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Abstract

In this thesis, I present a design for a simple and compact two-dimensional
magneto-optical trap (2D-MOT). This serves as a source of slow atoms to
load ion-traps. The high heat load by using conventional ovens has been dis-
cussed extensively [30]. An ablation oven relies on a high-power laser, which
is expensive [6]. This can be avoided by introducing a 2D-MOT [111 24].
The temperature of the atoms, coming out of the oven and the ones, being
slowed down and confined within the magneto-optical field, have been de-
termined via the Doppler broadened linewidth. Furthermore, a novel design
of an oven is presented. A long operating time of approximately 10000 h has

been calculated.
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Introduction

Trapped ions are a promising candidate for quantum information processing.
Various methods and trap designs based on the combination of static elec-
tric fields and oscillating electric and static magnetic fields have been demon-
strated [12, 25, 27]. There are several options of loading ion traps like effusion
ovens, ablation ovens, Zeeman slowers and MOTs [29, [30} [6], 10, B, [7, 2T].
An ideal solution for loading ion traps would be non-intrusive, like no heat
load and trap contamination. The broad velocity distribution in effusion
ovens give heat loads and while ablation ovens and Zeeman slowers have
lower heat loads, they are more complex [0, (14, 22]. Therefore, a simple and
robust setup is desired. The 2D-MOT, used in this work, is such a system
28, [11].

After a short introduction into the field of laser cooling, I will describe
Doppler cooling on the example of an optical molasses system [16, 20]. Sec-
tion 1.3 introduces a magnetic quadrupole field and circularly polarized light
to explain a MOT system with focus on a 2D-MOT. This is followed by the
introduction of Calcium (Ca) as suitable candidate for quantum operations.
Chapter 2 shows the apparatus, including the oven, vacuum system and
optics. This is followed by a quantitative Monte-Carlo simulation of the 2D-
MOT system in Chapter 3. Chapter 4 discusses the measurement results.

Finally, a summary and further outlook are given.
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Chapter 1

Theoretical description of a

magneto-optical trap

In this chapter, I give a theoretical description of the physics within a MO,
with a focus on atomic neutral Ca. Section 1.1 describes the mathematical
principles behind laser cooling. Section 1.2 introduces an optical molasses
system. This gives the framework for a MOT in Section 1.3. Finally, I

introduce some properties of Ca and explain why it is used in this setup.

1.1 Mathematical description of laser cooling

Laser cooling is a way of reducing the motional energy of atoms due to
momentum transfer from atoms to light during off-resonant scattering, as
described in Ref. [I7, 26, 5]. For simplicity, only a photon-atom interaction
is considered, with the photon described by a single-frequency light field and
the atom by a two-level system. I will focus on an atom at rest, interacting
with either a standing, or a traveling wave. The force on an atom interacting

with light has been derived in Ref. [I7, P. 30].
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CHAPTER 1. THEORETICAL DESCRIPTION OF A
MAGNETO-OPTICAL TRAP
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For a light field, the interaction Hamiltonian is

~ ~

H = —eB(i,t)F, (1.2)

where E(7,t) is the electrical field of the light and 7 the distance of that
dipole.

The Rabi frequency €2 and its derivative %—S are

2= " oy (1.3
and
%2 = (qr +ic:)92. (1.4)

The logarithmic derivative of {2 are split up into a real and imaginary part,
because the Rabi frequency can be complex, too.

qr (¢;) is the real (imaginary) part of the derivative of Q0 with respect to z.

109

1090

The force on an atom, in z-direction, interacting with a light field is

F = hqr (Qng + Q*Peg) + ihq; (szg - Q*peg) ) (1.7)
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whose are the off-diagonal elements of the density matrix.

The traveling wave, after applying the rotating wave approximation, is
E .
E(z) = - (e}(kz—wt) + c.c) . (1.8)

By calculation of Eq. (1.4)) with the electric field in Eq. ((1.8) and the Rabi fre-
quency in Eq. (1.3), a constant amplitude (¢,=0) and phase gradient (g;=k)
can be found.

In the case of a standing wave, the electric field is

E(z) = E (e_i“’t +c.c). (1.9)

This results in ¢;=0 and ¢, = —k tan(kz).

