance over which an electric field is screened by 
redistribution of electrans in the plasma, will become larger than the size of the plasma. 
The plasma has a lifetime in the order of 100f.LS. However, in experiments at the National 
Institute of Standards and Technology [19], ions were observed to expand faster at the 
lowest temperatures than can be expected on the basis of ambipolar diffusion alone. An 
additional energy souree to drive the expansion, was identified [20] with the observation of 
a substantial number of Rydberg atoms in the plasma. Apparently, recombination leads 
to the creation of these Rydberg atoms and the extra energy is transferred to the electrans 
in the plasma. Other experiments at Virginia, [17], Connecticut [21] and Michigan [22] 
with ultra-cold Rydberg atoms show a spontaneous evolution into a plasma and back to 
Rydberg atoms. The exact recombination mechanism is still under investigation. 

1.3 Trapping rare gas atoms 

Within AQT there is astrong interest in ultra-cold plasmas, especially in a UCP of rare 
gasses. Rare gas atoms are frequently used in technological applications and also play an 
important role in fundamental atomie physics, because of their relatively simple internal 
structure. Trapping rare gas atoms is, however, not straightforward. 

Contrary to alkali-metal and alkaline-earth elements, rare gas atom cannot be excited 
from the ground state to the first excited states via optical transitions, as this would 
require extreme-ultraviolet lasers. However, some of the first excited states in rare gas 
atoms are metastable with a long enough lifetimes to be used as 'ground' state for laser 
cooling purposes. 

Metastable atom sourees [23, 24], however, have a limited efficiency, producing metastable 
to background atom ratios of only 10-5 - 10-4 • To trap a significant number of rare gas 
atoms in the MOT, a complicated setup is required to make a bright atomie beam to 
load the trap. Additionally, the atoms in the beam need to be slowed, using laser cooling 
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Introduetion §1.4 

techniques. 
The Gemini project of the AQT group in Eindhoven uses a 4 m long beam line to 

load a MOT with metastable neon atoms. The goal of that project is to make a BEC 
of metastable neon atoms. In this report, a new metbod is discussed to load a MOT 
with metastable argon atoms, with a much shorter beam line. Instead of the commonly 
used supersonic metastable atom sources, which produce an atomie beam with velocity 
distribution peaked at high velocities, the beam line uses a low-pressure metastable atom 
source, creating an atomie beam from thermally distributed background argon atoms at 
room temper at ure. The resulting velocity distri bution of the metastable atoms, although it 
is much broader, peaks at lower velocities. The methad aims at capturing the low-velocity 
tail of this much braader velocity distribution. 

1.4 Outline of this report 

The aim of the project described in this report is to create a Magneto-Optical Trap for 
metastable argon with the ultimate goal of studying ultra-cold plasmas. Hereto a bright 
atomie beam line, called the 'Booster' [25], is modified and extended with a Zeeman slower 
and a MOT. 

Chapter 2 contains a description of the techniques required for the trapping and cooling 
of neutral particles. An explanation of the principle bebind applications like the Magneto
Optical Compressor, the Zeeman slower and the Magneto-Optical Trap is given. 

The experimental apparatus is discussed in Chapter 3. The performance of the Booster 
is summarized and diagnostic tools that have been added to the setup are explained. 
Furthermore, the achievable flux of metastable argon atoms, calculated from the geometry 
of the setup and souree characteristics, is compared to measurements. 

Two diode laser systems that have been constructed for laser cooling and diagnos
tics purposes are the subject of Chapter 4, starting with a description of diode lasers, 
grating-feedback systems and frequency stabilization techniques. Also, the construction 
and performance of these laser systems is reported upon. 

Both Zeeman slower and MOT require static magnetic fields. Chapter 5 gives an 
overview of the design and experimental realization of these coils. Magnetic field measure
ments have been performed and the results are compared to the predicted values. The 
performance of the Zeeman slower is predicted based on simulation results. 

Finally, inthelast chapter a description is given of a Time-Of-Flight technique, that has 
been used to further characterize the metastable atom souree and to verify the performance 
of the Zeeman slower. The results are compared to those of the simulations as discussed 
in Chapter 5. As a final note, throughout this report, we will denote the strength and 
gradient of magnetic fields in, respectively, units of Gauss and Gauss/mm, while pressures 
are expressed in mbar. Although not standard SI, these units are commonly used in the 
field of atomie physics. 
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Chapter 2 

Laser cooling and trapping 

2.1 Light forces 

In laser cooling, light is used to manipulate the trajectories of atoms. The momenturn 
carried by the light field càn be transferred to the neutral atom. Lasers are used because 
they produce a highly directional and intense beam of monochromatic light, which makes 
the momenturn transfer very efficient. 

Laser cooling can be explained from a semi-classical description of the atom interacting 
with the light field [26]. The atom is quantum-mechanically described as having two energy 
levels with an energy difference /:::iE = liw0 , whereas the light is described by a classica! 
electro-magnetic field with electric field component Ë(R, t) = Ë0(R)[cos(wLt- kL · R)]. 
The interaction between such an atom at rest and the electric field Ë(r', t) is given by the 
Hamiltonian: 

H = -Jleg · E(R, t), (2.1) 

with Jle9 the transition dipale moment between the ground level and the excited state. The 
force F that the light will exert on the atom is given by: 

(2.2) 

where the spatial variation of the electric field over the size of the atom is neglected. The 
optical force exerted on the atom can be of two types: a dissipative, spontaneous force and 
a conservative, dipale force. 

2.1.1 Spontaneons force 

The spontaneous force Fsp is related to the spatial dependenee of the phase of the electric 
field and arises from the steady-state solutions of the optical Bloch equations [26]: 

(2.3) 
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Laser cooling and trapping § 2.1 

with tl.L = WL- w 0 the detuning of the frequency WL of the optica! field from the frequency 
w0 of the atomie transition, r the natura! width, kL the wave number of the optica! field 
and n the Rabi frequency. The Rabi frequency is a measure for the strength of the coupling 
between the light field and the atom: 

(2.4) 

An on-resonance saturation parameter s0 can be defined: 

(2.5) 

with I the light intensity and Is the saturation intensity specific for the atomie transition. 
With this definition for s0 the spontaneous force can be rewritten: 

F _ lïkLr so 
sp - 2 1 + So + (2tl.L/r) 2 . 

(2.6) 

This can be explained as follows: the atom interacts with the light field by repeated cycles 
of absorbtion and spontaneous emission of a photon. The absorption of a photon excites 
the atom totheupper energy level. It also leadstoa momenturn transfer lïkL to the atom 
in the direction of the light propagation. If the decay to the ground level is due to the 
process of spontaneous emission, then the emitted photon will be emitted in a random 
direction and the atom will be recoiled in the opposite direction. Over many repeated 
cycles of absorption and spontaneous emission the recoil of the atom averages to zero. The 
average net momenturn transfer after one of these cycles will be lïkL in the direction of the 
light propagation. The spontaneous force is equal to the momenturn of a photon, times 
the scattering rate for photons. The maximum force Fmax which can be exerted on the 
atom in this way is equal to: 

i: _ lïkLr 
max- 2 ' (2.7) 

where r is the natura! width of the atomie transition. The factor 1/2 is the result of the 
fact that the atom is in the exited level only half the time. In reality, the force will be 
limited by the rate of the photon absorbtion process for two reasons: 

1. the limited intensity I of the light field implies there is only a limited rate of photons 
available for the absorbtion process; 

2. there will be some detuning tl.L = wL - w 0 between the optica! field frequency WL 

and the atomie transition frequency w0 . 

For low light intensity the probability of absorbinga photon is proportional to the Lorentz 
line profile: 

(2.8) 
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The chance of absorption will have a maximum when the light field is resonant with 
the atomie transition, i.e. when tlL = 0. For higher light intensity, this Lorentz line 
will be power broadened. More photons in the light field with a frequency very close to 
resonance will not result in a faster absorption, because half the atoms will already be 
in the excited state. However, more photons with a slightly detuned frequency will still 
result in a faster absorbtion. For photons with a frequency in the center of the Lorentz 
profile, the absorbtion is already saturated, whereas for photons in the wings of the Lorentz 
distribution, an increase in the number of photons will stilllead to an increased absorbtion. 

2.1.2 Dipale force 

The dipole force is caused by the interaction of the dipole moment induced in the atom 
with the gradient of the electric field amplitude. Like the spontaneous force, the dipole 
force can be found by solving the optical Bloch equations, leading to: 

- - - nb.L [ 0
2 

] 
Fdip =-V' R!Eol-2- (f1L)2 + (r /2)2 + 02/2 . (2.9) 

This can be written in termsof the gradient of the light intensity V I: 

(2.10) 

The force produced by a red-detuned laser, b..L < 0, attracts atoms to the intensity maxi
mum. The dipole force is of no importance fortherest of this report. 

2.2 Velocity dependent force 

The spontaneous force is a dissipative force and can therefore be used to cool atoms. 
Cooling requires a velocity dependent force. Equation 2.6 for the spontaneous force of an 
atom at rest in a light field, can be extended to the case of a moving atom. Hereto the 
laser detuning tlL needs replacing by the effective detuning fleff• which also contains a 
contribution b.n = -kL · v due to the Doppier effect: fleff = tlL + tln. 

Consicier the case of two counter-propagating laser beams, which are both slightly 
red-detuned tlL < 0. The Doppler effect will make the counter-propagating laser beam 
seem less red-detuned, whereas the co-propagating laser beam will seem to be even more 
red-shifted, i.e., even further away from resonance. As a result the atom will absorb 
more photons per unit of time from the counter-propagating laser beam than from the co
propagating one. The atom will always experience a force which is opposite to its velocity. 
Around v = 0 this force is proportional to the velocity and for low intensity s0 « 1 can be 
approximated by [26]: 

(2.11) 
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Laser cooling and trapping § 2.3 

where (3 is the damping coefficient. The movement of the atom is damped by the light field 
of the lasers. This is the essence of "Doppler Cooling" or "optical molasses". Figure 2.1(a) 
shows the damping force for typical conditions (D.L = -r /2 and s0 = 1) as a function of 
the velocity of the atom. Atoms with a velocity below the capture velocity Vc = -b.L/kL 
will experience the damping force given by equation 2.11. Although this methad can be 
used to slow atoms down, it cannot be used to trap atoms in a fixed region of space. Hereto 
the light-force would have to be position dependent as well. 

0.4 0.4 

0.2 0.2 

>< 0.0 >< 0.0 .. .. 
E E 

u. u. - -u. u. 

-0.2 -0.2 

-0.4 -0.4 

-2 -1 0 1 2 -2 -1 0 2 

klv/r 2nJ.L'Gx/hf 

(a) (b) 

Figure 2.1: Spontaneous force for typical conditions /j.L = -r /2 and so = 1. 
(a) Velocity dependenee of the cooling force on a moving atom. The dotted line indicates the 
capture velocity Vc = -/j.L/kL. 
(b) Position dependenee of the cooling force on a atom in a magnetic field Bx = Gx. The dotted 
line indicates the capture radius Xe = -jj.L/kL. 

2.3 Position dependent force 

If an at om is placed in a magnetic field with magnetic induction Ë, then the internal energy 
levels will shift due to the Zeeman effect. The energy shift of a magnetic sub-level mi is 
equal to D.E = -JI· Ë = /1B9mi, with J1 the magnetic moment of the atom, /1B the Bohr 
magneton and g the Landé factor. For a two level atom, with ground state g and excited 
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state e, in a magnetic field the transition frequency will shift by ~w = p,' B /h with: 

(2.12) 

the effective magnetic moment of the transition. The effective detuning in the expression 
for spontaneous force working on an atom at rest in a magnetic field will also include a 
term due to the Zeeman shift /j.eff = /j.L + p,' B jh. Hence the spontaneous force can be 
made position dependent through the spatial dependenee of the magnetic field. 

In the absorbtion process the total angular momenturn of the atom and the light field 
is conserved. As a result only certain transitions between sub-levels of the excited state 
and the ground state are allowed. For a+ polarized light, each photon carries an angular 
momenturn +h. As a consequence, for an atom in a light field with a+ polarization, only 
transitions between sub-levels for which /j.m = me - m 9 = 1 are possible. Likewise, a
polarized light will only yield transitions for which /j.m = -1. 

B 

I X 
(J 

I I 

- I m= -1 0 1 I -
Je=1---- _...J...-- ----- ......J.....-----

, ., __ -~v~ ~V:~_cr_v~ __ . 
g B<O B=O B>O 

Force--+- Force=O +--Force 

Figure 2.2: Principle of trapping of two level atom. The magnetic field locally induces a shift in 
the energy levels of the atom. As a result, an atom positioned to the left of the origin will be 
moreresonant with the a+ laser beam and will experience a force towards the right. Likewise, 
an atom located to the right of the origin will experience a force to the left. In both cases the 
atoms are accelerated towards the origin. 

Consider the case of a two level atom with atomie transition J9 = 0 --+ Je = 1 in 
an inhamogeneaus magnetic field component B(x) = Gx in the x-direction, as depicted 
in Figure 2.2. The light field is formed by two counter-propagating lasers, with opposite 
circular polarization, each of them slightly red-detuned. Due to the Zeeman splitting of 
the Je = 1 state, an atom located on the left of the origin will be more resonant with the 
a+ polarized laser running in the +x direction, than with the a- polarized laser running 
in the -x direction. Hence, it will be accelerated towards the origin. An atom on the 
right side of the origin will be more resonant with the a- polarized laser and will also be 
accelerated towards the origin. The atom will be trapped because it will always experience 
a force in the opposite direction to its displacement from the origin. In Figure 2.1 (b) the 

13 



Laser cooling 8Jld trapping § 2.4 

trapping force for an atom at rest in an inhomogeneous magnetic field B(x) = Gx is shown. 
Analogous to the damping force a capture radius Xe = -n~L/(p,'G) can be defined. For 
x < Xe the trapping force for low light intensity s0 « 1 is given by: 

~8p,'2G2 s0 (~L/f)x _ 
F = 1i[1 + (2~L/f)2]2 = -KX, 

(2.13) 

with K the spring constant. 

2.4 Argon atom 

The aim of the booster project is totrap meta-stabie argon atoms Ar*. In Figure 2.3 part 
of the energy levels for argon are given in Russel-Saunders notation. The first excited state 
4s3 P2 has a total angular momenturn quanturn number J = 2. The spontaneous decay 
back to the ground state J = 0 is suppressed by the electric dipole transition selection rule 
!:1J = 0 V ±1. As aresult the 3? 2 state has a very long lifetime (T ~ 40s) and is therefore 
sametimes called a meta-stabie state or Ar*. This Ar* state can be reached by exciting 
ground state argon atoms to a higher excited state, which then spontaneously decays to the 
Ar* state. These higher excited states can for instanee be provided by collisions between 
argon atoms and electrans in an argon gas discharge. 

13.5 
3
02 3o3 

> 13.0 

~147'f}~1om 
~ 
>- 12.5 Cl ... 
Q) 
c::: 12.0 w 

11.5 3p, 3p2 

1
So 

J=O J=-1 J=2 J=3 

Figure 2.3: Energy levels argon 

Laser cooling requires a closed transition between two energy states. In argon, the 
transition between the meta-stabie 4s3 P2 state and the 4p3 D 3 state can be used for laser 
cooling. The wavelength of the light required to pump this transition is À = 811.531 nm, 
which is invisible to the human eye. Other characteristics of this atomie transition are 
listed in Table 2.1. 

The Landé factors for the 3 P2 and the 3 D3 state are 3/2 and 4/3 respectively. Laser 
cooling with circularly polarized light cr± uses the transition between the magnetic sub
state me = ±3 of the J = 3 upper state and the m 9 = ±2 magnetic sub-state of the J = 2 

14 



Laser cooling and trapping § 2.5 

metastable state. For this transition the effective magnetic moment can be calculated with 
equation 2.12, yielding: 1./ = ±JlB· 

Table 2.1: Laser cooling parameters argon 

Mass number M 40 
Wavelength À (nm) 811.531 
Lifetime 7 ( ns) 27.3 
Naturalline width r (M Hz) 5.8(27r) 
Saturation intensity Is (W m 2) 14.26 

The transition between the 3 P2 state and the 3 D2 state requires light with a wavelength 
of À = 801.479 nm. This is not a closed transition, i.e. after excitation of an Ar* atom 
there is 72% probability [27] of the atom decaying to the ground state. This transition can 
be used for the fast depopulation of the metastable state, as will be explained in chapter 6, 
or for the conversion of Ar* atoms into UV photons (Chapter 3). 

