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Abstract
In this work I report on the development of a Magneto Optic Trap (MOT) for metastable
helium atoms (He∗ ). The metastable helium atoms are produced in a discharge nozzle
source and collimated, slowed and compressed to provide a slow bright beam for loading
the trap. The trap confines approximately 107 atoms, has a diameter of about 3 mm and
with temperature approximately 1 mK. The trap is used for intra-trap and electron-atom
scattering experiments. The results from these two experiments are reported. The electron
scattering experiment is unique and employs a He∗ MOT for the first time, in combination
with a new diagnostic technique (Phase Modulation Spectroscopy) to measure the trap
loss. The results of these experiments have yielded the first total electron-metastable atom
collision cross section measurements at intermediate (10-100 eV) electron energies.
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It is the mark of an instructed mind to rest satisfied with that degree of
precision which the nature of the subject admits, and not to seek exactness
where only an approximation of the truth is possible.
Aristotle
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Chapter 1
Introduction
During the past twenty years, interactions between laser light, magnetic fields, and
matter have been the object of profound theoretical and experimental investigations.
In particular, the possibility of transferring momentum using electromagnetic radiation has allowed the manipulation of neutral atoms.
The Magneto Optic Trap has sparked a large range of experiments. It provides a
source of cold atoms at temperatures in the µK range, with atom numbers (for some
atomic species) exceeding 1010 and densities exceeding 1011 cm−3 . MOTs have been
realized using many different elements: alkali metals, metastable noble gases, and
some others. Laser cooling has allowed a large variety of studies inter alia:
∗ the collisional processes between very cold atoms
∗ atom-surface interactions at low temperature
∗ atom manipulation
∗ the formation of optical lattices
∗ the observation of Bose-Einstein condensates
This thesis presents the development of a Magneto Optic Trap for metastable
helium (He∗ ) atoms loaded from an existing He∗ beam line. A new spectroscopic
technique is used to monitor in real time any changes in the density of the trapped
atoms. The trap is then used for atomic collision studies, in particular electron
scattering from the trapped He* cloud.
Laser cooling and trapping of metastable helium is essential in order to increase
the atomic density to a level at which the effects of electron scattering upon the
atomic sample can be measured. At the same time, it was also important to hold the
cold atoms within the interaction region long enough to induce measurable changes
5
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in the atomic density.

Motivation for this work
The development of a MOT for metastable helium atoms as a tool for atom/electron
collision physics and atomic physics was the primary goal of this project.
Measuring the total cross section of electron scattering from metastable helium
constituted the first new application of the MOT. Reliable experimental data on the
total electron-atom scattering cross section would be useful for the interpretation
of astrophysical data such as the energy spectra of charged particles produced in
presence of interstellar helium clouds [1, 2], and would also allow the design of new
helium plasma sources e.g. discharge lamps, gas lasers. Moreover, and perhaps
more importantly, it would help to assess the validity of theories describing electronmetastable species scattering.
The experiments reported here used a MOT rather than an atomic beam and,
for the first time for this kind of measurement, introduced a spectroscopic technique
known as Phase Modulation Spectroscopy, (PMS) which had previously been used
for density measurements only by one other group [3].
Here, the number of atoms lost from the trap is monitored (by PMS) as a sensitive
means to detect collision events. This novel approach has the potential to produce
new results at low electron energies and can be applied to other atomic species.
My goals in this project were:
1. to build and diagnose the He* trap
2. to implement a detection technique (Phase Modulation Spectroscopy) to provide
a relative density measurement.
3. to establish timing, detection and diagnostics for various experiments
4. to enable e− scattering experiments to be performed in collaboration with electron physics research groups.
This project has shown that the detection technique developed allows one to
measure the total cross section of electron-atom scattering.
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At the time when this project began (June ’97), several other international groups
were doing research using metastable helium MOTs (see table below for references).
Alain Aspect in Orsay, near Paris had a He∗ MOT with 107 atoms at 1 mK that
he used to study two-body loss rates; Michèle Leduc and co-workers at the École
Normale Supérieure in Paris studied cold collisions in a He∗ MOT aiming to create
a Bose-Einstein condensate. A research group at the ”Vrije Univertsiteit” in Amsterdam led by Wim Vassen had a large metastable helium MOT in which they were
able to capture up to 1.5×109 atoms at 1 mK. Another working trap at the time
was in Peter van der Straten’s group at Utrecht University; in this case the research
group involved studied cold, optical collisions in a helium MOT capable of capturing
1×105 atoms. Norio Morita, at the Institute for Molecular Science in Okazaki, Japan,
confined in a magneto-optic trap both 3 He and 4 He to study isotopic differences in
Penning collisions; his traps, similar in the number of trapped atoms and temperature, had approximately 105 atoms and a temperature of 500 µK. Finally, all of the
above research project were conducted between 1997 and 2000, but only the work in
references [4, 5, 6, 7] were published at the beginning of this project.
Aspect, Orsay-Paris

He∗ MOT, 4 × 107 atoms

1 mK

[4, 8]

Leduc, ENS-Paris

He∗ MOT, 5 × 108 atoms

N.A.

[5, 9]

Vassen, Vrije-Amsterdam

He∗ MOT, 1.5 × 109 atoms

1 mK

[6, 10]

van der Straten-Utrecht

He∗ MOT, 105 atoms

1 mK

[7, 11]

Morita, IMS-Okazaki

2-isotope He∗ MOTs, 105 atoms 500 µK

[12]

Following the commencement of this project in mid 1997, I successfully built and
operated one of the few He* traps in the world. I also contributed to the development
of the fast switching circuit to control the rapid attenuation of the magnetic field,
and developed the diagnostics necessary to monitor the trap density.
I contributed to the atom-atom collision experiment, along with Dragana Milic1 ,
with particular attention to optimizing the trap. For the electron-atom scattering
experiment, along with Linda Uhlmann1 I helped install,test and employ the electron
gun. Finally (jointly with Linda) I performed the electron-atom scattering experiment, analysed the data and developed a mathematical model to estimate the trap
1

Ph.D. student

8
temperature from the density decay curve produced as a result of Phase Modulation
Spectroscopy.
These difficult experiments were made possible by collaborations within the research team in the following areas: the atomic beam (source, collimator, slower and
compressor) had been previously developed by Dr. Maarten Hoogerland and Dr. Ken
Baldwin, in collaboration with Dragana Milic and Weijian Lu1 . Dr. Robert Gulley
and Linda helped develop and operate the electron gun used in the collision experiment. Dragana designed and built the laser control boxes and the AOM drivers
used throughout this project; she also built the laser frequency doubling cavity and
electronic controls to perform the atom-atom scattering experiment.
Linda characterized and optimized the gun emission, she also carried out the
analysis of the data that I acquired following a procedure established by both of
us. Finally Mr Robert Dall1 and Mr James Swansson1 , and again Maarten and
Linda wrote the computer code necessary to run the automatic acquisition and partial
analysis of the data. The magnetic switching circuit was developed by Colin Dedman.

Thesis outline
The 2nd chapter gives a description of metastable helium, and a general overview
of cooling and trapping processes, including sub-Doppler cooling and the limits of
laser cooling, but without detailing all the technical aspects; this chapter does not
include optical and magnetic trapping and Bose Einstein Condensation which are left
to specific publications and textbooks.
The 3rd chapter presents the experimental apparatus, starting with a general
overview of the Bright Beam Machine and continues with a more detailed description
of the helium discharge cell and the vacuum system. The beam machine is then
described in more detail.
Chapter four details the construction of the Magneto Optic Trap and provides
information about the trapping laser and the magnetic field generation, including the
design for the circuitry necessary to reduce the magnetic field switching time. Also,
measurements like the number of trapped atoms, relative column trap density and
an estimate for the trap temperature are given. This chapter includes a description
of Phase Modulation Spectroscopy and is concluded by some preliminary results on
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Inter-atomic collisions mediated by 389 nm laser radiation.
Chapter five provides an introduction to the the electron-atom scattering experiment including a short description of other, similar experiments. It presents the
design of the electron gun and the data acquisition sequence, experimental operations,
results, error analysis and discussion.
Chapter six concludes the present work with a summary of the results, and
outlines future plans.

Chapter 2
Laser cooling and trapping
techniques
2.1

Introduction

The study of the forces exerted by light on matter goes back a long way. Maxwell
used the theory of electromagnetism to calculate the force on a body due to the
absorption or reflection of a beam of light. Maxwell’s 1873 theoretical calculations
were quantitatively verified in the early 1900s. In 1917 Albert Einstein used the
relatively new quantum theory to show that light pressure causes molecules to come
into equilibrium with a black body radiation field. This calculation made use of the
quantum nature of light as it was necessary to assume that the emission process
involves the release of an energy packet with defined momentum.
Laser Cooling is a technique used to produce cold samples of neutral atoms and
it is based on momentum transfer between photons and atoms.
In 1933 Frisch [13] did the first experiment to demonstrate momentum transfer to
an atom by photon absorption. He used a resonance sodium lamp to deflect a beam
of sodium atoms. Frisch’s experiment was repeated in the 1970s, using a tunable laser
which had a much higher spectral intensity, and led to a much larger deflection. It
was during these years that the idea of manipulating atoms using resonant laser light
became established. Several physicists in the Soviet Union (Askar’yan, Kazantsev
and Letokhov [14], [15], [16]) and in the United States (Ashkin, [17]) recognized the
possibility of applying resonant radiation pressure and, even as early as in the 1950’s,
Alfred Kastler [18] suggested some ways of using light to cool or heat atoms.
10
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Originally proposed in 1975 by Theodor Hänsch and Arthur Schawlow at Stanford University and independently by David Wineland and Hans Dehmelt, at the
University of Washington, laser cooling can be performed using lasers red-detuned
with respect to the atomic transition [19], [20], and led to further laser cooling methods. This chapter outlines laser cooling techniques, particularly as applied to the
MOT experiments in this thesis. We employ metastable helium atoms, for which the
important laser cooling transitions are described in the next section.

2.2

The Metastable Helium Atom

The helium atom in its 23 S1 metastable state has some unique properties:
• The magnetic moment µ of its ground state is two Bohr magnetons (twice the
value for alkali atoms, µ/kB = 1.2 K/T )
where kB is Boltzmann’s constant, K is the temperature unit (in Kelvin degrees)
and T is the magnetic field unit (Tesla).
• has a life time of ∼ 8000 s [21];
• has a relatively large recoil velocity: 9.2 cm/s for the 1083 nm transition to the
23 P state
• has a relatively high internal energy (19.82 eV)
• de-excites on collision with surfaces or with other atoms via Penning ionization.
In the experiments reported here, we make use of long lived helium atoms that were
electronically excited to the metastable state 23 S1 (the state 21 S0 is also metastable
but has a much shorter lifetime of ∼20 ms). Figure 2.1 shows the significant electronic states and the three transitions that have been used for this project. Optical
transitions allowed from the 23 S1 state are:
•23 S1 →23Pj at a wavelength of 1083 nm, a linewidth Γ/2π=1.62 MHz and a
decay time τ =98.04 ns
• 23 S→33 P2 at 388.98 nm, Γ/2π=1.49 MHz and decay time τ =106.83 ns
Another transition, useful for the visualization of the trap, originates from the
23 P state: 23 P2 →33 Dj , it corresponds to a wavelength of 588 nm and a decay time
τ ( 14 ns.
The cooling transition used in the experiment reported here is the 23 S1 →23 P2

12

2.2. THE METASTABLE HELIUM ATOM

31P1
31S0

3 1,3D J

33PJ

588 nm
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3
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0
1
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1083 nm
3

2 S1
DISCHARGE

11S0
Figure 2.1: Energy levels for helium. The trapping transition at 1083 nm and other
transitions used for this experiment are shown

transition that has a low saturation intensity (IS =0.17 mW/cm2 ) therefore requiring
low laser powers. Another advantage of this transition is that single mode diode
lasers are available for optical excitation [22]. At the time of these experiments the
alternative ultraviolet transition at 389 nm was not an option since only limited
power (around 15 mW) was generated by the then newly introduced ultraviolet diode
lasers. The only alternative was frequency doubling the radiation produced by a
Titanium:Sapphire (Ti:Sa) laser which was outside the scope of this work. This
technique was adopted by a group at the Free University of Amsterdam to construct
a MOT [23] with 107 atoms and density of ∼109 cm−3 . This transition has a large
momentum transfer per photon at 389 nm and a two-body loss rate more than five
times smaller than in a MOT using 1083 nm laser radiation.
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Theory of cooling and trapping of neutral atoms

Optical manipulation and cooling exploits the forces on neutral atoms arising from
the interaction with the electro-magnetic field of a laser beam. The electric field
component interacts with neutral atoms to induce a dipole moment d. The forces
arising can be of two types: ”radiation pressure” and ”dipole force”. I will describe
these forces and, in particular, I will review the principles governing Magneto-Optic
Traps such as the one realized for this project.

2.3.1

Reactive and Dissipative forces

An atom immersed in a laser field with a non-uniform intensity and a frequency close
to an allowed electronic transition experiences two forces: they are the dissipative
force FDiss. and the reactive force FReact. . The first is responsible for dissipating the
kinetic energy of the atoms and the latter, also called dipole force, is a conservative
force.
Reactive or Dipole Force The reactive force FReact. results from the stimulated redistribution of photons among the various components (plane waves) of the incident
radiation (fig. 2.2) and is present only when the intensity of incident radiation is
inhomogeneous. The process of photon redistribution is associated with cycles of
absorption and stimulated emission. The resulting force is directed as k1 -k2 where
k1 is the absorbed photon wave vector and k2 is the propagation vector for the wave
that stimulates the emission of the photon absorbed.
FReact. does not describe any net absorption of energy, on the contrary, it can be
described in terms of a conservative potential. Let’s consider the case of an atom
with polarizability P , in the presence of an inhomogeneous electric field E. A dipole
moment d=P E is induced and the force
1
F = −(d · ∇)E = −P (E · ∇)E = −P [(∇ E 2 ) − E × (∇ × E)]
2

(2.3.1)

acts on the induced dipole. For an atom in an optical field a similar relation holds
except the last term of eq. 2.3.1 averages out over an entire period of the optical field
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Re-emitted
photon, k2

Photon
absorbed, k1
Dipole force

Figure 2.2: Absorption and stimulated emission of photons: the force resulting from
this process is called dipole force.

and the resulting mean force becomes [24]
1
F React. = − P ∇(E 2 )
2

(2.3.2)

where, the polarizability P depends on the frequency of the incident radiation. The
dipole force is thus proportional to the gradient of the light intensity.
By exciting the atom with a field E = E0 e(iωL t) +c.c., at frequency ωL close to an
atomic resonance at frequency ωa and natural linewidth Γ, FReact can be expressed in
terms of the detuning from resonance δ = ωL − ωa and the Rabi frequency Ω =

dE0
2!

as [25]:
FReact. = −

∇(Ω2 )
"δ
4 δ 2 + Γ2 /4 + Ω2 /2

(2.3.3)

where Γ/2π=1.62 MHz is the natural linewidth of the He 23 S1 →23 P1 atomic
transition.
It can be observed the sign of FReact. depends on the sign of δ: when δ > 0 the
force is opposite in sign to the intensity gradient, therefore pushing the atoms into
regions of weaker light field. If instead, δ < 0 FReact. has the same sign of the intensity
gradient and pushes the atoms into regions of intense field. It is possible to draw an
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analogy between this case and that of a charge elastically bound and immersed in
an oscillating electric field: its dipole moment is in phase with the forcing field if the
frequency is below the resonance frequency (δ < 0) and in phase opposition if above
the resonance frequency (δ > 0). The interaction energy "Ω = −d · E is negative if
the frequency of the driving field is below resonance and positive if above. This is
the reason why FReact. is also referred to as Dipole force.
Dissipative Force At the origin of FDiss. also called radiation pressure force, is
the absorption and subsequent spontaneous re-emission of photons from the laser
field. This is the force used to manipulate the atoms in the main beamline and
trap experiments (collimation, slowing, compression and trapping). If, as in the case
of FReact. , the de-excitation process takes place due to stimulated emission, there
is no net change in atomic energy as the absorbed and emitted photons have the
same frequency. If, instead, de-excitation originates from spontaneous emission, the
emitted photons can (for simplicity) be assumed to have random direction and can
have different energy. This can be understood by considering that the absorbed
photons are usually detuned below resonance and the re-emitted photons have, on
average, shorter wavelength, such that energy is dissipated at the expense of the
atomic kinetic energy. This process leads to an overall loss of momentum.
The radiation pressure force can be explained by noting that the direction of a
spontaneously emitted photon is totally random. Due to the absorption of a photon,
the net momentum transfer to the atom is "kL . Spontaneous emission occurs with
equal probability in every direction and the average recoil momentum (averaged over
time t* 1/Γ) is therefore zero. The resulting action is a force directed along the laser
propagation vector and proportional to the number of photons emitted per unit of
time, via spontaneous emission.
The radiation pressure force FDiss. is thus given by [25]
FDiss. = "kL R = "kL

Γ
Ω2 /2
2 δ 2 + Γ2 /4 + Ω2 /2

where
kL is the laser wave vector, |kL |=2π/λ
R is the average photon absorption rate (scattering rate) per atom;

(2.3.4)
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δ = δL +δDoppl. [= kL · v] is the effective detuning, δL being the laser detuning and
δDoppl. is the Doppler shift. (see section 2.3.2).
Also, FDiss. can be re-written as follows:
FDiss. = "kL

Γ
I/Is
2
2
2 4δ /Γ + I/Is + 1

(2.3.5)

where
I is the laser intensity
Is ="c k3 Γ/12π is the saturation intensity of the transition
I/Is =2Ω2 /Γ2 is the on resonance saturation parameter :
With the definitions given,
R=

Γ
I/Is
2
2
2 4δ /Γ + I/Is + 1

it follows that the value for FDiss. is "kL Γ/2 as I → ∞.
FDiss. is also maximum at resonance (δ = 0) and decreases when |δ| increases.
Spontaneoulsy
emitted photons

Atomic velocity
Incident Beam

Dissipative Force

Figure 2.3: Absorption and spontaneous emission of photons: the dissipative force

The maximum acceleration imparted by FDiss. is, for metastable helium
FDiss.
Γ
= "kL
= 4.69 × 105 m/s2
M
2M

(2.3.6)
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2.3.2

Doppler cooling

Having described the most relevant forces acting upon an atom and to better understand laser cooling it is now important to see how they influence the atomic motion.
Let’s consider an atom, at time t=0 that moves from the reference origin, at constant velocity v0 in a plane wave with wave vector kL and constant Rabi frequency Ω.
The equation of motion for this case is similar to equation 2.3.4 except that the
detuning term is modified (ωL → ωL − δDoppl. ) to take into account the modified
frequency of the radiation that the atom experiences due to Doppler effect.
In a plane wave FReact. is zero, and hence the force acting on the atom is purely
dissipative [25]:
FDiss.

Γ
Ω2 /2
= ±"kL
2 (δL ∓ kL · v0 )2 + Γ2 /4 + Ω2 /2

(2.3.7)

The force above is that experienced by a moving atom in a laser field propagating
in one direction. From equation 2.3.7 only if the laser detuning with respect to the
atomic transition is negative (ωL < ωa ) does the force oppose the atomic motion and
can therefore cool the atom. It is now important for MOTs to show what happens
when the same atom is immersed in the field of two laser beams with the same reddetuned frequency and intensity propagating in opposite directions.
In the limits of low radiation intensity, stimulated emission and interference effects
(assuming an appropriate choice of polarization) can be ignored and it is possible to
show the resulting force is the sum of the forces from the two incident beams. The
force is therefore zero in the case of a stationary atom. The force dependance on
velocity is shown in figure 2.4 where the curves relative to each individual beam
(dotted) are added together and the resulting curve represented as a solid curve.
The physical interpretation is straightforward: due to the Doppler effect, the atom
”sees” the incoming wave with a frequency ωL + kL · v0 and the other wave with a
frequency ωL − kL · v0 ; if δ < 0, the atom is more resonant with the laser opposing its
motion rather than with the other wave and so experiences an overall slowing force.
In the hypothesis of small velocities:
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force (a.u.)

