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Summary 

Summary 

At plasma physics high temperatures, in the range of 1000 - 10,000 K are used and high 
densities, in contrary of the low temperatures and densities which are reached in cold atomie 
physics. An ultra cold plasma consists of i ons and electrons at temperatures near zero, where 
the particles are hardly moving. Operating between both plasma and cold atom physics, this 
new regime of ultra cold plasmas opens the field to interesting new phenomena. 
An ultra cold plasma (UCP) is created by photo-ionizing a sample of cold atoms (T = 100 
J.LK) in a MOT (magneto optical trap). The i ons keep the same temperature as the atoms; the 
temperature of the electrons is determined by the excess energy of the ionizing laser. In the 
same manner as a plasma, also an ultra cold Rydberg gas (highly excited atoms) can be 
created. In that case the excitation laser must be set to an energy below the ionization level, 
so highly excited atoms are formed. In a Rydberg atom the electron is far away from the core 
and loosely bound, resembling much of the properties of an ultra cold plasma. Thus, ultra 
cold plasmas can be created from cold Rydberg gases and vice versa. 
At the physics department of the Eindhoven University of Technology, two set-ups to study 
ultra cold plasmas are present. The GEMINI experiment contains a Neon beam line, which is 
going to be used to create and study properties of a cold Rydberg gas. It first needs to be 
demonstrated that is possible to create an UCP with this set-up. In the Electron Bunches 
experiment research is done to a proposed application of ultra cold plasmas. By applying an 
electric field over an ultra cold plasma, ions are accelerated to one side, and electrons to the 
other. Since both the electrons and ions are very cold, the ion and electron bunches formed in 
this manner have a low transverse velocity, resulting in a very high quality (high-brightness) 
beam. The research described in this report, focuses on different aspects of the GEMINI and 
Electron Bunches set-up to create ultra cold plasmas. 
An ultra cold plasma can also be created by not directly ionizing the atoms in the MOT, but 
by exciting them to Rydberg states. The Neon beam line is used to study Rydberg atoms. To 
excite atoms to a Rydberg level, the pulsed dye laser used for excitation has to be set at 
exactly the right wavelength. Wavelengtbs of the transitions to Neon energy levels, which 
can be reached in the GEMINI set-up, are summarized from known energy levels in 
literature. All obtainable Rydberg levels are known with a precision better than the precision 
which can be reached in our set-up. So measurements aimed at exciting cold Rydberg gas 
cannot be used to improve these level data. On the other hand, these wavelength data can be 
used to assure excitation of Rydberg atoms in our set-up. 
IntheNeon beam line, a change in the fluorescence signal due to ionization is seen, when the 
MOT is illuminated by the ionization laser. This shows that we are able to create a plasma. 
However, the decrease in fluorescence is only 2-3%, signifying a similar ionization fraction, 
and the signalis weak. Calculation ofthe ionization fraction leads tothefact that 13% ofthe 
atoms in the MOT, can be ionized for this set-up. So with relatively simple changes such as a 
better alignment, a reasonable ionization signal can be obtained. 
To set the wavelength of the ionization laser to the right value near the ionization level, so 
little excess energy is present, or at a specific Rydberg level, the wavelength of the ionizing 
laser must be accurately known. However, continuous wave interferometers (such as 
Michelson interferometers), cannot be used to measure the wavelengthof a pulsed laser, as 
used in this experiment. Therefore, we developed a set-up to measure the wavelengthof the 
pulsed dye laser with a monochromator. The light output of the monochromator is imaged 
with a webcam, so the wavelength can be easy and accurately read out with a computer. Also 
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the complete tuning range of the dye laser used in this experiment can be imaged on the 
webcam without having to change the settings of the monochromator, so this provides an 
secure and fast measurement. The wavelength of the laser can be measured with an accuracy 
of 0.05 nm with this set-up. This accuracy is limited by the error made due to the in-coupling 
of the laser in the monochromator and the accuracy of the monochromator. This system to 
determine the laser wavelength, has been set-up for the GEMINI experiment. For the 
excitation and ionization of Neon, a wavelength range of 407-420 nm is available by 
scanning a pulsed dye laser. However, with small adjustments, this system can also be used 
for measuring the wavelength in other wavelength ranges, and is now also used in the 
Electron Bunches experiment, where a wavelength around 480 nm is used to excite and 
ionize Rubidium atoms. 
In the Bunches experiment, electron bunches are extracted from an ultra cold plasma. 
Because the electrons are hardly moving in an ultra cold plasma, in theory high brightness 
(i.e., high quality) electron bunch can be formed. The brightness is a measure of the amount 
of charge which can be focussed into a small, fixed area. Next to electron bunches, also ion 
bunches can be extracted from an UCP, which have an even lower initial temperature, and 
numerous applications such as secondary-ion mass spectrometry. With a partiele tracer code 
is investigated if anion bunch extracted from an UCP can compete with existing ion sources. 
The brightness of such an ion souree is largest when the charge and charge density of an ion 
bunch is low. It is found that the brightness that can be obtained is comparable to those of the 
brightest liquid-metal ion sources. Next to this, ion sourees of various elements including 
Caesium can be extracted from an UCP and these ion bunches can have a shorter 
bunchlength, which is also advantageous. Therefore, ion bunches extracted from an UCP can 
exceed state-of-the-art sources. This makes it worthwhile producing an ion souree based on 
this principle. 
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Chapter 1 - Introduetion 

1. Introduetion 

1.1. Ultra cold plasmas 

Where cold atoms physics describes systems at low temperatures and low densities, normal 
plasmas are in the temperature range of 1000 - 10,000 K and at high densities. An ultra cold, 
plasma consists of ions and electrens at temperatures near zero, where the particles are hardly 
moving. Operating between both plasma and cold atom physics, this new regime of ultra cold 
plasmas opens the field to interesting new phenomena. 
In 1999, Killian et al. [1] at NIST were the first ones to create an ultra cold plasma (UCP). 
Since then, several research groups succeeded in creating an UCP. An ultra cold plasma is 
created by photo-ionizing a sample of cold atoms (T = 100 J.!K). The ions keep the same 
temperature as the atoms; the temperature of the electrens is determined by the excess energy 
ofthe ionizing laser. 
At the same manner as a plasma, also an ultra cold Rydberg gas can he created. In that case 
the laser must he set to an energy below the ionization level, so highly excited states (so 
called Rydberg atoms) are formed. In a Rydberg atom the electron is far away from the core 
and loosely bound, resembling much of the properties of an ultra cold plasma. This leads to 
the observation, that ultra cold plasmas and Rydberg gases are easily converted to each other 
[2]. Knowledge of these processes is useful, e.g. for the production of anti-hydrogen from an 
antiproton and a positron [3]. Other interactions are estimated to he of concern for processors 
in quanturn computers [ 4,5]. 
At the physics department of the Eindhoven University of technology, next to fundamental 
research at an ultra cold plasma of Neon, also an application of ultra cold plasmas is 
researched. By applying an electric field over an ultra cold plasma, ions are accelerated to 
one side, electrens to the other. Since both the electrens and ions are very cold, and hardly 
moving, the ion and electron bunches formed in this manner are assumed to have a low 
transversal velocity, resulting in a very high quality (brightness) beam [6]. 
In this chapter we will give a summary of current research and applications of ultra cold 
plasmas, and an overview of the research performed during my graduation project, which can 
he found in this report. 

1.2. Production of an ultra cold plasma 

1.2.1. Principle laser-cooling 

The lowest temperature measured in space is 3 K. Atoms in a magneto optica! trap (MOT) 
are even orders of magnitude colder, there temperature ranges from 10J.!K- 1mK. At these 
temperatures atoms are slowedtoa velocity of 25 cm/s [7]. To reach these low temperatures, 
advanced laser cooling techniques are necessary. Extensive information about laser cooling 
can he found in [8]. 
When a photon is absorbed by an atom, the momenturn of the photon is transferred to the 
atom. After absorption, the atom spontaneous decays to its ground state, and reemits a photon 
in a random direction. This process can repeat itself. When an atom moves against the 
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direction of a laser beam, the momenturn change due to spontaneous decay averages out, 
while the photons absorbed from the laser beam create a net slowing force. Many photons are 
necessary to slow the atom sufficiently. 

MOT 

Sca.ttered light--.. -// ··-r 
Net force ' 

l 
Fig. 1.1 [9]: Laser-Cooling: An atom is slowed down by absorbing photonsfrom the 
laser (incoming light), and reemitting them in all directions (scattered light). The net 
force, in the direction of the laser, is used to cool the atoms. 

Using laser-cooling, atoms can also be trapped in a magneto optical trap (MOT). Atoms are 
trapped with 3 orthogonal pairs of counter-propagating laser beams, as shown in tigure 1.2. 
Alllaser beams have an energy which is slightly lower than the transition energy. The atom 
can only absorb atoms from a laser beam if it is moving against it, because this beam is 
Doppier shifted. In this manner, the atom will be cooled in 3 dimensions. Totrap the atoms in 
the center, a magnetic field is applied which varies the exerted force as function of the 
position. Extensive description ofthe complete set-up for Neon is given in [9]. 

'~~' 
MOT 

ionization laser 

~ 

~larer 
beams 

Fig. 1.2: MOT. The atoms are trapped in the intersection of the 6 counter
propagating laser beams. From another direction a laser pulse is sent to ionize the 
atoms. 

1.2.2. Photo - looization 

To create an UCP the atoms are ionized by a pulsed laser. To avoid warming-up, the laser 
needs to be exactly tuned at the ionization limit of the atoms. If the photon-energy is too high, 
the excess energy, is converted to kinetic energy of the electroos (~ = hv- Eion = kb T), due 
to the large mass ratio between ions and electrons. If the wavelength is 1 nm short, the 
electrens will gain a temperature of 80K. The ions keep the temperature of the atoms in the 
MOT, 100 J.!K. 