2.5 Applications of laser cooling 

Laser cooling has many applications. In this section we will meet: the Magneto-Optical 
Trap (MOT), the Magneto-Optical Compressor (MOC) and the Zeeman slower, all ofwhich 
are a part of the Booster setup. 

2.5.1 Magneto-Optical-Trap 

A Magneto-Optical Trap (MOT) consistsof three mutually perpendicular pairs of counter
propagating laser beams. One of each pair of circularly polarized laser beams consists of 
O"+ light and the other of O"- light. All laser beams are red-detuned, providing three
dimensional laser cooling. Two parallel coils with opposite currents I generate a spherical 
quadrupale magnetic field. Both coils have the same radius R and are located at a distance 
Z from the intersection point of the laser beams, as shown in Figure 2.4. For such a 
contiguration the magnetic field Br in the radial direction around the trap center (r « R) 
is given by [28]: 

(2.14) 

where: 
3J-L0 IR2Z 

Gr = 2(R2 + Z2)5/2. (2.15) 

The magnetic field gradient Gz in the axial direction (z-direction) around the trap center 
( z « Z) has twice the strength of that in the radial direction (x or y direction): 

(2.16) 
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Figure 2.4: Configuration of a Magneto-Optical-Trap 

For small displacements and veloeities the light force Fç in the Ç direction with Ç = x, y 
or z acting on the atom is equal to the sum of the damping force ( equation 2.11) and the 
trapping force ( equation 2.13) 

Fç = - (Jvç - "'ç( (2.17) 

Note that the spring constant "'ç depends on the direc.tion ("'z = 2"'x = 2,..,y)· The move
ment of the atom in the trap is the motion of a damped oscillator with damping time 
Tdamp = ,..,; (3. The damping force cools the atom towards zero velocity. Laser cooling also 
introduces heating effects caused by the randomness of the momenturn steps after each 
spontaneous emission of a photon and the uncertainty in the number of absorbed photons 
from the light field. This diffusion process can be characterized by a momenturn diffusion 
coefficient V. The steady state equilibrium temperature is given by: 

kBT= ~ =-nf (2~L- 2~L). (2.18) 

The minimum temperature, or Doppier temperature, is reached when !J.L = -r /2. For 
argon this corresponds toT= 141~-LK. 

The change over time of the number of atoms dN / dt captured in the trap is determined 
by the difference between the incoming flux of atoms and the outgoing flux of atoms due 
to atomie collisions. For Ar* two collisional processes play a role. 

1. The first process is a callision between a cold Ar* atom and a hot background gas 
argon atom. If enough momenturn is transferred during the callision the Ar* atom 
will end up with a velocity in excess of the capture velocity, which means that it is 
no longer trapped. The rate at which this process occurs is equal to the number of 
Ar* atoms in the trap N(t) divided by a time constant Tbgrnd; 
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2. The second loss process concerns the ionizing callision between two Ar* atoms. Dur
ing the callision the large internal energy (11.5eV) is redistributed over the atoms, 
ionizing one of them, leaving the other in the ground state. Both ion and ground 
state atom are, of course, no langer trapped. The rate for ionizing collisions in a trap 
of volume V is proportional to N 2 times the ionization rate constant ~on· 

If R is the loading rate of the trap, then the change of the number of atoms over time is 
given by the following nonlinear differential equation: 

(2.19) 

To compensate for the loss processes in the MOT it has to be loaded with atoms periodi
cally. 

2.5.2 Magneto-Optical Compressor 

A Magneto-Optical Compressor (MOC) is very similar to a MOT, but with a two
dimensional trapping force. A MOC consistsof two orthogonal pairs of counter-propagating 
laser beams in the x and y direction in combination with quadrupale magnetic field. A 
beam of atoms travelling along the z direction through the MOC will be caoled in the 
radial direction and compressed towards the beam a.xis. In this way a very bright beam 
of atoms can be created. There is only a limited interaction time Tint between the atom 
and the laser field. The interaction time depends on the length L of the MOC and the 
initial velocity Vz of the atom in the a.xial direction Tint = L/vz. The length of the MOC 
is determined by the size of the laser beam. As a result not all the atoms with an initial 
velocity below the capture velocity v < Vc and initial position within the capture range 
x < Xe will be compressed towards the a.xis. They must also have an initial velocity Vz so 
that Tint > Tdamp· 

2.5.3 Zeeman slower 

In a Zeeman slower an atomie beam is decelerated by means of a circularly polarized, 
red-detuned, counter-propagating laser beam in combination with a magnetic field Bz(z) 
in the direction of the atomie beam. For a constant deceleration in the Zeeman slower the 
effective detuning Ó.ef f of the laser beam with re gard to the atomie transition must be 
constant as well. The deceleration will be large when the effective detuning is small, i.e. 
when the Zeeman shift cancels the Doppier shift and the laser detuning. From section 2.2 
and 2.3 it follows: 

(2.20) 

For the laser cooling of Ar* atoms the effective magnetic moment is equal to the Bohr 
magneton 1-l = f..LB, as was shown in the previous paragraph. For a constant deceleration 
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Figure 2.5: Zeeman shift as function of position in slower for constant deceleration. The slower 
has a lengthof 1 meter. The initial velocity is Vin= 100 m/s, the final velocity is Vfin = 33 m/s 
and the laser detuning is b.L = 0.1 GHz. 

a in a Zeeman slower of length b..z the velocity Vz(z) is given by: 

{ 
2 } _ Z- Zin Vfin 

vz(z)- Vin 1- b.. 1- - 2- , 
z vtn 

(2.21) 

with Vin and Vfin the initial and final velocity of the atoms respectively. Equations 2.20 
and 2.21 can be used to find the magnetic field given the length of the slower and the initial 
and final veloeities of the atoms. 

In order to keep the atoms in resonance during the slowing process, the change in the 
Zeeman shift must not exceed the change in the Doppier shift [29] 

dB nkL a 
-<-
dz - f1B Vz. 

(2.22) 

Figure 2.5 shows the magnetic field as a function of the position in the Zeeman slower 
for a constant deceleration. 

18 



Chapter 3 

Booster Setup 

Figure 3.1: Artist's impression of the Booster setup. 
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3.1 Introduetion 

The advantage of trapping metastable atoms is their rather large internal energy, which 
makes it easy to detect them, for instanee by converting the Ar* atoms into ions, which 
can be accelerated towards a Channeltron or Multi-Channel Plate. This will be explained 
further in § 3.2. A disadvantage is the low ratio of metastable to background atoms, due 
to a poor efficiency of the discharge sourees in which the metastable atoms are produced. 
For every metastable atom there are between 104 and 105 ground state atoms. As aresult 
metastable atoms cannot, contrary to alkali-metal atoms, be captured directly from a 
background vapor. Either, at a low density, the number of trapped atoms would be very 
low or, in the case of higher density, the lifetime of the atoms would be very poor due to 
collisions between the trapped atoms and the background atoms. A bright atomie beam is 
necessary to load the trap. The Booster is a tabie-top device that produces such a bright 
beam [25]. An artist's impression ofthe Booster setup is shown in Figure 3 and a schematic 
view of the design is given in Figure 3.2. The setup consistsof three differentially pumped 
vacuum chambers. 
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Figure 3.2: Schematic view of the Booster setup 
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The souree chamber, at a pressure of typically (10-6 -10-5 ) mbar, contains a metastable 
atom souree and a Magneto-Optical Compressor[§ 2.5] to 'boost' the intensity ofthe beam. 
The source, a commercial Edwards pressure gauge (Penning discharge), turns background 
argon atoms into metastable argon atoms producing a metastable to background atom ratio 
of rt = 9 x 10-6 [30]. The Penning discharge has a cylindrical configuration of the electrades 
and a homogeneaus axial magnetic field. The Ar* atoms are produced by collisions between 
electrans spiraling out of the plasma and background argon atoms. The background argon 
atoms are at room temperature and will therefore have a Maxwell-Boltzmann velocity 

distribution (thermal velocity a= J2kBT/m = 353 m/s for argon atoms at T=300 K). 
Only argon atoms with a velocity v in the direction of the exit of the souree will contribute 
to the atomie beam. The small probability that such an atom is excited to the metastable 
state by a callision with an electron, is proportional to the time it takes the atom to traverse 
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the souree region. Therefore, the velocity distribution of the Ar* atoms is proportional to 
1/v times the Maxwell-Boltzmann distribution. 
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Figure 3.3: Velocity distri bution of the metastable argon atoms ( solid line) and background argon 
atoms ( dasbed line) for argon atoms at room temperature T = 300 K. Only Ar* atoms with a 
velocity below the capture velocity Vcap are compressed in the MOC. 

In the MOC the atoms emanating from the souree at an axial velocity Vz lower than the 
axial capture velocity V cap of the MOC will be cooled in the radial direction and compressed 
towards the beam axis. The fraction of compressed Ar* atoms is shown in Figure 3.3. The 
magnitude of the capture velocity is in the range between 100 and 200 m/s [31, 32]. The 
lengthof the MOC is 100 mm. At the end of the MOC the atoms pass through a circular 
hole (with a diameter of 2 mm) providing the 'bright beam' and enter the next vacuum 
chamber. The bright beam produces a flux of~ 106 compressed Ar* atoms per second 
with veloeities beneath 100 m/s [32]. 

The second chamber, at a pressure of w-7 mbar, is pumped by a 500 liter/s Edwards 
EXT501 turbo-pump. An isolator is placed between the pump and the rest of the setup to 
reduce the effect of the vibrations of the pump. In the second chamber the axial velocity 
of the Ar* atoms is reduced by a two-stage Zeeman slower. The first stage consists of a 
coil situated in the vacuum, while the second stage consists of coils outside the vacuum 
system. The configuration of the coils will be discussed in more detail in Chapter 5. After 
the Zeeman slower the atoms have to pass a flow resistance (60 mm long hollow tube with 
inner diameter of 6 mm) to enter the trapping chamber. 

The trapping chamber should have a pressure of w-9 mbar and is pumped by an ion
getter pump. It has six anti-reileetion coated windows allowing the laser beams of the 
MOT to enter. In one of the side ports of the trapping chamber a Channeltron detector 
is mounted. Another detector, the loading ra te detector, is mounted 300 mm behind the 
center of the trap. 
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3.2 Detection of metastable argon atoms 

There are several ways to detect metastable atoms. Most schemes use a device that locally 
converts the metastable atoms into other secondary particles (such as an electrons, ions 
or UV photons) in combination with a detector that counts the number of secondary 
particles. The three different detectors that will be discussed in this paragraph are the 
wire scanner, the Channeltron detector and the ITO-plate (combined with a Channeltron 
detector). Figure 3.4 shows the location of the detectors in the setup. 

Souree MOC 

Wire 
Scanner 

Detector 

Loading rate 
Detector 

ITO-plate 

Channeltron 
Detector 

Figure 3.4: Location of the detectors in the setup 

3.2.1 Wire scanner 

The wire scanner consists of a 1 mm thick stainless steel wire with a length of 50 mm, 
which can be moved through the atomie beam. When an Ar* atom hits the wire, it falls 
back to the ground state a free electron is produced in the metal. The current I in the 
wire, measured with a Keithley-610B electrometer, is thus a measure fortheflux N of Ar* 
atoms: 

I= KNAe, (3.1) 

with A the exposed surface of the wire, e the elementary charge and K the detection
efficiency. For Ar* on stainless steel the detection-efficiency is K ~ 0.2 [35]. The wire 
scanner is situated directly bebind the exit of the MOC. Unfortunately, UV photons hitting 
the wire scanner will also free up electrans that add to the current. Hence, it is impossible 
to distinguish UV photons from Ar* atoms with the wire scanner. 

3.2.2 Channeltron detector 

The Channeltron detector mounted in the trapping chamber is used to count either ions 
or UV photons. When an ion or UV pboton impinges on the surface of the Channeltron 
detector it frees up an electron from the surface. This electron is accelerated further into 
the Channeltron detector by a high voltage difference (~ 3 kV) between the entrance and 
the end of the Channeltron detector, see Figure 3.5. The electron gains energy and every 
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Figure 3.5: Channeltron detector 

time it hits the wall it frees more electrans from the surface. The secondary electrans 
are also accelerated and upon callision create even more electrons. This avalanche effect 
generates a small current of millions of electrans at the end of the Channeltron detector 
on a nanosecond time-scale. This current can be converted to a voltage pulse ( ~ 1 m V), 
that can be amplified and counted. The Channeltran has a dark count of a few counts per 
second. A voltage can be applied to the grid mounted in front of the Channeltran detector, 
to repel or attract ions. 

Counting UV photons 
UV photons are generated when an Ar* atom falls back to the ground state after being 
excited to the 3 D2 state. Hereto a laser with a wavelength of 801 nm is needed [§ 2.4]. 
The photons can be counted with the Channeltron detector. The number of UV counts 
per unit of time is given by: 

Nuv = Kuv(0/4n)w, (3.2) 

where Kuv ~ 0.1 is the detection efficiency for detection of a UV photon by the Channel
tron detector, (0/4n) ~ 10-3 the solid angle efficiency of the Channeltron detector with 
respect to the center of the trap and W the number of Ar* atoms converted to UV photons 
per unit of time. Equation 3.2 tells us that W must be in the order of 105 atoms per second 
to give a detectable signal, i.e. to exceed the dark count of the Channeltron detector. The 
flux of Ar* atoms reaching the MOT without any compression in the MOC Wout, as will 
be calculated § 3.4, is clearly too low to be detected. 

Counting !ons 
Rb+-ions are generated when an Ar* atom collides with a rubidium background atom. 
Four SAES rubidium-getters are mounted near the trapping chamber, each containing a 
few mg of rubidium. If a current (typically I = 5 A) is run thraugh the dispensers, then 
they heat up and the rubidium is released at a certain rate due to a RedOx reaction. The 
Rb background pressure can be altered by adjusting the current. The ions thus formed, 
can be accelerated towards the Channeltron detector by applying a negative voltage to the 
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grid. Consequently, almost all the ions formed will reach the Channeltron detector. The 
Channeltron detector is approximately equally efficient in detecting ions and UV photons. 
The probability of an ionizing callision between an Ar* atom and a background atom de
pends on the relative velocity of the two particles. Slow Ar* atoms have a larger callision 
frequency than fast Ar* atoms. This effect can be used to detect the preserree of trapped 
particles in the MOT. The background pressure of Rb must be selected in such a way that 
the slow atoms significantly contribute to the count rate. 

3.2.3 ITO-plate 

A loading rate detector has been constructed to measure the flux of the atomie beam. The 
loading rate detector combines an ITO-plate with a Channeltron detector. An ITO-plate 
is a glass plate with a thin layer of indium tin oxide (ITO) on top of it. The ITO-plate is 
80% transparent to the 811 nm radiation of the slower laser beam. If an Ar* atom collides 
with the ITO-plate a electron is freed (Auger process). The loading rate detector has two 
modes of operation: 

• the current generated in the ITO-plate can be measured directly with an electrometer 
( similar as wire scanner); 

• if the current is too low to be measurable with the electrometer, then the ITO
plate can be grounded. The free electrans can be accelerated towards a Channeltron 
detector. The Channeltron detector is reconfigured, so that it is capable of counting 
electrons. 

