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Abstract

The properties of a collection of atoms at extremely low temperatures (of the
order of micro-kelvins or lesser) have been of theoretical interest for decades.
It is only with the relatively recent advent of laser cooling has it been possible
to create the conditions in which these properties can be studied. Laser
cooling can decrease the temperature of atoms from around 900 K to a few
microKelvins. The atoms experience a retarding force as they travel in a laser
beam as they absorb and emit photons traveling in the opposite direction.
There will be a Doppler shift in the velocity of the atoms due to this and
the atoms move out of the range of the frequency of the light beam. One of
the ways to correct for this is the design for a Zeeman Slower. The Zeeman
Slower comprises a laser beam and a magnetic field in a solenoid. A Zeeman
Slower for Strontium atoms has been designed as part of this project. The
wavelength of the laser beam used is 461 nm and it addresses the 1Sy to 1P,
transition of the atoms. This transition has a relatively large line-width of
32 MHz and using this can achieve high cooling rates. The Zeeman effect
due to the magnetic field in the solenoid shifts the levels of the atoms. A
spatially varying magnetic field profile can be designed to make sure that the
energy gap between the two levels remains in tune with the frequency of the
laser (i.e. the atoms will still be able to absorb the photons). The Slower
can reduce the velocity of the atoms to a few tens of m/s. The atoms will
then be loaded in a Magneto-Optical Trap which consists of six orthogonal
beams intersecting to slow the atoms and a weak magnetic trap to push the
atoms into a small sphere and trap them. Another way to load atoms into
a MOT is to use a 2D MOT as a source of a collimated beam of slowed
atoms. It is loaded in a vapour cell and the output is a beam of atoms which
travels to the 3D MOT chamber. This configuration consists of four laser
beams orthogonal to the axis of propagation to slow down atoms and four
coils producing a weak magnetic field to push the atoms towards the axis.
The 2D MOT uses the 461 nm transition and the 3D MOT uses the 1S, to
3P, transition of wavelength 689 nm. The output flux of both the sources
can be compared. The advantages and disadvantages of the two techniques
are discussed.
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Chapter 1

Introduction

1.1 History

The proposal to use radiation scattering forces on atoms to slow them down
was first made by Wineland and Dehmelt [I] and Hansch and Schawlow [2]
when they recognized the fact that this force would be dependent on the
velocity of the atoms. One simple implementation of this idea is to send
a stream of atoms into a light beam with a wavelength that addresses a
transition from a lower to higher state. Early experiments were conducted
by Phillips and Metcalf [3], Chu and Wieman [4], and Meystre [5] resulting
in the successful slowing and thereby cooling of atoms to a few hundredths
of a Kelvin.

As the atoms decelerate, the Doppler shift takes the laser frequency out of
resonance with the atomic frequency. There are two ways that this problem
is dealt with. Phillips [3] and Pritchard [6] introduced a spatially varying
magnetic field along the path of the atoms such that the change in the atomic
frequency due to the Zeeman effect of the magnetic field compensates for the
change in Doppler shift. Another method introduced by Phillips [7], Zhu [§]
and Wieman [9] is to change the laser frequency to keep in resonance with
the changing atomic frequency.

The optical molasses state achieved by the intersection of six laser beams
so that the atoms experience viscous damping in whatever direction they
move has been theorized by Dalibard, Phillips |[I0] and Ashkin [I1], and
experimentally shown by Phillips [12] and Wieman [I3]. The concept of
Sisyphus cooling (that goes beyond the Doppler limit) has been explained by
Dalibard and Cohen-Tannoudji [I4]. In about ten years (1979-1989), Laser
cooling has brought down the temperature of atoms from a few hundredths
of a Kelvin to a few micro Kelvins.



1.2 Motivation for Laser cooling of Strontium

Alkaline-earth metals have many features not present in alkali systems that
can be exploited for experiments in various fields like precision metrology,
quantum information processing and quantum many body physics. The two
valence electrons give rise to electronic properties that are significantly dif-
ferent from conventional alkali metal systems.

Some of the unique properties of Strontium are the four naturally occur-
ring stable isotopes (both Bosonic and Fermionic), a ground state without
electronic magnetic moment, the very strong *Sy— ! P; transition at 461 nm
that is good for laser cooling, the narrow inter-combination transition 'Sy—
3P, that has a Doppler limit three orders of magnitude lesser than the other
18y— 3P, that arises in the fermionic ®"Sr isotope due to hyperfine interac-
tions. The narrow inter-combination lines and the metastable states asso-
ciated with them offer very good possibilities for laser cooling. Strontium
also has a wide range of inter-isotopic scattering lengths that are useful in
the investigation of fundamental laws. Apart from studying the properties of
ultracold atoms, Strontium is also used in the study of ultra cold molecules,
both homogeneous and heterogeneous. Strontium molecules are formed by
photoassociative spectroscopy of atoms in optical lattices, and Strontium -
Rubidium molecules having both magnetic and electric dipole moment are
used in the study of many body physics.

The primary standard of time at present is set by the Caesium atomic
clock. One second is defined as the duration of 9,192,631,770 periods of the
radiation corresponding to the transition between the two hyperfine levels of
the ground state of the Caesium 133 atom. The accuracy of this definition
lies in the universality of the atomic transition frequencies as opposed to the
definition of a second as 1 in 86,400 parts of a mean solar day (as it does not
account for irregularities in the rotation of the Earth). The transition used
to probe the Caesium atoms is a microwave transition operating at 9.2 x 10°
Hz. The principle of operation of atomic clocks is that an external source is
locked in resonance with the atomic transition that is to be probed. However,
there is an inherent uncertainty in finding out the actual frequency v, that
broadens the width of the resonance dr. The stability of the clocks depends
on the quality factor Q = 1vy/dv. The deviation of the clock is inversely
proportional to the quality factor and the life-time of the upper state 7.
The fractional uncertainty given by the term #m of the Caesium clocks is
107'%, meaning that the deviation of these clocks would be less than a second
in 107 years.

Working with higher frequencies improves the quality factor of the clocks
thereby increasing their stability, when all the other factors are equal. For



example, Strontium clocks operate at an optical frequency of 4.3 x 10** Hz.
The transition probed is the 1Sy— 3P, transition that has an extremely nar-
row linewidth < 1 mHz. Many systematic corrections do not depend on the
frequency used for probing. Thus the fractional stability increases directly
with the increase of the frequency used. The magnitude of the frequency
used in optical clocks is 4-5 orders larger than that used in standard Cae-
sium clocks. Thus, Strontium clocks are already more accurate than the
present standard of time. But the Doppler shift is directly proportional to
the velocity of atoms. This implies that to improve accuracy, we need to
reduce the velocity of atoms as much as possible. Here, laser cooling comes
into the picture. Both neutral atoms and ions can be used as an atomic refer-
ence. Stability also increases as 1/ VN where N is the number of atoms being
probed as this reduces the inherent statistical uncertainties. Using ions is a
limitation as we can probe only one ion at a time (probing two ions together
destabilizes the system with the Coulomb interactions). But using neutral
atoms present no problems of this kind. Many neutral atoms can be probed
together by trapping them in a periodic potential like an optical lattice. The
optical lattice clocks can improve the accuracy by at least an order of mag-
nitude over the optical clocks. The fractional accuracy of the optical lattice
clocks is calculated to be 1078 which means that the deviation would be less
than a second in about 10'° years which is roughly the age of the Universe.