+δ
−δ

k L v /Γ

Figure 2.4: Forces applied by two detuned and counterpropagating laser beams as a
function of normalized velocity kL v/Γ. In this figure δ = −Γ/2 which maximizes
friction. The two components reach their maxima for opposite values of the detuning.

kL · v0
-1
(2.3.8)
Γ
eq. 2.3.7 can be linearly approximated near zero velocity as follows (see figure 2.4):
F (v0 ) = F (v0 = 0) − αv0 + σ(v03 )

(2.3.9)

with
α = "k2L

I/Is (4δ 2 /Γ2 + 1)
(4δ 2 /Γ2 + I/Is + 1)2

where σ represents the higher order terms and α is the friction coefficient.
The sum of the force applied by counter-propagating laser beams is positive (accelerating force) for positive values of δ and negative (decelerating) for negative δ;
this is thus a restoring force towards v=0.
In addition, it is useful to define the quantity vc = Γ/kL often called capture
velocity. If the velocity distribution of the atoms to be captured is known, this
quantity lets us estimate a theoretical upper limit to the number of atoms that can
be trapped.
The use of lasers in the configuration described above produces what is know as
Optical Molasses [26]: here an atom experiences strong friction forces opposing its
motion.
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The Doppler effect is at the heart of this description of atom cooling: this process
is also known as Doppler cooling (see section 2.3.4). Doppler cooling suffers from
what is called ”statistical heating”: the very cooling process averages over a number of
absorption/emission cycles. Random scattering of photons in every direction causes
a random walk in momentum space which represents heating. A later section will
describe the most relevant limit to this cooling process, the Doppler limit. (2.3.4)

2.3.3

Magneto Optic Trap theory

The use of optical molasses in three dimensions traps an atom in momentum space
in three dimensions, but in real space, the atom is still free to diffuse. However, in
combination with an external magnetic field, the force FDiss. allows the atoms to be
trapped in real space as well, as will be elaborated in this section.
The optical version of Earnshaw’s theorem [27] states that in a region of space
without charges and currents, the divergence of the Poynting vector K is zero. Since
the radiation pressure P and K are proportional, it follows that the divergence of P
is also zero, meaning the force flux through a closed surface is zero and therefore the
force cannot be directed to one point at every position in space. This would forbid
the creation of a 3D trap. This situation can be substantially modified in presence
of a static inhomogeneous magnetic field: the atomic polarizability becomes position
dependent. In this case the theorem is no longer valid and a trap can be formed.
Let’s consider (for simplicity) a transition J=0 → J’=1. This model can also be
generalized to more complex transitions. It is assumed the magnetic field is proportional to the position Bz = bz. In this case the energy of the three Zeeman sublevels
mJ of the state J’=1 (magnetic moment µ) also becomes a linear function of the
position (in the approximation of weak field). The energy change becomes:
∆E = µmJ Bz = µmJ bz

(2.3.10)

The atom is illuminated by radiation circularly polarized (σ − ) along the axis +ẑ
and σ + along −ẑ. The σ + radiation induces transitions according to the selection
rule ∆mJ = +1 and, similarly for σ − is ∆mJ = −1. If the atom is located along
+ẑ its mj =-1 level is closer to resonance with the red detuned σ − radiation. For
this reason the rate of absorbed photons from the wave propagating along −ẑ is
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Figure 2.5: Representation of the model used to explain the principles governing the
MOT. Two counterpropagating beams with opposite circular polarizations illuminate
an atom placed in a position-dependent magnetic field.The dotted line indicates the
laser detuning from resonance. An atom displaced to the right of the zero magnetic
field position has its mJ =-1 level closer to resonance with the field propagating from
the right, the only one that can produce a transition ∆mJ = −1

higher: this pushes the atom back towards the origin. Symmetrically, when the atom
is on the left of the trap center (point where the magnetic field is zero), the Zeeman
shift of mj =+1 will bring the energy level closer to resonance with the σ + beam and
the atom is pushed back to the center of the trap (see figure 2.5). This all means
that with the appropriate laser polarization and magnetic field a restoring force can
be established. For an atom moving at velocity vz at position z the detuning is
equivalent to δ − kL vz − ξz. Considering that the same radiation also produces
Doppler cooling, the total force acting upon the atom can be described as having a
component proportional to the position of the atom and a component proportional
to its velocity [28]:
Fz = −Kz − αvz

(2.3.11)

K = αξ/kL and ξ is a proportionality constant (ξ = !g µB dB
, g is known as the
dz
Landé factor; g depends on the spin S, the orbital angular momentum L and the total
angular momentum J, g= 1 for J=1; µB is Bohr magneton) [28].
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Limits of Laser Cooling - Doppler Limit

In order to evaluate the limits of laser cooling it is necessary to consider the nature of
Doppler cooling: as has been explained earlier, the action of the laser field produces
average damping of the atomic motion. However, the random processes of absorption
and re-emission of photons transfers momentum in discrete values; in momentum
space this sequence is analogous to the classical Brownian motion, and the steps
have size "k. This means that, after N absorption-emission cycles, the mean square
momentum in one dimension (e.g. the x-axis) is given by < px 2 >= N"2 k 2 .
The momentum diffusion coefficient is defined by: D=< px 2 > /(2∆t) (∆t is the
time for N events to occur). In case of unidimensional cooling and if the laser intensity
is well below saturation (I/Is - 1) it can be shown that:
D = "2 k 2

Γ I/Is
2 1 + ( 2δ
)2
Γ

(2.3.12)

If the damping force is F = −αv, the cooling rate is
< Rcool >=< F v >= α < v 2 >

(2.3.13)

< Rheat >=< p2x > /(2M∆t) = D/M

(2.3.14)

and the heating rate is

When the two rates are set equal and considering that, for 1D motion
M < v 2 > /2 = kB T /2
the following relationship can be found:
kB T =

"k Γ
2δ
D
=
( + )
α
4 2δ
Γ

(2.3.15)

where kB is Boltzmann’s constant.
Optimizing for the lowest possible temperature (δ = −Γ/2)
kB TD ≡

"Γ
2

(2.3.16)

TD is called the Doppler limited temperature. This represents the minimum expected temperature in a MOT for two level atoms.
In the case of metastable helium for the transition used in this project, the Doppler
limit corresponds to 35.75 µK [25].
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SubDoppler cooling

In 1988 W. D. Phillips, H. Metcalf and co-workers first observed their trap temperature was much lower then theoretically predicted [29] by a two level model for the
atom; it became necessary to come up with a new theory that could account for this
new phenomenon.
In 1989 J. Dalibard and C. Cohen-Tannoudji and independently E. Riis, S. Chu
and co-workers simultaneously published their new theoretical findings [30], [31]: the
major novelty was the introduction of level multiplicity (i.e. Zeeman sublevels). These
models discuss the non-adiabatic response of moving atoms to the light field.
Without entering in technical details, it is sufficient to mention that additional
cooling is achieved if the atoms have their energy levels shifted due to the presence of
polarization gradients in the light field. Several authors refer to the energy variations
as Light shifts, or more commonly AC Stark effect (see Reactive force 2.3.1). The
simplest model considers a transition J=1/2→J=3/2. The standing wave formed by
the two counterpropagating laser beams create a spatial modulation of the ground
state energy sublevels. The counterpropagating laser beams are linearly polarised
with their polarisation orthogonal to each other. Such configuration is termed ”linperp-lin”. The atoms slow down as they climb up the potential hill; optical pumping is
responsible for accumulating the largest population where the light shift is maximum.
The atoms at this point have the largest probability to be excited to the upper level.
On decaying down to the ground state, they end up on the ground sublevel with the
least energy. This means the photons emitted on de-excitation are more energetic
than the exciting ones. This is the mechanism responsible for dissipating kinetic
energy and is maximum for those atomic velocities whose transit time between nodes
and antinodes is of the order of the excited state lifetime. C.Cohen-Tannoudji called
this kind of cooling, Sisyphus Cooling. Other schemes include opposite circular
polarizations and the use of strong magnetic fields and/or different detunings for the
counterpropagating beams. These schemes produce different resonance conditions
and can cool atoms towards zero velocity or a specific velocity. These techniques
generally fall in the category of Velocity Selective Resonances (VSR) and are closely
related to Sisyphus cooling in a moving reference frame (further details in [25]).
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m=+1/2
m=-1/2
λ/4

λ/2
3λ/4
Position

Figure 2.6: The sublevel ground states for the lin ⊥ lin configuration. Atoms starting
at origin in the m=+1/2 substate climb a potential hill before being optically pumped
to m=-1/2. The kinetic energy lost while climbing up the potential profile is not
recovered on de-excitation. This process repeats itself until the atom kinetic energy
is too small to climb the potential and undergo excitation where (top of the potential
hill)the light polarization is appropriate for the process.(figure from [22])

2.4.1

Recoil Limit

In section 2.3.4 it was shown that the Doppler temperature TD corresponds to the
energy associated with the natural width of atomic transitions. Associated with this
!
temperature is the one-dimensional velocity vD = kB TD /M .
It can be shown that the friction coefficient for sub-Doppler cooling is independent

of the intensity, and therefore the equilibrium between heating and cooling elaborated
in section 2.3.4 would lead to an infinitely low temperature as the laser intensity
is reduced. The limit we run into now is the heat input of a single photon recoil
associated to an energy ER = "2 k 2 /2M.
The temperature corresponding to this energy is called recoil temperature Tr and
is:
kB Tr = ER
or
kB Tr ≡

"2 k 2
M

(2.4.1)

(2.4.2)

For metastable helium is TR = 4µK [25].
There are techniques that can prevent absorption and subsequent emission; these
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techniques largely prevent the atoms from absorbing and subsequently emit photons
and allows to ”beat” the recoil limit. A detailed description of this and other schemes,
based on Raman transitions within the Zeeman multiplet are beyond the scope of this
work, but can be found elsewhere [32, 33].

Chapter 3
Atomic beam line
3.1

Introduction

In this chapter I present the beam line; in particular this section gives an overview of
the following:
• lasers used for the experiment
• the absorption cells to frequency reference the lasers
• the atomic source
• the collimating section
• the Zeeman Slower
• Compressor
Most of the listed elements have been designed for previous projects ([34], [35])
and are employed in this experiment which in part a continuation of those projects.
Fig. 3.1 shows a general overview of the bright beam machine. The atomic source
is represented on the right. The source is kept in vacuum using a diffusion pump
(Varian type 184, 2.2 kW).
The beam line is normally kept under vacuum using several turbo molecular pumps
at a pressure of 2 × 10−7 Torr. A large section of the vacuum system (including the
Collimator, Zeeman slower and Compressor and many of the pumps and vacuum
chambers) is suspended from a support rail which runs along the length of the apparatus.
25
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Figure 3.1: From right to left the following sections are visible: the source, the collimator, the Zeeman slower, the compressor and the trapping chamber. The supporting
structure is also visible
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Figure 3.2: Back and front views of the Distributed Bragg reflector diode laser model
SDL-6702-H1

Supporting rods connect the various sections to the correspondent carriage which
can be moved along the support rail. Two stands hold the rail and the connected
parts.
The lasers are located on the optical tables, which are fixed to the ground and lie
under the beam line. The laser beams are directed into the vacuum chamber through
AR coated windows.

3.2

Diode lasers

The lasers used (figure 3.2) for the beam machine are solid state, index-guided single
mode InGaAs diode lasers (Spectra Diode Labs), model SDL-6702-H1 with an internal
Distributed Bragg Reflector (DBR) designed for operations at 1083 nm. The nominal
CW output power is 50 mW [36].
The cooling transition used in the experiment is the 1083 nm 23 S1 →23P2 (figure 2.1). This optical transition in helium is accessible only from the metastable
state 23 S1 which cannot decay optically due to selection rules. The relatively rapid
decay from the excited state 23 P2 (lifetime( 98 ns) allows rapid cycles between the
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Figure 3.3: The transmission signal of the saturated He∗ absorption spectrum. Peaks
1 and 2 are due to saturated absorption at the line center of the two Doppler broadened
He transitions 23 S→23P2 and 23 S→23 P1 respectively. The saturated absorption peaks
are 2.3 GHz apart and each has a width of 50 MHz due to a combination of pressure
broadening, laser spectral width and natural width. Peak 3 occurs at the cross-over
frequency, midway between the two transitions. Figure from [32].
metastable and the excited states to efficiently cool the atoms. A plot of the saturated
absorption profile for metastable helium is shown on figure 3.3.
The frequency of a free running laser is a function of the operating temperature
(18 MHz/mK) and the injection current (typically 2 GHz/mA) [37]. This necessitates
good stabilisation of both the laser operating current and temperature.
The diode lasers are mounted on an anodized aluminium heat sink that includes
a protection circuit preventing incorrect (and damaging) current flows. An element
housing an AR coated collimating lens is mounted in front of the diode.
Laser control
The control box or laser drive system comprises a temperature controller, a current
drive and a feedback circuit.
The design used for the low noise, high speed laser current controller is that
of Libbrecht and Hall [38] together with a commercially available temperature controller, both powered by commercial benchtop supplies. The temperature controller
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Figure 3.4: Schematic representation of the diode laser mount

supplies current to the Peltier element embedded into the diode package [34]. This
thermo-electric cooler can vary the temperature between −30◦ C and +40◦ C. A detailed description of the related circuitry of the entire drive system can be found in
refs. [34, 37].
The free-running linewidth of these lasers is approximately 10 MHz (as measured
by an optical heterodyne beating experiment). When frequency locked to the He∗
reference cells using saturation absorption spectroscopy, the linewidth is only 3 MHz.
The control box and cabling are double shielded against electrical interference. In
order to reduce the 50 Hz noise coming from the power supplies, a set of batteries
which are constantly recharged, has been used. They act as a filtering capacitor,
reducing the level of the 50 Hz noise to the nV region.

3.2.1

He Discharge locking cell

A DC discharge cell [39] (see figure 3.5) is used for the saturation absorption spectroscopy frequency locking process [40].
This technique, also known as Doppler free absorption spectroscopy, can be summarized as follows: a group of atoms is initially illuminated by resonant laser light.
Due to the Maxwell-Boltzmann distribution of velocities of the atomic sample, individual atoms will experience different effective detunings from resonance and hence,
will produce unequal rates of absorption of laser light. This translates into the usual
Doppler broadened absorption profile. The maximum of this absorption distribution
corresponds to atoms in a near zero velocity group, with negligible Doppler induced
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Figure 3.5: Discharge cell used for the saturation spectroscopy. High voltage (1.62.3 kV) is applied across the cell to generate a discharge. To prevent the power supply
from being damaged and to stabilise the discharge, a ballast resistor is also employed
to limit the impedance drop. A low power (<1mW) probe laser beam is passed through
the cell and its absorption monitored.

detuning from resonance. When the laser beam is then retroreflected and passes
through the same atomic sample, atoms that have absorbed the incoming beam will
mostly be still in the excited state of the selected transition. This condition prevents
them from re-absorbing photons from the retroreflected beam. The absorption feature
produced is known as the Lamb-dip [41] (see also figure 3.3) or saturated absorption
peak. This peak is centered about the resonance frequency for the laser and can be
used to stabilize the laser frequency.
Laser stabilization The laser frequency locking scheme utilizes Lamb-dip frequency stabilization ([40], page 452) locking on peak 1 of figure 3.3.
A low power beam (<2% of the total power produced, corresponding to 1 mW)
is split from the diode laser output beam and used for this purpose.
The need to limit pressure broadening and shift of the saturated absorption peak,
led to the development of a hollow cathode discharge cell as opposed to an RF glow
discharge [42], to be run at pressures below 1 Torr. In addition, it is advantageous
not to have additional RF devices in the lab in order to minimize RF noise which
could negatively affect the measurements described in the following chapters.
In the glow discharge of this experiment, the hollow cathode allows higher current
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Figure 3.6: The modulation operated on the Zeeman sublevels translates into modulation of the laser detuning. The rate of absorption is consequently modulated and
the signal produced is coherently detected to extract information relative to the laser
detuning with respect to the absorption peak (represented here and corresponding to
peak 1 of figure 3.3.)

densities due to a larger emitting area. Briefly, a nickel tube with a cross sectional
diameter of 20 mm and a length of 50 mm has been used for the hollow cathode
and a tungsten needle for the anode (figure 3.5). The distance between the two is
approximately 400 mm.
Three windows allow the stabilization of up to three different lasers. The cell is run
at a helium pressure of about 0.9 Torr t; this pressure value was chosen because the
pressure broadening effects are negligible and it is high enough to ensure reproducible
working conditions for the discharge cell for about two months. The voltage applied
across the cell is about 1.8 kV; a 150 kΩ ballast resistor is used in series with the
cell in the circuit to stabilized the discharge. The metastable density is adjusted by
controlling the discharge current flowing through the cell.
The necessary detuning δL (up to 60 MHz) for all the lasers along the atomic
beam line is provided by magnetic coils which Zeeman shift the atomic energy levels
with a constant current (figure 3.7). A second set of coils is wound inside the first:
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AC
DC
offset

Figure 3.7: The inner coil is connected to an AC current source (freq. ! 5-11 KHz).
The outer coil is connected to a DC current source: the first is responsible for modulating the laser detuning, the second for its offset.

an AC current through it produces the alternate magnetic field necessary to provide
a modulation to the DC field.
The laser stabilisation technique can be summarised as follows: after passing a
polarizing beam splitter cube (PBS) the light is circularly polarized by a quarter
wave plate (figure 3.8). The σ polarised light passes the helium discharge cell and it
is retro reflected by a mirror and it is transmitted back through the gas cell. After
passing the quarter wave plate and the PBS, it is detected using a photodetector.
Considering for example the case of σ+ polarised light, the reflected beam will have
the same polarisation and this configuration pumps the atoms along the beam path
into the |mg = +1 > state, allowing excitation of only the two-level transition. Due
to the Doppler shift, both counter propagating beams saturate atoms with opposite
velocity components along the direction of propagation of the laser. Near resonance
both beams start to address the same atoms (at zero velocity) causing a lower total
absorption.
The transition frequency of the atoms in the gas cell can be changed by applying a
magnetic field parallel to the direction of the laser beam. The resulting Zeeman shift
changes the level separation between the ground and the excited state. The Dopplerfree absorption signal is transformed into a dispersive error signal by applying a small
oscillating (between 5 and 11 KHz) magnetic field across the gas cell. The modulation
in the atomic transition frequency causes a modulated photodetector signal. Using a
lock-in amplifier, the photodetector signal is transformed into the required dispersive
profile. The laser is locked to the zero crossing of the error signal. By applying an
additional DC magnetic field over the gas cell, the zero crossing can be frequency
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beam splitter

Figure 3.8: Laser lock scheme. The probe laser is passed through the cell and subsequently split. One of the two emerging beams is back reflected and saturates the transition whereas the other is reflected at an angle; when the laser current (frequency)
is scanned, a photodetector reveals the absorption Doppler profile which is subtracted
from the saturated absorption profile. The result is a trace which is mostly flat, with
peaks corresponding to the transitions in question. The coils are used to produce static
and oscillating magnetic fields: the first is used for adjusting the detuning and the
second as modulated input for the lock-in amplifier.

shifted, which allows to detune the laser from resonance 3.6.

3.3
3.3.1

Beam line
Metastable atoms source

The source of metastable helium atoms used has been described previously [35]. The
length of the bright beam machine depends on the initial longitudinal velocity distribution of the atoms. In order to keep this length to a minimum, the atoms are
pre-cooled using liquid nitrogen (LN2 ).
The source body is made out of stainless steel and cooled using LN2 that comes
from an external dewar (figure 3.9). A Pyrex tube connected to the body, is filled
through a gas inlet port. A 0.25 mm pinhole in the boron-nitride cap on the Pyrex
tube constitutes the nozzle orifice; this material has been chosen for its good heat
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Figure 3.9: Schematic representation of the discharge setup

conductivity and, as it is an electric insulator, it allows the electric discharge through
to reach the external anode.
The He gas pressure ranges between 25 to 40 Torr before the nozzle. Under these
operating conditions the pressure in the source chamber is around 10−5 Torr.
From the nozzle a supersonic jet is produced, and a fraction of the atoms in the
beam is excited from the 11 S0 ground state to the 23 S1 metastable state using an
electric discharge run by two power supplies.
One of the supplies is used for the needle cathode inside the Pyrex tube and the
other to apply a voltage to the ring anode outside the source cap. They are operated
at ±600 V in the initial stages and then both lowered to 400-500 V in order to reduce
the atom beam temperature.
The discharge current ranges between 3 and 10 mA and is created by briefly
applying 5 kV to the cathode. In order to prevent the discharge running to the
stainless steel housing, a Macor tube has been placed between the LN2 envelope and
the Pyrex tube so as to maximize the chance of starting the discharge from the ring
anode.
The fraction of atoms excited to the metastable states 23 S1 and 21 S0 is fairly low
(1 part in 104 -105 [43]). The 23 S1 state, which is the one used for trapping, is 8
times more populated than the 21 S0 [44]. The discharge current and the gas pressure
are chosen to maximize the flux of metastable atoms, while maintaining the lowest
possible temperature [35].
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Figure 3.10: Bi-dimensional representation of the collimation principle

3.3.2

Collimation Stage

The collimator is the device used to reduce the divergence of the atomic beam produced by the source. A vacuum stainless steel chamber is attached to the metastable
atom source. Four laser beams are directed into the chamber in opposing pairs mutually orthogonal along the plane perpendicular to the longitudinal axis of the atomic
beam.
Typically, the longitudinal component of the atomic velocity is about 1000 m/s
and the collimated transverse component velocity range ±70 m/s. The maximum
deceleration for Doppler cooling is set by the formula amax ="kΓ/2M ( 5×105 m/s2
in the case of helium [45]. With this deceleration the transverse motion of the atoms
can be stopped in 0.14 ms and they would consequently travel 140 mm longitudinally,
which represents the minimum length for the collimation chamber if the atoms are to
be collimated.
As the atoms slow down transversely, the effective laser detuning also changes
leading to a smaller absorption probability. To overcome this problem, two pairs of
mirrors at a small angle between each other are used. As follows from a previous
work [35], during each reflection, the laser beams slightly change their angle with
respect to the beam line axis (z direction). If, as indicated in fig. 3.10, the mirror
angle is α/2 degrees, the initial laser beam angle β with respect to the y axis is
reduced by α when a reflection occurs.
Following [35] a general expression for the effective laser detuning (as a function of
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z) as seen by the atoms can be found. Choosing the appropriate angle and detuning,
the number of absorption cycles can be maximized and so the effect of the collimator
on the atomic beam. Also, from a Monte Carlo simulation performed [35] and using
a linear approximation for the angles α and β their initial values and the gradients
can be found. The injection angle is β0 =80 mrad and the angle between the mirrors
is 1mrad. As it follows from [34] the dependence of the angle β on the axial position
can be approximated as:
βz =

"

2α

zmax − z
d

(3.3.1)

being zmax defined as β(zmax ) = 0 and d the distance between the mirrors. As
previously reported [35] the typical collimator parameters are:
• capture solid angle = 0.015 sr (π ×(70/1000)2 ) that is determined from the ratio
between the perpendicular (70 m/s) and longitudinal (1000 m/s) velocity.
• from the maximum source brightness of 1.36×1015 atoms/s sr−1 , 2×1013 atoms/s
are collimated into an area of 6.25 cm2 , at an operating current of 4 mA and a pressure
of 35 Torr. The detector to nozzle distance was (33 cm.
There are several reasons why the measured average intensity at the centre of the
beam is 1.25×1012 atoms/s·cm−2 s; less then the calculated value of 3.2×1012 atoms/s·cm−2 .
While being collimated, the atoms concentrate on the outskirts of the atom beam
causing the unit area intensity to be the smallest at the beam centre. The actual capture range can be smaller than estimated: among the reasons the difficulty to align
the beam to achieve the maximum possible capture range. Also, the laser beams are
clipped by the mirrors when coupled into the collimator.
The atoms exiting the collimator have their average transverse velocity reduced
from about 70 m/s down to about 5 m/s; the atomic beam then has a divergence of
5 mrad (since vlong is (1000 m/s).

