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Cold collisions have proved to be a fertile area of research since the develop-

ment of the magneto-optical trap (MOT), but the spatial averaging of collision

axis in this isotropic environment prevents the study of alignment or orienta-

tional e�ects. Experiments performed in a dense, collimated, and slowed beam

can provide such an environment.

In the work presented here, we have prepared the brightest atom beam we are

aware of, by using optical forces to collimate and longitudinally cool a sodium

beam produced from a novel, externally heated source. Optical molasses col-

limates the atom beam which is subsequently cooled in the longitudinally di-

mension with a Zeeman compensated cooling method. The atoms are rapidly

decoupled from the cooling cycle at�k = 350 m/s to ensure a narrow distribution

of longitudinal velocities in the laboratory frame: ��k = 5 m/s. The average



relative velocity of atoms in the beam is �r = 3 m/s and corresponds to a colli-

sion temperature of 4 mK. Because the longitudinal temperature is much greater

than the transverse velocity, long-range collisions are aligned along the beam axis.

The prepared beam density is 7� 108 atoms/cm3, a factor of 25 larger than the

original thermal beam, allowing data collection to be faster and more eÆcient

than possible with unbrightened beams.

We are the �rst group to use an optically prepared beam to study an atomic

collision. With it, we have studied in detail the polarization dependence of the

optical suppression of photoassociative ionization (PAI) in sodium. The polar-

ization axis of a linearly polarized suppression laser is rotated such that the

angle between it and the collision axis varies from 0 thru 90 to 180 degrees. For

high optical �eld strengths (IS = 2:5 W/cm3), a strongly anisotropic suppres-

sion of (PAI) is observed, with marked reductions in PAI signal at 55, 90, and

125 degrees. At low suppression laser intensity (IS = 0:6 W/cm3), collisions are

isotropically suppressed. For the higher �eld intensities we interpret the angular

structure in terms of light-�eld coupling to higher angular momentum partial

waves. However, the model only provides a rough picture of the phenomena and

does not quantitatively agree with experiment.
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Chapter 1

Introduction

Optical cooling opened a new world of research for physicists and chemists, where

atoms are slowed down to velocities in the quantum mechanics realm. While the

earliest experiments were used to slow atomic beams for the purpose of loading

optical traps, the development of vapor cell three-dimensional atom traps diverted

the focus away from improving beam performance. Recently, atomic beams

prepared with laser cooling techniques have reemerged as a valuable tool in the

laboratory.

Compared to the vapor cell magneto-optic traps (MOTs) discussed in Chap-

ter 2, cold, bright atom beams did not gain favor because of the complexity of

preparing a beam with high density and low divergence. The vacuum system re-

quired for a beam is much more complicated than the simple vapor cell chambers

used for MOTs. The large ux from hot, e�usive atom sources require pumps

with high pumping speed and several subsequent di�erentially pumped stages to

maintain an adequate vacuum for experimental conditions. Cooling alkali atoms

exiting the thermal source (h�i � 1000 m/s) to near zero velocity requires long

chambers (� 1 m) where beam divergence signi�cantly reduces the density of

slow atoms after longitudinal cooling. The length of the chamber also necessi-

1



tates the ability to carefully position the source with respect to the rest of the

vacuum chamber. In short, vapor cell traps became such a comparatively simple

and inexpensive alternative that most research groups began using them.

Although the vapor cell trap is immensely popular, there are many instances

when a bright atom beam, characterized by high density and low divergence, is

required. Trap loading eÆciency can be improved by using brightened beams.

Beams of radioactive atomic isotopes produced from accelerators su�er from low

ux and high divergence; collimation of the beam increases the number of atoms

that become trapped [1]. Introducing atoms to a trap within an ultrahigh vacuum

chamber via a cold bright beam increases the size and density of the optical trap

[2{4]: an important precursor to the production of Bose-Einstein condensation.

Atom interferometry is possible with the ux from an optically brightened atom

beam with a mono-energetic longitudinal velocity [5, 6]. Collimation of atom

beams by reducing the transverse velocity of atoms within the beam narrows

the absorption linewidths in crossed beam Doppler-free laser spectroscopy [7].

Nanolithography requires beams with large ux and low divergence; optically

brightening beams reduces the time needed to write-to or etch-from a substrate

[8{12]. In the work in this thesis, a bright beam serves as the environment in

which collision experiments are performed.

The low divergence, high density, and monochromaticity of velocity of an

optically prepared atom beam provide orientational and alignment opportunities

for collisional studies not possible within a vapor cell. Atoms colliding within a

beam are useful for studying e�ects dependent upon orientation of the collision

axis with respect to an external �eld [13]. For a broad class of collisions involving

excited state atoms, the average collision axis is restricted to a small acceptance

2



R1

R2

α

υ
||

υ⊥β

Figure 1.1: The narrow acceptance angle � for the collision process is de�ned

by a two-step process: excitation at R1 and collision at R2. Collimating the

atom beam results a small divergence angle � because the transverse velocity �?
is much less than the longitudinal velocity �k. Because � and � are small, the

collisions are restricted along the beam axis.

angle � determined by the excitation radius (R1) and the \collision radius (R2)" as

shown in Fig. 1.1. In a well-collimated atom beam, the center-of-mass laboratory

velocity, with transverse velocity �? and longitudinal velocity �k for a pair of

atoms diverges from the laboratory beam axis by a small angle � = tan�1 �?=�k

as shown in Fig. 1.1. The small angular divergence of both the collision and

velocity axes ensure that the collision axis is aligned with the laboratory beam

axis. Additionally, the beam symmetry de�nes a good quantization axes for

collisional e�ects that are state dependent, where a laser beam prepares the

3



atoms in well de�ned quantum states via optical pumping techniques. Examples

of recent intrabeam collision experiments are spin-changing collisions in cesium

[14], photoassociative ionization [15] and associative ionization [16] collisions in

sodium, and energy pooling collisions in strontium [17].

In this thesis, we describe the production of a bright, continuous sodium

atom beam using laser cooling techniques and how we use the beam to study

the polarization dependence of the optical suppression of the rate of inelastic

collisions. A summary of the physics of the mechanical e�ects of light is presented

in Chapter 2. The summary is not intended to be a complete development of

the theory, but rather to serve as a reference for optical cooling as it is applied

within the work summarized here. Chapter 3 summarizes the details of the

experiment such as the laser systems, atomic structure, and vacuum system.

The details of producing a bright, dense, highly-collimated sodium atom beam are

described in Chapter 4, along with the diagnostic techniques used to characterize

the beam performance. Using the beam described in Chapter 4, we determine

the polarization dependance of optical suppression of photoassociative ionization

collisions between sodium atoms and present the results in Chapter 5. Chapter

6 summarizes the work in this thesis and contains a discussion of the future of

collision studies within atomic beams.
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Chapter 2

Laser Cooling

Over the last twenty years, optical cooling techniques have rapidly developed

from a research topic into a tool used in many laboratories. Optical forces are

used to deposit [6,8{10], or in some cases to etch [11,12], structures on surfaces,

to study reactions between viruses and inhibitors [18], and as the �rst step in

creating Bose-Einstein Condensation (BEC) [19]. In this thesis, optical forces

brighten a thermal beam of sodium atoms.

In the dipole approximation, the interaction energy of a light �eld and atom

is given by

U = ��!d � �!E (2.1)

where
�!
d is the transition dipole and

�!
E = �!" E0[cos(!Lt�

�!
kL ��!r )] is the electric

�eld of the light with polarization vector �!" . The negative spatial gradient of

the interaction energy is the force exerted on the atoms

�!
F = ��!rU = ed�!rE (2.2)

where the gradient of the dipole itself is negligible because the dipole does not

vary signi�cantly over the length scale of the wavelength of the light. Here we

5



have set ed = �!d � �!" to simplify notation. The average force exerted on the atom

is

D�!
F

E
=
Ded�!rE

E
= ed[(rE0)uss + (E0r(�

�!
kL � �!r ))�ss] (2.3)

where uss and �ss arise from an analysis of the steady-state solutions to the optical

Bloch equations [20]:

uss =



2

�

�2 + (�=2)2 + 
2=2
(2.4)

and

�ss =



2

�=2

�2 + (�=2)2 + 
2=2
: (2.5)

In Eqns. 2.4 and 2.5, the detuning � = !L�!0 is the di�erence between the laser

frequency !L from the atomic resonant frequency !0, � is the natural linewidth

of the transition, and the Rabi frequency 
 is a measure of the coupling strength

of the atom and �eld


 = �
edE0

~
: (2.6)

The two terms in Eqn. 2.3 summarize the forces exerted on an atom within

a light �eld. The �rst term is proportional to the gradient of the electric �eld

amplitude, sometimes called the dipole force, and the second is proportional to

the gradient of the phase, usually called the radiation pressure force for reasons

to become clear later. The lineshape function for the dipole force is dispersive

and changes sign as the detuning of the laser passes through zero. The radiation

pressure force has a Lorentzian pro�le peaking at zero detuning. This chapter,

after a brief discussion of how to characterize the temperature of a cold sample

of atoms, presents a brief summary of the dipole and radiation pressure forces

6



and how they can be implemented to cool an ensemble of atoms to very low

temperatures. Additional cooling mechanisms that cool atoms to even lower

temperatures, called sub-Doppler cooling, are also described here.

A common source of confusion for the cooling and trapping novice is the usage

of frequency. Experimentally, frequency is measured and reported in terms of

cycles per second (Hz). Theorist, however, generally use angular frequency,

measured in radians per second (s�1), but not always. It is not uncommon in

literature for factors of 2� to disappear and reappear without warning. In this

thesis, all theory is developed and presented in angular frequency units (rad/s),

but experimental results are presented in linear frequency (Hz); therefore when

applying experimental frequencies to an equation, they must �rst be converted to

the angular form by multiplying by a factor of 2�. When referring to literature

cited in this thesis, care must be taken to ensure the correct use of frequency

because there is no universal standard.

2.1 Coldness

The kinetic energy of cooled atoms is so low that it is impossible to measure the

temperature with conventional probes. To understand the notion of tempera-

tures as described within this thesis, a brief discussion s presented here. \Coolers

and trappers" commonly de�ne temperature by equating the thermal energy to

the average kinetic energy. For a system with n degrees of freedom the temper-

ature is calculated from

n

2
kBT =

1

2
m h�i2 (2.7)
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where kB is the Boltzman constant and m is the atomic mass of an atom with

average (rms) velocity h�i.

For atoms trapped in three dimensions, the idea of a realistic temperature

T = m h�i2 =3kB is reasonable. However, assigning a temperature to atoms

in a beam is diÆcult because the longitudinal and transverse components have

distinct velocity distributions. Also, while atoms may have a large velocity in

the laboratory reference frame, a narrow velocity dispersion within this moving

frame yields low relative velocities and correspondingly low collision tempera-

tures. While de�ning temperatures along di�erent directions may not be proper

in a thermodynamic sense, coolers and trappers bravely forge ahead where ther-

modynamicists fear to tread to allow comparisons between experiment and simple

theoretical models. The transverse temperature Ttrans has two degrees of free-

dom, due to cylindrical symmetry, and is

Ttrans =
m h�i2

2kB
: (2.8)

Because of the longitudinal velocity of the atoms is in a moving frame, we de�ne

the longitudinal temperature Tlong, which has only a single degree of freedom,

with respect to the average longitudinal velocity �0:

Tlong =
m hj� � �0ji2

kB
: (2.9)

In the case of collision studies, we are interested in the collision temperature

Tcoll. The convention for calculating the temperature is given by

Tcoll =
�m h�ri2

2kB
(2.10)

where �m is the reduced mass for the pair of colliding atoms and h�ri is the

average relative velocity between a pair of atoms.
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The de�nitions presented here vary slightly from research group to research

group and have not gained universal acceptance so they should not be taken as

an absolute. But these de�nitions will be used consistently within this thesis.

2.2 Mechanical E�ects of Light I: The Dipole

Force

While the dipole force does not play a major role within the experimental work

described in this thesis, a brief development of the physics is presented here for

completeness. Inserting Eqn. 2.4 into the �rst term of Eqn. 2.3, the dipole force

is

�!
F dip = ed(�!rE0)




2

�

�2 + (�=2)2 + 
2=2
: (2.11)

With some algebra and using the de�nition of the Rabi frequency from Eqn. 2.6,

the dipole force can be expressed as [20]:

�!
F dip = �

~(
�!r
2)

4

�

�2 + (�=2)2 + 
2=2
: (2.12)

While technically complete at this point, it is generally more useful to handle

measurable the quantity of optical �eld intensity, rather than the Rabi frequency,

when calculating the force. The Rabi frequency is related to the intensity of the

laser by the following relation

S0 =
I

IS
=


2
=2

(�=2)2
: (2.13)

Here the on-resonance saturation parameter S0 is the ratio of the local laser

intensity I to the saturation intensity IS. The saturation intensity IS is a char-

acteristic intensity IS = ~�!3
0�12�c2 for a two level atom at which 25% of the
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atomic population is in the excited state for a two state system when the laser

is resonant (although some characterize IS as the intensity at which one third of

the atoms are in the excited state). Using Eqn. 2.13, the dipole force reduces to

�!
F dip = �

~

2

�

IS

rI�
2�
�

�2
+ I

IS
+ 1

: (2.14)

From Eqn. 2.14, it is clear that for the case of the laser tuned below the atomic

resonance (� < 0), the force is directed toward the maximum intensity, whereas

a blue detuned laser (� > 0) results in repulsion from high laser intensity.

The dipole force is not a resonant process, in fact, it goes to zero while on

resonance. While the force is maximum at half the natural linewidth, unless

there is an intensity gradient, the force is small. Also, while the force falls o�

as ��1 for large detunings, a strong �eld intensity gradient rI may compensate

enough for a signi�cant force to be exerted on an atom.

Very high �eld gradients are possible by simply focusing a beam to a small

spot size. To minimize absorption and spontaneous emission of photons from the

laser beam, it is typically tuned well away from the atomic resonance. For � < 0,

within the focal spot, the dipole force is exerted toward intensity maximum at

the center as shown in Fig. 2.1. Atoms oscillate in the trapping potential

Utrap =
~�

2
ln

��
2�

�

�
+

I

IS
+ 1

�
(2.15)

that is obtained by integrating the force. This kind of trap, called a far-o� reso-

nance trap, or FORT, cannot remove energy from the atomic ensemble. Atoms

must have kinetic energy less than the trapping potential in order to remain in

the trap. In other words, the atoms must be cooled before then can be con�ned.

However, once trapped, the atoms are held for long periods of time and can be

the subject of many sorts of fundamental studies.

10



-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

F
ie

ld
In

te
ns

ity
(a

rb
.u

ni
ts

)

∆ = −1000Γ
∆ = −2000Γ

Position (mm)

Intensity
f1
f2

D
ip

ol
e

F
or

ce
(a

rb
.u

ni
ts

)

Figure 2.1: The dipole force as a function of position for a focused, 1D laser

intensity pro�le for two di�erent laser detunings, �1000� and �2000�.

The dipole force can also be extended to larger particles such as living cells

and micro-spheres [18, 21]. The trapping potential from a tightly focused beam

is strong enough to hold onto such particles. When used on these micro- and

meso-scopic particles, the focused beam is called optical tweezers. Broad areas

of biotechnology and nanotechnology research have developed around implemen-

tation of optical tweezers.

Optical guides that transport atoms without divergence over distances of tens

of cm are produced using the dipole force [22,23]. A hollow beam of light tuned

to the blue of the atomic resoance will exert a restoring force towards regions of

low �eld intensity. If atoms are loaded into the hollow center, the force prevents
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them from moving outside of the hollow guide. Because the atoms do not touch

matter, this method will be useful in transporting metastable species, such as the

noble gases, and antimatter.

2.3 Mechanical E�ects of Light II: Radiation

Pressure Force

The radiation pressure force can be explained with a semi-classical model. Con-

sider a two-level atom, with ground state j1i and excited state j2i separated by

�E = E2 �E1 = ~!0, subject to a monochromatic, continuous laser beam, with

frequency !L propagating along the direction of the wavevector
�!
kL (often more

conveniently expressed as 2�
�

bkL because the laser wavelength � is easier to mea-

sure). Because the momentum of each photon within the laser beam is ~
�!
kL,

absorption of a resonant photon results in a momentum transfer of one photon

momentum unit to the atom. The atom receives a small kick in the direction of

laser propagation. The excited atom is not stable and decays by emitting a pho-

ton with frequency !0 and momentum ~
�!
k
0
L
. Even though a two-level atom does

not decay isotropically, real atoms with angular momentum decay nearly symmet-

rically. Under the assumption of isotropic spontaneous decay, the wavevector
�!
k
0
L

of the emitted photon has equal probability of decaying to any direction within

the 4� solid angle around the atom. Therefore over many cycles, the momentum

change exerted on the atom by spontaneous decay averages to zero. As long as

the laser beam remains resonant with the atom, this cycling process continues

with an average momentum transfer of ~
�!
kL per absorption cycle, resulting in a

force d�!p
dt

that decelerates the atom. Figure 2.2 schematically shows the process.
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Figure 2.2: Schematic diagram of the radiation pressure force. Over the course

of an absorption cycle, the internal energy EA is unchanged, the momentum of

the atom is decreased by an amount equal to the photon momentum due to the

isotropic nature of spontaneous decay.

The trick, as will soon be shown, is to keep the atom resonant.

To be more quantitative, we again turn to Eqn. 2.3; this time we focus on

the second term. When combined with Eqn. 2.5, the radiation pressure force is

given by

�!
F rad = �edE0

�!
kL




2

�=2

�2 + (�=2)2 + 
2=2
(2.16)

where we have already evaluated the phase gradient for a plane wave. By using

the de�nition of the Rabi frequency 
 (Eqn. 2.6) and the resonant saturation

parameter S0 (Eqn. 2.13) the force simpli�es to

�!
F rad =

~�
�!
kL

2

S0�
2�
�

�2
+ S0 + 1

: (2.17)

The radiation pressure force can also be derived in a di�erent way. The force

equals the rate of momentum transfer from the laser beam [20]:

�!
F rad =

�
dNphoton

dt

�
L

~
�!
kL: (2.18)
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where
D
dNphoton

dt

E
L

is the rate of photon \scattering" and equals�
dNphoton

dt

�
L

=
�2

�
= �2� (2.19)

where �2 is the excited state population and � is the excited state radiative lifetime

(� = 1=�). We calculate the excited state population �2 from the optical Bloch

equations [20]

�2 = 
�ss: (2.20)

Combining Eqns. 2.19 and 2.20 we see that the \scattering" derivation is equiv-

alent to \phase gradient" derivation. The resulting force has a Lorentzian shape

as a function of frequency that broadens with increased laser intensity as shown

in Fig. 2.3.

Up to this point, the force given by Eqn. 2.17 ignores the velocity of the

atom. However, the laser frequency, within the atomic reference frame, is not

equal to the frequency in the laboratory frame because of the Doppler e�ect. In

the moving frame, the shifted laser frequency !
0
L
is

!
0
L
= !L +�!D (2.21)

where !L is the frequency measured in the laboratory frame and �!D is the

Doppler shift given by

�!D = ��!kL � �!�A (2.22)

where the atomic velocity is �!�A. Because of the Doppler e�ect, light resonant

with atoms at rest in the laboratory frame may be shifted well o� of resonance in

the frame of moving atoms. If the atom moves toward the laser beam (i.e. the

atom and photon momentums oppose each other c�A = �ckL), the Doppler shift
14
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Figure 2.3: The radiation pressure force as a function of frequency (with respect

to the atomic resonance). As the intensity of the laser increases, as measured

with the saturation parameter S0, the force increases in strength and broadens

in frequency dependence.