The proposals for the optical clocks had to overcome two problems. It is
not possible to probe the higher frequencies of the transition using electronic
cycle counters. The design of optical frequency combs which connect the
optical clocks to the electronic counters surmounted this problem [I5]. The
second obstacle was that the optical fields used to trap the atoms would
induce an ac Stark shift that changes the clock frequencies depending on the
local intensity of the lasers. However, it has been found that using a 'magic’
wavelength for the trapping potentials removes the differential effect of the
optical fields as it shifts the two levels required by the same amount [16].
The proposal outlining the idea of the Strontium clock was made by Katori
in 2003 [I7] and the magic wavelength required was determined by Katori
and Takamoto in the same year [18]. The clock was experimentally realized
in three different laboratories by Takamoto [19], Le Targat [20] and Ludlow
[21] in 2006.

The accuracy of Strontium optical lattice clocks would lead to many ad-
vances in fundamental science like redefining the second and mapping Earth’s
gravity using the gravitational redshift. Also possible are reproducible tests
of Einstein equivalence principle [22], the coupling of fundamental constants
to gravity [23] and the time variation of fundamental constants. Technologies
that use global positioning systems and broadband communication networks



also benefit from the more precise measurement of time.

To achieve a Strontium optical lattice clock, the atoms are to be cooled
down and trapped in a magnetic or optical dipole trap and from there loaded
into an optical lattice. The clock transitions will be probed in the lattice. In
this project, I have designed a Zeeman Slower for the first stage of cooling
required for the atoms. T have also compared the efficiency of loading atoms
from a Zeeman Slower to that of loading atoms from a 2D Magneto-Optical
Trap, another source of a collimated beam of slow atoms. I have compared
the different experimental aspects of the two systems. I have also discussed
two kinds of oven collimation systems from which the atoms enter first stage
of cooling.

1.3 Overview of the thesis

The thesis is divided into four parts. In the second chapter (the Theory),
the first two sections give the fundamentals of light matter interaction and
the cooling and trapping mechanisms of atoms. The third section explains
the operating principles of the 2D MOT to the 3D MOT system and gives
a theoretical model for the output flux of the 2D MOT. The fourth sec-
tion discusses an oven collimation system. The fifth section is about the
Strontium atomic system and mentions all the things required for the laser
cooling of these atoms. The third chapter (Experiment) gives all the basic
calculations required for designing the Zeeman Slower and explains how the
magnetic field is simulated to finalize different parameters. The results chap-
ter gives the data collected for the experimentally measured magnetic field
and the expected output flux. The fifth chapter (the discussion) compares
various aspects of the Zeeman Slower and the 2D MOT system, another oven
collimation system with the previous one and gives the future plan.



Chapter 2

Theory

2.1 Interaction of atoms with Radiation

The interaction of a two-level atom with radiation is described using a semi-
classical treatment, i.e. the radiation is treated as a classical electric field and
the atom is treated quantum mechanically. We start with the time dependent

Schrodinger equation
ov .
h— = HV 2.1
The Hamiltonian H has two parts, the unperturbed HamiltonianAﬁo and the

interaction with the electric field which is dependent on time H;(t).
H = Hy + Hy(t) (2.2)

The unperturbed eigenvalues and eigenfunctions are the atomic energy levels
E, and FE,, and the wavefunctions 1, and 1,. The wavefunction of the
total Hamiltonian H can be written as a function of these eigenvalues and
eigenfunctions.

(7, ) = ¢ )by (F)e” PN 4 ey (t)ahy (7) e E2h, (2.3)

Taking w; = E;/h and writing the above equation in the Dirac ket notation,
we get
U (7, 1) = ¢ |1)e ™1 4 ¢y|2)e 2! (2.4)

As the equation should be normalized, the time dependent coefficients ¢; and
co should satisfy

lel? + |ea? =1 (2.5)



2.1.1 Bloch sphere treatment

In the Bloch sphere representation, the two levels of the atoms |1) and |2)
are taken to be the bottom and top points of a sphere of radius one unit.
The superposition states of the two levels lie on the surface of the sphere and
are given by the equation

[v) = c1|1) + ca2)

with the normalization condition being |c1|> + |c2|*> = 1. The direction of
the Bloch vectors describing the superposition states can be written in the
Cartesian coordinates (z,y, z) or in the spherical polar coordinates (r,6, ¢)
with

x = rsinf cos ¢,
y = rsinfsin ¢,
z =rcosb,

T2:$2—|—y2+22

We can find out the behaviour of a two-level system (like the populations
in the two states) by calculating the electric dipole moment induced in the
atom due to the external electric field using the Bloch sphere representation
(as given in the book Atomic Physics by C.J. Foot). The electric field is
taken to be along €, and the component of the dipole along this direction is
given by calculating the expectation value [24]

—eD,(t) = — / Ul () ex W (t)d>F (2.6)
This implies that the required dipole moment is given by

D, (t) = /(Cle_iwlt% + coe” R hy) w(ere T Py 4 cpe” M g )P (2.7)

= Czchmeiwot + CTCQXlge_iwot. (28)

where wy = wy — wy and Xq5 = (1|x]2).
As Xy = X7y and X1 = X9 = 0, we see that the dipole moment is a real
quantity. The terms cjcy and cjc; are the coherences of the system. They are

the off-diagonal elements of the density matrix whereas the diagonal elements
are the populations. The density matrix is given by

[THT| = (ere2)" (c]c3) (2.9)

9



When the frequency of the radiation is not at the atomic resonance, we
define new variables ¢; and &, as

G = cre 02 (2.10)

Gy = cpe!/? (2.11)

with 0 = w — wy where w is the frequency of the laser.

This does not affect the populations of the levels, but the coherences
change as p12 = praexp(—iot) and p; = porexp(idt). The dipole moment in
terms of these coherences is

—eD,(t) = —eX1ap126™°" + pore” 0! (2.12)
= —eXiop12e™ + pore ™t (2.13)
= —eXa(ucoswt — vsinwt) (2.14)

where u and v are the in-phase and quadrature components of the dipole in
a frame rotating at w and are given by

u = pi2 + P21 (2.15)
v = —i(p12 — p21) (2.16)

To find out the time derivatives of ¢; and ¢y, we substitute the expression
for the wavefunction in the time-dependent Schrodinger equation to get

ic1 = Qcos(wt)e “0le, (2.17)

icy = Q* cos(wt)e™'c, (2.18)
where (), the Rabi frequency is given by
0="° / () Bt (r) P (2.19)

with the electric field E = | Ey|é, cos(wt).
Writing cos(wt) in terms of exponentials, we get

. . Q
Z-C-1 _ C2€z(w7wo)t + e*Z(WﬂUO)tE (220)
. i(wwo)t —i(w—w )tQ
iCy = cre " te 0 3 (2.21)

The term with w + wy oscillates much faster than the term with w — wy
and averages to zero over typical interaction times. Thus it can be neglected

10



compared to the other term. This is the rotating wave approximation and
using it, we can write

icy = c2e°')/2 (2.22)
icy = cre7 /2 (2.23)

From these equations, the time derivatives of psy, p1o and pz; can be
calculated. These equations in terms of u and v are

W= dv (2.24)
U= —du + Q(,OH — ng) (225)
P = Qu/2 (2.26)

Writing these equations more concisely (by taking w = p11 — pa2),

= 6v (2.27)
0 = —ou + Quw (2.28)
W= — (2.29)

With these equations, the populations of the states can be found out in
a steady state.