3.3.3

Zeeman Slower

The atoms emerging from the collimation stage have a longitudinal velocity vlong (
1000 m/s approximately equivalent to the source temperature, which exceeds the

37

3.3. BEAM LINE

capture range of the MOT by around two orders of magnitude (see 4.6 and 4.2.3). For
this reason it is necessary to reduce the beam velocity considerably. The method [29]
uses a spatially varying magnetic field to tune the atomic levels along the beam path,
also known as Zeeman slowing. Two tapered solenoids have been used to produce the
field necessary for a uniform deceleration of the beam. A basic analysis [25] shows
that for uniform deceleration a ≡ ηamax , where 0 ≤ η ≤ 1 is a numerical safety factor;
for an initial velocity v0 , the ideal field profile is:
B(z) = B0

!

1 − (z/z0 )

(3.3.2)

where z0 ≡ 21 mv02 /a is the length of the magnet, B0 = "kv0 /µ$ , µ$ ≡ (ge me −gg mg )µB ;
ge and gg are the Landé factors for the excited and the ground states, µB is the Bohr
magneton and me,g is the magnetic quantum number. Using counter-propagating
circularly polarized laser light (σ + ), the atoms are optically pumped into the |23 S1
mj =10 sublevel and the |23 S1 mj =+10 → |23 P2 mj = +20 transition is induced. The
change of the Zeeman shift cancels the change of the Doppler shift of the decelerating
atoms. The use of two solenoids directed in opposite directions is justified by the fact
that when B = 550 Gauss the |23 P2 mj = +20 sublevel crosses the |23 P1 mj = 00
which is 2.3 GHz above the |23 P2 mj = 00 and consequently the atoms escape the
excitation/de-excitation cycle and are lost. This configuration also allows one to add
extra spacing between the two sections. Pre-focussing or collimation of the atomic
beam before it reaches the end of the slower is possible using the physical space
between the two coils.
Two separate coils also allow the current to be kept at a lower value and facilitate
cooling. Finally, two separate coils allow for the independent adjustment of the
currents and fine tuning of the magnetic field separately at the input and exit ends
of the slower.
Design Parameters Typically, the initial atomic velocity is about 1000 m/s, the
maximum theoretical deceleration (asymptotic value) is alim. =5×105 m/sec2 . With
this deceleration, the atoms would be halted in 2×10−3 s, having travelled about 1m.
This length represent the theoretical minimum length of the slower. Generally, the
deceleration applied is between 1/2 alim. and alim. . The actual length of the slower
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is 2.3 m that is more than twice the theoretical minimum. This provides a safety
margin in case the non ideal shape of the solenoids and the Gaussian intensity profile
of the slowing laser (producing a spatially non-uniform saturation parameter) do not
apply to the atoms the maximum force expected theoretically.
Both solenoids have been wound around a tube of radius 45 mm. A detail technical
description and list of the materials used can be found in [35].
The B field ranges between 350 Gauss (input) and -230 Gauss (exit), corresponding to a Zeeman shift between -320 MHz to 490 MHz. An Acoustic Optic Modulator,
Brimrose, model IPM-200-26 was double passed to detune the laser frequency by
400 MHz from resonance. This reference beam was then sent to the absorption cell.
With a laser detuning normally set at - 400 MHz, the atomic velocity can be reduced from about 1000 m/s to less than 100 m/s. These values have been measured
experimentally using a Time Of Flight technique [35].
The laser light is directed into the slower using a square, in vacuum, gold plated
mirror 75×75 mm, with a 3 mm hole in the middle (fig. 3.11). The normal to the
mirror forms a 45◦ angle with the slower axis and allows optical access from the side.
The role of the hole is to transmit atoms focused by the compressor, without casting
a big shadow into the slowing laser beam, which is slightly focused toward the source
to match the slowly diverging atomic beam.

3.3.4

Compression stage

Once the atoms exit the Zeeman slower, the longitudinal velocity of the atoms is below
100 m/s. The initially incomplete collimation, and random scattering of photons
from the slower laser, cause the beam to increase its transverse velocity. Even in the
absence of this, the transverse atomic beam size increases as the longitudinal velocity
decreases. This is the reason for using a device to re-compress the beam using a
2D Magneto Optic Trap [46]. By doing so the high brightness of the beam can be
increased and the beam focused through the slower mirror.
Principle: The working principle for this two-dimensional trap is the same as that
for a three-dimensional trap: a quadrupole magnetic field is produced using permanent magnets; its strength is zero along the center of the chamber and increases
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Figure 3.11: Gold plated mirror directing the laser beam into the slower. The hole
in the middle of the mirror is used to let the atoms through and it is small enough
not to alter the slowing laser beam significantly. Note that the atomic beam expands
transversely as it moves down the slower for two reasons: firstly atoms are not cooled
along the plane perpendicular to the direction of the atomic beam and secondly the
random direction of the impulse "k they receive makes them diffuse transversely

linearly in the transverse direction.
The restoring force confines the atoms to move along the axis of the slower and they
are transversely cooled by the process described in section 2.3.3 (see also figure 2.5).
Design: The quadrupole magnetic field is generated using four permanent rareearth magnets in the configuration shown in figure 3.13 [46]. The size of each magnet
is 25×25 × 50 mm. The spacing between the magnets is ∆x = ∆y =225 mm which
produces a magnetic field gradient of 1800 G/m for both the x and y dimensions.
The interaction length is approximately 2×50 mm long and starts where the field
gradient is near zero, 100 mm before the x-y plane. The field gradient increases
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Figure 3.13: Quadrupole magnetic field generated by the permanent magnets around
the compressor.
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Figure 3.14: Assembly of 6 retro-reflectors made of 10 mirrors producing an interaction length of 100 mm. The σ+ polarization is changed to σ− and vice versa after
two 90◦ reflections. Figure derived from [31,32].

longitudinally towards the center x-y plane, and reaches about 1000 G/m at the end
of the interaction region.
An unusual arrangement of 10 mirrors [34, 46] produces multiple reflections from a
large (25×50 mm) single laser beam at low intensity (about 0.5 mW/cm2 ), efficiently
recycles the laser light and reduces the interaction length needed (see fig. 3.14).

3.3.5

Summary

After beam compression the atomic beam is ∼2 mm in diameter and is diverted
through the hole in the slower mirror. In conclusion, it is useful to summarize some
facts about the atomic beam:
• the maximum atomic current achieved was 3×1010 He∗ atoms/s
• the atomic velocity ranged between 50 and 100 m/s
• the divergence was ( 10 mrad
These characteristics were suitable for loading the MOT as described in the
following chapter.

Chapter 4
Magneto Optic Trap
4.1

Introduction

This chapter describes the laser system used for this experiment, the trap chamber,
the creation of the magnetic field gradient, the loading process and optimization of
trapping parameters for the electron scattering experiment. Also described is the
calibration of the CCD camera used for measuring the number of trapped atoms, and
the model used to estimate the trap temperature. The theory of Phase Modulation
Spectroscopy used to measure the relative trap density is introduced, and finally, a
preliminary experiment on intra-trap collisions is described.
At the time of our experiment, there where other groups working on MOTs using
metastable He (see page 116). The trap used in their experiments was usually formed
using the standard 6-beam (or three back reflected beams) σ + /σ − configuration [8,
11]. In the case of Aspect and Leduc , laser light was provided by DBR lasers (Spectra
Diode Labs) locked on the 23 S1 → 23 P2 (1083 nm) atomic transition. Trapped atoms
numbers varied between 105 [47] and 3×107 [48], with densities between 108 [11] and
109 atoms/cm3 [8].

4.2
4.2.1

Trap Construction
Trap Chamber

The trap chamber is connected to the compression stage of the bright beam machine
via a tube 50 mm long and 5 mm in diameter adapted to a bigger coupling flange,
the role of which is to provide differential pumping. A gate valve (MDC, model GV
42
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2500M-P-01-03-303002-101) isolates the trap chamber from the rest of the beam line.
The stainless steel chamber is pumped by a turbo pump with magnetically levitated
bearings (Pfeiffer model TPU 180 HM, 170 l/s) and was chosen for the following
characteristics:
• low vibration levels
• oil free
• high compression ratio for helium
This turbo pump was preferred also because it is very efficient in evacuating light
elements such as helium; repeated degassing sequences have led to a final pressure
of 2 × 10−10 Torr for the chamber containing the various detectors and linear feedthrough as described later. The pump mounts directly on the top flange of the trap
chamber (figure 4.1).
Six 2 43 inch conflat AR-coated glass windows provide optical access for the trapping beams. Two re-entrant windows house the coils generating the magnetic field.
Additional ports shown in figure 4.1 are used to locate a pressure gauge, the electron
gun, the Faraday cup and scanning wire used in the electron scattering experiments,
and provide input and output ports for the probe laser beam.
This chamber, along with the rest of the experimental apparatus, can be suspended
from the rail system located above the beam line by four rods.
A gate valve operated by an electro-magnet and activated using compressed air,
can isolate the chamber from the beam machine, and allows it to be detached and
moved away while preserving vacuum. When mounted on the optical table, the
chamber stands on four rods and these sit on rubber feet that add extra isolation
from vibrations.

4.2.2

Quadrupole field

The magnetic field coils have a diameter of approximately 90 mm, the diameter of the
copper wire of each coil is about 1.5 mm and its length approximately 85 m. Each coil
has 300 turns of copper wire and has a resistance of 0.85 Ω. These coils are placed in
anti-Helmholtz configuration, 30 cm apart and operated at currents ranging between
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Figure 4.1: Trap chamber. The two re-entrant windows are here located behind large
blank flanges. Drawing by Mr. Graeme Cornish

3 and 7.5 A; they are usually set to produce a gradient around 4 G/cm along the axis
(with 3 A in each coil). The power supply used is a Kepco bipolar, 20 V 10 A.
Three pairs of compensating coils in the Helmholtz configuration, placed along the
three axes, provide the necessary compensation for the Earth’s magnetic field, which
has been determined with a highly sensitive three axis probe (resolution approx.
5 mG); these coils are powered by three small power supplies (15 V, 1.2 A max).

4.2.3

Trapping laser

The first trapping laser used for this experiment was a diode laser (section 3.2).
However, for this experiment it was necessary to trap the largest possible number of
atoms; it also required fast switching which was achieved with the use of an AcoustoOptic Modulator that reduced the total available power for cooling and trapping (see
below). For this reason (and for its narrower linewidth compared to a diode laser) it
was then decided to adopt a fibre laser.
The fibre laser used was an Ytterbium Fiber Laser (IRE POLUS, model YLD
1BC) that emits a single longitudinal mode (!700 kHz bandwidth) at 1083 nm. Its
current can be externally modulated and it is temperature stabilized by an internal
circuit to better than 0.01 ◦ C. The laser emits nominally 1 W of power (single mode)
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Figure 4.2: Trap chamber as during the last stage of its development. The compression
stage can be seen on the right.
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Figure 4.3: Trap chamber mechanical details. The arrows represent the laser beams
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at 1083 nm.
The laser beam was collimated using a couple of lenses; these lenses formed an optical telescope with one lens mounted on a linear translator coupled to a micrometer;
the relative distance between the lenses could then be sensitively changed in order
to adjust the divergence of the trapping beam. The size of the trapping beams was
ultimately set by two apertures placed just before the input windows (one just before
a polarising beam splitter cube determined the size of two beams).
The trapping laser was locked to the 23 S→23 P2 transition using the same technique used to stabilise the diode lasers (3.2.1); the error signal produced using the
absorption cell and the lock-in amplifier is fed back to the feedback input of the fibre
laser.
Figure 4.4 shows the optical layout for the trap. The fibre laser is double passed
through AOM1 (Acousto-Optic Modulator, Crystal Technology model 3125-120) with
a central frequency of 120 MHz, which provides very quick switching times (∼100 ns).
The reference beam going to the absorption cell is also double passed (through AOM2)
so that the detuning introduced by the AOM’s is irrelevant as it only represents
an offset identical to both the trapping laser and the reference beam going to the
absorption cell. In order to fast switch the trapping laser beam while keeping its
frequency locked it was then necessary to use two AOM’s to isolate the reference
from the trapping laser beam.
The trapping laser detuning is adjusted to produce the largest possible signal from
Phase Modulation Spectroscopy (details in section 4.5); it is normally set around 15 Γ
(∼ 24 MHz). The detuning was adjusted to maximize the number of trapped atoms
while keeping the temperature as low as possible to maximize the local atom density.
A more detailed description of the optimization process is given in section 5.6.
For most of the time the fibre laser power is set to produce around 120 mW of
laser light emerging from AOM1 and going to the trap. The lenses used were 170 and
200 mm focal length for the AOM’s input and output respectively; this choice of focal
lengths produced the largest amount of first order power from AOM1. The typical
efficiency obtained for this AOM is around 75% single pass which means about 55%
in the double pass configuration used in the experiment.
Losses due to other optical components such as optical isolators and gold plated
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Figure 4.4: Optical layout for the trapping laser. The AOM1 is double passed and
positioned along the portion of the laser beam going to the trap. AOM2 produces
a detuning identical to AOM1; the beam is then directed to the absorption cell for
stabilization.

mirrors (reflectivity( 97%) require the fibre laser to emit at least 400 mW of power.
Care had been taken to reduce to minimize the amount of backscattered light as the
fibre laser is particularly susceptible to optical feedback.
From the PBS cube the beam is then split into three separate beams (not shown).
The beam along the quadrupole coils (the x-axis) is around 1/2 the power of each of
the other two which enter the chamber diagonally (see fig. 4.3) to compensate for the
larger Bx gradient. The magnetic field B at the center of the trap chamber can be
approximated to be a linearly increasing field. The system is cylindrically symmetric
with respect to the axis defined by the main coils. Noting that ∇·B=0, the field
around the center can therefore be expressed as:
B(x) = Br ur + Bx ex =⇒ B = b(xex − 1/2r)

(4.2.1)

where b is the local field gradient and r is the radial variable in the cylindrical
frame of reference. The field gradient along the x axis is twice the gradient in the
radial direction. This fact increases the potential depth along x. In order to preserve
approximate spherical symmetry for the trap, the light field intensity along the x axis
has been reduced by roughly a factor 2.
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The use of λ/2 plates (not shown) in front of two polarizing beamsplitter cubes,
PBS (also not shown) allows us to control the power into each of them. The diameter
of the trapping beams measured just before entering the vacuum chamber is 25 mm
(as defined by an aperture placed before the PBSs ); on passing them through the
trap they are back reflected and the circular polarization turned by 90◦ to form the
optical trap. The power in each beam was then slightly readjusted by rotating the
λ/2 plates to produce the largest possible atom number (section 4.5).
Capture velocity and trap loading rate Trapped atoms experience a cooling
and restoring force over a distance that can be as large as the diameter of the region
where the beams intersect.
The capture velocity of a trap, vc can be defined as the maximum velocity of an
atom traversing the trap volume that can still be captured into the trap.
In order to determine vc , the factors to consider are: the laser beam diameter,
detuning, intensity and magnetic field gradient. The total force acting on the atoms
(if gravity is ignored) is a function of the laser detuning, the atomic velocity and
the magnetic field experienced by the atoms, which is function of their position with
respect to the trap center.
Since the total force is not uniform in space, a computer simulation is necessary
to determine the capture velocity. However one can evaluate its order of magnitude
by simple considerations.
In the case of this experiment, the interaction region was defined by the laser
beams. The overlap of three mutually orthogonal beams then covers a spherical
region of about 20 mm in diameter as visually measured using a CCD camera. This
value differs from the 25 mm measured before the beam enters the vacuum chamber
since the trapping laser beam was made converging slightly in order to compensate
for radiation pressure imbalances due to light intensity losses on the mirrors. In order
to be captured, the atoms must be stopped within this region. If the value of the
force considered is that of equation 2.3.6, the calculation shows that vc is approx.
140 m/s.
This force represents only an asymptotic limit when ”infinite” laser intensity is
used; ordinary traps require modest intensity (I/IS =2-10; IS =saturation intensity)
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and small detunings (1-3 Γ) as shown theoretically [49]. It is then reasonable to
expect a lower value for the capture velocity.
It has been shown that, for conditions similar to those of this experiment [50],
the experimental capture velocity was measured to be ∼60 m/s. This value is half of
what was empirically estimated above.
The atoms leaving the Zeeman slower also expand in the transverse direction, and
not all are re-captured in the compression stage. Reducing the longitudinal velocity
from the slower may increase the number of atoms within the trap capture range,
but may reduce the number of atoms recaptured by the compressor as a result of
the greater divergence. Therefore the trap loading rate was adjusted empirically
by modifying the currents used for the Zeeman slower (section 3.3.3) while visually
observing the trap cloud.
We found that the trap loading time was approximately 2 sec when the detuning
of the trap laser was optimized for the largest possible trap.

4.2.4

Making the trap

After aligning the trap laser and selecting its detuning, to start the trap optimization
process it was necessary to sensitively detect an initially small number of trapped
atoms. Parameters like the velocity of the atoms loading the chamber (chosen by adjusting the currents in the Zeeman slower and the detuning of the associated laser),
are optimized only by direct atom density measurement or by detecting the ions generated by the collision of metastable atoms with other trapped atoms and background
gases.
Visual observation (using a video camera) of trapped atoms is often difficult as
ordinary CCD chips have a poor response - their quantum efficiency is typically less
than 1% at 1083 nm. An example of the relative efficiency is shown in figure 4.5.
Photons with energy less than 1.1 eV (∼ 1.2 µm) pass through silicon unimpeded.
Although an ion production can be measured well before visualizing the trap,
only a signal that is clearly separated (by an order of magnitude or more) from the
background is a strong indication of the presence of trapped atoms. The background
is due to the collisions between metastable helium atoms from the beam line and
background gas (N2 , O2 , H2 O) molecules or the chamber walls. Experience shows
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Figure 4.5: Generic relative spectral response of a Silicon based CCD chip (model
Hitachi KP-M2R).

Figure 4.6: Magneto Optic Trap, approx. 107 atoms; the false colors show the density
gradient across the cloud. This image was taken in presence of the trapping laser
(1083 nm) and the confining magnetic field

that once the ion signal to noise is sufficiently high, it is normally possible to see the
cloud fluorescence with a CCD camera. Both these techniques can be employed only
once the trap has been created and the beam machine parameters are correct.
An alternative is represented by the use of 589 nm laser radiation: as shown
in figure 2.1, metastable atoms in the 23 Pj levels can be excited to the 33 Dj levels
and they then scatter 589 nm photons which are easily detected by the CCD chip.
In addition, the scattering frequency for this transition is approximately six times
higher than the scattering rate at 1083 nm.
This technique was used to detect the formation of the initially very small trap
(0.5 mm in diameter and less than 106 atoms).
Once the trap had been made visible, optimization of the trap parameters was then
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possible. First, we modified the static magnetic field generated by the compensation
coils in Helmholtz configuration (see section 4.2.2). Then the field generated by
the Zeeman slower was optimized by adjusting the currents through it; the latter
operation changed the velocity distribution in the atomic beam and consequently
allowed optimization of the trap loading rate. The detunings of all lasers, including
the trapping laser were altered to optimize the loading rate and the number of trapped
atoms. The whole sequence was then iterated until the trap was clearly visible in the
IR. Finally, all settings were re-optimized in the absence of the dye laser, monitoring
the trap with the CCD camera. Typically, we were able to capture images like the
one displayed in figure 4.6.