;) Earin Hendriks 29-8-200() 
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If the energy of the ionization laser is too low, atoms are not ionized, but excited to highly 
excited states, Rydberg states. A Rydberg atom and an ion - electron pair are very much 
alike. In a Rydberg atom, the electron is loosely bound and far away from the atom core. It is 
therefore not surprising that an UCP can transform into a cold Rydberg gas and vice versa. A 
cold Rydberg gas can also be used to produce an ultra cold plasma, where the temperature is 
not influenced by the energy of the pulsed ionization laser. One will not be able to observe a 
pure ultra cold plasma, this will always be a mixture of ions and electrons, Rydberg atoms 
and also not-ionized atoms [1 0]. Not all atoms will be ionized, only a fraction of the atoms 
trapped in the MOT will be ionized by the laser pulse. 
At the physics department of the Tule Neon and Rubidium are used to create an ultra cold 
plasma. The simplified level scheme ofNeon is given in figure 1.3. For the cooling of Neon 
atoms the transition between the metastable level 3s 3P2 (lower level) and the 3p 3D3 (upper) 
level is used. A laser with 640.225 nm is necessary for this transition. Atoms are ionized from 
the upper level of the MOT enJ). Part of the atoms are always in this state (see appendix 
A.1) From this level, a ionization pul se of a wavelength of 411.99 nm is necessary to ionize 
the sample. For the ionisation of Rubidium, light of 480 nm must be used . 

• ~E-k T 
1 B 

ionization ~~ 
limit 

-À-· 

412 nm 

640 nm 

Fig. 1.3: partia/level scheme Neon [11]. Atoms can be ionized 
in a two step ionization process. First the atoms are excited 
.from the lower level of the MOT, the 3P2 level, to the 3D3 
level. Only atoms in the 3D3 level can be ionized by the pulsed 
ionization laser. The energy of the transition .from the3D3 
level to the ionization laser corresponds to À = 412 nm. lf the 
energy of the ionization laser is smaller high lying Rydberg 
stafes are excited. Is the energy larger than needed to ionize 
the atoms, the excess energy is transformed to kinetic energy 
of the electrons. Fluorescence of the MOT is generaled .from 
atoms which spontaneous decay .from the upper level of the 
MOTto the lower level. 

When the atoms are ionized or excited to Rydberg states, they are no longer trapped by the 
MOT, and the plasma will expand. Therefore the fluorescence of the MOT transition also 
drops quickly, providing some useful diagnostics. 

1.3. Research on ultra cold plasmas 

Since the first creation of an UCP, much research has been doneon the characteristics and 
evolution of an ultra cold plasma. This research is summarized in this paragraph. 

CQT Coherent and Quantum Technology :3 
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1.3.1. Strongly coupled regime 

For very cold plasmas, the kinetic energy of the particles is smaller then the electrostatic 
(potential energy). The ratio between the electrostatic and kinetic energy is given by the 
coulomb coupling parameter [12] 

(1.1) 

with a the Wigner Seitz radius, the average distance between particles. When r> > 1, the i ons 
and electrons are in the so called strongly coupled regime. E.g. when the density n = 2 109 

cm-3
, Te= 0.1 K and Ti = 10 j.!K, (with Te the electron and Ti the ion temperature) the 

coulomb coupling parameter r = 30 for electrons and even higher for i ons [13]. If the i ons 
and electrons are strongly coup led, they form a correlated structure, a 'Wigner Crystal', in 
which the particles are at fixed positions from each other [14]. This can be seen as a kind of 
atomie metal, when the ions are situated in a crystal structure, and the electrons are free to 
move around. However, since the positions of the ions and electrons are uncorrelated at the 
creation of a UCP, when approaching each other the potential energy decreases, and the 
kinetic energy of the particles will increase. This continues until the kinetic energy is equal to 
the potential energy (r = 1 ). This disorder induced heating or correlation heating does not 
only prevent the existence of a Wigner Crystal, but also raises the temperature of both the 
electrons and ionsin a UCP. The temperature ofthe ions rises to Ti= 2 K [15,16], dependant 
on the circumstances. The temperature of the electrons can even reach Te = 60 K [17]. 
Despite the high correlation factor in the begin, Wigner crystals in neutral plasmas have not 
been observed yet. In one-component plasma ( consisting of only electrons or i ons), in a 
Penning (electrostatic trap), crystallike structures indeed have been produced [17]. 

Fig. 1.4 [17}: Wigner crystal. When the kinetic energy is lower then the potential 
energy, particles wil/ farm an ordered structure, a so called Wigner Crystal. This 
Crystal in observed with Bragg scattering on an one-component plasma of singly 
ionized Beryllium. 

Karin Henclriks 29-8-:200() 
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1.3.2. Ultra cold plasma and Rydberg dynamics 

From Rydberg gas to plasma 
Starting from a frozen Rydberg gas, an ultra cold plasma can originate. On the other hand, an 
ultra cold plasma can also decay to an frozen Rydberg gas. By looking at the electron signal 
from a frozen Rydberg gas, Gallagher et al [2] noticed the electron signal increased when the 
delay time between the creation of the plasma and the detection (by applying an electric field 
pulse) was increased. 

0 

I
.U t. 

·n**llll* :·.Î1:Ii ~i l+li . 

Îi: i • i '1'1'* 
i'"* I •1•*1 ••..• ..1 

10 20 30 
Delay (IJ.S) 

Fig. 1.5 [2]: Electron signa/ as function of delay time after excitation of the Cs 39d
state. The electron signa/ is obtained by applying a field ramp to the plasma, and 
gives a me as ure of the trapped electrans in the plasma. Aft er 10 J.LS, an ultra cold 
plasma is formed .from the cold Rydberg gas. 

Evolution from a frozen Rydberg gas to an ultra cold plasma is initiated by Rydberg atoms 
which are initially ionized by black-body radiation from the surroundings, or collisions with a 
few present hot electrons. The first produced electrons will leave the trap volume, leaving a 
positive ion charge behind. If this charge is high enough, it is able to trap later produced 
electrons. These electrons have an outward velocity, each time they move out of the plasma 
cloud, they will be accelerated to the core again. Moving back and forth through the plasma, 
they ionize atoms on their way. This leads to an avalanche effect, in which more and more 
Rydberg atoms are ionized. 

From plasma to Rydberg gas 
Forthereverse process, from plasma to Rydbergs, another processis responsible. 20% ofthe 
charge recombines in 10 J..LS. I ons (A+) recombine with an electron ( e) through 3-body 
interactions till a Rydberg atom A*. 

+ * A +e+e=A +e (1.2) 

The recombination rate Ris a function ofthe temperature T [K] and the density n [cm-3
] [13]. 

(1.3) 
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This rate is very large at low temperatures, due to the T 912 dependence. Although this 
correspondence is only valid at higher temperatures the 3-body decay rateis far out the most 
important reaction in an UCP [18], while at higher temperatures it plays a smaller role. 

Expansion 
When an electron is pulled back in the plasma cloud through the net positive charge, the ions 
will also experience a force in the outward direction. This force by the electrons causes 
expansion of the plasma. The expansion of the plasma goes with a typical time scale of the 
inverse of the plasma frequency texp = rop-1

. 

(1.4) 

with Ile, the electron density, e the electron charge, me electron mass and Eo the electric 
constant. When the plasma expands adiabatically, the temperature of the plasma also 
decreases. 

Many simulations have been done to explain the plasma expansion and evolution of a 
Rydberg gastoa plasmaand vice versa [10,12,19,20]. 

1.4. Applications 

The most important reason to study ultra cold plasmas is research. UCP's enable us to 
investigate plasma properties at very low temperatures. In this regime, long range forces and 
many body effects are more important than collisions, manifesting effect which are not seen 
in normal plasmas. Next to the fundamental research, also research is done on practical 
applications ofUCP's and Rydberg gases. 

Anti- Hydrogen production 
For accurate observations in elementary partiele physics, anti-Hydrogen atoms which are cold 
enough to he trapped for laser spectroscopy are used. These atoms can he produced from 
cooled anti-protons K and positrons e+ [3]. Anti-protons and positronscan recombine to anti
Hydrogen, in a highly excited state. First, these highly excited anti-Hydrogen atoms must fall 
down to the ground state. Processes in these anti-Hydrogen plasmas and Rydberg gases, are 
similar to processes in ultra cold plasmas. Knowledge of ultra-cold plasmas, in particular of 
recombination and de-excitation, is useful in optimizing the anti-Hydrogen production. 

Quanturn computing 
Cold atoms in general and especially cold Rydberg gases are also seen as a means for 
creating a quanturn computer. Quanturn computers are still on the drawing table, but already 
much is speculated about it [21]. In a normal computer, information can only he storedinbits 
(0 or 1). But in an atom particles can also he in a superposition ofthe two states. In this way, 
all possible values between 0 and 1 can he addressed in one single atom or "qubit". Rydberg 
atoms have a strong, long range dipole interaction, which makes interactions between 
different qubits possible [4]. Much faster calculations can be performed than with normal 
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computers. Next to the interaction, atoms must also be localized, so cold atoms are in the 
advantage because they hardly move. They can e.g. be trapped in opticallattices. Next to this 
a dipole blockade, a large energy shift in the presence of a highly excited Rydberg atom 
makes it possible to excite exactly one atom from a larger group of atoms [5]. 

Electron and ion bunches 
As already stated, in an UCP and cold Rydberg gas, electrons and ions are hardly moving. 
Temperatures of electrons can be as low as 1 K, temperature of the ions of 10 mK. These 
electrons and ions can be accelerated in electron or ion bunches, by applying an electric field 
over the MOT [6]. The emittance of electron bunch or ion bunch will be low, since the 
particles have a small transversal speed. In this way electron bunches can be made, which are 
an order brighter (=better) than current electron bunches. Bright electron bunches have many 
applications. In realizing high-brightness X-ray sources, but also time-resolved measurements 
in physics, chemistry and biology (e.g. electron-microscopy). Bright ion sourees are used in 
surface analysis ofbiological and other samples, and in ion-lithography. 