11



2.1.2 The Optical Bloch equations

The energy of a two-level atom is proportional to the population of the excited
state, I = poshwy. To account for spontaneous emission in the system, we
treat it as a damped classical harmonic oscillator [24].

The equation of motion for a harmonic oscillator of natural frequency wy
with the driving frequency w is

i+ Bi +wpr = Fcoswt/m (2.30)
Taking an ansatz of the form

x=U(t) coswt — V(t)sinwt (2.31)

and substituting it in the equation of motion, we find
(U) = (w—wo)V — BU/2 (2.32)
(V) = —(w — wo)U — BB/2 — F/(2mw) (2.33)
The total energy of the oscillator in terms of U and V can be calculated to be
E = 1/2mw?*(U? + V?), approximating the natural and driving frequencies
to be equal in magnitude. From the above equations, the rate of change of

energy is given by .
E=—-0FE—-FVw/2 (2.34)

Treating the energy of the two-level system similarly, a damping term is
introduced to get
pra = =2z + Qu/2 (2.35)
where € is the driving frequency.
The equations for %, ¥ and w become the Optical Bloch equations

u=0v—Tu/2 (2.36)
0= —0u+ Quw—Tv/2 (2.37)
w=—Qv—T(w-1) (2.38)

The steady state solution, i.e. at times longer than the lifetime of the
upper level is

_ {2 (2.39)
S 024+ 02/2+T2/4 '
Or/2
TR 2224 (240)
2 2
5% +T2/2 .41

T 221124

12



From these equations, the upper state can be calculated to have a steady
state population of
l—w 0?/4
2 24+02/2+T12/4

P22 = (242)

At a strong driving field (€2 — o0), the populations of both the levels tend
to become equal, i.e. w — 0 as pgy — 1/2.

This treatment can be compared to Einstein’s treatment of the popu-
lations in the two levels. The rate equations for the populations are given

by
dN,

W = N1312P(w12) - NQBmp(wlz) — Ny Ay (2-43)
d Ny dNy

—— == 2.44

dt dt ( )

where p(wq2) is the energy density per unit frequency interval near the atomic
frequency, Bis and By are the coefficients for stimulated absorption and
emission whereas A,; is the coefficient for spontaneous emission.

Considering the atom to be in a region of black body radiation (the energy
density of radiation is given by the Planck distribution law) and the system to
be in thermal equilibrium (the populations are dependent on the Boltzmann
factor), the energy density is given by

A21 1

Pl = B NNy (Braf Bar) — 1 (2.45)

At thermal equilibrium, the relation between the populations of the two
states is

No _ N huofsT) (2.46)
92 g1
Using these equations, we get the relationships between the coefficients
Fuwo?
Agy = @321 (2.47)
B, = 2B, (2.48)
g1

To compare the two treatments, we start by writing the Rabi frequency
in terms of the energy density in frequency intervals,

GXlgEo(W)
h

A Xpaf* 2p(w)dw
B h? €0

Q> = (2.49)

13



Using this equation and integrating the expression for cy(t) from the ro-
tating wave approximation over all frequencies in the broadband radiation,
we get the transition probability from level 1 to 2 as

_ ea(@®)]? _ me?| Xpof?

R —
12 t €0 h?

p(wo) (2.50)

From this, we can write the expression for Einstein’s coefficient of absorption
as

7T€2|D12‘2
By = ——— 2.51
12 360h2 ( )
where D12 = <1’77|2> and ’X12‘2 = ’D12‘2/3.
With the relation between Ao, and Bio, we find
Agl = 24—Oéw3|D12|2 (252)
go 3¢?

where « is the fine structure constant.

When 2 — oo we see that the energy density p(w) — oo. If the degen-
eracies of the two states are equal, the stimulated absorption and emission
coefficients are equal. Using the equation for energy density, we see that
Ni{/Ny = 1, i.e. poo = p1; = 1/2. This agrees with the result from the
Optical Bloch equations.

14



2.2 Laser Cooling of atoms

When an atom absorbs a photon, it experiences an impulse of magnitude
and direction those of the photon’s momentum. A stream of atoms traveling
in a light beam constantly absorb and spontaneously emit photons. As the
emission is spontaneous, each photon is emitted in a random direction. Thus
the impulses received by the emission of photons cancel themselves out over
many cycles. If the atoms are traveling in a direction opposite to the photons,
the absorption and emission slows down the atoms. As the velocity of the
atoms is reduced, the temperature of the atoms given by K.F = 3/2kgT is
also reduced proportionately.
Considering radiation of intensity I, the force on an area A is given by
F = m_r (2.53)
c c
where P is the power of the radiation beam. Atoms subjected to a counter
propagating laser beam experience a force

—ol
c

F =

where o is the absorption cross-section of the atoms.
The magnitude of this scattering force, given in terms of photons absorbed
is
F = (scattering rate) x (photon momentum) (2.54)
The scattering rate is dependent on the population of the upper level of
the atoms and is given by R = I'pyy where I is the line-width of the transition
between the two levels. Using the expression for the population derived in
the previous section,
r r?%/2
P2 ==
2024 Q2%/2+12/4
where the frequency detuning from resonance should also include the Doppler
shift and thus is 6 = w — wy + kv. Using the relation between Intensity I
and Rabi frequency 2, I/I,at = 2Q?/T?, we can write the force in terms of
Intensity as

(2.55)

r I1/1
F _ hkf— / sat
214 /15 + 46%/12
where I,,; is the intensity at which half of the atoms are in the excited state
and is called the saturation intensity. Maximum force (AkI'/2) is experienced
when I is much greater than I,,;. Another explanation for this is that the

atoms spend half their time in the excited state and the rate of absorption

(2.56)

15
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Figure 2.1: Configuration of Optical Molasses technique

of photons is 1/27 where 7 is the lifetime of the excited state. The recoil
velocity experienced by the atom of mass M is v, = hk/M. Therefore, the
maximum acceleration is

Uy hkT
Amaxr — Z = W (257)

2.2.1 Optical Molasses

A laser beam slows down atoms moving only in the direction opposite it,
or rather it reduces only the component of velocity that is opposite to it.
But atoms in a gas move in all three directions. Reducing the speed of the
atoms requires laser cooling in all three directions. This is implemented by
creating three orthogonal standing waves. The figure shown represents the
configuration.

Because of the Doppler effect, a moving atom ‘sees’ an increase in the
frequency of the laser beam propagating in the direction opposite to it. Using
red detuned light for all the beams, we ensure that the atoms mostly absorb
the photons traveling opposite to them. This reduces the velocity of the

16



atoms in all three directions.
The force experienced by the atoms due to the two counter-propagating
beams along one axis, say the z-axis, can be expressed as [24]

Fmolasses = scatt(w — Wo — ]CU) - Fscatt(w — Wo + ]CU) (258)
oF oF
- Fscatt(w - WO) - k’U% - [Fscatt(w - WQ) + k’U%] (259)
oF
=-2—kFk 2.60
0 F (2.60)
1 —20/T
= 4hk? of (2.61)

Tsor [1+ (20/1)2%)?