4.3
4.3.1

Fast switching of magnetic fields in a MOT
Introduction

The quadrupole magnetic field that confines the atom at the zero magnetic field
point in the trap center is generated by two coils producing opposite fields to create
a constant radial magnetic field gradient originating from the magnetic field zero 1 .
In experiments with MOT’s, rapid magnetic field switching is often required to
enable other optical fields to be turned on quickly without residual magnetic field
shifting of the atomic energy levels (for example in polarization gradient cooling);
other applications require the field to be extinguished before the atoms have the
chance to move significantly. In the present case, for an estimated average atomic
velocity of 1 m/s inside the trap of diameter 2-3 mm, this time corresponds to 1 ms.
In this experiment, we were interested in obtaining electron scattering, collision
cross sections that are determined by measuring the loss rate of trapped atoms, caused
by the impact of electrons. The electrons are generated by an electron gun inside the
trap vacuum chamber and their trajectories can be severely perturbed by the presence

1

We initially employed two water cooled brass formers which could easily handle currents as high
as 10 A (which was the maximum current produced by the power supply). Unfortunately, they were
unsuitable for rapid field switching (for severe self and mutual induction) and were replaced by two
air cooled aluminium cores which had been radially cut to prevent large eddy currents to be formed
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of stray magnetic fields. It is therefore crucial to this experiment that the magnetic
field is reduced rapidly to zero to enable the electron scattering measurement to
take place before the trapped atoms expand ballistically from the trap region on
millisecond timescales.
In many circumstances the magnetic field may decrease much slower than the
winding current if the winding is close to electrically conducting objects such as
vacuum chambers, flanges, support structures, etc. Such objects effectively form
a ”shorted turn” secondary winding, and eddy currents induced in this ”winding”
will decay at a relatively slow rate dictated by the inductance and resistance of the
conducting objects. In the case of this experiment the chamber itself formed the
secondary winding which could not be interrupted for obvious vacuum requirements.
In the case of high speed magnetic deflection coils for electron beam lithography,
eddy current effects can be minimized through careful use of materials, or by shielding
the deflection magnet within a ferrite cylinder. Neither approach is practical for the
MOT due to the complexity deriving from the high degree of optical access for the
laser beams.
The simple eddy current compensation system described here does not rely on
feedback for its operation; a feedback signal could be produced by extracting the
pick up voltage generated in the coils as a results of the induction from the rapidly
changing magnetic field. However, this may only be necessary if the magnetic fields
produced are to vary, i.e. if a ”softer” or ”harder” trap confinement is required. The
feedback signal could be used to auto-adjust the circuit parameters and keep the
switching time at minimum, without offsetting the field gradient (which consequently
would push the atoms off center).

4.3.2

Experimental description

As previously described the MOT comprises a multi-port, stainless steel vacuum
chamber with two re-entrant windows around which the magnetic field coils are
placed. The air-water cooled aluminium former on which the coils are wound is
cut so that a secondary winding is not created, thereby reducing the contribution
of one source of eddy currents. However, the same clearly cannot be done for the
stainless steel vacuum chamber.
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(b)

Figure 4.7: (a)Schematic diagram of the circuit for rapidly switching the coil current.
(b)Winding current (solid line) and voltage (dashed line) waveforms for the circuit
shown.

Winding inductance with both windings connected in series is 3.75 mH, the total
resistance is 0.85 Ω, and the normal winding current is around 3.5 A for standard
MOT operating conditions. Each loading and detection cycle operates at a rate of
∼1 Hz. To reduce the deviation of the e-beam to less than the trap diameter, we
require that the decay time for the magnetic field to reach 1% of its maximum value
be less than a millisecond in order to turn on the electron gun before the trap density
has decayed significantly. Every current winding forms an inductor, for which the
following relationships between the back EMF ($), the inductance (L), the current
(I), the stored inductive energy (E) and the resistance (R) apply:
dI
dt

(4.3.1)

1
E = LI 2
2

(4.3.2)

$ = −L

L

I = I0 e−(t/ R )

(4.3.3)

To maximize dI/dt, the inductor must be permitted to generate a large back $
and a trivially simple circuit for this purpose is shown in fig. 4.7(a). Zener diodes are
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available to at least 200 V, and higher zener voltage and power dissipation is easily
obtained by using several in series. Note that Q1 must be selected to withstand the
sum of the rail voltage and the winding back EMR. In some cases the zener diode
can be omitted altogether and the MOSFET avalanche breakdown voltage used to
clamp the winding back EMR. For example, we used a 100 V rated power MOSFET
type IRF3710, with a published repetitive avalanche dissipation of 20 mJ, and single
shot rating of 530 mJ at 28 A. From eq. 4.3.1, our stored inductive energy is 30 mJ
at 4 A, which should be within the MOSFET ratings, given our low repetition rate
of ∼10 Hz.
This circuit’s basic function is to react to the induced magnetic field and drive
a current through the trapping coils in order to generate an opposing magnetic field
that adds to that already present and results in the smallest possible deflection of
the electron beam. This is done by using a 5 V amplitude step function as input to
which the circuit reacts by generating a current that is sent directly to the trapping
coils and has an opposite phase with respect to the EMF voltage.
Figure 4.7(b) shows the winding current and voltage behaviour (arb. units) for the
circuit of figure 4.7(a) with the current decreasing linearly to zero in 50 µs. Faster
decay times could be achieved by selecting a higher voltage MOSFET switch and
zener diode. Zener diode ZD1 can be replaced by a resistor, in which case the coil
current decreases exponentially to zero with a decay time constant L/R as in eq. 4.3.3.
However, the linear current decay obtained using a Zener diode reaches zero much
faster without the need to wait for several time constants, and is therefore preferable.
Ideally one would take a direct measurement of the magnetic field strength decay
time with a fast responding Hall effect sensor or similar device placed within our
vacuum chamber, but this is impractical in the case of the MOT. Instead, a 40 mm
diameter pickup coil consisting of a dozen turns was placed outside the chamber and
inside the former of one of the field coils.
The induced voltage is proportional to the rate of change of magnetic flux dφ/dt,
and a plot of flux vs. time can be obtained by integration. In practice, it is possible
to measure the effect of the decaying magnetic field on the temporal shape of the
current pulse from the electron gun, which is the ultimate test of the performance of
the magnetic field compensation system.
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Figure 4.8: Winding current and pickup coil voltage waveforms for the circuit shown
in fig. 4.7(a). Solid line: winding current. Dotted line: pickup coil voltage. Note that
the magnetic flux (indicated by the pickup coil voltage) decays much more slowly than
the magnetic coil current

Figure 4.8 shows the pick-up coil signal when the magnet winding current is
switched to zero in 50 µs using the circuit of fig. 4.7(a). Analysis of fig. 4.8 shows
that the flux falls to zero only after 1.5 ms and this was confirmed in our experiment
where the electron beam current was seriously perturbed by the magnetic field up
to 1.5 ms after the coil current was switched off. This is a very long decay time for
the magnetic field, given that the magnet current was reduced to zero within 50 µs.
The long decay is the result of conducting materials in the vacuum chamber, and
other nearby objects, effectively forming a shorted single-turn secondary transformer
winding.
The resulting induced eddy current creates a magnetic flux, which decays exponentially with time, as in eq. 4.3.3.
A magnet coil similar to that used in the experiment was tested in an area free of
metallic objects, and the flux measured by a pickup coil fell to zero within 30 µs, in
exact agreement with the coil current.
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Figure 4.9: Simplified schematic diagram of the bipolar current amplifier for providing
a current compensation waveform to rapidly decrease the magnetic field to zero

4.3.3

Eddy current compensation results

In the atom trapping apparatus, it should be possible to null the slowly decaying
magnetic field by driving the coil with an opposing current such that the nett magnetic
field produced is zero.
To test this proposition, a fast response bipolar current amplifier was constructed,
a simplified schematic circuit for which is shown in fig. 4.9. The coil current faithfully follows the amplifier input voltage without ”ringing” or overshoot, subject to
dI/dt limitations imposed by the amplifier rail voltages. In this specific case dI/dt is
required to be large only in the negative direction, so amplifier dissipation is greatly
reduced by using only 12 V for the positive supply. Zener diodes are not required
to clamp the coil back EMF, the decaying coil current being absorbed by the power
supply rail, via the FET body diode. The required compensating current waveform
is, to a good approximation, exponential in nature. Therefore a simple RC circuit
was used to generate a negative exponential decay voltage at the amplifier input, with
the waveform determined by just two parameters: the amplitude, and the decay time
constant. For this experiment, these parameters were simply adjusted in situ using
potentiometers (a digital-to-analogue converter driven from a software program could
equally well be used to generate the compensating waveform).
In practice, it was a simple matter to adjust the potentiometers to bring the
magnetic field to zero in the shortest time, either by observing the output from the
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Figure 4.10: Dotted lines: with compensation; solid lines without compensation. (a)
Amplifier input voltage (dashed line) and winding current

Figure 4.11: Waveforms for the current compensation circuit shown in 4.9. Dotted lines: with compensation; solid lines without compensation. (b) pickup voltage.
The decay time of the magnetic field is greatly reduced by the addition of the reverse
compensation current
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pickup coil, or by noting the perturbation of the electron beam.
Figures 4.10 and 4.11 show the amplifier input voltage, magnet coil current, and
the pickup coil voltage with and without the reverse correcting current applied. The
pickup coil voltage shows that the magnetic field decays to zero substantially faster
when the reverse compensating current is applied. In the specific case of the experiment of this thesis, the electron beam could be switched on around 300 µs after the
magnet was switched off, compared to 1400 µs previously, an improvement of a factor
of 4.
By generating a more complex compensating current waveform and by increasing
the negative rail voltage in the circuit shown in figure 4.9, the decay time could, in
principle, be reduced even further. However, the present reduction was sufficient for
the purposes of the experiments considered here.
Electron beam current vs. time for
different time delays
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Figure 4.12: Electron gun pulses produced with variable delays, after switching off
the trapping laser simultaneously with the confining quadrupole magnetic field at t=0.
Delays as short as 1 ms were possible only thanks to the rapid extinction of the magnetic field. For delays shorter than 800 µs the current pulse starts to be affected by
the residual magnetic field (for this particular configuration of deflector voltages), as
it can be seen by the pulse front bending away from t=0.
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Conclusion

To determine the effect of the residual magnetic field on the electron gun, a series
of measurements were performed for different delays of the gun pulse following the
magnetic field switch off.
Figure 4.12 shows the current detected by the Faraday cup, which as described
in Chapter 5 is used to measure the electron gun current. The figure displays three
electron gun pulses at different delay times following the magnetic coil switching off.
The shape of the current profile is determined by the deflectors inside the electron
gun, and by the residual magnetic field. The delay is progressively reduced until the
slope of the current profile changes. As shown in figure 4.12, this occurs at t= 500 µs,
where the leading edge of the profile begins to turn over. Thus delays > 800 µs were
employed for the electron scattering experiments.

4.4

Trap number measurements: fluorescence

In order to make an absolute measurement of the number of trapped metastable
helium atoms, two methods can be used: allowing the atoms to fall onto a Multi
Channel Plate (MCP) detector, or trap fluorescence measured using a photodiode or
a video camera.
The MCP technique operates by releasing the trapped atoms from the containing
fields, and given the relatively high energy content of the metastable atoms (20 eV),
they will eject electrons on falling into contact with the upper MCP surface. The
electrons are accelerated by the electric field across the MCP plates and multiplied
in number, and then imaged by a phosphor screen or the current measured directly.
Knowing the quantum efficiency of the device and its gain factor it is then possible
to derive the number of trapped metastable atoms. Also, the quantum efficiency is
not always well known and varies in time with varying surface conditions. The main
limitation is that the MCP saturates for large (> 105 /sec) count rates, and the use
of this technique is thus limited to only small trap sizes. It is also possible to extract
information about the trap temperature using the Time-of-Flight spectrum. However,
the MCP technique is a destructive measurement, and cannot be used while taking
other experimental measurements.
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Alternatively, the light re-emitted by the trap can be detected and measured to
determine the number of trapped atoms. Doing this with a conventional photodiode
can prove very challenging as the quantum efficiency of silicon detectors is poor at
this wavelength (1083 nm). Germanium devices could be considered as an alternative: unfortunately, although better sensitivity can be achieved at the wavelength of
interest, these devices are also quite sensitive to IR (heat) radiation and significant
background signal would be measured as well 2 . Background removal is not easily
done as most of the heat comes from the coils producing the magnetic field necessary
for trapping (as verified by turning them on and off). The trap best performs after a
half an hour warm up time necessary to achieve overall system stability. Background
subtraction procedure could be employed, but unfortunately this is a lengthy procedure that requires repeated measurements of background light levels and should be
performed any time the coils current or the laser intensity are changed. Even then, a
reduction in sensitivity would be expected, so the use of germanium devices may not
represent the ideal choice.
At the time of this experiment no photodiode detector at our disposal was sensitive
enough for the task described; for this and all the other reasons mentioned it was
decided to use a silicon CCD video camera capable of detecting near IR light to
acquire trap images.
The idea is to use the video camera instead of a photodiode: the brightness of
each image can be related to the equivalent laser light (1083 nm) power necessary
to produce it. Considering that, on average, atoms in the excited state would deexcite every 98 ns, the extrapolated light power value can be related to the number of
atoms in the excited state. Once the average number of atoms in the excited state is
known, the total number of atoms in the trap can be computed using equation 4.4.2.
For the following measurement the trapping laser beam was produced by a Diode
laser. Subsequently, this laser was replaced with the fibre laser described in 4.2.3;
this upgrade led to an increased number of trapped atoms.

2

A Germanium based CCD camera was initially employed to monitor the trap. A considerable
amount of IR radiation could easily be picked-up by the camera. The apparent ”brightness” of
background radiation was comparable to the brightness of the trap itself
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Figure 4.13: Block diagram showing the CCD calibration procedure. The percentage
power reflected by the beam splitter is known and it is used to determine power incident
on the CCD chip. The brightness profile shown is relative to a line passing through
the center of the trap.

Before the images could be used for atom counting it was necessary to determine
the response of the device as a function of the incoming light intensity. The scheme
is shown in figure 4.13.
The collimated beam from a diode laser is passed through an aperture after which
a beam splitter directs a fraction of the laser beam to the CCD (Hitachi). The
objective in front of the camera was initially removed so as not to saturate the chip
by focussing directly on it. However, the objective had subsequently to be used to
pick up the faint image produce by the trap. This required the measurement of the
fraction of light transmitted through the objective lens. Care had to be taken not to
”blind” the chip, so a beamsplitter of known splitting ratio and a calibrated filter are
used.
Two sets of images were acquired: background only and laser + background: the
two have been subtracted one from the other and the average pixel value for the image
measured, while checking that the average noise pixel value outside the laser image
was centered on zero.
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The average pixel value was then related to the incident power and used to calibrate the CCD chip. The previous statement needs to be clarified as follows: the
video camera collects light for a certain amount of time, the knowledge of which is
not important. What is important is the fact that to each level of brightness can be
associated an equivalent power as extrapolated from the calibration of figure 4.14.
The calibration in figure 4.14 shows that the CCD chip responds linearly to input
power and was not saturated. During this calculation the assumption of a CCD chip
behaving linearly at low illumination levels was used. This assumption can be justified considering that the number of electrons collected at each pixel was found to be
linearly dependent on light level and on exposure time at higher power levels. Saturation would occur at high rate of incident photons, following non linear production
and transport of the electric charge across the chip. Low levels of exposure similar
to what the chip experienced while imaging the trap should only favor the linearity
of the output. It also important to consider that, for the purpose of the experiment
reported in chapter 5, the knowledge of the exact number of trapped atoms was not
necessary and the approximate number derived from the technique here presented
was sufficient to describe this trap.
Following the measurement of the solid angle covered by the video camera, the
integrated scattered light power was computed and related to the number N of excited
metastable atoms as given by:
N=

P · τ 4π
(TW TL R−1 )
hν W

(4.4.1)

P is the power extrapolated from the linear fit in figure 4.14, τ = 1/Γ is the
lifetime of the excited state (23 P2 , τ =98 ns), TW is the transmission coefficient for
the glass windows mounted on the vacuum chamber, TL is the transmission coefficient
for the focussing lenses in front of the video camera (TW · TL = 0.8 ± 10%), W is the
solid angle subtended by the camera (W/4π ( 10−4 ), hν=1.83·10−19 J for λ=1083 nm
and R is the average photon scattering rate per atom as described in equation 4.4.2
([45], eq. 3.25)
Rav/ph =

Ω2 /2
Γ
2 ∆2L + Γ2 /4 + Ω2 /2

(4.4.2)
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Figure 4.14: Plot of the integrated pixel value as a function of the power incident on
the CCD chip. The data points have been obtained correcting for background. The
line shown is the linear fit.

Γ/2π =1.6 MHz is the natural linewidth of the atomic transition;
Ω is the Rabi frequency and ∆L is the laser detuning.
Using the relation I/IS =2Ω2 /Γ2 the expression for the rate can also be written
as:
Rtot = N

I/IS
Γ
2 1 + I/IS + 4∆2L /Γ2

(4.4.3)

Γ
s0
2 1 + s0 + 4∆2L /Γ2

(4.4.4)

or
Rtot = N

I is the single beam laser intensity and IS =0.16 mW/cm2 is the saturation intensity of the transition. The total power used for this particular trap was 21 mW
for all six beams. Each beam had a diameter of 2 cm, this value is equivalent to a
single beam intensity of 1.1 mW/cm2 , corresponding to 7 IS , or a total on resonance
value s0 =42.
N is the total number of trapped atoms and Rtot is the total number of photons
scattered every second.
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From the measurements, the integrated pixel value for a typical trap image, is
1710. According to the calibration shown (see fig.4.14), this value corresponds to
3.4·10−5µW. The following is a summary of the procedure followed during the calculation of the number of trapped atoms:
1) From the calibration described above and knowing the integrated pixel value of
the trap image, it was possible to associate the image with an equivalent light
power.
2) The image power was re-scaled to account for the small solid angle fraction subtended by the camera.
3) Using the equation 4.4.1 it was possible to determine the number of trapped atoms
for any detuning.
In this specific case the laser detuning was in the range 3-10 Γ. These values were
measured by looking at the Doppler profile of metastable helium on the oscilloscope
the (coarse) calibration of which was done knowing the frequency separation between
the crossover and the atomic resonances along the horizontal axis. This range of
detunings corresponds to a number of atoms in the trap between 3×106 and 3×107
respectively.3
The error in the number of trapped atoms is evaluated by considering all the uncertainties in the variables that occur in the calculation above.4 The first uncertainty
reflects error in the estimated power detected by the camera. The error in the slope
of figure 4.14 yields a 5% uncertainty in the number of atoms.
The second source of error is the laser detuning. At the time of this measurements, the detuning of the diode laser used for trapping had been estimated to be
<10 Γ. A more accurate measurement of the trapping laser detuning was done after

3

The trapping laser detuning was then adjusted (especially following the adoption of the fibre laser) to produce the largest possible signal deriving from the Phase Modulation Spectroscopy
technique.
4
It is important to notice that the correction for the background of the trap image taken, allows
the fitted line to intercept the origin.
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the upgrade to the fibre laser by beating it with a resonant laser: when the experimental conditions were optimized for maximum trap number, the laser detuning was
7-10 MHz, equivalent to 4-6 Γ. These values for the trap detuning are in line with
detuning values used by other groups([11, 48]).
In conclusion, considering the range of power values for the trap images collected
(under the same experimental conditions), the linearity of the CCD camera (error
in the measured fluorescence power less than 10%), and the error from the range
of the trap detuning (3-10 Γ with the diode laser), it has been estimated that the
final uncertainty in the number of trapped atoms amounts to a factor ±2. Of all the
uncertainties, the one in the laser detuning dominates.

4.5
4.5.1

Relative trap number measurements: Phase
Modulation Spectroscopy
Introduction

Several techniques have been developed to monitor the trap number density, both
destructive and non-destructive. Destructive techniques refer for example to the use
of near resonant laser beams that are partially absorbed by and perturb the sample
with their transmitted portion detected using photodiodes or video cameras.
Other techniques, such as Phase Contrast [51], interferometry and Phase Modulation Spectroscopy [52] (PMS), use far-detuned light in order to minimize the influence
of the probe beam and keep the atoms as much as possible in the state they were
immediately prior to detection. Such techniques may find their ideal application in
the analysis of Bose-Einstein Condensates. The fact that PMS relies on a fast photodiode makes it superior to the Phase Contrast technique, (which makes use of a CCD
camera) for its ability to produce a response in real time, enabling one to follow the
time dynamics of an atomic cloud.
Following the work of Lye et al. [3] using a Cs cell and a Cs MOT, we applied
PMS to metastable helium, to sensitively detect the small changes in the trap density.
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4.5.2

Theory

When a light beam passes through a medium, it undergoes a change in phase and it
is also partially absorbed. These changes depend on the density of the medium, by
measuring e.g. the phase change, it is possible to monitor the density in real time.
This effect can lead to an absolute or relative density measurement; absolute measurements can be obtained by modelling accurately all the transitions for the atomic
species under consideration, and taking into consideration energy level multiplicity,
Doppler, laser, and pressure broadening effects, and laser absorption. In the case
of elements with a non zero total nuclear spin, hyperfine splitting will change the
various oscillator strengths, an effect which should also be included in the model.
In this respect, for its relative simplicity, helium is a less challenging element to deal
with should one be interested in absolute trap density measurements. The theoretical
predictions can then be compared to the results from some another technique, e.g.
absorption imaging. The comparison between the two techniques will provide the
calibration needed.
For the purpose of the electron scattering experiment described in chapter 4, only
the relative density measurement is important. Consequently the PMS technique was
adopted for those measurements.
Generally, the probe laser phase shift is described by the simple relation
φ=k

#

L

[n(x) − 1]dx

(4.5.1)

0

where ν is the laser frequency, L the optical path length, k=2πν/c and n is the
real part of the complex refractive index.
The complex refractive index is:
n = n − iκ

(4.5.2)

and from a classical argument we obtain [53]:
n2 − κ2 = 1 +

Ne2
ν02 − ν 2
4π 2 ε0 m (ν02 − ν 2 )2 + ν 2 γ 2

(4.5.3)
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being ν0 the resonant frequency, N the charge density, γ the damping factor
associated to the electronic motion (the equivalent of the natural linewidth of the
transition) m the electron mass and where κ is the absorption coefficient defined by
the fact that the intensity of an incident beam falls by 1/e4πκ of its initial value in
going the distance λ through the medium. The imaginary part is:
2nκ =

Ne2
νγ
2
3
2
8π ε0 m (ν0 − ν )2 + ν 2 γ 2

(4.5.4)

From the above formulas the real part of n can be deduced:

n=

$

Ne2 (ν02 − ν 2 )
1+
+
ε0 m4π 2 (ν02 − ν 2 )2 + ν 2 γ 2

%

Ne2 ν0 γ
2
16π 3 ε0 m(ν0 − ν 2 )2 + 4πε0 mν 2 γ 2

&2

in the approximation n − 1 - 1 which is true for dilute gases. In order to detect the
phase shifts, they have to be transformed into a signal amplitude variation.
Side bands generation The probe beam (prior to modulation) is essentially
monochromatic:
EL = E0 cos(ωL t)

(4.5.5)

Mathematically, the phase modulated beam can be represented by
E0 ei(ωL t+δsin(2πνm t))

(4.5.6)

A small change in the phase of the field translates to a rotation in the complex
plane. As shown in figure 4.15, for small modulation depth, (δ -1) it is possible to
decompose the resulting field into the sum of two vectors: the field before the modulation (also called ”carrier”) and a vector at 90◦ to the carrier oscillating at frequency
νm . The oscillating vector can be further decomposed into two single sidebands of
constant amplitude, each offset from the carrier by frequency ±νm :
δ
δ
(4.5.7)
E0 eiωL t (1 + iδsin(2πνm t)) = E0 eiωL t (1 + ei2πνm t − e−i2πνm t )
2
2
having retained the assumption that δ - 1. Equation 4.5.7 provides some useful
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Figure 4.15: (a) Phasor diagram of phase modulation of light in the complex plane,
and (b) the decomposition into a carrier and sidebands (assuming small modulation
depth). The initial direction of E0 in the complex plane constitutes an offset and
depends only on ωL : it is important to notice that the small contribution of phase
modulation is orthogonal to the initial field.

insight into phase modulation, showing that three frequencies are present. If the
phase modulated laser were detected and its spectrum analyzed, three peaks would
be shown, the carrier and two sidebands. Figure 4.16 shows a representation of the
sidebands and their phase relationship with the carrier (sidebands in anti-phase).
Considering the evolution of the sidebands with respect to the carrier, the higher
sideband rotates opposite to the lower sideband due to the opposite phase difference
with the carrier.