1.5. Overview report 

At the physics department in Eindhoven, we have two experiments for the research at ultra 
cold plasmas. A Neon beam line, and a Rubidium MOT. The ionization laser for both 
experiments is the same, only the wavelength needs to be varied. The Neon set-up is used to 
study the properties of Rydberg atoms. For this research, some properties of Neon Rydbergs 
were investigated, and a list of known Neon energy levels made. Results from this research 
can be found in chapter 2. Next to this, the Rubidium set-up is used to create electron 
bunches from an ultra cold plasma. One expects the electron-bunches to have a much larger 
brightness then common sources, but this still has to be experimentally confirmed. 
A logical continuation of this research is to accelerate ion bunches. We performed 
simulations too see if an ion bunch, generated from an ultra cold plasma, can exceed over 
current ion sources. Conclusions from this simulations can be found in chapter 4. 
For both experiments, accurate wavelength tuning of the pulsed dye laser is necessary. For 
this, a measurement system, existing of a monochromator and a webcam, is developed. This 
set-up, and its characteristics, are discussed in chapter 3. To end with, chapter 5 contains the 
conclusions ofthis graduation project. 
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2. Neon Rydberg levels 

2.1. Introduetion 

The energy ofthe photons ofthe pulsed dye laser determines if an ultra cold plasma or highly 
excited, so called Rydberg atoms (with principal quanturn nurnber n > ~ 50) are formed. Fora 
Rydberg gas, electrons are excited just below the Ionization limit; for an ultra cold plasma, 
electrons are excited above the Ionization limit. Cold Rydberg gases and ultra cold plasmas 
are very alike. Fora Rydberg atom, the distance r of the outer electron to the core, which 
scales with the 2"d order of the principal quanturn nurnber n, can become very large. E.g. for 
n = 50 this distance is 10-7 m, while foranultra cold plasma with a density of p = 1016 m-3 the 
average distance betweenanion and an electron is 10-5 m. This is only a factor 100 larger [1]. 
Therefore Rydbergs and ultra cold plasmas are easily interchanged, so knowledge about 
Rydbergs is important. A lot is known about Rydbergs from other fields. In normal plasma 
physics, Rydberg atoms are often used to determine properties of a plasma [22]. When an 
electron and ion recombine into a plasma a Rydberg atom is produced. Next to this, Rydberg 
atoms are commonly studied is astrophysics. Because of the low density in space, Rydberg 
atoms are less likely to ionize by collisions. A lot of the radiation from space is originating 
from Rydberg atoms. 
At the GEMINI set-up at the Eindhoven University ofTechnology, a Neon beam is present to 
study Rydberg atoms. Rydberg atoms are excited from a MOT with a pulsed dye laser. In this 
chapter we first give some general properties of Rydberg atoms (in paragraph 2.2). Excitation 
to high lying Rydberg levels is a method for generating not only a cold Rydberg gas but also 
an ultra cold plasma. For excitation toa Rydberg level, the wavelength ofthe pulsed dye laser 
must be exactly tuned to the transition. Knowledge of these levels makes excitation to 
Rydbergs easier, and provides a calibration tool for the wavelength of the laser. In paragraph 
2.3 excitation probabilities for Rydbergs are calculated. Paragraph 2.4. and 2.5 discusses 
energy levels for Rydberg atoms in generaland for Neon Rydbergs in special. 

2.2. General properties Rydberg atoms 

Gallagher [23] describes many properties about Rydberg atoms. The distance of the valenee 
electron to the core r scales with the 2"d of the principal quanturn nurnber n. Because the 
valenee electron is far away from the core at high principal quanturn nurnbers, these Rydberg 
states show different properties than ground state atoms. 
Many properties scale with the radius r of the outer electron, and thus also with n. E.g. the 
lifetime 't of Rydberg levels is relatively large due to the n3 dependence. In Table 2.1 the 
sealing factors of different properties with the principal quanturn nurnber n are given. 
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Property symbol sealing 
binding energy Tn n-L 

energy between n - n+ 1 level ~ron n 
-j 

radius ( distance electron - core) r n:z 

geometrical cross-section (J n4 

dipole moment !l. 
nL 

life time 't 
nj 

fine-stmeture interval ~WFs n-J 

2.3. looization and excitation probability 

In this paragraph the excitation probability, from a ground level to an excited state level, and 
the Ionization probability are calculated. To give an estimate of the Ionization fraction, the 
Ionization probability for meta-stabie Neon atoms in a MOT is calculated. This is compared 
with the obtained ionization fraction. This calculation also helps to determine what 
parameters have to be changed to establish an optima! ionization signal. 

2.3.1. Excitation to Rydberg states 

Rydberg atoms can be produced by different methods, but to create a sample of Rydberg 
atoms in one specific state, excitation with a dye laser is most commonly used. Gallagher 
[23] gives the excitation cross-section cr(n): 

cr(n) = O'pJ~ron/ ~ro. (2.1) 

~ron/ ~ro is the ratio between the bandwidth of the transition and the bandwidth of the ionizing 
laser. For ionization, the cross-section is given by the ionization cross-section. For neon, the 
photo-ionization cross-section is similar to the cross-section of Hydrogen, crp1 = 6.3 1 o-22 

[23]. 

2.3.2. General theory about ionization probability 

Ionization can occur when a photon with sufficient energy (higher than the ionization limit) 
hits an atom. The impact of a photon is described with the cross-section O'p], which describes 
the virtual size ofthe atom. In figure 2.1 this is shown graphically. 

Fig. 2.1: Cross-section. The cross-section is dejined as the average area, 
in which a reaction takes place. Ij a photon falls on an atom, ionization 
will occur, when the photon passes the atom at a larger distance, no 
ionization occurs. The cross-section is an average value for the 
interaction, and can be greater or smaller than the size of the atom. The 
ionization probability can be estimated as the chance a photon falls on 
the cross-section ofthe atom, this is equal to l/Jph·crn. 

nH 

photons 
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On average, when a pboton co mes inside the area of the cross-section of the atom, ionization 
takes place, when the pboton is at a larger di stance of the atom, no reaction occurs. With this 
definition ofthe cross-section the ionization probability Pis described as: 

p = ~ph •<JpJ , (2.2) 

with ~ph the pboton flux. The equation above is only valid when the probability << 1. Ifthis is 
not the case, the probability is given by: 

P = 1 - exp( -~ph crpJ) • (2.3) 

2.3.4. looization fraction Neon in GEMINI-experiment 

For an accurate calculation ofthe ionization fraction ofthe Neon MOT (GEMINI set-up), it is 
not enough to fill in the average photon flux and atomie density in equation 2. Both the atom 
distribution in the MOT, as the pboton distribution are not uniform, but Gaussian distributed. 
To calculate the ionization probability, realistic profiles of both the ionization beam as the 
MOT must be used. 
The pulsed dye laser used in the experiment (PDL-3, see paragraph 3.2) has an energy of 4.0 
mJ/pulse at a wavelengthof 412 nm, at the exit ofthe laser, measured with a Coherent power 
meter. Just before the atom trap, there is 2.5 mJ/pulse left, corresponding to 5 1015 photons 
per pulse (with E =he/À). The Neon photo-ionization cross-sectionis crp1 = 6.3 1 o-22 m-2 [23], 
With these data, the ionization probability can be calculated. In tigure 2.2 the ionization 
probability is plotledfora laser beam with a width FHWM of 1.2 mm, centeredat the MOT. 
As shown in the graph, the ionization probability is almost 1 for distances r < 0.5 mm from 
the middle ofthe laser beam, and 0 for distances r > 0.5 mm. 

ionization probability 

0.8 
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Fig 2.2: Ionization probability for Neon in case of a Gaussian ionization laserpulse 
withpulse-energy of2.5 mJ/pulse and a FWHM of 1.2 mm. 

This probability profile changes except in size also in shape when the width of the laser is 
varied. To optimize the number of ionized atoms, the ionization fraction is also calculated as 
function ofthis width, and plotled in tigure 2.3. A size cr ofthe MOT of 1 mm is assumed for 
this calculation. The maximum fraction of atoms which are ionized is 0.58 at a width of the 
ionization laser of 0.85 mm. To achieve this, the diameter of the ionization laser at the 
position of the MOT must be increased, now the width of the ionization laser is below 400 

m 
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J.lm. Actual measurements of the size of the MOT and the laser beams can be found in 
appendix A.2 and A.3. 
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Fig. 2.3: Ionized .fraction of neon atoms in the upper level of the MOT as .function of 
the width of the ionization laser wph· The distribution of the atoms is assumed to be 
Gaussian, with a width of 1. 0 mm 

In practice, only a fraction f of the atoms is namely in the upper state of the MOT, from 
where the atoms are ionized. Due to de-excitation to the lower level this fraction is never 
large than 0.5. For the GEMINI set-up, the fraction of atoms in the upper level of the MOT 
eD3) is f= 0.23, as determined in Appendix A.I. This makes the maximum fraction of atoms 
which can be ionized 13%. 

Measurement ionization fraction 
Also measurements are performed todetermine the ionization fraction in the GEMINI set-up. 
In figure 2.4 the fluorescence signal (measured with a photo-diode) of the MOT is shown. 
When atoms decay from the upper level ofthe MOT 3D3 to the lower level ofthe MOT, they 
emit a fluorescence photon. This fluorescence disappears when the atoms are ionized or 
excited to Rydberg states. In this measurement, the ionization laser was set to an energy 
above the ionization limit, to ionize the atoms of the MOT. The repetition rate of the 
ionization laser is 10 Hz. Every 100 ms, atoms are ionized by the laser, leading to a decrease 
is fluorescence. Lower fluorescence corresponds to lower absolute value of the voltage, 
(bottom of the graph). In the time between the ionization pulses, the atoms in the MOT are 
filled up, to compensate for the lost ions. So in the time between the laser pulses the 
fluorescence grows exponentially. From the 1 0 Hz relationship of the fluorescence signal we 
can conclude that ionization takes place. 
The fluorescence decreases from -130 mV to -127 mV. This indicates that only 2-3% ofthe 
ions gets ionized. The theoretica! ionization fraction as calculated in this paragraph is much 
larger 13%. So with a better alignment a higher ionization level can be found. 