The constant 21{:‘3—5 is denoted by «, giving the damping force Fj,jusses =
—aw.
The kinetic energy of the atoms along the z-axis changes as

d (1 dv oF
— | =M 2) = M z_z = V. Frnolasses = —2k—— 2 2.62
dt (2 UZ) Vg T el O 2 (2.62)

Similar equations apply to the other axes. The total kinetic energy F =
$M(v2 + vl + v2) decreases where the three orthogonal beams intersect.

dE 200 E
i ) SH—— 2.63
dt M Tdamp ( )

Usually, the damping time 744, is a few microseconds.

2.2.2 The Magneto-Optical Trap

The optical molasses technique with a quadrupole magnetic field can be used
to trap atoms. Two coils with currents in the opposite directions produce the
required magnetic field. The laser beams should have circular polarizations,
with each pair of counter propagating beams having polarizations opposite
to each other. The schematic of the trap is shown in the figure.

The magnetic fields from the two coils cancel each other at the centre
in between the coils. There is a uniform gradient of field such that the
Zeeman effect is linear. When the atoms move from the centre towards one
side, the magnetic field there causes its levels to split in such a way that
absorption of photons from the laser beam travelling opposite to the atom
becomes favourable. the laser beams are red detuned. As the atoms tend to
absorb more photons from the beam traveling opposite to it than from that
traveling along it, it experiences a force damping its motion (as explained in

17



Figure 2.2: The Magneto-Optic Trap

the optical molasses section). Similarly, the atoms experience a force from
all directions pushing them back towards the centre.

Considering that the atom moves in such a way that the o™ transition
becomes favourable, the force that the atom experiences is given by the
expression [24]

Fuor = Fouy(w — kv — (wo + B2)) — Fopu(w + kv — (wo — 82))  (2.64)

oF oF
=—-2—Fkv+2— 2.65
Ow v (%JO /BZ ( )
The terms wy + 8z and wy — Bz are the resonant absorption frequencies
for the o and the o~ transitions respectively. The Zeeman shift Sz at

displacement z is

_ grsdB

18



As the frequency detuning § = w — wy is kept constant,

OF OF
- —_Z 2.
8&)0 Ow ( 67)
Therefore,
OF
F]WOT = —Qa—w(lﬂ) + BZ) (268)
=—av — a—fz (2.69)

The restoring force has a spring constant «f3/k. The atoms are slowed
down in the region of intersection of the orthogonal beams and are pushed
towards the centre of the trap as the force is also position dependent. Thus
atoms are loaded in the centre of the trap.

2.2.3 Zeeman Slower

Only the atoms with velocities below a certain value can get captured in the
MOT. This capture velocity is dependent on the detuning of the laser beams
and the gradient of the magnetic field and is typically a few tens of m/s.
Atoms with higher velocities do not spend enough time in the laser beams
to slow down sufficiently. The initial velocity of the atoms is decided by the
temperature and pressure in the oven to get the required initial flux of atoms.
A Zeeman Slower is used to slow down the atoms from the initial velocities
of a few hundred m/s to a few tens m/s.

As the atoms slow down, the Doppler shift (kv) also reduces propor-
tionately. In the equation for the scattering force, the detuning ¢ took into
account the Doppler shift also. This implies that as the Doppler shift re-
duces, the laser frequency is no longer in tune with the atomic frequency and
the absorption of photons reduces. One way to account for this change in
the Doppler shift is incorporated in the design for the Zeeman Slower. The
atoms slow down over a certain length. A spatially varying magnetic field is
applied over this length such that the Zeeman effect moves the atomic lev-
els to compensate for the varying Doppler shift. As the transition frequency
changes, the laser frequency required for the absorption to take place remains
constant. The schematic diagram for a Zeeman Slower, including the oven
and the UHV chamber is shown.

The magnetic field profile should satisfy the condition [24]

ppB(z)

+
wo h

=w+ kv (2.70)
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Figure 2.3: Schematic of Zeeman slower

where z is the distance from the beginning of the slower to that point, v is
the speed of the atoms, up is the Bohr magneton, k is the magnitude of the
wave vector, wy is the atomic frequency and w is the laser frequency.

The velocity of the atoms as a function of z is given by

v =gl — )12 (2.71)
Lo
where vy is the highest initial velocity from which atoms can slow down which
determines the length of the Slower.

From the above equations, the magnetic field profile can be calculated to
be

z
Lo

where By = hkvy/up and Byies = (w — wo)h/1ip.

Atoms with velocities higher than the vy taken are not affected signifi-
cantly by the laser beam. The atoms with velocities lesser than vy move unim-
peded until they reach the point where the magnetic field is B = hkv/up,
from where they decelerate continuously with the atomic frequency being in
resonance with the laser frequency.

B(Z) = BO(]- )1/2 + Bbias (272)
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2.3 2D-MOT to 3D-MOT

Loading atoms into a 3D-MOT requires a continuous beam of cold atoms
with a small divergence. Apart from chirped slowers and loading directly
from vapour pressure (significant mostly for heavier atoms), Zeeman Slow-
ers are also used as a continuous source. A Zeeman slower decelerates an
atomic beam in one direction, but this gives rise to a high divergence beam.
By implementing a technique in which one of the beams in a 3D-MOT is
dark, Lu et.al. [25] have produced a continuous collimated beam that travels
in the direction in which there is the imbalance of radiation pressure. An-
other way to load atoms is to use a double MOT system, in which the first
MOT produces an atomic beam with the required specifications for loading
in the second MOT. The second MOT is the usual 3D-MOT described in
the previous section, whereas the first MOT is 2 dimensional. The four or-
thogonal laser beams that make up a 2D MOT are perpendicular to the axis
of propagation of the atomic beam. Initially, Riis et.al |26] have used this
technique to extract very slow atoms out of an already cooled beam. Now
this procedure can be implemented to produce a slow atomic beam directly
from vapour pressure.

There are two kinds of 2D-MOT systems that can produce the required
flux for a 3D-MOT system. A Pure 2D-MOT system has only four beams of
laser on the axes perpendicular to the propagation axis. This can produce a
flux that is of the order of 10'°, comparable to a Zeeman Slower output flux.
As there are no laser beams along the axis of propagation, there will not
be any background noise in the 3D MOT chamber due to the laser beams
in the 2D MOT chamber. On the other hand, a 2D"-MOT (realized by
Dieckmann et al. [27]), has an additional laser beam copropagating with the
atoms and pushing them towards the 3D-MOT system. This can produce
a flux of the order of 10° atoms/s. The advantage of this system is that
atoms can be loaded with smaller powers of cooling lasers, as even the lowest
velocity atoms are pushed towards the 3D MOT loading area.

2.3.1 The Pure 2D-MOT system

The vapour cell and the Ultra-high Vacuum chamber are connected by a
differential pumping tube. The UHV chamber needs a pressure of about
1071% Torr for the 3D MOT system, whereas the vapour call can have a
pressure of about 1078 to 10~ Torr for the 2D MOT. The intersection of
the four orthogonal counter propagating laser beams makes up the cooling
volume. Also, there are four coils which produce a two-dimensional magnetic
field whose line of zero field is along the centre axis (the longitudinal axis) of
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Figure 2.4: The 2D MOT Chamber

the cell and the pumping tube. The cooling volume also encloses this axis.
It should be ensured that this volume extends to the mouth of the pumping
tube.