Substituting the solution of the optical Bloch equations [17] in steady-state,

i

= 1.10
Pes = 9(v/2—10)(1 +5) (1.10)
into Eq. (1.7) gives
Fe 5 (g +1/2va) (1.11)
T 1+s qr Ydi) - .
The detuning ¢ is
0 =wr —wa, (1.12)
with wy the atomic transition frequency and wy the laser frequency.
In Eq. (1.11) the decay rate 7 is
1
v=—, (1.13)
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CHAPTER 1. THEORETICAL DESCRIPTION OF A
MAGNETO-OPTICAL TRAP
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From Eq. ((1.11]), two forces can be derived, namely the scattering force (imag-
inary part) and the dipole force (real part).
The scattering force of a photon-atom spontaneous emission cycle comes

from the momentum absorbed and emitted by an atom. This gives

Fsp = hkypee , (1.14)

where pe. is the excited state population defined by the optical Bloch equa-
tions. Therefore, by calculating Eq. (1.14)), the scattering force is

hk~y So
Fyp = . 1.15
P2 149+ (26/7)2 (1.15)
The saturation parameter sg is
1
S0 = —, (1.16)
Io
where 10:27%2/\}‘30F is the saturation intensity and I is the intensity of the laser
[18].

The polarization of the light changes within a standing wave, composed
of two counter-propagating beams, resulting in a spatially modulated light
shift. This produces a dipole force, which has been derived in [17), P. 33| and
is

P 2hkdsosin(2kz)
W71 1 dsocos?(kz) + (26/7)2

Eq. (L.15]) can be related to the second term of Eq. (1.11)) and Eq. (1.17)) to
the first term. Eq. (1.11]) saturates at high intensities, because sy becomes

(1.17)

large. For high saturation sg» 1, Fy, is
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CHAPTER 1. THEORETICAL DESCRIPTION OF A
MAGNETO-OPTICAL TRAP

Fop = ——. (1.18)

If the intensity gets higher, the ratio of stimulated emission to sponta-
neous emission gets higher. Stimulated emission does not cause cooling as it

is directed along the absorbed photon direction.

1.2 Optical molasses

In this section, I will go through an optical molasses system and explain
Doppler cooling, based on Ref. [16, 20].

An optical molasses system uses three perpendicular laser beam pairs to
slow down particles. The main cooling mechanism is Doppler cooling. It
describes cooling of a moving atom within a laser field, where its frequency is
tuned below resonance ("red-detuned"), with respect to a desired transition,
due to the Doppler shift. If an atom moves towards a resonant photon, the
photons frequency is tuned above the resonant transition of the atom ("blue-
detuned") in the reference frame of the atom. For a red-detuned laser beam,
the absorption probability increases (see section . This results in the atom
aquiring the photon’s momentum. When the atom spontaneously emits a
photon, the direction of the emitted photon is random. This results in a net
increase of the atom’s momentum in the laser beam direction, but no net
increase in spontaneous emission. The increase of net momentum diminishes
at higher intensities, because the ratio of stimulated emission events, where
the emitted photon has the same momentum as the absorbed photon, to
spontaneous emission increases. The force due to the laser beam photon

traveling along the direction of the beam axis is
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MAGNETO-OPTICAL TRAP

L.} U . (1.19)
2 1450+ (200 F [k+¥[)/7)?

The total scattering force F of the photon-atom interaction is

F=F, +F_. (1.20)

The amount of momentum that the atom absorbs from a photon determines
the so-called Doppler limit, which is the minimum temperature Ty, achiev-
able by Doppler cooling [20],

Al
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Figure 1.1: Plot of an atom traveling along the beam axis of an optical
molasses taken from Ref. [16]. The net force (solid line) is the sum of the
two counter-propagating laser beams (dotted lines). If the atom travels
towards a photon, it experiences a repulsive force. As soon as the atom
changes direction, the force also changes sign, always producing a force
directed opposite to the velocity vector.
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CHAPTER 1. THEORETICAL DESCRIPTION OF A
MAGNETO-OPTICAL TRAP

1.3 Magneto-optical trap

A MOT is a system, which uses a magnetic quadrupole-like field and counter-
propagating laser beams to slow down or trap atoms. It is one of the most
commonly used methods to trap neutral atoms. The system uses optical
cycling, which describes the excitation from the ground state to an excited
state and relaxation back onto this ground state.

The capture velocity v, [2] is

2
ve = 1432V (1.22)
m

The trap-depth is given by U and m is the mass of the atom.

Eq. describes the upper velocity that atoms can have to be confined.
Above this limit, the number of spontaneous emission cycles is too low and
atoms escape. Optical cycling allows better control and loading of atoms, as
long as the velocity of them is below the capture velocity of the MOT (see
Ref. [17, 24]).

To be able to understand the scattering force of a MOT, we modify Eq.

by including a Zeeman shift,

Sseeman = =4/ B/h. (1.23)

Here, ' is the effective magnetic moment.

5:|: =0+ 5dopp1er + 5zeeman . (1-24)

where 5doppleT:$E17 denotes the Doppler shift [17, P. 158|.

