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Abstract
Pulsed high brightness electron bunches are used in many applications
in science and technology. Novel concepts and techniques stimulate developments towards even higher brightness. The brightness of an electron bunch
is a parameter that describes its quality and is expressed in the most general
form as the current density per unit solid angle and unit energy spread.
At present the most widely used pulsed high brightness electron sources
are photo and field emission sources like the radio frequency (rf) photogun.
The drawback of such a source is that the electrons have properties as if they
were coming from a source with a temperature of around 5000 K. Therefore,
their emittance is relatively high, since emittance is the product of the source
size and bunch divergence and is proportional to the square root of the source
temperature. The bunch brightness is inversely proportional to the square
of the emittance.
Most efforts on improving electron bunch brightness focussed on reduction of the source size while keeping the same amount of charge, which
results in a decrease of the emittance. The approach to improve the bunch
brightness that is investigated in this project is the reduction of the source
temperature of the electrons and with that reduction of the bunch emittance.
Such an ultra cold source is created by laser cooling and trapping of
rubidium atoms. The ultra cold atoms are photoionized by a laser pulse
that is tuned on or slightly below the ionization wavelength, leaving little
excess energy per photon to be transformed into kinetic energy. The electrons created in this way are accelerated to an energy in the order of kilo
electronvolts.
This thesis presents a characterization of the ultra cold electron bunches.
The bunch length, charge, source size and expected low source temperature
are determined. The source temperature was not measurable directly in
the experimental setup, but was determined indirectly by linking it to the
bunch emittance. The bunch emittance and thus the source temperature
was obtained by use of a model that is fitted to the experimental data,
which is thoroughly explained in this work.
The results are an electron bunch length of 4.7 ns fwhm, total charge
around 10 fC, source size of 50 µm in the transverse direction and an upper
limit for the source temperature of 15 K. The source temperature is extremely low, which is the most important message of this thesis. Together
with the source size this corresponds to an extremely low bunch emittance of
2.5 · 10−3 mm mrad. This value for the bunch emittance is about three orders of magnitude lower than in currently used sources. All values together
result in a normalized peak brightness of the bunch of 4 · 108 2 A 2 . This
m rad

value is still four orders of magnitude lower than the current state of the
art.
Strategies to further increase the bunch brightness are to decrease the ultra cold electron bunch length by orders of magnitude. This will be achieved
by a different acceleration scheme employing field ionization of highly excited Rydberg atoms. Furthermore, efforts will focus on increasing the total
charge in a bunch while keeping a similar source size.
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Chapter 1

Introduction
1.1

High Brightness Electron Bunches

Pulsed electron sources with high brightness find many applications in science and technology. For example, to observe transient intermediate structures in femto second chemistry [1] or as probe to study the structural
evolution under an ultra fast laser induced solid-liquid phase transition [2].
Furthermore, these bunches are requested to stimulate developments such
as ultra fast electron diffraction [3] and improvements on X-ray generation
for structure and process analysis in physics, chemistry and biology [4][5].
The brightness of a bunch is a measure for its quality and is expressed as
the current density per unit solid angle and unit energy spread. It can be
considered as a conserved quantity for a given bunch energy. However, to
compare bunches of different energy it is more useful to determine the peak
normalized brightness, which will be introduced in the next section.

1.2

Electron Bunch Brightness

The brightness parameter exists in many forms, which is why extra care is
taken here to avoid misinterpretations. The form of the brightness parameter
used throughout this report is the so-called normalized peak brightness B̂n .
A more extensive description of the brightness parameter is given in [6]. A
general form of the normalized peak brightness is the current density per
unit solid angle, normalized by the bunch energy:

B̂n ≡

mc2 ∂ 2 I
,
2U ∂A∂Ω

(1.1)

where m is the electron mass, c the speed of light and U the electron
kinetic energy. For a Gaussian distribution, a normalized peak brightness
can be expressed in terms of the peak current Ip and the two transverse
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emittances, ǫx and ǫy . The transverse emittances are a measure for the size
and divergence of a bunch.

B̂n =

Ip
2
4π ǫx ǫy

.

(1.2)

The peak current for a Gaussian electron bunch can be calculated from
its total charge:
2

t
Qtot
2
I(t) = Ip · e 2σt , then Ip ≡ √
,
2πσt

(1.3)

with σt the rms temporal bunch length and Qtot the total charge in the
bunch. The bunch emittance in the x-direction is defined as:

ǫx =

1 p
< x2 >< p2x > − < xpx >2 ,
mc

(1.4)

and analogously for the y-direction. Here x is the coordinate of an electron on the x axis and px is its momentum along the x axis. The brackets <
> indicate an average of the enclosed parameter over the entire bunch. After assuming that there are no correlations between position and momentum
coordinates (< xpx >2 = 0), the emittance reduces to:

ǫx =

1 p
1
σx σp x ,
< x2 >< p2x > =
mc
mc

(1.5)

with σx the standard deviation of the particle distribution and σpx that
of the momentum distribution. In the case of a purely thermal distribution:
σp2x = σp2y = σp2z = mkT ,

(1.6)

with k Boltzmann’s constant and T the electron temperature. Substitution of Eqs. (1.3), (1.5) and (1.6) into Eq. (1.2) gives the relation between
the normalized peak brightness and the electron temperature:

B̂n =

Qtot mc2
(2π)5/2 σx σy σt kT

.

(1.7)

Strictly taken, the above normalized peak brightness is only valid in
the source at the moment of creation of the electrons. After creation the
emittance can grow due to non linear forces, such as space charge effects or
a non linear acceleration field.

B. Fleskens, TU/e
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1.3

Brightness: State of the Art

At present one of the best pulsed high brightness electron sources is the
radio frequency (rf) photogun. Its principle is generating free electrons by
photoemission due to a high power femtosecond laser pulse falling on a
metal cathode surface followed by acceleration in a rf cavity [6]. Due to this
process, the generated electrons posses initial velocities randomly distributed
in all directions. Therefore, these electron bunches have a substantial solid
angle, which limits the brightness. When the source emittance is purely
thermal:

ǫth,x = σx ·

r

kT
,
mc2

(1.8)

and the same for the y direction. The electrons from a rf photogun can
be seen as if they were coming from a thermionic source with an effective
electron temperature of approximately 5000 K.
Up to now efforts on increasing the brightness of an electron source
were focussed on increasing the current density, mainly by reduction of the
source area (σx and σy in Eqs. (1.7) and (1.8)). However, with increased
current density the space charge repulsion (non linear process) also increases,
resulting in a larger emittance during acceleration which in turn reduces the
brightness.

1.4

This Project

This project investigates an entirely new approach for further reduction of
the source emittance while avoiding the space charge induced emittance
growth during acceleration. The new approach is based on reduction of the
source temperature by use of an ultra cold electron source as proposed in
[7]. The first results gave an electron source temperature of about 500 K
and were already published in [8]. This is already an order of magnitude
lower than for an rf photogun source, but it is believed that the source
temperature can be further reduced for at least two orders of magnitude.
The source of interest in this project is created by photoionization of a
magneto optically trapped cloud of laser cooled rubidium atoms. In this
way, an ultra cold electron source is formed where the electron temperature
is expected to lie close to absolute zero. Subsequently, the created electrons
are stripped from the cloud of ionized atoms and accelerated with an electric field, creating the ultra cold electron bunches that are investigated in
this project. The main goal is to determine the minimum achievable source
temperature. However, the experimental setup does not allow a direct measurement of the source temperature, which is why a lot of effort is put into a

B. Fleskens, TU/e
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model via which the temperature is determined. The model, which is thoroughly explained in this thesis, allows to determine the temperature that the
source would have in the case that the bunch emittance is purely thermal
as in Eq. (1.8). This means in practice that the determined temperature is
an upper limit for the real temperature of the source. The determined temperature is expected to be in the order of 1 K, so three orders of magnitude
lower than for electrons that are created with the conventional rf photogun
technique. This implies a solid angle or emittance that is orders of magnitude lower as well. Other relevant bunch properties are also analyzed such
as bunch length and charge in order to eventually give a value for the bunch
brightness.

1.5

This Thesis

This thesis is divided into the following chapters. Chapter 2 is about the
relevant theory to understand the creation of ultra cold electrons. Chapter 3 presents the carefully designed experimental setup and its diagnostic
possibilities, together with the calibrations on bunch charge and temporal
length. Chapter 4 presents the experimental results on the extremely low
electron temperature and Chapter 5 gives conclusions and a discussion on
the results and finally an outlook to further improvements that can be made
to improve the bunch brightness.

B. Fleskens, TU/e
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Chapter 2

Creation of Ultra Cold
Electron Bunches
Four steps are needed in order to obtain ultra cold electron bunches. First of
all a cloud of atoms needs to be trapped. Subsequently, the trapped atoms
need to be cooled down close to absolute zero temperature. Then, the ultra
cold atoms have to be ionized and finally accelerated. The principles behind
these steps will be described below.

2.1

Magneto Optical Trap

In this project the trapping of a cloud of atoms is achieved by use of a magneto optical trap or mot. The working of a mot is unavoidably connected
to the principle of laser cooling. This is because an atom trap essentially
needs two different forces: a velocity dependent damping force and a spatial
restoring force, from which the first one is essentially (laser) cooling.