The schematic of the 2D MOT chamber is shown.

The atoms’ velocity along this axis (the longitudinal axis) is not reduced.
The atoms are slowed down only in the two transverse axes. Therefore, the
atoms are pushed towards the centre axis following the trajectory of a damped
harmonic oscillator in two dimensions while moving along the longitudinal
axis without impediment. We define a new velocity called the radial velocity
which is rms value of the two transverse velocities. The output of the cooling
volume is a collimated atomic beam moving either towards the entrance of
the tube or the back wall of the cell. We consider only the atoms moving
forward as the atoms moving backward collide off the wall.

The atoms in the collimated beam that enter the pumping tube will have
satisfied the following three conditions.

1. The initial radial velocity component has to be lesser than the radial
capture velocity of the 2D-MOT. Or else, the atoms will pass through
the cooling volume and not get collimated into the output beam.
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2. The radial velocity should be sufficiently reduced so that the atoms in
the beam reach the UHV chamber. For this, the longitudinal velocity
should be small enough so that the atoms have enough time to interact
with the laser beams. If not, the atoms will hit the walls of the pumping
tube and might not reach the UHV chamber.

3. The cooling process of the atoms should not suffer because of collisions.
The mean free path of the atoms in the vapour cell should be of the
order of the length of the cooling volume.

The process of cooling in this system can be described in two regimes:
the collisionless regime and the collisions regime [28].

Collisionless Regime

In this regime, the mean free path of the atoms in the vapour cell should be
greater than the length of the cell. As there are no collisions between atoms,
the contribution to the output flux is decided only by the initial conditions
of the atoms. Atoms possessing very low radial velocities and very high
longitudinal velocities can still pass through the aperture and contribute to
the thermal background in the UHV chamber. All the atoms that start on
the sides of the cell can enter the aperture only if they are cooled sufficiently.
The total flux is dependent on the following factors.

1. The time which atoms spend in the cooling volume which is dependent
on their longitudinal velocity and position at which they entered they
volume. This implies that the radial capture velocity depends on z and
v,. Also, as the cooling time is finite, the percentage of atoms with
smaller v, increases.

2. The longer the cooling length, the more atoms with higher initial radial
velocities can enter the tube.

3. The higher the laser intensity, the more efficient radial cooling is, until
1., dominates.

4. The length of the 2D MOT affects the radial capture velocity. The
longer the length, the greater the velocities of atoms which can go
through the aperture. This implies that the mean longitudinal velocity
also becomes higher (as a fraction of the total velocity). In an infinitely
long 2D MOT, the longitudinal velocity distribution will be that of a
normal thermal distribution.
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5. As pressure increases, the number of atoms which can be trapped in-
creases (with the total number of atoms) and so does the flux too.

Collisions Regime

The atoms in the cooling can thermalize due to collisions. This increases the
percentage of thermal atoms in the output flux. As described previously, the
flux increases with the MOT length. But this increase is controlled /limited
by the background gas collisions and light assisted collisions of excited atoms
with the background gas.

The mean number of collisions and the mean time of interaction with
laser radiation are given by

I' = nov (2.73)
r=222 (2.74)
Vy

where o is the collision cross section and n is the number density in the cell.

As the MOT length increases, the mean number of collisions increases,
therefore more atoms could get lost. Combined with the dependence of MOT
length explained previously, we see that the output flux has to reach a max-
imum at some length and stay saturated. As the atoms with smaller longi-
tudinal velocities spend more time in the cooling volume, the probability of
loss due to collisions is higher for them. Therefore, the average velocity of
the output flux increases.

An increasing pressure in the cell gives rise to more collisions in the cool-
ing volume thereby decreasing the effective length of the MOT. The ideal
pressure at which the MOT should be operated is when the mean free path
of the atoms is of the same order as of the dimensions of the cooling volume.
If the pressure is too high, more atoms absorb photons and this decreases
the average cooling of one atom.

2.3.2 Theoretical description

A rate model is used to describe the output flux of the 2D MOT system
theoretically. A model for the longitudinal velocity distribution of the output
flux can be derived [2§].

We start with defining a function ® to describe the integrated flux per
velocity interval [v,, v, + dv,]

L
N R nj UZ7 z e_rcoll(n)z/vzdz
d(n,v,) = Jo B 1)—‘t'rap(n) (2.75)
1 + Fout
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where Iy, is the loss rate out of the cloud and I'y, is the outcoupling
rate from the trapping region, L is the length of the cooling volume and
R is loading rate of the atoms into the MOT. The exponential loss term
containing the collision rate describes loss due to light assisted collisions
between atoms and background gas. The total output flux is the integral of
d over all positive v,.

P = / d(n, v.)dv, (2.76)
0

The loading rate R for the 2D MOT is derived by defining the rate per
longitudinal velocity interval [v,, v, 4+ dv,].

1 .2 ve(v2,2) 2
R(n,v,,z) =nd 6u\3/%exp( UZZ)/O vZexp( Uzr)dvr (2.77)
where d is the length of the cooling volume, u the most probable velocity of
the thermal distribution (Maxwell-Boltzmann distribution) and T the tem-
perature of the vapour. v, is the radial velocity and v, the capture velocity
dependent on v, and 7z as discussed above. For each v, the rate is loaded
with the fraction of the Boltzmann distribution that can be cooled to enter
the flux.
v, is defined by the following expression

Vco

S 9.
1+ v, /v (2.78)

Ve(Vs, 2)
This satisfies the two conditions on the capture velocity in the limiting cases
as explained below. v, is the critical velocity below which the cooling time
is independent of v,. This happens at the lower limit of v,. Here, the capture
velocity is equal to a constant v.. Above the critical velocity (at higher v,)
the cooling time is dependent on the longitudinal velocity and the capture
velocity falls off as 1/v,. v, is calculated by equating the mean longitudinal
flight time and the radial cooling time. This gives the following equations.

L d . LUCO
Wer Ve o 2d

(2.79)

Finally, we write the expression for the output flux of each velocity inter-
val [v,, v, + dv,] using all the equations above

. nd 164/7 v, <—v2> ( ( L)) /”C (—v2>
d(n,v,) = ex £ 1— | —Teon— exp | —-
( ) 1 + Ft;‘l—?(") u3 Fcoll p ’LL2 " (P 0 p u2

out
(2.80)
Integrating this expression over v, will give us the total output flux.
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2.4 Oven Collimation system

The temperature of the oven is decided based on the pressure needed for the
desired flux. A collimation system in between the oven and the first stage
of laser cooling (Zeeman Slower or a 2D MOT) will ensure that most of the
atoms that enter the stage are cooled down and do not contribute to the
thermal background in the 3D MOT stage.