Then, the scattering force gives
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~ hf(’y S0
Fp=+ , 1.25
+ 2 1+s0+ (201/7)2 (1.25)

A Energy
M, = +1
T- M,.=0
F
M, = -1
—_— “ =
o, beam S <> o_ beam
‘; == M, =0
< Position

Figure 1.2: Magneto-optical trap in 1D taken from Ref. [17]. Energy of
magnetic sub-levels (M, = 0, M. = 0,=£1) over position in a quadrupole
magnetic field gradient with null at z=0. The black-dotted line shows
the energy of the photon with frequency w; detuned by § from M;=0. o™
and o~ denote the polarization of the incoming positively and negatively
circular-polarized beams. §; and §_ describe the detuning from the fre-
quency of the laser beams to the M.=-+1 and M.,=-1 magnetic sub-levels.
The atoms further from the magnetic quadrupole null experience larger
Zeeman shifts, resulting in a smaller effective laser detuning J_ and an in-
creased scattering rate. The laser propagation direction ensures that the
scattering forces are always inward towards the quadrupole null.

The Zeeman shift term in equation ([1.24)) arises from sub-level splitting for
M=#£0 of an atom due to interaction with a magnetic field. If the magnetic
field has a gradient, the splitting is position dependent.

The cooling process is implemented by two counter-propagating laser beams
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~ MAGNETO-OPTICAL TRAP

the My,=0 M,=%1 atomic transition for every position z’, by 4.

In the case of 1 dimension, which can also be seen in Figure [I.2] for a mag-
netic field gradient VB>0, the state M, = +1(—1) will be shifted upwards
(downwards). The magnetic field gradient shifts the AM=-1 transition closer
to resonance. If, for any position z’ (see Figure , the polarization of the
right beam (see Figure is chosen to be ¢~ and o™ for the other one,
the atoms are driven towards the center (B=0). Otherwise, they are moving
away from the center. Therefore cooling and confinement of the atoms can
be accomplished simultaneously. To put this into 2 dimensions, four instead

of two laser beams are used.

1.3.1 Two dimensional magneto-optical trap

Within a 2D-MOT, the atoms are confined in the plane of the laser beams
(x-y plane). There is no force, acting on the atom, in the direction of no laser
beams through absorbing photons. The only contribution to the velocity on
this axis comes from spontaneous emission.

Due to high pressures (p>10~"%mBar), the atom-atom interaction rate ex-

ceeds the photon-atom interaction rate and the MOT stops working.
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MAGNETO-OPTICAL TRAP

1.4 Calcium atom

In the following, I will introduce neutral *°Ca as promising candidate for
laser cooling, based on Ref. [I5, 9]. This Ca atoms will be ionized in order
to do quantum information processing.

Ca belongs to the group of alkali-earth atoms. It has two valence electrons,

and so it has a more complicated spectrum than Hydrogen-like atoms.

Table 1.1: Half life times, natural abundances and isotope shifts at cooling
transition (1So-!P1) relative to “°Ca [20, P. 24]

Isotope | Natural abundance (%) | Isotope shift (MHz) | Half life
40 96.94 0 Stable
41 10712 166 10° Years
42 0.65 393 Stable
43 0.14 554 Stable
44 2.09 774 Stable
46 1073 1160 10' Years
48 0.19 1513 >10" Years

40Ca has an isotopic abundance of 97 percent (see Table .

The half life times in Table[LT] can be considered to be stable. Calcium has
transitions, which can be addressed with diode lasers and has no hyperfine
splitting in the ground state of *°Ca. In *!Ca, the hyperfine splitting of the
ground state give dark states in cooling. Like other alkali-earth atoms (Sr,
Yb, Ba), Ca also has a 'D meta-stable manifold (see Figure. This is not
beneficial for laser cooling, because if an electron decays into this manifold
of states (1 decay event in every 10°), it will leave the cooling cycle and
needs to be repumped by an additional laser at 671.9nm. Due to the small
branching ratio although, no repumping laser is needed.

The vapor pressure is
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MAGNETO-OPTICAL TRAP

B D
p = 5.006+ A + Tt C x log(T) + ﬁPascals. (1.26)

A, B, C and D are the measured empirical values taken from Ref. [I].

671.9 nm

4s3d ‘D,
T=15ms

1

1

|

I
1'1422.8nm
|

1] T'=2n+34.5 MHz
1

]

Figure 1.3: Simplified energy level diagram of “°Ca. The radiative lifetime
of the corresponding states 7 is shown. The blue arrow shows the cyclic
transition between the ground state 'Sy and the excited state !Py. The
red arrow shows the transition between the meta-stable state !Dy and

the excited state 4s5p 'Pq, which can be used for repumping, if needed.
The black dotted lines show the dipole allowed decays from the excited
states to the lower states |20, [19]. The cycling transition at 422.8 nm with
linewidth I'= 27 x 34.5 MHz has a Doppler cooling limit of 3mK [20]. The
frequency of the cooling transition is given by 709.078373 THz [23].