2.1.1

Laser Cooling of Rubidium

Laser cooling (or Doppler cooling) relies on the radiation pressure of light
on atoms, originating in the absorption and emission of photons with momentum h̄k, where k is the wavevector of the photon: |k| = 2π/λ, with λ
the photon wavelength. When an atom absorbs a resonant (laser) photon
its momentum is increased by this recoil momentum of h̄k. After a typical
lifetime (τ = 1/Γ with Γ the natural linewidth of the transition) the atom
decays to the ground state by spontaneous emission of a photon. This spontaneous emission is isotropic and thus after numerous emissions the effect
on the momentum of the atom averages out to a zero net recoil. So eventually the atom experiences a net force in the direction of the laser, called the
scattering force. The magnitude of this force is given by [9]:

7
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Fscat = h̄k

Γ
s
,
2 1 + s + (2δ/Γ)2

(2.1)

where s = I/I0 is the saturation parameter with I the laser intensity, I0
the saturation intensity (characteristic for a certain transition) and δ = ω −
ω0 the detuning of the laser frequency ω compared to the atomic resonance
frequency ω0 .
An atom moving with velocity v experiences a Doppler shift δD = −k•v,
which should be added to the detuning δ of the laser frequency in Eq. (2.1).
When the atom is counter propagating a laser beam, that is slightly red
detuned (ω − ω0 < 0), it experiences a blue shift which brings the laser light
closer to resonance, increasing the scattering rate and thus causing the atom
to slow down. On the other hand propagation of the atom along the laser
beam results in a red shift, causing the scattering rate to drop. In the case
of two counter propagating, red detuned laser beams the atom experiences
the sum of the individual scattering forces, which is depicted in Figure 2.1
and will cause the atom to slow down and eventually stop if given enough
interaction time.

Figure 2.1: Graph of net velocity dependent damping force (solid line) for
atoms in two counter propagating red detuned laser beams. The damping
force is negative for v > 0 and positive for v < 0. The dotted lines describe
the force that is produced by each of the laser beams seperately. [9].
So with six perpendicular counter propagating laser beams (Figure 2.2),
tuned to the right frequency, it is possible to narrow the velocity distribution
of a cloud of atoms. Since temperature is a measure for the width of the
kinetic energy distribution function, this narrowing equals cooling.

B. Fleskens, TU/e
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Figure 2.2: Schematic of a laser cooling setup with six perpendicular counter
propagating laser beams. The blue dots in the middle of the picture represent
a cloud of atoms that is cooled.

2.1.2

Spatial Restoring Force

A mot cannot be operated successfully without a spatial restoring force to
prevent the atoms from escaping the trap. This force can be created by
adding a magnetic field gradient to the laser cooling setup, where the zero
field coincides with the intersection of the laser beams (as in Figure 2.3). For
three dimensions (six laser beams) the right magnetic field gradient can be
generated by a pair of coils in anti Helmholtz configuration, see Figure 2.4.
In this way the magnetic field gradient causes a Zeeman shift near the laser
intersection and thus the excited level is split into magnetic sublevels. The
imbalance that acts as the spatial restoring force can now be created by
circularly polarizing three perpendicular laser beams as σ − and the three
counter propagating ones as σ + . Transition selection rules prescribe σ − light
can only cause ∆MJ = −1 transitions, whereas σ+ causes only ∆MJ = +1.
In this way for the left side of the trap (Figure 2.3) MJ = +1 is closer to
resonance, whereas for the right side MJ = −1 is closer to resonance.

2.2

Ionization

The most straightforward way to create ultra cold electrons is to ionize the
laser cooled atoms with laser light of which the energy is tuned to (or slightly
above) the classical ionization energy. For this purpose several tunable lasers
can be used. Furthermore, the laser light can be presented in a pulsed or a
continuous way.

B. Fleskens, TU/e
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Figure 2.3: Working principle of a Magneto Optical Trap for a J = 0 to
J = 1 transition. The magnetic field gradient induces a linear Zeeman
splitting which is position dependent. For the right laser polarizations an
imbalance in the scattering force can be used as a spatial restoring force,
trapping the atoms in the mot [9].
The excess energy in the laser photons is given by:
∆Eexc1 = hν − E0 ,

(2.2)

with hν the energy of a laser photon and E0 the classical ionization
energy.
The general idea for direct ionization is that the excess energy is completely transformed into kinetic energy of the created electrons and is equally
distributed over all three dimensions. This idea leads to an averaged electron
temperature in the source via:
1
3
∆Eexc1 = hν − E0 = mv 2 = kT ,
2
2

(2.3)

where m is the electron mass, v its velocity, k the Boltzmann constant
and T the electron temperature in the source.
The amount of excess energy can be controlled by the use of for example a tunable dye laser. This gives the opportunity to tune the electron
temperature as illustrated in Figure 2.5.

B. Fleskens, TU/e

10

Coherence & Quantum Technology

Figure 2.4: Six perpendicular, counter propagating laser beams (three polarized as σ + , three as σ − ). Around the atom cloud there are two coils in
anti Helmholtz configuration to achieve a field gradient on the z-axis that
accommodates the spatial restoring force.

Figure 2.5: Direct ionization of trapped atoms by laser light of three different
wavelengths (and thus energies), resulting in three different temperatures for
the electrons.

B. Fleskens, TU/e
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2.2.1

Influence of Electric Field

The classical ionization energy is altered when an electric field is applied
over the cloud of laser cooled atoms to instantly accelerate the electrons
from the moment of creation. Such an electric field reduces the ionization
energy of an atom, according to [10]:

E0,F 6=0 = E0 − 4Ry

r

F
,
F0

(2.4)

where E0 is the field free (classical) ionization energy, Ry is Rydberg’s
constant (13.6 eV), F the externally applied electric field and F0 the atomic
unit scaling factor for electric field (5.142 · 1011 Vm−1 ). Classically, this
effect can be viewed as if the electric field pulls the outer electron farther
from the positively charged core and thus reduces its binding energy.
The field dependence of the ionization energy alters the expected temperature in presence of an electric field, because the excess energy in a laser
photon also becomes field dependent and increases with increasing electric
field:

∆Eexc2 = hν − E0 +

r

F
4Ry
,
F
| {z 0}
field correction

(2.5)

where the difference with the field free case is illustrated by the underbrace. In the extreme case the extra excess energy is expected to be completely transformed into kinetic energy and isotropically distributed over all
three dimensions. So the expected (field dependent) electron temperature
becomes:
2∆Eexc2 (F )
T (F ) =
=
3k

r
8Ry F
+
. (2.6)
3k
F
| {z 0}
zero field temperature field correction
2 (hν − E0 )
3k
|
{z
}

The difference in excess energy for both cases (field free and field dependent) is illustrated in Figure 2.6.

B. Fleskens, TU/e
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Figure 2.6: Schematic of the influence of an electric field on the ionization
energy of an atom. The blue arrow (hν) represents a photon energy. The
horizontal line at E0 is the (classical) field free ionization energy. The curved
line is the field influenced ionization energy. The field free excess energy is
given by Eexc1 , whereas the field influenced excess energy is given by Eexc2 .

B. Fleskens, TU/e
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Chapter 3

Experimental Setup &
Calibrations
As explained in the previous chapter, there are several elements needed in
order to create an ultra cold electron bunch. First of all, atoms need to be
trapped and cooled in a magneto optical trap or mot. Subsequently, the
cooled atoms need to be ionized to create ultra cold electrons. Finally, the
created electrons need to be accelerated. The elements that are used in the
experimental setup to achieve these objectives are described and characterized in this chapter.
The setup consists of several important parts, starting with a vacuum
vessel. The vacuum inside this vessel is of the order of 10−8 mbar to reduce losses inside the trap due to elastic and inelastic collisions with hot
background particles. A turbo and an ion-getter pump are used to achieve
this low pressure. The vacuum vessel accommodates a magneto optical trap
(mot), enclosed by an accelerator structure. The mot has six counter propagating, circularly polarized laser beams to trap and cool rubidium atoms
from the background gas (loading process). Subsequently, a laser pulse with
sufficient energy is shot into the mot to ionize the atoms, while the constant
electric acceleration field is already present. As a result an electron bunch
and an ion bunch are shot out of the mot in opposite directions, by the
electric field of the accelerator. The ion bunch is lost on one side, whereas
the electron bunch enters a short beam line, schematically shown in Figure
3.1. It is first defocused by the inhomogeneous electric field at the end of the
accelerator (exit kick) and then focused by the magnetic field of one of the
mot coils, which acts as a positive lens on the electron bunch. At the end of
the beam line the bunch arrives at an amplifier (Multi Channel Plate), that
is screened from the accelerator by a metal grid, and a detector (phosphor)
which lights up as the bunch hits the material. This light is then detected
by a ccd camera which takes a transverse image of the bunch. All of the
above mentioned parts are discussed in more detail in this chapter.
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vacuum chamber
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z

Figure 3.1: Schematic overview of the ultra cold electron bunches setup (not
on scale): (a) ionization laser pulse, (b) 500 mm focussing lens, (c) beam
splitter, (d) ccd camera for laser pulse characterization, (e) trapped cloud
of laser cooled atoms, (f ) accelerator electrodes, (g) trapping coils (mot
coils), (h) electron bunch, (i) screening grid, (j) mcp and phosphor screen
assembly, (k) focussing lens, (l) ccd camera for electron bunch imaging.
The coordinates indicate the x, y and z axis.

3.1

Rubidium Trap

Alkali atoms are very popular in trapping and cooling experiments. Especially rubidium (85 Rb) is widely used, because a transition from the ground
state can be used for cooling for which stable and low cost diode lasers are
available. 85 Rb also has a nuclear spin (I = 5/2), so both S and P states
have a hyperfine structure (F = I+J). The transition used for cooling in this
research project is depicted in Figure 3.2. For the trapping a diode laser is
used which is operated at a wavelength of 780 nm (1 W), which corresponds
to the closed 5S1/2 (F = 3) → 5P3/2 (F = 4) transition. The frequency of this
laser is stabilized via a feedback system using the polarization spectroscopy
technique on a rubidium reference cell, as described in [11]. The trapping
laser excites about 50 % of the atoms in the mot to this excited state. Furthermore, the trapping laser also excites the 5P3/2 (F = 3) off resonance,
from where the atoms decay into the 5S1/2 (F = 2) hyperfine level of the
ground state. Atoms in that level can no longer be excited by the trapping
laser. Therefore also a repump laser is used which excites these decayed

B. Fleskens, TU/e
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atoms to the 5P3/2 (F = 3) from where they fall back to the 5S1/2 (F = 2)
state and can be cooled again by the trapping laser. The repump laser (150
mW) operates at a wavelength slightly detuned from the trapping laser and
its frequency is stabilized by use of a feedback system with the saturated
absorption spectroscopy technique on a rubidium reference cell, described
in [11].