�!D is greater than zero and the apparent frequency increases, referred to as a

blue shift. The laser frequency must be set below the atomic resonance for the

moving atoms to come into resonance. Similarly, atoms moving along with the

laser beam are resonant with the laser when tuned to frequencies above the rest

frame resonance.

If we add the Doppler shift to Eqn. 2.17 and clarify the de�nition of detuning

� as

� = !L � !0 (2.23)
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Figure 2.4: The e�ect of Doppler shift on the radiation pressure force for several

velocities for the case of sodium (� = 10 MHz, � = 589 nm) as a function of

detuning � from the rest frame resonance for S0 = 10. The line in the base

plane indicates the resonant detuning for a given velocity.

as the di�erence between the laboratory frame laser frequency !L and the atomic

frequency !0 we have

�!
F rad =

~�
�!
kL

2

S0h
2(���!kL��!�A)

�

i2
+ S0 + 1

: (2.24)

The e�ect of the Doppler shift on the radiation pressure force is shown in Fig.

2.4. Radiation pressure exerts a force on counter-(co-)propagating atoms only if

the laser is tuned below (above) the atomic resonance.

The presence of a magnetic �eld also a�ects the dynamics of the radiation
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pressure force and will prove to be an important part of slowing and trapping

atoms. The Zeeman e�ect splits and shifts the magnetic sublevels of the atom.

If a state of the atom has an angular quantum number J with magnetic quantum

numbers M = �J;�J + 1; : : : ;+J, the presence of the magnetic �eld B splits

the levels from the zero �eld energy by an amount

�"M = gM�BB (2.25)

where g is the Land�e factor for the level and �B is the Bohr magneton (e~=2me =

9:274�10�28 J/G) [24]. The exact value of the Land�e factor depends on whether

the level is a �ne- or hyper�ne-state and will be discussed in more detail in

Chapter 3 when we consider the application of radiation pressure to a real atom.

The transition energy between the ground- and excited-states is given by

�E = ~!0 + (M2g2 �M1g1)�BB � ~!0 + �12B (2.26)

where we have de�ned �12 as the Bohr constant for the j1;M1i �! j2;M2i

transition. The Zeeman splitting of a �ctitious atom with J1 = 0 and J2 = 1 is

shown in Fig. 2.5. Adding the Zeeman e�ect to Eqn. 2.24 by replacing !0 with

!0 +
�12B

~
, and maintaining the de�nition of �, we have

�!
F rad =

~�
�!
kL

2

S0�
2(���!kL��!�A+�12B

~
)

�

�2
+ S0 + 1

: (2.27)

2.3.1 One Dimensional Slowing

Light forces were �rst used to slow the motion of atoms in a beam by exposing

them to a counter-propagating laser tuned near the atomic resonance. Because

17



Magnetic Field (arb.units)

E
ne

rg
y

(a
rb

.u
ni

ts
)

F=0

�ω0
�(ω0 + µ12B/�)

MF = -1

MF = 0

MF = 0

MF = +1

Figure 2.5: The Zeeman splitting of an atom with J1 = 0 and J2 = 1.

the force applied in the direction opposing the velocity of the atoms for a counter-

propagating laser beam, absorption of photons decelerates atoms in the beam

d�A(t)

dt
=

�!
F rad

m
: (2.28)

The force is maximum when the Doppler shifted laser frequency equals the Zee-

man shifted transition frequency

���!kL � �!�A +
�12B

~
= 0 (2.29)

which, for a high laser �eld intensity (S0 � 1), is

�!
F

max
rad

=
~�
�!
k

2
: (2.30)
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As the force decelerates the beam, the Doppler shift changes. To maintain the

maximum force given by Eqn. 2.30 either the detuning � or the Zeeman shift

�12B

~
must simultaneously change for the resonant condition given by Eqn. 4.15

to remain valid. If no compensation occurs, the force decreases and approaches

zero as it moves down the Lorentzian wings of Eqn. 2.27. Two techniques to

compensate for the Doppler shift are commonly used, one shifts the laser while

the internal structure of the atom is changed in the second. Sweeping the laser

frequency at a rate that exactly compensates for the changing Doppler shift (chirp

cooling) [25] produces a pulsed output of cold atoms superimposed on an uncooled

ux. A spatially varying magnetic �eld that changes the Zeeman shift while the

atom slows (Zeeman compensated cooling) produces a continuous output [26].

The Zeeman cooling technique will be discussed in detail in Chapter 3. Both

processes have been used to slow down and, in some cases, reverse the velocity

of atoms within a beam.

For sodium, the maximum force equals 3:5�10�20 N. While seemingly small,

the acceleration of the sodium atom (m = 3:84 � 10�26 kg) is 9 � 105 m/s2,

nearly 105 times the gravitational acceleration on earth! Consider an atom with

an initial velocity of 1000 m/s. If the maximum force is maintained during the

entire slowing process, it takes 34; 000 absorption cycles and 1:1 ms to bring the

atom to rest.

2.3.2 Optical Molasses

While a single laser beam can slow and cool a beam of atoms, pairs of counter-

propagating laser beams can cool atoms moving with a velocity component along

the propagation axis [27]. To simplify the theoretical development, consider an

19



ensemble of atoms restricted to move along a single axis in a one-dimensional

universe. While unrealistic, the one-dimensional model is straightforward and

provides a basis for understanding the cooling process. Two equal intensity,

counter-propagating laser beams with the same detuning �, aligned along the axis

of atom motion, impinge on the ensemble, which is in a region free of magnetic

�elds. The force exerted on the atoms is the linear combination of the forces

from each individual laser beam, given by Eqn. 2.24, and equals

�!
F =

~�
�!
kL1

2

S0h
2(���!kL1��!�A)

�

i2
+ S0 + 1

+
~�
�!
kL2

2

S0h
2(���!kL2��!�A)

�

i2
+ S0 + 1

: (2.31)

The magnitude of the wavevectors are equal, but opposite in direction (
�!
kL1 =

��!kL2 �
�!
kL). It is also assumed that the direction of positive atomic velocity is

aligned with the wavevector
�!
kL. The force simpli�es to

�!
F =

~�
�!
kL

2

264 S0h
2(��jkL�Aj)

�

i2
+ S0 + 1

� S0h
2(�+jkL�Aj)

�

i2
+ S0 + 1

375 : (2.32)

As shown in Fig. 2.6 for a laser tuned to a frequency below the atomic resonance

(� < 0), the one-dimensional (1D) molasses exerts a force in the direction oppo-

site of the direction of motion. As the saturation intensity of the laser increases,

the force grows in strength and extends over a larger velocity space. If we ex-

pand Eqn. 2.32 about �A = 0, we �nd the force simpli�es to a linear velocity

dependence:

�!
F �= 8~k2�S0

�
h�

2�
�

�2
+ S0 + 1

i2�!�A � ���!�A (2.33)

with a damping coeÆcient �. For negative laser detuning, the force opposes the

velocity regardless of the direction of motion, unlike the dipole force discussed in

Section 2.1 which is strictly conservative. This is a classical, frictional force is
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Figure 2.6: The radiation pressure force for 1D optical molasses for � = �10
MHz, S0 = 2 and � = �20 MHz, S0 = 10. The thin lines show the linear

approximation for small values of �.

similar to that exerted on an object moving through a vat of molasses, hence the

unusual name for this environment.

The range of captured velocities for a 1D optical molasses depends upon the

detuning and intensity of the molasses lasers. For atoms with j�j < �cap, the

molasses force is strong enough to damp the atomic kinetic energy. Outside the

capture velocity, the atoms remain unchanged. Here, we de�ne �cap to be the

velocity at which the molasses force drops to 10% of the maximum value. It is
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straightforward to show that the �cap is

�cap =
1

jkLj

�
��+

3

2
�
p
S0 + 1

�
: (2.34)

For the case of sodium, for � = �15 MHz and S0 = 10, the �cap � 35m/s. It

is important to note that the range of atomic velocities subject to the molasses

force is signi�cantly larger than the range where the linear force approximation

is valid. However, once the atoms are captured and slowed such that �A <

��� �
kL

���,
the linear approximation holds.

Under the inuence of the cooling force for optical molasses expressed in Eqn.

2.33, the atoms slow to zero velocity and therefore zero temperature, a clearly

unrealistic result. The random nature of absorption and emission continuously

supplies kinetic energy to and heats the ensemble because of random recoil uc-

tuations [27]. While the random emission allows us to slow the atoms, it limits

the ultimate attainable temperature. The heating rate is given by

dE

dt

����
heat

=
~2k2

L

m

�
dNphoton

dt

�
L

(2.35)

where the rate of photon scattering
D
dNphoton

dt

E
L

is de�ned with Eqn. 2.19. The

rate of cooling is the product of the cooling force (Eqn. 2.33) and the atomic

velocity

dE

dt

����
cool

= ���2
A
: (2.36)

At equilibrium, the heating rate and cooling rate sum to zero and results in the

following equilibrium condition for �2
A
[27]:

�
2
A

��
eq
=

~�2

16m�

"�
2�

�

�2

+ S0 + 1

#
: (2.37)

The minimum value for �2
A
occurs for the case of low laser intensity (S0 � 1) and

a laser detuning � equal to half the natural linewidth; under these conditions,
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the minimum value of �2
A
is ~�=4m. The minimum rms velocity h�i

D
for sodium

under these conditions is 30 cm/s. If we equate the kinetic energy and the

thermal energy of for one degree of freedom as discussed in Section 2.1, we see

that the minimum temperature, often called the Doppler limit, is

TD =
~�

2kB
: (2.38)

For sodium, TD is 240 �K. The Doppler limit only turns out to be a characteris-

tic temperature, in fact sub-Doppler cooling mechanisms can further reduce the

temperature of the ensemble and will be discussed below.

In addition to damping velocity in one dimension, two- or three-dimensional

cooling can be produced with additional pairs laser beams and modeled with

three pairs of orthogonal 1D molasses. Two-dimensional (2D) cooling can be

used to damp the transverse velocity and decrease the divergence of a beam of

atoms without disturbing the longitudinal component of velocity of the ux. The

technique of optical collimation, as 2D cooling is known, is described in detail

in Chapter 3. Three pairs of orthogonal counter-propagating beams produces

a molasses where a damping environment is set up at the intersection of the

three beams; this was �rst demonstrated at AT&T Bell Laboratories in 1985

[28]. At the center, a damping force is exerted on the atom regardless of the

velocity direction. An ensemble of cold atoms will collect at the intersection, but

because the force is only dissipative and contains no spatially dependent restoring

component, atoms are not contained in a well-de�ned potential and may di�use

outside of the molasses region.
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2.3.3 Magneto-Optical Trap

A magneto-optic trap (MOT) [29] uses magnetic �elds in conjunction with optical

molasses to spatially con�ne cooled atoms. While not used in the course of the

work in this thesis, the MOT is a fundamental tool in many cold and ultracold

collision experiments and is included here for background and completeness. As

with optical molasses, the essential physics can be described in a 1D model that

suÆces to describe the main features of the operation.

Consider a linear magnetic �eld with a value of zero at z = 0 and a gradient

of dB

dz
. If an atom has a ground state angular momentum value of J = 0 and an

excited state J = 1, the levels split according to Eqn. 2.25 as shown in Fig. 2.7a.

Two counter-propagating laser beams, detuned � from the atomic resonance,

illuminate the ensemble of atoms. The polarization of the laser beams must be

appropriately chosen to meet the atomic selection rules; �+ for �MJ = +1 and

�
� for �MJ = �1. The resulting force is the linear superposition from each

laser beam, given by Eqn. 2.27

�!
F MOT =

~�
�!
kL

2

26664 S0�
2(��jkL�Aj+�12

~

dB
dz

z)
�

�2
+ S0 + 1

� S0�
2(�+jkL�Aj��12

~

dB
dz

z)
�

�2
+ S0 + 1

37775 (2.39)

where the direction of the force is de�ned along the positive z-axis. Figure 2.7b

shows the force as a function of position and velocity for typical MOT parameters.

For small values of � and z, the equation of motion reduces to a damped harmonic
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Figure 2.7: a) Zeeman Splitting of atomic levels. b) Contour diagram of the

radiation pressure force as a function of position and velocity. Red indicates a

force along the positive z-axis and blue along the negative z-axis.

oscillator

�!
F MOT = ���!� � ��!z (2.40)

where the damping coeÆcient � is de�ned in Eqn. 2.33 and the restoring coef-

�cient � is given by

� =
�12

dB

dz

~ jkj �: (2.41)

Under typical laboratory conditions, where �A ! 0 and z ! 0 the atom behaves

dynamically like an overdamped harmonic oscillator with a restoring time �MOT

on the order of a few milliseconds.

The 1D MOT model can be implemented in 3D with three pairs of orthogonal,

counter-propagating laser beams. A pair of current carrying coils operating in an
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Figure 2.8: Picture of a sodium MOT (courtesy of NIST).

anti-Helmholtz con�guration generates a quadrupole magnetic �eld near the trap

center. At the center of the coils, the magnetic �eld increases linearly from zero

in all directions to produce the appropriate �eld shape. However, the magnetic

�eld slope at the trap center is not the same along the coil axis and the symmetry

plane. Atoms in a MOT are usually con�ned to a cloud a few millimeters in

diameter with densities � 1010 atoms/cm3. Typical MOT temperatures are near

the Doppler limit TD. Figure 2.8 shows a sodium MOT at the National Institute

of Standards and Technology. In addition to a trapping in three dimensions,

MOTs operating in two dimensions focus and compress atomic beams [30, 31].
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2.4 Mechanical E�ects of Light III: Sub-Doppler

Cooling

Early experimental realizations of three-dimensional optical molasses reported

temperatures near the Doppler limit. However, a detailed study of optical mo-

lasses at the National Bureau of Standards (now National Institute of Standards

and Technology - NIST), using multiple methods to measure the temperature of

a 3D sodium molasses, reported values signi�cantly lower than TD [32]. Typical

temperatures of 45 �K were an order of magnitude lower than the 240 �K Doppler

limit predicted by the radiation pressure theory. Figure 2.9 shows the uores-

cence signal from a time-of-ight technique used at NIST along with numerically

predicted signals for 240 �K and 40 �K.

The Doppler cooling theory, as pleasing and simple as it is, fails to accurately

predict the ultimate temperature of optical molasses. Additional damping mech-

anisms exist that further cool the ensemble to sub-Doppler temperatures. The

sub-Doppler forces arise from optical pumping and light shifts from the near-

resonant interactions between light and the atoms dependent on optical polar-

ization and internal atomic structure (i.e. hyper�ne structure) not considered in

the Doppler-limited cooling model [33].

The state of optical polarization used to generate an optical molasses is rather

exible. The two primary optical polarization arrangements are lin ? lin and

�
+-��, referring to the state of polarization of the counter-propagating laser

beams. In lin ? lin molasses, each counter-propagating laser beam is linearly

polarized, but perpendicular to each other. The laser beams in a �+-�� molasses

have circular polarization of opposite handedness. The sub-Doppler cooling
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Figure 2.9: Time-of-ight uorescence data and calculations (40 �K and 240

�K) for atoms released from a 3D optical molasses. The shaded region about 40

�K is the uncertainty due to system geometry (from Ref. [32]).

mechanisms di�er but both arise from light shifts and optical pumping.

Counterpropagating laser beams in the lin ? lin arrangement establishes a

rotating polarization pattern when the electric �elds add together as shown in

Fig. 2.10. Over a distance of half a wavelength of light (along z), the electric

�elds of each beam add up in a pattern that shifts from linear (at an angle 45Æ

from x in x � y plane) to circular (�+) to linear (90Æ from original) to circular

(��). The transition selection rules dictate that within the region where the

polarization appears to be �+ (��), �J = +1 (�1). However, when the atoms

decay from the excited state, �J can be �1 or 0. The rotating polarization also

results in ground-state energy shifts due to interactions between the atom and

the light �eld (Fig. 2.10). The ground state atomic energy shifts by an amount

�"1 =
~�S0C

2
12

1 + (2�
�
)2

(2.42)

where C12 is the Clebsch-Gordon coeÆcient for the transition from the ground

state to the excited state. The Clebsch-Gordon coeÆcient depends on the po-
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Energy

Figure 2.10: Lin ? lin cooling mechanism. The rotating polarization introduces

spatially dependent light shifts for the di�erent ground states. Fast atoms are

optically pumped to a lower energy state and the extra energy is carried away

with the decaying photon, slowing the atoms in the process.

larization of the �eld as well as the initial and �nal states in the transition. The

simplest model for lin ? lin cooling is an atom with a ground state j1;J1 = 1
2
i

and excited state j2;J2 = 3
2
i. Because of the changing polarization and the

e�ect it has on C12, the ground state energy shifts periodically for each magnetic

sublevel, M1 = �1
2
as shown in Fig. 2.10. Consider an atom in the M1 = 1=2

state; if it has suÆcient kinetic energy to move to the position of its local en-

ergy maximum, it may absorb a photon from the �� polarized �eld, populating

the excited state M2 = �1=2. The states allowed to be populated by decay

29



are M1 = +1=2, with no net change in energy, or �1=2, where the atom emits

a photon of greater energy than it absorbed. The di�erence in photon energy

comes at the expense of atomic kinetic energy. A similar cycle occurs for an

atom in the M1 = �1=2 state. The climbing of the hills and losing energy via

optical pumping to a di�erent ground state continuously removes energy from

the ensemble and slows down the atoms. The process is called Sisyphus cooling,

as it is reminiscent of the mythological �gure of Sisyphus, who was condemned to

push a boulder up a hill, only to have it roll back to the bottom when he reached

top.

While the details of the theory are beyond the scope of this thesis, it can be

shown that the average force for atoms near zero velocity is

�!
F lin?lin ' ��0�!� (2.43)

where the lin ? lin friction coeÆcient �0 is �3~k2
L
(�=�). For a typical 1D

optical molasses in sodium (with � = �1:5� and S0 = 10), the lin ? lin friction

coeÆcient �0 is 15 times larger than the radiation pressure damping constant �.

But, the velocity for the maximum lin ? lin force is

�max =
�

9kL

S0

(2�=�)2 + 1
(2.44)

and equals 0:65 m/s, indicating that the atoms must be precooled by the radiation

pressure force before sub-Doppler lin ? lin cooling occurs.

The theoretical minimum momentum in 1D lin ? lin cooling equals the

momentum from the recoil of a single photon ~
����!kL���, corresponding to a recoil

temperature TR given by

TR =
~2
����!kL���2

2mkB
: (2.45)
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For sodium, TR equals 1:2 �K. However, in real atoms the typical 3D molasses

temperatures are usually a factor of 5� 20 greater than TR because of the higher

dimensionality and more complicated atomic structure.

The other arrangement for optical molasses, �+-��, has similar cooling pro-

cesses that rely on combinations of light shifts and polarization e�ects, but is

beyond the scope of this thesis. The force again has a linear dependence on

velocity for atoms near � = 0:

�!
F �+��� � �0:8~k2� (2.46)

for � ' �. While the ultimate temperature of �+-�� is nearly the same as

lin ? lin, a lin ? lin molasses cools atoms in a shorter amount of time because

the damping coeÆcient is approximately a factor of four larger. This will become

an important point when using a optical molasses to collimate an atomic beam.

It is diÆcult to characterize a capture velocity for the �
+-�� cooling process

because it connects smoothly with the radiation pressure force as the velocity

moves away from zero.