For laser cooling Ca, the 4s? 'Sy — 4s4p 'P; transition will be used, due to
the short lifetime of the 4s4p 'Py level (see Figure . The small linewidth
corresponds to a better isotope selectivity. After ionization, the Ca ion has
only one valence electron, which yields to a simple energy level scheme and

faster cooling. Furthermore, it still has a metastable state that can be used,
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Chapter 2

Experimental setup

In this chapter, I will discuss the experimental apparatus, consisting of the

oven, vacuum chamber and optics.

2.1 The oven

-4E-2

&
m
ra

\

log(Ca vapor pressure) (mBar)
&
m
[5]

N
m

300 350 400 450 500 550 600 650 700
Temperature (*C)

Figure 2.1: Vapor pressure of metallic Ca at a temperature between 300 °C
and 700 °C by application of (1.4)). The melting point of Ca is at 842°C.

The oven needs to withstand temperatures around 500 °C, because at those

temperatures, an appreciable vapor pressure for Ca is achieved (see Figure
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CHAPTER 2. EXPERIMENTAL SETUP

. Therefore, the oven used in this work is made out of a ceramic material,
called Macor. This material can be used within UHV and at high tempera-
tures, compared to other materials, like plastics. A vessel within the oven is
filled by Ca granules and the Ca is directly heated up with a resistive wire

made out of Constantan.
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CHAPTER 2. EXPERIMENTAL SETUP

Figure 2.2: Explosion view of the oven parts. The upper most part is the
solid angle of Ca coming out of the oven. The lid, shown next to the cone
consists of four holes at the side. This serves the purpose of venting and
being able to collimate the outcoming atomic beam. The next part is a
block, which corresponds to Ca granules. The next part is the inner cham-
ber. The holes lead the heating wire. Otherwise, the heating wire short
circuits. The bottom part is the outer chamber. It has a slit for connect-
ing the heating wire to the electrical feedthrough. On the inner wall of the
outer chamber, four equally spaced edges hold the inner chamber in place.
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CHAPTER 2. EXPERIMENTAL SETUP

2.1.1 Calculation of the oven output

To simulate the oven properly, the temperature of the output nozzle must
be calculated. An assumption made is that the heating wire within the oven
is a disk with a mean distance from the nozzle of half the oven height. The

surface Ag of this disk is

Ay = 2r7 4 2ro7d,, (2.1)
with rg as the radius of the disk and dg the thickness.
The volume of the lid with nozzle is

V =12 ndp, (2.2)

with r,, as the radius of the lid and d,, the thickness.
The dissipated radiation power from the disk follows from the Stefan-Boltzmann

law,

P = AyoT, (2.3)

with o being the Boltzmann constant, Ag the surface of the source and Ty
the temperature of the source. 7 includes the losses to get the absorbed

power of the lid, given by

n=a«a (2.4)

ST
« is the absorption coefficient, Ay the surface that is hit by the radiation

and A, the surface of our radiation source after a distance b.

— Page 19 -



CHAPTER 2. EXPERIMENTAL SETUP

AL r2

pu— m 2.5
A, 4mb? (2:5)
From that, the temperature change is
P t
AT =172 (2.6)
c*m

with ¢ =600 kgLK being the specific heat capacity for glass, t the time and m
the mass of the lid. No heat capacities for Macor are given and glass is the
closest one.

The absorbed power of the lid is

Pas =P x7n (2.7)

and

Pems = AmoT2 ¢ (2.8)

A, is the surface of the lid, Ty, the temperature and é=0.9 the average
emissivity for AlsOg.
The oven will loose heat through the incoming wires, too. The calculation

for the temperature loss follows as,

AW, 2pol2At
AT = 1= 2.9
Ao o2 (2.9)

AW describes the energy difference between the two points of interest, A
the heat conductance, o the cross section for a wire with radius r = 0.25 mm,
1 =10 mm the distance between these points, I the current and p.y the specific
resistance of copper.

It would be also interesting to see how fast the wire would heat up at a
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CHAPTER 2. EXPERIMENTAL SETUP

specific current. For a wire with a diameter d=0.25mm and a length of

1=>50cm, the resistance is

I
R=" =004 Ohm.