Figure 3.2: Hyperfine level diagram for 5SJ=1/2 and 5PJ=3/2 levels of
indicating the trapping and repump laser transitions [12].

85 Rb,

The magnetic field gradient in the trap is created by two coils in antiHelmholtz configuration. Each of the coils has four windings with a radius
of 72 mm and consist of copper wires that are water cooled. The distance
between the centers of the two coils is 66 mm and a current of 190 A is
applied to them. The resulting magnetic field and gradient in the center of
the mot were measured with a Hall probe. The results of this measurement
are shown in Table 3.1. Extra coils were mounted to the setup to be able
to displace the magnetic field and gradient in order to create a nice mot
shape.
Table 3.1: Magnetic field and gradient inside the mot at the point where the
atoms are trapped. The data was measured with a Hall probe.
Parameter
x
y
z
Magnetic field [G] 0.70 ± 0.06 0.22 ± 0.03 0.18 ± 0.09
Magnetic field
7.09 ± 0.20 7.24 ± 0.13 11.57 ± 0.39
gradient [G/cm]
The used magneto optical trap is of the vapor cell type and thus traps
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and cools rubidium atoms from the low pressure (10−8 mbar vacuum) background gas. Therefore, a rubidium ampul is connected to the vacuum vessel
via a small vacuum tube and a mechanical valve. The used ampul can
be heated to increase the rubidium background gas pressure and thus the
number of trapped atoms.
When the trapping and cooling laser beams and the magnetic field are
switched on in the vacuum vessel with a small rubidium background pressure, the 85 Rb atoms are being trapped until a dynamic equilibrium sets in.
This is reached in a matter of seconds and the result is a cloud of ultra cold
85 Rb atoms, containing approximately 108 atoms in a Gaussian distributed
volume with a typical rms size of 1 mm. The temperature of the atoms
inside this cloud is typically 200 µK [12].

3.2

Accelerator

The accelerator structure was especially designed for this setup, because
it has to accommodate a magneto optical trap. A detailed story on the
accelerator design and characterization is given in [13], here a short version
will be given.
A schematic picture of the cross section of the accelerator structure is
given in Figure 3.3. The outer conductor of the structure is grounded,
whereas the inner conductor receives a negative voltage. Both are separated
by a glass ring. The accelerator enables the trapping and cooling laser beams
to enter through carefully chosen holes in the structure. The dimensions of
the accelerator are given in Table 3.2. The electric field in the accelerator
was calculated with superfish. The resulting field map can be used to
calculate the electric field at the acceleration point (z = 0). This resulted
in a field of 0.37 V/cm per V applied acceleration voltage. The electric field
was also calculated from time-of-flight (tof) measurements of ion bunches
(simply reverse the acceleration field), which resulted in a field at the acceleration point of 0.33 ± 0.05 V/cm per V applied acceleration voltage. The
tof measurements also allowed a calculation of the conversion between applied acceleration voltage and bunch energy, which resulted in a value of
0.462 ± 10% eV per V applied acceleration voltage.

3.3

Diagnostics for Magneto Optical Trap

The mot needs to be monitored to check whether enough atoms are trapped
and excited in order to create an electron bunch and to check if the cloud of
atoms is more or less Gaussian distributed. The easiest and most straight
forward way to characterize a mot is to analyze the fluorescent light from
the atoms inside the trap. These atoms radiate photons when they decay
to the ground state. These photons can be detected and analyzed to obtain
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Figure 3.3: Technical drawing of the cross section of the accelerator structure. (a) outer conductor; (b) inner conductor; (c) acceleration point; (d)
insulating glass ring; (e) mirror; (f ) pumping holes; (g) laser beams for
cooling and trapping; (h) radius of curvature on the inner conductor Ri ; (i)
radius of curvature at the acceleration point Ra [13].
Table 3.2: Dimensions of the accelerator.
Parameter
Value
Inner conductor maximum outer diameter 58 mm
Inner conductor length
205 mm
Outer conductor inner diameter
90 mm
Outer conductor length
230 mm
Glass ring outer diameter
98 mm
Glass ring inner diameter
50 mm
Glass ring width
6 mm
information about the mot. Part of these photons are detected by a calibrated photodiode, which links the total detected power to the number of
atoms inside the mot. Besides that there are two ccd cameras focused onto
the mot, which detect the fluorescent light in order to visualize the particle
distribution projected on the z - x plane and the z - y plane (where z is the
propagation direction of the electron bunch). A more detailed story on the
mot diagnostics is given in [14].

3.4

Ionization Laser

A tunable pulsed dye laser (10 Hz) of the Quanta-Ray PDL3 type is used
for the ionization of the laser cooled atoms. This laser is operated with
Coumarin 480 dye, since the zero field ionization wavelength of rubidium
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is 479.06 nm when an atom is coming from the 5P3/2 (F = 4) excited state.
This value was calculated from the quantum defects of 85 Rb, given in [15].
The ionization wavelength increases when an electric field is applied, as explained in Section 2.2.1. The laser is optically pumped with a 10 Hz Nd:YAG
laser. The combination delivers 5 ns pulses with a 2 GHz bandwidth, a spot
size in the order of a mm and a pulse energy in the mJ range.
The wavelength of the ionization laser is continuously measured with
a LM-007 lambdameter, which has a sub ångström resolution. This lambdameter is calibrated with a He-Ne laser of which the wavelength is very
well known. The wavelength of the ionization laser can be adjusted by a
stepper motor controlled grating with sub ångström resolution.
The ionization laser pulse size and shape describe what the ionization
volume or source volume of the bunch looks like. Therefore, its pulse size
and shape has been characterized by a measurement that is described in the
following section.

3.4.1

Shape and Size

The ionization laser pulse shape and spot size were measured with the ccd
camera that was placed at the same distance behind the beam splitter as
the mot ((d) in Figure 3.4). The 500 mm focussing lens ((b) in Figure 3.4)
was displaced over an optical rail to find its location where the laser is in
focus at the ccd and thus in focus inside the mot. At this location for the
lens an image was made of the laser pulse with the ccd camera. The image
was nicely circular symmetric and Gaussian distributed. Therefore, also a
Gaussian source distribution was expected. A fit of the image returned a
σ of ∼ 50 µm. Note that in this experiment the laser pulse was attenuated
with neutral density filters to prevent damage to the ccd chip.

3.5

Electrostatic and Magnetic Lenses

At the moment of creation the electrons are instantly accelerated into the
beam line by the already present constant electric field of the accelerator.
During the drift through the beam line, two effects are of importance. The
first is a defocusing action at the accelerator exit. This is due to the fact
that slightly off the central axis the field lines are not any longer parallel to
the acceleration axis. Therefore, the electrons that are off axis experience
a transverse electric force, resulting in a negative lens effect with a focal
length of -33 mm. A complete description of this negative lens effect at the
accelerator’s exit is given in [16]. The second is a rotational and a focusing
action by the magnetic field of the mot coils. The bunch is rotated under
influence of the Lorentz force. The focal length of a (thin) solenoid, with
which the mot coil is approximated, can be expressed as [17]:
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(b)
(c)
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(a)
y
x

MOT

z

Figure 3.4: Upper part of the experimental setup; (a) laser pulse optical
path; (b) 500 mm focussing lens; (c) beam splitter; (d) ccd camera for
laser pulse characterization. The coordinates indicate the x, y and z axis.
The y component in the laser pulse on the ccd camera transforms to the z
component in the mot due to the beam splitter.

4
f=Rh
i
qBz (0,z) 2
γmvz

,

(3.1)

dz

where q is the charge of an electron, Bz (0, z) describes the magnetic
field projection from the solenoid on the central axis, m is the rest mass
of an electron and vz its longitudinal velocity. The relativistic factor γ is
about 1.002 for an electron with a kinetic energy of 1 keV and can thus be
neglected.
Eq. (3.1) indicates that the focal length of the mot coil is dependent
on the longitudinal velocity of an electron. Therefore, the focal length is
energy dependent. So the overall action of the two lenses can be a focus of
the bunch in front of, precisely on or behind the detector, depending on the
kinetic energy of the bunch. This enables the possibility of a waist scan of
the bunch as a function of its energy.

3.6

Multi Channel Plate & Phosphor Screen

The created ultra cold electron bunches have to be detected and analyzed
in order to characterize them. The relevant parameters and the techniques
that are used to obtain these parameters are explained in this section.
The most straight forward way to analyze an electron bunch is to visualize the bunch with the use of a scintillation material or phosphor and
subsequently make an image with a camera. This is also done in the setup
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described here, where at the end of the beam line a Burle Multi Channel
Plate (mcp) amplifier is placed in front of a phosphor screen. The mcp
amplifies the electron bunch in order to get enough light intensity from the
phosphor behind the mcp to make a clear image of the bunch. The mcp
consists of millions of very thin, parallel and conductively coated glass capillaries with a diameter of several µm (see (a) in Figure 3.5). An applied
voltage difference between the front- and backside of the mcp makes every
channel function as a secondary electron multiplier tube. In this way every
incoming electron that hits the wall of a channel creates multiple secondary
electrons that are accelerated by the applied voltage difference. When these
secondary electrons hit the wall they again create more electrons and an
avalanche effect is formed (see (b) in Figure 3.5). In practice 1 kV was applied to the backside of the mcp, while the front of the mcp is grounded.
A grounded metal grid (filling factor 50%) is placed in front of this mcp
to screen the upstream part of the beam line from the mcp. The mcp itself
has an effective circular detection area with a 40 mm diameter. The individual channels have a diameter of about 10 µm and a length of 400 µm.
The phosphor screen behind the mcp is of the P20 type (ZnCdS:Ag) and
emits photons in the spectrum between 470 and 670 nm with its maximum
at 550 nm. A thin (conductive) aluminum layer is added to the phosphor
to prevent charge build up by the incoming electrons. This conductive layer
can also be used as a Faraday cup to measure time dependent signals down
to several ns. The photons that are emitted by the phosphor as a function
of the incoming electrons are imaged on a ccd camera behind the phosphor.
An overview of the entire detector setup is shown in Figure 3.6.