Carrier
high side band

low side band

Figure 4.16: Vector representation of phase modulation. This figure shows schematically (arrows up and down) the sidebands and their phase relationship with the carrier
(sidebands in anti-phase)
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Sidebands electric field through an optical medium In the specific case
of the laser beam used in this experiment, the real part of 4.5.7 can be written as
follows:
Ei = EiL cos(ωLt) + Ei1 cos[(ωL − 2πνm )t − π/2] + Ei2 cos[(ωL + 2πνm )t + π/2] (4.5.8)
Ei being the electric field before passing through the trap; EiL is the electric field of
the carrier, Ei1 and Ei2 are the low and high sidebands respectively.
To generate the sidebands, an electro-optic crystal in between two plates was
used, producing an electric field at modulation frequency νm (specifically 877 MHz:
this frequency was chosen because it corresponds to the resonance frequency of the
RF cavity around the crystal), directed perpendicularly to the laser propagation axis
through the crystal [3]. As it can be see by the the factor π/2 in the phase of both
sidebands, the two sidebands have opposite phase (fig. 4.16, 4.17) in absence of any
other phase shifts φ1 and φ2 . The laser then passes through the atomic cloud, and
for each of the constituent terms, the amplitude and phase change:
Ef = Ef L cos[ωL t+φL ]+Ef 1 cos[(ωL −2πνm )t−π/2+φ1 ]+Ef 2 cos[(ωL+2πνm )t+π/2+φ2]
(4.5.9)
Ef is the resulting field after the atomic cloud, Ef L is the electric field of the carrier,
Ef 1 and Ef 2 are the low and high sidebands respectively.
The laser beam is detected using a fast photodiode (in our case ≤1 GHz). I ∝ E 2
is the quantity measured. [3]
The high frequency components of the signal (>1 GHz) are thus filtered out. DC
components do not carry any information and are not considered. The rest of the
signal comprises the beat notes between the carrier and the ”low” and ”high” side
bands (see fig. 4.16 and 4.17).
In principle, the amplitude of these two side bands is equal when they are generated. In absence of a phase shift the two sidebands cancel each other out perfectly
because φL = φ1 = φ2 when allowed to beat with the original laser frequency. When
there are atoms present in the probe beam, there is a change in the phase and a net
signal is produced.
The resulting signal oscillates at a frequency νm and it is sent to a spectrum
analyzer, tuned on the same frequency. When the probe laser detuning is fixed, the
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Figure 4.17: (a) Saturated absorption signal showing the relative position of the sidebands with respect to the allowed transitions from the initial metastable state. The
peak indicated as 2 represents 23 S1 → 23 P1 , 1 is 23 S1 → 23 P2 and 3 is the cross-over
between the two (b) Side bands and carrier relative phases indicated by the solid red
curve. The dotted lines show the relative position of these peaks along the absorption
spectrum of metastable helium.

output of the spectrum analyzer is represented by a constant voltage, which is then
directly proportional to the integrated density along the probe laser beam, across the
trap.
As specified earlier, it is important to minimize perturbation of the atomic cloud
so large detunings were used. In addition to the approximation of large detuning
from the resonance frequency ν0 we also make the following assumptions:
γ
(= 1.62 MHz)
2π
∆(( 1 GHz) - ν0 (( 2800 T Hz)

νm (= 877 MHz) *

(4.5.10)

φ(∝ 1/λ, ξ 2 ∼
= 0) - 2π
(∆=sideband detuning, γ=natural line width, ξ = n − 1, φ as defined in eq. 4.5.1)
It is possible to show that the resulting signal (∝ the amplitude in volts output
by the photodiode) can be written as [3]:
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S=

!

IL I1 φ

(4.5.11)

where I1 is the laser intensity in each of the sidebands and IL is the intensity of
the carrier.
Typically, the absorption through the cloud causes the intensity to decrease exponentially.
Iout = Iin e−kl

(4.5.12)

(in the approximation of homogeneous medium); k is the extinction coefficient; in
case of a more general non-homogeneous medium, the above equation corresponds to
R +∞

a specific case of the more general Beer’s law : Iout =Iin e
k=

−∞

−k(x)dx

4πν
κ
c

(4.5.13)

where κ is defined as in equation 4.5.2. When the absorption is small, the approximation for linear absorption can be used. From eq. 4.5.12:
4πν0
Iout
=1−
κl
Iin
c

(4.5.14)

where the absorbed light intensity of one sideband is A = 4πν0 κlI1 /c.
Using the approximations mentioned earlier (eq.’s 4.5.10) the absorption signal
becomes
A=

Ne2 lγ
16π 2 ε0 mc∆2

(4.5.15)

giving a signal to absorption ratio of:
S
= 2π
A

"

IL ∆
I1 γ

(4.5.16)

The reason for considering I1 alone is because it is the intensity of the side band
closest to the atomic resonance.
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This result shows that for ∆ * γ, A is small and since IL < I1 this method is
suitable for non invasive, non destructive measurements5 . Normally ∆/γ * 1 and
IL < I1 , producing an easily detectable signal.
Practical implementation: The PMS setup is shown in figure 4.18. The ElectroOptic Modulator (EOM) crystal is placed between the two flattened ends of some
copper shim, shaped as a cylinder. A double shielded cable inserted in the box had
the center conductor and the first shielding braid joined to some wire of circular
shape acting as an aerial. The distance between the aerial and the copper cylinder is
adjustable in order to optimize the radiation coupling.
The aerial induces an oscillating electric field between the two copper plates. A
signal generator operating in the radio frequency range (877 MHz, see fig. 4.17 and
eq. 4.5.10) provides the oscillating signal necessary to produce the sidebands.
A SDL 6702 H1 diode laser is used for probing the trap. The laser beam, locked
on the cross over between the transitions 23 S1 → 23 P2 and 23 S1 → 23 P1 , is detuned
further by double-passing an Acousto Optic Modulator (AOM) after passing through
the EOM crystal.
The spectrum of the probe beam is analyzed by diverting part of the beam into
a high finesse Fabry-Perot cavity. A λ/2 wave plate is used in front of the crystal in
order to adjust the polarization of the ingoing beam to the optical axis of the crystal.
The probe laser, with circular polarization, passes through the atomic cloud and
is back reflected in order to balance the radiation pressure applied to the trap (which
is minimized by having a weak probe beam, far detuned from resonance) which could
distort the trap and alter the measurements.
The probe laser power is 0.6 mW and its diameter is ∼4 mm, equivalent to
∼17 mW/cm2 . The area is large enough to ensure the beam will cover the whole

5

An analysis of a series of non-destructive dynamic detectors for Bose-Einstein condensates published three years after the completion of this project [54] shows that PMS improves in sensitivity
with increasing detuning from atomic resonance and increasing modulation frequency. However, it
concludes that:”... It seems unlikely that it (PMS) could be pushed into a SNL regime. Despite
its suitability for many dynamic measurements, it would appear unlikely to able to compete with
separated beam path interferometry in feedback applications.”
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Figure 4.18: Probe laser setup and detection

trap.
The saturation intensity for the trapping transition is approximately 0.167 mW/cm2
giving I/Is ( 100.
Considering the locking point, the RF detuning due to the EOM and the doubled
passed +1 order from the AOM (118.7 MHz single pass), the effective detuning for
the closest probe laser sideband (+1) is approximately -35.6 MHz equivalent to ∼22
natural linewidths (Γ = 2π × 1.6 MHz):
δT ot = δlockingpoint + δAOM + δEOM = −35.6 MHz

(4.5.17)

(δlockingpoint = −1.15 GHz, δAOM = 2 × 118.7 MHz, δEOM = 877 MHz)
All this gives an effective off resonance saturation parameter s=0.4 6 . Considering
that the fraction (∼5%) of the probe laser power in the side band closest to resonance
corresponds to an on-resonance saturation parameter I/Is ( 5, it was necessary to
apply a detuning as indicated above to make this measurement non-invasive. The

6

The off resonance saturation parameter can be defined as s =

Ω2 /2
δ 2 +Γ2 /4
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Figure 4.19: (a) The PMS decay curves for two traps with different trap laser detuning
when the trapping laser beams and magnetic field are turned off, and (b) the logarithms
of the decay data and relative linear fits. Different detunings produce different natural
decay rates.

non-invasive nature of this measurement was assessed by monitoring the signal from
PMS while scanning its frequency about the chosen value and changing the probe
laser beam power; it was noted that when the power in the probe laser beam was
increased by a factor 4-5 the PMS signal started to be affected.
The probe laser is detected using a fast GaAs photodiode. The AC output is
sent to a spectrum analyzer, for which it is important to keep the wire connecting
the photodiode and the spectrum analyzer short, in order to reduce RF pick-up to a
minimum.
Figure 4.19 (a) shows an example of the decay curves of two traps obtained using
PMS with equal parameters except for the trapping laser detuning when the trapping
fields (laser and magnetic) are turned off, and figure 4.19 (b) shows the linear fit of
their natural logarithm of these values. The curves shown in figure (a) correspond
to the time range examined during the electron scattering experiment. The decay of
the two curves is exponential only for the first few milliseconds

7

7

and for this reason

The decay signal cannot be easily represented using an analytical function and resembles an
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figure (b) shows only the decays between 1 and 3 ms after switching the trapping
fields off. Figure (b) shows that the two traps have different decay rate constants.
Ideally, the trap should have the longest possible decay constant in order to maximize
the interaction with the electron beam in the electron scattering experiments.

4.6

Temperature measurements

Temperatures can be measured using the well known scheme called Time of Flight.

Decay signal/Numerical calculation (a.u.)

The atoms released from the trapping field can be probed using a light sheet passing

data
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Figure 4.20: Experimental data (red) and calculated trap decay curve (blue). As reported here, the agreement between the two curves is better then 10%. The small
difference visible at around 4 ms is an artifact due to the limited number of particles (10,000) used in this simulation. Technical limitations prevented the use of a
larger number. The simulation used is described later in this section. For details see
Appendix B.

through the chamber. The time dependent absorption is measured using a photodiode
and from this, it is possible to extract the velocity distribution.

exponential decay only for the first few milliseconds. A numerical model representing the decay
signal can be found in Appendix B.
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Alternatively, in the particular case of metastable atoms, it is also possible to use
a Multi Channel Plate to detect the atoms arrival time or their spatial distribution.
Atoms are released from the trap and the electrons produced by the MCP are directed
towards a phosphor screen and the image captured using a video camera. Once again,
knowing the size of the cloud and the distance separating the MOT (prior to its
release) and the MCP, the temperature value can be determined by measuring the
size of the atomic cloud. However, since helium is relatively warm and very light, a
TOF measurement would require a large MCP placed relatively closed to the trap
and would stand in the way of several trapping laser beams.
A similar method does not rely on a phosphor screen and instead makes use of a
Position Sensitive Detector (PSD): measuring the voltage at the four corners of the
detector, it is possible to derive the position of the atoms and use a computer to
visualize the cloud.
In the case of the present experiment it is possible to use PMS to measure the
trap decay curves (see for example figure 4.19) and to estimate the temperature of the
trap since the apparent trap decay is determined primarily by the He∗ atoms moving
from the PMS laser beam (the trap radius was ∼1.6 mm and the probe beam radius
was ∼1.7 mm as presented later).
The simulation created to evaluate the trap temperature uses random generated
numbers to recreate the atomic distribution in phase space. In particular, the model
considers 104 particles with a random spatial Gaussian distribution (initial assumption) and uniform velocity distribution, in the range 0-10 m/s. The particles coordinates are function of time and determined by the initial coordinates given by their
spatial Gaussian distribution and their velocity chosen within the 0-10 m/s range and
weighted by a Maxwell-Boltzmann distribution.
This simulation was performed in two dimensions: the third coordinate (z) was
chosen along the direction of propagation of the probe laser beam and does not
influence the PMS signal. Other factors have been considered here: the Gaussian
distribution of trapped atoms is elliptical in shape; the degree of ellipticity is one of
the fit parameters.
Three more parameters enter the simulation: the radius of the atomic cloud, the
”effective” probe beam radius and the offset position of the trap center with respect
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Figure 4.21: Simulated and measured decay curves and the effect of a change in the
(a) offset; (b) atomic cloud size (mm); (c) probe laser beam radius (mm); (d) the trap
symmetry,($=1 is equivalent to circular cross section); (e) trap temperature parameter
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to the probe beam center.
The trap radius had not been measured directly during the experiment and consequently had to be entered as one of the free parameters.
The reason why it was necessary to include the probe beam radius as one of the
variable parameters resides in the fact that this model (for simplicity) only takes into
account an ”effective radius” and not the actual intensity profile of the laser beam
nor its detuning with respect to the atomic resonances. In this simulation, an atom
is considered lost from detection if its distance from the centre of the probe laser
exceeds the beam radius (the laser beam is considered to be strictly circular).
The offset position of the trap was considered to correct for small mismatches due
to a slightly incorrect alignment of the probe laser beam through the trap.
The size of the effective probe radius as determined from the simulation was
r=1.7 mm (compared to r ∼2 mm estimated from the real size8 ) and the trap size
σ=1.6 mm (estimated σ ∼1.5 mm) where σ is the distance at which the amplitude
of the Gaussian distribution is reduced by a factor 1/e2 . Referring to figure 4.21 (c)
when the probe beam radius is increased (keeping all the other parameters fixed), the
decay time is also increased consistent with the fact the atoms must travel a longer
distance before reaching the edge of the probe beam.
The (numerical) decay curve is produced by letting the atomic distribution evolve
in time and considering the number of atoms left inside the probe beam diameter.
The most relevant parameters of this model are:
• σ, quantity proportional to the atomic cloud radius
• the probe beam effective radius, indicated in the model as xm
• the trap temperature
• the ellipticity of the trap $

8

this is the geometrical value and not the point where the laser beam intensity falls to 1/e2 of its
maximum intensity
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• the offset displacement of the PMS beam with respect to the center of the
atomic cloud
Other assumptions were necessary in order to simplify the model; they can all be
found in Appendix B on page 125.
Despite the assumptions, the results are in good agreement with the experimental
data (figure 4.20): it can be shown that for times less than 8 ms the data is all within
±5% of the simulation and within 10% for times above 8 ms. The most probable
estimated value for the temperature of traps produced under the conditions reported
in section 4.4 is T=1.35±0.2 mK, where the uncertainty was found by considering
curves that differed more than 10% from the experimental data. This temperature
value is consistent with the values found by the groups listed on page 116 and [55].
The small ripples on the calculated decay curves in figure 4.20 are believed to
be almost purely numerical because they appear more pronounced for the smaller
atomic numbers used in the simulation. Computational power and limited time did
not allow to run the simulation on a different, more powerful machine and prevented
this number to exceeding 104 .
The value found for the offset was 0.45 mm although its overall influence seems to
be negligible (figure 4.21 (a)) and that for the ellipticity of the atomic cloud was $=2,
which depicts a cloud twice as long as its width. Given the relatively high speed of the
atoms inside the trap, it was expected that the evolution of the spatial distribution of
the atoms would not be significantly influenced by the initial position of the particles:
this simulation seems to suggest (figure 4.21 (d)) exactly this.
Improvements to this model are possible and perhaps a better agreement between
the experimental data and the calculated curve could be found: one possible change
could be using a more realistic probe beam intensity profile and consider the probe
detuning when calculating the signal produced. It is also possible that the initial
spatial distribution of the atoms was not purely Gaussian. This simulation would
therefore benefit from considering small variations to it. However, it must be considered that a very accurate knowledge of the trap temperature was not necessary and
this result sufficient for the purpose of this work.
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Inter-atomic collisions mediated by 389 nm
laser radiation

4.7.1

Introduction

The first experiment in our program of atomic collision studies was a preliminary
study of ionization processes in the trap.
Interatomic collisions occurring at relatively low temperatures (1 mK or less)
that are easily achievable with the use of a MOT are of particular interest for the
characteristic ”low” kinetic energy (of the order of 100 neV). For this reason, . they
are also called ”cold collisions”. The energy potentials between colliding atoms can
extend for a significant distance [11] and consequently produce ”long” collision times.
This fact allows us to influence the di-atomic complex during the reaction. When a
near resonant laser irradiates the atomic cloud in the trapping field, it is possible to
significantly change the rate of intra-trap collisions. [56]
The interacting pair of atoms can be found in one of the following three states:
• S-S collisions; in this case we have a van der Waals interaction which scales as
1/R6 [11, 57].
• S-P collisions. When one of the two atoms is in the excited P-state, a C3 /R3
potential originates from the induced dipole-dipole interaction;
• P-P collisions (both atoms in the excited state) which again scales as 1/R6 with
an interaction probability that depends more strongly on the on-resonance laser
field intensity than for S-P collisions.
A recent detailed theoretical description of He∗ singlet, triplet and quintuplet
3 +
5 +
potentials (1 Σ+
g , Σu and Σg ) together with the relative scattering lengths, elastic

cross sections and inelastic rate constants over a range of experimental conditions and
in the presence of a magnetic field is given in reference [58].

4.7.2

Theoretical background and practical implementation

Collisions where optical excitation and spontaneous emission can occur during the
collisional process are called ”optical collisions”. For example, an atom pair initially
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in the 23 S1 metastable state at a velocity and distance that would not lead to a
close collision can be excited to an attractive energy level that will induce a collision;
similarly it is possible that two atoms that would otherwise collide, are excited to a
repulsive potential and the collision is avoided (optical shielding [59]).
Given the relatively low energy of the atoms participating to the collision, these
interactions are dominated by long range forces. Following [47], the typical interaction distance (obtained by equating the potential to typical kinetic energy i.e.
(Ek ∼100 neV) is Ri=(C6 /Ek )1/6 = 52 Å for the case of two He (23 S) atoms. The
equivalent deBroglie wavelength is λdB =h/(2Ek µ)1/2 =640 Å so in this case Ri - λdB .
For an atom in the excited state interacting with a metastable state atom the situation is different: the dipole potential has a much longer range, Ri =(C3 /Ek )1/3 =
747 Å.
By being able to manipulate the state the atoms are in it is possible to influence
the collisional dynamics during the interaction time. It is also possible to control the
distance at which the excitation occurs by controlling the laser detuning, as shown in
figure 4.22 (see also figure 2.1).
Collisions between cold metastable helium atoms can be described by the following:
He(3 S1 ) + He(3 S1 ) →He + He+ + e− (P.I.)

(4.7.1)

He(3 S1 ) + He(3 P2 ) →He + He+ + e− (excitedP.I.)

(4.7.1$ )

−
He(3 S1 ) + He(3 P2 ) →He+
2 + e (A.I.)