Oa,

From this, the power of the wire for a current I=1A is

P = I’R = 0.04 Watt

and an energy of

W = Pt = 0.04 Joule

With this value, the temperature change is

W I2RAt

AT = = 20 * At Kelvin

C*x1m C*x1m

Q.

(2.10)

(2.11)

(2.12)

(2.13)

Figure 2.3: Half-section view of oven with aperture. The aperture is at a
distance z from the oven nozzle. The material within the chamber corre-

sponds to Ca granules. d denotes the diameter of the aperture.

Before the atomic beam enters the interaction region of the 2D-MOT, it

must go through an aperture (see Figure .
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CHAPTER 2. EXPERIMENTAL SETUP

<r=gz2 (2.14)

d describes the diameter of the aperture, r the radius of the atomic beam, z
the distance between the oven output and the aperture, v, the radial velocity
and v, the longitudinal velocity.

An integration over the radial dimension of the oven nozzle gives the number
of atoms, which get through the aperture.

Tmax

Ntotal =

/ - drdv,np(v,(vy)) (2.15)
0

Tmax

Maxwell-Boltzmann distribution for Ca at T=700 K

..
™,
/
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1471
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velocity [m/s]

]

Figure 2.4: Maxwell-Boltzmann velocity distribution from the oven at a
temperature of 800 K

M \*?, Mv?2
p(v) =4r (27rkBT> veexp (_2k3T> (2.16)
z
Va(vy) = Vr (2.17)
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CHAPTER 2. EXPERIMENTAL SETUP

Niotal 18 the number of particles after the aperture, riy.. the radius of the
oven, vV, max the maximal longitudinal velocity, n the initial number density
inside the oven and p(v,(v;)) the Maxwell-Boltzmann distribution.

When measuring the neutral fluorescence of the beam, coming out of the
oven, it will be Doppler broadened. The increased full width at half maxi-

mum (FWHM) gives the mean temperature of the atoms [13],

mo Awce
T= 2.1
2111(2)1{]3 < 2w0 )7 ( 8)

with mg being the mass of °°Ca, kg the Boltzmann constant, Aw the FWHM,
¢ the speed of light and wg the resonance frequency of Ca.

The maximum flux that can be extracted by a 2D-MOT is (see Ref. [28])

O, ~ %% (V—> n AL (2.19)

o A7’

where ag denotes the natural abundance, v, the capture velocity, v the mean
velocity of the outcoming atomic beam, Q. = A./b the solid angle of cap-
ture with A, as capture surface and b as distance between oven nozzle and

interaction region of the MOT.
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CHAPTER 2. EXPERIMENTAL SETUP

2.2 Experimental apparatus

beam size
measurement valve
region

viewport for
pushing beam

\

exit for slow
atomic beam

magnet

holder
electrical

feedthrough

Figure 2.5: Assembly of the vacuum components. Permanent magnets in-
side the magnet holders produce a quadrupole-like field. The beam size
measurement follows between the vacuum chamber and the valve. The
valve allows the vacuum chamber to be attached to another chamber with-
out venting. A power supply unit provides current for the heating wire
through connection with the electrical feedthrough. A small viewport, on
the side of the MOT-chamber, can be used for a pushing beam, if neces-
sary.

The current limit of the electrical feedthrough is 5 A, as defined in the data
sheet. The use of a consecutive turbo-molecular pump, between a rotary oil

pump and the chamber achieves pressures of about 10~7 mBar.
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CHAPTER 2. EXPERIMENTAL SETUP

Figure 2.6: Layout of the magnet holder. The magnets and lid of the mag-
net holder are not shown in this figure. A total of 54 magnets fit inside
this magnet holder. The gap between the upper and lower half of holes

is due to two screws on the side of the magnet holder. The type of mag-
nets used are called DE 610 with a remanence of B, > 1T, a diameter of
d=6mm and a length of | =10 mm.

The screws in Figure serve the purpose of fixing the magnet rings at a

certain distance from the center of the vacuum chamber.

Figure 2.7: Layout of the mirror holder. The mirrors cause the beam to
get retro-reflected on the right mirror. The overlapping beams at the cen-
ter of the mirror holder are perpendicular to each other. The hole in the
center of this mirror holder is due to imaging. If necessary, a pushing beam
can be applied, too.
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CHAPTER 2. EXPERIMENTAL SETUP

port for
vacuum pump

mirror holder

electrical
feedthrough

laser
beam

oven

Figure 2.8: Half section view of the 2D-MOT chamber. The rings of per-
manent magnets (see Figure have the same distance to the center of
the chamber. On the top-right port of the chamber, a vacuum pump can
be attached. The oven is unique and especially made to fulfill the needs of
this project, like a long lifetime. The red cone describes the atoms coming
out of the oven. The electrical feedthrough will be connected to a power
supply for heating up the Constantan wire inside the oven.
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CHAPTER 2. EXPERIMENTAL SETUP

2.3 The optical setup

In this section, I will explain the optical setup for the laser beams and how

to lock the laser diode to a cavity.