1~ 
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Fig. 2. 4: Fluorescence signa! MOT showing ionization. The bottorn of the 
graph (low absolute voltage) corresponds to low jluorescence and vv. When 
an ionization laser pulse hits the MOT, the fluorescence jumps down, because 
ionized atoms do nat exhibit fluorescence. Between the laser pulses, the 
fluorescence increases exponentially, due to the re-loading of the MOT. 

2.4. Neon energy levels 

2.4.1. Quanturn defect and energy levels Rydbergs 

To predict the energy levels of an atom a semi-empirica! theory, the Multi Channel Quanturn 
Defect Theory (MQCDT) is used. This theory is shortly described in this section, and more 
extensive in [24]. 
A Rydberg atom resembles a Hydrogen atom. It consists of a core with an effective charge of 
1 proton, with an outer electron circling around it at large distance. The rest of the charge is 
shielded by the inner electrons. The energy levels W n of a Hydrogen atom are given by 

(2.4) 

Herein, T is the energy of the ionization level and Ry the Rydberg constant. When the energy 
levels of another atom are considered, these are slightly shifted in comparison to the 
Hydrogen energy levels. The outer electron can still penetrate the core, in which case the 
effective charge of the core that is seen, is larger. To compensate for this effect the energy is 
described using an effective quanturn nurnber Yn, 

(2.5) 

The difference between the principal quanturn number n and the effective quanturn nurnber Yn 

is the quanturn defect J-L~ = n - Yn • 

The quanturn defect J-LI is assurned to be fixed for varying principal quanturn nurnber n, but 
differs for series with different orbital quanturn nurnber Q. If the orbital quanturn nurnber is 

T 
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large, the electron describes an elliptical orbit. The effective potential has a potential harrier -
"' Q (Q+1)/r2, which prevents the electron from coming close to the core. The penetration in 

the core and thus the quanturndefect will be much smaller for larger Q. For comparison, the 
quanturn defect for Q=O, lls is usually larger than 1, while the quanturn defect for a p electron 
(Q=1) is about !lp = 0.1. The largest term in the quanturn defect is caused by the dipole 
polarisation energy [25] 

(2.6) 

with ad the dipole polarisability of the ion core. 

2.4.2. Spectroscopie notation and selection rules 

Neon is a noble gas atom, with configuration (2s )2(2p t If an electron is excited to a Rydberg 
state, the electron is weakly bound. The core is formed by the ionic core and inner electrons. 
In a Rydberg atom, the residual electrostatic coupling between the outer electron and the 
inner electrons is less important than the spin-orbit coupling between the outer electron and 
the core. The proposed coupling scheme to describe the Neon Rydberg levels, is the Racah 
coupling (Je - K couyling scheme) [26]. This coupling is described as 2S+ILjnQ[K]J for an 
excited state (lsi(2s) (2p)\nl). The angular momenturn ofthe core Je= Qc+sc. For neon, the 
orbital quanturn nurnber of the co re takes the value Qc = 1, the spin is Sc = Yl. This leads to two 
core configurations, 2P112 and 2

P 312 . These two configurations both have a different Ionization 
limit (see table 2). The angular momenturn Je of the core couples with the orbital quanturn 
nurnber Q of the outer electron to the quanturn nurnber K = Je + Q. The total angular 
momenturn is coupled J = K + s, with s the electron spin of the outer electron. This Racah 
coupling scheme is only valid when the splitting between the levels with different J is much 
smaller then the splitting states with different K. This is exactly when the spin-orbit coupling 
of the outer electron is small and the electrostatic interaction between the core is small. 
For dipole allowed transitionsin this coupling scheme, the only demand is that ~J = 0, ±1 and 
the orbital quanturn nurnber Q ofthe outer electron changes with ~Q = ±1 [26,27]. 
In this configuration, the lower level of the MOT eP2) is given as (2s)2(2p)5eP3;2]3s [3/2]2. 
The upper level of the MOT is given by the 3D3 state: (2si(2p)5eP312]3p[5/2]3. Atoms are 
excited from the upper level of the MOT, from this state 9 series of Rydberg atoms can be 
reached, 1 ns and 8 nd series. Namely: ns[3/2]2; nd[3/2h; nd[5/2]2; nd[5/2h; nd[7/2]3; 
nd[7/2]4; nd'[3/2]2; nd'[5/2h; nd'[5/2]3. 
The series are described as nQ[K]J, where an unprimed series has a 2P3;2 core, and a primed 
one a 2

Pv2 core. With excitation from the 3D3 state to unprimed series, the contiguration of 
the core does not change, in contrary to primed series. These unprimed series therefore have a 
higher probability of being excited. The ionization energies for both series are given in table 
2.2. 

Table 2.2: Jonization limits neon [28} 
Ionization limit 3P312 21.56454 e V 
Ionization limit 3Pv2 21.66122 eV 
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2.5. Neon energy levels in literature 

Several energy levels of Neon have been determined experimentally and are listed in 
literature. Kaufmann & Minnhagen [28] determined accurate values for the Neon Ionization 
limit and the lowest meta-stabie levels. Saloman and Sansonetti [29] provided an overview 
of the most accurate neon I (not Ionized neon) lines measured sofar (till 2004). This scheme 
includes 1595 Neon lines. They calculated the energy levelsofNeon I from these lines with a 
level optimisation program. This list is also used in the NIST spectralline database [5]. This 
list we used as basis for our overview of the Neon spectrallines, completed with data from 
other sources. 
Todetermine the energy levels, Neon Rydbergs are laser excited from either the ground state 
level or a meta-stabie level (e.g. 3P2) with one- or two-photon transitions. The lasers are 
scanned while the created Rydberg atoms are measured. Harth et al [30] excite the Neon
atoms with two-photon excitation. The excited atoms are ionized by collisions on molecular 
targets, and detected with a mass spectrometer. Other methods for measurement of excited 
states are opto-galvanic measurement [27,31,32], Fourier Transform Spectroscopy for 
infrared wavelengths [33], photoabsorption, and spin polarization spectroscopy. 
In this survey, we looked at Neon energy levels in literature, which can be reached from the 
upper level of the MOT eD3) in our set-up. These are the series which are listed in the 
previous section. If more values are measured fora certain level, the most accurate value is 
taken. 
In tigure 2.5, the wavelengths of the transitions starting from the lower level of the MOT are 
plotled per series. All transitions known to us in the range ofthe dye laser, from 411 to 420 
nm, are plotted. The data of the neon energy levels in this series are listed in Appendix B, 
including uncertainties and used references. 

2.5.2. Discussion energy levels 

For the excitation ofNeon Rydberg levels, the pulsed dye laser as described in paragraph 3.2 
is used, with dye exalite 411. With the exalite 411 dye, which can emit light in the range from 
411 - 420 nm, s and d -levels with principal quanturn nurnber n starting from n = 16 can be 
excited till the Ionization level. This is for unprimed series, with a 2P312 core. The primed 
series have a different core than the starting level, 2P112• Forthese series the Ionization limit is 
higher, so lower levels, from n = 10 till n = 12 are excited in this range. These levels have a 
much lower probability of being excited, because the contiguration of the core changes in 
that case. 
From the Rydberg series, also the quanturn defectscan be calculated, to predict the positions 
of not previous measured positions of Neon energy levels. The average quanturn defect for s 
levels Jls = 1.306, for d - levels this is !lct = 0.02. The value of the quanturn defect decreases, 
when higher lying (n) levels are included in the calculation. For the s-series the quanturn 
defect decreases from 1.31 for n = 10 to 1.28 for n = 80. 
We assurne that all Rydberg levels can be resolved, which are further apart then the 
bandwidth of the pulsed dye laser, which is used for excitation to high lying levels. The 
bandwidth of the pulsed dye laser is 0.07 cm-1

• Levels from the series d[7/2]4 and d[7/2]3 
were measured by [27] with a laser with a bandwidth of 0.3 cm-1

. At this bandwidth these 
series could not be resolved from each other. From the Neon energy level data in appendix B 



we can conclude that the series nd[5/2h and nd[5/2]3 cannot be distinguished from each other 
with our laser from level n=16 (at 420 nm). From the state n=24 (415 nm) also d-levels with 
K = 3/2 and K = 5/2 are not resolved anymore. From the n = 30 (414 nm) state even all cl
levels with the same principal quanturn number will be seen as one in our set-up. 
So the bandwidth of the PDL-3 laser is too large to determine the positions of the neon 
energy levels more accurate than has been done in the past, but these levels can be used to 
determine the wavelength ofthe laser accurately. 
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3. Wavelength determination PDL 

3.1. Introduetion 

To create an ultra cold plasma, atoms are ionized from a MOT. For the ionization of both 
Neon and Rubidium we use a Spectra Physics Pulsed Dye Laser (PDL). The wavelengthof 
the pulsed dye laser can be varied around the ionization wavelength, if the right dye is used. 
The wavelength of the pulsed dye lased must be determined accurately, so the wavelength 
can be set to a transition to a Rydberg state or to a known energy above the continuum. 
However, a normal continuous wave (Michelson) interferometer cannot be used for a pulsed 
dye laser. Therefore the possibilities of a monochromator are investigated, to measure the 
wavelengthof the PDL. For this purpose we use a Yarrell -Ash 0.25 m monochromator. 
Characteristics and principle ofthis spectrometer are given in paragraph 3. To create an UCP 
with an electron temperature beneath 10 K, the wavelength of the PDL must be set and 
determined with an accuracy of at least 0.1 nm. We want todetermine the wavelength ofthe 
PDL as accurate as possible. The linewidth of the pulsed dye laser is equal to 0.001 nm ~ 2 
Ghz [34]. The wavelength ofthe pulsed dye laser cannot be set more accurate than this limit. 
Another demand is that the wavelength of the laser can be measured in the total tuning range 
ofthe dye. For ionization ofNeon the dye exalite 411 is used. The tuning range ofthis dye is 
from 407-420 nm [35]. 
T o determine the wavelength, the spectrum at the exit of a monochromator is measured by a 
webcam, and calculated from this image by a computer. Advantage ofthis method is that the 
monochromator does not have to be turned, and the total tuning range can be displayed on the 
webcam at once. This set-up is discussed in paragraph 4. In paragraph 5 measurements ofthe 
wavelength of the pulsed dye laser. Paragraph 6 discusses the influences on the accuracy of 
the wavelength measurements. 
Although we only look at wavelengtbs around 412 nm (ionization level Neon from the upper 
level of the MOT), this wavelength calibration can be easily extended to other wavelengths, 
e.g. around 480 nm, which is used to ionize Rubidium atoms. 