(4.7.1$$ )

where P.I. and A.I. are Penning Ionization and Associative Ionization respectively.
These processes have large cross sections: for A.I. (equation 4.7.1$$ ) a cross section
ranging between 0.75×106 and 12 ×106 Å2 has been estimated [60], for this reason
they represent the major cause for trap losses for low collision energies (∼0.1 µeV).
For red detuned 1083 nm light, the potential experienced by the quasimolecule (one
metastable atom and one in the excited state 23 P) can be attractive (-C3 /R3 ) and
followed by a P.I. reaction at close range (∼ 500 Å) that increases the total ionization
signal. In the case of a light field tuned below atomic resonance, excitation occurs
at relatively large internuclear distance, where the interatomic potential energy compensates the detuning. This condition defines the so-called Condon radius RC : in the
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Figure 4.22: Quasi-molecular potentials for a pair of metastable helium atoms undergoing an optical collision. PI is the Penning ionization region. The laser excitation
occurs at an interatomic distance RC (Condon distance) selected by choosing the appropriate negative detuning from the transition He(23 S)-He(23 P). At large distances
the complex 23 S+23 S is excited (1) to a 23 S+23 P state which has attractive branches
[55]. The atoms in this state are accelerated by the attractive potential (2) V(R)=C3 /R3 and undergo PI at short internuclear distance (3). Figure from [45]

case of a dipole-dipole interaction we have:
&1/3
C3
RC =
(4.7.2)
2π"|∆|
Molecular potentials can also be repulsive; excitation to a repulsive potential is
%

achieved using a laser detuned above the atomic resonance and this can prevent the
atomic pair from reaching small internuclear distances. (figure 4.7.2). Following [61],
the two simple potentials of equation 4.7.3, one attractive, the other repulsive are
represented. E∞ is the asymptotic energy of the excited quasimolecule. A laser,
blue detuned with respect to the resonant excitation is shown to couple ground and
excited state at the Condon point. The simple description of the collisional process
given in [59] is the following: two atoms approach each other and the iternuclear
distance R diminishes until, at the Condon point RC the blue detuned laser becomes
resonant with the transition from the ground state of the atomic complex to one of
the excited states which is represented but the uppermost curve of figure 4.7.2. When
no laser field is present, the two atoms can reach an internuclear distance R - RC
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and can, in the case of metastable helium, undergo Penning ionization. When the
blue detuned laser field is on however, the atomic complex can be transferred to a
repulsive potential that slows the relative motion down to the point the atoms are
reflected. The turning point Rtp in the classical picture is located where the difference
U(Rtp ) − U(RC ) equals the initial kinetic energy.
Ue± (R) = E∞ ±

C3
R3

(4.7.3)

The effectiveness of the shielding process depends on the time scale for spontaneous decay. If the decay is weak and can be ignored, optical shielding will be
effective. However, when the time it takes the system to move from RC to Rtp is large
compared to the averaged lifetime of the excited state population, the efficiency of
the shielding process may be reduced. If the excited state population decays back to
the ground state the two atoms, despite having lost some momentum, may still reach
a small internuclear separation. In the case of strong optical fields though, the reexcitation of the decayed population can preserve the shielding mechanism. Finally,
it should be mentioned that the shielding process has in itself an inelastic character.
After the atoms have been reflected on the excited state, the quasimolecule re-enters
the resonance region at RC and stimulated population transfer back to the ground
state can occur. However, some of the population may remain in the excited state for
R * RC . The asymptotic potential energy difference E∞ = Ue (RC ) − Ue (R → ∞)
becomes an increase in the final kinetic energy that amounts to E∞ = "∆, where ∆
is the laser detuning from the atomic transition. Therefore, at large laser detuning
notable survival on the excited state well passed the Condon point can lead to trap
loss, and at small detuning it contributes to the heating of the atomic cloud.
The described effect has been observed in several systems [62, 63] but not in helium to date. As in [59], the main simplifying assumption with this model is that only
one of the excited states of the quasimolecule participates in the process. This approach could be questioned, as helium has extensive multilevel molecular structure. A
quantum mechanical theoretical treatment of the collisions in presence of strong fields
is ”impossible” [59] unless such a simplification is assumed. In addition, important
support for two-states shielding studies comes from experiments that have demonstrated the usefulness of a two-level model in the description of the experimental

blue detuned laser

Energy
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Figure 4.23: Dipole-dipole interaction potentials. In the shielding case represented,
with blue detuning on the laser U+
e has a Condon point with Ug

observations. [64, 65]
Two prior experiments have studied the consequences of laser excitation of a
quasimolecule to an attractive and/or repulsive interaction potential for metastable
Kr [66] and metastable He [67]. Evidence of a change in the collisional dynamics came
especially from the first experiment cited, in which red detuned light increased the PI
rate and blue detuned light decreased it. A similar experiment has been performed
at the Free University of Amsterdam [6]. The Dutch group has shown a significant
increase in the number of ions produced when the probe laser was close to resonance.
During other experiments, it has been shown [57, 68] that it is possible to excite and
spin polarize the atoms to a repulsive potential reducing the occurrence of PI by a
couple of orders of magnitude.
The experiment described here represents the first attempt at 389 nm optical
collisions.

4.7.3

Experimental procedure

The laser source was a frequency doubled Ti-Sapphire laser; an LBO(LiB3 O5 ) crystal
was used for the conversion. A detailed description of 389 nm generation can be found
in chapter 5 of [34]. In the case of this experiment the detuning of the probe laser
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was scanned ∼500 MHz about the resonance.
The idea was to observe a transition from attractive to repulsive molecular potentials, which in theory could be achieved using a probing laser with a detuning variable
from below to above the atomic transition.
We wanted to detect ions, so a negative potential was applied on the front of the
channeltron mounted inside the trap chamber. The probe laser power was varied
between 10 and 30 mW, with a beam diameter of 3 mm. In addition, the ultraviolet
laser was retroreflected to both equalize the radiation pressure on the trap and increase
its intensity. The timing scheme for the experiment is shown in figure 4.24
100 µs

Trap laser
Probe laser
A
B

Figure 4.24: Timing scheme used for the atom-atom scattering experiment. A and B
correspond to the periods when the ion counting occurs. The probe laser is off and on
respectively. Figure from [31]

The probe laser was pulsed using a mechanical chopper with a 50% on/off time
ratio also providing the timing for all time periods. Also, it is important to specify
that the trap laser was turned off during the measurements in order not to perturb
the atoms. Ion counting occurred during the periods A and B, which had the probe
off and on respectively; technical details of this experiment can be found in [34].

4.7.4

Results and discussion

We summarize here the results presented in a previous work [34]. My contribution to
this experiment involved the construction and operation of the helium trap as well as
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the operation of the 589 nm probe laser.
Ion counts have been recorded with the probe laser on and off. Counts recorded
during the time period A originate from spontaneously occurring atom-atom and
atom-background collisions. It is implicitly assumed the probe laser does not influence
the ion formation due to collision with background gases. As the plots show and as
previously observed for the 1083 nm transition [57], we observed a significant increase
(up to a factor two) in the number of ions produced when the probe laser was tuned
near resonance. However, because of the instability in the detuning of the 389 nm laser
and the absence of an absolute frequency reference, it was impossible to accurately
establish its offset frequency. In the results presented in figure 4.25, the frequency
offset on the x -axis was adjusted such that the count-rate maximum occurs at the
same frequency [34].
Figure 4.25 (a) shows the ratio of the ion counts with the 389 nm laser on/off as a
function of the 389 nm laser detuning, for different values of the trap magnetic field.
Different magnetic field strengths result in different peak densities for the trapped
atoms and have different ionization rates which were normalized out by the laser
on/off ratio. No major differences between these three B field values were observed.
Figure 4.25 (b) shows the number of ions detected vs. laser frequency, for different
laser intensities; it can be seen the width and height of the peak increases with laser
power.
Figure 4.25(c) shows the number of ions detected as a function of probe laser
detuning: this time the multiple plots were obtained by changing the trapping laser
detuning.
None of the data showed any reduction in the number of ions produced with the
signal to noise ratio obtained, thereby suggesting that repulsive potentials were not
accessed under the conditions present in these experiments.

4.7.5

Conclusions

• no reduction in the number of ions detected was observed. Fluctuations of
background ion counts might have been larger than the expected reduction in
the number of atom-atom ionizing collisions.
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Figure 4.25: Ratio of probe laser on/off ion counts under different conditions, as a
function of 389 nm laser detuning. The laser detuning frequency shown was subject to drift and for this reason these scans were performed in around 10 s, time is
which the detuning frequency changed within the experimental uncertainty of these
measurements.
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• similarly to the findings of other groups [57], this preliminary experiment produced an increase in the number of ions detected when the probe laser was
tuned near resonance. This was to be expected as the number of atoms that
can be excited increases by increasing RC . As the number of intra-trap collisions
is proportional to the square of the trap density, a small increase in the latter
could be sufficient to compensate any possible reduction of ionizing collisions.
The major limitation of this experiment was the non-existent long term stability
of the probe lasers used and this fact unfortunately impacted on the quality of the
measurements. Another major limitation was in the 50% duty cycle of the probe laser
beam that heated up the trap significantly when this laser was close to resonance.
A different chopper or a suitable AOM would allow one to better control the on/off
cycle and limit excessive heating.
The use of a Time-of-flight mass spectrometry could help in identifying the collisional subproducts (atomic and molecular ions) and could provide valuable clues on
how the probe laser influences their formation and their contribution to the ionization
rate.
It would be useful to monitor the probe’s detuning; using a saturated absorption
scheme or a different locking scheme such as the one called ”tilt locking” [69] may
prove extremely useful to reliably detune the probe laser.
In addition, this experiment would certainly benefit from an increased number
of trapped atoms. Also, it could be possible to use a mechanical shutter to limit
background collisions with ground state or metastable atoms directly coming from
the source. The use of a molasses stage in the cooling process has recently reduced
significantly the trap temperature (from 1 mK to 300-400 µK) leading to an increase
of peak density.
As interatomic collisions are proportional to the square of the density, an increase
in trap density would also increase the ionization rate and consequently produce a
better Signal to Noise ratio. This could be achieved by increasing the magnetic field
gradient, while an increase in trapping laser power and beam diameter would allow
us to trap a larger number of atoms. The opportunity arose only at a later time, with
the introduction of the fibre laser (section 4.2.3) [70, 71].
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Summary

This chapter describes the construction and the optimization of the He∗ MOT and the
design of a fast switching circuit for its quadrupole magnetic field; it also describes the
implementation of a spectroscopic technique know as Phase Modulation Spectroscopy
to measure changes in the trap density for the first time.
The following figures summarize typical trap properties and characteristic numbers:
• Number of atoms trapped: between 3×106 -3×107 atoms
• Trap size: 2-3 mm diameter
• Temperature:∼1.35 mK as estimated from a theoretical model of the PMS trap
decay
• Trapping laser detuning: 4-6Γ
• Magnetic field gradient: 4 G/cm
• Trapping laser power typically 250-300 mW
• Loading time: 1.5-2 sec
This trap was first used for a preliminary experiment on ”cold” atom-atom collisions using 389 nm 23 S1 → 33 Pj radiation. These experiments produced an enhancement of the ion production rate near resonance, but showed no indication of a
decrease in ion counts as a result of excitation to a repulsive interatomic potential.

Chapter 5
Electron scattering experiment
5.1

Introduction

After hydrogen, helium is the simplest element to model. For this reason there have
been a number of theoretical studies of electron impact cross sections, both from the
helium ground and metastable states.
Experimental measurements that made use of He∗ sources other than MOTs have
been completed in the past [72, 73]. These were very difficult, as described later in
this section, as these other sources had a much lower density compared to a MOT
and often these measurements required many days of data collection for a single data
point. This is essentially the motivation that led to the use of a MOT as opposed to,
for example, a crossed electron-atom beam configuration.
In the case of [72] the angular dependence of electrons superelastically scattered
from metastable helium was measured in a crossed electron-atom beam configuration
with a number density in the scattering volume of approximately 4×107 atoms/cm3
(10% of which are metastable helium atoms in the 21 S state). This value is more than
one order of magnitude lower than the typical trap densities of the present project.
In another experiment that made use of the same type of source [73], the authors
report the observation of superelastic electron scattering from helium atoms in the
23 P2 state for the first time. Here a beam of metastable helium (23 S) was formed
in the afterglow of a DC helium discharge and subsequently collimated before entering the interaction volume where is was crossed with a low-resolution, high current
electron beam produced by an electron gun. The interaction region was also irradiated (perpendicularly to the plane defined by the electron and atomic beams) by
90
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Figure 5.1: A comparison of the measured value of F (see following text) with values
calculated using the RMPS method for superelastic electron scattering from He 23 P2
at an incident energy of 9.2 eV. The data point is the result of almost one month of
continuous counting. Figure from [70]
a laser that excited a fraction of the helium atoms to the 23 P2 state. The authors
measured the ratio F =

I(0◦ )−I(90◦ )
I(0◦ )+I(90◦ )

where I(α) is the intensity of the superelastically

scattered electrons with the laser polarization first parallel, and then perpendicular
to the incident electron beam direction. Figure 5.1 shows the data point resulting
from almost one month of continuous counting. The authors conclude that unless
the beam density improved substantially, the prospects for extensive data sets on this
excited state were limited. Neynaber [74] in 1964 measured the absolute total cross
section for the scattering of electrons by He∗ for energies between 0.87 and 8.3 eV. In
his experiment, Neynaber and co-workers cross-fired an electron beam at a collimated
metastable helium beam. The recoil of the atoms caused by electron impact resulted
in a decreased He∗ current detected. Such decrease is proportional to the scattering
process cross section. A comparison between the experimental and theoretical predictions by Marriott revealed a consistent discrepancy with the experimental data above,
and well outside the limits of the systematic and random errors. It was concluded
that more energies had to be explored in order to draw a meaningful comparison between theoretical results and experimental data. One more measurement that should
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Figure 5.2: Total electron collision cross section - theoretical predictions for the helium and some experimental results 23 S. [76](F. B.), [74](N., absolute cross section), [77](B.), [75](W. W., relative cross section), [78](T.)
be mentioned here is the total cross section for the scattering of low-energy electrons by helium metastable atoms” performed by Wilson and Williams [75] (relative
cross section) done by measuring the reduction in the intensity of a collimated thermal beam of metastable helium atoms when crossed by an electron beam. Their
results could not be satisfactory matched to the existing theoretical calculation at
the time, and the considerable uncertainty over the measured cross section, especially
for electron energies less than 5 eV did not allow to rule in favour of one theory or
another. The authors conclude that the predicted presence of two peaks for the total
cross section, one near 0.2 eV and the other near 1.5 eV could not be confirmed.
An overview of the theoretical predictions made in the past (and some experimental
data) [76, 73, 77, 75, 78, 74] for the value of the total electron collision cross section
is given on figure 5.2 and discussed in the next section.

5.2

Theoretical background

In the case of ground state helium, the Convergent Close-Coupling (CCC) theory
developed by Fursa and Bray [79, 76] has been particularly successful in predicting
the cross section over a large range of energies and target atoms. However, the lack
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of experimental data over an extensive energy range for metastable helium (23 S1 ),
the relative disagreement between the various models for metastable helium, and
the relatively unsatisfactory correspondence between theory and experiment for the
total cross section motivates further investigations. The fact that the total electron
scattering cross section for He∗ decreases at higher energies (figure 5.2) means that accurate measurements with low density conventional sources of metastable helium are
difficult, and have not been possible at higher energies (> 10 eV). No previous measurements have been done using the relatively high densities that can be obtained in
a magneto optic trap and which provide an opportunity for improved measurements.
The Close Coupling formalism was developed by Massey and Mohr [80]. The
equations they derived cannot be solved analytically and only numerical solutions
can be found. The work by Bray and Stelbovics [81] removed the limitations imposed
by the presence of ”pseudoresonances” by extending the size of the eigenstate basis.
The theory summarized here was developed for electron-Hydrogen scattering and
applies to metastable helium with some minor modifications that will be highlighted.
It must be noted that the good agreement with the experimental data available
(a summary of application of the CCC method to electron scattering on hydrogenic
targets may be found in Ref. [82]) at the time found by Bray and Fursa [83, 84] was
obtained by using the ”Frozen-Core” approximation, an approximation that freezes
one of the electrons in the ground state of the He+ ion. This effectively transforms a
four body into a three body scattering problem: two electrons (the projectile and the
target) and the He+ ion frozen in the ground state. This approximation is based on
the assumption that double-excitation effects are small and may be neglected when
considering the dominant one-electron transitions from the ground state. The theory
is thus related to electron-hydrogen scattering under the S-wave approximation; its
extension can be applied to the case of helium [85].
The necessary ”ingredient” for finding the equations that can provide a solution
to this type of problem is an eigenstate basis, from which a finite basis of pseu(+)

dostates can be defined. The starting point is the S-wave model solution |ΨiS 0 of
the Schrödinger equation for the e− -H scattering system:
(+)

(E − H)|ΨiS 0 = 0

(5.2.1)
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where
• E is the total energy,
• S is the total spin,
• i labels the initial channel
•

(+)

denotes the outgoing spherical wave boundary conditions in use.

H is the Hamiltonian given by

H =H1 + H2 + v12
=K1 + v1 + K2 + v2 + v12

(5.2.2)

where
• Ki is the kinetic energy operator of the respective electrons,
• vi is the electron-nucleus potential,
• v12 is the electron-electron potential,
• the subscripts i = 1, 2 represent the projectile and the target electron respectively.
At this point the symmetry of the wave function is imposed numerically
(+)

(+)

3r1 r2 |ΨiS 0 = (−1)S 3r2 r1 |ΨiS 0

(5.2.3)
(+)

by applying the operator (1+(-1)S Pr ) to the numerically calculated function |ψiS 0
so that
(+)

(+)

|ΨiS 0 = (1 + (−1)S Pr )|ψiS 0

(5.2.4)

Here Pr is the space exchange operator (r1 r2 → r2 r1 ).
The derivation continues by defining the identity operator over the coordinate
space of the two electrons. The basis chosen |φn kn 0 forms a complete set of target
eigenstates for the hydrogen atom with energies $n
($ − H2 )|φn 0 = 0

(5.2.5)
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such that (|kn 0 represents a plane wave with energy k2 /2). These eigenstates include
bound states $n (negative energies) and a continuum of non-normalisable positive
energy states (free electron).
When equation 5.2.1 is combined to equation 5.2.4 and the terms are rearranged,
it becomes:
(+)

(+)

(E − K1 − H2 )|ψiS 0 = VS |ψiS 0

(5.2.6)

where VS is an expression in Pr , H, E and electron-electron/nucleous potential and is
referred to as the potential operator. Then, the asymptotic two electron channel functions represented by a linear combination in the basis |φn kn 0 is found. The expression
(+)

for the wavefunction |ψiS 0 in equation 5.2.6 must now include the asymptotic terms
found by assuming the interaction potential VS is zero. At this point the probability amplitude for an atomic transition i → f is calculated and the matrix elements
calculated as 3kf φf |TS |φi ki 0 using equation 5.2.1 and it is found that
(+)

3kf φf |TS |φi ki 0 = 3kf φf |VS |ψiS 0

(5.2.7)

where TS is the scattering operator in the S-wave approximation. Applying 3kf φf |VS
(+)

to the equation for |ψiS 0 finally yields the Lippmann-Schwinger equation
'#
3kf φf |VS |φn k03kφn |VS |φiki 0
3kf φf |TS |φi ki 0 = 3kf φf |VS |φi ki 0 +
d3 k
E − $n − k 2 /2
&

(5.2.8)

n

In order to solve the Lippmann-Schwinger equation numerically the uncountably infinite number of true target states |ϕn 0 is then replaced with a finite basis
(N )

(N )

of n = 1, · · · , N of pseudostates |φn 0 with energies $n

that diagonalise the target

Hamiltonian. The basis chosen is an orthonormal Laguerre basis. The adaptations
necessary in the case of helium are based on the full angular treatment developed by
Fursa and Bray [83] in the S-wave model. First a basis of N one-electron functions
(N )

ϕα (x) is generated

1 (N )
)
ϕ(N
α (x) = φα (r)χ(σ)
r

(5.2.9)

(N )

Here x denotes the coordinates and spin states, φα (r) are the radial functions
obtained from the Laguerre basis, and χ(σ) are the spin function with spin σ. These
one-electron functions are then combined into two-electron function. The helium
(N )

pseudostates |Φn 0 are then constructed from a basis of these two-electron functions.
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With a derivation similar to that for the case of hydrogen, a very similar form of the
Lippmann-Schwinger equation can be found and solved numerically.

5.3

Previous alkali e−-MOT scattering experiments

Until now, there have been only two applications where trapped atoms were used as
targets for a scattering experiment [86, 87, 88] where Cs and Rb atoms were employed.
It is useful to review what has been done by these two groups and compare it with
the method followed for the experiment described in this thesis.
Trap

1 ms

on

ton = 30 ms
off
t=0
on

E-beam
0.8-4 ms

off

Figure 5.3: Timing diagram for one electron-beam pulse cycle in reference [86]. Initially the trap was turned off by shutting off the magnetic field and changing the
repumping laser detuning. Then the electron gun produced a short pulse, following
which the trap was turned back on to recapture the remaining neutral atoms. The
acquisition sequence in the case of [87] was similar but the interaction and loading
time were different.
In the case of [87], the experiment trapped Rb atoms in a MOT using the
$

5S1/2 (F=3)→5P3/2 (F =4) transition. The laser was modulated at 2.91 GHz in order
$

to operate the F=2→F =3 optical repumping transition. They then superimposed
a pulsed electron beam on the cloud and measured the ionization rate as follows:
first, the trapping magnetic field was turned off and the repumping laser modulation
shifted out of resonance effectively turning off the trap; following a 1 ms delay (leaving the atoms in the F=2 ground state as a result of spontaneous Raman scattering)
an electron pulse of duration variable between 0.8 ms and 4 ms was applied, ejecting
some of the trapped atoms that were allowed to travel ballistically for a time tof f that
was varied from 0-18 ms. Finally the remaining atoms were re-trapped for 30 ms and
the change in the number of atoms determined from the resulting fluorescence level.
This sequence is shown in figure 5.3.