In the ideal case, all electrans generated on the ITO-plate should be counted by the 
Channeltron-detector. The detection efficiency for electrans is almost unity. In the preserree 
of a magnetic field B an electron at with velocity iJ will also experience a force perpendicular 
to its motion: 

(3.3) 

If there is a strong magnetic field perpendicular to the electric field, then the electron will 
spiral around the magnetic field lines and consequently will not reach the Channeltron 
detector. The MOT and slower coils both produce astrong magnetic field. To see if these 
fields will affect the detection efficiency of the loading rate detector we make the following 
calculation: 

Table 3.1: parameters loading rate detector 

Distance between ITO-plate and channeltron d (mm) 15 
Accelerating voltage V0 (V) 300 
Magnetic field B ..1. (Gauss) 3 

The electric field magnitude is approximately equal to the ratio of the voltage V0 and 
distance d between the ITO-plate and the Channeltron detector. If the magnetic field 
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component B .l perpendicular to the electric field is zero, then the electron moves in the 
x-direction towards the Channeltron with a constant acceleration ax. The time r it takes 
the electron to travel the distance d is equal to: 

(3.4) 

with qe and me the electron charge and mass respectively. The velocity Vx of the electron 
in the x-direction is linear with time: Vx = axt with 0 < t < r. In the preserree of a 
magnetic field in the z-direction, the acceleration ay in the y-direction, also perpendicular 
to the electric field, is equal to: 

(3.5) 

For small values of the magnetic field B .l the total displacement Ytot in the y-direction at 
t = r will also be small and can be found by a double integration of ay over time: 

1
-r 1-r 1 2 {!i,q 

Ytot = aydtdt = -
3 

B .1_ d --
0 o mVo 

(3.6) 

Inserting the numerical values of Table 3.1 gives Ytot = 0.8 mm, which is small compared 
to the distance between · the ITO-plate and the Channeltron detector. The value of B .l 
is obtained through numerical calculations of the magnetic fields of the MOT and slower 
coils, which will be presented in Chapter 5. Based on this calculation the magnetic fields 
do notprevent the electrans from reaching the Channeltron. Extra magnetic shielding will 
not be necessary. The permanent magnets of the ion-getter pump, however, generated a 
magnetic field of ~ 10 Gauss at the position of the loading rate detector, when the ion
getter pump was installed close to the loading rate detector. Additionally, extra electrans 
where generated in the plasma of the ion-getter pump that were also able to reach the 
Channeltron detector. Therefore, the ion-getter pump was moved to one of the side ports 
of the trapping chamber. 

3.3 Pressure dependenee of the Ar* yield 

In the past the performance of the souree and MOC have been extensively studied [31, 32]. 
The maximum yield of slow Ar* atoms ( Vz ::; 100 m/s) from the compressor was estimated 
to be \I! = 1 x 106s- 1 by Van Ratingen. It was found that the flux of Ar* atom leaving 
the MOC strongly depends on the argon background pressure p in the souree chamber. 
It was also observed that there is a certain optimum pressure for which the flux of Ar* 
atoms reaches a maximum. This can be explained by the following argumentation: on the 
one hand, the number of Ar* atoms produced by the souree is proportional to the argon 
background density n [30]. On the other hand, with increasing pressure more collisions 
between Ar* atoms and background argon atoms will occur in the MOC, reducing its 
transmission. 
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Collisions will become important when the mean free path À of the Ar* atoms will be 
smaller than the length Lof the MOC. The mean free path is given by: 

) 
Vz 

À(vz = , 
n < Q( Vrel)Vrel > 

(3.7) 

where Vz is the axial velocity of the Ar* atom in the MOC, Q(vrel) is the total cross-section 
for collisions between Ar* and background atoms, which depends on their relative velocity 
Vrel· The brackets < > imply taking the average over the Maxwell-Boltzmann velocity 
distri bution of the background gas. The semi-classical total cross-section is given by [33]: 

( c6 )~ 
Q(vrel) = 8.08 -""' - , 

~tVrel 
(3.8) 

where C6 = 2.8 x 10-77 Jm6 is the Van der Waals constant [34]. Substitution of equation 3.8 
into equation 3.7 yields that À ex< v;~15 >, i.e. the mean free path becomes larger with 
increasing relative velocity. Figure 3.6 shows the dependenee of the mean free path on the 
axial velocity of the Ar* atoms for three different values of the background argon pressure. 
Clearly, the increase in the mean free path with axial velocity is dominated by the Vz term 
in the denominator of equation 3. 7. 

Figure 3.6: Calculation of the mean free pathof Ar* atoms as a function of the velocity at which 
they move through a background argon gas for three different background pressures. 
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The effect of the background collisions ontheflux of Ar* atoms coming out of the MOC 
can be described by a transmission coefficient T: 

T(vz) = exp(-L/-\(vz)). (3.9) 

The yield of the MOC will be at a maximum when the mean free path for slow Ar* atoms 
(::; 100 m/s) is equal to the length L of the MOC, which is the case for a pressure of 
p ~ 3 x 10-5 mbar. For higher pressures p > 3 x 10-5 the velocity distribution of the Ar* 
atoms leaving the compressor will be distorted. 

3.4 Beam flux without MOC 

The MOC can boost the intensity of the atomie beam, but at a price: it requires a lot 
of laser power. The amount of laser power P needed to operate the Magneto-Optical 
Compressor can be estimated from: 

(3.10) 

with L the length of the MOC, d the diameter of the MOC, s0 the saturation parameter 
and Is the saturation intensity. For L = 100 mm, d = 40 mm, s0 = 1 and Is = 14 Watt/m2 

this comes down to P = 56 m Watt. In reality, losses in the beam delivery of at least 50% 
have to be taken into account, so the required laser power is well above 100 m Watt. In the 
past, this amount of power was obtained from injection-locking a diode laserintoa Braad
Area-Laser (BAL) [31]. Currently, this laser system is not operational and rebuilding it 
takes a lot of time. Therefore, it would be interesting to know if it is possible to load a 
MOT without operating the compressor. Hereto, the flux of Ar* atoms reaching the MOT 
without any compression in the MOC needs to be estimated. The geometry of the beam 
line is shown in Figure 3. 7. The opening between the souree and the MOC has an effective 
area of A = 188 mm2

. To make the calculations easier, this opening is modelled as a 
circular hole with a radius of Rs = 8 mm. The length of the MOC is equal to L = 100 
mm. The exit of the MOC consists of a circular hole with a radius of RM = 1 mm. A flow 
resistance with an inner radius of Rp = 3 mm is located at a distance of about d = 300 
mm behind the exit of the MOC. Henceforth in this section the flux of Ar* atoms reaching 
the MOT will be calculated and compared to measurement results. 

3.4.1 Flux calculation 

The flux w of Ar* atoms leaving the circular hole at the exit of the MOC with a velocity 
V E [v, V+ dv] at an angle e E [e, e +de] to the symmetry axis of the setup is equal to: 

w = nryA V cose Po(e)de Pv(v)dv, (3.11) 

where n is the argon density, TJ the ratio of metastable to ground state argon atoms, A the 
surface of the hole, Pe(e) =~sine the velocity distribution in thee direction and Pv(v) 
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Figure 3. 7: Geometry of setup used for flux calculations. 

the distribution of the absolute velocity of the Ar* atoms, which is proportional to 1/v 
times the Maxwell-Boltzmann velocity distribution: 

2v v 
Pv(v)dv = 2 exp[-(- )2]dv, 

a a 
(3.12) 

with a the thermal velocity of the background argon atoms. The distribution in the 'P
direction is irrelevant because the setup is cylindrically symmetrie. Not all atoms exiting 
this hole will be captured in the MOT. As the Zeeman slower has a capture velocity of 
Vcap = 190 m/s [see Chapter 5] only Ar* atoms with a velocity v ~ Vcap have to be taken 
into account. Also, due to the flow resistance, only atoms with a velocity at an angle to 
the symmetry axis smaller than ()0 = arctan (Rpjd) will reach the trapping chamber: 

rcap r()o 
W = n77A Jo vPv(v)dv Jo cos()P9d(). (3.13) 

Additionally, not the entire surface of the souree exit will contribute. Only the center part 
of the souree exit, with a radius of R = 1.33 mm can be seen directly from the exit of 
the flow resistance. This part of the souree exit is stilllarger than the hole at the exit of 
the MOC, so it is not very accurate to describe it as a point source. Instead, the surface 
of the souree exit is divided into an infinite number of circular rings, each with a surface 
A = 21rrdr, where 0 < r < R. The velocity of an Ar* atom leaving the souree exit at a 
position r, must have an angle () E [arctan ((r /d), arctan ((RF+ r)/d)] to make it to the 
MOT. The flux IJ! slow of Ar* atoms that can be trapped in the MOT, can be found by 
integration over the surface of the exit of the source: 

lo
R fnVcap 1arctan ((RF+r)/d) 

Wtot = 11.1'] 27rr vPv(v)dv cos ()P()dBdr. 
0 0 arctan(RF/d) 

(3.14) 

With Maple this integral can be calculated analytically. At room temperature, for a typical 
pressure of p = 1 x 10-5 mbar and with the numerical values mentioned earlier inserted, 
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this yields \}1 slow = 8.4 x 103 ç 1 . If it was possible to efficiently convert the Ar* atoms into 
ions then there would be no problem with detecting such a flux of ions with a Channeltron 
detector, see § 3.2. The effect of collisions between Ar* and background atoms, however, 
has not been taken into account. This effect can be taken into account by adding an 
exponentialloss term= exp [-Lj>.(vz)]. Depending on the cross-section used, the fraction 
of atoms lost due to collisions is between 20% and 40% at a pressure of p = 1 x 10-5 mbar. 
The totalflux Wtot of Ar* atoms that reach the MOT, including all velocities, can be found 
by setting V cap to infinity in equation 3.14, yielding W tot = 8.4 x 104 s-1

. 

3.4.2 Flux measurements 

To verify the results of the calculation, measurements with both the wire scanner and the 
loading rate detector are performed to determine the total flux of Ar* atoms that reach 
the MOT, to which all veloeities contribute. The current generated on the wire scanner 
and ITO-plate are measured as a function of the souree pressure. The results are shown 
in Figure 3.8. The wire scanner is located directly after the exit hole of the MOC and 
therefore covers a larger solid angle than the ITO-plate. The solid angle covered by the 
ITO-plate is camparabie to the solid angle assumed in the flux calculations. 

covered by the detector is a lot higher detects more Simulations by Driessen predict 
a maximum total flux of Ar* atoms at a pressure of p = 1 x 10-5 mbar. The wire 
scanner measurements, shown in Figure 3.8(a), indicate a (possible) maximum in the flux 
at pressures well above p = 1 x 10-4 mbar, contradicting the predictions by Driessen. The 
explanation for this is that both Ar* atoms and UV photons are measured with the wire 
scanner and that the number of UV photons far exceeds the number of Ar* atoms. The 
number of UV photons also increases with the pressure. 

To distinguish between UV photons and Ar* atoms a laser beam with a wavelength of 
801 nm is sent through the centre of the trapping chamber to remave the Ar* atoms from 
the atomie beam. The flux is then measured with the ITO-plate, as shown in Figure 3.8(b ). 
The difference between a measurement with the chopper laser on and off is taken as a 
measure fortheflux of Ar* atoms. Figure 3.8(c) shows that at higher pressures the ratio 
of Ar* atoms to UV photons decreases, because of collisions between Ar* and background 
argon atoms. The number of Ar* has a maximum in Figure 3.8(d) at a pressure of p = 
4 x 10-5 mbar, which is 4 times higher then predicted by Driessen [31] on the basis of 
simulations. A possible explanation is that a large part of the total cross-section Q = 
722 x 10-20 m2 for Ar-Ar* collisions comes from small angle scattering, but at very small 
angles Ar-Ar* collisions would not necessarily result in a loss of Ar* atoms. If the curve 
is fitted with equation 3.14, including the transmission coefficient of equation 3.9 then a 
cross-section Q = 280 x 10-20m2

, is found. Previous measurements by Driessen with a 
wire scanner show a maximum flux at a pressure of p = 3 x 10-5 mbar, which is in good 
agreement with our results. 

At p = 1 x 10-5 mbar a flux of Wm = 1.5 x 105 Ar* atoms per second was measured. 
The calculations in the previous paragraph predict a flux, including all atomie velocities, 
of approximately W = 8.4 x 104 Ar* atoms per second at that pressure. Since a detection 
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Figure 3.8: a) Measurement of the flux of Ar* and UV photons on the wire scanner as a function 
of the pressure in the souree chamber. The wire-scanner is located directly behind the exit hole 
of the MOC, coveringa large solid angle. b) Measurement of the flux of Ar* and UV photons on 
the loading ra te detector as a function of the pressure in the souree chamber assuming a detection 
efficiency K = 1 for Ar* atoms and UV photons. The Ar* can be removed from the atomie beam 
with a laser beam. The solid angle covered by the detector is smaller than the solid angle in the 
wire scanner measurement and is comparable to the solid angle assumed in the flux calculations. 
c) The ratio of Ar* to UV as a function of pressure. d) The flux of Ar* atoms as a function of 
the pressure in the souree chamber. 
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efficiency of K = 1 was assumed for the measurements with the ITO plate, this is just a 
lower limit for the actual flux. The discrepancy between the calculations and the measure
ments of at least a factor of 2 are possibly related to modifications to the source, described 
in the next paragraph. These modifications could, for instance, have resulted in a souree 
efficiency different from the 'TJ = 9 x 10-6 measured by Te Sligte. Furthermore, the flux 
distribution from the souree is not necessarily constant over the entire souree area, as was 
assumed in the calculations. 

3.5 Modifications to the beam section 

Three modifications have been made to the beam section of the Booster: 

1. the MOC mirrors have been replaced; 

2. the size of the hole between the souree chamber and the second vacuum chamber has 
been reduced; 

3. the penning souree has been placed 4 millimeters off-centre. 

260mm 

Figure 3.9: The left figure shows a cross-section of the mirrors in the MOC. The atoms beam is 
perpendicular to the gray square. The mirrors have a length of 100 mm. A circularly polarized 
laser beam enters the mirror section of the MOC and is reflected 8 times. The right figure shows 
the configuration of the 4 permanent magnets generating the quadrupale magnetic field. 

Driessen [31] observed that the effectiveness of the MOC was limited by a poor po
larization of the four circularly polarized laser beams required for the MOC. Figure 3.9 
shows a cross-section of the MOC mirrors. Instead of four, only one multiply-reflected 
laser beam is required with this configuration. A circularly polarized laser beam enters 
the mirror section of the MOC and is reflected 8 times. In theory the reflections produce 
counter-propagating rr- and rr+ laser beams in two dimensions. If a rr+ laser beam en
ters then a rr- laser beam should come out of the MOC, instead of the observed linearly 
polarized light. The observed change in polarization was ascribed to an extra phase-shift 
between the paralleland perpendicular component of the electro-magnetic field upon each 
reflection. The phase shift after one reflection was measured to be 13.1 °. This causes an 
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imbalance in the light forces working on the atoms. To improve the performance of the 
MOC new mirrors were installed, which according to the manufacturer should not give an 
extra phase-shift. Unfortunately, measurements show that it is stilllinearly polarized light 
that comes out of the MOC. In principle the imbalance in the forces can be reduced by 
sending in elliptically polarized light (pre-compensating for the extra phase-shift). 

Besides Ar* atoms, the Penning souree also produces UV photons. These photons have 
approximately the same energy as the internal energy of the Ar* atoms. Consequently, it 
is difficult to distinguish a UV photon from an Ar* atom. To improve the ratio of slow Ar* 
atoms to UV photons in the beam, the previously used 8 by 8 mm hole between the souree 
chamber and the second vacuum chamber was replaced by a circular one with a diameter 
of just 2 mm. This reduces the number of UV photons and Ar* atoms that have an axial 
velocity in excess of the axial capture velocity Vcap of the MOC that can still enter the 
trapping chamber. The number of Ar* atoms slower than Vcap is hardly affected because 
they are compressed towards the beam axis and will therefore still be able to pass through 
the hole. 

Figure 3.10: Schematic representation of the output area of the Penning source. On the left 
the original setup, to the right the modified setup. The gray circle indicates the position of the 
central pin. The black cross shows the position of the symmetry axis of the setup. 

The flux of Ar* atoms entering the MOC from the Penning souree is to first order 
proportional to the area of the output hole of the source. This output hole has an effective 
area of 188 mm2 . The central pin of the Penning souree blocks off the middle part of the 
output area, as shown in Figure 3.10. The souree has been moved upwards 4 mm so that 
the position of the central pin no longer coincides with the axis of the Booster setup. This 
provides the Ar* atoms with a straight path along the symmetry axis of the apparatus 
from the souree to the trapping chamber, which is very useful for those experiments where 
the MOC is not used. Also, the circular mesh with 6 large holes was replaced by a new 
mesh with more but smaller holes. The new mesh has an open fraction of 60%. 
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Chapter 4 

Laser system 

4.1 Introduetion 

As was described in the previous chapter, the set up consists of three laser cooling sections: 
a MOC, a Zeeman slower and a MOT. For laser cooling there are a number of requirements 
to the laser system. The first requirement is that the laser system has to operate at a specific 
wavelength (i.e. it has to be single mode). For Ar* atoms a wavelength of >. = 811.531 
nm is needed. The second requirement is that the frequency fluctuations of the laser must 
not exceed the natural line width r = 5.8 MHz of the atomie transition. Furthermore, 
the laser system must have enough power. In our case a saturation parameter s0 2: 1 is 
needed for alllaser cooling sections. Finally, the size and focus of the laser beam have to be 
adjustable. Commercially available lasers, like the Ti-S laser and some types of dye lasers, 
can be modified tomeet the requirements. Unfortunately, these lasers are very expensive. 
Therefore, it was decided to use inexpensive diode lasers in combination with a grating
feedback system that makes them tunable and narrows the line width [36]. In the ideal 
case, all three laser cooling sections have their own separate laser system. In that case it is 
possible to adjust the detuning of each laser cooling section separately. In practice, there 
was only time to build one such laser system, with enough power to operate the MOT and 
the Zeeman slower. An additionallaser system with a wavelength of>.= 801.479 nm was 
built to chop the atomie beam (as will be discussed in Chapter 6). The demands on the 
frequency stability of this laser are less stringent. 