3.2. Pulsed dye laser 

For the creation of an ultra cold plasma, light near the ionization wavelength is necessary. For 
the Neon set-up this is 411.99 nm, for ionizing the Rubidium MOT in the experiment to 
create bright electron bunches, this is 480 nm [5]. As ionization laser a PDL-3 pulsed dye 
laser from Spectra Physics is used. Dye lasers have the advantage that they can emit light at 
almost al wavelengtbs (according to the dye) and can be accurately tuned over a specific 
wavelength range. Due to the short pulselength of a pulsed laser, the plasma is not influenced 
a:fter it is created. In this paragraph we give the properties ofthe pulsed dye laser, and explain 
the eperating principle of a pulsed dye laser. 
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3.2.1. Dye lasers 

Normallasers emit light at a specific wavelengthor frequency. This frequency is produced by 
a certain transition. Lasing is induced by stimulated emission. For gain in the medium, 
stimulated emission needs to be more important than absorption of the photon, so the 
population of the upper level needs to be higher as the population of the lower level of the 
laser transition. This is called population inversion. Population inversion can be established 
e.g. by pumping of another laser. Lasing can only occur when the length of the cavity is 
resonant with the wavelength, only then all emitted photons keep the same phase. 
With a dye laser, the wavelength of the laser can be tuned. A organic molecule is usually 
used as dye. This has many, closely packed states, as is indicated in tigure 3.1 [36]. If a ro
vibrational state is excited, it can relax to various ground levels. The output wavelength is 
determined by the wavelength which is amplitied. Spontaneous emitted photons will also be 
amplitied by the laser medium. Care must be taken that amplitied spontaneous emission is 
much smaller than output at the desired wavelength. 

Excited States 

Fig. 3.1: Transitions in a dye molecule. A pumping laser exit es dye
molecules from the ground state to the excited states. Within this 
energy bands, there are non-radialive transitions possible. The 
molecule falls down by stimulated emission, resulting in two photons Stimulated 

of the same wavelength. From the ground state the molecule relaxes Absorption 

also by non-radialive effects to the lowest level, from which the 
molecules are again excited [36]. 

Stimulated 
Emission 

Ground States 

3.2.2. Nd-YAG laser 

The PDL-3 is pumped by an Nd:YAG laser, alsofromSpectra Physics [37]. This laser must 
also be pulsed, to get a pulsed output of the dye laser. Lasing medium in a Nd: Y AG laser is 
a Neodimium-YtriumAluminumGarnet rod. This material has a typical laser transition at 
1064 nm ofNd+++. Population inversion is brought about by exciting the Neodymium rod by 
a flashlamp. A Nd-Y AG laser contains a Q-switch or Pockels cell in the laser cavity to 
shorten the pul se duration. Operating principle is explained in [3 7]. When the flashlamp is 
turned on, the Q-switch is closed, letting no light travel back and forth in the laser-cavity. In 
this way a charge population can build up in the Neodymium rod. When the charge is 
maximal, the Q-switch is opened for the light so all energy is released at once. 
For pumping of the dye laser the wavelength of the pump laser must be smaller then the 
output wavelength ofthe dye laser. To achleve this, the laser light from the YAG laser is tirst 
doubled (to 532 nm). After this, light of 1064 nm and 532 nm is mixed to 355 nm with a non
linear crystal. In this doubling and mixing process, some power gets lost. 

3.2.3. Spectra Physics PDL-3 

The Spectra- Physics PDL 3 is operated with the dye exalite 411, to create wavelengths 
around 412 nm. This dye has a tuning range from 407- 420 nm, and a maximum gain of 
20% [35]. An overview ofthe pulsed dye laser is given in tigure 3.2. 

20 Karin Eendriks 29-8-200() 
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beam 
expander dye cel I output dye cell 

oscilator ecupier amplifier 

pump laser 

Fig. 3.2: Overview pulsed dye laser. The laser cavity is formed by the grating and the 
output coup/er. The laser medium, the oscillator dye cel/, is placed inside. The 
grating can be turned, to select the desired wavelength. A beam expander is included 
to use the entire grating. After the cavity, an amplifier dye cel/ is included to amplify 
the light jrom the laser. Both dye cells are pumped with the Nd: YAG pump laser. 

In the oscillator, the laser light is formed. The oscillator dye cell is pumped by a tripled 
Nd:YAG laser, with a wavelengthof 355 run. Between the oscillator and the grating a prism 
beam expander is placed, this expands the laser beam from the oscillator to illuminate the 
entire grating. Only a small wavelength band is sent back to the oscillator. By rotating the 
grating, either by a stepper motor or manually, the output wavelength is set. The grating is 
attached to a sine bar, this means that the rotation or num.her of steps is proportional to the 
change in laser wavelength. The counter attached to the grating is proportional to the 
wavelength. This counter can vary between 0 and 30.000, but is usually operated between 
24.000 and 30.000. The counter gives the wavelengthof the laser in A, times the order of 
refraction n at the grating. The counter can be read out with an accuracy of 0.1, and even 
more accurately set with the stepper motor. Fora wavelengthof 412 run, both the 6th order 
(counter= 24720) and the 7nd order (counter= 28940) reflection ofthe grating can be used. 
We use the grating in 6th order. 
Light is released from the cavity by the output-coupler. The oscillator cell has a high gain, so 
light only travels 3-4 turns in the oscillator. After the cavity other dye cells are placed to 
further amplify the signal. These dye cells arealso pumped by the Nd:YAG laser. First the 
laser light passes a pre-ampifier, later the amplifier. This introduces an extra gain of about a 
factor 10 [34]. Characteristics ofthe PDL-3 used with exalite 411 can be found in table 3.1. 

Table 3.1 : Characteristics PDL-3 at 412 nm 
value 
10Hz 
12mJ 
2 GHz -0.001 run 
6-7 ns 
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3.3. Yarrell - Ash 0.25 meter monochromator 

3.3.1. Principle 

A monochromator is constructed to only let light through at a specific, adjustable wavelength. 
In this paragraph the operating princeple of this monochromator is discussed. F or general 
information about monochromators, we refer to [3 8]. In figure 3.3 a schematic of the Y arrell 
- Ash (Y A) 0.25 m monochromator is given. 

8';1 

EX 
Fig. 3.3: Schematic YA Monochromator with EN: entrance slit, EX: exit slit, CM· 
concave mirror, DG: dif.fraction grating. Incaming light is indicated by the light 
lines, outgoing monochromatic light by the dark lines. 

The wavelength selecting device is formed by the diffraction grating (DG). Rotation of this 
grating selects the wavelength, which is reflected in a coherent beam in the direction of the 
exit slit of the monochromator. A light souree enters the monochromator through the entrance 
slit (EN). This light is reflected by a plane mirror, toa concave mirror (CM). The focallength 
of the concave mirror is equal to the optical distance between the entrance slit and the 
concave mirror, so light from the entrance slit is collimated into a parallel beam from the 
concave mirror. This beam is reflected by the diffraction grating, and reaches the concave 
mirror again. Trough a second plane mirror, at 45°, the light leaves the monochromator at the 
exit slit (EX). Only wavelengths which obey the diffraction equation are reflected resonantly. 

nA.= a (sin ei+ sin eu ). (3 .1) 

Here n is the diffraction order, A. the wavelength of the reflected light, a the groove 
separation, ei the entrance angle and eu the exit angle of the grating. The angle between the 
incoming light and the outgoing light on the grating, (eo = ei-eum), when the light is reflected 
in the middle of the exit slit, is fixed. Since in our set-up the exit slit is removed to display a 
larger wavelength range, also other values for the output angle are possible. e0 can be 
calculated from the characteristics of the set-up using goniometrie relationships and equation 
3 .1. These angles, as well as the characteristics of the Y A - monochromator we used, are 
given in table 3.2 [39]. 
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T. bl 3 2 Ch a e .. t . ( t YA arac erzs zes se -up h t [39} monoc roma or 
Property symbol value 
Width entrance slit d 100 J.!m 
Central wavelength Àm 412nm 
F ocallength f 0.25m 
Distance between plane mirrors DM 0.12m 
Diffraction order n 2 
Angle between entrance and exit 8o 27.9° 
Distance between lines grating a 111180 m 
Size grating 64x64mm 

3.3.2. Quality parameters monochromator 

Common parameters to describe the quality of a monochromator are the linear dispersion, 
speetral resolving power, and acceptance angle. In this paragraph these parameters are 
determined for our set-up. In table 3.3, these parameters are listed. 

Table 3.3: Quality parameters Yarrell-Ash 0.25 m monochromator 
property symbol value 
linear dispersion D 3.4 nm/mm 
resolution R 70.000 
minimal resolvable wavelength ÖÀmin 0.003 nm 
acceptance angle <!> 16° 

Linear dispersion 
Two lines, with a wavelength difference of ÖÀ, are imaged at a distance öx from each other 
on the exit slit. The linear dispersion D is the ratio ÖÀ/Öx. 
The linear dispersion is defined by the focallength f and the groove separation a: 

D = ÖÀ/Öx = a I f. (3.2) 

The dispersion for the YA 0.25 m monochromator is 3.4 nm/mm. We use a 100 JJ.m slit, so 
the linewidth of a monochromatic light souree is ÖÀ = 0.34 nm. 