5.3. PREVIOUS ALKALI E− -MOT SCATTERING EXPERIMENTS

97

The loss rate β due to electron collisions was determined by measuring the rate
at which the number of trapped atoms N changed. The variation of N over time
dN
= L − (α + β · f )N
dt

(5.3.1)

depends on the loading rate L at which atoms are captured from the background
Rb vapor, the loss rate α due to background collisions, and the loss rate β due to
electron-atom collisions, where f is the duty cycle of the electron beam. By fitting
two such transients, with the gun on and the gun off, β could be determined.
The relationship between the total electron-atom scattering cross section and β is
quite simply:
β = σJ/e

(5.3.2)

where σ is the total cross section, J is the electron current density at the trap position
and e is the electron charge. This equation is valid in the limit of ”thin” atomic clouds
which is this case given that over 99.9% of the electrons reaching the trap (at the
electron energies used for this experiment) are transmitted through. It is obvious
that not only the measurement for β had to be accurate, but it was also necessary to
have an accurate measurement of the current density at the trap position.
In the case of [88], Cs was trapped using the 62 S1/2 → 62 P3/2 transition and
their method was practically identical to the one just described. In their case the
repumping laser was switched off and the electron gun was fired 4ms after turning
the magnetic field off. The electron pulse duration was 20 ms.
This technique is particularly appealing for its simplicity: there is a very simple
relationship linking the induced decay rate β (as in equation 5.3.2) to the cross section
and the electron current density. In addition, the knowledge of the absolute number
of trapped atoms N is not necessary and only the relative change in this quantity is
needed.
In the case of helium, the known cross section (see section 5.7) is expected to
produce a small effect on the atomic cloud. When the trap is not loading (trap off),
the solution to equation 5.3.2, is represented by an exponential decay (L=0). The
coefficient α dominates the decay through motional loss of atoms from the trap region
and the contribution of β is estimated to be around 1% of that of α. This number sets
a lower limit to the sensitivity of the detectors used. The procedure of retrapping
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and measuring the fluorescence of the remaining atoms is particularly suitable for
heavier atomic species as the change on the average trap density during the trap
off cycle is not as pronounced as it is for helium (a 1 mK trap would expand from
3 mm to a diameter of 2 cm in 5 ms). All this combines to make the measurement
of helium electron scattering cross sections more difficult. The Born approximation
was used in [78]; it consists of taking the incident field in place of the total field as
the driving field at each point in the scatterer. In its simplest form, the incident
and scattered waves are plane waves; the scatterer is treated as a perturbation to
free space or to a homogeneous medium. This approach clearly fails to provide an
satisfactory prediction of the total cross section. The R-matrix with pseudostates
(RMPS) method [77], however, treats the target continuum via a square-integrable
approach and has yielded results comparable with those of the CCC method.

5.4

Experimental description

The use of PMS (4.5) allows us to monitor in real time the change in density of the
atomic cloud; it was therefore possible to adjust some of the critical parameters to the
experiment such as the temperature of the atomic cloud by adjusting the trapping
laser detuning, while maintaining a good signal level. Several hundreds of decay
curves were averaged in a relatively short time (10-20 min.) and so doing reduced the
shot-to-shot noise and increased the overall signal to noise ratio. The experimental
setup included the MOT and the following components:
• computer controlled pulse generator (trigger and data acquisition)
• electron gun, mounted on the trap chamber
• Faraday cup, mounted on the trap chamber
• probe laser
• phase modulator (and RF generator and amplifier)
• fast photodiode (1 GHz)
• spectrum analyzer
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Figure 5.4: Photos of the e-gun. In evidence the gun aperture
A general schematic overview of the apparatus used in the scattering experiment
is shown in figure 5.5. The acquisition sequence is described in 5.5.2 and the data
analysis in section 5.7. The following sections describe in detail the electron gun and
the role of each of the components listed above.

5.5

The electron gun

The electron gun is the device that generates the electron beam used to perform the
electron scattering experiment. It consists of a thermionic cathode: a filament heats
up a substrate of BaO which then produces the electron beam.
The advantage of this element over a tungsten filament is that the emission occurs
at a much lower temperature (1500◦ K instead of 2800◦ K for the tungsten wire) and
so the Maxwellian distribution of the electron energy is much narrower than the one
obtainable with a conventional filament; this characteristic was ideal for generating a
slow and intense electron beam without the use of a monochromator.
The maximum current varies from cathode to cathode, and it is typically of the
order of 150 µA for the ones used during this project.1

1

Initially the electron gun consisted of 5 elements, three lenses and two deflectors. During the
collimation and focussing of the electrons, a substantial fraction (over 20%) of the beam was being
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Figure 5.5: The experimental setup showing the electron gun and the emitted electron
beam, the trap and the probe laser beam going through it, the fast photodiode detecting
the probe, the scanning wire and the Faraday cup.
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Care had to be taken when using the cathode for the first time: the first condition
to be fulfilled prior to activating the cathode was to have a reasonably good vacuum
(10−7 ÷10−8 Torr inside the chamber). The voltage across the cathode was increased
slowly until some current was detected. The production of current was always followed
by degassing: the current was left unchanged until the vacuum chamber returned
approximately to the original value. Only then, the voltage (current) was increased
further and the process repeated until the maximum safe voltage across the cathode
was reached. After this, the gun was kept on at all times: although this choice may
have reduced the cathode’s life, at the same time it avoided contamination due to
background gases.
The electrons are accelerated by an electric potential across a stage following
the emitter (see figure 5.6). This is the potential that determines the energy of
the electron beam; a 40 V potential would set the electron beam energy to 40 eV.
Additional voltages are applied along the length of the e-gun in order to correct the
trajectory of the electrons (deflectors) and collimate the beam (lenses).
The gun can operate in AC and DC mode: electron beam pulses can be produced
by modulating the electric potential across the last lensing element inside the gun.
The beam can also be deflected to make it hit the gun’s body and effectively switch
it off. To avoid external noise and the accumulation of charge the external structure
of the gun is connected to ground.
The electron beam cannot be readily directed onto the target, it was not an easy
task to be sure it was pointed exactly to the trap; also, as mentioned in section 5.5.2
it was crucial to develop a method which would allow us to measure the current
density. In order to reveal the current density at the trap two different measurements
were used: the first consisted of the use of a ”Faraday cup” mounted in vacuum,
diametrically opposite the gun to measure the total current entering the cup. The

lost; this meant that the maximum current produced was around just 80 µA. It was eventually
decided to sacrifice the independent adjustments of focus and position in favor of a shorter, less
controllable but more powerful e-gun. A new cathode replaced the first employed: the new one was
larger and capable of higher current. The max current ultimately obtained was 130 µA out of the
150 µA nominal rating
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Figure 5.6: E-gun layout. The longitudinal cross section showing the emitting element
is also present The deflectors are in evidence Drawing by Mr.Kevin Roberts.
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Electron beam
Wire

Faraday cup

Figure 5.7: The wire scanning across the electron beam

Trap (magnetic
& laser fields)

ON
6-10 msec

...

80-100 msec

0.5-1msec
OFF
ON
2-3 msec

e-gun

OFF

Figure 5.8: Acquisition sequence. Trap lasers and magnetic field were switched off
simultaneously. A delay of generally 1 ms allowed for any residual magnetic field to
dissipate before the electron pulse was emitted. The e-gun was on for 2-3 ms after
which all the trap fields were restored. The next cycle followed 80-100 ms later.
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Figure 5.9: Plot of the current intercepted while scanning the wire and its derivative,
showing the beam profile. Stray magnetic fields influence the beam shape, particularly
for low energies (20 eV for the plot above). The two traces shown here refer to the
data taken before and after the experiment: this way the constancy of the electron
beam current can be checked and it is possible to estimate the uncertainty associated
with the current density at the trap position. A second small peak centred at about
44 mm is evidence of a small fraction of the electron beam being deflected off target;
this fact did not affect the results as only the average current value where the trap was
formed was important for the calculations.
second method consisted of scanning a wire across the beam to reveal and measure
the beam profile.
The Faraday cup is essentially a stainless steel cylinder closed at one end; an
electrical feedthrough on the closed end allows the total current reaching the cup to
be measured. To measure the beam size and consequently the current density the
beam was scanned across the entire cup diameter (along a diameter) by varying the
voltage across the last set of deflectors before the beam exit. The current reaching
the cup was collected and using a resistor it was converted into a voltage; knowing
the cup diameter it was possible to model the signal produced by a circular beam
scanning across a circular detector (see Appendix A). This model was then used to fit
the data and estimate the electron beam diameter. The experimental configuration
used is represented in fig. 5.7.
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Finally, a computer program simulated the expansion of the electron beam produced by a gun with parameters (current flux, size, number of collimating and focussing lenses and relative voltages) typical for the one employed. The simulation
allowed us to determine the size of the beam at the trap position: knowing the total
current, it was then possible to calculate the average current density over the area
occupied by the trap.
As mentioned earlier, the second method consisted of scanning a tungsten wire
across the beam. The wire was mounted on a linear feedthrough translational stage,
it was 1 mm in diameter and externally connected to a pico-ammeter. The thickness
of the wire was not taken into account when the current profile was determined. The
wire was grounded through a resistor and hence no significant amount of charge could
be accumulated and consequently lead to deflection of the electron beam. Also, the
averaging effect due to the finite size of the wire (2 mm) was included as part of the
measurement process.
The wire scanned the beam as in fig. 5.9. Measuring the current intercepted by
the wire as a function of its position, it was possible to determine the beam profile and
the current density in the target area (knowing the total current at the Faraday cup.
The wire had a short segment of the same material welded perpendicularly across it,
forming a cross: the plane defined by the cross was perpendicular to the direction of
propagation of the electron beam: scanning the beam over the cross allowed us to
center it at the trap position.
Of the two methods described above, the second was chosen because it does not
rely on any simulation and it can be repeated quickly and consistently whenever the
experimental conditions change; however the first method provided an independent
check for the quality of the measurements, although it did not directly measure the
current density in the trap. Also, this procedure assured that all the current generated
by the electron gun was detected by the Faraday cup when the electron beam was
adjusted at the optimum central position.
Despite the rectangular temporal symmetry of the control pulse applied to the last
lens on the e-gun, stray magnetic fields, particularly at low e-beam energies (20 eV and
below) can severely affect the electron beam quality; care had to be taken in order to
minimize these effects. The current through the Helmholtz coils positioned around the
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trap was adjusted in such a way that the electron beam current incident on the wire
placed at the trap position displayed a rectangular, undistorted pulse; this procedure
was carried out in the absence of the quadrupole magnetic field. Then, while having
the quadrupole magnetic field and the compensation circuit on (section 4.3), the
integration time and the amplitude of the feedback signal were changed to affect the
electron gun pulse as little as possible. For higher beam energies used (62 eV or
more), the beam current profile maintained a rectangular shape. The reason why the
e-beam shape was rectangular rather than Gaussian is to be found in the fact that
the e-gun only lets though the central, relatively flat section of the Gaussian profile.
The outer portion of the current fell on the inner surface of the metallic cylinder
constituting the gun aperture.

5.5.1

Signal extraction

When the trapping fields are turned off, the trap density drops exponentially (see
figure 5.10). Electron collision induced losses can be accounted for including an
additional exponential constant:
N(t) = N0 e−(α+β·f )t

(5.5.1)

where α is the ”natural” trap decay constant and β is the additional loss term due
to electron collisions; f is the electron beam duty cycle. The parameter α accounts
for the atoms escaping detection when the atomic cloud expands to a diameter larger
than the probe beam; it includes the contribution of atom-background gases collisions.
Given that the trap density is low (typically 108 ÷109 atoms/cm3 ) intra-trap collisions
do not contribute significantly to trap losses in the expansion phase. In the case
of a more recent version of the experiment presented here, the trap density is 10
times higher [89] and intra-trap collisions could not be ignored. Background signal
subtraction could be performed, as described later, and for this reason there was no
need to include these contributions explicitly in eq. 5.5.1.
The cycles were repeated approx. every 100 msec and the e-gun pulse was present
every second cycle (as in figure 5.8). This procedure allowed us to average these two
cycles with gun on and off independently and fit the averaged decay curves with two
exponentials. The two decay constants (α + β) for the cycle with the gun on and
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α when the gun is off) so calculated could then be subtracted and β could finally
be evaluated. It should be pointed out that we compared results obtained in the
following way: in one case the decay curves were averaged over the many acquisition
runs (between 500 and 5000) and fitted mathematically. In the other case the decay
signals were fitted for each run and the results averaged. As no differences2 between
the two methods could be noticed, we eventually chose to average the data first and
then perform the fit using an exponential function as in equation 5.5.1. The ratio3 of
the two traces was also considered; the plot of the ratio between the gun on and gun
off cycles allowed us to visually verify that the induced losses occurred in coincidence
with the emission of the electron pulse.
With noise levels always comparable to the magnitude of the signal coming from
the electron scattering alone, it was necessary to repeat the data acquisition with
the same experimental conditions (same trapping and probing laser detuning, same
electron beam energy and duty cycle) a number of times before deriving an average
result for the total cross section that would converge to a constant value. It was found
that the final results would not change appreciably if the number of acquisition runs
was above 15-20. So, for all the experimental conditions considered in this experiment,
the acquisition as described later in (5.5.2), was repeated more than 15-20 times.
The probe laser (also reported earlier 4.5.2) was locked using saturation spectroscopy as described in [40] on page 437-448 and [37]; the detuning was controlled
by varying the current applied to a set of coils across the discharge cell (see section 3.2.1). A fast photodiode with two outputs, AC and DC was used for the probe
laser detection. The AC signal was sent to the spectrum analyzer, where it was
mixed with a Local Oscillator (LO) at phase modulation frequency and the resulting
mixed-down DC signal was directed to the computer for digitization, storage and data
analysis; the DC photodiode output was used to optimize the probe beam alignment

2

the difference being a couple of orders of magnitude below the signal level
Given that the contribution of the electron collision induced loss term was of the order of 1%
of the total decay rate, the difference of the two traces gun on/gun off could be considered. The
comparison between difference and ratio allowed to identify possible division-by-zero computational
errors.
3
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Figure 5.10: Trap decay for two different conditions: electron gun on and off. The
electron pulse as detected by the Faraday cup is shown for reference. The incident
electron energy in this particular case was 50 eV. The shape of the electron pulse
detected by the Faraday cup is not rectangular because of the residual magnet field
present in the chamber after switching the quadrupole field off, distorting the beam.
and so doing maximize the AC signal. RF pickup can be a problem at these frequencies (800-900 MHz): in order to minimize the contribution of this noise source, all
cables carrying modulated and demodulated signals were double shielded and kept as
short as possible.
The computer provided the trigger signal for the whole acquisition sequence (as
described later), including switching off and on the required laser beams, the magnetic
field and the electron gun; it also acquired, averaged, and plotted data.
Figure 5.10 shows two curves representing the probe measurement as the trap
expands. One of the curves was obtained by averaging 2000 expansion cycles with
the electron beam on, whereas the second was obtained in identical conditions but
with no e-beam. The current detected by the Faraday cup is also shown. Its shape is
slightly affected by residual magnetic fields in the chamber as discussed in section 5.5
on page 105. It should be noted that the trap depletion appears to start before the
electron beam is turned on, and end before it is turned off: it must be noted that the
electron gun current was detected at the Faraday cup position, diametrically opposite
to the gun cathode while the trap depletion was measured by probing the density of
the trap in the middle of the chamber. The evident time offset is to be attributed
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to a combination of detection delays and the electrons time of flight. Grounding and
switching problems can be ruled out because no net average depletion was observed
when the only difference to this acquisition sequence was the removal the electron
beam (by deflecting it away from the target) while leaving the switching electronics
and all connections unchanged and active.

5.5.2

Acquisition sequence

In order to make sure the atoms involved in this scattering process were in the 23 S1
metastable state and not in the 23 P2 excited state, the lasers were turned off, shortly
before the electron beam pulse. The acquisition sequence is summarized in figure 5.8.
The data acquisition sequence is represented in figure 5.8. As the number of atoms
lost from the trap following electron impact is small (S/N-1), it was necessary to
pulse the electron gun a large number of times (between 500 and 5000 times) and
average the results. Each of these sequences represented one acquisition run. The
time delay between a cycle with the gun on and the following one (with no gun) was
chosen to be a prime number of milliseconds so that any periodic noise signal like
the 50Hz from mains and its harmonics, or the signals from the coils modulating the
magnetic field across the discharge cell, would be averaged out.

5.6

Experimental operation

We used the phase modulation technique developed in section 4.5 on page 65 to
measure the change in trap density due to the losses caused by electron scattering.
This procedure led to the total electron-atom scattering cross section.
Before data could be collected, it was necessary to optimize the experimental
conditions in order to produce the largest possible signal. First, the alignment of
the probe laser beam had to be adjusted by bringing its detuning close to resonance
with the trapping transition and reducing the beam diameter so to ”poke a hole” in
the middle of the atomic cloud. Subsequently, the beam diameter was restored to its
original size and its detuning was scanned while visualizing the signal produced by
PMS (figure 4.17 b)). The amplitude of the detected signal could then be increased
by changing the trapping laser detuning.
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When the peaks shown in figure 4.17 b) reached the maximum possible amplitude,
the probe laser was locked as described in section 4.5. Finally, after maximizing the
electron beam current in the trap region by using the tungsten wire, as described in
section 5.5, the acquisition sequence was started.
Once the acquisition for each different energy was completed, it was always verified
that the results obtained were effectively due to electron scattering. First the trap
was removed by blocking one of the trapping beams and the same exact experimental
cycle was repeated to determine whether the difference in the two trap decay curves
was due to spurious electronic pickup, e.g. from the high voltage pulse directed to
the last lens of the e-gun. However, in the absence of the trap we did not measure
any difference in the two traces (above the average shot-to-shot noise).
Second, the electron pulse delay and its width were changed to verify that the
measured signal was not due to some time coincidence with other signals and pulses
possibly present in the lab. Again, we found the difference always coincided in time
and width with the electron pulse as detected by the Faraday cup.
Subsequently, it was decided to investigate the role of the probe laser, in terms of
its intensity and detuning.
Intensity The probe laser intensity had to be low enough not to influence the
trap. It is important not to populate the excited state, otherwise the result will be
an average of the total cross section from both the 23 S and the 23 P states. Further,
radiation pressure may push the trap sideways affecting the trap density and masking
out any possible change in density due to electron scattering. Hence it was decided
to double pass the probe laser as shown in figure 4.18 on page 73, to balance any
radiation pressure applied by the probe, and also to increase the signal level allowing
a larger probe laser detuning to be used.
Detuning The double passed AOM allowed us to change the probe detuning from
218 to 240 MHz which corresponds, for the higher sideband on the probe laser beam,
to a detuning between -75 and -33 MHz from the 23 S1 → 23 P2 transition (equation 4.5.17); typically the AOM frequency shift chosen would be 229-230 MHz: the
signal emerging from the spectrum analyzer increased constantly when moving towards resonance and in proximity of the atomic resonance became unstable (irregular
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Figure 5.11: Trap decay curves from the spectrum analyzer output as a function of
the probe laser detuning. The indicated values are relative to the resonance of the
23 S1 → 23 P2 transition. The effect over the signal amplitude and decay times is
clearly visible. Also, a ”broader” initial decay curve, as in the case of the red and blue
curve, is indicative of some radiation pressure applied by the probe on the trap.
shape changing several times per second). An example of this signal for three different
detunings is shown on figure 5.11.
Simultaneously it was possible to observe a physical ”squeezing” of the trap due
to radiation pressure. A further change of the probe detuning in the same direction
led only to a phase inversion in the spectrum analyzer signal, reversing the voltage
measured by the National Instrument data acquisition card installed on the computer.
During this experiment the probe laser detuning was set as large as possible so to
perturb the trap as little as possible, while preserving a good signal (see figure 5.11).