In § 4.2 diode lasers are briefly discussed. The function and design of the grating
feedback system are explained in § 4.3. Finally, in § 4.4 the methad of frequency stabiliza
tion of the laser system is discussed, and also measurements of the resulting stability are 
presented. 

4.2 Diode lasers 

In a diode laser, the lasing medium is a thin stripe of semiconductor material [37]. The 
wavelength of the diode laser is determined by the band gap between the conduction 
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and the valenee band of the semiconductor. For a À = 811 nm laser, the band gap is 
approximately equal to 1.5 eV. Energy is supplied by running a current through the diode 
similar as in a LED. Lasing occurs only when the current exceeds the threshold current 
of the laser. Below the threshold the laser operates as a normal LED. The light produced 
is linearly polarized in the plane of the active layer. A cavity is created by cleaving the 
semiconductor material, producing end facets with a reftectivity of typically 30%. High 
power types of diodes have facets that are coated with a special anti-refiection coating. 
The semiconductor material can provide a huge gain (~ 100 cm-1), with a braad band 
width of 10 nm. As a result of the high gain, a diode laser only requires a short cavity 
length (typically 100 J.Lm). 
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Figure 4.1: a) Gain curve as a result of band gap (dashed line) and modulation as aresult of 
internal cavity (solid line). For clarity's sake the internal mode-spacing is drawn five times larger 
than the real internal mode-spacing. b) Modulation of the gain curve as aresult of the internal 
cavity length for a reflection coefficient of 0.3. 

Figure 4.l(a) shows the typical gain curvefora diode laser. This gain curve is explicitly 
determined by the bandwidth of the band gap, which depends on the temperature of the 
diode. The current to the diode also has an effect on the temperature of the diode and 
thus indirectly infiuences the band gap. 

A reason why diode lasers have to be small, is that otherwise the mode-spacing would 
become too small to select a single mode. The mode-spacing fl.vint of the (internal) diode 
cavity is given by: 

c 
fl.vint = -L- ~ 400 GHz, 

2n int 
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where cis the speed of light in vacuum, n ~ 3.5 is the index of refraction of the semiconduc
tor material, and Lint is the lengthof the internal cavity. The opticallength Lapt = nLint 

of the internal cavity restricts the possible wavelengtbs in the cavity. The associated mod
ulation is also shown in Figure 4.1(a). Both n and Lint depend on the temperature of 
the diode (and thus indirectly also on the current). Additionally, the refractive index n 
depends on the carrier density of the diode, i.e. the current to the diode. 

The modulated gain curve of the diode laser can be obtained by multiplying the gain 
curve with the modulation caused by the internal cavity. The result is shown in Fig
ure 4.l(b). The laser will always oscillate at the wavelength where the modulated gain 
is at its maximum. An increase in temperature will shift both the gain curve and the 
modulation to longer wavelengths, but the gain curve will shift more than the modulation 
associated with the internal cavity length. At a certain point the modulated gain will have 
its maximum at a different mode of the internal cavity. At that point the laser will jump to 
a longer wavelength. Such a jump is called an internal mode-hop. Consequently, it is not 
possible to tune the wavelength continuously by changing the temperature and/or current 
of the laser. This is one of the reasans why a grating-feedback system is added to the laser. 

4.3 Grating-feedback system 

With the grating-feedback principle, part of the output power is coupled back into the 
laser by reflection on a diffraction grating [38]. In the Littrow configuration, the first-order 

diode lens grating 

Oth order 

Figure 4.2: Laser diode with optica! feedback from a grating in the Littrow configuration 

diffraction from the grating is coupled back and the directly reflected light (zeroth-order) 
forms the output beam, see Figure 4.2. A lens is used to collimate the beam. The feedback 
lowers the threshold current of the laser and forces the laser to operate on the wavelength 
of the diffracted light. The wavelength À of the first-order diffracted light meets the Bragg
condition: 

À= 2dsin(e), (4.2) 
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Figure 4.3: a) Gain curve as aresult of band gap, modulation as aresult of internal cavity (solid 
line) and gain curve as result of the angle e of the diffraction grating. In reality the internal 
mode-spacing is approximately 5 times smaller. b) Close-up: modulation as aresult of internal 
and external cavity length and gain curve as a result of the angle () of the diffraction grating. In 
reality the external mode-spacing is about 500 times smaller than the internal mode-spacing. For 
ciarity's sake the amplitude of the external cavity modulation is drawn two times too small. 

where d is the grating constant and e the angle of incidence. By varying the angle of the 
grating, the laser can be tuned over a range of over 10 nm by selecting the internal mode 
of the laser. The associated gain curve is shown in Figure 4.3(a). The grating also creates 
an external cavity between the grating and the end facet of the diode. The external cavity 
will create ( external) mode-hops b.v ext in a similar way as the internal cavity: 

c 
b.Vext = 2L ~ 4 Ghz, 

ext 
(4.3) 

where Lext is the length of the external cavity. Because the length of the external cavity 
is typically a few cm, the externalmode-hops will be much more closely spaeed than the 
internal ones. The grating-feedback system thus provides two extra parameters e and 
Lext to tune the wavelength of the laser. This enables us to tune the laser to any desired 
frequency within a 10 nm range. The most important charaderistic of the grating-feedback 
system however, is that it narrows the line width of the laser from typically 40 MHz when 
free running to ~ 1 MHz or lower with feedback [39, 40]. 
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30mm 

Figure 4.4: Details of the laser configuration. With the PZT the external cavity length can be 
varied. The two adjustment screws enable control over the horizontal and vertical angle of the 
grating with the laser beam. 

4.3.1 Experimental setup 

The grating-feedback system is shown in Figure 4.4. A 150 m W Sanyo DL-182031 laser 
is used. The collimation lens has a focal length of 6 mm. To provide good mechanica! 
stability, the diode and the lens have been assembied on the same aluminum mount. The 
diffraction grating (Optometrics LLC, 1200 lines per mm, 300 nm blaze) is glued to a 
piezo-electric actuator (PZT). By applying a voltage to the PZT the external cavity length 
can be altered. The grating and PZT are contained in a standard optical mount. With this 
mount the horizontal and vertical angles of the grating with respect to the optical axis can 
be set. Bath the optical mount holding the grating and the mount holding the laser and 
the lens are screwed to the same aluminum baseplate. The aluminum baseplateis pressed 
to a Peltier element by 4 thermally insulated screws connected to the brass baseplate of 
the laser box. The temperature of the system can be set by running a current through the 
Peltier element. The temperature of the aluminum mount is measured with a thermistor. 
A PI-feedback loop stahilizes the temperature of the system within a few mK. The laser 
box is very heavy (8 kg), providing inertial and thermal dam ping. The laser box rests on 
20 pellets of Sorbothane (an inelastic polymer), to isolate it from the optical table. Metal 
clamps that are rigidly attached to the optical table are pressed against the sides of the 
laser box, with Sorbothane pellets in between. In this way the beam pointing of the laser 
is preserved even when the cover of the laser box is removed. 

4.3.2 Applying feedback 

Figure 4.5 shows the laser power from the laser system as a function of the applied current. 
The threshold current is equal to 51 mA. The threshold current could be lowered slightly 
by ~ 2 mA by applying grating-feedback. To get the maximum amount of feedback the 
horizontal and vertical angle of the grating with respect to the optica! axis were varied 
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Figure 4.5: Measurement of the output power of the grating feedback system as a function of the 
current to the laser diode. 

until the threshold current reached a minimum. 
The amount of feedback to the laser should be chosen carefully. In the strong feedback 

regime more feedback in general willlead to a narrower line width and a better tunability at 
the expense of less usabie output power. The amount of feedback is generally defined as the 
amount of laser power that is sent back into the laser diode, but this is extremely difficult 
to measure. Instead the amount of power in the first-order reflection from the grating 
was taken as a more practical measure of the amount of feedback. This was measured 
with a photodiode detector for two Optometrics LLC gratings (both 1200 lines per mm), 
each with a different blaze and for two different orientations of the laser polarization with 
respect to the lines on the grating. Also, the amount of output power in the zeroth-order 
diffraction was measured, as was the input power to the grating from the laser. Table 4.1 
shows the results scaled to the input power from the laser to the grating. The last column 
shows the amount of power that was unaccounted for, which is the amount of light that is 
diffracted into higher orders or absorbed on the grating. For the further experiments the 
300 nm blaze grating in the parallel orientation was chosen, because of the high amount 
of available output power. The Zeeman slower and the MOT require a power of 7 and 21 
m Watt respectively, for a saturation parameter s0 = 1. Therefore, the output power of the 
laser system is sufficient to operate the Zeeman slower and the MOT simultaneously. 

By varying the (horizontal) angle of the grating the wavelength of the laser can be 
varied over a 10 nm range. The angle of the grating is used for the gross adjustment of 
the wavelength, measured with a wave-meter. Further adjustment is done by scanning the 
laser over a 1 GHz range with the PZT whilst varying the temperature of the laser until 
the absorption profile can be observed. The frequency spectrum of the laser is monitored 
with a scanning Fabry-Pérot etalon (3 GHz FreeSpeetral Range). Theetalon shows that 
the laser operates almost always single-mode, except when it is near a internal or external 
mode-hop. The fine-adjustment of the current to the laser can be used to shift any external 
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Table 4.1: Measurement of the fraction of power in the various diffraction orders of the grating. 
The results are scaled to the input power from the laser to the grating 

Grating orientation feedback power [%] output power [%] lost power [%] 
fi.rst-order zero th-order higher orders 

250nm blaze parallel 9 80 11 
perpendicular 20 51 29 

300nm blaze parallel 6 75 18 
perpendicular 14 51 35 

mode-hops near the position of the required wavelength. 

4.4 Frequency stabilization 

4.4.1 Saturated-Absorption-Spectroscopy 

For laser cooling purposes the line width of the laser must not exceed the natural line 
width of the atomie transition. This can be achieved with a technique called Saturated
Absorption-Spectroscopy (SAS) [41]. 

Hereto a laser beam is sent through an argon gas discharge. In the discharge a fraction 
of the argon atoms is excited to the metastable state. If the laser frequency w is resonant 
with the atomie transition w0 , then the light will be partially absorbed. The absorption 
profile is Doppler-broadened with a FWHM of 725 MHz [41] due to the velocity spread 
of the atoms. For laser cooling, the Doppler-broadened absorption profile is normally too 
wide to be useful for feedback purposes. Therefore saturated absorption is needed. This 
requires two overlapping, counter-propagating laser beams. The first laser beam interacts 
with atoms having a velocity of Vz = (wo- w)/kL, the second laser with atoms having the 
samevelocity but in the opposite direction. The light is absorbed by atoms in two different 
velocity groups. If the laser light is exactly on resonance w = w0 , then both laser beams 
interact with the same group of atoms (vz = 0). If the intensity of the first laser beam 
(the pump beam) is such that the absorption by atoms with Vz = 0 is already saturated, 
then a counter-propagating beam (the probe beam) will be less absorbed by those atoms. 
The absorption-profile of the probe beam will then show a small intensity peak exactly at 
resonance w = w0 . An example of such a saturated absorption peak is shown in Figure 4.6. 

The transmission peak, or absorption dip, is commonly referred to as a Lamb dip. The 
laser frequency can be stabilized to the top of the transmission peak by means of a feedback 
loop. The derivative to frequency of the absorption profile has a zero-crossing exactly at 
the resonance frequency. This means that around resonance the frequency derivative can 
be used as an error signal. To obtain the frequency derivative, the frequency of the atomie 
transition is modulated by applying a time-varying Zeeman shift to the atoms in the 
discharge cell. This is achieved by running an AC current through a coil positioned around 
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Figure 4.6: Digital scope image of a Doppler-broadened absorption profile with the transmission 
peak (Lamb dip). The laser frequency is stabilized to the top of the peak. 

Argon discharge 

coil coil 

Figure 4. 7: Schematic representation of the setup for the Saturated-Absorption-Spectroscopy. 
The modulation coil and the detuning coil both provide a homogeneaus a.xial magnetic field in 
the argon gas discharge cell in order to shift the atomie transition (Zeeman-effect). A Polarizing 
Beam Splitter Cube (PBSC) and quarter-wave plate (>./4) are used to circularly polarize the laser 
beams in the discharge. 

the gas discharge as shown in Figure 4. 7. The time modulated absorption profile is sent 
to the input of a lock-in amplifier, where it is mixed with the modulation signal. The 
time-averaged frequency difference provides the error signal for the feedback loop. The 
feedback can be applied to either the voltage on the PZT or to the laser current. The lock
in amplifier acts as an integrator, with an adjustable gain. The modulation frequency is set 
at 8.2 kHz, well above the main mechanica! resonance frequencies of the grating-feedback 
system, as will be discussed in § 4.4.2. 

Additionally, the detuning !3.L of the laser from the atomie transition can be set by 
introducing a Zeeman shift to the atomie transition of the atoms in the gas discharge by 
applying a DC current to another coil around the gas discharge. Thus a detuning range 
of !3.L = ±90 MHz, is achieved, at a coil current of 3 A. To avoid cross-talk between the 
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modulation coil and the detuning coil, a large inductor is put between the current souree 
and the detuning coil. 

For the frequency stabilization, a laser beam of approximately 5 m W is split off from 
the main laser beam. The light reflected from a polarizing beam splitter cube (PBSC) 
provides the pump beam for the Saturated-Absorption-Spectroscopy. Before entering the 
argon discharge the pump beam is polarized circularly by means of a quarter wave-plate. 
This is necessary to get the atoms inthetwo-level system for the modulation. The pump 
beam is reflected back into the gas discharge by a 60/40 beam splitter. The saturated 
absorption profile of this probe beam is detected by a photodiode detector. 

4.4.2 Spectrum of the frequency fluctuations 

To observe the frequency fluctuations of the laser, theetalon is set at a fixed length, in such 
a way that the laser frequency is at the slope of the etalorr's transmission peak which acts 
as a frequency discriminator. The distance between two transmission peaks is equal to the 
FSR of the etalon and thus provides a frequency sealing. By measuring the slope of the 
transmission peak, the variations in the transmission signal can be converted to frequency 
variations. The transmission signal from the etalon was sent to a spectrum analyzer. A 
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Figure 4.8: Spectrum of frequency fiuctuations for the laser in free running mode. The peaks in 
the spectrum indicate the position of resonances. 

typical spectrum of the frequency fluctuations is shown in Figure 4.8. Two types of peaks 
appear in the spectrum: there is an electrical disturbance, indicated by the narrow peak 
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at 50 Hz. Also, mechanical resonances show up as braader peaks at frequencies of 147 Hz 
and higher. The resonances limit the effectiveness of the feedback. With an integrator 
feedback-controller only frequency oscillations below the lowest resonance frequency can 
be reduced. Upon resonance a 90° phase-shift occurs, rendering the feedback useless. 
Feedback on the external cavity length by changing the voltage on the PZT did nat work 
well, because rnaving the grating excited the mechanical vibrations. Instead, feedback on 
the current of the laser was applied. This way of feedback has a larger bandwidth. 

To reduce the infiuence of the resonances a root cause approach was followed. The 
spectrum of the current souree was measured with the Spectrum Analyzer to see whether 
this was the cause of the electrical resonance. The current souree indeed showed a noise 
peak at 50 Hz with an amplitude of I >::::: lp, A, but this was at least 10 times toa small to 
account for the observed frequency variations. The only possible alternative explanation is 
that the 50 Hz signal is picked up by one of the ground wires to the laser box. Therefore 
all ground wires were attached to the same point on the optical table. Additionally, the 
laser box was turned into a Faraday cage to reduce the effects of stray electric fields. This 
reduced the problem somewhat. 