2.5 Discussion of Laser Cooling

Here we have discussed four di�erent radiation induced forces: the dipole trapping

force, the radiation pressure force, and the two sub-Doppler forces: lin ? lin and

�
+-��. Table 2.1 summarizes the details of these forces. At this point, they

have been presented in very simple terms: typically in one dimension and with the

angular momentum states chosen to simplify the mathematics. Real atoms are

by far more involved: hyper�ne structure, scattered light, stray magnetic �elds,

polarization impurities, and other e�ects complicate the cooling process. Some
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Force Nature Characteristic Frictional

Velocity CoeÆcient

Dipole Conservative <

q
2
m
Utrap -NA-

Scattering Non-conservative
��� �
kL

��� 8~k2j�jS0
�
h
( 2�� )

2
+S0+1

i2
Lin ? lin Non-conservative �

9kL

S0

(2�=�)2+1
3~k2

L
( j�j
�
)

�
+-�� Non-conservative -NA- 0:8~k2

L

Table 2.1: Summary of radiation forces: dipole, scattering (1D optical molasses),

lin ? lin, and �+-��. The characteristic velocity for the dipole is the maximum

trapped velocity while for the other forces it is the velocity at which the force is

maximum.

of these e�ects will be mentioned in more detail in Section 3.2 in the following

chapter.

32



Chapter 3

Experimental System

Critical to any experiment involving laser cooling is the laser system, which is

described in Section 3.1. Section 3.2 describes the structure of atomic sodium

and how it, as a real atom, is laser cooled. Several spectroscopic techniques used

to tune and reference the laser frequency are described in Section 3.3. Electro-

optic elements used to shift laser frequencies are presented in Section 3.4 The

high vacuum system that contains the experiment is discussed in Section 3.5.

Section 3.6 summarizes the detection techniques used during the experiments.

3.1 Laser and Optical System

The work described in this thesis depends critically on the lasers; as many as

four lasers are used at any time during any of the experiments. All of the lasers

used in this experiment are continuous wave (cw) lasers, meaning that the output

from the laser is not pulsed. To obtain an output frequency bandwidth Æ!L less

than 1 MHz, only cw lasers can be used because the Fourier transform limited
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OD - Optical Diode
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BRF - Birefringement Filter
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Figure 3.1: Laser system for the experiment. The argon-ion laser pumps the

three dye lasers used in this work. One of the ring dye lasers is a Spectra-Physics

380D ring dye laser with a horizontal ring alignment. The other two dye lasers

are Coherent 899-21 ring dye lasers. All lasers run with Rhodamine 6G solution

(2� 10�3 molar in ethylene glycol).
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bandwidth of pulsed lasers

Æ!L �
4�

�pulse
(3.1)

greatly exceeds the 1 MHz limit. For a 1 ns pulse (a rather long pulse compared to

state of the art femtosecond lasers), Æ!L is on the order of several hundred MHz.

However, cw lasers do not passively operate at the desired 1 MHz bandwidth,

multiple cavity modes may simultaneously lase and intracavity jitter broadens

Æ!L. Mode selecting elements, typically etalons, and active stabilization tech-

niques are needed to narrow the laser bandwidth. Of the four lasers used, three

are single frequency ring dye lasers. The forth is an argon-ion laser, which powers

the dye lasers.

We use a Coherent Sabre argon-ion laser providing up to 25 W of continuous

output of light, primarily at wavelengths of 514 and 488 nm (nominally 50% and

45%, respectively) as the dye-pumping laser. A ceramic tube containing argon

gas is ionized by an anode and cathode mounted on opposite ends of the tube.

After the tube ionizes, a nominal voltage of 505 V maintains the ionization. A

closed loop water cooling system dissipates the heat generated by the plasma.

The output power is controlled by adjusting the current through the tube up to

the maximum tube current of 55 A; usually 49 A are required to produce the 22

W needed to power the three dye lasers. The argon-ion laser beam quality is

crucial to the performance of the dye lasers, a TEM00 transverse mode is essential

for dye laser stability. The quality of the mode improves as the diameter of an

intracavity aperture is reduced, but is accompanied by a drop in output power.

Failure to maintain clean optics within the laser prevents TEM00 output. Internal

systems stabilize the output power and pointing stability after a brief warm-up

period (� 1 hour). Dielectric coated beamsplitters and mirrors distribute the
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output light from the argon laser to the dye lasers as shown in Fig. 3.1a.

Two di�erent models of ring dye lasers are used. The Spectra-Physics 380D

is a ring dye laser oriented with the ring in a horizontal con�guration (Fig. 3.1b).

The gain medium is a solution of rhodamine 6G (R6G) dye dissolved in ethylene

glycol (� 2 � 10�3 molar). The dye circulates through a chiller that cools the

solution to 10Æ C before passing through a high pressure jet within the cavity.

The jet is perpendicular to the laser oscillation plane. Cooling the dye decreases

the frequency of stability reducing air bubbles. The argon ion beam is focused

by a curved mirror onto a vertically oriented dye jet, and oscillation occurs in a

\�gure-8" pattern between the cavity mirrors, with a beam propagating in each

direction. Placing an optical diode (OD) in the path rotates the �eld polarization

for one direction. The rotated polarization leads to cavity loss for and suppresses

oscillation for the rotated beam. A birefringent �lter (BRF) is the course tuning

element that selects the center wavelength �L with a bandwidth Æ!L � 25 GHz.

A low-�nesse intra-cavity etalon reduces the linewidth to a single longitudinal

mode that is broadened to about 10 MHz because of intracavity jitter. The laser

operates in single frequency by actively stabilizing the cavity to remove this jitter.

A portion of the output beam passes through a pair of thermally stabilized, low-

�nesse cavities (10 GHz and 500 MHz). A servo-loop monitoring the cavity fringe

voltage locks the laser to a single frequency by adjusting the voltage applied to

a piezo upon which one of the cavity mirrors is mounted. The laser is scanned

(up to 20 GHz) by electronically controlled rotation of a pair of galvo plates to

increase the optical pathlength, thereby shifting the laser frequency. Typical

output for the 380D, pumped with 5:5 W from the argon ion laser, is 300 mW

at 589 nm with a 1 MHz bandwidth.
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The remaining two dye lasers are Coherent 899-21 lasers, operating with sim-

ilar R6G dye solutions. The 899-21 employs a vertical cavity (Fig. 3.1c), also in

a �gure-8 pattern. The cavity elements are similar, an optical diode limits the

oscillation to a single direction and a birefringent �lter (Æ!L � 2 GHz) provides

the course tuning of the laser. An intracavity assembly (ICA) contains pair of

etalons that reduce the linewidth to a single longitudinal mode with a linewidth

of 10 MHz. Active stabilization and single frequency operation are obtained by

locking the laser to the fringes of an external reference cavity via feedback to a

piezo-driven mirror in the cavity. A single galvo plate is used to scan the laser

(up to 30 GHz). Output power of 400� 500 mW at 589 nm (Æ!L � 1 MHz) is

possible when pumped with 6 W from the argon-ion laser.

3.2 Atomic Sodium

Sodium is one of the most studied atomic species (it was the �rst species to be

cooled and trapped) because of its simple structure, abundance in nature, and the

availability of commercial single frequency lasers at the resonant transition. The

only stable isotope is 23Na, although unstable isotopes produced from accelerators

have also been cooled and trapped [1]. An understanding of the structure of

sodium is fundamental to understanding how real atoms with multiple levels are

optically cooled.

3.2.1 Atomic States

The ground state con�guration is a closed shell surrounded by a single valence

electron in an s-state, [Ne]3s1. The single electron structure is similar to hydro-
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gen, but interactions between the electron core and the valence electron break the

degeneracy within the shells de�ned by the principle quantum number n. Each

n shell splits into n� 1 subshells, each one characterized by the orbital quantum

number l. The subshells order with increasing value of l, hence l = 0 is lower in

energy than l = 1. The levels are named with spectroscopic notation

n
2S+1LJ (3.2)

where S is the total electron spin, L is the total orbital angular momentum

(historically labeled by L = S; P;D; : : : for
P

l = 0; 1; 2; : : : ), and J is the total

electronic angular momentum. The possible values of J are the vector sums of L

and S: J = jL� Sj ; jL� S+ 1j ; : : : ; jL + Sj. The core electrons have total spin

and orbital angular momentum equal to zero, and therefore S and L are given

solely the single valence electron: S = 1=2 and L = l . The spectroscopic labels

are 3 2
S1=2 for the ground state and 3 2

P1=2;3=2 for the �rst excited level. The

energy between the levels is 2:1 eV, requiring a photon with wavelength � = 589

nm to drive the transition.

Interactions between the electron spin and orbital angular momentum further

perturb the system. The orbiting electron generates a magnetic �eld that, in

turn, interacts with the electron spin

Uso = �
�!
MS �

�!
B (3.3)

where
�!
MS is the magnetic moment of the electron (which is proportional to

the spin operator) and
�!
B is the �eld produced by the moving electron. After

evaluating the �rst order perturbation contribution of the spin-orbit coupling,

a level with total angular momentum J and orbital momentum L shifts by an
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Figure 3.2: Atomic energy level diagram for 23Na.

amount equal to

�"SO;J = �n;l(J
2 � L2 � S2) (3.4)

where �n;l is a constant proportional to


n; lj 1

R3
jn; l

�
[34]. The spin-orbit shift

breaks the degeneracy of the L levels by dividing them into levels labeled by

the total angular momentum J. The radial dependence of �n;l indicates that

spin-orbit splitting is larger for low lying levels nearer the nucleus. In sodium,

the lower the value of J, the lower the energy (for a common L). Therefore, 3

2
P1=2 is lower in energy than 3 2

P3=2, as seen in Fig. 3.2. The energy di�erence

between the 3 2
P levels is 17:2 cm�1. The splitting between these levels is the
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source of the D1 (3 2
S1=2 �! 3 2

P1=2) and D2 (3 2
S1=2 �! 3 2

P3=2) lines in the

doublet emission of sodium lamps.

The nucleus of 23Na, made of 11 protons and 12 neutrons, has a total nuclear

spin I = 3=2. Hyper�ne splitting �"HF arises from interactions between the

nuclear spin I and the electronic angular momentum J; I and J sum as vectors to

the total angular momentum F: F = jJ� Ij ; : : : ; jJ+ Ij). While the splitting

between hyper�ne levels is much smaller in magnitude (< 0:1 cm�1) than the

�ne structure splitting, the hyper�ne structure is well within the resolution of

single frequency lasers and plays an important role in laser cooling and trapping.

Because of the need to identify hyper�ne states, we modify spectroscopic notation

to include F

n
2S+1LJ [F]: (3.5)

The notation of Eqn. 3.5 will be used throughout this thesis, and will be modi�ed

only by the inclusion of the angular momentum projectionMF inside the brackets

[F;MF] in the cases where it is important to the physics. The commonly used

cycling transition for laser cooling is 3 2
S1=2 [2] �! 3 2

P3=2 [3], for zero magnetic

�eld. The labeling of the levels becomes more complicated in the presence of

magnetic �elds when the levels split due to the Zeeman e�ect.

3.2.2 Zeeman Splitting

While the Zeeman e�ect is treated as an atomic perturbation, the importance of

the splitting of levels is not to be taken lightly. Seemingly mild magnetic �elds

(B � 50 G) induce shifts that overwhelm the hyper�ne structure. For this reason,

one must proceed carefully when calculating Zeeman shifts, the appropriate basis
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Figure 3.3: The Zeeman e�ect on the 3 2
S1=2 ground state and 3 2

P3=2 excited

state of atomic sodium. For weak �elds, the hyper�ne states degeneracy is

broken as the states are shifted by an amount proportional to MFB. As the

�eld increases, MF fails to be a good quantum number and the states become

proportional to MJB.
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set is important. Recall the general form of the Zeeman shift of energy levels

given by Eqn. 2.25

�"M = gM�BB: (2.25)

Assume a magnetic �eld that is suÆciently weak that the Zeeman shifts �"MF

are much smaller than the hyper�ne shifts �"HF . For such a �eld, F and MF

are good quantum numbers. In this case the Land�e factor g equals gF where

gF = gJ
F(F + 1) + J(J+ 1)� I(I+ 1)

2F(F+ 1)
(3.6)

and

gJ = 1 +
J(J+ 1) + S(S + 1)� L(L + 1)

2J(J+ 1)
: (3.7)

For the 3 2
P3=2 [3] state, gF = 2=3 and gF = 1=2 for 3 2

S1=2 [2] in atomic sodium.

The splitting of the hyper�ne levels in sodium is shown in the left hand edge of

Fig. 3.3. The energy for the 3 2
S1=2 [2;MF1

] to 3 2
P3=2 [3;MF2

] transition equals

(from Eqn. 2.26)

�E = ~!0 + (3 �MF2
� 2 �MF1

)�BB (3.8)

where the weak-�eld magnetic frequency shift �12

~
(in units Hz/G) equals

�B

~
(3 �MF2

� 2 �MF1
).

As the magnetic �eld strength increases, the Zeeman shifts become compa-

rable to and then exceed the hyper�ne shifts and the basis set must be changed

such that J and MJ are good quantum numbers and the hyper�ne splitting is

a secondary perturbation. For the sake of clarity, �elds of this magnitude are

de�ned as moderate. For moderate �elds, the Land�e factor g = gJ and MJ are

used to calculate the Zeeman shifts �"MJ
. The values of gJ are 2 and 4=3 for
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the 3 2
S1=2 and 3 2

P3=2 states, respectively. Hyper�ne structure perturbs the

Zeeman split levels as a function of MI. The right hand side of Fig. 3.3 shows

this regime. For this moderate �eld, the 3 2
S1=2 [MJ] �! 3 2

P3=2 [MJ] transition

energy equals

�E = ~!0 +

�
3

2
�MJ2

� 1

2
�MJ1

�
�BB = ~!0 + �12B: (3.9)

The transition from the weak regime to moderate regime is smooth as the di�erent

basis sets mix together as seen in the middle of Fig. 3.3.

3.2.3 \Real" Laser Cooling

In Chapter 2, laser cooling theory is presented in terms of a \two-level" model.

While we introduced angular momentum and Zeeman splitting, the possibility

of atoms populating more than the two levels in the cooling cycle was excluded.

However, in real atomic systems, additional energy levels play an important role.

The Zeeman splitting of real atoms becomes complicated. A discussion of the

physics involved in real laser cooling is presented here.

There is a signi�cant probability that atoms will populate levels outside of

the cooling cycle in an optical molasses. The molasses laser beam is typically

detuned �15 MHz below the 3 2
S1=2 [2] �! 3 2

P3=2 [3] atomic resonance. As

shown in Fig. 3.2, this frequency is only 45 MHz from the 3 2
S1=2 [2] �! 3 2

P3=2

[2] transition. Because of the high intensity of the optical �eld in the molasses

region (� 150 mW/cm2 total intensity for the molasses described herein), the

transitions are signi�cantly power broadened and the o�-resonance absorption

probability increases. The relative absorption probability of the two excited

states can be estimated using a two-level model for each transition. With the

laser tuned 15 MHz below the desired transition, the probability of excitation to

43



the 3 2
P3=2 [2] level is only one third of that for the desired 3

2
P3=2 [3] level. From

the 3 2
P3=2 [2] level, the atom decays to either the 3 2

S1=2 [2] or the 3
2
S1=2 [1]

manifold. If it decays to 3 2
S1=2 [2], it remains in the cooling cycle. However, if

it decays to 3 2
S1=2 [1], 1:7 GHz below 3 2

S1=2 [2] (Fig. 3.2), the atom exits the

cooling cycle because the cooling laser frequency is well o� of resonance. Left

unchecked, all the atoms in the ensemble will eventually be optically pumped

into this \dark" state by this process.

To prevent atoms from populating the dark ground state in optical molasses,

a second laser frequency (1:7 GHz above the cooling frequency) added along with

the cooling laser frequency repumps atoms from 3 2
S1=2 [1] to 3

2
P3=2 [2] as shown

in Fig. 3.4a. Once in the 3 2
P3=2 [2] state, the atom can decay to 3 2

S1=2 [2]

and re-enter the cooling cycle. The intensity of the repumper needs to be only

about 10% of the cooling laser intensity. Figure 3.4b shows photographs of the

uorescence from two stages of optical molasses that collimate a sodium beam.

In the upper photo, the repumper is on and the intensity of the upstream and

downstream molasses stages are nearly equal. However, in the lower image where

the repumper is turned o�, the uorescence downstream decreases, indicating that

population is building up in the dark 3 2
S1=2 [1] state where they are out of the

cooling (and uorescence) cycle. A repumper must also be added to the laser

beams in a MOT.

The Zeeman e�ect also plays an important role in real laser cooling. As

discussed in Section 3.2.2, the basis set of atomic states depend upon the strength

of the magnetic �eld. The typical laser cooling transition for the condition of

a weak magnetic �eld is 3 2
S1=2 [2;MF = 2] �! 3 2

P3=2 [3;MF = 3]. This is a

good transition because the �+ polarization of the cooling laser optically pumps
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Figure 3.4: a) The level diagram of the repumping scheme. The repumper

prevents population of the dark 3 2
S1=2 [1] state. b) Photograph of uorescence

from optical molasses, with and without repumper, impinging on a sodium beam.

The beam moves to the right and the ourescence seen comes from the x- and

y-axis molasses beams as shown. The decrease in downstream molasses is the

result of populating the 3 2
S1=2 [1] state.

all the atoms to these states because the �M = +1 selection rule drives the

atoms to the stretched state (jMFj = F). With the exception of the possibility

of exciting the atom to the 3 2
P3=2 [2] level, this cooling cycle is as close to a real

two level system that exists. The magnetic frequency shift �12

~
for this transition

in sodium is 1:4 MHz/G.

However, for moderate magnetic �elds, F and MF are bad quantum numbers,

and MJ emerges as the good label. If �+ polarization is used in a moderate �eld

environment the atoms will be pumped to the 3 2
S1=2 [MJ = 1=2] �! 3 2

P3=2

[MJ = 3=2] stretched state cooling cycle. The frequency shift �12

~
is 1:4 MHz/G

for this transition, the same as for the low �eld case. The equality of the shifts is

not coincidental, the two transitions are equivalent but in di�erent basis sets: the
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Clebsch-Gordon coeÆcient connecting 2
S1=2 [MJ = 1=2] and 2

S1=2 [2;MF = 2] is

1 (similarly for the 2
P3=2 excited states). The transition between the weak and

moderate �eld cases is simple, a continuous linear response over both regions and

can be seen in Fig. 3.3. Because the equality holds for the stretched state cooling

cycle, a �eld dependent force can be changed from moderate to weak without fear

of pumping the atom to a dark state. For the case of moderate �elds, there is no

need for a repumper laser because the cooling transitions are shifted well away

from other possible transitions.

3.3 Frequency References

Laser cooling and collision studies critically depend on the laser frequencies, ne-

cessitating accurate frequency measurements. In the work presented in this

thesis, all the frequencies are within a few GHz of the D2 sodium transition,

so the sodium atom itself serves as the primary frequency standard. Because

the transverse velocity of atoms within a beam is very low, a laser beam per-

pendicularly crossing the atom ux is a popular technique for high-resolution,

uorescence spectroscopy. The cross-beam spectra is used, in turn, to calibrate

sodium saturated absorption spectra and molecular iodine uorescence spectra

that we use as secondary frequency standards. In the experiments described in

Chapters 4 and 5, the secondary standards enable us to lock lasers to speci�c

frequencies or scan them across a range of frequencies.
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3.3.1 Crossed Beam Spectroscopy

An ensemble of atoms with a velocity distribution n(�) leads to a heterogeneous

spectral line-broadening because the laboratory frame laser frequency observed

by each moving atom is Doppler shifted [7, 35] by an amount

�!D = ��!kL � �!�A; (2.21)

yielding a Doppler broadened absorption lineshape D(!) of width Æ!D that in-

creases with the velocity distribution. For a non-divergent laser beam, only

atomic velocity components along the laser propagation axis lead to a Doppler

shift �!D, the dot product in Eqn. 2.22 ensures zero broadening for orthogo-

nal velocity components. Therefore, atoms in a collimated atom beam, with a

narrow transverse velocity distribution, probed by a perpendicular laser beam

exhibit signi�cantly reduced Doppler broadening [7].