The atoms leave the oven by a process called effusion. If the hole in
the oven chamber is much smaller than the mean free path of the atoms at
that temperature and pressure, then the only atoms leaving the oven from
that hole would be the atoms that would have hit that area. As the mean
free path is much greater than the dimensions of the hole, no collisions are
expected to happen near the mouth of the exit. This implies that the other
atoms still present in the chamber are negligibly affected by the exit of these
atoms. This regime is called the molecular flow regime. On the other hand, if
the dimensions of the hole are comparable to the mean free path, the atoms
undergo frequent collisions with each other near the hole. As a few atoms
leave the chamber through the hole, the other atoms present near the hole will
experience a deficit of collisions from that direction thereby acquiring a drift
velocity towards the hole, and eventually out of it. Therefore, the number of
atoms that leave the chamber is more than the number of atoms that would
have struck the area of the hole had it been closed. This process is called the
hydrodynamic flow. The regimes are characterized by the Knudsen’s number
Kn = 3 where )\ is the mean free path of the atoms and d is the dimension of
the hole. The hydrodynamic flow regime has Kn < 0.01 and the molecular
flow regime has Kn > 1.

—— S - Towards
Laser Cooling

Collimating
Slits

Oven

Figure 2.5: Oven Collimating System
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At the temperature and pressure that an oven chamber is usually at, the
mean free path of the atoms will be a few meters. In this regime, the flow of
atoms out of the oven is effusion. A tube connects the oven and the vacuum
chamber next to it. The hole in the oven chamber is attached to the mouth
of the tube. The diameter of the tube (d) is usually 8 mm to 1 c¢m and
the length of the tube (L) is about 10 ¢m to 15 cm. The divergence of the
beam coming out of this tube is about 0.067 rad. One or two more obstructs
can be placed in the path of the atomic beam coming out of this tube. The
divergence and the flux of the final beam will depend on the sizes of the holes
in these two obstructs.

The flux of atoms in the velocity range [v,v+dv| emerging from the hole
of area A into a solid angle range df2 is given by the equations [29]

AD(T)d*v o< A[f (v)v cos 0](vidvdSQ) (2.81)
o f(v)v*dvdQ (2.82)
x exp (—;RTQ;) v3dvdS) (2.83)

where 0 is the angle of divergence. This expression is proportional to v3
whereas the Maxwell velocity distribution is proportional to v?2.
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2.5 Strontium atomic system

Strontium is an alkaline-earth metal with atomic number 38. Its relative
atomic mass is 87.62 and its vapour pressure is 1.39 x 1072 Torr at 500-600
Kelvin. Its electronic configuration (two electrons in its valence shell) gives
rise to properties unique to alkaline-earth atoms that can be used for research
in many areas. It is found in nature as Celestite (SrSO,) and Strontianite
(SrCO3). It has four naturally occurring isotopes- 84Sr, 8Sr, 87Sr and 88Sr
whose relative abundances are given below [30].

Isotope | Abundance
84S 0.56
86Gr 9.86
87Sr 7
88Sr 82.58

Three of the isotopes ®!Sr, ®Sr and ®¥Sr are Bosonic (nuclear spin 0)
and one isotope 87Sr is Fermionic with nuclear spin 9/2. These isotopes in
different combinations have a wide range of scattering lengths [31]

Combination | Length (ao)
88-88 | -2.01
87-87 | 96.7
86-86 | 799.5
84-84 | 122.8
88-87 | 54.8
88-86 | 97.9
88-84 | 1656.8
87-86 | 161.1
87-84 | -57.7
86-84 | 31.5

2.5.1 Level Diagram

The level diagram of Strontium-87 is as shown.
The 1Sy —! P, and 1Sy —2 P, transitions are used for laser cooling whereas
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Figure 2.6: Level Diagram of Strontium

the 1Sy —3 Py is used as the clock transition ( this is the transition probed
in optical clock experiments). The hyperfine splitting of the levels relevant
for laser cooling is shown. The life-times of the levels are given in the table
below.

Level Life-time
(5s5p) 1Py 5.22ns
(5s5p) 3P 150s
(5s5p) 3Py 21.4ps

(5s6s) 35 11.8ns
(5]?2) 3P()71,2 7.9ns
(5S4d) 3D1,273 2.9 uSs
(5S5d) 3D17273 16ns

2.5.2 Laser cooling

The 1Sy —! P, transition with a wavelength of 461 nm and a linewidth of
32 MHz is very good for laser cooling. It can achieve high cooling rates as
it has a broad line-width. Laser cooling on this transition can reduce the
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temperature of the atoms to a few hundred microkelvins.

The narrow inter-combination transition 'Sy — P, with a wavelength of
689 nm and a line-width of 7.6 KHz has a Doppler limit which is three orders
lesser than the other transitions. Laser cooling on this transition can reduce
the temperature to a few microkelvins or even a few hundred nanokelvins.