To find the root cause of the lowest mechanical resonances it was attempted to shift 
the resonances by changing the mass and the spring constant of the optical mount and its 
components. Unfortunately, this had. no measurable effect. The resonance frequency of 
the grating plus PZT assembly was approximately 3 kHz. When applying an AC voltage 
with that frequency to the PZT, the vibrations of the grating could clearly be heard. To 
show that the resonance at 14 7 Hz is really a mechanical one, a function generator was 
connected to a loudspeaker. The frequency variations of the laser were at a maximum, 
when a frequency of 148 ± 2 Hz was applied to the loudspeaker. To reduce the effects of 
the mechanical resonances the laser box was isolated from the optical table by putting it 
on 20 pellets of Sorbothane. This reduced the frequency variations by at least one order 
of magnitude. 

Figure 4.9(a) shows the spectrum of the laserwithand without feedback. The attenua
tion factor, defined as the ratio of the power speetral densities without and with feedback, 
is given in Figure 4.9(b ). The feedback clearly reduces frequency variations for frequencies 
below 800 Hz. However, between 800 and 1400 Hz noise is amplified. Above 1400 Hz no 
effect of the feedback is visible. An RMS-value for the variations in the transmission signal 
was found by integration over the power spectrum density. Converted to frequency varia
tions this gave b.fRMS = 2 MHz on a time scale of a few seconds, which is already good 
enough for laser cooling purposes. Feedback is still required to counter the considerable 
drift of the laser frequency on langer time scales. For the feedback to be most effective, 
a time constant of the lock-in amplifier had to be set at 1 s with a gain of 100 on the 
pre-amplifier of the loek-in. For these parameters the feedback reduced the RMS value for 
the frequency variations from b.fRMS = 2 MHzwithout feedback to b.fRMS = (0.5 ± 0.2) 
MHz. This is small compared to the naturalline width r = 5.8 MHz of the laser cooling 
transition. The frequency stability of the laser system is good enough for laser cooling 
purposes. The laser stays locked to the atomie resonance for typically an hour, which is 
long enough to conduct experiments. 
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Figure 4.9: a) Spectrum of the laser with and without feedback. b) The attenuation factor, 
defined as the ratio of the power speetral density without and with feedback. 
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4.5 Probe laser system 

For the measurements of the Ar* flux and for the Time-Of-Flight measurements, which will 
bedescribed in Chapter 6, a probe laser beam perpendicular to the atomie beam is used to 
remave the Ar* atoms from the beam by driving the open transition from the metastable 
state to the 3 D2 state, see Figure 2.3. Hereto a similar grating feedback system is applied 
toa Sharp LD016-MD diode laser. This laser system is tuned to the required wavelengthof 
À = 801.4 79 nm. An argon gas discharge provides the reference frequency. The demands on 
the frequency stability are less stringent than for laser cooling. No Saturated-Absorbtion
Spectroscopy is needed. Instead, it is already sufficient to stabilize the laser frequency to 
the top of the Doppier broadened absorption profile. The laser is nearly always single-mode 
and stays locked for a whole day. It was not necessary to detune the laser frequency with 
respect to the atomie transition. The output power of the probe laser available to the 
experiment was P = 8.5 m W, which is enough to remave all Ar* atoms from the atomie 
beam. 
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Chapter 5 

Magnetic fieldsof slower and MOT 

5.1 Introduetion 

Before the Ar* atoms in the atomie beam can be trapped in a MOT, their longitudinal 
velocity has to be decreased in a Zeeman slower. The theoretica! background of both these 
laser cooling applications has been discussed in Chapter 2. Both require a static magnetic 
field. In this chapter the emphasis is on the design and practical realization of the magnetic 
fieldsof the MOT and the Zeeman slower. 

In the next paragraph the design parameters for the MOT and Zeeman slower are 
identified. These parameters yield the desired shape of the magnetic fields. In § 5.3 a 
geometry for the coils of the MOT and Zeeman slower is suggested. A numerical model 
is ptesented to calculate the magnetic fields generated by this geometry of coils. Then, a 
simple, dynamical model is used to calculate the deceleration in the Zeeman slower given 
the magnetic fields. Another simulation program is used to calculate the capture velocity 
of the Zeeman Slower. The experimental realization of the coils is briefiy reported upon. 
In § 5.4 the results of magnetic field measurements are presented. Based on these magnetic 
fieldsin § 5.5, further simulations have been performed to calculate the effect of the Zeeman 
slower on the atomie beam. 

5.2 Design parameters 

5.2.1 MOT 

While in the center of the MOT the magnetic field must be zero, the main design parameters 
for the coils of the MOT are the magnetic field gradients in the center of the trap in all 
three dimensions. These can be generated by a quadrupale magnetic field. To get an idea 
of the required magnitude of the magnetic field gradients a comparison was made to the 
MOT of the Gemini project. The magnetic field gradient in the axial direction of the Ne* 
MOT is equal to ~~ = 1.0 Gjmm [42]. Table 5.1 gives a comparison between the laser 
cooling parameters for argon and neon [26]. For the damping time of both traps to be 
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Table 5.1: Overview laser cooling parameters argon and neon 

I Parameter 11 argon I neon I 

Mass number M 40 20 
Wavelength >. (nm) 811.531 640.23 
N atural line width r ( M Hz) 5.8(2rr) 8.2(2rr) 

equal, see § 2.5.1, the gradient of the argon MOT must be equal to the gradient of the 
neon MOT multiplied by the ratio of the wavelengths for neon and argon: 

(dB) >we (dB) 
dz Ar = ÀAr dz Ne' 

(5.1) 

which yields an axial magnetic field gradient of ~~ = 0.79 Gauss/m for the argon MOT. 
To obtain an estimate for the capture velocity of the MOT we compute the one

dimensional spontaneous forces working on an atom moving through the trap ( equa
tion 2.6). For this first order calculation the magnetic fields and the Gaussian profile 
of the laser beams can be neglected [43]. To find the capture velocity, the equation of 
motion is solved numerically with the constraint that the atom must be stopped by the 
time the atom has reached the other side of the trapping region. The size of the trap is 
determined by the 18 mm diameter of the laser beams. For typical parameters (saturation 
parameter s0 = 1 and a detuning .6.L = -4r) this yields a capture velocity of Vc = 26 
m/s. This calculation provides a lower limit, because in reality the capture velocity will 
be higher due to the spatially dependent Zeeman-shift. 

5.2.2 Zeeman slówer 

For a constant deceleration a = Tfamax = Tfh;~r (with Tl :::; 1) in the Zeeman Slower the 
conesponding magnetic field can be calculated with equation 2.21, given the length of 
the device and the initia! and final veloeities of the atoms. The final velocity should be 
lower than the capture velocity of the MOT. The initia! velocity (or capture velocity of 
the Zeeman slower), on the one hand, should be as high as possible to capture a large part 
of the velocity distribution of the source. On the other hand, there is no reason for the 
capture velocity of the Zeeman slower to exceed the capture velocity of the MOC, which is 
between 100 m/s and 200 mjs. The lengthof the Zeeman slower cannot be chosen freely, 
as it is restricted by the available space ~ 230 mm to put coils around the setup. With 
these restrictions in mind we have to choose the redundance Tl of our Zeeman slower. 

The maximum deceleration amax that can be reached with laser cooling is amax = 

2.2 x 105 ms-2 for an argon atom. Designinga Zeeman slower with aredundance close to 
unity is not very realistic as it requires very high light intensity. Also, the atoms must then 
beresonant with the laser light all the time, so that fl.uctuations due to the stochastic nature 
of the spontaneous emission and absorption processes, fl.uctuations in the laser frequency 
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or small errors in the magnetic field would be fatal. Instead, we choose ry ~ 0.5, because 
this only requires a laser intensity equal to the saturation intensity (s 0 = 1), which can be 
obtained from the laser system described in Chapter 4. A higher saturation parameter then 
provides a margin to counter the effect of the previously mentioned fluctuations. Figure 5.1 

200 

50 

0+-~-,~~r-~~---,~~ 
-250 -200 -150 -100 -50 0 

Axial position [mm] 

Figure 5.1: The required magnetic field along the symmetry axis of the Zeeman slower for a 
constant deceleration of a = amax/2. The axial position zero corresponds to the center of the 
trapping chamber. 

shows the desired magnetic field for such a Zeeman slower, capable of slowing down atoms 
with a velocity up to 130 mjs. To generate exactly this magnetic field would require a 
complicated coil. Instead the magnetic field is approximated by using the combined field 
of the MOT coils and two additional coils, as will be shown in the next paragraph. 

5.3 Design 

5.3.1 Magnetic field of a current loop 

For the design of the coils it is necessary to calculate the generated magnetic field, from 
design parameters like the dimensions of the coils and the applied currents. Hereto, the 
coil is modelled as a number N of infinitely thin circular current loops, each carrying a 
current I. Each loop has a certain radius R and a certain displacement Z along the axis of 
the coil. The magnetic fields Er and Bz in the radial and axial direction from each current 
loop can be analytically calculated [28]: 

f.Lol z- Z ( K( 2) R
2 + r 2 + (z- Z)

2 
2 ) 

27rrj(R+r)2+(z-Z)2 - "' + (R-r)2+(z-Z)2 E(K) ' 

- K(K2
) + E(K2

) ' 
f.Lol 1 ( R2 

- r 2 
- ( z - Z)2 

) 

27r j(R+r)2+(z-Z)2 (R-r)2+(z-Z) 2 
(5.2) 
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where K and E are the complete elliptic integral of the first and second kind respectively, 
p.0 is the magnetic permeability in vacuum and K

2 is given by: 

2 4Rr 
/'i, = ------:----=-

(R + r) 2 + (z- Z)2 
(5.3) 

The magnetic field of a coil is then simply the sum of the magnetic fields of all current 
loops. For a coil that is short compared to its radius, the magnetic field can be estimated 
by only one current loop with an effective current Ieff = NI and a mean radius Rm = 

(Rmax + Rmin) /2, provided that the difference between the largest and smallest radii, Rmax 
and Rmin is small compared to this mean radius (Rmax- Rmin) « Rm. 

5.3.2 Coil geometry 
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z 

Figure 5.2: Geometry of the MOT and Zeeman slower coils. 

For the MOT and the Zeeman slower a geometry of coils is suggested, as shown in 
Figure 5.2. The two identical MOT coils, at equal distances to the trapping center, have 
their symmetry axis perpendicular to the atomie beam, creating a quadrupale magnetic 
field as is required for the MOT. The slower coil has its symmetry axis along the atomie 
beam. Because a zero magnetic field is required in the center of the trapping chamber a 
cancellation coil, carrying an opposite current, is added to the other side of the trapping 
chamber, creating another quadrupale magnet ie field. Magnetic field calculations were 
performed to determine the proper dimensions of the coils. A suitable set of parameters of 
the coils is given in Table 5.2. To maximize the lengthof the Zeeman slower the slower coil 
is positioned as far away from the trapping chamber as is practically attainable. The radius 
of the cancellation coil needs to be large to allow optical access to the trapping chamber. 
For the MOT coils to provide a magnetic field in the central region of the MOT with an 
optimally constant magnetic field gradient, the ratio of the radii of the coils R and their 

mutual separation d is set at R/ d = j4i3 [44]. Although the effective current required 
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Table 5.2: Parameters of the coils for the MOT and the Zeeman slower. The slower coil is the one 
between the MOC and the trapping chamber. The cancellation coil compensates the magnetic 
field of the slower coil in the center of the trapping chamber. 

Coil Effective Distance to trapping Current number of 
Radius [mm] center [mm] [A] turns 

MOT 81.6 100 10 150 
slower 100 213 10 180 
cancellation slower 144 100 10 36 

to generate the magnetic field gradient increases with the size of the coils, the MOT coils 
need to be sufficiently large to provide a part of the magnetic field for the Zeeman slower. 
The idea is that in the first half of the Zeeman slower the magnetic field is mainly provided 
by the slower coil and in the second half the main contribution to the magnetic field comes 
from the MOT coils. For the MOT and slower coil to work in conjunction this way the 
radii of the coils need to be in the order of half the length of the Zeeman slower. 

For the MOT and Zeeman slower coils, a thick wire with a diameter of 3 mm should be 
used to limit the power dissipation in the coils. A water cooling system can be applied to 
the brass holders to prevent the insulating coating on the copper wire from melting. Pairs 
of coils should be connected in series to provide a stable magnetic field. 

Table 5.3: Calculation of the magnetic field gradients at the center of the trapping chamber in 
all three dimensions. 

I Direction 11 Magnetic field gradient [Gauss/m] I 

I ~ 11 ~t~3~ I 

In Table 5.3 the calculated magnetic field gradients at the trapping center of the MOT 
are given for all three dimensions. In the y and z direction the magnetic fieldsof the MOT 
and Zeeman slower coils add up. In the x direction the fields have opposite signs resulting 
in a relatively low magnetic field gradient in that direction. 

Figure 5.3 shows the magnetic field generated by the coils along the symmetry axis that 
coincides with the atomie beam. Variations in the magnitude of axial magnetic field over 
the width of the atomie beam are negligible. The magnetic fieldsin the MOT and Zeeman 
slower add up in the direction parallel to the atomie beam and their sum approximates the 
ideal magnetic field in the Zeeman slower for a constant deceleration from a initial velocity 
of Vinit = 130 m/s to a zero final velocity. 
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Figure 5.3: Calculation of the magnetic field in the direction of the atomie beam. The dotted 
line shows the field generated by the MOT coils. The dashed line represents the magnetic field of 
the two slower coils. The sum of the fields is given by the solid line. The thick solid line indicates 
the ideal magnetic field for a constant deceleration from an initial velocity Vinit = 130 m/s to a 
zero final velocity, with so = 1 and D.L = -4f. All currents are set to 10 A. 

5.3.3 Performance 

To check the performance of the slower design a simulation model is applied. This model 
can be used to get an idea of the effect of the deviations from the ideal magnetic field in 
the Zeeman slower and to optimize the coil geometry by ma:x:imizing the capturing velocity 
of the Zeeman slower, while keeping the deceleration moderate. 

The model calculates the deceleration of the atom by the spontaneous force and contains 
the following steps: 

1. the magnetic field of the chosen coil geometry is calculated; 
2. at t = t0 an atom is located at the beginning of the Zeeman slower with a certain 

initial velocity; 
3. the effective detuning at that position is calculated by adding the Zeeman shift, the 

Doppier shift and the laser detuning; 
4. from the effective detuning and the intensity of the light field the deceleration of the 

atom by the spontaneous force is calculated using equation 2.6; 
5. at t = t0 + b.t the new velocity and position of the atom are calculated; 
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6. steps 3, 4 and 5 are repeated until the atom reaches the end of the Zeeman slower. 
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Figure 5.4: a) The velocity of an atom along its trajectory through the Zeeman slower for an argon 
atom with an initial velocity of v = 150 m/s, a laser detuning !:J.L = -4f and saturation parameter 
so = 1. b) The deceleration of the atom in terms of the maximum achievable deceleration. 

Figure 5.4 shows a simulation of the velocity and deceleration of an atom along its 
trajectory through the Zeeman slower. Figure 5.4(b) shows that the deceleration a ~ 
amax/2 is in good agreement with the designed redundance TJ = 0.5. 

Furthermore, Figure 5.4(a) shows a capture velocity Vcap = 150 m/s for s0 = 1, which 
is higher than the capture velocity of Vcap = 130 m/s, for which the Zeeman slower was 
designed. Closer investigation reveals that in the somewhat higher than required magnetic 
field in the first 50 mm of the Zeeman slower, the Ar* atoms are slowed from 150 m/s to 
130 m/s and from there on follow the 'ideal curve' depicted in Figure 5.3. 

The velocity at which the atoms arrive at the center of the trap, given the magnetic 
field, is determined by the laser detuning. For a detuning of b.L = -4f this velocity is 10 
m/s which is well below the capture velocity of the MOT. 

A capture velocity of Vcap = 150 m/s for the Zeeman slower is already quite good, since 
this is within the samerange as the capture velocity of the MOC, which was determined to 
be somewhere between 100 m/s and 200 m/s. Still, a higher capture velocity is preferable, 
because it would increase the loading rate of the MOT. 