Resolution 
The speetral resolving power defined by R = À./11Àmin· Following the Rayleigh criterion, two 
lines can just be resolved when the first minimum of the first line falls together with the 
maximum of the second line (and vice versa). The wavelength difference between two lines 
which obey the Rayleigh criterion is the minimum resolvable wavelength 11Àmin· 
Fora grating spectrometer, the resolution Ris given by: 

R = À/ 11Àmin = n N, (3.3) 

where N is the number of lines on the grating (see table 3.3). The resolution of the used 
monochromator, is R = 70,000. At 412 nm, the minimum resolved wavelength is 11Àmin = 

0.003 nm. 
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Acceptance angle 
The acceptance angle ~ is the maximum angle of the incoming light, which still is imaged on 
the diffraction grating Light which comes in the monochromator under a greater angle, does 
not contribute to greater brightness of the outgoing spectrum, but instead increases the 
background light in the monochromator. In tigure 3.4 a schematic picture of the acceptance 
angle is drawn. For this monochromator, the acceptance angle ~is 16°. 

monochromator 
slit 

focal length 
f= 250 mm 

concave 
mirror 

grating 
--~-------------, 

64mm 

Fig. 3.4: Acceptance angle monochromator. The acceptance angle tjJ is the angle at which the light is 
imaged on the diffraction grating. This angle is de pendant on the focal length of the monochromator, 
and the size ofthe diffraction grating. Light which comes in under a greater angle does not reach the 
diffraction grating. 

3.4. Experimental set-up 

In the previous paragraph, we discussed the main properties of the Jarrell-Ash 0.25 m 
monochromator. This monochromator is implemented in the set-up, sketched in tigure 3.5, to 
determine the wavelengthof the pulsed dye laser. 

laser 
screen 

speetral 
lamp 

lens 

monochromator 

webcam 

Fig. 3.5: Set-up wavelength measurement. A screen is placed in the laser beam to act as souree for 
the laser light. The screen and speetral lamp can be interchanged, so can be chosen which souree is 
imaged on the entrance slit of the monochromator. The position, on which the light co mes out of the 
monochromator, is dependani on the wavelength of the monochromator or speetral lamp. This 
position is measured by a web-cam, in this way the wavelength of the laser is determined 

A small fraction of light ofthe ionization laser (PDL) is split off, and imagedon the entrance 
slit of the monochromator. The monochromator is set to let trough the second order of 412 
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run light, (so also the first diffraction order of light with a wavelength of 824 run). The exit 
slit is removed from the monochromator. The horizontal position of a spectralline on the exit 
of the monochromator is dependant on the wavelength. With aid of a lens, the desired 
wavelength range is imaged on a web-cam. In this way, we are able to measure the 
wavelength ofthe laser without tuning the gratingin the monochromator. A computer is used 
to read out the web-cam, and to determine the exact position of the line. 
To determine the wavelength, belonging to this position, the system is calibrated with a 
Krypton speetral lamp. The Krypton speetral lamp has 4 lines from which the wavelengtbs 
are known, in the desired range, around 824 run [ 5]. These are diffracted by the 
monochromator in the same range as the second order diffraction of the ionization laser. 
These lines are given in table 3.4. Several elements of this set-up are described in the 
following subsections. 

Table 3.4: Wave/ength Krypton spectrallines around 824 nm. 
819.0054 run 
826.3240 run 
828.1050 run 
829.8107 run 

3.4.1. Imaging laser on entrance slit monochromator 

The laser and speetrallamp can be interchanged, so one can choose what light souree is used 
as input for the monochromator. The speetral lamp is imaged on the entrance slit with a lens 
with focal distance f = 50 mm, applying a 1: 1 mapping. U sing the lens equation (3 .4 ), we 
can determine the positions of the lens and lamp with respect to the entrance of the 
monochromator. 

1/b + 1/v = 1/f. (3.4) 

Both the image distance (from lens to monochromator) b and the object distance v (from 
lamp to lens) have to be 1 00 mm. In this case, the total acceptance angle ~ is filled. 
Imaging the laser on the monochromator is way more complicated than imaging the speetral 
lamp. A laser fills only a small solid angle. When the laser is pointed directly on the entrance 
slit, only a small fraction of the acceptance angle and thus the grating is used. 
To increase the incoming angle of the laser, a paper screen is placed in the laser beam. The 
paper screen diffuses the laser light. The screen is placed on the previous position of the 
speetral lamp. Light which is scattered from the paper screen, is focussed on the entrance slit 
by the 50 mm lens. An extra f = 50 mm lens is used to focus the laser beam on the paper 
screen. This increases the signal which comes out of the monochromator. The position of the 
paper screen is cri ti cal to gain optimal output of the monochromator. 

3.4.2. CCD- Camera 

A CCD camera (webcam) is used, so the desired wavelength range can be imaged 
simultaneously on the web-cam. The horizontal position of a speetral line at output of the 
monochromator, is dependant on the wavelength. The spectrum at the exit of the 
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monochromator is imaged with a web-cam, so the horizontal position of the light can be 
determined. The exit slit is removed from the monochromator, so the range over which the 
wavelength can be measured without tuning the grating of the monochromator, is larger. To 
achleve optimal resolution, lines at the exit slit of the monochromator are imaged at the 
greatest possible enlargement on the web-cam. Another demand is that the total scan reach of 
the dye, from 404 - 41 7 nm, can be imaged simultaneously on the web-cam. The web-cam 
we use is a Philips Web-cam ToUcam II pro (PCVC 840K/OO) [40]. Specifications of this 
web-cam can be found in table 3.5. 

Table 3.5: Specifications Philips ToUcam IJ pro web-cam 
I Max. resolution 640 x 480 pixels 
I CCD size approx. 4.5 x 3 mm 

The range which has to be imaged on the CCD is a wavelength range from 404-417 nm, 
which is diffracted in second order of the monochromator. This corresponds to a distance of 
~x= 8 mm at the height ofthe exit slit. To image this range on the CCD-camera af= 25 lens 
is used. Places ofthe lens and webcam are calculated with the lens equation (3.4). 
A diaphragm is placed directly bebind the lens to reduce aberrations of the lens. The 
alignment procedure is described in appendix C. 

3.5. Results 

3.5.1. Calibration wavelength dependenee monochromator 

The dependenee of the wavelengthof the system of the monochromator set-up, is determined by 
calibration with a Krypton speetral lamp, around 824 nm. Figure 3.6 shows the CCD-image, taken 
of the Krypton speetrallamp at the exit of the monochromator. 

26 

column [pixel) 

Fig 3. 6: Camera image web-cam. On the image are shown the spectrallines at the exit of the 
monochromator,from a Krypton lamp, with the monochromator set at 824 nm. The displayed 
range is from 813 - 836 nm. The Krypton speetral lines from table 3.4. can be recognized in 
this CCD-image. Thesejour lines are usedfor calibration. 
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To determine the horizontal positions of the spectrallines, first, the intensity is summed over the 
vertical pixels. The intensity a column ofthe CCD-image in figure 3.6 is plotted against the vertical 
pixel number in tigure 3.7. The position of the lines is determined by fitting the spectrum, as 
obtained above, with 4 gaussian peaks and a constant background. 
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Fig. 3. 7: Spectrum Krypton. The intensity summed per column is plotted against the 
horizontal pixel number . The spectrum is fitted by 4 gaussian peak functions, to de termine 
the position of the spectrallines. The black points re present the measured points, the fine the 
fit curve. 

We assume a linear relationship between the positions of the speetral lines and the wavelength of 
the spectrallines, as given in table 3.4. The positions and corresponding wavelengtbs of the four 
krypton spectrallines which fall on the ccd-image are plotted in tigure 3.8. A linear fit is made to 
determine the relationship between the horizontal position of the light on the webcam and the 
wavelength. 
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Fig 3.8: Calibration monochromator and CCD-camera. The wavelength ofthefour Krypton 
speetral lines, are plotted against the position on the CCD. A fine is fitted through these 
points for calibration. 

For the calibration as shown in tigure 3.8, the relationship between the horizontal position on the 
CCD-camera and the wavelength is given by À [nm] = 812.999 + 0.0316 (+-0.0001) ·x, with x the 
horizontal position of the line in pixels. All four measured Krypton lines lie within 0.02 nm from 
this linear fit. To get the wavelength ofthe laser, this wavelength still has to be divided by the order 
n = 2 in which the laser light is refracted Àiaser [nm] = 406.5 + 0.0158 (+-0.0001) · x. The 
wavelength range of the pulsed dye laser, which can be measured with this alignment, is 406.5 -
416.5 nm. This is sufficient for our purpose, otherwise the range can be adapted by alignment after 
the monochromator or shifted by turning the grating of the monochromator. 
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3.5.2. Measurement wavelength pulsed dye laser 

Todetermine the wavelength ofthe laser, the speetrallamp is replaced by the laser. In tigure 3.9a, a 
CCD-image ofthe exit ofthe monochromator when a laser with a wavelengthof 411 nm is in front 
is shown, and in tigure 3.9b the spectrum ofthe laser (summation over all vertical pixels) is plotted. 
This spectrum is again fitted with a Gaussian to determine the position. V ariation in the 
determination ofthe wavelength, in successive measurements, is 0.003 nm. 
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Fig 3.9: CCD-image ofthe pulsed dye laser, after the monochromator (A). In (B) the vertical summation of 
the intensity of the CCD-image is plotted around the position where the laser light is seen on the CCD
camera. Through this spectrum of the laserpuls a gaussian .function is fitted. The CCD image is taken at low 
resolution ofthe camera, at 320 x 240 pixels. In contrary to the spectrallines, the light ofthe laserpuls, after 
the monochromator, doesn 't fi/1 the total height of the CCD-camera. The alignment of the laser light befare 
the monochromator influences what part of the CCD-image is ft/led. 