Figure 3.5: (a) Schematic picture of a micro channel plate; (b) schematic
of the working principle of a mcp [18].

B. Fleskens, TU/e

22

Coherence & Quantum Technology

Figure 3.6: Schematic overview of the bunch detector setup at the end of the
beam line. Note that the focussing lens in between the phosphor screen and
ccd camera is omitted.

3.6.1

Charge

One of the parameters that influences the bunch brightness is its charge. The
time integrated current signal on the (thin conductive aluminum layer of the)
phosphor screen is a measure for the bunch charge. To link this signal to
an absolute charge value, a calibration has been performed to determine the
linear relation between this time integrated current signal and the absolute
charge measured with the mcp as a Faraday cup and a charge amplifier. The
absolute charge in a bunch could be varied by changing the ionization laser
intensity, which was achieved by attenuating the laser pulses with different
neutral density filters. The interval was however limited, because the charge
signal from the mcp as Faraday cup dropped off very quickly. Therefore, the
calibration contains only eight data points (which are averaged values over
ten shots) and should thus be considered as an estimate instead of an exact
value. The slope of a linear fit of the data points and through the origin gives
the calibration factor. The result is shown in Figure 3.7, where the linear fit
resulted in a calibration factor of 0.079 fC · (nVs)−1 or 7.9 · 10−5 C · (Vs)−1 .
Note that this factor is dependent on the applied voltage between the mcp
front and back electrodes. The value presented here is for zero voltage on
the front electrode (mcp-in) and +1 kV on the back electrode (mcp-out),
which is the setting that was used for all presented experiments.
A series of simulations with the gpt code (General Particle Tracer [19])
were performed to investigate the bunch charge at which space charge effects
would start to have a significant influence on the bunch emittance. This
limit charge was determined to be around 20 fC. To avoid significant space
charge effects, the above conversion factor was used to set the bunch charge
to around 10 fC in all of the experiments.
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Figure 3.7: Charge calibration of the mcp and phosphor assembly. The linear
fit through the origin gives the calibration factor: 0.079 fC · (nVs)−1 .

3.6.2

Bunch Length

An important parameter for the brightness of a bunch is its temporal length.
Therefore, an experiment was performed to determine this parameter. The
upper limit for the bunch length is expected to lie close to the length of
the ionization laser pulse (5 ns), because of the instant acceleration after
ionization. The bunch length was determined by directly connecting the
front electrode of the mcp to the 50 Ω input of the scope, without further
amplification to obtain a better time resolution. However, the signal becomes harder to detect without further amplification, because it is of the
order of a single mV and therefore very close to the noise level. A background correction has been performed to cancel out a large part of the
noise. The signal was detectable when the maximum ionization laser intensity (no attenuation) was used without the focusing 500 mm lens ((b) in
Figures 3.1 and 3.4) to ionize a larger part of the mot, which in turn was
set to the highest achievable density (just below 1016 Rb atoms m−3 in the
center of the atom cloud). The measurement was averaged over 64 shots
and the result is shown as the solid line in Figure 3.8. The signal is fitted
with a Gaussian curve that returned a σ of 2 ns, so the full width at half
maximum (fwhm) is 4.7 ns. The temporal intensity of the laser pulse is also
shown as the open circles. This data was simultaneously measured with a
fast photodiode. From Figure 3.8 it is clear that the bunch length is indeed
consistent with the laser pulse length.
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Figure 3.8: Time dependence of the charge arriving on the mcp front electrode (solid line), fitted with a Gaussian curve that gives a temporal σt of
2 ns. The time dependent intensity of the laser pulse is shown as the open
circles.

3.7

Transverse Electron Temperature

As explained in Section 1.2 the transverse electron temperature corresponds
with the bunch emittance and thus the brightness of the bunch. The reason
that the experiments in this thesis focused on determining the transverse
electron temperature of the ultra cold bunches, instead of measuring the
emittance is mainly a practical one. The beam line that is attached to
the setup is simply too short (about 0.3 m in length) to conduct a direct
emittance measurement, because for such a measurement one has to be able
to observe the divergence of the bunch, for which a much longer distance is
needed (at least 1 m). Therefore, a lot of effort is put into determining the
transverse electron temperature as if the total bunch emittance is merely
thermal, like in Eq. (1.8), and with that indirectly the total emittance of
the bunch.
It is not trivial to measure a transverse electron temperature of an electron bunch, i.e. on can not simply put a thermometer into the beam line
since the transverse temperature of an electron bunch is not a temperature
such as one would use to characterize the weather. It can better be seen as
a measure for the transverse kinetic energy distribution of the electrons in
a bunch, which makes the coupling to emittance more intuitive.
The method that is used to determine the transverse electron temper-
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ature in this project employs a transfer matrix. Such a model makes it
possible to link the transverse dimensions of a bunch to the source temperature in a way that is explained in this section. The transverse dimensions
of the bunch are easily measured with the ccd camera behind the mcp and
phosphor screen.

3.7.1

Transfer Matrix: Principle

The principle of a transfer matrix is borrowed from classical optics and
is in fact the particle analogue of an optical matrix, which describes an
optical element or system. A transfer matrix relates the particle orbits at
the entrance and the exit of a beam line element to each other. Therefore,
these orbits need to be expressed in vector form with the particle’s transverse
position x and relative angle x′ between its velocity and the main axis of the
beam line. With these definitions the transfer matrix relates the entrance
and exit orbits in one dimension via:
  
 
y
A B
x
=
,
y′
C D
x′

(3.2)

where [x, x′ ] and [y, y ′ ] represent the particle orbits at the entrance and
exit of the element, respectively. In this way every beam line element can
be described by a specific transfer matrix. Note that drift spaces need to be
expressed in a transfer matrix as well, because of the divergence of a bunch.
The transfer matrix of an entire system is calculated by multiplying the
transfer matrices of the individual elements in the order of the propagation
direction.

3.7.2

Transfer Matrix: Bunch Size to Temperature

The particle distribution in the bunch before and after traveling through the
beam line are coupled via the Jacobian J (determinant) of the total transfer
matrix (as the one in Eq. (3.2)):
P (y, y ′ )dydy ′ = P (x, x′ )Jdxdx′ .

(3.3)

If there are no accelerating forces in the system, the total transfer matrix
has a determinant that equals 1 [20]. Strictly taken this is not the case for
the setup, since the electrons are accelerated in the first drift space towards
the exit kick of the accelerator. However, this can be overcome by the
assumption that the electrons instantly gain their final energy for which an
extra distance is added to the first drift space (as was done in [13]). Then it
can be assumed that the total transfer matrix has a determinant that equals
1 and thus the Jacobian also equals 1:
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P (y, y ′ )dydy ′ = P (x, x′ )dxdx′ .

(3.4)

This means that the optical system does not alter the shape of the particle distribution while creating an image of the bunch.
The (transverse) standard deviation of the particle distribution on the
screen σy follows:
σy2 =< y 2 > − < y >2 .

(3.5)

The bunch is symmetrically positioned around the z axis (propagation
direction) and thus < y >2 = 0. For the other term:
2

< y >=

Z

2

′

′

y P (y, y )dydy =

Z

y 2 P (x, x′ )dxdx′ .

(3.6)

According to Eq. (3.2) y = Ax + Bx′ so:
2

<y > =
=

Z

Z

Ax + Bx′

2

P (x, x′ )dxdx′

(3.7)


A2 x2 + B 2 x′2 + 2ABxx′ P (x, x′ )dxdx′

= A2 < x2 > +B 2 < x′2 > +2AB < xx′ > .

There is however no correlation between the transverse velocity spread
and the initial particle distribution, so < xx′ >= 0. Furthermore, because
< x >2 = 0 and < x′ >2 = 0 (just as < y >2 = 0), one gets < x2 >= σx2 and
< x′2 >= σx2′ . Then the equation above actually reads as:
σy2 = A2 σx2 + B 2 σx2′ ,

(3.8)

where σx is the standard deviation of the electron distribution in the
source, corresponding to the σ of the ionization laser spot, and σx′ is the
standard deviation of the angular velocity spread of the electrons in the
source. The latter is given by the tangent of the angle between longitudinal
and transverse velocity, for small angles:

σx ′

σv
= x =
vz

s

1
2
2 mσvx
1
2
2 mvz

.

(3.9)

The thermal energy of a particle is 12 kT per dimension and equals the
kinetic energy. Therefore the numerator of Eq. (3.9) equals the square

B. Fleskens, TU/e

27

Coherence & Quantum Technology

root of the corresponding transverse thermal energy (as already discussed in
Section 2.2), while the denominator is the kinetic energy U that the particles
gain from the acceleration field and thus:

σ

x′

=

s

1
2 kT

U

.