After aligning the laser beam perpendicular to the atom beam, the laser is

scanned around the sodium D2 line. The atoms absorb when the laser is resonant

with a transition, and the uorescent decay is collected by a photomultiplier tube

(PMT) mounted above crossing region. To reduce noise in the uorescence signal,

an optical chopper modulates the laser beam and the signal from the PMT is fed

into a lock-in ampli�er to extract the modulated signal, which in turn is logged

into a laboratory computer (PC). The spectra of allowed transitions in the D2

manifold are shown in Fig. 3.5.

3.3.2 Saturated Absorption Spectroscopy

To set the frequency of the laser with high resolution, a high precision frequency

standard must be used. During an experiment, the sodium beam is unavailable so
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Figure 3.5: Fluorescence from cross beam spectrum. The allowed transitions

in the D2 manifold are all visible.

a secondary is used; the signal from a saturated absorption cell containing sodium

metal vapor is the obvious choice. A Pyrex cell, with background pressure � 10�6

torr, contains sodium metal that is heated to� 80ÆC, increasing the sodium vapor

pressure to� 10�3 torr. At this pressure, the absorption lineshape is signi�cantly

Doppler broadened (Æ!D � 1:4 GHz) and the center of the transition lineshape

has an uncertainty greater than the precision to which the laser must typically be

known (� 1 MHz). However, by using the Doppler-free technique of saturated

absorption spectroscopy [7], the transition linewidth can be reduced toward the

natural linewidth (� � 10 MHz). A brief description of saturated absorption

spectroscopy is presented here.

A high intensity laser beam (S0 > 1) of frequency !L, nearly resonant with

the transition frequency !0, drives atoms to the excited state when the detuning

of the laser � is compensated by the Doppler shift �!D. The width of the
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beam at � = �zkL. b) Setup for saturated absorption spectroscopy used to lock
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Doppler broadened lineshape Æ!D is very broad, compared to the power broad-

ened natural width �0 = �(1 + S0). Thus, only a portion of the ground-state

velocity distribution n(�), with velocity component �z along the laser axis equal

to �=kL, is resonant with the laser. Because the beam has a high intensity,

a signi�cant fraction of the population with the resonant velocity class can be

driven from the ground state distribution n(�) as seen in Fig. 3.6a [7]. Atoms

with velocity �z such that the Doppler shift does not equal the detuning �, to

within the power broadened linewidth are una�ected and remain in the ground

state. In other words, the high intensity �eld saturates the transition for atoms

within Doppler resonance with the frequency of the laser, henceforth to be called

the pump laser.

A weak beam (S0 < 1) is attenuated by resonant atoms according to Beer's

law

I
0(z) = I0e

�n(�)�12(!)z (3.10)

where I0 is the initial intensity, z is the propagation distance and �12(!) is the

absorption cross-section for the laser with frequency !. If the weak probe beam

passes through the cell, overlapping the pump beam, and scans over the entire

Doppler lineshape, a near Gaussian absorption pro�le is obtained by measuring

the intensity of the probe leaving the cell with a photodiode. The pro�le devi-

ates from a Gaussian pro�le at the frequency where the high intensity laser has

saturated the transition and the ground-state population is signi�cantly reduced.

The decrease in population causes an easily detectable decrease in absorption.

By producing the pump and probe beams from the same laser, the transition

center !0 can be isolated. Introducing the pump and probe in a coaxial, but

counter-propagating, arrangement causes the pump to saturate the transition
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with atoms of velocity class �z, but the probe is resonant with those with velocity

��z. If the laser is tuned more than a power-broadened natural linewidth �0 away

from !0, the probe does not detect any population change caused by the pump.

However, when the frequency is within �0 of !0, the decrease in population results

in a reduced attenuation of the probe laser intensity detected by the photodiode.

If the laser scans across the entire Doppler pro�le, the measured lineshape is a

Gaussian absorption pro�le with a sharp decrease in attenuation at the atomic

resonance !0 [7]. To remove the Gaussian background, a second weak beam,

passing through the cell, but not overlapping the saturating beam, is monitored

with a photodiode to provide a reference lineshape. The optical layout for this

system is shown in Fig. 3.6b. The reference signal is subtracted from the probe

by connecting the photodiodes with opposite polarity so that the di�erence signal

is collected directly, as shown in Fig. 3.7. The quality of the spectra depends

on the overlap of the pump and probe beams. To ensure maximum overlap, the

pump beam polarization is rotated 90Æ by a �=2 plate and reected into the vapor

cell using a polarizing beamsplitter that passes the probe laser. Modulating the

signal by placing an optical chopper in the pump beam path and feeding the

ampli�ed signal to a lock-in ampli�er, the noise in the signal is reduced. The

signal extracted by the lock-in ampli�er is fed to an oscilloscope next to the laser

controls so the frequency can be monitored as the laser scans. Similarly, the

signal can be fed directly to a PC via a DAQ program to collect a spectra.

Figure 3.8a shows the saturated absorption spectrum and a crossed beam

spectrum for sodium as a function of frequency, the crossed beam is the frequency

reference used to calibrate the frequency scale. It is important to note the

additional features that appear in the saturated absorption spectra that are not in
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Figure 3.7: Circuit for amplifying saturated absorption spectroscopy signal.

the crossed beam spectra. These features, called cross-overs, occur at frequencies

midway between transitions that have either a common upper or lower level [7].

Because of the broad velocity distribution of atoms, it is possible for the pump

laser to depopulate a state via one transition and the probe laser to probe that

same state with a di�erent transition. Because there is a decreased population in

the ground state, the absorption of the probe drops. Transitions with common

upper levels also lead to cross-overs, but with enhanced absorption. Because

the cross-over features are as reproducible as the transitions themselves, they

can also be used as frequency markers. In some instances, the cross-overs are

better frequency markers than the transitions because of a convenient frequency

at which they occur. In the case of sodium, the cross-overs are typically stronger

than the actual transitions. Figure 3.8b shows the saturated absorption spectrum
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with cross-overs near the cooling transition.

3.3.3 Molecular Iodine

The spectrum of molecular iodine is probably the best known of all spectra in the

visible and near infrared [36]. By coincidence, there are four strong transitions

of molecular iodine near the sodium D2 transition. These convenient transitions

are used as frequency markers on broadly scanned spectra, such as those needed

in calculating the velocity distribution of the atomic beam. A thin glass plate

picks o� a small fraction of the laser beam and directs the light through a sealed

Pyrex cell containing iodine. At room temperature, suÆcient partial pressure of

iodine exists for laser induced uorescence to occur if the laser is on resonance.

A photodiode detects the uorescence and drives a current proportional to the

light power. An ampli�er converts the signal to a voltage that is collected by

a PC. The iodine signal is Doppler broadened at room temperature Æ!D � 0:4

GHz, much narrower than in sodium because the mass is eleven times larger

(Æ!D _ m
� 1

2 ). While the Doppler width is still signi�cant, it is still possible to

use iodine in cases when small uncertainties in frequency are tolerable. Figure

3.9 shows a typical iodine signal.

3.4 Electro-optics

Due to the extreme cost of individual single frequency lasers, the ability to pro-

duce multiple frequencies out of a single laser head is desirable. In the work

described in this thesis, acousto-optic modulators and electro-optic modulators

shift lasers for frequency tuning purposes and to generate sideband frequencies
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Figure 3.9: Iodine uorescence spectrum near sodium D2 line.

for optical repumping.

3.4.1 Acousto-optic modulators

To set the dye lasers to their proper frequencies, di�erent features within the

saturated absorption spectrum are used. However, rarely is a feature exactly at

the desired frequency. Shifting the frequency of the sampled portion of the laser

beam passing through the saturated absorption cell by a known amount technique

is used to shift the spectrum. We use acousto-optic modulators (AOMs) to shift,

and simultaneously deect, part of the laser beam [37]. A transducer applied

to the crystal applies an rf acoustic standing wave with frequency !AOM . The

laser photons and acoustic phonons mix and a produce spatially separated laser

sidebands with integer multiples of the phonon frequency !d = !L � m!AOM .

The separation of the sidebands arises from the conservation of momentum, the

matching conditions for the wavevectors are
�!
k d =

�!
k L+

�!
k AOM [37]. The crystal
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Figure 3.10: Diagrams of acousto-optic modulator (AOM) and electro-optic

modulator (EOM). The AOM deects the frequency shifted components out of

the carrier, while the shifted frequencies remain within the beam after passing

through the EOM.

is rotated with respect to the laser to optimize speci�c sidebands. The ampli�ed

output from a voltage controlled oscillator provides the rf frequency that drives

the acoustic wave producing transducer mounted on the crystal. Attenuating the

rf power applied to the crystal, typically less than 1 W, decreases the intensity

of the di�racted beams. AOMs function at speci�c acoustic frequencies, as

determined by the size of the crystal, and have a narrow bandwidth. Three

di�erent AOMs are used in this work, each with di�erent acoustic centers: 260

MHz (Isomet, 1250C-829A), 80 MHz (Isomet, 1205C-1) and 40 MHz (Isomet,

1201E-1).

An AOM can also be \doubled passed" to double the frequency shift by re-

ecting the �rst order back through the AOM. The �rst order of the second pass
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overlaps the initial beam, but by rotating the polarization of the beam prior to

retroreection (with a half wave plate), a polarizing beam splitter can separate

the beams.

3.4.2 Electro-optic modulators

To prevent optical pumping to a dark state, it is necessary to include a repumping

frequency to optical molasses or a MOT. Rather than using a second laser, we use

an electro-optic modulator to add frequency sidebands to the carrier frequency.

We apply a high power sinusoidal rf electric �eld with frequency !EOM across a

crystal to vary its index of refraction. The varying index within the crystal mixes

the laser frequency !L with the rf to produce evenly spaced sidebands shifted by

the rf frequency !EOM around the incoming laser frequency E � Ei sin(!Lt) +

E
0
m
sin(!L �m!EOM)t [37]. Unlike the AOM, where the phonons and photons

travel in di�erent directions, the rf electric �eld oscillates in the same plane as

the laser beam and the sidebands are not deected. We use a \homemade"

EOM [38] made from a lithium tantalate (LiTiO3) crystal. Mounted within a

plastic base, the crystal is sandwiched within an rf resonance cavity formed from

a piece of copper foil. The resonant frequency of the cavity depends critically

on its shape; if the cavity is not resonant with the rf �eld, insuÆcient power

is coupled into the crystal and modulation of the beam ceases. The rf signal,

generated by amplifying the output from a rf synthesizer (Gigatronics, 6061A),

is coupled into the cavity with an antenna formed with a loop of copper wire.
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3.5 Vacuum System

Experiments with laser cooled and trapped species are performed in high, or ul-

trahigh, vacuum. The reduction of interactions between the species of interest,

sodium in this case, and background atoms is critical. Interactions between

sodium and background are either elastic, where the species bounce o� of each

other in a billiard ball fashion, or inelastic or reactive collisions. Beam experi-

ments require special e�ort in design due to the continuous ux of atoms added

to the chamber. Figure 3.11 shows the vacuum system for the experiments de-

scribed in this thesis. There are four main regions in the chamber: the thermal

beam source, optical collimation, longitudinal slowing, and interaction zone. A

brief description of the system is provided here.

The thermal source developed for this thesis is described in detail in Chap-

ter 4. A di�usion pump removes atoms exiting the oven but rejected by the

beam skimmer. A water-cooled copper coil provides additional pumping speed

by acting as a primitive cryopump upon which hot sodium atoms condense. Just

downstream from the skimmer, an annular liquid nitrogen trap isolates the beam

source from the rest of the chamber. The collimation region is formed by a

stainless steel six-way cross with four viewports, through which optical collima-

tion laser beams are passed. A 1.5 m stainless steel tube forms the longitudinal

slowing stage which feeds the atoms to the interaction chamber. The interaction

chamber is a homemade brass cross with multiple viewports for directing laser

beams and detecting uorescence with an externally mounted photomultiplier

tube. A channel electron multiplier and charged particle optics are mounted in-

side. A diaphragm pump backed turbo pump (Pfei�er, TSU065D) is connected

to the top of the interaction chamber, as is a Bayard-Alpert ionization gauge for
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Figure 3.11: Sketch of vacuum system from above (left) and a cutaway view

from the side (right).
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measuring the chamber pressure.

Typical pressure for the vacuum chamber under experimental conditions is

1 � 10�6 torr. The pressure is limited by the common use of o-rings as well as

the outgassing rate of the brass interaction chamber.

3.6 Signal Detection and Data Acquisition

3.6.1 Charged Coupled Device Cameras

Two di�erent charge coupled device (CCD) cameras (Spectrasource, Teleris II

and Pelco, MC5700-2) are used to monitor and measure the quality of the sodium

beam. The cameras are oriented nearly parallel with the atomic beam and have

lenses mounted on them to focus on a narrow �eld. Usually the cameras focus

on a point in the interaction region, but in some situations, the beam is imaged

at a position upstream. Orienting the cameras slightly o� the beam axis not

only allows a clear path for the longitudinal slowing laser beam, but also reduces

the amount of background infrared radiation incident on the CCD from the hot

oven at the upstream end of the vacuum system.

The Pelco camera output is directed to a close-circuit TV to monitor the

beam pro�le when changes are made to the atom beam collimation. We monitor

the atom beam in real-time using this technique. The Spectrasource camera

is a complete video capture system, containing a framegrabber card connected

to a PC where images are directly acquired. Images of the beam are taken

by capturing the uorescence from atoms induced by a resonant probe beam.

Images are also taken with the probe laser beam tuned o� the atomic resonance

to capture the background light present from ambient sources and scattered laser
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Figure 3.12: Schematic of detection devices around the interaction region, with

the vacuum chamber removed for clarity. The PMT detects uorescence and the

CEM detects ions.

light. Scattered light is the reason why the probe is not simply blocked, this

would eliminate scattered background. After subtracting the background image

from the one with the beam plus background, the beam pro�le remains. Care

must be taken to ensure that the camera is not saturated for either image and that

the conditions for the images are exactly the same. Good practice is to take the

images within a few seconds of each other to ensure that nothing changes. The

image acquisition software performs averaging of multiple exposures as well as

the image subtraction. The �nal �gure can be exported into several �le formats,

including the graphical .tif and tab-delimited ascii .txt, useful for exporting to a

graphics package for producing contour and surface plots.
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Figure 3.13: Block diagram of data acquisition. Fluorescence collected by the

PMT is calibrated by a simultaneously scanning a known frequency reference.

The data is read o� the A-D card with a LabView 5.0 program. Ion signals from

the CEM are preampli�ed and counted with a photon counter. The counter is

controlled via GPIB by LabView which also averages and logs the ion production

rate.

3.6.2 PMT

Fluorescence measurements in the beam are made with a Electron Tubes Inc.

(Model 9658) photomultiplier tube (PMT). The PMT is biased with a voltage

of �1:8 kV. Two opaque masks mounted in front of the PMT with 1 mm clear

apertures that de�ne a clear view directly to the uorescence region reduce the

background signal as seen in Fig. 3.12. Signal noise is eliminated using modula-

tion techniques. The probe laser is chopped at 150 Hz with a homemade optical
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chopper. The PMT signal and squarewave signal at the chopping frequency are

then fed into a lock-in ampli�er to extract the modulated signal and convert it to

a DC voltage. The output from the lock-in ampli�er is collected by an analog-

to-digital data acquisition card in a PC. A program written in LabView reads

inputs on several channels at a user controlled frequency. The multiple channel

capability allows simultaneous collection of data from several sources, including

the PMT and frequency reference signals. Figure 3.13 diagrams the acquisition

process.

3.6.3 Ion Detection

A Dr. Sjuts channel electron multiplier (CEM) is the ion detector used in the

suppression experiments. The detector has a gain of 107 with an operating

voltage at �2:5 kV. A positively charged ion strikes the activated glass surface

of the CEM and ejects a cloud of electrons. The electrons accelerate towards

the back of the CEM, enlarging the cloud each time it strikes the surface as

secondary electrons are generated. A collector plate at the end of the CEM

collects the current from the electron cloud which is ampli�ed by a non-inverting

current preampli�er with a gain of 20 (EG&G, VT120C). The signal from the

preampli�er feeds into a photon counter (Stanford, SR400) controlled with a

remote PC via a program in LabView. The LabView program controls the

counting period, frequency, and discrimination level on the SR400 in addition to

logging the data as seen in Fig. 3.13.

To improve the detection eÆciency, a combination of a ion repeller and an

Einzel lens are used. The repeller is biased with a voltage of +210 V while the

center plate of the Einzel lens is biased�200 V and is surrounded by two grounded
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plates 0:8 cm on either side of the center plate. The Repeller is mounted 2 cm

above the interaction region of the chamber, and the center of the Einzel lens is

5 cm below the interaction region. Figure 3.12 shows the layout of the CEM

and ion optics with respect to the atom beam. The ion detection elements are

mounted coaxial with the uorescence detection elements.
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Chapter 4

A Bright, Cold Sodium Beam

4.1 Introduction

In recent years much e�ort has been devoted to high performance atom beam

sources. Bright beams, characterized by high density and narrow divergence,

are useful in improving the eÆciency of the loading of atom traps [2{4], for nano-

lithography [8, 12], atom interferometry [5], and cold collision studies [39{41].

Liouville's theorem [42] states that under the inuence of conservative forces,

the phase-space density of particles in a beam remains constant. Thus, spatially

compressing a beam increases the momentum spread. The focusing of a colli-

mated laser beam provides an excellent example. A convex lens \bends" the

light toward the center axis, decreasing the beam diameter, however the trans-

verse component of the photon momentum distribution increases as the photons

pick up a transverse momentum component. But, the scattering force described

in Chapter 2, Section 2.3 is frictional rather than conservative. Because of the

dissipative nature of the radiation pressure, using optical cooling to collimate and

compress a beam increases the phase-space density of neutral atom beams.

A variety of schemes have been developed over the last decade that use optical
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forces to generate bright beams. Some of these techniques start with a cold or

ultracold ensemble of atoms previously collected and generate a beam by break-

ing the symmetry of the con�nement [2,43{45]. Other schemes start with a hot

thermal beam and use optical forces to increase the brightness [8, 10, 30, 46{49].

After introducing a several de�nitions used to quantify the performance of atom

beams, a review of several sources is presented for comparison. Following the

review is a detailed description of the multistage system developed as part of

the original work presented in this thesis. The system renders a continuous

thermal source into a continuous cold beam suitable for atomic collision stud-

ies. The diagnostic techniques used to characterize the beam follows the system

description.

While the rate constants of cold and ultracold collisions can be measured in the

\reaction bulb" environment of a magneto-optic trap (MOT) [39], the isotropic

distribution of collision axes limits these studies to spatially averaged quantities.

However the cold collision regime, where only a few partial waves participate,

is just where alignment and orientation e�ects can be especially marked. A

highly collimated atom beam therefore provides an ideal environment for study-

ing favorable classes of collision kinematics. In particular inelastic or reactive

processes proceeding through a two-step interaction sequence, the �rst occurring

at long range and the second at short range, results in a very narrow acceptance

angle along the molecular collision axis of the approaching atoms. Examples

of these kinds of collisions are photoassociative ionization [39] and harpooning

collisions [50]. If the divergence angle of the atom beam is also highly restricted,

the molecular collision axis nearly superposes on the laboratory axis, providing

a collision reference axis accessible to laboratory manipulation.
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In this work, the combination of a simple e�usive source, optical collimation

of transverse velocity component �?, Zeeman cooling of longitudinal velocity

component �k, and a simple technique for sharply decoupling the atoms from the

cooling cycle generates a bright beam. Under typical conditions, a sodium beam

with 7 � 108 atoms cm�3 in a solid angle 
 of 2 � 10�6 sr with a longitudinal

velocity of � 350 m/s and longitudinal velocity spread of 5 m/s is obtained.

This beam has been used to perform studies of the polarization dependence of

the optical suppression of photoassociation ionization collisions in sodium [40]

and of the polarization dependence of photoassociation [41].