T o determine the accuracy, the wavelength of the laser is varied over the range of the dye. The 
measured wavelength is plotted against the value of the counter c, of the laser in tigure 3.10. A 
linear fit determines the dependenee between the counter c and the wavelength À. This relation is 
given by: counter = 1605.7 + 56.125 [nm-1] ·J.... This shows some difference with the slope we 
expected. A slope of 60 is expected when the laser grating of the pulsed dye laser is used in 6th 
order (see paragraph 3.2). 
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Fig 3.10: Scan of the wavelength when the laser wavelength is changed. The wavelength is measured by the 
monochromator and web-cam, and is plotted against the counter of the pulsed dye laser. The measured 
points are indicated by the black dots, the fit by the grey fine. 
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3.6. Accuracy wavelength measurement 

In the previous paragraph a linear relationship between the set wavelength of the laser and the 
measured wavelength of the monochromator is seen. In this paragraph is investigated what the 
deviations from this linear relationship are what systematic errors play a role in the wavelength 
measurement. 

3.6.1. Influence in-coupling 

If the entrance angle, in which the light enters the monochromator, is slightly shifted, a different 
exit angle and thus different wavelength can be measured. The placement of the speetral lamp is 
not important, since the light of the speetral lamp is emitted in all directions and fills up the total 
acceptance angle of the monochromator. When the laser beam, which gets diffused by the paper 
screen, is let in the monochromator, not the whole acceptance angle of the monochromator is used. 
The entrance angle cannot be measured. To study the effect of the entrance angle of the laserbeam 
in the monochromator, the position of the paper screen with respect to the lenses before the 
monochromator x, is changed (see fig. 3.11). 

x 
screen 

laser 

lenses __j 

Fig 3.11: Displacement paper screen to study effect in-coupling laser beam. The position of 
the paper screen, which diffuses the laser light is varied, while the lenses keep their positions. 

In figure 3.12, the measured wavelength is given in relation of the distance x between the screen 
and the first lens. A variation in the angle of the paper screen can influence the measurements. The 
screen is always placed normal (±2°) on the direction ofthe laser beam. 
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Fig 3.12: Dependenee of the measured wavelength, on the incidence angle of the laser in the 
monochromator. On the vertical axis the measured wavelength is set, on the horizontal axis 
the distance x of the screen, .from the f=50 mm lens which focuses the laser beam on the 
screen. 
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The change in measured wavelength is about 0.04 nm. The change in measured wavelength can 
also be estimated using the formulas in paragraph 2. A change intheentrance angle of 4° (which 
corresponds to a displacement from the middle of the monochromator of halfway the acceptance 
angle) changes the measured wavelength by 0.025 nm under our experimental circumstances. This 
change is in the same order as the measured wavelength difference. So the deviation is caused by 
the entrance angle, and causes an error of 0.04 nm to the wavelength measurement. 

3.6.2. Deviations from the linear dependenee between counter and measured wavelength 

In first order, the dependenee of the measured wavelength on the position of the counter of the 
pulsed dye laser, is linear (see tigure 3.10). Ifthe linear fit is subtracted from the measured values, 
deviations from the linearity can be seen. These deviations are plotted against the counter of the 
PDL in tigure 3.13. Deviations from the linear fit are smaller then 0.04 nm over the entire range, 
but much larger then the deviations per point, 0.003 nm. 
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Fig. 3.13: Deviation in nm between the measured wavelength and the wavelength as 
calculated .from the linear fit .from the counter position of the laser. On the horizontal axis the 
counter of the pulsed dye laser is given. 

When measured at the same conditions (alignment) this relationship is reproduced. These 
deviations can be produced in two ways: Either the relation between the counter ofthe PDL and the 
wavelength produced is not linear, or the measurement of the wavelength with the monochromator 
causes this deviation. In the next sections of this paragraph, we will try to find the cause for the 
deviations, so that these can be corrected. 
At Rice [36], the wavelengthof a Spectra Physics PDL-4 pulsed dye laser (which is similar to the 
PDL-3 as used here) was calibrated in the region around 412 nm using excitations to high lying 
Rydberg levels as wavelength reference. Their measurements of the position of these Rydberg 
levels as a function of the counter of the PDL showed a deviation from a linear calibration of 0.03 
nm. 



3.6.3. Deviations by scanning monochromator 

Instead of scanning the wavelength of the laser, also the wavelength of the light can be kept 
constant while the grating of the monochromator is turned. This will give a notion if the deviations 
in the wavelength measurement, described in paragraph 3.5.2, are caused by the laser or by the 
monochromator. For this purpose, we obtain a scan, with the measurement of the position of the 
Krypton spectralline at À = 829.8107 nm, when the set wavelength Àm of the monochromator is 
changed with a stepper motor. The deviations from the linear relationship, converted to nm, are 
shown in tigure 3.14, plotled against the difference in wavelength between the set wavelengthand 
the wavelength ofthe light source, À- Àm. 
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Fig 3.14: Deviations in measurement of the positions when the set-wavelength of the 
monochromator Am is changed and the wavelength of the light souree A is kept fixed The 
deviations are converled to nm, and set out on the vertical axis. On the horizontal axis the 
difference between the wavelength of the light souree A, in this case a Krypton speetrallamp 
at A= 829.8107 nm: and the set wavelength ofthe monochromator Am set out. 

The maximum deviation is 0.06 nm This is greater than when the wavelength of the pulsed dye 
laser is changed. Since deviations are still visible when the monochromator is tuned to measure a 
line at fixed position, we can conclude that the deviations are not (solely) caused by deviations in 
the laser wavelength as function ofthe counter. 

3.6.4. Effect of intensitv diffraction grating on measured wavelength 

Except for the wavelength, also the amplitude of the spectralline is measured when the wavelength 
of the monochromator was tuned. The amplitude is plotled in tigure 3.15 against the horizontal 
peak position, on which the spectralline is recorded on the web-cam. As can beseen in tigure 3.16, 
the intensity of the spectralline is not constant over the area of the CCD. Since the intensity of the 
speetral line at the entrance of the monochromator does not change during the scan, the efficiency 
of the grating is not constant or the efficiency of the CCD-camera varies when the angle of the light 
is varied. If the measured intensity is not constant, this can also cause a shift of the wavelength of a 
measured line. E.g. in this case, when a spectralline comes in to the leftof the CCD-camera, the 
lefi-part of the Gaussian is diminished more then the right part, causing the peak to shift to the 
right. 
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Fig 3.15: Measured amplitude of the speetral fine on the CCD-camera plotted against the 
central position of the speetral fine on the CCD. The measured intensity at the sides of the 
CCD-camera is smaller then in the centre, while the light souree has a constant intensity. 
Amax is the maximum measured intensity of the speetral fine. A fit with a third order 
polynomial (black fine) is taken to model the amplitude A; at all positions. 

The magnitude of this shift can be calculated from the intensity as function of the horizontal 
position in figure 3.15, fora Gaussian function with the same width if the line at the exit of the 
monochromator. This shift is plotled in figure 3.16. 

0.008 

0.006 • 

0.004 

0.002 

'E 0.000 
.s 
«( 
<l 

-0.002 

-0.004 

-0.006 

0 80 160 240 320 400 480 560 640 

position [pixel] 

Fig 3.16: W avelength shift caused by non-constant transfer of a speetral fine as function of 
the position on which the light falls on the CCD. The shift is calculated in nm. A linear fit is 
drawn to show the deviations from a fine ar relation. 

The deviation by the non-constant transfer of intensity when the laser light is imaged on different 
positions of the CCD, is highest at the sides of the CCD-camera. The deviations are smaller then 
0.006 nm. Deviations from a straight line, fit through the shifts, are even smaller than 0.001 nm. 
This is much smaller then the deviations measured with the scan of the laser through different 
wavelengths. Therefore, these deviations will not play a role in the accuracy of the wavelength 
determination. 
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3.6.5. Effect of geometry of set-up 

When calibrating the system, a linear relationship between the wavelength difference À and the 
displacement on the camera ~x is expected. À ~ (sin)8u ~~x. The geometry of the set-up causes 
some slight deviations from this linear relationship. In tigure 3.17 a sketch of the geometry of the 
grating in the monochromator and the CCD-camera is displayed. 
Light which falls on a grating with a wavelength À, is reflected at an angle 8u·· The monochromator 
is set at a wavelength Àm. which is send out under an angle of 8um of the grating. The wavelength 
difference ~À is proportional with sin(8um)- sin(8u) ( see equation 3.1 ), while the displacement is 
proportional to tan(a). This causes a small deviation from the linear relationship between 
wavelength and displacement 

grating 

t.t..- sin (a} 

CCD 

Fig. 3.17: Creation of deviations in the wavelength measurements, caused by the geometry of 
the set-up. Light with wavelength À refracted with a refraction angle 8u. When the wavelength 
is set at Àm, light is refracted at an angle 8um. The angle a = 8um - 8u is converted to a 
distance L1x on the ccd-camera. This distance L1x is proportional to tan a. 

With equation 3.1, possible deviations caused by the geometry of output-light of the 
monochromator and CCD-camera can be calculated. T o mimic the ex perimental procedure, the 
relationship ~À ( =À-Àm) between and ~ is calculated in the inputrange of À = 409- 415 nm, with 
a central wavelength Àm of 412 nm. Expected deviations from a straight line are plotted in tigure 
3.18. 
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Fig. 3.18: Theoretica/ deviation between wavelength and measured value of the wavelength, 
caused by geometry reasons, when the laser wavelength, À, is changed. 
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The maximum deviations are 0.002 nm. This is much smaller than the measured deviations of 0.03 
nm. 
If the set wavelength of the monochromator is changed instead of the wavelength of the laser, also 
deviations due to geometry of the set-up are expected. When the set wavelength is changed, not 
only the wavelength difference, A-Am is changed but also the angle eh from which the light comes 
on the grating, is changed. When the monochromator is scanned, the maximum deviation from the 
linear relationship, due to the geometrical effect discussed in this section, shows the same 
behaviour as when the wavelength is varied. The maximal deviation however, is 0.004 nm, a little 
larger than the deviation in tigure 3.18. The measured deviation, when the wavelength settings of 
the monochromator are changed, areanorder larger, 0.05 nm. 
The calculated deviations, both when A as when Am is changed, are much smaller then the measured 
deviations. So deviations due to the geometry ofthe set-up, do not play an important role here. 