(3.10)

By substituting Eq. (3.10) into Eq. (3.8) the coupling between the dimensions of the image of the bunch and the transverse electron temperature
is found to be:

σy =

r

A2 σx2 + B 2

kT
.
2U

(3.11)

From this equation it is clear that A is dimensionless and B is expressed
in meters. The equation provides the tool to determine the transverse electron temperature by measuring the transverse dimension of the bunch image.
When the remaining parameters in Eq. (3.11) are known, the equation can
be used as a fit function for a waist scan of the bunch as function of (kinetic)
energy. Such a waist scan is easily obtained by simply varying the applied
voltage on the accelerator, as already explained in Section 3.5.
However, the constantly applied electric acceleration field may cause the
excess energy in the ionization laser pulse to become field dependent, as
described in Section 2.2.1. This in turn would cause the temperature to
become field dependent also. Therefore, if Eq. (3.11) is used to fit data
of a bunch waist scan experiment, the resulting temperature might be an
averaged value over the waist scan energy interval and thus an overestimation of the real transverse electron temperature. This possible error can
be overcome by redefining the temperature T in Eq. (3.11). The modified
(field dependent) temperature expression is deduced from Eq. (2.6), so in
the extreme case that all field induced extra excess energy is isotropically
distributed:
√
8Ry
T → T (F ) = T0 + C F where C ≡ √ ,
3k F0

(3.12)

where T0 represents the limit field free expected temperature as in Eq.
(2.6). The modified temperature expression (Eq. (3.12)) is now field dependent. However, to use it in the fit function (Eq. (3.11)) for the data
of a waist scan experiment the field dependence needs to be rewritten to
an energy dependence. This is achieved by use of the conversion factors
previously mentioned in Section 3.2:
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V/cm
0.37
V
h i U.
F =
0.462 eV
V

(3.13)

Substitution in Eq. (3.12) gives the energy dependent transverse electron
temperature:
√
T = T (U ) = T0 + C U ,
r


8Ry
0.37
K
√
where C ≡
≃ 5.2583 √
.
3k F0 0.462
eV

(3.14)

The field dependent fit function is now obtained by substituting the
above expression for temperature in Eq. (3.11):
v

u
√ 
u
k
T
+
C
U
0
t
.
σy = A2 σx2 + B 2
2U

(3.15)

The result of this second fit function for a beam waist scan is the expected
field free transverse electron temperature in the extreme case, instead of an
averaged value for the temperature over the beam waist scan energy interval.
Except for the values of the A and B matrix coefficients, all ingredients are now present for a beam waist scan fit from where a value for the
transverse electron temperature is obtained. The values for A and B will be
calculated in the next section.

3.7.3

Transfer Matrix: Construction

The transfer matrix from electron source to bunch image can be calculated
analytically, as well as by means of numerical simulations. Both methods
are explained in the following two subsections and a comparison between
the two results is given in Section 3.7.4.
Analytical Construction
The experimental beam line setup consists of several optical elements:
• Negative electrostatic lens from accelerator exit kick [16].
• Positive magnetic lens from mot coil.
• Drift spaces between the object, elements and image.
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Each element is described by its own characteristic matrix. A schematic
overview of the system structure is given in Figure 3.9. For this setup there
are two types of transfer matrices needed, one for drift spaces and one for
the working of a thin lens, both of which can be found in [20].

Figure 3.9: Schematic of the beam line elements and drift spaces. The first
drift distance d1 is corrected for the fact that the electrons do not instantly
gain their final velocity. All of the elements are explained in the text.
A bunch traveling through the system first experiences a drift of length
d1 towards the exit of the accelerator. This drift distance is corrected for
the fact that the electrons are accelerated over the first few millimeters and
do not immediately arrive at their maximum velocity. At the accelerator
exit the bunch encounters the exit kick, working as a negative (electrostatic)
lens with focal length f− . Subsequently, it drifts over a length d2 towards
the mot coil, which acts as a positive (magnetic) lens with focal length f+ .
Finally, the bunch drifts over a distance d3 towards the detection screen
where the image is taken.
All together there are five matrices building up the total transfer matrix
M of the system:
 
 
 


y
x
x
A B
= D3 F+ D2 F− D1
= M ′ , where M ≡
. (3.16)
y′
x′
x
C D
The calculation of the total transfer matrix M was performed in Maple
and the result is given by:
A
B
C
D

=
=
=
=

1
f+ f− f+ (f− − d2+3 ) + d3 (d2 − f− ) ,
1
f+ f− f+ (f− d1+2+3 − d1 d2+3 ) + d3 (d1 d2
1
f+ f− d2 − f+ − f− ,
1
f+ f− f− (f+ − d1+2 ) + d1 (d2 − f+ ) ,
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Table 3.3: Numerical values for total transfer matrix.
Parameter Numerical value [m]
d1
0.0095
d2
0.0235
d3
0.2835
f−
-0.033
where the notation di+j represents di + dj .
The numerical values for the various parameters of in the optical matrix
are given in Table 3.3 accept for the focal distance of the mot coil f+ . The
general expression for the focal length of a solenoid was already given by
Eq. (3.1) in Section 3.5:
4
f=Rh
i
qBz (0,z) 2
γmvz

.
dz

The relativistic factor γ is about 1.002 for an electron energy of 1 keV
and can thus be neglected.
The on axis field Bz (0, z) of a current loop, like both mot coils, is [17]:

Bz (0, z) =

µI
2 h

Rs2
(z − zs )2 + Rs2

i3/2 .

(3.18)

Now the integral of the on axis squared current loop field can be evaluated for both mot coils. This was done in Maple. Furthermore, Eq. (3.1)
is quadratically dependent on the longitudinal velocity of the electrons vz ,
which can be rewritten as a function of the electron energy via:

U = Ekin =

1
2U
mvz2 → vz2 =
.
2
m

(3.19)

When the result from the Maple calculation and Eq. (3.19) are then
substituted into Eq. (3.1), one arrives at the focal length of the mot coil as
a function of the electron energy:
f+ = f (U ) ≃ 0.041

h m i
·U.
keV

(3.20)

The numerical values that were used in the calculation of the formula
above are given in Table 3.4.
The final result for both A(U ) and B(U ) is shown in Figure 3.10, Section 3.7.4,
upper two graphs.
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Table 3.4: Numerical values that were used for the calculation of the focal
length of the mot coils, Eq. (3.20).
Parameter
Numerical value
Rs
0.072
[m]
m
9.1 · 10−31
[kg]
e
1.6 · 10−19
[C]
−7
µ0
4π · 10
[H/m]
I
4 · 190
[A]
Numerical Construction
The analytic construction of the transfer matrix is based on a few assumptions and simplifications (thin lens approximations, corrected drift distance).
Therefore, the A and B transfer matrix coefficients were also calculated by
the use of the simulation code gpt (General Particle Tracer). The experimental beam line was modeled in gpt, using the superfish field map
(Section 3.2) and the numbers given in Table 3.3, accept for the corrected
d1 .
To determine A, an electron was placed at four different distances from
the propagation or z axis at the source location, having zero initial velocity.
Subsequently, the electron was accelerated through the beam line and its
final position on the detection screen calculated. The value for A is then
given by the ratio of the two positions, as according to Eq. (3.2). The four
values for A (from four different initial positions) were very consistent. The
final value for A is given by the average.
To determine B, an electron was placed at the acceleration point (on the
propagation or z axis), but with four different initial transversal velocities.
Subsequently, the electron was again accelerated through the beam line and
its final position on the detection screen calculated. The value for B is then
given by the ratio of the final position and initial transversal velocity, as
according to Eq. (3.2). The four values (from four different initial transverse
velocities) were very consistent. The final value for B is given by the average.
Both A and B are dependent on the velocity of the electrons, which is
a result of the energy dependency of the focusing action by the mot coil.
Therefore, to determine the energy dependency, the procedure to calculate
A and B was repeated for five different final electron energies. The results
were plotted and fitted with a third order polynomial:

f (U ) =

3
X
i=0

ci · U i ,

(3.21)

where U is the electron kinetic energy, expressed in electronvolts. The
final plot results for both A(U ) and B(U ) are illustrated in Figure 3.10
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(Section 3.7.4, lower two graphs) including the third order polynomial fit.
The result of both fits is given in Table 3.5.
Table 3.5: Numerical values for coefficients of third order polynomials, describing the electron kinetic energy dependency of both A and B.
Coefficient
Numerical value
A(U )
B(U )
c0
−15.0623
−0.6184
[m]
−1
c1
0.024
[eV ]
0.0012
[m·eV−1 ]
−5
−2
−7
c2
−1.1751 ·10
[eV ]
6.2566 ·10
[m·eV−2 ]
c3
2.2342 ·10−9 [eV−3 ]
1.2683 ·10−10 [m·eV−3 ]

3.7.4

Transfer Matrix: Comparison

The results of the analytic calculation of the A and B transfer matrix coefficients almost match the results of the numeric calculation, as can be seen in
Figure 3.10. Therefore, the action of the accelerator exit kick and mot coils
on the bunch seems to be well understood. The shapes of both analytic and
numeric A(U ) and analytic and numeric B(U ) are the same, just as the zero
point of both A(U ) curves. However, the absolute values and zero point of
both B(U ) curves are inconsistent. A possible explanation is that the analytic calculation is based on assumptions like the thin lens approximation
for the exit kick of the accelerator (electrostatic negative lens) and the mot
coil (magnetic positive lens). In reality these lenses have a finite thickness,
which is not negligible since the distance over which the exit kick employs
its defocusing force is almost a centimeter and for the mot coil even more.
Furthermore, the first drift space distance d1 was corrected for the fact that
the electrons do not immediately gain their final kinetic energy.
The simulation on the other hand was based on the real experimental
conditions and is thus expected to give a better result. Therefore, the third
order polynomials from the numeric calculation (Eq. (3.21) & Table 3.5) are
used in the analysis of the experiments in Chapter 4.
Both the analytic and numeric result for A(U ) (two left graphs in Figure
3.10) show a zero point around an electron kinetic energy of 1150 eV. This
suggests that at this energy the bunch image size is independent of the
source volume and thus solely dependent on the temperature of the source,
as can be seen from Eq. (3.8). Both the analytic and numeric result for
B(U ) (two right graphs in Figure 3.10) also show a zero point, but around
different electron kinetic energies. A zero point in B(U ) means that at this
kinetic energy the bunch image is independent of the source temperature.
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Figure 3.10: The upper two graphs show the analytic result for both A(U )
and B(U ) as a function of the electron kinetic energy (left and right, respectively). The two lower graphs show the numeric results for both A(U )
and B(U ) also as a function of the electron kinetic energy (left and right,
respectively). The numeric results are fitted with a third order polynomial of
which the results are given in Table 3.5.
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Chapter 4

Transverse Electron
Temperature & Brightness
The main goal of the experiments is to determine the minimum achievable
source temperature of the ultra cold electron source. As explained before
in Section 3.7, the setup does not allow a direct temperature measurement.
Therefore, efforts were focussed on determining the transverse emittance of
the bunches via a model, assuming it to be fully thermal (like in Eq. (1.8)).
With that model the transverse electron temperature and eventually the
bunch brightness can be estimated. This temperature was determined by
fitting experimental data with Eqs. (3.11) and (3.15), as described in Section 3.7. In this chapter the fitting procedures and results are presented.
Subsequently, an interpretation of the results is given. Finally, the maximum achievable transverse (reduced) brightness of the created bunches is
calculated.