5.3.4 Two-stage Zeeman slower 

The only way to substantially increase the capture range of the Zeeman slower further is 
to make it longer. The lengthof the Zeeman slower is restricted by the amount of available 
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space to put coils around the vacuum system. A straightforward way would be to increase 
the distance between the exit of MOC and the trapping chamber by an extra piece of 
piping. This, however, goes directly against our philosophy of creating a table-top device. 
As an alternative, the length of the Zeeman slower can be increased by putting an extra 
coil inside the vacuum system. In a bellows between the exit of the MOC and the safety 
valve of the vacuum system there is room available for a coil with a length of 100 mm 
and a maximum diameter of 30 mm. This yields a two-stage Zeeman slower: in the extra 
first stage Ar* atoms are slowed down from their initial velocity to a velocity slightly lower 
than the capture velocity Vcap = 150 m/s of the second stage. In the previously described 
second stage, atoms are further slowed down to a velocity below the capture velocity of 
the MOT. 

The extra coil must meet the following requirements: 

• the coil should generate an axial magnetic field such that the capture velocity is close 
to 200 m/s and the exit velocity is below 150 m/s for a saturation parameter s0 = 1; 

• the power dissipation in the coil must be minimized, since convection is absent and 
no water cooling system can be applied; 

• the coil should not act as a flow resistance between various parts of the vacuum 
system; 

• the material of the coil must be vacuum-compatible; 
• the maximum number of layers of wire should be small to prevent air from getting 

entrapped. 

The dashed curve in Figure 5.5 shows the required magnetic field for the 100 mm long 
Zeeman slower fora capture velocity of 190 m/s and an exit velocity of 140 m/s, according 
to equation 2.21. At the position of the coil there will be a background magnetic field from 
the second slower stage. The required magnetic field of the internal slower coil is equal to 
the difference between these two fields. 

To generate this magnetic field profile the coil will have a variabie number of turns per 
unit of length along its axis. This is depicted in Figure 5.6. 

For the internal slower coil, a 3 mm thick capper wireis wound around an 100 mm long 
aluminum tube, with an inner diameter of 10 mm and a variabie outer diameter, dividing 
it into 10 regions. The number of layers of turns is constant within each region. Between 
the regions a jump occurs in the number of layers of turns. The regions are physically 
separated by a metal disk-shaped boundary to make it more practical to properly wind 
the coil. Each disk has a slit in it to allow the transit of the wire from one region to the 
next. Grooves have been made in the aluminum tube to provide an escape for the air 
between the turns. The coil is attached to the set up by four screws. Figure 5. 7 shows the 
number of layers of turns per region along the length of the coil. The larger number of 
layers of turns at bath ends of the coil compensates the steep fall-off in the magnetic field 
that would otherwise occur. The magnetic field of the internal slower coil is calculated 
as before. Each turn of the coil is modelled separately as an infinitely thin current loop, 
but now the location and radius of each turn is explicitly taken into account. The result 
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Figure 5.5: Magnetic fields at the position of the first slower stage. The solid line shows the ideal 
magnetic fieldfora constant deceleration from an initial velocity of 190 m/s to an exit velocity of 
140 mjs. The dotted line represents the background magnetic field from the second slower stage. 
The required field for the internal slower coil, given by the dashed line, is equal to the difference 
between the two fields. 

Side view Front view 

I 100 mm I 

( ~ J 

Figure 5.6: Cross section of the internal slower coil. The coil has a variabie outer diameter along 
its axis, dividing it into a number of regions. The number of layers of turns varies between the 
regions. The front view shows the slits in the coil for the transit of the wire from one region to 
another. 
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Figure 5. 7: The number of stacked turns varies with the position along the 100 mm long ax:is of 
the internal slower coil. The total number of turns is equal to 138. 

is plotted in Figure 5.8(a), along with the required magnetic field. The magnetic field 
shows the required, almast linear decrease along its ax:is, with an oscillatory component 
superimposed on it. The positions where the magnetic field gradient is large, are strongly 
correlated to the position of the disks, where the largest jumps in the number of stacked 
turns occur. 

Figure 5.8( c) shows a simulation of the deceleration of the atom along its trajectory 
through the Zeeman slower. The deceleration afamax :::; 0.6 is somewhat larger than the 
redundance ry = 0.5 the slower was designed for. This forms no problem because the slower 
laser beam is slightly focussed, providing a higher saturation parameter s0 2: 1 at the first 
stage of the slower. Figure 5.8(b) shows a capture velocity of 185 m/s for a saturation 
parameter s0 = 1.5 and a exit velocity of 145 m/s. More elaborate simulations will be 
presented in § 5.5. 
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Figure 5.8: a) Calculation of the magnetic field of the internal slower coil ( dasbed line) at a 
current of I= 6.2 A, including the contribution of the coils of the second slower stage. The solid 
line indicates the magnetic field for a constant deceleration from 190 to 140 mjs. The zero ax:ial 
position corresponds to the center of the trapping chamber. b) The velocity of an atom along its 
trajectory through the Zeeman slower for an argon atom with an initial velocity of v = 185 m/s, 
a laser detuning /:lL = -4f and saturation parameter sa= 1. c) The deceleration of the atom in 
terros of the maximum achievable deceleration. 
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5.3.5 Post-design 

Due to various reasons the MOT and Zeeman slower coils were machined somewhat differ
ent from the design parameters listed in the previous paragraphs. In Table 5.4 a comparison 
is given. The change in parameters leads to an increase in the deviation of the magnetic 
field from the ideal magnetic field for constant deceleration. To check if the change in the 

Table 5.4: Difference between the design parameters of the coil and the actual, experimentally 
realized parameters. 

Coil Eff. radius [mm] 
design act u al 

MOT 81.6 77.7 
slower 100 89 

cancellation 144 151 

radii of the coils willlead to a different performance of the Zeeman slower the simulations 
of the previous paragraphs are repeated with the new parameters, yielding the following 
result: although the capture range of the second stage remains 190 m/s, the exit velocity 
of the Ar* atoms has increased from 145 m/s to 150 mjs. Furthermore, the capture range 
of the second stage of the Zeeman slower is now only 130 mjs, resulting in a mismatch 
between the capture ranges of the two stages. The extra slowing from 150 m/s to 130 
m/s that occurred earlier in the second stage has ceased due to the smaller than designed 
radius of the slower coil. This effect cannot be compensated for by changing the current 
to the coil, because it is not so much the change in magnitude but rather the change in 
the shape of the magnetic field that causes this. Additionally, simulations show that the 
mismatch remains even when increasing the saturation parameter of the slower beam to 
s0 = 2. 

The capture range the of second stage can be improved again to 150 m/s by putting 
the slower coil 20 mm closer to the trap while increasing the current to the coil by 20%. 
Unfortunately, rnaving the coil this far makes the first slower stage completely ineffective, 
because the first stage is designed in such a way that it uses the background field of the 
slower coil. 

By rnaving the slower coil towards the trapping chamber the second stage is improved 
at the expense of the first stage of the Zeeman slower. A campromise can be found when 
the slower coil is moved only 10 mm from its original position. If additionally the current 
to the internal slower coil is raised by 15% to I = 6.9 A, the mismatch between the two 
stages is overcome, resulting in a capture velocity of 185 mjs for a saturation parameter 
s0 = 1.3. The resulting magnetic field is shown in Figure 5.9. 
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Figure 5.9: Comparison of the magnetic fields over the totallength of the Zeeman slower for the 
actual parameters (solid line) and the design parameters (dashed line). The zero axial position 
corresponds to the center of the trapping chamber. 

5.4 Magnetic field measurements 

Measurements are performed to verify the previously presented predictions for the magnetic 
fields of the coils. For the magnetic field measurements Hall probes are used with an 
accuracy of ±0.5%. 

5.4.1 Slower coil 

First the magnetic field of the slower coil is measured along the z axis of the setup. Hereto, 
the Hall probe is placed in a mount that can be moved along an optical raiL The axial 
position accuracy is estimated at ±0.5 mm. The flow resistance provides a reference for 
the position of the symmetry axis of the setup. The results are averaged over three series 
of measurements. Three additional series of measurements are performed to measure the 
background magnetic field from the ion-getter pump, which is in the order of 5 Gauss. The 
measurement results, shown in Figure 5.10, are compensated for the background magnetic 
field. The results are in good agreement with the previously described magnetic field 
calculations, except fora small region ~ 190 mm from the center of the trapping chamber. 
This position coincides with the entrance of the flow resistance. Apparently, the magnetic 
field is somewhat distorted due to magnetization effects. 
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Figure 5.10: Magnetic field of the slower coil along the symmetry a.xis of the setup for a current 
of I= (10.03 ± 0.05) A. 

5.4.2 MOT coils 

A similar measurement is performed for the magnetic fields of MOT coils along the z 
axis of the setup. Measurements indicate that the lower MOT coil generated a higher 
magnetic field than the upper MOT coil. This is not surprising, because the lower coil is 
dosest to the optica! table and will therefore generate more magnetization in the optica! 
table than the upper MOT coil. To counter this unbalance some turnsof the lower MOT 
coil should be removed. Measurements with a Hall probe in the center of the trapping 
chamber indicated that 22 turnsneed to be removed. In Figure 5.11 the measurements for 
the combined magnetic fields of the MOT coils along the z axis of the setup are given. The 
same measurement procedure is foliowed as for the slower coil. Clearly, only the far field 
of the coils is measured, as the flow resistance makes it impossible to penetrate deeper into 
the trapping chamber with the Hall probe. 

Next the magnetic field of the MOT coils along the y axis is measured. The distance 
of the probe to the center of the trapping chamber is set by placing a number of different 
plexiglass blocks between the probe and the upper window of the trapping chamber. The 
position accuracy in the transverse direction is estimated to be ±3 mm. The measurement 
values, shown in Figure 5.12, are in good agreement with the calculated values. An expla
nation for the small deviation between the measured and calculated values could be that 
the MOT coil has a 1 mmsmaller radius than the radius used in the calculation. 
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Figure 5.11: Magnetic field of the MOT coils along the symmetry axis of the setup fora current 
of I = (10.01 ± 0.05) A. 
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Figure 5.12: Magnetic field of the MOT coils along the y ax:is of the setup for a current of 
I= (10.05 ± 0.05) A. 
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5.4.3 Internal slower coil 

Finally, the magnetic field of the internal slower coil along the z axis of the setup is mea
sured. The results, given in Figure 5.13, show good agreement with the calculated values. 
The only significant deviation occurs at the beginning of the coil, where the measurement 
shows a slightly lower value than was calculated. For this measurement the 4 mm diameter 
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Figure 5.13: Magnetic field of the internal slower coil along the symmetry axis of the setup for a 
current of I = (2.50 ± 0.05) A. 

of the probeis no longer small compared to the 16 mm diameter of the coil. This tends to 
smooth out the oscillations in the measured magnetic field. 

5.4.4 Discussion 

To eliminate the background magnetic field all measurements had to be performed twice, 
once with coil on and once with coil off. The main contri bution of the background magnetic 
field comes from the permanent magnets of the ion-getter pump. After the magnetic 
field measurements the ion-getter pump was moved from its position directly behind the 
trapping chamber and behind the MOT to one of the side ports of the trapping chamber. 
N ew measurements should be performed to see how this affects the background magnetic 
field in the MOT and Zeeman slower. For the simulations in the next paragraph a zero 
background magnetic field is assumed. 
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5. 5 Performance of the two-stage Zeeman slower 

The simulation model, described in§ 5.2, does not include a description of stochastic nature 
of the absorption-emission process and the argon atom is treated as a two level atom instead 
of a multi-level atom. Within the AQT-group a simulation program for laser cooling and 
trapping called 'COOL' has been developed [45], that does take these effects into account. 
First the 'COOL' program is used to verify the results of the earlier simulation model. 
Secondly, the model is used to investigate wether the measured magnetic fields lead to a 
different result. Finally, additional simulations with the 'COOL' program are performed 
to in vestig a te the behavior of the Zeeman slower. 

5.5.1 Comparison of models 

To verify the capture veloeities that were predicted with the earlier model a similar type 
of simulation with the 'COOL' model is performed, but 100 atoms are used instead of only 
one to average over the fiuctuations in the absorption-emission process . Here, the capture 
velocity of the Zeeman slower is operationally defined as the initia! speed for which more 
than 90% of the atoms are slowed to the desired velocity. Figure 5.14 shows the capture 
velocity as a function of the applied saturation parameter. A capture velocity of 185 m/s 
at s0 = 1.3 is similar to the predictions of the previous model. 
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Figure 5.14: Calculation with the 'COOL' program of the capture velocity of the two-stage 
Zeeman slower as a function of the saturation parameter of the slower laser beam at a detuning 
of b.L = -4r. 

5.5.2 Simulation with measured magnetic field 

The simulation of the previous paragraph is repeated, but now with the measured magnetic 
fields. In the first slower stage, the magnetic field gradients are relatively large. Here, the 
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deviations between the measured and calculated values of the magnetic field are expected 
to be significant. In the second stage of the Zeeman slower, the magnetic field gradients are 
relatively small and the observed deviations between the measured and calculated values 
are so small that they hardly make a difference. Therefore, measured magnetic field values 
are used for the simulation of the first slower stage only. The magnetic field of the second 
stage is still based on calculations. 

The simulations show a similar result as before, the capture velocity of Zeeman slower 
remains 185 m/s at a saturation parameter of s0 = 1.3. The only difference is, that to 
achieve this, the current to the internal coil had to be increased by 15% to I = 6.9 A. 
Apparently, the increase in current compensates for the lower than calculated values of 
the measured magnetic field at the entrance of the coil, see Figure 5.13. For the internal 
coil, the magnetic field has been measured at 5 mm intervals for 20 positions only. As 
the 'COOL' program uses a linear interpolation between these data-points, this introduces 
large, artificial discontinuities in the magnetic field gradient. For this reason and because 
the calculated and measured magnetic field values approximately yield the same result, the 
remainder of the simulations are performed using the calculated values for the magnetic 
field. 

5.5.3 Effect on velocity distribution 

With the 'COOL' model it is also possible to look at the effect of the Zeeman slower on 
the velocity distribution of the Ar* atoms in the beam. Figure 5.15 shows a screen capture 
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Figure 5.15: Screen capture image ofthe 'COOL' simulation model. The upper window shows the 
axial veloeities in m/s of a group of atoms as they move from left to right through the Zeeman 
slower. In the lower window the axial magnetic field in Gauss is plotted as a function of the 
position along the axis of the Zeeman slower. 

image of the 'COOL' simulation model. In the lower window the magnetic field is plotted 
as a function of the position along the the axis of the Zeeman slower. The upper window 
shows the axial veloeities of the atoms as a function of the axial position. The Zeeman 
slower is clearly only effective for veloeities below the capture velocity. 
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In Chapter 6 the flux distribution of the Ar* atoms is measured, which is given by 
the velocity v of the atoms times the velocity distribution of equation 3.12. The flux 
distribution thus obtained, is essentially a Maxwell Boltzmann distribution, characterized 
by a thermal velocity of a = 353 m/s. The distartion of the flux distribution by the 
Zeeman slower can be simulated with the 'COOL' program. In the 'COOL' program the 
initial veloeities of the atoms can be sampled from such a distribution. Figure 5.16 shows a 
plot of the relative number of atoms in 10 m/s wide velocity intervalsfora simulation with 
Ntot = 104 Ar* atoms. After the fi.rst stage of the Zeeman slower the velocity distribution 
shows a gap from 140 m/s to 180 m/s and a large peak at 130 m/s. After two stages of the 
Zeeman slower all atoms with a velocity below 180 m/s are concentrated at 10 m/s when 
they arrive at the center of the trap. This result gives aprediction for the flux distri bution 
measurements that will be presented in the next chapter. 
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Figure 5.16: Simulation of the two-stage Zeeman slower with the 'COOL' simulation model for 
104 Ar* atoms. The squares show the relative number of atoms in 10 m/s wide velocity intervals 
at the entrance of the Zeeman slower, sampled from a Maxwell-Boltzmann distribution at room 
temperature. The triaugles and circles showtheflux distribution after, respectively, the first and 
secoud Zeeman slower stage. 