DL PRO ~-3omw 2 FBS

i N
LASER 422.8nm” U

- ionization

3 A2

z N

y
PBS > PDH-locking
A\ %

%FC
FC

Y

3 A2

PD PBS :
q ( L—I N\ | beam size
>

== v measurement
o'l\lo”

MOT

Figure 2.9: Schematics of the complete optical setup. PBS denotes the po-
larizing beam splitter, FC the fiber coupler and PD the photo diode. This
figure consists of the pathway from the DL PRO laser source to the ioniza-
tion, PDH-locking, beam size measurement and MOT- chamber. The % -
wave plate rotates polarized light with respect to the incoming polarization
of the beam. The % - wave plate circular polarizes incoming light, if the

angle of the fast propagating axis is chosen to be 45° with respect to the
incoming polarization of the beam.

2.3.1 PDH-Locking (Pound Drever Hall)

In this section, I will shortly explain how PDH-Locking works based on the
work of E. D. Black [4].
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CHAPTER 2. EXPERIMENTAL SETUP

Fabry-Perot

In , FC PBS wa O Cavity
%w > — D — [[D]]
A U'_

© PD

Figure 2.10: Schematics of PDH-Locking. The laser beam is circularly po-
larized within the Fabry-Perot-Cavity and therefore has another handed-
ness after an odd number of reflections. The length of the cavity is ad-
justed in such a way that the desired wavelength fits inside. The PD is
connected to a feedback loop, which regulates the laser current. A piezo
changes the length of the cavity to tune the cavity frequency.

Normal frequency measurements are sensitive to intensity fluctuations. PDH
- locking, on the other hand, is insensitive to laser intensity fluctuations. The
reason for the use of PDH-Locking is that the laser frequency drifts over time
due to temperature and current drifts. This is slow ( h) due to a passive
stability of the laser, because the current and temperature are set values.
Those values can drift over time, tough. To avoid this, the laser must be
locked to a reference cavity. To distinguish the direction of the drifting
frequency, a so called error signal must be generated.

W

=——+/P.P 2.2
¢ T ) (2.20)

P. denotes the power of the carrier frequency, Py the power of the side bands,
dw the offset from resonance and Jv the cavity linewidth.

This error signal is antisymmetric around resonance with respect to the
detuning between the cavity frequency and the laser frequency. To generate

it, the incoming beam must be phase - modulated via an EOM (Electro
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Optical Modulator). An electrical signal changes the refractive index of an
EOM. This generates side modes to distinguish between the direction of the
drifts. If the laser frequency changes, the intensity on the photo detector
decreases, which in turn will regulate the laser frequency via a feedback
loop. With this technique, an accuracy, compared to detuning stability of

the laser beam, in the sub-Hz regime is achieved.

2.3.2 Scanning of laser frequency

Figure 2.11: Schematics of optical setup in front of the vacuum chamber.
It consists of a % - wave plate, % - wave plate, polarizing beam splitter and
photo diode. The photo diode is used to detect the intensity of the laser
beam, which comes out of the chamber.

The incoming light can either be right-handed or left- handed circular polar-
ized. Within the MOT chamber, the light gets reflected five times, which will

lead to an opposite circular polarization in contrast to the incoming beam.
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This beam gets reflected at the PBS and therefore detected by the PD. This
setup can be used to find the resonance of the cooling transition. As soon as
the frequency of the laser beam is close to the resonance frequency of the Ca
atoms, photon absorption occurs and a drop in intensity at the photo diode
can be observed.

To get most knowledge about the system, the losses of the optical compo-
nents must be included.

The laser power at the photo diode is

Pout = n * Pina (221)

with

n = [Ru|® * | Twe|? * | Tve|? * [Rpps|

1 denotes the efficiency of the optical setup after the beam splitter to the
photo diode, R the reflection coefficient of the mirror Tywp the transmission
coefficient of the wave plate, T'yp the transmission coefficient of the viewport,
Rppg the reflection coefficient of the polarizing beam splitter and Py, the
power of the incoming laser beam.

This effect is hard to see at small laser currents (= mA). Another possibility
is to observe the fluorescence of atoms directly with a photo diode at the
port for the pushing beam.