5.7

Results, error analysis

Figure 5.12 shows the difference between two averaged sequences of cycles, one with
the e-gun on and one with the e-gun off. The signal was fitted with an exponential
decay function corresponding to the electron pulse in the range 1.5 ms - 4.5 ms from
the start of the cycle.
During this project three values for the electron energy were used, 50, 62 and
75 eV. The resulting average values (over 2000 pulses) for the cross section are shown
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Figure 5.12: Difference curve between the two trap decay traces from the trap on/off
acquisition cycles (average over 2000 pulses). The current pulse detected by the Faraday cup is shown for reference.
in figure 5.14
The electron beam energy resolution for this kind of cathode (Ba-oxide) is between
250 and 300 meV [90]. This value is small compared to any other uncertainty on
figure 5.13 and for this reason the horizontal error bars have not been included.
The uncertainty on current density J at the trap has two different origins:
1) the electron beam cross section at the trap depends on its energy;
2) error in the current readings from the Faraday cup.
The beam size depends, among other things, on the voltages applied to the deflectors inside the electron gun and on its energy. The estimate of the electron beam
cross section was based on the assumption that the beam is approximately round at
the trap and its diameter could be measured as in figure 5.9. The amount of current
reaching the Faraday cup is mostly influenced by the current emitted by the cathode,
which varies slightly with temperature. Uncertainties in the value of J are dominated
by the knowledge of the cross sectional area of the electron beam.
The uncertainty in the value of the induced trap decay constant β as measured
over a single day (see section 5.1 and figure 5.13), can be estimated by calculating its
average for a particular electron beam energy and then its range of variation.
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Figure 5.13: Scatter for total cross section data at three different energies - 50, 62 and
75 eV - over a single day of operation. Same shape and colour symbols correspond to
measurements taken on the same day of operation.
Typically, such range corresponds to 25-30% of β. Moreover, the largest uncertainty recorded was for the value of β measured on different days, while keeping the
same experimental conditions (beam energy, trapping and probing laser detunings,
acquisition duty cycle etc.). For example, for an e-beam energy of 75 eV the following values where calculated over two days: β=11±4 and β=7.4±1.7; the values
eventually used were the averages for each daily e-beam energy and the uncertainties
were deduced by considering the range of values taken by β over many days. The
statistical variation is by far the largest of the ones described earlier and is reflected
in the error bars shown in figure 5.14.
In conclusion, the largest contribution to the uncertainty in σ is given by the
statistical uncertainty in β. Also, as discussed above, the largest error in the current
density J comes from the electron beam size. Without additional measurements such
as the exact e-beam diameter in the orthogonal direction to the wire scanner at the
trap, or a full 2-D measurement on a plane normal to the propagation axis of the
e-beam itself, it was impossible to completely quantify the error in J. However, successive measurements done using the scanning wire like in figure 5.9 show a variation
of less than 5% over the measured wire current. Typically, the average value for J at
75 eV was 32 ± 3 µA/mm2 .
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Figure 5.14: Experimental grand total cross sections as a function of electron energy
compared to the values predicted by the CCC theory. The error bars on the electron
beam energies show the total uncertainty in the determination of the total scattering
cross sections at various energies. The data points shown here were fitted using a
linear regression fit.

5.8

Discussion

Measurements of the electron scattering cross section are similar to (but slightly less
than) the theoretically predicted total cross sections and the disagreement between
the experimental data and theory is between 1 (at 50 eV) and 5 (at 75 eV) standard
deviations. Statistical variations in the decay rate are to be expected: the stability
of the trap depends greatly on the stability of the lasers necessary to generate the
atomic beam and that of the probe and trapping laser. When all laser locking signals
are optimized, fluctuations in the total number of atoms trapped are smoothed by
the averaging process described in section 5.5.2 and shown in figure 5.8.
In general, the measured cross section increases for decreasing electron energy, in
agreement with the CCC theory, and the agreement appears to be better at lower
energies. The CCC theory predicts an approximately linear dependence of the total
electron scattering cross section with energy. A linear fit through the data points is
shown on figure 5.14.
As discussed previously (section 5.7), the data fitting routine leads to slightly different results for different acquisition runs, even for identical experimental conditions.
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Shot-to-shot fluctuations in the number of trapped atoms play a major role in the increase of statistical noise and reflect the fact that the number of trapped atoms varies
from one cycle to the next: it could be possible to limit such noise by considering the
average of only the trap decay curves with approximately the same amplitudes.
The results reported here were obtained at a preliminary stage of the experiment:
it was not possible to comment on the validity of the CCC theory for metastable
helium by simply relying on the data available at the time of this work. In order to be
able to compare more conclusively theoretical results and experimental observations
it was important to achieve better S/N by reducing the noise but most importantly
by improving the amplitude of the PMS signal. This has been done by further cooling
the atoms with an optical molasses stage and by improving the loading rate coming
from the Zeeman slower [70].

Chapter 6
Conclusions
6.1

Summary of achievements

In this thesis I report on the successful construction of a Magneto Optic Trap utilizing a pre-existing bright source of metastable helium atoms [34, 35]. This was, at
the commencement of its construction (June 1997), one of the few metastable helium
MOT’s existing (Aspect Orsay Paris; Leduc ENS Paris; Vassen Vrije Univ. Amsterdam; van der Straten Debye Inst. Utrecht; Morita Myodaiji Inst. Okazaki ). The
number of trapped atoms in the MOT constructed here varied in the range 106-107
and the density was between 108 and 109 atoms/cm3 . The trap temperature was
approx. 1 mK and its size around 3 mm in diameter.
The initial idea of dedicating the trap to collisional studies led to the investigation
of intra trap collisions and electron-atom scattering. The first experiment investigated
the possibility of altering the He∗ He∗ Penning ionization rate due to the optically
mediated collisions using 389 nm light the 23 S→33 P2 transition. Future developments
of this experiment could investigate the expected reduction in the number of ionization
events by optically accessing repulsive potentials during ultracold collisions using a
better controlled 389 nm source with accurate frequency measurement.
The development of the Phase Modulation Spectroscopy technique enabled the
first measurement of the total electron scattering cross section for trapped He∗ atoms
and constitutes the most important achievement of this project. The results from
the electron scattering experiment show fair agreement with the theory developed in
1995 by Bray and Fursa [79]. However, the consistently lower than expected cross
section values measured for three relatively small electron energies indicated the need
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.
Figure 6.1: Total cross section for electrons scattered from metastable He 23 S : (•)
present results; (!) Neynaber et al. [74]; (") Wilson and Williams [75] (normalized
to the CCC calculation); (solid line) the convergent close coupling [76] result; (dashed
line) the R matrix with pseudostate calculations [77]
for further measurements to determine any systematic variations from theory.
These measurements were performed subsequently to this thesis using an improved
version of the experiment described here, and are reported in a publication in Physical
Review Letters [89] which demonstrates good agreement between experiment and
theory.
The work reported in this thesis describes the achievement of measuring such
small collision cross sections in a He∗ MOT for the first time. This was made possible
by reducing the contribution of noise sources and working on the trap quality in
terms of the number of atoms trapped, as well as decreasing the delay time for the
electron gun after the atoms were released from the trapping fields. Fluctuations
in the number of atoms loading the trap and noise on the trap and probe lasers
contributed to producing a S/N<1 for the electron scattering data for a single trap
loading, so multiple trap loadings were required.
The loading process for a metastable helium MOT relies on the frequency stability
of the lasers dedicated to the initial collimation of the metastable atoms produced by
electron discharge; even more critical is the role of the laser used for the Zeeman slower
and the Compressor. Noise reduction for this section of the experiment included the
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replacement of some electronic components used in the locking photodiodes circuits,
and voltage stabilizers and filters used to improve the stability of frequency locking.
Also, the reliability of the entire atomic beam machine was guaranteed by a computer
running a Delphi program written specifically for monitoring all lasers (stability and
detuning) and the vacuum pressures for the whole system [71].
Shorter switching off time for the trap magnetic field has been crucial to reduce the
delay to switching on the electron beam. Despite the use of aluminium core, air/water
cooled coils, with two cuts across the core to prevent noticeable eddy currents from
forming, the mutually induced magnetic field significantly affects the experiment.
Prior to the implementation of an active control over the currents present in the coils,
the switching time could not be reduced below 1.5 ms. With the circuit described
in section 4.3, switching times as short as 0.8 ms allowed us to perform electron
scattering while the peak density of the trap was still about 90-95% of its value when
the fields were on, thereby improving the signal to noise ratio.

6.2

Suggestions for future work

As reported earlier, the 389 nm optically mediated intra-trap collision experiment
produced an increase in the rate of ionizing collisions, but the question of reduction
in the ionization rate at blue detunings to access repulsive potentials is still open. To
realize these measurements, it is important to be able to produce a reliable and low
noise 389 nm light source that can be precisely detuned from resonance.
The promising results obtained for the electron scattering project encourage us
to get even more accurate measurements for the total cross section of the process.
A number of measures can be taken in order to obtain more accurate data. These
are: different cooling/confinement for the metastable atoms, better loading (larger
number of atoms) and improved electron beam.
• Improved trap density and lower temperature. The aim is to have the atoms
moving out of target region at a lower speed, so that the natural decay time
can increase from 8-10 ms to several ten’s or hundreds of milliseconds. This has
now been done by adding a molasses stage to the cooling/scattering sequence.
([70]) The average trap temperature has decreased from 1 mK to 300 µK and
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the natural decay time increased from 8-10 ms to more then 30ms. The obvious
consequence is now that the atoms are subject to electron bombardment for
much longer and this is already yielding much better results with an enhanced
signal to noise ratio and allowing us to decrease the error bar on data taken. In
particular the amplitude of the difference between the trap decay curves with
and without the electron beam, has increased in absolute terms by an order of
magnitude.
• Better loading: loading efficiency depends on the number of atoms (with a
Kinetic energy ≤ Trap potential) produced by the bright beam line. The trapping beam size is being increased from the original 25.4 mm in diameter to
35 mm. Combined with a more powerful laser and higher magnetic field gradient, it is now possible to produce a higher number of trapped atoms (> 109
atoms [10, 70]).
• Low energy electron beams are easily deflected by small, uncompensated magnetic fields which could result from eddy currents still circulating in the coils and
from the environment. The Helmholtz coils around the trap chamber are being
used to cancel the static magnetic field; because of their shape (dictated by geometrical/physical requirements) and because of possible imprecisions in their
position, these coils could be producing a small magnetic field gradient which
would be difficult to eliminate. In addition, the presence of magnetized structures in the surroundings can produce gradients not easily controllable. The use
of µ metal shielding will reduce the magnetic field sensed by the electron beam,
allowing us to access lower beam energies which, theoretically, should lead to
higher cross section values.
One possible way to increase the trapped atom lifetime and eliminate magnetic
fields arising from the MOT coils is by the implementation of a dipole trap. The
optimum experiment requires the attraction of atoms to the region of lowest light
intensity for blue detuning in an optical configuration having a dark central region.
This first condition is satisfied using a blue detuned laser with a pair of crossed
”hollow” laser beams.
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Hollow beams can be created in a number of ways already explored in the past such
as using phase and amplitude holograms, hollow waveguides, axicons (conical lenses)
or even simply mixing the TEM01 and TEM10 modes with appropriate cylindrical
lenses. In the case of this laboratory [91], hollow beams have been created very
efficiently using phase masks and, alternatively (although not dark in the center
when the beam propagates in space), using hollow fibers.

6.3

Conclusions

The first experiment [34] the trap was used for was the study of intra trap collisions
and particularly the role assumed by a catalysis laser and the possibility of enhancing
or reducing the rate of collisions leading to Penning ionization, which, in the case of
metastable helium, is the major cause for trap losses.
I also report on the use of the trap for electron-atom scattering experiments, with
the principal goal of measuring the total cross section for the e− +He∗ process, particularly at low electron energies (10-100 eV). This is a very difficult measurement, in
particular when it is performed without a MOT. An account of some of the experiments employing crossed electron-atom beam techniques is given in section 5.1. Even
when a MOT is used, the atom trap peak density falls rapidly when the trapping
fields are switched off. This fact led to the design and practical implementation of
a circuit that could reduce considerably the extinction time of the residual magnetic
fields. The first electron scattering experiments have been performed by detecting
the reduced trap density via Phase Modulation Spectroscopy, a technique applied to
this kind of measurement for the first time. This measurement was done in absence
of laser and magnetic fields.
These first measurements of electron scattering in a MOT were the foundation
for and improved apparatus on which a series of experiments were later conducted
resulting in the verification of state-of-the-art electron-He∗ scattering theory [76].
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Appendix A - Electron beam size
The electron beam is characterized by its energy and initial spatial distribution: these
two parameters determine its evolution and the current transverse density as it propagates from the cathode to the Faraday cup. By knowing the e-beam spatial distribution, energy and the size at the Faraday cup it is possible to derive the current
density at the trap position by geometrical interpolation.
The task of measuring the beam diameter across the Faraday cup can be achieved
for example by scanning a blade across and considering the beam profile is Gaussian.
However in the present experiment there was no easy access to the beam and for this
reason it was decided to use the deflectors to scan the beam across the Faraday cup.
At this point a computer model to simulate the current readings was necessary.
The measurement could then be fitted using the theoretical model.
The program used for this simulation was Maple V, Macintosh edition.
The first step consisted in finding an analytic function describing the area enclosed
by two circles of different radii and intersecting each other. For this first step, it has
been assumed a uniform spatial distribution over the circular e-beam cross section
(see figure 6.2).
The result for area enclosed between the two circles is:
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(6.3.1)
where x is the distance between the two centers, and R1 and R2 are the two radii.
Here, the choice of arccos was dictated by the fact that sin is not a monotonic function
between 0 and π i.e. inverting it would not lead to a single value for ϑ1 and would
not permit to define a single function for the whole range covered by ϑ1 .
The second issue was the fact the electron beam has a Gaussian current density
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R1

R2

ϑ1

ϑ2

Figure 6.2: Two circles intersecting each other and representing the electron beam
and the Faraday cup.
profile. One way to approximate this is to ”slice” the Gaussian horizontally, so creating a set number of cylinders: the larger the number, the better the approximation,
at the expense of increased computational time.
The Gaussian beam was taken to have the following density profile:
G(x) = Ae−(x

2 +y 2 /2σ 2 )

(6.3.2)

A is just the amplitude (essentially the peak current density, one of the fit parameters and irrelevant for modelling the current detected) and σ is the width of the
Gaussian.
If n is the number of steps approximating the Gaussian and i is the index number,
then, the radius of each ”pie” is:
ri = σ ·

!
ln(n/i)

(6.3.3)
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ri are the radii of the inner cylinders. The values actually used in the approximation are the average between the inner and outer radii of the cylinders. This choice
had been made to reduce the computational time and, at the same time, produce
fairly accurate results1 .
In addition to what has already been said, it must be observed that if the smaller
circle is all inside the bigger one, the signal amplitude is constant independent of the
relative positions. This situation can be simulated by defining a ”piecewise function”
and defining a constant value for the common (and maximum) area when x<R1 -R2
and assuming R1 >R2 (x is distance between the two centers).
In conclusion, the function eventually used was the sum of 10 piecewise functions
The current readings are shown in figure 6.3 which also shows the fitting function
(solid line). The electron beam was deflected by changing the voltage on one deflector
and knowing (from a previous calibration) the following relationship holds:
(6.3.4)

Faraday cup voltage (a.u.)

Deflection(mm)= Deflection(V) · 1.2

Deflection (mm)
Figure 6.3: Faraday cup current vs. deflection (mm)

1

The number of cuts made was changed from 10 to20 to up to 100; the major difference found
was between the functions with 10 and 20 cuts and even so, the overall difference was less then 1%
of the total amplitude. The chosen average radii allowed to achieve an even smaller difference while
keeping the number of cuts down to 10
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The values shown are relative to a beam spanning across the entire diameter of
the Faraday cup: since the simulation produces symmetric values with respect to the
cup center, the actual deflector voltages have been ”mirrored” on the positive side of
the horizontal axis.
It should be noticed that the total current collected by the cup was not measured
directly: a 100 kΩ resistor was put in series with the cup and the voltage across it
was measured.
After scaling the analytic function to the total amplitude of the current measured,
the simulation produced the beam size which was 5.4 mm.
The following is the actual code used for the simulation
{B:=1:a:=5.7:n:=10:r:=Array(1..(n-1)):l:=Array(1..(n-1)):
M:=Array(1...(n-1)):for i to (n-1) do
r[i]:=abs((6.2-a*sqrt(ln(n/i)))):
evalf(%):l[i]:=Pi*(B/n)*min((a^2*ln(n/i)),38.44 ):
evalf(%):M[i]:=(6.2+(a*sqrt(ln(n/i)))):evalf(%)od:}
The code above defines the arrays and calculates the radius of the pseudocylindrical sections of the Gaussian. The constant li defined here are the values
used for the constant part of the piecewise function. For x values smaller than ri the
functions have a constant value li .
for t from 1 to (n-1) do f[t]:=
(B*(a^2*ln(n/t)*arccos(1/2*(x^2+a^2*ln(n/t)-38.44)/(a*x*sqrt(ln(n/t))))
-1/4*(x^2+a^2*ln(n/t)-38.44)*sqrt(4*a^2*ln(n/t)(x^2+a^2*ln(n/t)-38.44)^2/(x^2))/x)/n+(B/n)*
(38.44*arccos(.8064516129e-1*(x^2+38.44-a^2*ln(n/t))/x)1/4*(x^2+38.44-a^2*ln(n/t))*sqrt(4*a^2*ln(n/t)(x^2+a^2*ln(n/t)-38.44)^2/(x^2))/(x)))od:
This piece of code defines the n-1 ”non constant” parts of the piecewise functions.
The following line combines all the piecewise function into a single expression:
for j from 1 to (n-1) do
g[j]:=combine(piecewise(x>M[j]*.999999,0,x>r[j],f[j],x<r[j],l[j]))!
od:
In the line above gtot is defined: gtot is the sum of all g functions (the piecewise
functions) and a plot in the specified range is generated (i.e. from x = 0 to x = 8);
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s:=’s’:gtot:=g[1]+sum(((g[s]+g[s+1])/2),s=2..(n-2))+g[n-1]:
Finally, the following lines represent the data collected and the relative plot:
Datalist:=[[-17.776,0.44],[-16.751,0.4],[-15.736,0.3],[-14.72,0.26
],[-13.705,0.28],[-12.69,0.28],[-11.675,0.32],[-10.66,0.5],
[-9.6444,0.6],[-8.6292,0.8],[-7.614,1],[-6.5988,1.4],
[-5.5836,1.75],[-4.5684,2.3],[-3.5532,2.8],[-2.538,3.3],
[-1.5228,3.75],[-0.5076,4],[0.59048,4],[1.7714,3.9],[2.9524,3.6],
[4.1333,3.2],[5.3143,2.7],[6.4952,2.1],[7.6762,1.6],[8.8571,1.05],
[10.038,0],[11.219,0]]: C:=plot(Datalist, style=POINT,color=black,
symbol=CIRCLE,thickness=3):
v0:=eval(gtot,x=.59048):v1:=eval(gtot,x=15.736):A0:=0.1*(40*v1-3*v
0)/(v1-v0):A1:= -3.7/(v1-v0): gtot1:=(A1*gtot)+A0;A:=plot
(gtot1,x=0..20):
In conclusion, this code models correctly the data taken; in case a fast measurement of the beam diameter is needed the above procedure should not be used unless
the data can be imported automatically; however this simulation represents a good
tool for an independent measurement of the width of the electron beam at the cup
position.

Appendix B - Trap expansion
To evaluate the trap temperature from the density decay curves produced during
electron-atom scattering data collection, it was necessary to simulate the atomic distribution in phase space.
The model presented here falls into the category of Monte-Carlo simulations as it
uses randomly generated numbers to set the initial atomic coordinates and their velocities. This model was written using the software package ”Mathcad 7” distributed
by Mathsoft.
Some assumptions had to be made: they are
i. the initial spatial distribution of the atoms is Gaussian
ii. the velocity distribution considered follows a Maxwell-Boltzmann distribution
iii. the probe beam diameter is assumed to be approximately 4mm
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iv. the trap is considered to be slightly elliptical in shape (see details) and its center
is located with an offset with respect to the position of the probe beam
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[19] T. Hänsch and A. L. Schawlow, Opt. Commun. 13, 68 (1975).
[20] D. J. Wineland and H. Dehmelt, Bull. Am. Phys. Soc. 20, 637 (1975).
[21] J. R. Woodworth and H. Warren Moos, Phys. Rev. A 12, 2455 (1975).
[22] J. S. Major and D. F. Welch, Electr. Lett. 29, 2121 (1993).
[23] J. C. J. Koelemeij, R. Stas, W. Hogervorst, and W. Vassen, Phys. Rev. A 67,
053406 (2003).
[24] J. P. Gordon, Phys. Rev. A 8, 14 (1973).
[25] H. J. Metcalf and P. van der Straten, Laser Cooling and Trapping, p. 77, SpringerVerlag, 175 Fith Avenue, New York, 1999.
[26] S. Chu, Science 253, 861 (1991).
[27] A. Ashkin and J. P. Gordon, Opt. Lett. 60, 788 (1983).
[28] A. M. Steane, M. Chowdhury, and C. J. Foot, J. Opt. Soc. Am. B 9, 2142 (1992).
[29] P. Lett, R. Watts, C. Westbrook, W. Phillips, P. Gould, and H. Metcalf, Phys.
Rev. Lett. 61, 169 (1988).
[30] J. Dalibard and C. Cohen-Tannoudji, J. Opt. Soc. Am. B 6, 2023 (1989).
[31] P. J. Ungar, D. S. Weiss, S. Chu, and E. Riis, J. Opt. Soc. Am. B 6, 2058 (1989).

BIBLIOGRAPHY

133

[32] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C. Cohen-Tannouji,
Phys. Rev. Lett. 61, 826 (1988).
[33] M. Kasevich and S. Chu, Phys. Rev. Lett. 69, 1741 (1992).
[34] D. Milic, Laser Cooling and Trapping of Metastable Helium Atoms, PhD thesis, Australian National University, Research School of Physical Sciences and
Engineering, 1999.
[35] W. Lu, Laser Manipulation of a Metastable Helium for Atom Lithography, PhD
thesis, Australian National University, Research School of Physical Sciences and
Engineering, 1999.
[36] JDS Uniphase - www.jdsu.com - previously SDL.
[37] D. Milic, W. Lu, M. D. Hoogerland, M. Blackshell, K. G. H. Baldwin, and S. J.
Buckman, Rev. Sci. Instr. 68, 3657 (1997).
[38] K. Libbrecht and J. Hall, Rev. Sci. Instr. 64, 2133 (1993).
[39] W. Lu, D. Milic, M. D. Hoogerland, M. Jacka, K. G. H. Baldwin, and S. J.
Buckman, Rev. Sci. Instr. 67, 3003 (1996).
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