(5s65)3S,
& =T707nm
[555p]1P1 r=47x10"s!
~~~~~~~~~ [=3.9x103st % = 688nm

=28x107¢!
~L=66x10%s* A A =679nm
[554—(1] 1Dz M

I'=13x 1[}35 R .

A=461nm

.\‘

[=19x10s7 A=689nm_—~"

F L a7x10051 (OSOP)

Figure 2.7: Transitions used in laser cooling

Atoms in the ' P, state branch out to the ' D, state with a ratio of about
1 in 50,000. These atoms decay to 3P, and 3P, states. The atoms in the 3P
state decay back to the ground state thereby closing the cycle. But the atoms
in the 3P, can’t decay to the ground state. They have to be pumped into
the 35, state with a laser beam of wavelength 707.2 nm. These atoms now
decay either to the 3P, or the 3P, state. Atoms from the former state can
decay naturally to the ground state and those in the latter state are pumped
into the 3S; state again and eventually reach the ground state. Thus it is
ensured that the atoms are continuously cooled by the 461 nm laser beam
without significant losses.

2.5.3 Zeeman Effect in the Slower

The perturbation of the hyperfine levels due to the Zeeman effect in the
presence of a magnetic field is used in the design of a Zeeman slower to
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keep the atomic transition in resonance with the frequency of the laser. The
energy of the different levels changes as the mp and g values of the levels.
The gr values are calculated using the following two equations.

J(J+1)+S(S+1)— L(L+1)

g =1+ 2T 1) (2.84)
gr = g; X FE+1) Z;E;i% —[I+1) (2.85)

The F and gr values for the relevant levels are given as follows.

State | F Jr
1So | 9/2 0
py | 7/2 ] -2/9
Py 9/2 | 4/99
'peo 1172 2/11

The transition from the level 'Sy, F = 9/2, mp = 9/2 to the level 1P,
F = 11/2, mp = 2/11 is chosen as it satisfies the condition Am = +1, it
decreases the atomic frequency and it gives the least range of the magnetic
field required.

gr of the 1S; state is taken to be zero as it does not have any electric
moment and the effects of the nuclear magnetic moment are about three
orders lesser than those of the electric moment (up is 1.44 MHz/G whereas
pr is 200 Hz/G) and hence negligible. In the diagram given, the effects of a
magnetic field upto 500 G are shown for the 'Sy F= 9/2 and 'P, F = 11/2
states. The excited state has a sensitivity proportional to up whereas the
ground state has a sensitivity proportional to p;. The Lande-g factor for the
ground state is taken as g; given by the equation

(1 —oq)

gr = — 0.868 (2.86)
! polI|

The change in the values of energy of different levels with magnetic field
is given by the Breit-Rabi formula

Eyy \/ 4m;g i BEny
E(F=1+£1/2 =———— —41/24/ E? B)?
(2.87)

31



At higher values of the magnetic field, the quadratic values are significant
and cannot be ignored. But at lower values, the effect can be approximated

by a linear equation

The diagram of the Zeeman splitting of the levels 1Sy and P, upto a
magnetic field of 500 G is shown. The linear approximation holds in this
regime and we only need a magnitude of around 300 G in the Zeeman Slower.
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Figure 2.8: Zeeman Effect on the 'Sy F= 9/2 and ' P, F = 11/2 states
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Chapter 3

Experiment

3.1 Design of the Zeeman Slower

The length over which the atoms slow down depends on the deceleration
they experience. A few quantities should be calculated before the slower is
designed.

1.

2.

The recoil velocity of a Strontium atom given by hk/M is 0.98 cm/s.

The maximum deceleration of the atoms when the Intensity > I,y
given by v,/27 is 0.98 x 10% cm/s?, where 7 the lifetime of the excited
state is 5.22 ns.

. When the temperature of the atoms is 900 K, the pressure in the oven

is 3.5 x 1078 Torr and the average velocity given by 1/2mv? = 3/2 kgT
is 423 m/s.

. The minimum length required given by v?/2a,m4, is 10.77 ¢cm, where v

is taken to be 450 m/s.

. The minimum time required for the process is v/aq, = 478.7 ms.

. The number of photons that are absorbed on an average by one atoms

iS U/ Upee = 45.92 x 103.

The damping is proportional to the slope of the force curve at v = 0. The
slowing process is unstable when the force is maximum, but stable when the
force is multiplied by a factor of € around 0.75. Also, the force is maximum
only when I > I ;. This is not very feasible experimentally as [y, for
Strontium is 40.7 mW /cm?. We consider a lesser I for the experiment and
this reduces the force even more.
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Taking into account the above two factors, we modify the equation for
the scattering force into

hkD I/ 1at
F = 3.1
2 T+ /Lo + Al + kv — pB(2)/h2/T? (3:1)

As shown in the previous chapter, the magnetic field profile is taken to
satisfy the equation

B(z) = /%[k‘v(z) + 6o (3.2)
= Bokv(z) + Bpias (3.3)

and the velocity of the atoms changes as

z

v(z) = (1 — Z>2 (3.4)

where vy is the initial average velocity and L is the distance over which the
atoms slow down given by v/2a.

The values of € and I are taken to be 0.7 and 30 mW/cm? respectively.
The deceleration of the atoms can be found out by substituting these values

in the equation
€ hkl' I/l
=—— 3.5
“TTM 2 141/, (3:5)
L is calculated for this deceleration and using the above equations, the
theoretical magnetic field profile can be found out. The value of By is calcu-

lated using

By = ikvo (3.6)
1tB(geme — ggimy)

where m, and m, are the mp values of the excited and ground states, g,
and g, are the Lande-g factors of the respective levels. The transition is
taken to be from the 'Sy F = 9/2 mp = 9/2 state to the 'P, F = 11/2
mp = 11/2 state. The Lande-g factor of the excited state is calculated to be
2/11 and that of the ground state is negligible compared to the value of the
excited state. Taking these values, the value of By comes out to be 687.2 G.
To minimize power consumption, we take a bias field By;,s = —350 G. The
detuning of the laser is given by Bjy.sitp/h which is calculated to be 3.12
GHz red detuned from the atomic resonance.
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The graph below shows the magnetic field profile for the values given.
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Figure 3.1: Required Magnetic field calculated theoretically
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3.2 Simulation of the Magnetic field

The required magnetic field can be created using a solenoid coil. The range
of the field is about 700 G. Producing a field of this magnitude would require
a lot of power. Therefore, as given in the previous section, we assume a bias
field of about half the magnitude of the required field. The solenoid will now
have two sections creating magnetic fields of equal magnitude but opposite
signs. This would require much lesser power than the other alternative.

The solenoid is designed by wrapping layers of coils around a tube, with
decreasing number of coils in the higher layers. A programme in MATLAB
is used to simulate the magnetic field along the axis of the solenoid. With
this programme, the number of layers and the number of coils in each layer
are optimized. The magnitude of the current through the two sections of
the coils was decided by simulating the magnetic field for different values of
currents and then optimizing the fit of the simulation to the theoretical field
profile. The power consumed by the coils is also another factor that was
considered before finalizing the values of the currents.

A Zeeman Slower tube of radius 2.1 cm is used. The required length of
the Slower is 36.2 cm. The outer diameter of the coil used for the windings is
3.8 mm. An extra ten coils were wound on the negative section towards the
outer end as the slope in that region is very steep and these extra windings in
each layer brought the minimum of the field in that area as low as possible.
This increased the length of the Zeeman Slower to approximately 40 cm.

The simulated field along with the theoretical field is given in the diagram
below.
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Figure 3.2: Simulated field profile
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3.3 Measuring the magnetic field

A Zeeman Slower tube with a radius of 2.1 cm was used. The required
length of the Slower is 40 cm. Coils were wound on this tube according
to the simulation. The outer diameter of these coils was 3.8 mm and the
conduction area 2.5 sq.mm. The positive section had nine layers and needed
approximately 60 m of coil, whereas the negative section had ten layers and
needed 25 m of coil. According to the simulation, the positive section coils
needed to carry 15 A current and the negative section coils 20 A.

The array of the number of coils in the positive section is [73 57 50 40 28
18 13 11 8] and that of the negative section starting from the outer end is
[32 16 14 12 12 10 8 6 4 3]. A small region in the positive section near the
25 cm mark needed three extra coils carrying the negative current to get a
better match to the theoretical profile. A few meters were left on either side
of the two sections for rewinding if any modifications seemed required after
the testing. The figure shows the windings of coils.
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Figure 3.3: The distribution of coils on the Zeeman Slower
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The positive current carrying coil was connected to a power supply with
8.2 V across it and the negative current coil to a power supply with voltage
6.4 V. The extra coil on either section was placed as far away from the tube
as possible. The magnetic field inside the solenoid was measured using a
Gaussmeter probe. The probe was mounted in a copper tube with a mea-
surement tape on it and slid into the slower. The value of the magnetic field
was noted every 0.5 cm.
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Chapter 4

Results

4.1 Measured Magnetic field profile

The magnetic field profile measured in the solenoid in the experiment is given
in the figure below along with the simulated profile.