4.1.1 Beam Performance Measures

The Liouville phase-space density is given by

� =
NA

�
(4.1)

where NA is the number of atoms within the phase-space volume � de�ned in

Cartesian coordinates by

� = �x�y�z�px�py�pz (4.2)

where the �'s are the distribution widths. For a system with cylindrical sym-

metry, such as a beam, the longitudinal (�xk;�pk) and transverse components

(�x?;�p?) separate and the phase-space density is

� =
NA

�(�x?�p?)2�xk�pk
: (4.3)

After substituting the density n = NA

��x2
?
�x

k

and converting to the dimensionless

de�nition e� = �h3, the phase-space density for a beam is given by [49]

e� =
nh

3

m3��2?��k
(4.4)
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where m is the atomic mass. The dimensionless de�nition of the phase-space

density e� is useful because when it approaches the order of unity, Bose-Einstein

condensation occurs.

Optically brightened beams have been characterized in di�erent ways, making

the comparison of performance diÆcult. A recent work by Lison, et al. [49]

addresses this issue and de�nes brightness

R =
�



(4.5)

and brilliance

B = R
�k
��k

(4.6)

to characterize the performance of di�erent beams where the solid angle 
 is

�
�
��?=�k

�2
and the average atom ux � (atoms s�1m�2) is the product of the

density n and the longitudinal velocity �k. The average beam current J (atoms

s�1) equals the product of the ux � and the atom beam cross-section ��r2 and

is a common measure of the number of atoms within a beam. The brilliance

B measures the velocity dispersion within the beam as well as the divergence.

Because cold collision studies require low longitudinal velocity dispersion, the

brilliance is an important measure of the beam quality.

The brightness and brilliance of the cold, collimated atom beam used in this

work are, respectively, 1:2 � 1023 s�1m�2sr�1 and 8:6 � 1024 s�1m�1sr�1 with a

dimensionless phase-space density e� of 1:2� 10�8.

4.2 Review of Beam Sources

Riis, et al. [43] developed an \atomic funnel" source, essentially an extended

length 2D-MOT, with optical molasses along the third axis. The counter-
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propagating pair optical molasses beams, coaxial to the �eld zero on the axis

of the 2D-MOT, have slightly di�erent detunings. Because the photon scatter-

ing rate along this axis is not equal for atoms moving with equal but opposite

velocities, they preferentially absorb from one beam until they reach a velocity �z

such that the rate balances, all the while being compressed by the 2D MOT. A

frequency chirp-cooled beam loads the funnel with a 10% loading eÆciency. The

funnel generates a beam with density n of 108 cm�3 at velocity �z = 2:7 m/s.

The authors report a longitudinal temperature Tlong of 180 �K and a transverse

temperature Ttrans of 300 �K, from which the brightness R and brilliance B are

calculated to be 3�1015 m�2s�1sr�1 and 2�1016 m�2s�1sr�1, respectively. While

the low temperature in the longitudinal direction indicates a low relative velocity

along the beam axis, the Ttrans exceeds Tlong. Because the transverse velocity

spread is larger than the longitudinal, the solid angle subtended by the beam is

large (
 � 5 sr). To study collisional orientation and alignment e�ects a beam

must have narrow laboratory divergence. The divergence of this beam does not

provide an axis to which a collisional axis can be referenced.

Nellessen, et al. [46] developed a scheme to transversely compress a monoen-

ergetic sodium beam. Atoms slowed from a thermal source via chirp-cooling are

deected from the hot background gas using the radiation pressure force from a

near resonant laser beam. The length of the radiation pressure deector lim-

its the bending of the beam to only the slow atoms; the unslowed atoms are

not a�ected in the short time they subject to the force. The slow, pulsed atom

beam enters a region with a 2D-MOT, which transversely cools and compresses

the ux, reducing the beam diameter from 3 mm to 43 �m. The density of

the compressed beam is on the order of 109 cm�3. The chirp-cooling method
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limits the longitudinal velocity spread to the velocity capture range (� 15 m/s

for sodium), and they report a transverse velocity near the Doppler limit of 40

cm/s. The peak density of this beam slightly exceeds the work presented here,

but is not continuous because of the chirp-cooling technique. The peak value of

the brightness is 5 � 1021 m�2s�1sr�1 and the brilliance is 1 � 1023 m�2s�1sr�1,

however the pulsed nature of the beam results in a 10% duty cycle, reducing

linear signal rates proportionally. The short time duration of the bright beam

\on" cycle reduces the average signal in experiments with low count rates, such

as far-detuned (� > 500 MHz) photoassociative ionization, but the removal of

the cooled atoms from the hot atoms is advantageous because of the reduction

in collisions between the cold atoms and hot background ux.

A multi-stage collimation and brightening technique developed by Hooger-

land, et al. [47] increases the density of a metastable neon beam. The system

consists of the optical collimation of a thermal beam, followed by optical com-

pression and secondary optical collimation stages. Because metastable noble

gas beam sources are not as eÆcient as thermal alkali sources, the authors sac-

ri�ce mechanical divergence of the thermal beam to obtain more atoms within

the beam by enlarging the skimmer diameter. The larger skimmer diameter

results in larger transverse velocities, the largest exceeding the Doppler capture

range for a standing wave molasses. A curved wavefront technique [51] increases

the transverse velocity capture range, thereby enhancing the number of atoms

within the collimated beam. The collimated beam then passes through a 2D-

MOT that focuses toward the center of the trap, transverse velocity gained in the

compression stage is eliminated with a second collimation stage. Because the

longitudinal velocity distribution of atoms is broad, chromatic aberration limits
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the density as the atoms are focused to di�erent points. The brightness and

brilliance are 1� 1021 m�2s�1sr�1 and 6� 1021 m�2s�1sr�1. The large longitudi-

nal velocity spread (100 m/s) of the beam makes it unsuitable for cold collision

studies. However, recent proposals [48] add a longitudinal slowing stage between

the initial collimation and the compression stage that improves the prospects for

cold collision study in metastable beam, but has not yet been realized.

Lison et al. [49] recently demonstrated a very bright cesium beam. An ef-

fusive cesium beam is optically collimated and longitudinally cooled. A set of

permanent magnets produce a large magnetic-�eld gradient that decouples the

atoms from the cooling cycle (see Section 4.3.4), producing a narrow longitudi-

nal velocity distribution. The atom beam then passes through a magnetic lens

formed with a hexapole arrangement of permanent magnets. The lens focuses

the atoms, via interaction with the atomic magnetic dipole, to a point further

downstream, where a near resonant optical deecting beam directs the atoms o�

axis and into a collimating optical molasses stage. The longitudinal velocity is

35�120 m/s with a velocity spread of about 1 m/s. The brightness and brilliance

are measured to be 7� 1021 m�2s�1sr�1 and 7� 1023 m�2s�1sr�1. Deecting the

cold beam o� the original beam axis removes the atoms from the hot background

ux and also from the inuence of the longitudinal cooling laser.

The brightness and brilliance of the atom beams summarized in this section

as well as the one described in the following section are plotted as a function of

phase-space density in Fig. 4.1. The brightness and brilliance of a sodium beam

exiting the thermal beam source is also shown for comparison.
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Figure 4.1: Comparison of the performance of several beam sources: Riis et

al. [43], Nellessen, et al. [46] Hoogerland et al. [47], Lison et al. [49], and DeGraf-

fenreid [this work]. Also shown is a thermal beam [this work] for comparative

purposes. Adapted from [49].

4.3 Experiment

4.3.1 R�esum�e

We produce the brightened sodium beam using a multiple step process. Atomic

ux emanating from a novel, externally heated beam source is collimated using

transverse optical molasses. After collimation, a counter-propagating laser beam

cools the atoms by slowing the longitudinal velocity; at a velocity near 350 m/s,

an assembly of magnetic shielding rapidly terminates the slowing cycle, resulting
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in a narrow longitudinal velocity distribution (� 5 m/s). Figure 4.2a is a cartoon

summary of the system and Fig. 4.2b shows the origin and distribution of the

laser beams.

4.3.2 Thermal Beam Source

An externally heated oven assembled primarily from o�-the-shelf UHV compo-

nents generates the thermal beam as shown in Fig. 4.3. High-temperature

custom �tted heating mantles [52] heat sodium metal inside a reservoir made

from a standard CF tee to about 400ÆC, increasing the sodium vapor pressure

to � 0:5 torr. The reservoir connects to a standard six-way CF cross with a

thin plate welded into the arm. A centered 1:25 mm diameter hole acts as a

nozzle for the exiting ux. A 1:25 mm diameter skimmer, formed from a plate

welded into the arm opposite the nozzle and positioned 16 cm downstream, me-

chanically de�nes and precollimates the ux. The mounting of the nozzle and

skimmer within the same six-way CF cross ensures a stable and rigid atom beam

axis. A separate heating mantle enveloping the cross heats the nozzle and skim-

mer to 400ÆC to prevent clogging. Type K thermocouples mounted between the

chamber wall and the heating mantle measure the temperature of the oven and

collimation region to monitor stable operating conditions.

The skimmer rejects the majority of atoms exiting the nozzle. To prevent

pressure from building up in the region between the nozzle and skimmer, atoms

must be pumped away. Failure to pump atoms out of region results in per-

formance degrading e�ects. The free mean path between atoms within the

mechanically de�ned beam and the background vapor decreases, resulting in in-

creased collision rates that eject atoms from the beam path. As a consequence,
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sodium beam. b) Lasers used in experiment.
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Figure 4.3: Cutaway diagram of thermal sodium beam source. Sodium metal

stored in the reservoir is heated with custom shaped heating mantles (not shown)

and e�uses from the nozzle. The skimmer de�nes the beam and excess ux is

removed by the di�usion pump and the coaxial cooling coil.
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the region between the nozzle and skimmer begins to act as a second reservoir

and poorly collimated atoms exit the skimmer and degrade the pressure down-

stream. A di�usion pump (nominal 4 inch diameter with pumping speed 800

L/s) removes the skimmed sodium vapor from the region between the nozzle and

skimmer on three sides of the cross. A coiled solenoidal structure surrounding

the atom beam axis and formed from 3=16 inch diameter commercial copper re-

frigeration tubing increases the pumping speed between nozzle and skimmer by

acting as a primitive cryopump. It is introduced through the top arm of the

cross. Simply running cold tap water in this cooling coil suÆces to lower the

vapor pressure of sodium to slightly below ambient temperature (� 10�10 torr

at 25ÆC). The cooling coil passes into the chamber via compression o-ring �t-

tings. The o-rings require replacement each time the vacuum system is brought

to atmospheric pressure because, despite the continuous ow of cooling water,

the high temperature gradient across the o-rings causes the Viton to ow. The

deformed o-rings seal the coil when the chamber is evacuated, but they shift and

leak after breaking vacuum.

The skimmer-nozzle con�guration mechanically restricts the atomic beam to

a divergence of 8 mrad. The longitudinal velocity components (along the axis

de�ned by the assembly) of the ux exiting the nozzle are below 1500 m/s. There-

fore, the 16 cm distance from the nozzle to skimmer, together with the diameter

of the holes, limits the transverse component which clears the skimmer to less

than 10 m/s.

Mounting the sodium source external to the main vacuum chamber and sur-

rounding it with the custom-�tted heating mantles provides a major bene�t of

uniform source temperature. Wrapping the heating mantles with aluminum foil
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and several layers of �berglass tape distributes the heat evenly around the oven

and prevents turbulent instabilities in the beam ux. Another bene�t of the

external source is the ease with which the reservoir is recharged. The top ange

on the tee is removed and small lumps of sodium metal are dropped in.

A welded aluminum frame supports the beam source and di�usion pump as-

sembly and connects to the downstream portion of the chamber with a exible

UHV bellows. The frame has independent horizontal and vertical adjustments

to control the beam orientation with respect to the rest of the vacuum cham-

ber. Adjacent to the bellows, an annular-shaped liquid nitrogen trap with a

hole diameter of 7:5 mm separates the collimation region from the longitudinal

Zeeman cooling tube, providing further isolation of the down-stream stages from

background sodium vapor.

4.3.3 Optical Collimation

The laser beams used for the transverse cooling (Section 2.2.3) are produced

with a single frequency ring dye laser (Coherent, 899-21) with Rhodamine 6G

dye solution pumped by an argon ion laser (Coherent, Sabre). The laser is

tuned about 15 MHz below the 3 2
S1=2 [2] �! 3 2

P3=2 [3] atomic transition by

referencing the laser to a feature in the sodium saturated absorption signal. A pair

AOMs shift the frequency of the light passing through the saturated absorption

cell such that when the saturated absorption signal is peaked on the cross-over at

�29 MHz, the laser is operating at the desired �15 MHz as shown in Fig. 4.2b.

To prevent populating the dark 3 2
S1=2 [1] state, the laser beam passes though an

electro-optic modulator (EOM) to gain 1:7 GHz sidebands (approximately 15%

in each �rst order sideband). A telescope assembly expands the beam diameter
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to 2:5 cm which is divided into two beams of equal intensity (� 75 mW/cm2).

The beams enter the vacuum chamber, with the electric �eld polarized verti-

cally in the laboratory frame, through antireection coated viewports on orthog-

onal faces of a six-way cross located 10 cm downstream from the skimmer. After

passing through the sodium beam, each laser exits the chamber, passing through

a quarterwave plate before retroreection back through the atom beam as seen

in Fig. 4.2a. The double pass through the waveplate rotates the polarization of

the laser beam 90Æ to horizontal polarization, setting up the optical molasses in

a lin ? lin con�guration [27].

In practice, we �nd that if the two pairs of molasses beams are overlapped,

a signi�cant number of atoms become trapped in a pattern of small light �eld

potentials in the plane of the molasses beams, symmetrically displaced about the

atom beam axis. We presume that these potentials are due to some laser beam

interference pattern, but we did not attempt to analyze the phenomena in detail.

Spatially o�setting the pair of molasses laser beams, creating two 1D molasses

rather than one 2D molasses, as seen in Fig. 4.4, prevents these interference

patterns. Figure 4.5 shows the atom beam pro�les for the two possible molasses

con�gurations. The \star-like" beam pro�le disappears and the average density

increases by nearly a factor of two when the molasses beams are o�set.

To prevent Zeeman e�ects from interfering with the sub-Doppler cooling mech-

anisms, stray magnetic �elds in the optical collimation region must be less than

1 G. The tapered solenoid (used to longitudinally cool the ux), located down-

stream of the optical collimation region, produces the most signi�cant source of

stray magnetic ux. The fringe �eld is approximately 30 G at the center of

the collimation region. Several sheets of high permeability magnetic shielding
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collimation beams o�set. The Helmholz coils cancel stray magnetic �eld from

the upstream end of the Zeeman cooler.
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2D Optical Molasses 2 x 1D Optical Molasses

Figure 4.5: The collimation improves when the optical collimation beams are

o�set rather than overlapped. This forms two 1D optical molasses, rather than

one 2D molasses.

(Magnetic Shield Corp., Co-Netic AA Alloy) placed perpendicular to the atom

beam axis, between the collimation and longitudinal slowing regions, attenuates

the magnetic �eld to 5 G. A pair of Helmholtz coils coaxial to the atom beam

provides the means of canceling out (jBj < 0:1 G) the remaining stray �eld from

the solenoid. The Helmholz current required to cancel the residual fringe �eld

is shown in Fig. 4.6.

The optical collimation laser beams are aligned by monitoring the beam pro�le

at the interaction region, 1:5 m downstream. Fluorescence from an on-resonance

laser beam aligned perpendicular to the atom beam axis is collected with a CCD

camera (Pelco, MC5700-2) and projected onto a television monitor for viewing.
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Figure 4.6: Helmholz current required to cancel the fringing magnetic �eld at

the center of the collimation region as a function of the current in the tapered

solenoid.

4.3.4 Longitudinal Cooling

The optically collimated sodium beam, with thermal longitudinal and sub-

Doppler transverse velocity distributions, enters the region where cooling along

the atom beam axis occurs. Atoms absorb photons from the counter-propagating

laser beam and slow by momentum transfer. As the atoms slow, the absorption

rate in the moving-atom-coordinate reference frame decreases as the Doppler shift

of the photon frequency moves to the red, outside the range of the atomic absorp-

tion pro�le. The changing Doppler shift is compensated by a magnetic �eld that

varies spatially such that magnetic sublevels stay in resonance with the optical

�eld as the atoms slow [26]. To calculate the necessary �eld shape, we consider

an atom moving with an initial velocity �!� 0 subjected to a counter-propagating
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laser beam with wavevector
�!
k , detuned an amount � from the atomic transi-

tion, and saturation parameter S0 > 1. We assume that as the atom moves down

the beam axis z, it remains resonant with the �eld (i.e. Eqn. 2.29 hold), so the

maximum acceleration can be calculated (see Eqn. 2.30):

�!a max =
~�
�!
k

2
: (4.7)

The atomic velocity � along z is therefore given by (z = 0 is arbitrary):

�(z) =

q
�
2
0 � 2 jaj z: (4.8)

Because the magnetic �eld is designed to keep the atom within resonance, we

work backwards to calculate B(z) by inserting Eqn. 4.8 into Eqn. 2.29:

� + jkj
q
�20 � 2 jaj z + �12B(z)

~
= 0 (4.9)

where �12 is the Bohr constant for the transition and equals 2� � 1:4 MHz/G.

From Eqn. 4.9 B(z) must have a shape given by B(z) = B0 + B1(1 � z=zÆ)1=2

for the atoms to remain resonant. A tapered solenoid with the high �eld at the

upstream end satis�es this form, the measured �eld is shown in Fig. 4.7 Many

turns of 1=4 inch diameter commercial refrigeration tubing form our solenoid.

A high-current power supply (Sorenson, DCR 80-125T) provides the total DC

current of 60 A required to generate the magnetic �eld on the �eld axis. Cooling

water runs through the tubing to prevent overheating of the copper.

The maximum acceleration given by Eqn. 4.7 is the upper limit to the ac-

celeration rate: ak � amax where ak is given by Eqn. 2.28. The condition where

the atom remains perfectly resonant (Eqn. 2.29) with the Doppler-shifted light

�eld as it slows is called \adiabatic following". Under the conditions of adiabatic
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Figure 4.7: The magentic �eld inside the Zeeman cooler as a function of position.

The origin is de�ned to be the edge of the magnetic shielding used to extract the

atoms from the cooling cycle.

following, the rate of cooling is given by [53]:

�k(z)
kL

�12
dB(z)

dz
� ak (4.10)

and the �eld gradient required to maintain the condition is given by [53]:

dB(z)

dz

����
crit

=
1

�k(z)
�~k2

2�12m

S0

S0 + 1
: (4.11)

So long as the position dependent �eld is at the critical value, the atoms slow

with maximum eÆciency. A �eld gradient below the critical value will also cool

the atoms, but will require a longer distance to do so because the cooling process

is less eÆcient because the rate of absorption decreases. If the atoms reach
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a position where �eld gradient exceeds the limit in Eqn. 4.11, the adiabatic

condition fails and the atoms exit the cooling cycle because they are unable to

absorb photons fast enough to remain resonant [53].

The Spectra-Physics 380D ring dye laser provides the light used for longitu-

dinal cooling. The cooling laser is typically detuned 220 MHz below the atomic

resonance; the frequency is set using the �rst order sideband from a 190 MHz

AOM (Isomet, 1250C-829A) and tuned to the �29 MHz cross-over of the sodium

saturated absorption spectrum. The intensity of the longitudinal cooling beam as

it enters the vacuum chamber is 150 mW/cm2. Just before entering the vacuum

chamber, the laser beam passes through a quarter wave plate that produces the

�
+-polarization required for the stretched state cooling transition. Atoms move

freely down the cooler until the Doppler-shifted frequency of the laser equals the

Zeeman �eld-dependent 3 2
S1=2 [2;MF = 2] �! 3 2

P3=2 [3;MF = 3] transition

energy. Once in the cooling cycle, the atoms continue to decelerate and pick up

slower atoms as they proceed down the cooler [26].