4.1
4.1.1

Experimental Results
Electron Energy Scan for various Ionization Wavelengths

The electron kinetic energy was scanned by applying different voltages to the
accelerator ranging from 1.3 up to 3.5 kV, while recording the bunch images
of which an example is given in Figure 4.1. The result was a transverse
waist scan of the bunch image, as explained in Section 3.5. The images
were nicely Gaussian distributed, apart from a broad Gaussian underfoot,
see Figure 4.2. Such an underfoot in a mcp signal has been reported in
[21] and was corrected for in the analysis. The underfoot (dashed line) was
subtracted from the total signal (solid line) and the result (dotted line) was
fitted with a two dimensional Gaussian in a Matlab routine.
The Matlab fit routine resulted in two σ values that describe the transversal dimensions of the bunch. The smallest σ (short axis σ) was plotted
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Figure 4.1: Example of a bunch image taken with the ccd camera behind the
mcp and phosphor screen. The inset shows a detailed image of the bunch
where the shading by the metal screening grid in front of the mcp is also
visible.
against the electron kinetic energy. The data was then fitted with the
field free Eq. (3.11) or the field dependent Eq. (3.15). In both fit functions the A(U ) and B(U ) matrix coefficients were given by the result of
the numeric calculation, Eq. (3.21) and coefficients in Table 3.5. Figure 4.3
shows both functions for the same values for the fit parameters (ionization
volume σx = 50 µm and transverse electron temperature T = T0 = 15 K).
Furthermore, the electron kinetic energy was scaled by a dimensionless factor u of 0.9. This means in practice that U was replaced with (u · U ) in
Eqs. (3.11), (3.15) and (3.21). The reason for this scaling will be explained
later on in this section. The shape of both fit functions is similar, although
the dotted line (red) has a much stronger energy dependence due to the
introduction of the electric field influence on the excess energy.
The above procedure was repeated for fifteen different ionization laser
wavelengths. These wavelengths ranged from well above ionization threshold all the way down to the experimental limit (till there was no bunch
observed anymore). The created bunches were expected to have fifteen corresponding different transverse electron temperatures. Figure 4.4 shows the
experimental result for an ionization wavelength of λi = 480.502 nm with
both fit functions fitted to the data. The fit with Eq. (3.11) is shown as the
solid line (black) and Eq. (3.15) as the dashed line (red).
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Figure 4.2: Example of a typical Gaussian fit to a bunch image in one
dimension. The circles represent the experimental data. The solid line is
the total signal, the dashed line the broad underfoot and the dotted line the
corrected signal that gives the small axis sigma of the bunch image and is
used in the further analysis.
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Figure 4.3: Example curves of Eq. (3.11) as solid line (black) and Eq. (3.15)
as dashed line (red). Both curves have the same parameters, ionization
volume σx = 50 µm, transverse electron temperature T = T0 = 15 K and
the electron kinetic energy was scaled by a factor u of 0.9.
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Figure 4.4: Result for the small axis σ of an electron kinetic energy scan at
an ionization wavelength of λi = 480.501 nm. The data is fitted with both
fit functions as explained in the text. The solid line (black) corresponds to
Eq. (3.11), the dashed line (red) to Eq. (3.15).
The actual fit of the experimental data was made simultaneously for all
fifteen data sets (fifteen ionization wavelengths), sharing the same value for
the ionization volume σx to increase the accuracy of the result. Furthermore,
the electron kinetic energy in both A(U ) and B(U ) and the fit function itself
was scaled (like before) by the same dimensionless factor u: U → u · U . This
was necessary to get the correct position of the transverse beam waist. The
final result of the simultaneous fit with Eq. (3.11) is given in Figure 4.5. The
final result of the simultaneous fit with Eq. (3.15) is given in Figure 4.6.
The graphs in Figures 4.5 and 4.6 show that both fit functions work
very well to describe the behavior of the dimensions of the bunch image as
function of its energy, just like in Figure 4.4. The optical model thus seems
to be correct. Also there is little difference visible between the field free and
field dependent fits (Eqs. (3.11) and (3.15), respectively). The numerical
results of the simultaneous fit with both functions (field free, C = 0, and
field dependent, C 6= 0) are given in Table A.1 in the Appendix. There it
can be seen that both functions return very consistent values for the ionization volume σx (55.6 µm versus 55.7 µm) and the energy scaling factor
u (0.9255 versus 0.9127). These values are indeed consistent with the ionization laser spot size (∼ 50 µm) and the uncertainty in the electron energy
(10 %). Furthermore, it appears that the difference in the temperature result for the field free and field dependent case is almost constant at around
180 K (TC=0 − T0,C6=0 ). Note that the field dependent fit results for T0
B. Fleskens, TU/e
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Figure 4.5: Short axis (σ) of the bunch image as a function of the electron
kinetic energy for various ionization laser wavelengths (fifteen in total). All
data sets were fitted simultaneously with Eq. (3.11), sharing the same values
for σx and u, which represent the transversal dimension of the ionization
volume (short axis) and a scaling factor for the electron energy, respectively.
(Eq. (3.15)) represent a fictitious transverse electron temperature that the
electrons would have in absence of the electric acceleration field. The field
free fit results for T (Eq. (3.11)) represent a real transverse electron temperature, which should be the averaged value over the electron kinetic energy
scan interval.
The experimental results and corresponding theory are compared in
Figure 4.7 where the fitted temperatures from Table A.1 are plotted against
their corresponding ionization laser wavelengths. The open circles (red)
represent the fitted transverse electron temperatures in the field free case
(C = 0), the closed squares (black) the field dependent case (C 6= 0). The
solid line (red) represents the theoretically expected transverse electron temperature in the field free case, according to Eq. (2.6) but without the field
correction:
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Figure 4.6: Short axis (σ) of the bunch image as a function of the electron
kinetic energy for various ionization laser wavelengths (fifteen in total). All
data sets were fitted simultaneously with Eq. (3.15), sharing the same values
for σx and u, which represent the transversal dimension of the ionization
volume (short axis) and a scaling factor for the electron energy, respectively.
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This is the extreme case where no field induced excess energy is transferred to the electrons (so only Eexc1 in Figure 2.6, Section 2.2.1). The
dashed line (blue) represents the same theoretically expected transverse electron temperature, but with field correction for an applied field of 925 V/cm
(acceleration voltage of 2.5 kV). This is the extreme case where all field
induced excess energy (for a field of 925 V/cm) is isotropically distributed
over the electrons (Eexc2 in Figure 2.6). This applied field lies approximately
in the middle of the kinetic energy scan interval. It is also around the point
where the numeric A(U ) coefficient equals zero, which means that the di-
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mensions of the bunch image are independent of the source volume size σx
and thus fully determined by the source temperature.
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Figure 4.7: Fit results for the transverse electron temperature as a function
of the ionization wavelength. The data sets and two lines are explained in
the text.
For the open circles (red) in Figure 4.7 (C = 0) can be concluded that
above approximately 50 K (right side of the figure) the transverse electron
temperatures nicely follow the slope of the theoretical line for the field free
case (solid line (red)). So the type of relation between photon energy and
transverse electron temperature seems to be understood for temperatures
well above absolute zero. However, there remains a constant difference of
approximately 40 K between the data points and the theoretical field free
line. This suggests that there is indeed extra excess energy available due to
the applied electric acceleration field during the ionization process. With
this observation in mind, the extreme case where all field induced extra excess energy (Eexc2 ) is isotropically distributed over the electrons (result of
waist scan fits with Eq. (3.15)) is plotted as the closed squares (black) in
Figure 4.7. These points represent the fictitious transverse electron temperature that the electrons would have in case of zero initial electric field.
Therefore, the negativity of these points suggests that there would be no
electrons produced in absence of an electric field during ionization. However, the closed squares (black) indicate that the field correction is too large,
since the data is far below the theoretical field free solid line (red).
For ionization wavelengths above 479.09 nm (left side of Figure 4.7), the
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open circles really start to deviate from the solid line (below 50 K) and
approach the dashed line (blue) towards absolute zero temperature. No
bunches were observed anymore for ionization wavelengths above 482 nm.
This is consistent with theory since the ionization threshold for a field correction at 480 V/cm (corresponding to an acceleration voltage of 1.3 kV,
which was the starting point of the kinetic energy scan interval) gives an
ionization wavelength of 482.164 nm, via Eq. (2.5):

∆Eexc2

hc
hc
=
−
+ 4Ry
λcorr λ0

⇒ λcorr =

r

F
= 0,
F0
r !−1
1
4Ry
F
−
·
.
λ0
hc
F0

(4.1)

Therefore, no electrons were expected for ionization wavelengths above
λi = 482.164 nm.
Over the whole range the closed squares (black) remain an approximate
constant 180 K below the open circles (red). This confirms the expectation
that the open circles represent temperature values that are averaged over the
waist scan interval, since a temperature difference of 180 K corresponds with
an electric field of 925 V/cm (electron kinetic energy of 1150 eV), which is
in the middle of the beam waist scan interval when scaled with the energy
factor u of 0.92.