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Figure 4.1: Measured magnetic field

The field profile measured matched the simulated profile and the theo-
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retical profile closely. This shows that the simulation was quite accurate.
Without the extra lengths of coil left for modifications if needed, the actual
voltages required were calculated to be 6.2 V for the positive section and
3.4V for the negative section. With these voltages and the lengths of coil
needed, the power dissipation in both the coils can be calculated. The pos-
itive coil had a power dissipation of 92.6 W and the negative coil 68.9 W,
making the total power dissipation 161.6 W.

4.2 Expected Output

The atoms from the oven follow the Maxwell-Boltzmann velocity distribution.
At 900 K, the average velocity is 423 m/s. With the present magnetic field,
all atoms with velocities below 450 m/s are expected to slow down. The
atoms start decelerating considerably when the detuning and the magnetic
field match the Doppler shift. Since then, the force acting on them will be
maximum, and the atoms slow down in such a way that the above condition
is satisfied until the end. Using the expression for force, it is calculated that
at the end of the Zeeman Slower, the atoms have a velocity of 29 m/s. In
reality, the mean velocity will be around this calculated value. All atoms
above the 450 m/s limit do not undergo any significant deceleration. About
40 percent of the total number of atoms coming out the oven can be expected
to contribute to the output flux.
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Chapter 5

Discussion

5.1 Comparison of the output fluxes

The output flux of the 2D MOT system can be estimated using the model
given in Sec. The pressure and temperature of the vapour cell will be
around 107 Torr and 900 K. The number density at these values can be
calculated to be 8 x 10'°. The length and diameter of the cooling volume are
taken to be 50 mm and 12 mm respectively (the sizes of the laser beams are
usually approximately these values).

The capture velocity of a MOT is around 60 m/s to 70 m/s. From this,
the radial capture velocity v, can be calculated to be around 50 m/s. The
critical longitudinal velocity (below which the radial capture velocity is a
constant) is found out using the formula v.. = Lv,/2d to be around 100
m/s. The radial capture velocity as a function of v, depends on the above
two values.

['4rqp Which is the loss rate out of the trap will be the inverse of the lifetime
of the MOT. The lifetime is of the order of 100 ms making I';, 10s~'. The
outcoupling rate from the trapped volume I',,; will be the inverse of the
cooling time. The typical cooling time will be of the order of ms, therefore
[y is around 103s7 L. Ty given by no < v > can be calculated to be 3.67.

Using these above values, the output flux from the 2D MOT system can
be expected to be around 10° atoms/s.cm?. The output flux from a Zeeman
Slower is usually around 10® atoms/s.cm? or a little higher. The flux from a
2D MOT system can exceed that of a Zeeman Slower.
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5.2 Zeeman Slower vs. 2D MOT system

The Zeeman Slower and the 2D MO'T system each have their own advantages
and disadvantages. Even though they operate on different principles, a few
factors and experimental aspects of both the systems can be compared.

5.2.1 Zeeman Slower

Advantages

1. The set-up of the Zeeman slower is fairly easy to achieve with a laser
beam pointed into a tube to provide a retarding force and coils wound
around the tube producing a magnetic field to keep the atomic transi-
tion in tune with the laser frequency.

2. Only one beam of laser is needed to provide retarding force as the atoms
coming out of the oven are already collimated to a certain extent. This
reduces the laser power needed for the source of collimated slow atoms.

3. This system is quite efficient as it slows down more than one-third of
the atoms coming out of the oven.

4. The mean speed of the atoms coming out of the Slower is quite low
(less than 30 m/s) and the variance of the speeds of the atoms in the
collimated beam is not significant.

Disadvantages

1. The detuning required of the laser beam is calculated to be 3.1 GHz.
This is an order of magnitude more than what is usually needed and
will result in a major loss of laser power as the beam is sent through
the required number of acousto-optic modulators.

2. The magnetic field required starts at about 300 G at the ends of both
the positive and negative sections of the slower. The coils should carry
a high current (15 A and 20 A). The resulting power dissipation (160
W) is too high for the slower to be left without external forced cooling.

3. The atomic beam coming out of the slower has a significant divergence
resulting from the spontaneous emission of photons and this would
affect the number density and loading rate of the MOT.
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4. High vacuum 107! Torr has to be maintained throughout the tube

from the UHV cell to a chamber connecting the slower and the oven.
This requires many pumps and a lot of power expended on the pumping
system.

5. The Zeeman Slower occupies a lot of space on the set-up table.

5.2.2 2D MOT system
Advantages

1.

The set-up is quite compact as the 2D MOT vapour cell is connected to
the UHV chamber through only a differential pumping tube. It requires
much lesser space than a Zeeman Slower tube.

. The magnetic field required is quite weak and does not need high cur-

rent through the four coils surrounding the vapour cell. The field is
only to provide a zero field axis and a gradient surrounding it.

. The atomic beam coming out of the pumping tube into the UHV cham-

ber is very collimated as the aperture into the pumping tube deflects
many atoms that have not undergone sufficient cooling to be in the
beam.

. High vacuum is to be maintained only in the UHV chamber. The

vapour cell needs to at a vacuum at least three orders lesser than that
of the UHV chamber. The power needed for the pumping system is
significantly lesser.

. The four beams of the MOT are only slightly red detuned. Not much

laser power is wasted in acousto-optic modulators.

. No separate forced cooling is required for the source of collimated slow

atoms into the UHV chamber.

Disadvantages

1.

Four laser beams are required to produce a collimated beam of slow
atoms. This is a lot of laser power spent on the source as opposed to a
Zeeman Slower system which requires only one laser beam.
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2. This system is not very efficient as even though it produces a compa-
rable output flux as that of a Zeeman Slower, only a small fraction of
atoms that come out of the oven are sent into the UHV chamber.

3. The mean speed of the atoms in the collimated beam ranges from about
30 m/s to even 60 m/s. The variance of the speeds of these atoms is
significant as opposed to that of the Zeeman Slower.
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5.3 Oven Collimation System

The design of the oven collimation system given in Sec. [2.4] can produce an
output flux of about 10! atoms/s.cm?. The flux through the hole entering
the collimating tube is dependent on the pressure and temperature inside
the oven and is about 10 atoms/s.cm?. The area of the hole is around 0.75
sq.cm.

Another design that can be implemented in the collimation system is the
use of a bunch of needles in place of the tube coming out of the oven. The
diameter of a needle is 200 um and the length is about 3 cm. The area of
each hole is 3 x 107* sq.cm. The two ends of the needles are cut off to make
them into capillary tubes. These tubes are placed in the hole out of the oven.
The atoms enter the needles or even the spaces between the needles and exit
as many collimated streams. This collimation system is expected to be much
more effective than the one discussed in Sec. as the divergence of the
streams coming out of each tube is only about 0.0067 rad which is nearly
one-tenth of that of the previous system. These beams travel much further
without spreading out significantly. This implies that the fraction of atoms
lost at each collimating slit is much lesser than that in the other system.

Another advantage is that as the divergence of each beam depends only
on the dimensions of the tube, the hole out of the oven can be much larger
in this system. For estimating the fllux out of the oven with this system, we
take the diameter of the hole to be 4 cm. The area is about 12 sq.cm. This
is more than an order larger than the area that can be taken in the previous
system. Combined with the lesser loss of atoms at the collimation slits (due
to the lesser divergence), we can estimate the flux out of the oven to be 1 or
2 orders higher than the flux out of the other design i.e. 10*? or even 103
atoms/s.cm?.

45



5.4 Future Plan

The production of the required magnetic field profile with a solenoid is one
half of the work needed to construct a Zeeman Slower. The other half is
the laser beam trained into the Slower tube. We need a laser light source of
wavelength 461 nm. The plan for the immediate future is to produce a laser
beam of wavelength 461 nm by using a laser source of 922 nm and passing
it through a nonlinear crystal to let it undergo frequency doubling. As the
frequency of the light is doubled in the crystal, the wavelengh reduces to one
half which will be 461 nm in this case. A laser source of 461 nm wavelength
is necessary for either of the two techniques to produce a collimated beam of
slow atoms (a Zeeman Slower or a pure 2D MOT system).

Once a cloud of ultracold Strontium atoms is achieved (after trapping
atoms in a 3D MOT followed by a magnetic or dipole trap and evaporative
cooling), the atoms are to be placed in a 3D optical lattice to construct a
Strontium optical lattice clock. The 1S,- 2P, transition in these atoms will
be probed to count the number of oscillations and thereby measure time.
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