The increased density of the atom beam due to the collimation increases

the optical thickness of the sodium beam. We developed a simple two-level

model that calculates the intensity of the cooling laser as a function of position,

taking into account the absorption of photons from the cooling laser by resonant

atoms. We use a spatially dependent ground state distribution to model the

resonant absorbing ground state population determined by the combination of

the varying Doppler and Zeeman shifts. The model indicates that when the

ground state density exceeds 2 � 108 atoms/cm3, the intensity falls below the

saturation intensity (I0 = 6 mW/cm2) for the cooling transition at the upstream

end of the cooling region. Figure 4.8 shows the intensity of the cooling laser for
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Figure 4.8: Model intensity for longitudinal slowing laser as a function of up-

stream distance. As the density of the beam increases, the intensity decreases

by absorption, limiting the cooling eÆciency of the fastest atoms.

several ground state densities as a function of distance upstream from the cooling

cut-o�. Cooling laser intensity below the saturation intensity at the upstream

end of the chamber prevents the fastest atoms from being cooled, resulting in an

increased percentage of hot atoms superimposed with a ux of coaxial fast atoms

(there will always be a fraction of uncooled atoms that are not captured in the

cooling cycle). To increase the intensity of the cooling laser at the upstream end,

we focus the laser beam with a pair of lenses in a \near telescope" con�guration

that overcomes the loss in optical power by decreasing the laser beam cross-

section. The focus of the cooling laser is adjusted with the lenses to get the
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highest ux of cooled atoms at the exit of the solenoid.

Focusing the cooling laser also aids in preventing the beam from being opti-

cally pumped to the 3 2
S1=2 [1] state. The high laser intensity in the region be-

tween the optical collimation and the onset of the magnetic �eld power-broadens

the cycling transitions between the ground-state and excited-state manifolds. Be-

cause the light is circularly polarized and subject to a weak magnetic �eld, the

population cycles to the 3 2
S1=2 [2] ground-state.

4.3.5 Extraction

In order to study cold collisions, the relative velocity between pairs of atoms must

be low (�r < 5 m/s). To produce an ensemble of coaxially moving atoms with

small relative speed, the laboratory distribution of longitudinal velocities must be

narrow. Slowing the atoms to near zero velocity in the laboratory frame with the

Zeeman slowing technique actually increases the distribution because of the �eld

at the end of the tapered solenoid does not exactly match the �eld shape needed

for cooling. Additionally, as the atoms are slowed to zero, the longitudinal

and transverse velocity components become comparable in magnitude and the

beam becomes unacceptably divergent. For these reasons, a beam with a narrow

longitudinal velocity spread about a non-zero central velocity is desirable. Rapid

removal of atoms from the Zeeman cooling cycle with velocity near 350 m/s

produces an atom beam with these characteristics.

As discussed in Section 4.3.4, in order to maintain the condition of adiabatic

following, the �eld gradient change must follow the atomic deceleration rate. By

tailoring the magnetic �eld such that the gradient exceeds the critical value given

by Eqn. 4.11, atoms are removed from the cooling cycle. By maximizing the
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Figure 4.9: Magnetic �eld and �eld gradient at the end of the Zeeman slower.

The �eld is attenuated to nearly 0 G within the shielding. The �eld gradient

exceeds the critical �eld gradient for eÆcient longitudinal cooling.

curvature of the �eld at the point where the critical gradient is met enhances the

rate at which the atoms decouple from the cooling cycle.

An assembly of magnetic shielding tailors the sharp magnetic gradient. Mul-

tiple layers of a high-permeability nickel alloy foil (McMaster-Carr), wrapped into

a cylindrical tube 10 cm in length and wall thickness of 2 mm, form the assembly.

The structure, mounted between the vacuum chamber tube and inner diameter

of the tapered solenoid, shields the atoms from the Zeeman cooling magnetic

�eld. By adjusting the position of the shielding, with respect to the end of the
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solenoid, the position of the sharp cuto� can be changed, aiding in the ability to

tune the central velocity of the atoms. Positioning the assembly further inside

the solenoid will decouple the atoms at a higher magnetic �eld. If the detuning

of the laser remains unchanged, a higher �eld at decoupling will result in a faster

beam ux (recall that the resonant condition given by Eqn. 2.29). We posi-

tion the shielding so that for a total solenoid current of 60 A, the longitudinal

velocity at the cuto� location is 350 m/s. For �k = 350 m/s, the critical �eld

gradient dB

dz

��
crit

is calculated (Eqn. 4.11) to be � 32 G/cm. As seen in Fig.

4.9, the measured magnetic �eld drops to near 0 G while the gradient increases

to a maximum value of 140 G/cm at the edge of the shielding, well above the

critical value. Once decoupled from the cooling cycle, the slowed atoms continue

moving downstream to the interaction portion of the vacuum chamber where it

is characterized and used in cold collision experiments.

4.4 Beam Diagnostics

The atom beam density, velocities, and divergence must be characterized. The

second Coherent 899-21 dye laser serves as the probe for all of the techniques

described below. A molecular iodine cell is the frequency marker for this laser.

The parameters described within this section were measured for a variety of

operating conditions (laser frequency, intensity, solenoid current, polarization,

oven temperature, etc.) but the results described here are for typical conditions

for cold collision studies.
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4.4.1 Atom Beam Size and Density

The diameter and density are critical to the characterization of the atom beam.

We measure the spatial pro�le of the ux with a laser-induced uorescence tech-

nique. Perpendicularly crossing the atom beam, a weak (I � 1 mW/cm2), thin

ribbon of light (� 1 mm) excites atoms from the 3 2
S1=2 [2] to the 3 2

P3=2 [3]

level by tuning the laser to the transition. We use a narrow ribbon to minimize

the number of absorption cycles (� 1175 photons) so minimize the inuence of

the laser on the beam shape. A CCD camera system (Spectrasource, Teleris

II) captures the decaying uorescence and background light. The background

is subtracted as described in Section 3.6.1. Figure 4.10 show the uorescence

pro�les for the uncollimated and collimated atom beams (the intensity of the un-

collimated beam is scaled by a factor of 10 so it can be seen on the same scale as

the collimated beam). By taking an image of a target grid at the same distance,

the pixel size is calibrated so the beam diameter (FWHM) d can be extracted

from the images. Analysis of the images in Fig. 4.10 reveals d equal to 2:5� 0:3

cm for the uncollimated beam and 0:2� 0:1 cm for the cold, collimated beam.

By measuring the absorption of a weak (S0 � 1), resonant probe laser with

circular polarization and diameter dprobe � 1 mm, we determine the ground state

density n. As the probe laser with initial intensity I0 passes through the atom

beam with average density n and diameter d, the �nal intensity I
0 is

I
0 = I0 exp [�n�12d] (4.12)

where the absorption cross-section �12 is calculated by integrating over the spec-

tral linewidth �!L of the laser

�12 =
e

g
�
2 �

8�

Z
!0+

�!L
2

!0��!L
2

d!

(! � !0)
2 +

�
�
2

�2 (4.13)
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10x Vertical Scale

Collimated Beam

Figure 4.10: Fluorescence pro�les of the collimated and uncollimated atom

beams. The intensity of the uncollimated beam has been multiplied by a factor

of 10 so the size of the beam is evident on the same scale.

because �!L is less than the natural linewidth �. Because the Doppler broad-

ening of the lineshape is insigni�cant due to the sub-Doppler transverse velocity,

the ground-state velocity distribution n(�) has been replaced by the density n in

Eqn. 4.12. In Eqn. 4.13, e and g are the degeneracy factors for the excited and

ground state and � is the resonant wavelength. The circular polarization of the

laser drives the stretched state transition so that g and e equal unity. Assum-

ing a spectral linewidth of 1 MHz for the 899-21 laser that serves as the probe,

the absorption cross-section is 8� 10�11 cm2. Using the cross-section, the mea-

sured intensities I0 and I
0, and the beam diameter d calculated from the images

described earlier, the density is determined. The density n at the interaction

region increases from (3� 2) � 107 cm�3 for the thermal beam to (7� 3)� 108
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cm�3 for the optically prepared beam, nearly a 25-fold density increase.

4.4.2 Longitudinal Velocity Distribution

To measure the longitudinal velocity of the atom beam, a weak probe beam

(I < Isat), introduced at an angle � with respect to the atom beam (Fig. 4.11)

and chopped at 150 Hz, scans near the rest frame atomic resonance. Because

the atom ux is moving, there is a Doppler shift of the frequency of the light in

the atomic frame of reference. Using Eqn. 2.22, we calculate the longitudinal

and transverse contributions to the frequency shift:

�!D = �k jkLj cos �� �? jkLj sin� (4.14)

which reduces to

�!D =
2��k
�

cos� (4.15)

when �? � 0 m/s. As the probe laser scans near the atomic resonance, when

sum of the detuning � and the Doppler shift �!D equals zero (Eqn. 4.15 for

B = 0), the atoms will be resonant and will absorb photons from the laser. The

photomultiplier tube (PMT) mounted on the interaction region collects the light

emitted as the atoms decay from the excited state; the PMT signal is fed into

a lock-in ampli�er to extract the modulated signal from background light. The

laser simultaneously scans across the molecular iodine cell to provide a reference

for the frequency of the laser. Figure 4.11 shows the uorescence signal collected

as a function of detuning for both cooled and uncooled (no longitudinal slowing)

atomic beams. The scale of the hot beam is magni�ed by a factor of 10 to show

detail on the same scale. The second peak appearing at \blue" detunings arises
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Figure 4.11: Fluorescence collected by PMT as laser crossing the atom beam

with angle � is scanned near the atomic resonance. The frequency scale is

proportional to the velocity. The hot beam, scaled by a factor of 10, exhibits

two uorescence regions, due to population in both hyper�ne ground states. The

cooling process optically pumps all the atoms to the F = 2 ground state. The

inset shows the setup.
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from population in the 3 2
S1=2 [1] state that is optically pumped away during the

Zeeman slowing.

We convert the frequency scale of the spectra to a velocity scale using

�k = �
��

2� cos�
(4.16)

to determine the center velocity of the distribution as seen in Fig. 4.12. The

spectral feature linewidth includes Doppler broadening arising from laboratory

velocity distribution

f(�) = f0e

�
 
2
p
ln 2

(�k��)
��

k

!2
; (4.17)

centered about velocity �k with a distribution ��k, and the power-broadened

natural linewidth projected into velocity space

g(�) =
g0

p
1 + S0

�2 +
�

��
4� cos�

p
1 + S0

�2 : (4.18)

The Doppler width and the power broadened natural linewidth are the same

magnitude, so the observed width is a convolution of the two lineshapes, a Voigt

pro�le L(�). The Voigt pro�le sums up the natural linewidths of each possible

Doppler shifted velocity center

L(�) = L0

Z
f(�0)g(� � �

0)d�0 (4.19)

where the normalization constant L0, the center velocity �k, and the velocity

width ��k are variable parameters used to �t the experimental data. In this

analysis we have treated the laser frequency distribution as a delta function. We

can justify this simpli�cation because the absorption linewidth for both the hot

and cold beams are much wider than the laser linewidth (Æl � 1MHz) A typical
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Figure 4.12: Fluorescence data converted to velocity scale and �t with a Voigt

pro�le to extract the velocity width. Inset shows relative velocity distribution

for atoms within the velocity group.

�t, with a laboratory velocity width ��k equal to 5 m/s, is shown in Fig. 4.12.

This corresponds to a longitudinal temperature Tlong � 17 mK.

Recall that the collision temperature Tcoll for a pair of atoms depends on the

relative velocity �r:

Tcoll =
1

2kB
� h�ri2 : (2.10)

An autocorrelation of the laboratory distributions, f(�1) and f(�2), for two atoms

P (�r) =

Z 1

0

Z 1

0

f(�1)f(�2)Æ(�r � j�1 � �2j)d�1�2:

= 2

Z 1

0

f(�1)f(�1 + �r)d�1 (4.20)

extracts the relative velocity distribution P (�r) of pairs of atoms in the beam.

The inset of Fig. 4.12 shows P (�r) for two atoms in the atom beam. We calculate
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the average relative velocity from the relative velocity distribution

h�ri =
Z 1

0

Pr(�r)�rd�r: (4.21)

For the data shown in Fig. 4.12, the mean relative velocity h�ri is 2:4 m/s and

the collision temperature Tcoll is 4 mK.

4.4.3 Transverse Velocity Estimation

Measuring the transverse velocity distribution is not as exact as the longitudinal

case. We estimate the residual transverse velocity of the sodium beam using a

time-of-ight technique. The Spectrasource Teleris II CCD camera images the

uorescence from the atoms at the collimation chamber by focusing on the atoms

from an on-axis angle looking directly up the vacuum chamber, in the absence

of the longitudinal cooling laser. After subtracting o� the background light, and

comparing the image to that of a target grid taken at the same distance, the

beam diameter is extracted. A second image of the beam, taken downstream at

the interaction chamber (approximately 2:0 m downstream from the collimation

region), allows us to calculate the increase in diameter. The di�erence in beam

diameter �d is measured to be approximately 0:08 cm and is due to the residual

transverse velocity �?. The average velocity �k;hot of the atoms in the uncooled

beam is 850 m/s and the separation between the two images zsep is 2 m. We

estimate the rms transverse velocity �?

�? �
(�d=2)�
zsep=�k;hot

� (4.22)

to be 17 � 5 cm/s. Using the de�nition from Chapter 2, this corresponds to

a transverse temperature T? of 40 �K. If we assume a Boltzman-like velocity
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Characteristic Thermal Beam Source Brightened Beam

��? 5� 1 m/s 25� 5 cm/s

�k 850 m/s 350 m/s

��k 150� 50 m/s 5� 1 m/s


 (1� 0:5)� 10�4 sr (2� 1)� 10�6 sr

n (3� 2)� 107 cm�3 (7� 3)� 108 cm�3

� 2:6� 1016 m�2s�1 2:5� 1017 m�2s�1

B (2:6� 1)� 1020 m�2s�1sr�1 (1:2� 1)� 1023 m�2s�1sr�1

R 1:4� 1021 m�2s�1sr�1 9� 1024 m�2s�1sr�1e� (4:2� 2)� 10�14 (1:2� 1)� 10�8

Table 4.1: Beam performance.

distribution for this temperature, the transverse velocity spread ��? can be

shown to be 25� 5 cm/s.

4.5 Conclusions

By optically collimating, longitudinally slowing, and extracting the atoms in a

narrow longitudinal velocity group, the ux exiting a novel thermal source is

greatly brightened. Density at the interaction region increases from 3 � 107

cm�3 to 7� 108cm�3, while the solid angle 
 subtended decreases from 1� 10�4

sr to 2� 10�6 sr. Zeeman compensated cooling reduces the average longitudinal

velocity from 850 � 150 m/s to 350 � 5 m/s. The brightness and brilliance of

the �nal beam are (1:2� 1)� 1022 s�1m�2sr�1 and (8:6� 4)� 1024 s�1m�2sr�1,
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respectively; factors of 460 and 6; 000 times larger than the thermal source. Table

4.1 summarizes the beam performance. The beam is suitable for nanolithography

and orientational collision studies, but �? is too large for this beam source to be

suitable for trap loading.
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Chapter 5

Polarization Dependence of the Optical

Suppression of Photoassociation

5.1 Introduction

Laser cooling techniques allow scientists to study a unique realm of atomic and

molecular physics where wave mechanical behavior dominates. The study of

collisions between slowly moving atoms, cold collisions, has become a broad and

active area of research [39]. In this realm, the deBroglie wavelength of the atoms

exceeds atomic sizes and becomes comparable to or greater than chemical bond

lengths. Collision frequencies exceed excited state lifetimes (tens of nanoseconds).

Because the centrifugal barriers of the partial waves in the collision become higher

than the collisional energy, only the �rst few partial waves contribute to the

dynamics of a collision. In this chapter, the polarization dependence of optical

suppression of photoassociation is presented.

Most cold collision experiments use alkali metal or metastable noble gas atoms

and are performed in a magneto-optic trap (MOT) or a slowed atomic beam. The

choice of these species for study is the simplicity of their hydrogen-like structure,
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closed electronic transition for laser cooling, and the availability of commercial

lasers at the required wavelengths.

Because of the long interaction time and large deBroglie wavelength charac-

teristic of cold atomic collisions, the scattering event is particularly sensitive to

the details of the interaction potentials of the atom pair. The presence of near-

resonant optical �elds can inuence the collision. Optical excitation to a di�erent

molecular potential will a�ect the dynamics of the collision due to changes in the

forces exerted on the atomic pair. In fact, the presence of non-resonant optical

�elds may inuence the collision, as we will see later in the case of high �eld

optical suppression.

5.1.1 Long-range Internuclear Potentials

When properly tuned, a laser beam can stitch a pair of free atoms together to form

an excited molecular state, a process called photoassociation. Because the atoms

are initially greatly separated, the long-range nature of the molecular potentials

is important. The long-range ground-state potential is always attractive at long

range and arises from the instantaneous charge distributions in the atoms [54{56].

After expanding the charge distribution into a series of multipole moments, the

long-range ground-state potential Vgr(R) can be shown to be

Vgr(R)R�!1 ' �
C6

R6
� C8

R8
� C10

R10
+ � � � ; (5.1)

where R is the internuclear separation and the series of coeÆcients Ci go as the

square of the multipole polarizabilities for homonuclear collisions. The �rst coef-

�cient C6 is from the dipole-dipole interaction, C8 is the dipole-quadrupole inter-

action, and C10 comes from both the dipole-octupole and quadrupole-quadupole

interaction [54{56]. In this series, the largest term is the dipole-dipole and many
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authors only mention this term. However, experiments can detect the higher

order terms in the expansion, as well as the retardation e�ect [55] caused by the

�nite time it takes for information to transfer between the two atoms. In the

limit as R �!1, the potential correlates to a pair of ground-state 3 2
S1=2 atoms,

the S + S asymptotic limit.

The excited-state molecular potential Vex(R) correlates to a ground state

(2S1=2) atom and an excited (2P3=2) atom, the S + P limit, for large interatomic

separation. For a homonuclear diatom, a resonant dipole interaction between the

atoms produces the long-range potential [55, 57, 58]

Vex(R)R�!1 ' ~!0 �
C3

R3
� C5

R5
+ �

2
FS

W

R4
+ � � � (5.2)

where ~!0 is the asymptotic energy for the excited state molecule, C3 arises from

the resonant dipole interaction between the excited and ground state atom, C5

is the resonant quadupole interaction, and the last term comes from retardation.

Higher order terms included, but not shown, in Eqn. 5.2 include the electrostatic

dispersion energies that arise from the charge distribution expansion, as in Eqn.

5.1. The retardation e�ect is scaled by the square of the �ne structure coeÆcient

�FS (' 1
137

) [55, 58] and cannot be ignored for accurate comparison between

theory and experiment. As in the case of the ground state potential, usually

only the dipole term is mentioned by authors because it is the dominant term.

The force may be either attractive (�C3) or repulsive (+C3), depending on the

whether the dipole exchange is in phase or out of phase.

Fine and hyper�ne structure further complicates the system because of the

many level crossing and interactions within the \spaghetti" of potentials. These

e�ects, while important in quantitative models, are not necessary to qualitatively

understand photoassociation.
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Figure 5.1: Photoassociative ionization in sodium. Absorption of a red detuned

photon (!1) promotes a pair of atoms separated by R1 to an excited attractive

level. After absorbing a second photon, as separation R2, the pair is promoted

to the autoionizing, doubly excited level.