5.6 Compensation coils 

The magnetic field in the center of the trapping chamber must be zero. Therefore, the 
MOT and Zeeman slower coils are designed in such a way that their fields add up to zero 
at the center of the MOT. Extra coils are needed to compensate for the earth's magnetic 
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field and background fields from the permanent magnets of the MOC and ion-getter pump, 
which are typically a few Gauss in magnitude at the center of the trap. The coils are also 
needed to counter the effect of a possible imbalance between the light farces in the MOT. 
The compensation fields are generated by three pairs of identical coils, one pair for each 

Table 5.5: Parameters for the compensation coils 

Direction Outer Distance to Number of Magnetic field 
diameter [mm] trapping center [mm] turns [Gauss/A] 

x 316 110 100 4.4 
y 200 60 100 4.7 
z 316 100 100 4.8 

dimension, that are symmetrically located around the trapping chamber. The parameters 
of the coils are listed in Table 5.5. The compensation coils are designed to be large to 
provide a homogeneaus magnetic field and because otherwise they would block the optical 
access to the trapping chamber. An artists impression of the coils around the trapping 
chamber is shown in Figure 5.17. A capper wire with a diameter of 1 mm can is used to 
wind the compensation coils. 

slower 

ion-getter 
pump 

Figure 5.17: Artist's impression of the coils around the trap chamber 
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5. 7 Con cl usion 

For the magnetic fields of the Zeeman slower and the MOT a total number of 11 coils 
have been designed and experimentally realized. According to simulations the two-stage 
Zeeman slower should have a capture velocity of 185 m/s at a saturation parameter of 
s0 = 1.3 and a detuning of !:l.L = 4f. The coils have been installed and measurements have 
been performed. These confirm that the generated magnetic fields match the numerically 
calculated values. Based on the measured values of the magnetic field, the effect of the 
Zeeman slower on the velocity distribution has been simulated. 
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Chapter 6 

Time-of-Flight measurements 

6.1 Introduetion 

Befare we can attempt totrap the atoms in the MOT, the Zeeman slower should be oper
ational, because only Ar* atoms with an axial velocity lower than the capturing velocity 
of the MOT can be trapped. To verify whether the Zeeman slower is working properly, 
we measure the veloeities of the Ar* atoms as they exit the slower and enter the MOT 
with a Time-Of Flight methad (TOF). The Zeeman slower only has an effect on Ar* atoms 
with a velocity below the capt"ure velocity of the device. As calculated in Chapter 3, this 
is only a small fraction (t: ~ 0.1) of the total number of Ar* atoms in the beam. If we 
want to detect the slow atoms with the loading rate detector the situation is even worse, 
because the main part ~ 80% of the signal from the loading rate detector comes from the 
UV photons in the beam. Long measuring times are required to filter out the signal from 
the fiuctuations in the huge background. In § 6.2 the TOF-principle is explained and an 
overview of the setup can be found in § 6.3. The results of the TOF-measurements are 
summarized in § 6.4 and § 6.5. 

6.2 Time-of-Flight methad 

6.2.1 Principle 

Measuring the time t it takes to travel a certain distance L is one of the most direct ways 
to measure the velocity v = Ljt of an atom. Similarly, the velocity distribution f(v) of 
a group of atoms can be obtained by measuring the distribution of fiight times g(t). The 
starting time of the measurements is determined by chopping the atomie beam. In our 
experiment the >. = 801 nm probe laser is used to for this purpose. When the laser is 
switched on, the metastable state of the argon atoms is effectively depopulated. The effect 
of the chopper on the atomie beam is characterized by a shutter function S(t), giving the 
relative intensity of the Ar* atoms in the beam passing through the chopper at time t. The 
shutter function varies between 0 and 1, with 0 corresponding to the chopper completely 
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closed (i.e., laser switched on) and 1 toa chopper passing the beam unimpeded (laser off). 
After this initial perturbation the bunch of atoms that has passed the chopper is allowed to 
drift towards the detector. The distribution in space of the atom bunch directly after the 
chopper, is determined by the shutter function. Further along the fiight path the bunch 
of atoms spreads out due to the different veloeities of the atoms, see Figure 6.1. From the 
detection signal, or time response function I(t), the desired velocity distribution can be 
deduced. 

Shutter 
tunetion 0 

Chopper 
L 

.. t 

S(t) 

I 
Detector 

l(t) 

Figure 6.1: Principle of Time-Of-Flight method. An atomie beam coming in from the left is 
divided into bunches by a chopper with a shutter function S(t). The distance L to the detector 
is first crossed by the fast atoms in the bunch, with the slower atoms following later. 

A flux sensitive detector, like the loading rate detector, measures a fiux-weighted ve
locity distribution f(v)dv, which is equal to the number of atoms per unit of area per unit 
of time in a velocity interval v E [v, v + dv]. For the velocity distribution of the Ar* atoms 
( equation 3.12) with thermal velocity a, the fiux-weighted distri bution is proportional to: 

(6.1) 

With the Jacobian for the transformation toa fiight-time distribution ~~ = -~ we obtain 
the following for the fiux-weighted fiight-time distribution g(t): 

(6.2) 

From now on we will drop the prefix and simply call f(v) the velocity distribution and g(t) 
the TOF-distribution. By a convolution with the shutter function S(t) the detector signal 
I(t) can be obtained: 

I(t) =fot S(t- T)g(T)dT. 
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To filter out the small Ar* signals from the fluctuations in the huge background, the 
measurement needs to be repeated many times. The relative uncertainty in the measured 
signal scales with I/JIJ, where Mis the number of times the measurement is repeated. 

For a very short open time of the chopper (single burst), the shutter function can be 
approximated by a delta function ó(t). In that case the flight-time distribution can be 
obtained directly from the detector signal g(t) = I(t), as can be found by substitution of a 
delta function for S(t) in equation 6.3. The down side of this methad is the low duty cycle 
of the measurement, as the chopper is closed most of the time. Higher duty-cycles can be 
obtained by using the so-called cross-correlation method. 

6.2.2 Cross-correlation method 

The cross-correlation methad is based on the fact that the auto-correlation function of a 
random function is a delta function. Suppose the shutter function is equal to: 

S(t) = R(t~ +I' (6.4) 

with R(t) a random function ranging between -I and 1. The TOF-distribution g(t) can 
be obtained directly [46] by taking the cross-correlation CIR(t) of I(t) with R(t): 

CIR(t) =i: I(t + 7)R(7)d7 = g(t). (6.5) 

The random function can be approximated by a pseudo-random sequence Xn of maximum 
length N = 2k - I (with integer k), which can change values only at intervals !:l.t = T / N 
where T is the period of the shutter function. An example 1 for N = I5 is shown in 
Figure 6.2. The sum of such a sequence equals I, and the auto-correlation function <Pfx 

R(t)q--

1 

0 

-1 

Figure 6.2: Full period of a random function R(t) fora maximum length sequence Xn for N = 15. 

of the sequence is given by: 

I N-1 { I 
<Pfx = - 2::: xjxi+j = -1 

N j=O N 

for i= 0 
for i i= 0 

(6.6) 

1The most commonly used types of pseudo random sequences are the so-called Maximum Length 
Sequences (MLS), as these sequences can easily be produced with a shift register [47]. For the TOF
measurements a MLS with N = 8191 is taken, using the maximum number of channels of the multiscaler, 
see § 6.3. 
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For large N the auto-correlation function of the sequence is in good approximation a delta 
function. In a similar way, by writing the integrals in equation 6.5 as summations, the 
cross-correlation function of Xi with the signal taken at discrete time tn gives the sequence 
Gi of fiight times: 

N-1 

Gi = L IjXj-i· (6.7) 
j=O 

Here Ij is the time response signal gathered in channel j of a multi-scaler, within a time 
interval t E [j.0.t, (j + 1).0.t]. The deviation of the autocorrelation function from a delta 
function, caused by the finite lengthof the MLS, introduces extra noise to the measurement. 
On the other hand, with the cross-correlation method, the shutter is open half the time 
and signal contributes to all channels of the multiscaler, instead of only to a few main 
channels with the single burst method. According to Heirrenmans [48] the ratio of statistica! 
uncertainty of the single burst method 'flsB and cross-correlation method "lee is given by: 

(6.8) 

with B the number of background counts in a time interval .0.t and Y the average signal per 
channel. Consequently, the signal to noise ratio for the cross-correlation method compared 
to the single burst method is better for those cases, when the background or the signal in 
the main channels is more than twice the signal averagedover all channels. This condition 
is clearly satisfied, as the main part 2: 80% of the signal from the loading rate detector 
comes from the UV photons in the beam. 

6.3 Experimental setup 

Figure 6.3 shows a schematic of the optical table containing the setup used for the TOF
measurements. The linearly polarized À = 811 nm laser beam is sent through a quarter 
wave plate to obtain the circularly polarized light for the Zeeman slower. The output 
beam of the laser has a waist of wh = (1.9 ± 0.2) mm in the horizontal direction and a 
much smaller waist of Wv = (1.1 ± 0.2) mm in the vertical direction. To make the laser 
beam more symmetrie the beam was sent through a cylindrical telescope, consisting of two 
cylindricallenses (!I = 40 mm and h = 80 mm) that magnify the beam in the vertical 
direction by a factor of two. The Zeeman slower requires a laser beam with a waist of 4 
mm, which could be produced by a telescape with a magnification of 2. The position of 
the last lens of the telescape is such that the slower beam is slightly focussed on the exit 
hole of the MOC. About 30% of the available laser power is split off from the main beam 
and used for the frequency stabilization and diagnostic purposes. With a beam fiag the 
slower laser beam can be turned on and off. 

In our experiment the À= 801.479 nmprobe laser is used to chop the atomie beam. The 
probe laser, a Sharp LD016-MD diode laser with grating feedback, can provide P = 8.5 m W 
of output power. When the laser is switched on, the metastable state of the argon atoms 
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Figure 6.3: Top view of the optical bench setup for TOF-measurements. The light for the Zeeman 
slower comes from the >. = 811 nm laser. The probe laser provides the chopper beam. BS: 
beams splitter, PBSC: polarizing beam splitter cube, PD: photodiode, AOM: Acousto-Optical
Modulator, BF: beam flag 

is effectively depopulated. The probe laser beam is sent in through one of the side ports of 
the trapping chamber and crosses the atomie beam in the center of the trapping chamber 
perpendicularly. By periodically switching the laser beam on and off with an Acousto
Optical-Modulator (AOM) atom bunches are created, that expand on their L = 300 mm 
path to the loading rate detector, see Figure 6.1. The signal from the loading-rate detector 
is sampled with a multi-scaler containing a maximum of 8192 channels. The AOM has a 
rise-time of typically 100 ns, which is short compared to the 200j.ts sampling time of the 
multi-scaler. 
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6.4 Souree properties 

6.4.1 Velocity distribution 

First the velocity distribution of Ar* atoms in the atomie beam is measured without 
magnetic fields or slower laser beam. The observed count rate of Ar* and UV photons on 
the loading ra te detector is typically 105 per second at p = 10-6 mbar. The response time 
I(t) is sampled with the multi-scaler, with sample time set a b.t = 200 f.LS, using a MLS 
sequence with N = 8191. The MLS sequence is repeated typically M = 500 times. The 
measured response in the first 50 channels of the multi-scaler tagether with the applied 
shutter function, are shown in figure 6.4 on the same time scale. Figure 6.5(a) shows 
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Figure 6.4: Measured response in the first 50 channels of the multi-scaler (circles). The squares 
indicate the shutter function, which varies between 0 and 1, on the sametime scale. 

the TOF-distribution, which can be obtained by using the cross-correlation method. The 
corresponding velocity distribution is plotted in Figure 6.5(b). 

The thermal velocity a= (350± 10) m/s obtained by fitting the measurement results of 
the TOF-distribution with equation 6.2 is in good agreement with the expected velocity of 
a= 353 m/s forT= 300 K. The thermal velocity a= (337 ± 4) m/s obtained from fitting 
the velocity distribution with equation 6.1 is somewhat lower due to different weighing
factors for the measurement points after the transformation. As a result of the constant 
sampling time of the TOF-measurement, the measurement points get increasingly more 
dense on the velocity scale at lower velocities. Therefore, the average is taken for points 
within 20 m/s velocity intervals. 
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Figure 6.5: a) Measured Time-Of-Flight distribution. The curve is fitted with equation 6.2. b) 
Velocity distribution obtained by direct transformation of the TOF-distribution. The curve is 
fitted with a Maxwell-Boltzmann distribution. 

6.4.2 Effect of background pressure 

As has already been demonstrated in Chapter 3 the flux of Ar* atoms depends on the 
pressure in the souree chamber. At higher pressures the metastable flux is limited by Ar*
Ar collisions. To see the effect of these collisions in the velocity distri bution we measure the 
flux at three different souree pressures. The results are shown in figure 6.6. At the lowest 
pressure, the measured velocity distribution fits almast perfectly with equation 6.1 for the 
expected thermal velocity of 353 m/s and unit transmission coefficient T( vz) = 1. At higher 
pressures more Ar* atoms are lost due to collisions with background argon atoms, indicated 
by the absence of low-velocity atoms. As aresult the maximum intheflux distribution is 
shifted to higher velocities. From the fits the total cross-section for Ar*-Ar collisions can 
be deduced. In figure 6.7 the value ofv;!:ns = 8.08(C6 /fi) 215pjk8 T abtairred from these fits 
is plotted as a function of the pressure. The plot shows the expected linear behavior and 
from the slope of figure 6. 7 the tot al cross-section can be o btained: Q = ( 292 ± 10) x 10-20 

m2
, which is comparable to the result of Chapter 3: Q = 280 x 10-20 m2

• The result 
further implies that ry, the ratio of metastable to background atoms, is indeed independent 
of pressure. Similar to Ar*-Ar collisions, the Zeeman slower is also expected to have an 
effect on the low-velocity Ar* atoms. To distinguish between the two effects all other 
TOF-measurements are performed at low pressures p ~ 1 x 10-6 mbar, where the Ar*-Ar 
collisions can be neglected. 
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Figure 6.6: a) Measured velocity distribution for three different souree pressures: 1 x w-6 mbar 
(solid line, filled circles), 4 x w-5 mbar (dashed line, open circles) and 1.1 x w-4 mbar (dotted 
line, open squares), of the Time-Of-Flight distribution. The lines are curve fits according to 
equation 6.1 with the transmission coefficient of equation 3.9, accounting for Ar*-Ar collisions. 
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Figure 6.7: Values of vzf:ns obtained from the fits in figure 6.6 as a function of the pressure in 
the souree chamber. From the slope of the fitted line the cross-section for Ar*-Ar collisions is 
deduced. 
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6.5 Slower properties 

6.5.1 Intensity of the slower beam 

The performance of the Zeeman slower strongly depends on the saturation parameter. Due 
to the Gaussian intensity profile of the laser beam, the experimental saturation parameter 
varies with the transverse position. Furthermore, s0 also varies with longitudinal position, 
as the beam is slightly focussed. As a result the saturation parameter will be higher for 
the first slower stage than for the second. 

To determine the saturation parameter, the full power of the slower beam is sent through 
a circular 1.5 mm diameter diaphragm, that is placed 1.5 m behind the last lens of the 
telescope. This position coincides with the beginning of the first slower stage. The power, 
measured by a photodiode, is 1 m W in the center of the laser spot. The position of 
diaphragm is moved over the beam spot and a maximum of 2 m W is measured at the 
edges of the spot, indicating a distorted intensity profile insteadof to the expected Gaussian 
shape. In the experiment the slower beam is sent through the ITO-plate of the loading rate 
detector, which according to the manufacturer has a transmission of 80%. With this effect 
taken into account, we obtain a saturation parameter s0 = 28 in the center of the laser spot 
at the beginning of the first slower stage. The measurement is repeated 1.4 m behind the 
telescope, which coincides with the beginning of the second stage of the Zeeman slower. 
Here a similar distorted intensity profile is found. The measured power translates to a 
central saturation parameter s = 23 at the beginning of the second slower stage. Finally 
the measurement is repeated 1.2 m from the lens, which corresponds to the center of the 
trapping chamber. A similar intensity profile is found, resulting in a saturation parameter 
s0 = 19 at the center of the trap. 

In the following measurements, s0 denotes the central saturation parameter at the 
beginning of the first slower stage. Due to the distorted character of the slower laser beam 
this number provides us only with a lower limit. 