It is interesting to take a look at the size of the beam inside the mot, be-
cause the beam after the first reflection inside the chamber could cross the

interaction region. This reduces the efficiency of the MOT.
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| / ' . |

Y

Figure 2.12: Beam path within the MOT. The black lines describes the
position of the mirrors, the outer yellow-dotted circle the diameter of the
mirror holder, the two yellow-dotted parallel lines the laser beam and the
yellow-dotted inner circle the size of the interaction region of the incoming
with the retro-reflected beam. The spacing between the interaction region
and the reflected beam after the first reflection is denoted by w. d is the
diameter of the beam. The distance between the center of the mirrors and
the center of the interaction region a is 10 mm.

The geometrical calculation of the maximum allowed beam size gives

W:(f—r)—r:E—Qr, (2.22)

with a being the
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Simulation

In this section, I will go through the simulation and assumptions for it.

Atom-atom and Photon-atom interactions describe the motion of atoms
within the interaction region of a MOT. One way to calculate the atom-
atom interaction is via diffusion. The problem that arises is that there is
no steady-state temperature within a 2D-MOT and therefore no diffusion
formula. Thus a Monte-Carlo simulation must be used for an atom-atom
interaction. The simulated collision rate per second for an atom-atom inter-
action is in the order of 1073, Therefore, this kind of interaction has no big
influence on the path of the atoms and is negliable. The simulation assumes
no atom-atom interaction, but atoms interacting with light in a semi-classical

model. The following additional assumptions are made:

e If the transition probability of a beam in x-direction, either +
or -, is higher than the probability of a beam in y-direction, the
probability for a transition, caused by a beam in y-direction, is

set to zero and vice versa. The same applies to beams on the
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same axis. Otherwise, simultaneous excitation is possible.
e [f a transition occurs, the spontaneous emission follows after 1 us.

e After 10 ms, the simulation stops. The simulation will take several

minutes, if this time is longer.
e the whole oven nozzle is a circle with diameter d =1 mm.
e the beams are Gaussian.
e the incoming beam has a certain spread.

e the interaction region is spherical.

for shorter calculation time, only 100 atoms are simulated.

The number of atoms that are entering the interaction region of the MOT

(Eq.[2.19), for T=923K and m=1g is

1
Pongle = 1.47 % 101! < (3.1)

For these parameters the lifetime is around

toven = 10000 h (~ 416 days) . (3.2)
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Figure 3.1: The upper figure displays the velocity distribution of atoms
between the oven nozzle and the aperture nozzle. The second figure shows
the velocity distribution of atoms after the aperture nozzle.
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Figure 3.2: Solid angle of atomic beam coming out of the oven over aper-
ture diameter.

The probability of an atom absorbing a photon is

arctan (=)

Ptransition = % + 05, (33)

where t is the time between transitions and ~y,0q the modified linewidth. It
describes a cumulative Cauchy distribution |?].

The modified linewidth depends on the position and velocity of the particle
and is given by

S
Ymod = g PR (34)

2(1+s+4(%))

where 7 is the natural line width of 4°Ca, given by v=34.5 MHz, s the
saturation parameter and § the detuning.

The saturation intensity is Jy = 93.4 W
m
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velocities of atoms over position at different times
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Figure 3.3: Monte-Carlo simulation of velocities of 100 atoms along the
z-axis within the interaction region of MOT. After 1 us, all atoms are con-
fined at z~0 with a small velocity distribution in v, going from ~-0.5m/s
to ~+0.5m/s. After 3ms the atoms are further distributed along the z-
axis and also along v,. At the end of the simulation the spacial and veloc-
ity distribution is the furthest, going from z~-15mm to z~ 15mm and v,
from ~-2.5m/s to +2 m/s.
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Number of atoms over angle at differential tube

number of atoms

L=

50 100 150 200 250 300
angle [deg]

Figure 3.4: Number of atoms over angle in respect to direction from

the oven nozzle to the center of the interaction region of the MOT with

%—f =50Gs/cm. In the angles from 0 to ~30°, only atoms that were to
fast and therefore left the interaction region on the other side of the in-
coming ones, are shown. At 90 and 270° , which are the 4 z-directions, the
atoms are very well collimated, which indicates that the simulation of the
MOT works quite well. At 180°, the atoms have not entered the interac-
tion region, because those were to slow before the simulation stopped. The
number of atoms going through the differential pumping tube in this simu-
lation gives an efficiency of ~ 3 %.

The value for the temperature change is (see Eq. (2.6))

AT = 0.8+t Kelvin. (3.5)

This means, if i do not take the emission of the lid into account, it would
heat up to a temperature of 700 K in 10 minutes.