5.1.2 Photoassociative Ionization

A semi-classical model, seen in Fig. 5.1, presents the highlights of photoassoci-

ation, but must be followed with some comments about issues more founded in

quantum mechanics that are ignored by the model. As a pair of cooled, ground

state atoms approach each other under the inuence of the attractive force arising

from the potential from Eqn. 5.1. As a result of the optical cooling, the atoms

have a kinetic energy distribution (� kBTrel) on the same order of magnitude of

transition linewidths (~�). As the atoms approach with relative velocity �r in the
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presence of an optical �eld tuned the red (� < 0) of the atomic resonance, one of

the atoms may absorb a photon from the �eld if the photon energy ~!L equals the

di�erence between the ground- and excited-state potential energy. The radius

of excitation, called the Condon point R1, depends on the laser detuning

R1 =

�
�C3

~�

�1=3
(5.3)

where only positive and real values of R1 are physically realistic. Absorption

of a photon promotes the pair to the excited attractive level via a free-to-bound

transition:

Na + Na + ~!L �! Na�2 (5.4)

this process is called photoassociation (PA). The atoms in the bound state ac-

celerate towards each other because of the attractive force governed by the �C3

coeÆcient. On average, the dimer remains in the excited state for a time on the

order of the 3 2
P lifetime � prior to spontaneous decay.

If the bound, excited molecule is subjected to additional optical �elds prior to

decay, other molecular states may be populated. In photoassociative ionization

(PAI), a ground-state molecular ion is produced after the additional absorption

of one or more photons. The ionization process occurs in sodium in a single step

if a second photon excites the pair, at Condon point R2, to the doubly excited

potential that correlates to two 3 2
P atoms in free atom limit; this level crosses

the ground-state molecular ion potential and autoionizes to form the molecular

ion:

Na�2 + ~!
0 �! Na��2 �! Na+2 + e: (5.5)

Other alkali metals do not have this autoionization channel and must be pho-
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toionized via direct ionization (usually through an intermediate step):

Rb�2 + ~!
0 �! Rb��2

Rb��2 + ~!
00 �! Rb+ +Rb + e: (5.6)

Detecting the ions poses no diÆculty and therefore they are the usual signal

detected to monitor the collision.

In reality, transitions only occur to the �rst excited state when there exists

a vibrational state in the excited potential that has an energy ~!L above the

ground-state atoms. Scanning the frequency of the photoassociation laser and

monitoring the production of molecular ions shows ro-vibrational series in the �rst

excited state. The intensity of the series depends on the intensity of the optical

�eld, the density of ground-state atoms and the strength of the coupling between

the levels. The coupling strength depends upon the overlap, or Franck-Condon,

factor for the transitions. Because the position of the atoms does not change

signi�cantly during the transition (i.e. the transitions are \vertical"), there must

be signi�cant overlap between the ground- and excited-state wavefunctions. The

Franck-Condon factor Fge is given by [24]

Fge ' D
e

ge
h1j2i2 (5.7)

where De

ge
is the electronic transition moment. When Fge approaches zero, there

is no overlap between the ground- j1 > and excited-state j2 > wavefunctions and

a transition allowed by energy conservation does not appear in the spectra.

The semiclassical model also neglects hyper�ne structure and angular momen-

tum. The above mentioned spaghetti of potentials leads to long-range molecular

potentials in the with Hund's case (c) angular momentum coupling [59]. The

long-range, bound 0�
g
and 1u potentials have inner turning points larger than the
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ground state Na2 molecule separation. To develop accurate models, these states

can not be ignored.

High resolution PA measurements have been used to determine the atomic

excited-state lifetime (� / C
�1
3 ) [60{62], s-wave scattering length (an important

parameter for the formation of Bose-Einstein condensation in dilute atomic gases)

[63{65], and molecular dissociation energies [66].

5.1.3 Optical Suppression

While early experiments concentrated on studying the frequency and laser in-

tensity dependence of PA, recent years have seen signi�cant progress in studying

the phenomena of optical suppression. Collisions between a pair of atoms are

suppressed by subjecting the atoms to a laser beam tuned above (� > 0) the

atomic resonance. We again turn to a semiclassical model to get a feel for the

phenomena. For weak �elds, when the period of the Rabi frequency 
 is long

compared to the collision time, the semiclassical theory is a reasonable model.

At higher �eld intensities, the collision time becomes comparable to the Rabi pe-

riod so that stimulated emission and multiple absorptions complicate the model

and will be treated in more detail later. When the atomic separation reaches

the Condon point RS , where the photon energy equals the di�erence between the

ground- and repulsive excited-potentials, the atoms are promoted to a repulsive

level

Na + Na + ~!L �! Na� +Na. (5.8)

The force exerted on the atoms by the repulsive potential, given by Eqn. 5.2,

slows the approach of the atoms and reroutes the pair from the inner regions of the

potential as shown in Fig. 5.2, suppressing the rate of collisions occurring within
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Figure 5.2: Optical Suppression of PAI. If the atom absorbs a photon tuned to

the blue of the atomic resonance that couples the pair to the excited, repulsive

state at a larger Condon radius (RS) than the photoassociation radius (R1), the

ux is routed away from the inner region.

the suppression Condon point RS Incomplete optical shielding can occur if the

ux does not get excited to the repulsive level or if the excited atom spontaneously

decays prior to complete deceleration of the relative approach because of the

remaining velocity.

An example of a suppressible collision is photoassociative ionization. By

setting the laser frequencies such that RS is larger than R1, the rate of excited-

state molecules is decreased by the rerouting of the atoms from the inner part of

the potential. The suppression of the photoassociative ionization rate by a factor
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of over an order of magnitude [67{70] has been observed. Trap loss collisions

have also been suppressed with blue-detuned light in MOTs [71{73].

5.2 Early Suppression Experiments

5.2.1 Experimental Investigations

Most investigations of optical suppression have been performed with sodium [67{

70,73]. A few experiments in suppressing Penning ionization in metastable noble

gases [71, 72] have been performed, but these systems have not been studied in

as much detail. Presented here is an overview of recent experimental studies of

optical suppression of photoassociative ionization (PAI) in laser cooled sodium.

Marcassa, et al. [67] in 1994 �rst demonstrated the suppression of PAI in

a sodium MOT. A MOT containing sodium atoms cooled to approximately

the Doppler limit TD. A probe laser with scanning frequency !p scanned over

several GHz near the 3 2
S1=2 [2] �! 3 2

P3=2 [3] atomic resonance. When !p <

!0, i.e. to the red of the resonance, Na+2 ions were produced by PAI. The

rate of ion production was measured as a function of the probe frequency. An

optical suppression laser beam with frequency !S, with detuning �S � +600

MHz, was then passed through the MOT and the ion rate was again measured.

The two scans are shown in Fig. 5.3a. When the probe frequency was tuned

so that the internuclear separation corresponding to the Condon point for the

suppression laser (RS) was larger than the photoassociating probe (RP ), the

ion rate decreased. But when RP exceeded RS, an increase in ion production

occurred because more atomic ux was delivered to the doubly excited state.

In a follow-up to the initial paper on suppression in sodium, Marcassa, et
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al. [68] measured the suppression of PAI collisions as a function of the suppres-

sion laser intensity. As in the earlier suppression experiment [68], the ionization

rate decreases when the Condon point for suppression exceeded that for pho-

toassociation. The suppression and photoassociation lasers were tuned 600 MHz

to the blue and 1 GHz to the red of the atomic resonance, respectively. The

penetration measure PS (I), the ratio of ion production rate with the suppressor

on to the rate with it o�, was calculated as the intensity of the suppression laser

was decreased over several steps. The ionization rate was strongly dependent

upon the intensity of the laser, as shown in Fig. 5.3b.

Zilio, et al. [69] investigated the polarization dependence of suppression in a

sodium MOT. The fractional ionization rate was measured for two di�erent polar-

ization cases, circular and linear, of the suppression laser beams. The suppressor

beam, tuned 590 MHz above the atomic resonance, was stepped through sev-

eral intensities. Circularly polarized light suppressed the ionization rate more

than linearly polarized light at high suppression intensities, but the two cases

converged at low optical �eld intensity. Figure 5.4a shows PS(I) for the two

di�erent polarization cases.

Optical suppression also reduces trap loss collisions within optical traps. Two

colliding atoms can undergo a hyper�ne-changing collision where one of the

ground-state atoms changes state 3 2
S1=2 [2] �! 3 2

S1=2 [1]. For a weak op-

tical trap, the kinetic energy released by this collision exceeds the trap depth and

both atoms are ejected from the trap. Muniz, et al. [73] showed that the intro-

duction of an optical suppression laser reduced the loss rate. Figure 5.4b shows

the trap loss suppression factor �(I) as a function of suppression laser intensity.

The suppression factor �(I) equals 1�PS(I). Similar to the suppression of PAI,

107



a)

b)

Probe Laser Frequency (MHz)

Io
n
R
a
te

(a
rb
.
u
n
it
s
)

P
S
(I
)

						 2
Suppression Laser Intensity (W/cm )

R
S
> R

P
R
S

< R
P

Figure 5.3: a) Ion rate as a function of frequency with suppressor laser on

(dotted) and o� (solid). The line indicates the frequency when the ordering of

the Condon points change. Adapted from [67]. b) Penetration measure PS(I)

as a function of intensity in a sodium MOT. Adapted from [68].
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Figure 5.4: a) Penetration measure PS(I) for suppression of PAI as a function

of intensity for circular (closed circles) and linear (closed triangles) polarizations.

Adapted from [69]. b) Suppression factor �(I) for hyper�ne-changing collisions

in a weak sodium MOT as a function of intensity. Adapted from [73].

higher intensities lead to greater suppression of collisions.

The polarization dependence of suppression observed by Zilio, et al. [69] was

insensitive to orientational e�ects because atoms in a MOT spatially average the

collision axis due to the isotropic nature of the environment. To probe the po-

larization dependence further, the collision axis must be �xed in the laboratory

frame, a highly collimated beam provides such an environment, as discussed in

Chapter 1. Tsao, et al. [70] measured PS(I) as a function of intensity and po-

larization and is shown in Fig. 5.5. A longitudinally cooled sodium beam, with

transverse velocity �? much less than the longitudinal velocity �k, restricts the

collision axis to within a few milliradians of the beam axis. The suppression laser

polarization �!" was either parallel or perpendicular to the collision axis. Paral-

lel polarization suppressed PAI less e�ectively than perpendicular polarization,

particularly at high suppression laser intensities.
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Figure 5.5: Penetration measure PS(I) as a function of intensity and of angle

between collision axis and suppression �eld axis. For the parallel case (squares)

the collision and suppression �eld axes are aligned. The axes are orthogonal

for the perpendicular case. The lines are drawn to guide the eye. Adapted

from [70].

5.2.2 Theoretical Investigations

While the picture of optical suppression presented above qualitatively explains

the phenomena, it does not actually model the process. Two approaches to

modeling optical suppression exist, semiclassical and quantum. The simplest to

understand, the semiclassical approach, developed out of a one-dimensional (1D),

two-state Landau-Zener model of avoided crossing [74]. Subsequent corrections

to the model add angular momentum and polarization e�ects not considered

in 1D [75, 76]. Quantum models developed at roughly the same time frame,
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initially in 1D [74] and later expanded to three dimensions (3D) to include angular

momentum and polarization [69, 77]. The di�erent models are summarized in

Table 5.1.

The 1D, two-state Landau-Zener model (1D L-Z) is a semiclassical way of

treating the probability of penetrating through a potential crossing. In a dressed

state picture [20], the suppression light �eld couples with the molecular potentials

as shown in Fig. 5.6, leading to an avoided level crossing at the suppression

Condon radius RS . Incoming scattering ux enters the collision on the ground

state and the probability of penetrating through the crossing to the inner region

where inelastic collisions occur (either PAI or trap loss collisions) is given by

Pgr = exp

�
� 2�~�2

�r(RS) jD(RS)j
I

I0

�
(5.9)

where �r(RS) is the relative velocity for the pair of atoms at the Condon point and

D(RS) is the slope of the di�erence between the ground and excited potentials

at the Condon point. Because the ground state potential (/ R
�6) is essentially

at compared to the excited state (/ R
�3), D(RS) simpli�es to

D(RS) =
@ [Vex(R)� Vgr(R)]

@R

����
R=RS

' �3C3

R4
S

: (5.10)

The probability of population transfer to the excited state and rerouting scatter-

ing ux away from the inner regions and exiting on the repulsive excited state,

is Pex (= 1�Pgr). Assuming the suppression laser has no other inuence on the

system, there is a �xed probability of an inelastic collision occurring within the

separation RS. As a consequence, the experimental penetration measure PS(I)

equals the penetration probability Pgr from the 1D L-Z model. Within the 1D

L-Z, the suppression is more eÆcient at low collision temperatures (low relative
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Figure 5.6: 1-D Landau Zener model of optical suppression. The suppression

process in a) undressed and b) dressed state pictures. In the dressed state, the

energy of the photon is added to the ground state energy. c) An avoided crossing

occurs at the Condon point RS that broadens with increased laser intensity.

velocity) and at high optical �eld intensity as shown in Fig. 5.7. For low suppres-

sion laser intensities, the model agrees with experimental results. However, in

the high �eld case, the 1-D L-Z model diverges from the experimentally measured

penetration that is clearly non-exponential [68{70, 73]. This model also fails to

predict the polarization dependence of suppression [69, 70].

Yurovsky and Ben-Reuven have presented a multidimensional Landau-Zener

model (3D L-Z) with multiple levels and crossings due to the inclusion of partial

waves eJ in the scattering process [75, 76]. By adding angular momentum, po-

larization e�ects can also be studied. The colliding pair may penetrate to the

inner region of the potential on di�erent channels than the entrance channel, as

shown in Fig. 5.8, because of multiple potential crossings. In addition to pene-

trating through a crossing unperturbed, there are intuitive and counterintuitive

pathways. In the intuitive pathways, the atoms always move towards each other
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Figure 5.7: Intensity dependent penetration probability, in 1D L-Z model, for

sodium (RS = 625a0, �r = 3 m/s).

and result in an increasing partial wave contribution:���1; eJE �! ���2; eJ0 = eJ+ 1
E
�!

���1; eJ+ 2
E
: (5.11)

The relative velocity for atoms following a counterintuitive pathway changes twice

as the atoms briey move away from each other. The partial wave of the collision

decreases for a counterintuitive pathway:���1; eJE �! ���2; eJ0 = eJ� 1
E
�!

���1; eJ� 2
E
: (5.12)

Yurovsky and Ben-Reuven propose that the multiple pathways, to the region

where inelastic collisions occur, interfere due to a phase shift between the com-

peting pathways. The interference leads to a saturation of the suppression at

high intensity and polarization dependence of suppression not present in the 1D
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Figure 5.8: 3-D Landau Zener model of optical suppression.

L-Z model. With a \properly chosen" phase shift, the 3D L-Z qualitatively

agrees with the intensity and polarization results of Tsao, et al. [70, 76], but no

independent criteria for the phase shift exists.

Suominen, et al. [74], proposed a quantum close coupling (QCC) model of

optical suppression. The QCC uses three channels, the ground-state, excited-

state, and an arti�cial loss channel (the arti�cial channel serves as a detection

probe at close range), coupled by a light �eld treated as a perturbation in the

weak coupling regime. The angular dependence of the physics was not considered
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in this one-dimensional model: the Clebsch-Gordon coeÆcients were averaged

over all J and MJ. At low �eld intensities, the QCC agrees with the 1D L-

Z model. At higher intensities, the agreement begins to fade as the 1D L-Z

predicts slightly more eÆcient suppression than QCC. However, the QCC model

still predicts practically complete shielding of the atoms, contrary to experimental

measurements [68{70,73].

It became clear that the failure of the QCC model to predict the incom-

plete shielding and polarization dependence was the result of the limitation of

the model to a single dimension. Napolitano, et al. [77] developed a simpli-

�ed three-dimensional quantum close coupling (3D QCC) model of optical sup-

pression. The 3D QCC model employs �ve states and uses accurate sodium

molecular potentials including multiple partial waves on each potential. Like

the one-dimensional QCC model, an arti�cial channel at small atomic separation

serves as a probe. The electric �eld treatment in the 3D QCC model is exact,

considering the intensity and polarization of the suppression laser beam without

approximation. For the calculations to remain tractable, spin and hyper�ne

structure are ignored.

The amount of suppression predicted by the 3D QCC model depends upon the

suppression laser polarization because the light couples to the di�erent channels

with a strength that varies as the laser polarization changes. In the isotropic

environment of a MOT, the 3D QCC model agrees with the results of Zilio,

et al. [69], where a circular polarized laser beam suppresses penetration to the

inner region more eÆciently than linear polarization as shown in Fig. 5.9a. In

an environment where a well de�ned collision axis permits the alignment of the

suppression �eld to be studied, an anisotropy in the strength of suppression is
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Figure 5.9: 3-D Quantum Close Coupling model. a) Optical suppression in a

sodiumMOT is more eÆcient for circular polarization than for linear polarization.

Both polarization cases shield predict less suppression than the 1D L-Z model.

b) The degree of suppression as a function of the angle between the suppression

laser �eld (
�!
E0) and the collision axis. The suppression is anisotropic at high

laser intensities (numbers along vertical axis). Adapted from [77].

observed for the case of high intensity suppression �elds. Figure 5.9b shows the

penetration probability as a function of the angle between the �eld polarization

axis and the collision axis for several suppression laser intensities for Tcoll = 240

�K, typical for the case of a MOT. The anisotropy is quite pronounced at high

intensity, where a dominate feature near 60Æ appears. The feature corresponds to

a maximum in suppression eÆciency. While Tcoll here is much lower than in the

experiments by Tsao, et al. [30], the theory does correctly reect the di�erence in

the suppression measure between parallel (� = 0Æ) and perpendicular (� = 90Æ)

polarization of the suppression beams (see Fig. 5.5).
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Table 5.1: Comparison of di�erent models of suppression.
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5.3 Experiment

The two 3D models of optical suppression, 3D L-Z and 3D QCC, both predict

that the penetration probability depends on the alignment of the suppression

polarization axis with respect to the collision axis. While the experiment by Tsao,

et al. [70] probed two distinct polarization orientations, most of the distribution

remained unstudied because of the low density in their atomic beam. Several

hours of data collection and signi�cant counting statistics were required for each

data point shown in Fig. 5.5. Measuring the optical suppression as a function

of angle was not practical. With the development of the cool, bright sodium

beam described in Chapter 4, measuring the suppression as a function of angle

was �nally possible so that the theory of Napolitano, et al. [77] could be tested.

In this section, the experiment for measuring the angular dependence of optical

suppression is described. Figure 5.10a summarizes the experimental layout.

5.3.1 Lasers

The three ring dye lasers described in detail in Section 3.1 are all used in this

experiment. The �rst 899-21 ring dye laser optically collimates the atom beam

as described in Chapter 4. The collimation laser frequency !Coll is referenced

to a saturation absorption spectra. The 380D, also referenced to a saturated

absorption spectrum, serves as the longitudinally slowing laser !C (Section 4.3.3)

and also provides the laser beam !1 used to photoassociate sodium atoms within

the beam. The laser frequency of !1 is tuned to the desired frequency by taking

advantage of the Doppler e�ect and will be described in detail below. The second

899-21 serves multiple roles. Initially, it is used as a probe laser to measure the

density and longitudinal velocity distributions as discussed in Chapter 4. Once
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Figure 5.10: Overview of experiment. a) The sodium beam is optically col-

limated, longitudinally slowed, and then subjected to !1, !2, and !S. Ions

are detected with a channel electron multiplier (CEM). b) The sources of the

di�erent laser frequencies used in the suppression experiment.
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the sodium beam is characterized, the output from the 899-21 is divided to serve

as both the suppression laser !S and the ionization laser !2. The ionization

laser also takes advantage of the Doppler shift to tune the frequency in the frame

atoms in the beam. An iodine cell serves as the frequency standard for this laser.