6.5.2 Reproducibility of the measurements 

To see the effect of the Zeeman slower on the velocity distribution we turn the slower 
laser beam on and off with a beam fiag using a 40 second period. Figure 6.8 shows a 
measurement, where a current of I= 11 A is run through the coils of the second stage of 
the Zeeman slower and no current is run through the first slower stage. No modulation 
is applied to the magnetic fields during the 20 minutes total measurement time. The 
saturation parameter of the slower beam is set at s0 = 28, while the detuning of the laser 
beam is set at ~L = -(4.0 ± 0.5)r. 

The effect of the slower on the velocity distribution is clearly visible between 100 m/s 
and 170 m/s. The measurement is repeated at the same settings to investigate the repro
ducibility of the TOF-measurements. In figure 6.9 the difference between slower off and 
slower on is plotted for three similar measurements. As indicated by the error bars the 
reproducibility of the measurement is poor for low velocities. From a statistica! analysis, 
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Figure 6.8: TOF-measurement with slower on (open squares) and slower off (closed circles). 

see [48], it can be concluded that the statistica! fluctuations of the measurements are far 
too small to explain the observed reproducibility of the measurements. Instead the fluctua
tions are caused by changes in the experimental conditions: fluctuations in laser frequency, 
UV background and so on. The accuracy of our TOF-measurements is further limited by 
systematical errors. On of these errors is the velocity dependenee of the chopping effi-
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Figure 6.9: Difference between TOF-measurement with slower off and slower on. The measure
ment has been repeated three times under the same conditions to get an idea of the reproducibility 
of the TOF-measurements. 

ciency. High-velocity Ar* atoms have a short interaction time with the 5 mm wide laser 
beam and the efficiency at which they are removed from the atomie beam might be less 
than for low-velocity Ar* atoms. Other systematical errors, that might occur, are phase 
shifts between the chopper and the multi-scaler due to delays in the electronics. 
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6.5.3 Dependenee on magnetic field 

More TOF-measurements are performed to obtain quantitative information on the perfor
mance of the Zeeman slower. In these experiments we vary the magnitude of the magnetic 
fields of the Zeeman slower by applying different current settings to the slower coils. The 
measurements will be performed with the same saturation parameter and laser detuning 
as before. The advantage of the high laser intensity, is that the effect of fiuctuations in s0 

en 1:1 L will be small. 
In the first measurement the coil current to the second slower stage is alternated between 

four different settings. At each setting the velocity distribution is measured with the 
slower laser beam off and on. No current is applied to the internal coil of the first slower 
stage. In figure 6.10 the difference between the velocity distributions is shown, for each 
current setting. The difference signal is a measure for the number of Ar* atoms that are 
removed from the velocity distribution by the second slower stage at a certain velocity. 
The thick solid line shows the velocity distribution for a = 353 m/s. For the applied 
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Figure 6.10: Difference in the velocity distribution between slower off and on for the second 
slower stage for four different coil currents. The thick solid line shows the theoretica! velocity 
distribution, scaled to the maximum at n = 353 mjs. 

current settings, the second slower stage should remave Ar* atoms with a velocity roughly 
between 10 m/s and 150 m/s from the velocity distribution. For a 100% effective Zeeman 
slower the measurement points within that velocity range should be on the solid line. The 
measurement points are all somewhat below the 100% efficiency line. 
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The simulations of figure 5.16 show a large peak of Ar* atoms at a velocity of 10 m/s 
at the end of the Zeeman slower. However, these atoms will never reach the loading ra te 
detector. In the magnetic field just after the trap center, they will be slowed further and 
turned around. Below veloeities of 70 m/s the accuracy of the TOF-distribution is very 
poor, occasionally resulting in negative flux differences. 

As expected, the measured curves shift to the right for higher coil currents. To become 
resonant with the light, the atoms need a higher Doppier shift to compensate for the larger 
applied Zeeman shift. In figure 6.11 the observed capture velocity is plotted as a function 
of the applied current. Here, the capture velocity is obtained by interpolation and defined 
as the velocity for which the measured velocity distri bution peak is halfits maximum. The 
capture velocity of the Zeeman slower is expected to increase linearly with the magnetic 
field strength. For the coil configuration of the second slower stage the increase is expected 
to be 21.8 m/s per Ampère of current to the coil, which is in perfect agreement with the 
slope of the fitted line: (23 ± 2) m/sA. The absolute value of the capturing velocity of 
156 m/s at I = 10 A of 156 m/s is significantly higher than the 140 m/s predicted by 
simulations at a saturation parameter s0 = 1.3 in the previous chapter. A small part of the 
difference (~ 5 m/s) is caused by the different definitions for the capture velocity. However, 
the effect of different saturation parameters is much larger. Simulations at s0 = 28 show 
that a capture velocity of 156 m/s is not unreasonable. 
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Figure 6.11: Gapture velocity, obtained from tigure 6.10, as function of the coil current. The 
slope of the fit (solid line) shows good agreement with the theoretica! value. 

A similar measurement method is applied to the first stage of the Zeeman slower. At 
each of four current settings the velocity distribution is measured with the slower laser 
beam off and on. During the measurements a constant current I = 10 A is applied to 
the coils of the second slower stage. In figure 6.12 the difference between the velocity 
distributions is shown. 

For the applied current settings, the second slower stage should remove Ar* atoms with 
a velocity roughly between 150 m/s and 200 m/s from the velocity distribution. Fora 100% 
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Figure 6.12: Difference in the velocity distribution between slower off and on for the second 
slower stage for four different coil currents. The thick solid line shows the theoretica! velocity 
distribution, scaled to the maximum at a= 353 m/s. 

effective Zeeman slower the measurement points within that velocity range should be on 
the solid line. The measurement points are not as close to the 100% efficiency line as in 
the previous measurement, but still the first slower stage has a significant effect. The lower 
than expected efficiency might be due to misalignment of the slower beam with respect to 
the atomie beam. 

Again, the shift in capture velocity with the coil current is plotted. For the coil contig
uration of the second slower stage the increase is expected to be 22.7 m/s per Ampère of 
current to the coils. This is in good agreement with the observed value of (23 ± 2) m/sA, 
obtained from the slope of the fit in figure 6.13. The absolute value of the capture velocity 
of 203 m/s at I= 6.8 A is significantly higher than the 185 m/s obtained from simulations 
at s0 = 1.3. Simulations at s0 = 28 show a capture velocity of 200 m/s is not unreasonable. 

For the third measurement both slower stages are operated simultaneously, for a current 
of I = 8 A for the first slower stage and three different currents of the second slower stage. 
The measured flux difference, shown in figure 6.14, indicates that the slower is working at 
an efficiency close to 100% for this high laser intensity (s0 = 28). 

We conclude that at high laser intensity, the Zeeman slower is working properly and in 
the velocity range predicted by the simulations. Also, the observed shift in capture velocity 
under variation of the magnetic field is agrees very well with theory. 
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Figure 6.13: Capture velocity, obtained from figure 6.12, as function of the coil current. The 
slope of the fit (solid line) shows good agreement with the theoretica! value. 
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6.5.4 Dependenee on saturation parameter 

If we want to use the Zeeman slower to laad a MOT, then a substantially lower saturation 
parameter s0 ~ 2 is required, otherwise the Ar* atoms trapped in the MOT will imme
diately be 'blown away' by the radiation pressure of the intense slower beam. Therefore, 
we want to know at what values of the saturation parameter the Zeeman slower is still 
working properly and to see if we can identify a threshold value below which the Zeeman 
slower is effectively not working anymore. To see how the saturation parameter affects 
the performance of the Zeeman slower, we repeat the previous measurement, but with a 
number of filters placed in the slower laser beam to reduce the intensity of the laser. The 
currents are set at I = 8 A and I = 10 A for, respectively, the first and second slower 
stage. The result is shown in figure 6.15. At the highest saturation parameter s0 = 3. 7, the 
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Figure 6.15: Difference in the velocity distribution between slower off and on for both stages for 
a current of I = 8 A to the internal coil and I = 10 A to the second slower stage for four different 
saturation parameters. 

Zeeman slower is still close to 100% effective. At lower laser intensities the measurement 
points are all well below the thick solid line, indicating a drop in effectiveness. Same of 
the low-velocity atoms are not slowed at lower values of the saturation parameter. At the 
lowest intensities, even negative values of the difference signal occur. The large negative 
peak at veloeities around 110 m/s for s0 = 0.7 indicates a 'leak' in the Zeeman slower. 
Here the magnetic field gradient is too large for the atoms to remain resonant with the 
light field and the Ar* atoms are not slowed any further. Simulations of the slower at 
s0 = 1 with the 'COOL' program indicate a loss of atoms at a velocity of 117 mjs. 

We conclude that the threshold saturation parameter value for the Zeeman slower is 
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somewhere between s0 = 0. 7 and s0 = 1.0, which is well below the value of s0 = 1.3 
predicted by simulations in Chapter 5. Due to the distorted laser intensity profile, the 
saturation parameter at the edges of the beam are up to two times higher than in the 
central region. Therefore, any misalignment between the slower laser beam and the atomie 
beam can create an effective saturation parameter up to two times higher in some parts 
of the atomie beam. Between measurements the alignment of the slower beam has been 
adjusted. 

Negative values of the difference signal arealso observed at higher veloei ties. Obviously, 
it is unreasonable to attribute this is to the acceleration of high-velocity Ar* atoms by the 
slower beam. Additional measurements indicate, that the effect disappears for a linearly 
polarized laser beam. The effect also disappears when the magnetic fields are turned off 
and only the slower beam is modulated. We speculate that the effect is caused by the 
dependenee of the detection efficiency of the loading rate detector on the distribution 
of the Ar* atoms over magnetic sub-levels. Furthermore, the chopping efficiency of the 
probe laser depends upon the applied magnetic field of the Zeeman slower and also the 
polarization is observed to have an effect. It might be, that the chopping efficiency depends 
on the distribution over magnetie-sub-levels as well. The size of the effect depends on the 
velocity of the Ar* atoms and hence cannot be removed from the data by simply applying 
a sealing factor. If the effect also occurs for low-velocity atoms, then the effect results 
in an underestimation of the efficiency of the Zeeman slower with the current measuring 
method. 
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Chapter 7 

Concluding remarks 

This report describes the development of an experimental setup aimed at studying ultra
cold plasmas. Hereto, a setup which produces a bright beam of metastable argon atoms, 
is modified and extended with a Zeeman slower and a MOT. 

First a detector has been added to the setup to measure the flux of metastable atoms. 
The characteristics of the metastable atom souree have been extensively stuclied with the 
detector. Hereto, the pressure dependenee of the Ar* and UV pboton flux was measured 
as was the velocity distribution of the Ar* atoms in the beam. 

The flux measurements agree with a model of the source, if a cross-section for Ar*
Ar collisions Q = 280 x 10-20 m2 is assumed for the pressure dependenee of the Ar* 
flux. These collisions also cause a distartion of the velocity distribution. The measured 
velocity distribution is in good agreement with the souree model, if a cross-section of 
Q = (292 ± 10) x 10-20 m2 is assumed. Both values are significantly lower than the 
theoretica! value of Q = 722 x 10-20 m2

. The difference can be explained by consiclering 
that small-angle scattering not necessarily leads to a transition of the Ar* atom to the 
ground state. The measured velocity distri bution can be characterized by a thermal velocity 
a= (350 ± 10) mjs, equal to the expected thermal velocity at room temperature a= 353 
mjs. 

Second, a grating feedback laser system has been realized, that provides enough laser 
power to simultaneously operate the Zeeman slower and the MOT. The frequency stability, 
b.fRMS < 0.2 MHz, of this system is sufficient for laser cooling purposes. The sorbothane 
insulation enables the laser system to be on the same optical table as the rest of the setup. 
The laser stays locked to the atomie resonance for typically an hour. This can possibly be 
improved by adding a feedback loop to the piezo-electric actuator to counter its drift. 

Third, magnetic field coils have been designed and realized for the Zeeman slower and 
MOT. Metastable argon with veloeities up to 185 m/s are brought to a standstill in the 
two-stage Zeeman slower: the magnetic field of the first stage is generated by a coil internal 
to the vacuum system, whereas the second stage uses external coils. Measurements show 
that the magnetic fields generated by the coils are close to the designed values. 

Finally, the effect of the Zeeman slower on the velocity distribution has been stuclied 
with a Time-Of-Flight-method. From these measurements it can be concluded that the 
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Zeeman slower is working properly. There is good agreement between simulations and 
measurements with respect to the capture velocity of the slower at high laser intensities. 
All atoms with a velocity below 185 m/s are captured by the slower. The slower becomes 
less efficient at lower laser intensity. 

There is still some uncertainty about the threshold value of the saturation value, be
low which the Zeeman slower ceases to operate properly as can be concluded from the 
appearance of a peak in the velocity distribution at 110 m/s. Here, the measured value 
(s0 E [0. 7, 1.0] is lower than the value s0 = 1.3 obtained from simulations. This is not 
surprising, given the uncertainty in the alignment of the slower laser beam with respect to 
the atomie beam and the distortions in the laser beam profile. 

Additional measurements at low saturation parameters should be performed, to opti
mize the current setting of the slower, preferably with a smoother laser beam profile. Also, 
the effect of changing the position of the slower coil, predicted by the simulations, should 
be investigated. Possibly, the performance of the slower can be enhanced by using the 
compensation coils. Hereto, it would be advantageous if the MOC was operational, as a 
higher beam flux of slow Ar* atoms would result in better statistics for the measurements. 

An additional laser system capable of generating at least 100 m W of power should be 
developed to operate the MOC. This amount of power can be obtained from either an 
injection locked Broad-Area-Laser, a tapered amplifier diode laser or a Ti:Sapphire laser. 
Past experiments showed a imbalance in the laser cooling forcesin the MOC as aresult of 
an extra phase-shift upon reflection of the mirrors of the MOC. In an attempt to improve 
this, new mirrors have been installed, that according to the manufacturer should not give 
this problem. However, polarization measurements show that the problem still occurs. 
Another way to obtain a higher beam flux, without using the MOC, would be to position 
the souree directly in front of the exit hole of the MOC. 

With the MOC operational, it should be possible to load the MOT with flux of W = 
2 x 107 atomsjs. Here, it is assumed, that all Ar* atoms emanating from the souree within 
a 0.07 sr solid angle [49] and with a velocity below 185 m/s can be captured. If the lifetime 
of the Ar* atoms in the trap is long enough, then a number of ~ 108 atoms can be trapped 
in the MOT. Such a lifetime can only be achieved in the background pressure in the MOT 
is sufficiently low. Currently, the background pressure in the MOT is 1 x 10-7 mbar. 
This can be improved by replacing two pieces of piping of the vacuum setup, that had to 
be sealed with Viton 0-rings. If these connections are replaced by copper 0-rings, then 
pressures below 1 x 10-8 should be achievable. 

To summarize, progress has been made towards realizing a ultra-cold plasma at Eind
hoven University of Technology. The Zeeman slower is operational and the infrastructure 
for the MOT is available and we are close to trapping Ar* atoms in a MOT with our 
tabie-top device. 
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Appendix A 

Technology assessment 

The interest of ultra-cold plasmas and laser cooling techniques in general, lies mainly in 
fundamental research. Still, laser cooling has produced a number of useful applications. 
A torn clocks, using optical transitions of laser caoled atoms and ions provide unprecedented 
accuracy. Atom clocks can be used in satellites to accurately determine position on earth 
(Global Positioning System). 

Another application of laser cooling is atom-lithography, where a laser caoled beam of 
atoms is sent through a standing wave light mask. The atoms are diffracted from the light 
mask and deposited onto a substrate. The nano-structures thus created have the potential 
of storing a tremenclous amount of information on a small surface. 

The extremely narrow momenturn distribution in Bose-Einstein condensates can be 
used to as a souree for an atom laser: a coherent wave of matter. 

Laser cooling techniques used for atom trapping can also be applied to larger sized 
particles, such as complex molecules and even complete cells. The electric field of an intense 
focussed laser field will polarize the object and attract it to the intensity maximum. This 
'optical tweezers' technique has applications in biology, chemistry and medicine. 

Currently, the possibilities for a quanturn computer are being studied. In a quanturn 
computer, the bits found in classical computers are replaced by qubits. Besides the logical 
0 and 1 states found in classical bits, qubits also contain superpositions of these two states. 
The properties of these qubits can be exploited, resulting in much faster search and number 
factoring algorithms. 
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