4.1.2

Electron Energy Scan for various Ionization Volumes

An experiment was performed to determine the electron kinetic energy at
which the A(U ) transfer matrix coefficient equals zero. This was done as
a check of the numeric formula for A(U ) that has a zero point around
U = 1150 eV, as already mentioned in Section 3.7.4. A(UA=0 ) = 0 implies
that at this kinetic energy UA=0 the dimensions of the bunch image are independent of the size of the ionization or source size and thus fully determined
by the source temperature.
The energy UA=0 was determined by electron kinetic energy scans of
the same acceleration interval as in the previously presented experiments
(1.3−3.5 kV). However, this time the ionization or source volume was varied.
The variation was achieved by displacement of the 500 mm focussing lens
above the vacuum (this is the lens that is indicated with (b) in Figures
3.1 and 3.4). The displacement brings the ionization laser pulse out of
focus inside the mot and thus changes the ionization volume. The size of
the laser pulse inside the mot was simultaneously measured with the ccd
camera behind the beam splitter ((d) in Figures 3.1 and 3.4). The resulting
data for the short axis σ of the bunch image was plotted against the electron
kinetic energy. The four data sets were expected to cross over at a single
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energy. The cross over energy would be UA=0 and indicates the point at
which A(U ) equals zero.
The result for both the smallest and largest ionization volume is shown
in Figure 4.8. The closed squares (black) represent the data for an ionization
laser pulse σi of 30 µm and the open circles (red) the data for σi = 140 µm.
Both data sets were fitted with the field free fit function of Eq. (3.11). This
was done to clarify the exact location of UA=0 on the horizontal axis. From
the fitted curves it is clear that the cross over energy UA=0 = 1170 ± 30 eV.
This value corresponds to an applied acceleration voltage of 2530 ± 65 V
and is indeed consistent with the numeric formula for A(U ). So again the
optical model seems to describe the setup very accurately.
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Figure 4.8: Short axis σ of the bunch image as a function of the electron
kinetic energy. The black squares correspond to an ionization laser pulse
sigma σi of 30 µm, the open circles (red) to σi = 140 µm. Both data sets
are fitted with Eq. (3.11).

4.1.3

Wavelength Scan for various Electron Energies

It was shown in Section 4.1.1 that the fit results for the transverse electron
temperature start to approach a limit value when reaching absolute zero. A
further investigation into this region is presented in this section. The data
for this investigation was obtained by scanning the ionization wavelength
towards the threshold (and beyond) at a fixed acceleration voltage. The
procedure was repeated for three different acceleration voltages (2.4, 2.5
and 2.6 kV), which is around the point where A(U ) = 0 (2530 ± 65 V, see
B. Fleskens, TU/e
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Section 4.1.2). The results of this experiment are shown in Figure 4.9. The
displayed transverse electron temperature was calculated with Eq. (3.11),
using the fitted values for σx and the energy scaling factor u from the Appendix (Table A.1). Therefore, these values represent the real transverse
electron temperature at the corresponding electric field (or the applied acceleration voltage). The squares (black) correspond to Vacc = 2400 V, the
open circles (red) to Vacc = 2500 V and the half filled triangles (blue) to
Vacc = 2600 V. The two lines are the same theoretical curves as in Figure 4.7.
The solid (red) line represents the theoretically expected transverse electron
temperature in the field free case, according to Eq. (2.6) but without the
field correction (like in Section 4.1.1). The dashed line (blue) represents the
same theoretically expected transverse electron temperature, but with field
correction for an electric field of 925 V/cm (applied acceleration voltage of
2.5 kV, corresponding to the applied acceleration voltage of the open circles
(red)).
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Figure 4.9: Transverse electron temperature, calculated with Eq. (3.11), as
a function of the ionization laser wavelength for three different acceleration
voltages around the A(U ) = 0 point. The squares (black) correspond to
Vacc = 2400 V, the open circles (red) to Vacc = 2500 V and the half filled
triangles (blue) to Vacc = 2600 V. Also shown are the same two theoretical
curves as in Figure 4.7, which are explained in the text.
The same features are visible in Figure 4.9 as for the open circles (red)
in Figure 4.7: the data follows the slope of the solid line (red) for temperatures above 50 K, maintaining a similar discrepancy and the data ap-
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proaches the dashed line (blue) towards lower temperatures. However,
in this experiment it was possible to create electrons at ionization wavelengths above 482 nm, since the electric acceleration field was higher than
the starting point of 480 V/cm (corresponding to an acceleration voltage of
1.3 kV) in the experiment of Section 4.1.1. The dashed line (blue) indicates
the theoretical threshold wavelength for an acceleration voltage of 2.5 kV
(λcorr = 483.375 nm). This is in good agreement with the data points since
around this value it became harder and harder to detect bunch images and
thus electrons. This is illustrated by the larger spread towards the threshold,
because of less accurate fitting of the bunch image in the Matlab routine
(which was mentioned in Section 4.1.1) due to lack of signal.

4.2

Interpretation

The data in Figures 4.7 and 4.9 can be understood better when a schematic
picture is made of the energy potential of an outer electron around a rubidium core as a function of the z position inside the mot. Such a picture is
given in Figure 4.10. Here the electron potential is given for two different
cases: the dashed line represents the field free potential, whereas the solid
line represents the field dependent one (field lowered). For both cases the
positively charged rubidium core creates a local energy minimum in which
the outer electron is kept bound. To create an electron source, the outer
electron (in the 5p2 P3/2 state) should be ionized. The energy that is needed
to ionize the outer electron is supplied by an an ionization laser photon with
energy hν (blue arrow in Figure 4.10). The amount of excess energy in the
laser photon was expected to dictate the temperature of the ionized electron by 3kT /2. The excess energy is equal to Eexc1 in the field free case.
In the presence of an electric field the excess energy is increased and equals
Eexc2 , since the electron can escape the potential over the field induced saddle point. In this picture the excess energy Eexc1 or Eexc2 is assumed to be
completely transformed into kinetic energy and thus results in a temperature
for the created electron.
The experimental data that is presented in Sections 4.1.1 and 4.1.3 follows the field free model for temperatures above approximately 50 K (open
circles (red) in Figure 4.7, neglect the 40 K discrepancy for now). Below
50 K there should not be any electrons produced, according to the field free
model (threshold wavelength of λi = 479.09 nm). From there downwards
the open circles start to approach the field dependent model. The wavelength limit of the data towards zero temperature is even very consistent
with the field dependent model (Figure 4.9). These observations imply that
far above threshold (T > 50 K) the temperature is very close to the expected
field free temperature (only slightly higher) and the electric field thus seems
to have little influence on the transverse electron temperature. Towards
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Figure 4.10: Electron energy potential around a Rb core inside the mot.
The dashed line represents the field free case. The solid line represents the
field dependent (field lowered) case. The positively charged core creates a
local energy minimum in which the outer electron (in the 5p2 P3/2 state) is
bound. This minimum should be overcome by the energy of an ionization
laser photon (hν, blue arrow) before a free electron is formed. Eexc1 represents the excess energy of the laser photon in the field free case, Eexc2 that
of the field dependent one.
absolute zero the electric field becomes more and more important until at
threshold all field induced extra excess energy in the laser photon is needed
to create an electron, confirming the field dependent threshold wavelength
as in Figure 4.9.
There are apparently very interesting but complex dynamics that start to
play a role in the region from 50 K down to absolute zero. The presented energy picture does not seem to be sufficient anymore in the transition region.
A better understanding of the dynamics in this region may be obtained when
the ionization dynamics and electron escape trajectories are investigated.

4.3

Brightness

Finally, the highest normalized peak brightness B̂n that is achieved in the
present work for the electron bunches created in the described setup is esti-
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mated in this paragraph. Therefore, Eq. (1.7) is recalled:

B̂n =

Qtot mc2
(2π)5/2 σx σy σt kT

.

The total charge Qtot in a single bunch was fixed at 10 fC, as mentioned
in Section 3.6.1. The σx and σy represent the transversal dimensions of the
source volume. Here σx is governed by the ionization laser pulse size and
is approximately 50 µm, while σy is governed by the size of the mot and is
approximately 1 mm. Also, σt is the Gaussian bunch length. The electron
source temperature T is chosen conservatively, since the real temperature is
not entirely clear. Therefore, the lowest fitted real temperature of approximately 15 K is used. This was the lowest temperature resulting from the
simultaneous fit of the experimental data with the field free Eq. (3.11) and
thus is a real upper limit, check Section 4.1.1 and Table A.1. The values
for the bunch parameters that are used in the normalized peak brightness
calculation are summarized in Table 4.1.
Table 4.1: Overview of the values for the electron bunch parameters that are
obtained in the experiments.
Bunch parameter Symbol Numerical value
Charge
Qtot
10 fC
Source
σx
50 µm
size
σy
1 mm
Length
σt
2 ns
Temperature
T
15 K
The values from Table 4.1 are used in the formula for the normalized
peak brightness above. The result is:

8

B̂n ≃ 4 · 10
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Chapter 5

Conclusion and Discussion
The goal of the project was to create the coldest possible matter by the
use of magneto optical techniques (cooling and trapping) and transfer its
properties to electron bunches. The experiments that are presented in this
thesis confirm that the goal has been achieved. The thesis presents measurements of the transverse electron temperature down to the temperature
limit. The results were upper limits of the transverse electron temperature
of a bunch down to at most 15 K. The relation between the excess energy
in the ionization laser pulse and the transverse electron temperature is not
fully understood, however a fair step in the right direction has been made.
The threshold is understood to be the extreme case where all field induced
extra energy is needed to free an outer electron, reaching minimum temperature. Far above threshold (above 50 K) the temperature is only slightly
higher (∼ 40 K) than the field free case, so only a fraction of the field induced extra excess energy is distributed over the electrons in the transverse
direction. The processes that govern the transition region are unknown.
Furthermore, the length of the ultra cold electron bunches was determined
to be 4.7 ns fwhm. The charge in the bunch was set to about 10 fC for the
presented experiments. The values altogether result in a normalized peak
brightness of 4 · 108 [A · m−2 · rad−2 ].
Strictly taken, the above given value for the normalized peak brightness
should be viewed as an estimate. The various parameters used in its calculation were not measured simultaneously. However, it is likely that the
presented values can be achieved all at once in the described setup.
At present, one of the highest brightness pulsed electron sources is the
lcls gun at slac, Stanford. Table 5.1 gives a comparison between the ultra
cold electron source (uce source) from this thesis and the lcls gun. The
value for the bunch emittance of the uce source is the thermal emittance,
based on a source temperature of 15 K and size of 50 µm.
The ultra cold electron source from this thesis has five orders of magnitude less charge in a bunch, but makes up for that a great deal by the
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Table 5.1: Comparison between the lcls gun at slac and the ultra cold
electron source that is characterized in this thesis. Data for the lcls gun is
taken from the slac website [22].
Bunch Parameter
uce source
lcls gun
Charge
10 fC
1 nC
Emittance
2.5 · 10−3 mm mrad
1 mm mrad
Length (fwhm)
4.7 ns
10 ps
A
8
Brightness
4 · 10
2.4 · 1012 2 A 2
m2 rad2
m rad
emittance which is three orders of magnitude lower. Note that the emittance
for the uce source in Table 5.1 is only the emittance in the direction of the
short axis of the bunch. The emittance in the direction of the long axis is
larger by a factor of 20 (the short axis sigma of the bunch divided by the
long axis sigma, 1 [mm]/50 [µm]). However, the bunch length for the ultra
cold electron source is almost three orders of magnitude longer so the total
brightness stays behind the present state-of-the-art.
The difference can be over overcome by increasing the charge density
in the bunch. However, the exact effect of a higher charge density on the
bunch brightness is not clear since a higher charge density implies more
Coulomb repulsion. The Coulomb repulsion (space charge effect, which is
non linear) causes the bunch to become more divergent (emittance growth)
and thus reduces its brightness. There is however a strategy to overcome
the irreversible space charge blow up by carefully shaping the bunch as
an ellipsoid with an uniform charge distribution, as is described in [23].
There are several strategies to achieve a higher charge density, which will
be described below.
One obvious way to improve the charge density is to put more charge into
a similar electron bunch. This can be achieved by increasing the ionization
laser intensity and the rubidium density inside the mot, which limits the
bunch charge at present. A substantial increase in density can be obtained
by implementing a 2D or 2D+ mot[12], which produces an atomic beam
that can load the presently used 3D mot. In this way, a much higher
density can be achieved in the mot, close to the highest reported density of
1018 atoms m−3 [24]. This approach is the subject of another Master thesis
yet to be published [25].
Another way to improve the charge density and thus the bunch brightness is to create similar electron bunches, but with shorter length. This
can be achieved by excitation of the laser cooled atoms to a highly excited
(Rydberg) state in zero electric field (no acceleration) and a subsequent fast
high voltage electric field pulse. At some point the pulsed field becomes high
enough to field ionize the highly excited (Rydberg) state and all the outer
electrons are then ionized and accelerated instantly. This is expected to
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result in a much shorter bunch length than the measured 4.7 ns fwhm. Experiments with this field ionization and instant acceleration procedure were
already performed. Results of these experiments are awaiting publication
[26].
The charge density can also be improved by reduction of the transverse
source size or ionization volume. Such a reduction effectively lowers the
bunch emittance. In the current setup the transverse dimensions of the
ionization volume are governed by the ionization laser spot size and the mot
size. The latter is about a factor of 20 larger than the first (1 [mm]/50 [µm]).
A reduction of the transverse source size can be achieved by ionization of the
mot in the propagation direction. With this configuration both transverse
dimensions of the source are governed by the laser spot size and so-called
cigar bunches will be created [7].

B. Fleskens, TU/e

53

54

Bibliography
[1] J. Cao, H. Ihee, and A.H. Zewail. Ultrafast electron diffraction and
direct observation of transient structures in a chemical reaction. Proc.
Natl. Acad. Sci. USA, 96:338–342, 1999.
[2] B.J. Siwick, J.R. Dwyer, R.E. Jordan, and R.J.D. Miller. An atomiclevel view of melting using femtosecond electron diffraction. Science,
302(1382), 2003.
[3] V.A. Lobastov, R. Srinivasan, and A.H. Zewail. Four-dimensional ultrafast electron microscopy. Proc. Natl. Acad. Sci. USA, 102(7069),
2005.
[4] C.W. Siders, A. Cavalleri, K. Sokolowski-Tinten, Cs. Tth, T. Guo, M.
Kammler, M. Horn von Hoegen, K.R. Wilson, D. von der Linde, C.P.J.
Barty. Detection of nonthermal melting by ultrafast x-ray diffraction.
Science, 286(1340), 1999.
[5] F.V. Hartemann, H.A. Baldis, A.K. Kerman, A. Le Foll, N.C. Luhmann
Jr., and B. Rupp. Three-dimensional theory of emittance in compton
scattering and x-ray protein crystallography. Phys. Rev. E, 64(016501),
2001.
[6] O.J. Luiten, B.J. Claessens, S.B. van der Geer, M.P. Reijnders, G.
Taban, and E.J.D. Vredenbregt. Ultracold electron sources. Int. J. of
Modern Physics A, 22(22):3882–3897, 2007.
[7] B.J. Claessens, S.B. van der Geer, G. Taban, E.J.D. Vredenbregt, and
O.J. Luiten. Ultracold electron source. Phys. Rev. Lett., 95(164801),
2005.
[8] B.J. Claessens, M.P. Reijnders, G. Taban, O.J. Luiten, and E.J.D. Vredenbregt. Cold electron and ion beams generated from trapped atoms.
Phys. Plasmas, 14(093101), 2007.
[9] C.J. Foot. Atomic Physics. Oxford University Press, 2005.
[10] M.G. Littman, M.M. Kash, and D. Kleppner. Field-ionization processes
in excited atoms. Phys. Rev. Lett., 41:103–107, 1978.

55

Coherence & Quantum Technology

[11] R.G. Wijtvliet. Locking a diode laser onto an atomic rb line, 2 spectroscopic techniques. Internship Report 05, Eindhoven University of
Technology, 2005.
[12] B.J. Claessens. Dynamics and Application of Excited Cold Atoms. PhD
thesis, Eindhoven University of Technology, 2006.
[13] G. Taban, M.P. Reijnders, S.C. Bell, S.B. van der Geer, O.J. Luiten,
and E.J.D. Vredenbregt. Design and validation of an accelerator for an
ultracold electron source. Phys. Rev. STAB, 11(050102), 2008.
[14] D. Kusters. Diagnostics of a rubidium magneto-optical trap. Internship
Report 04, Eindhoven University of Technology, 2006.
[15] Wenhui Li, I. Mourachko, M.W. Noel, and T.F. Gallagher. Millimeterwave spectroscopy of cold rb rydberg atoms in a magneto-optical trap:
Quantum defects of the ns, np, and nd series. Phys. Rev. A, 67(052502),
2003.
[16] E. Sachteleben. Model of cold electron beam dynamics. Intership Report 13, Eindhoven University of Technology, 2007.
[17] S. Humphries Jr. Principles of Charged Particle Acceleration. John
Wiley & Sons, Inc., 1999.
[18] J.L. Wiza. Microchannel plate detectors.
162:587–601, 1979.

Nucl. Instr. and Meth.,

[19] S.B. van der Geer and M.J. de Loos. General Particle Tracer User
Manual Version 2.81. Pulsar Physics.
[20] S. Humphries Jr. Charged Particle Beams. John Wiley & Sons, Inc.,
1990.
[21] H.O. Funsten, D.M. Suszcynsky, R.W. Harper, J.E. Nordholt, and B.L.
Barraclough. Effect of local electric fields on microchannel plate detection of incident 20 kev protons. Rev. Sci. Instrum., 67:145, 1996.
[22] http://www-ssrl.slac.stanford.edu/lcls/.
[23] O.J. Luiten, S.B. van der Geer, M.J. de Loos, F.B. Kiewiet, and M.J.
van der Wiel. How to realize uniform three-dimensional ellipsoidal electron bunches. Phys. Rev. Lett., 93(094802), 2004.
[24] W. Ketterle, K.B. Davis, M.A. Joffe, A. Martin, and D.E. Pritchard.
High densitied of cold atoms in a dark spontaneous-force optical trap.
Phys. Rev. Lett., 70(2253), 1993.
[25] D. Kusters. Master thesis, Eindhoven University of Technology, 2008.

B. Fleskens, TU/e

56

Coherence & Quantum Technology

[26] G. Taban et al. (to be submitted).

B. Fleskens, TU/e

57

58

Appendix A

Simultaneous Fit Result of
Electron Kinetic Energy
Scan
Table A.1: Numeric results of the simultaneous fit with the field free
Eq. (3.11) in Figure 4.6 and the field dependent Eq. (3.15) in Figure 4.5.
The given temperatures correspond to the fit curves from the upper (T1 ) to
the lower (T15 ) one.
Para- Wavelength
Numeric value fit result
meter
ionization
Field free
Field dependent
laser [nm]
Eq. (3.11), C = 0
Eq. (3.15), C 6= 0
σx
55.6 ± 0.1 µm
55.7 ± 0.1 µm
u
0.9255 ± 0.0005
0.9127 ± 0.0006
T1
475.503
208 ± 2 K
48 ± 1 K
T2
475.996
185 ± 1 K
23 ± 1 K
T3
476.803
160 ± 1 K
−4 ± 1 K
T4
477.303
136.9 ± 0.8 K
−29.5 ± 0.9 K
T5
477.906
108.1 ± 0.9 K
−63.6 ± 0.9 K
T6
478.299
96.1 ± 0.7 K
−75.1 ± 0.8 K
T7
478.602
84.7 ± 0.5 K
−90.5 ± 0.6 K
T8
478.865
76.3 ± 0.5 K
−95.9 ± 0.6 K
T9
478.994
68.4 ± 0.3 K
−100.5 ± 0.4 K
T10
479.516
58.5 ± 0.3 K
−111.1 ± 0.4 K
T11
480.002
40.7 ± 0.3 K
−132.5 ± 0.4 K
T12
480.247
33.9 ± 0.4 K
−135.9 ± 0.4 K
T13
480.502
32.7 ± 0.2 K
−133.8 ± 0.3 K
T14
481.002
22.4 ± 0.4 K
−156.4 ± 0.4 K
T15
482.004
14.8 ± 0.4 K
−160.7 ± 0.4 K
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