Figure 5.10b summarizes the production of the di�erent laser beams.

5.3.2 Atom Beam

The apparatus described in detail in Chapter 4 produces the collimated, dense

atom beam in which the optical suppression experiment is performed. For conve-

nience, the beam characteristics are summarized here. Atomic ux is generated

by externally heating a reservoir (395ÆC) containing sodium metal. The ux

exits a small aperture (1:25 mm diameter) and is mechanically collimated by a

second 1:25 mm diameter aperture (the skimmer) 16 cm downstream from the

�rst (Section 4.3.1). Rejected atoms are pumped away by a di�usion pump and

a cryopump mounted in between the apertures. Ten centimeters downstream

from the skimmer, optical molasses collimates the beam by damping the trans-

verse velocity �? to about 25 cm/s (Section 4.3.2). The collimated sodium beam

enters the tapered solenoid where it is subject to a counter-propagating laser

with frequency !C . Sodium atoms slow as they scatter photons out of the laser

beam which is kept in resonance with the atoms by compensating for the Doppler

shift with a spatially varying magnetic �eld generated by the tapered solenoid

operating with total current of 58 A (Section 4.3.3). The ux slows to �k = 350

m/s at which point a magnetic shielding assembly mounted coaxially with the

beam decouples the atoms from the cooling cycle. Rapidly extracting the atoms

from the cooling cycle results in the narrow longitudinal velocity distribution
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(��k = 5 m/s) necessary for cold collisions (Section 4.3.4). The atom beam

enters the interaction chamber where it is characterized and optimized using the

diagnostic techniques described in Section 4.4. The beam density n is 7 � 108

cm�3 with a collision temperature Tcoll of 4 mK.

5.3.3 Collision Experiment

After the sodium beam performance is checked and veri�ed, the photoassociation

!1, ionization !2, and suppression !S lasers are introduced to the interaction

chamber. The three laser beams intersect the sodium beam in a common plane

at a point directly above the channel electron multiplier (CEM). Located above

the intersection is a repeller plate and below is an Einzel lens; the exact positions

of the ion optics are described in detail in Section 3.6.3.

The frequencies exiting the laser head are not exactly at the desired frequency.

Rather than investing in several AOMs to deect and shift the output to produce

!1, !2, and !S, a Doppler tuning technique allows the frequencies to be shifted.

When a laser beam crosses a well collimated (�? � 0) atom beam with longitu-

dinal velocity �k at an angle �, the laser frequency Doppler shifts by an amount

given by

�!D =
2��k
�

cos� (4.15)

as given earlier in Section 4.4.2. Changing the optical paths by moving the

steering mirrors shifts the incident angle � which changes the laser frequency

in the atomic frame. The Doppler tuning technique has several advantages

other than the cost savings. It prevents atoms from photoassociating in the hot

background because the photoassociation laser frequency !1 shifts outside of the

resonant absorption range needed for PAI. Another advantage of introducing
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Laser Beam Laboratory Frame � Atomic Frame

!1 �220 MHz 105Æ �370 MHz

!2 +270 MHz 61Æ +555 MHz

!S +270 MHz 90Æ +270 MHz

Table 5.2: Laser frequencies in laboratory and atomic frames.

!1 and !2 at an angle is that the independent steering control simpli�es the

process of overlapping the laser beams on of atom beam. Table 5.2 summarizes

the frequencies of !1, !2, and !S in the two reference frames as well as their

incidence angles. The cooling laser is also present in the overlap region and it is

ignored in the treatment of the system for two reasons. In the atomic frame of

reference, the frequency of this laser is shifted up from�220 MHz in the lab frame

to � +400 MHz and the Condon point for the coupling to the excited repulsive

state will be smaller than the PAI radius. Also, the intensity of the �eld at the

interaction region is small (IC � 150 mW/cm2) compared to the other beams.

The Condon points for the suppression, photoassociation, and ionization steps

are given by the detuning and the C3 coeÆcients for the excited states. For the

long range molecule, we can estimate the potential as a linear combination of the

singlet � and the triplet � states of Na�2, weighted
2
3
and 1

3
, respectively, given

approximately by C3 = 9:98 hartree � a30. From the C3 coeÆcient, we estimate

the Condon points for suppression RS and photoassociation R1 to be 625 a0 and

560 a0, respectively. The excited state molecule is coupled to the doubly excited

level at 490 a0. Figure 5.11 shows the potentials and Condon points under these

experimental conditions.
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Figure 5.11: Frequencies, in frame of cooled atoms, and Condon radii for the

three laser frequencies in the suppression experiment.

Each laser beam passes through a telescope to reduce the beam diameter

to 2 mm prior to entering the vacuum chamber through anti-reection coated

windows. The intensity of !1 and !2 are 3 W/cm2 and 2:5 W/cm2, respectively.

The intensity of the suppression laser !S is 2:5 W/cm2 for the high suppression

intensity case and 0:6 W/cm2 for the low intensity case. A neutral density �lter

placed in the beam path attenuates the suppressor beam for the low intensity

case.

The laser light leaving the 899-21 is polarized vertically (s-state). After

passing multiple reections from steering mirrors and beam splitters, as well as
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passing through the telescope, the polarization purity degrades. Immediately

after the telescope, the suppression laser !S passes through a linear polarizer to

clean up the polarization. A half wave (�=2) plate, mounted in a calibrated

rotary mount, inserted into the beam path after the linear polarizer rotates the

polarization by rotating its optical axis. Rotating the �=2 plate over a 90Æ range

rotates the polarization of the laser by 180Æ. The PAI laser beams, !1 and !2,

are not conditioned by any polarizing elements after exiting the laser.

The CEM detects any ions produced, it is unable to distinguish between Na+2

and Na+ in the current setup, but cold Na+2 formation only occurs after photoas-

sociation by !1. To remove background Na+ ion signal produced by the presence

of blue detuned laser beams, we pass !1 though an 150 Hz optical chopper that

produces PAI-on and a PAI-o� periods. Subtracting the PAI-o� from the PAI-on

yields the PAI signal because both periods have background signal, but only the

latter also contains the desired signal. After passing through the atom beam, !1

exits the interaction chamber through a window and illuminates a photodiode.

The photodiode signal acts as the master clock to synchronize the ion counter

(Stanford Research Systems, SR400). The SR400 has two built in channels,

A and B. The rising slope of the photodiode signal triggers begins the timing

cycle for the two channels. Channel A opens for 2 ms after a 0:7 ms delay and

counts signal plus background, channel B records the background by opening for

2 ms after a 4:2 ms delay. Figure 5.12 shows the timing diagram for the photon

counter. Each channel continuously sums for 2500 periods before the number of

ions is written out to a PC for analysis. Each 2500 period cycle is referred to as

a single count. Therefore each count measures the number of ions produced via

PAI within a 5 s interval. At each angle and intensity we collect N counts for
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Figure 5.12: Timing diagram for PAI counting.

each channel.

To determine the average ion rate for a particular angle and intensity, a simple

averaging is performed:

A =
1

N (A1 + A2 + � � � ) (5.13)

where Ai is the number of ions in the ith count. For each count, the uncertainty

is given by �Ai =
p
Ai, and the total uncertainty for the total number of counts

is [78]

�A =

r�
�A1

N
�2

+
�
�A2

N
�2

+ � � �

=

r
A1 + A2 + � � �

N 2
=

s
A

N : (5.14)

The average and uncertainty for channel B is similarly calculated. The PAI rate

is the di�erence between A and B, so assuming no correlation between A and B,
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the uncertainty in the PAI rate is given by the in quadrature sum of �A and �B.

For our customary �ve second counting window, the PAI rate and uncertainty is

i (ions/5 s) =
�
A� B

�
�

s
A+ B

N : (5.15)

To measure the normal PAI rate, the suppression laser beam !1 is blocked

and the rate i0 measured with just the photoassociation (!1) and ionization (!2)

laser beams present. With the suppression laser present, we measure the PAI

rate iS as a function of the suppression laser intensity (IS = 0:6 or 2:5 W/cm2)

and angle �. The suppression laser polarization angle � varies from 0� 180Æ in

several steps. The penetration measure, or fractional ionization, is the ratio of

the ion production rates:

PS(�; IS) =
iS

i0
(5.16)

and the uncertainty in the penetration measure is

�PS = PS (�; IS)

s�
�i0

i0

�2

+

�
�iS

iS

�2

: (5.17)

5.4 Results

Figure 5.13 shows the penetration measure PS as a function of the angle between

the collision axis and the suppression laser electric �eld for two di�erent laser

intensities (0:6 and 2:5 W/cm2) on a polar plot for collision temperatures of

4 mK. For clarity, the uncertainty (��PS) in the data is plotted in Cartesian

coordinates.

At low suppression laser intensity, the penetration probability is isotropic,

within the experimental uncertainty. However, at high �eld, the angular plot
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Figure 5.13: Fractional ionization as a function of the angle between the collision

axis and electric �eld and of the suppression laser intensity. For clarity, the data is

also plotted in Cartesian coordinates to show the error bars. At high suppression

laser intensity, the degree of suppression shows strong anisotropy of suppression.
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exhibits pronounced dips, larger than the uncertainty, in the penetration measure

PS around 55
Æ, 90Æ, and 125Æ. The features at high �eld are also symmetric about

90Æ, this is expected because there is no di�erence, in the atomic frame, between

light polarized at angles 90Æ+�� and 90Æ��� with respect to the collision axis.

By measuring between 0Æ � 180Æ rather than between 0Æ � 90Æ, the symmetry of

the data acts serves as a consistency check.

5.5 Theory

The 3D QCC model developed by Napolitano, et al. [77] predicts the anisotropy

in the polarization dependence of optical suppression that is clearly seen in Fig.

5.13. When applying the theory to the experimental conditions presented here,

qualitative discrepancies arise between the model and the experimental results.

The structure predicted in the 3D QCC model arises from the dominance of a

single partial wave, namely the d-wave. Because the collision is between a pair

of identical bosons, only even partial waves (eJ = 0; 2; 4; : : : ) contribute to the

scattering event. The structure in Fig. 5.9 exhibits a shape closely related to

the jY2;0(�; �)j2 characteristic of a d-wave. Figure 5.14 shows the 3D QCC results

for conditions similar to the high intensity case of the experiment presented here.

The structure, while less dramatic at than the 240 �K shown in Fig. 5.9b, is still

pronounced. Higher collision temperatures couple in more partial waves that

smooth out the features, but the local maximum at 90Æ appears at both low and

high collision temperatures. All of the even partial waves have a local maximum

at 90Æ, but the clear local minimum at 90Æ in the experimental results indicates

there is more physics occurring than considered in the 3D QCC model. In fact,

a detailed re-examination of the work by Napolitano, et al. [77] revealed an error
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Figure 5.14: Three-dimensional quantum close coupling (3D QCC) model for

penetration probability for conditions similar to the experiment presented in this

chapter. The local maximum at 90Æ does not agree with the experiment.

that added the partial waves in an incoherent manner, rather than in a coherent

fashion [79].

The error in the 3D QCC model is corrected by adding the scattering matrices

for each partial wave prior to squaring, rather than squaring each �rst as in the

3D QCC model. The coherent 3D quantum close coupling model (Corrected 3D

QCC) exhibits a dip in the penetration probability, for conditions similar to the

experiment, as shown in Fig. 5.15. While the model does not quantitatively

agree with Fig. 5.13, the magnitude and angles do not agree, the appearance of

the decrease in penetration at 90Æ seems to be a signature of an interference e�ect

between the di�erent pathways that the Corrected 3D QCC model predicts.
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Figure 5.15: Corrected 3D quantum close coupling (Corrected 3D QCC) model

for penetration probability for conditions similar to the experiment presented in

this chapter. The model has been corrected to coherently sum the partial wave

contributions. A local minium at 90Æ appears to be a signature of the coherent

process.

The fact that even when corrected, 3D QCC model fails to quantitatively agree

with the experiment should come as no surprise. Only �ve states are included in

the QCC calculations: spin, �ne-, and hyper�ne structure have all been ignored.

Including these e�ects would make calculations virtually intractable. The results

may be particularly sensitive to the ground-state potential. There are indications

that there is a d-wave shape resonance in the ground-state that occurs near Tcoll =

5 mK [80]; PAI experiments in a beam are currently underway to determine the

e�ect it has on the collision [81]. We suspect that the di�erence in angular

dependence between this data and the two polarization cases studied by Tsao et
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al. [70] arises because of the presence of the d-wave resonance near the collision

temperatures at which this work was performed.

To gain deeper insight into the process, more theoretical development is need.

The ongoing development of computational power may allow additional states to

be added to the 3D QCC model. We have also been informed that Yurovsky

and Ben-Reuven are continuing to re�ne the 3D L-Z model [82].
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Chapter 6

Summary and Discussion

In the work presented in this thesis, we produce a cold, dense, bright sodium beam

speci�cally for the purpose of intrabeam collision studies. Atoms e�using from a

novel externally heated thermal source are conditioned with several laser beams,

producing a beam with a sub-Doppler transverse velocity component (��? < 50

cm/s) and a narrow longitudinal distribution (��k � 5 m/s) centered about

a �nite laboratory velocity (�k � 350 m/s). The small velocity distribution,

the result of rapidly decoupling the atoms from the cooling cycle by shielding a

region of the vacuum chamber with high permeability foil, results in low energy

intrabeam collisions aligned along the beam axis. The density in the beam exceeds

2 � 108 sodium atoms/cm3 at the interaction region. While this technique is

proven here for sodium, other alkali metals and metastable noble gas species

can take advantage of the simple decoupling technique to produce a beam with

narrow longitudinal velocities. A similar system using permanent magnets has

been utilized in producing a cold cesium beam [49].

Using the beam described in Chapter 4, we studied the angular dependence

of the optical suppression process. Changing the orientation of the electric �eld

of a laser beam tuned to suppress photoassociative ionization collisions results in
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a marked anisotropy in the suppression strength at high �eld intensity. At low

�elds (I < 1 W/cm2), the suppression is isotropic. Higher optical �eld intensities

allow higher order partial waves to contribute to the process and the anisotropy

appears to be a coherent addition of the di�erent partial wave pathways. While

the angular dependence of optical suppression had been previously studied in a

beam [70], low beam densities prevented a study of the same detail presented

here.

This experiment is, to the author's knowledge, the �rst collision experiment

performed in an optically brightened beam. However, the novelty of such an

experiment will certainly be short-lived. The polarization dependence of the

photoassociation process is currently underway in the region near dissociation

(�5 GHz � � � 0 GHz) by Ramirez-Serrano, et al. [41]. Photoassociative ion-

ization spectra are obtained for three distinct polarization cases: parallel to the

atom beam, perpendicular to the beam, and circular. Figure 6.1 shows prelim-

inary results of the three spectra, showing strong polarization dependence as the

selection rules change with the polarization. Ramirez-Serrano, et al. [83] also

proposed that a bright, dense atom beam is a good environment for detecting

cold molecules formed by the photoassociation process [84]. Optical brightening

will, potentially, allow more detailed study of other intrabeam collisions, such

as state-changing collisions [14], associative ionization [16], and energy pooling

collisions [17] by increasing the density of atoms within the beam. This technique

also presents opportunities in crossed beam experiments. Orientational collision

e�ects between di�erent species has been a fertile area of research [85{88] and

can bene�t by using highly collimated, monoenergetic beams. Changing the

collision energy is possible by slowing the species to di�erent terminal longitu-
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Figure 6.1: Polarization dependent photoassociative ionization (PAI) spectra

below the D2 resonance in sodium. Courtesy of Jaime Ramirez-Serrano.

dinal velocities. Thermal averaging of the dynamics is signi�cantly reduced by

the narrow velocity distribution provided by rapid decoupling. Heteronuclear

molecule formation is another process which might bene�t from crossed, bright

beams. By conservation of momentum, photoassociated molecules are removed

from the beam axes and can be detected in a region absent of background ux.
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Appendix A

Notations and De�nitions

Parameter Description

� Damping coeÆcient

� Collision acceptance angle

�FS Fine structure constant
�
� 1

137

�
A Ion counts [PAI + Background]

� Restoring coeÆcient

� Beam divergence angle

B Magnetic Field

B Brilliance
h
= R

�
k

��
k

i
B Ion counts [Background]

c Speed of light [3� 108 m s-1]

Ci Long-range potential coeÆcients

d Beam diameter (FWHM)

�!
d Transition dipole momented �!

d � �!"

Æ!D Doppler linewidth (FWHM)

Æ!L Laser bandwidth (FWHM)
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Parameter Description

� Detuning from resonance [= !L � !0]

�"HF Hyper�ne energy shift

�"M Zeeman energy shift

�"SO;J Spin-orbit energy shift

�!D Doppler frequency shift [= �kL � �A]

��k Longitudinal velocity spread

��? Transverse velocity spread

e Electron charge [= 1:6� 10�19 C]

�!" Polarization vector

E0 Electric �eld amplitude

Ei Energy of state i

�!
E Electric �eld

h
= �!" E0 sin

�
!t+

�!
kL � �!z

�i
f(�) Laboratory frame velocity distribution

� Probe laser-beam axis angle

F Total angular momentum [= J+ I]

Fdip Dipole force

Fge Franck-Condon factor

Frad Radiation pressure force

� Atom beam ux

g Land�e factor

g(�) Power-broadened lineshape projected into velocity space

� Natural linewidth [= �
�1]

�0 Power broadened linewidth

i Degeneracy of the ith level
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Parameter De�nition

h Planck's constant [6:63� 10�34 J s]

~ Planck's constant/2� [1:05� 10�34 J s]

i PAI rate [= A� B]

I Laser intensity

I0 Initial intensity prior to entering absorptive medium

I0 Saturation intensity for a transition

I Total nuclear spin

I
0(z) Attenuated intensity after passing through absorptive medium

J Beam current [atoms/s]

J Electron angular momentum [L+ S]

kB Boltzman constant [1:38� 10�23 J K�1]
�!
kL Laser wavevector

� Resonant wavelength [= c=!0]

L(�) Voigt lineshape of absorption pro�le

L Total orbital angular momentum

� Liouville phase-space densitye� Dimensionless Liouville phase-space density [= �h3]

m Atomic mass

� Reduced mass
h
= m1m2

m1+m2

i
�12 Zeeman constant for 1 �! 2 transition [= M2g2 �M1g1]

�B Bohr magneton [1:3996 MHz G�1]

M Magnetic quantum number

MF Total angular momentum projection

n Atomic ground-state density
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Parameter De�nition

n Principle quantum number

N Number of photons/atoms

N Number of periods for ion counting

!0 Resonant frequency
�
= E2�E1

~

�
!L Laser frequency


 Solid angle subtended by beam

�
= �

�
��?
�
k

�2�

 Rabi frequency

h
= � edE0

~

i
P (�r) Relative velocity distribution

Pgr Penetration probability for 1D-LZ model

PS Penetration measure (or fractional ionization)

�2 Excited state population

R Brightness [= �=
]

R Condon point

� Suppression �eld axis-collision axis angle

� Suppression factor [= 1� PS]

�12 Absorption cross-section

S0 Saturation parameter
h
= I

I0
= 
2=2

(�=2)2

i
S Total electron spin

� Radiative lifetime

Tcoll Collision temperature

Tlong Longitudinal temperature (1D)

Ttrans Transverse temperature (2D)

TD Doppler temperature limit

TR Recoil temperature limit
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Parameter De�nition

uss Linear combination of steady state Optical Bloch Equations

Utrap Dipole trapping potential

USO Spin-orbit potential

h�i RMS velocity

�r Relative velocity

�ss Linear combination of steady state Optical Bloch Equations

�A Atom velocity

�D Doppler velocity limit

�k Longitudinal velocity

�? Transverse velocity

Vgr(R) Ground state potential

Vex(R) Excited state potential
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