The resulting steady-state temperature is

T,, = 603 Kelvin. (3.6)
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The calculation of the heat loss through the incoming wires (see Eq. (2.9))

gives

AT = 4 Kelvin . (3.7)

For w=0 and a=10mm the distance between the center of the interaction

region and the mirror in Eq. (2.22)), the beam diameter must be smaller than

Apeam = T.1mm. (3.8)

The magnetic field gradient simulation (see Ref. [3]) assumes two axially

magnetized rings of permanent magnets and gives

VB = 85.4Gs/cm. (3.9)
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Measurement results

Table 4.1: Reflexion(R) and transmission(T) coefficients of optical compo-
nents

Part ‘ Data sheet value ‘ Experimental value
PBS Rpps > 0.99 Rpps =0.95
VieWpOI't TVP ~ 0.92 TVP =0.92
/4 Twp > 0.99 Twp =0.99
Mirror (423 nm) Ry > 0.99 Ry = 0.98

The results, for the efficiencies (see Eq. , are

Tltheoretical > 0.79

and

Texperimental components — 0.73+0.02.

After setting up the optical setup, the measured efficiency gives

Tlexperimental = 0.794+0.02.
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Figure 4.1: Measurement of magnetic field within vacuum chamber. The
spacing between the measurement points is 1 mm.

The measurement of the magnetic field gradient gives

VB = (36.8 £ 0.4) Gs/cm.
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Figure 4.2: Plot of measurement signals and Lorentzian fits of neutral
fluorescence at oven currents of 1.3 A (blue) and 1.4 A (red). The green
line symbolizes the reference frequency at 709.0783 THz. The laser power
inside the MOT is (3.79 £0.02) mW. The linewidth at FWHM gives
AX=2.4749 GHz, which corresponds to a temperature of T =951.7782 K.
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Figure 4.3: Plot of measurement signals and Lorentzian fits of neutral
fluorescence. The laser power inside the MOT is (8.98 +0.02) mW. The
green line symbolizes the reference frequency at 709.0783 THz. The cen-
ter of the Doppler broadened signal (blue) is at 709.0768 THz. The center
of the signal of cooled atoms (red) is at 709.0779 THz. This corresponds
to a maximal signal at a detuning of 400 MHz. The oven current is 1.3 A.
The linewidth for the cooled atoms at FWHM gives A\ =1 GHz, which
corresponds to a temperature of T ~ 155 K.
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Figure 4.4: Observed fluorescence of 2D-MOT. The bright spot in the mid-
dle of the crossing beams comes from either over saturation of the camera
or confined atoms within the interaction region.

— Page 43 -



Summary and outlook

I presented a pure 2D-MOT as suitable candidate for loading ion traps.
The use of permanent magnet rings with a resulting gradient of VB =
(36.8 & 0.4) Gs/cm is enough to observe fluoresence (see Figure [4.4). The
difference to the simulation VB = 85.4 Gs/cm could be due to the magnet
holder material (Aluminium). This needs further investigation. The design
of a novel oven design gives satisfying results at currents above ~1A. One
should be careful about not using currents above 1.5 A, due to breaking the
wire. The temperature calculated from Figure via Eq. is at the
estimated value of 600 °C. To decrease the error, a higher laser intensity, or
better detection e.g. via photo multiplier tube, is required. The temperature
of the cold atoms within the MOT (see Figure is T~ 155 K.

The estimated value for the oven lifetime t = 10000 h assumes atoms directly
leaving the oven. Therefore, this value is rather a lower limit than the

estimated value.

The difference between the two experimental efficiencies 7experimental components =

0.73 £ 0.02 and Nexperimental = 0.79 £ 0.02 could be explained by the usage

of different components for both measurements.
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Appendix A

Piezo driver

Most of the circuit has been copied from Frieder Lindenfelser’s master the-
sis. Linear power supplies give a DC output of 200 V. They give a physical
separation between the circuit and the power net. This allows to omit the
parts for rectifying the input signal. Another change made is the use of a
switch at the input of the operational amplifier. The linear power supply is
able to drive three piezos at its maximum, because one operational amplifier
needs less than 200mA and the power supply gives 600 mA. Four piezos are

used for the eQual project.

Figure A.1: PCB-design of power supply circuitr
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D3

oS Re Do

Figure A.2: PCB-design of voltage increasing circuit

Figure A.3: PCB-design of opamp circuit

To be able to drive a piezo, one needs three circuits. The first one (see Figure
A 1) is for rectifying the input voltage and setting the output voltage. The

rectification is obsolete, because a linear power supply is used and therefore
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R1, R2, C1 and C2 can be omitted. The second PCB (see Figure |A.2)
increases the input voltage to the desired value of approximately 400 V. The

third one (see Figure [A.3) is the operational amplifier circuit.
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