3.6.6. Deviations caused by imaging system 

Deviations can also be caused by imaging of the speetral lines on the CCD-camera. T o reduce 
aberrations of the lens, the standard lens of the web-cam is replaced by a lens with a greater focal 
length and in the middle of the lens a diaphragm is placed. If no diaphragm is used, distortions of 
the speetral lines are shown. In tigure 3.19, the calibration spectrum of the Krypton speetral lamp, 
around 824 nm, recorded with no diaphragm after the lens, is shown. When we compare this tigure 
with the spectrum in tigure 3.7, where the diaphragm is placed after the lens, clearly can be seen 
that the lens, which images the light from the exit of the monochromator on the CCD-camera, 
produces distortion. 
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Fig. 3.19: Calibration spectrum Krypton lines around 824 nm. This spectrum is recorded 
with no diaphragm a.fter the lens, between the monochromator and the web-cam. The dark 
line is the recorded spectrum, the grey line the fit. Especially at the edges of the image, 
disfortions are evident. 

If aberrations of the lens produce a large distortion, this can also in:fluence the wavelength 
measurement ofthe pulsed dye laser. 
To see ifthe aberrations ofthe lens between the exit ofthe monochromator and the web-cam cause 
the deviations, we realign both the lens and the web-cam behind the monochromator. In both series, 
the diaphragm is placed before the lens. To show the correspondence between the deviations ofthe 
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measurements with different alignments, in tigure 3.20 the deviations are plotted against the angle 
calculated angle a= 8um- 8u (see tigure 3.17), at which the light leaves the monochromator. Both 
measurements when the monochromator is turned (MC1 and MC2), as measurements when the 
wavelengthof the PDL is changed (PDL), are plotted against a . The deviations show an equal 
relationship. However, the magnitude of the deviations is not equal, so it is not possible to correct 
the measured wavelength for the deviations. 
Since the deviations are strongly dependant on the set wavelength of the monochromator, any 
aberrations of the lens does not seem to influence the measured wavelength. These measurements 
show that the cause of the deviations in the measurement of the wavelength probably is inside the 
monochromator. The 0.25 m monochromator is constructed to measure wavelengtbs with an 
accuracy of 0.1 nm (the readout -accuracy of the counter). At these accuracies, the measured 
deviations (0.04 nm) are not important. 
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Fig 3.20: Deviations between the measured wavelengthand the wavelength ofthe souree (in 
nm) plotted against the angle at which the light leaves the monochromator. (a). The series 
MCJ and MC2 are measured when the monochromator was turned and a the position of the 
Krypton speetral fine at 830 nm is determined The series are measured at difference 
alignments ofthe imaging system after the monochromator. The serie PDL is a scan where the 
wavelength ofthe laser is changed and the wavelength ofthe monochromator(counter) is held 
constant. 

3.6. 7. Curvature spectrallines 

When we look more carefully at the image of the spectrallines on the web-cam (tigure 3.6), one 
can see clear that the speetral lines are not straight, but slightly curved. It is not uncommon for a 
monochromator to produce slightly curved lines at the exit slit [39]. Curvature of the spectrallines 
also influences the wavelength measurement. The position of the spectrallines on the camera is not 
only dependent of the wavelength, but also of the height at which the lines are measured. To see 
what influence this curvature has, we looked at the horizontal positions of the Krypton speetral 
lines at different vertical positions. The peak positions are determined in the same manner as for the 
calibration. Only this time a surnmation, not over the total height of the image, but over an interval 
of 20 pixels in low resolution, is taken. In tigure 3.21 the shifts in peak positions, as function of the 
vertical position on the CCD is plotted for the four Krypton spectrallines around 824 nm which are 
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used for calibration of the spectrum. The spread in the measurements of the position of the Krypton 
speetral line at 828.105 nm is 0.01 nm, causing large deviations when determining the peak 
position. During calibration this is no problem, because the signal over the total image is 24 times 
higher. 
The difference in peak positions, between the top of the CCD-image, and the bottom, is 0.08 nm. 
The distance between the different speetral lines stays constant. This means that the measured 
wavelength difference between two points isn't influenced by the curvature of the speetral lines. 
The curvature will influence the absolute value of the wavelength measurement, since the image of 
the laser beam does not fill the total CCD-image (see figure 3.9). When the laser beam is aligned in 
the middle of the CCD-cam, this will be a small effect in comparison of the total change in 
horizontal position as function ofthe vertical position (± 0.01 nm). 

0.06 

0.05 

0.04 

0.03 

E 0.02 ..s 
c: 0.01 .Q 
I2 

0 > 
Q) 
"0 

-0.01 

-0.02 

-0.03 

-0.04 
0 

--819.0054 

-826.324 

••• · 828.105 

---- 829.8107 

I 
1\ 

1\ 
I I 
I 
I 

I I 

20 40 60 80 100 120 140 160 180 200 220 240 

position [row) 

Fig. 3.21: Shift inwavelength ofthe position ofthe spectrallines asfunction ofthe vertical 
position, in comparison with the average position of the lines. Positions are determined by 
measurement over a vertical interval of 20 pixels. Positions of the 4 spectrallines of Krypton, 
which are used for ca/i bration of the monochromator and CCD-camera, are given. 

3. 7. Coneinsion 

Measurement of the wavelength with a monochromator gives a good estimation of the wavelength 
ofthe pulsed dye laser. The wavelength ofthe light souree can be easily and accurately read out, by 
placing a web cam attached to a computer after the monochromator. In this chapter we 
characterised the system for the determination of the wavelength around 412 nm, with another 
choice of the speetral lamp, this system can also be used for the calibration of other wavelengths. 
The wavelength of the pulsed dye laser can be determined with an accuracy of 0.05 nm. The errors 
in the determination of the wavelength are mainly caused by inaccuracies in the monochromator 
(±0.03 nm), which causes deviations and because not the total entrance angle of the 
monochromator is used (±0.04 nm). Adding these errors quadratically, leads to the total uncertainty 
of ±0.05 nm. The spread in the measurement of the wavelength at constant properties is± 0.003 
nm. 
The accuracy in the wavelength determination ofthe pulsed dye laser of0.05 nm is smaller than the 
noted bandwidth ofthe pulsed dye laser (0.001 nm). However, the wavelength can be determined at 
high enough precision for our measurements. When the wavelength must be known with better 
accuracy, another metbod must be used for the wavelength measurement. 
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4. High brightness ion bunches 

4.1. Introduetion 

An important property of ultra cold plasmas is that ions and electrons hardly move. These 
electrons and ions can be pulled out of the plasma to create an electron or ion source. By an 
electric field, ions are accelerated in one direction, electrons in the other. Because the ions 
and electrons have a low velocity at the start, a high quality charged partiele beam will come 
out. 
Quality of a beam is generally defined by the brightness. If the brightness is large, a lot of 
current can be focused on a small area. F or electron bunches, simulations have been done to 
extract electrons from a Rubidium UCP. With an electron temperature below 10 K, a 
brightness in the order of 109 A rad-2 m-2 eV-1 can be reached, with femtosecond bunch length 
[ 45]. This brightness is a few orders higher then photogun performance, and comparable to 
carbon nanotube field emitters, for which the highest brightness is measured [45]. 
Experiments are started at the Tule to validate outcome ofthese simulations in practice [ 41]. 
lf a high brightness electron bunch can be produced, it must also be possible to create high 
brightness ion bunches in this manner. In this chapter we report simulations with a partiele 
tracer program, to examine if the brightness of an ion souree based on an ultra cold plasma. 
Examined is if an ion souree from an ultra cold plasma can exceed the brightness of state of 
the art ion sources. High brightness ion sourees are used for surface analysis of various 
samples. 

4.1.1. Brightness 

A partiele beam cannot be focused to an infinitely small point, but always has a limited size. 
The brightness is a measure for the maximum current density, that can be focused in a small 
area. When an ion beam is focused, the size A decreases but the divergence solid angle Q 

increases, as can be seen in tigure 4.1. The phase space area (AQ) is not influenced by the 
focusing, but stays the same. 

Electron trajectories 

Fig. 4.1 [ 41 }: Focusing of a charged partiele beam. When focusing, the phase 
space area AQ remains constant. 

The brightness B is thus defined as the current I in the phase-space area of the beam 
transverse (x and y) direction, and given in A m-2rad-2 [42], 
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B=_!_. 
AO 

(4.1) 

Instead of the total 4-D phase-space area is it easier to calculate the emittance in the x and y 
direction. The normalized root mean square emittance Ex.nns in x direction of an ion beam is 
given by [42]: 

(4.2) 

Where y = ~1- v2 
/ c2 is the standard beam parameter, which is 1 in our case, m the mass of an 

ion, and c the speed of ligth. x and Px are the position respectively momenturn of a partiele in 
x-direction, and brackets signify averaging over the total bunch. For a souree with an 
uncorrelated momenturn and spatial distribution, the thermal (initial) emittance is given by 
the temperature T and the rms radius cr, 

(4.3) 

A low souree temperature results in a low initial emittance, and thus a high brightness. 
The brightness can be defined as function of the normalized emittance. Instead of the 
brightness as defined in equation 4.1, usually the reduced brightness is given. The reduced 
brightness is independent ofthe acceleration ofthe ion source. Fora Gaussian beam the peak 
reduced brightness is [42] 

1 I 
Bred = --2 --:-2-

mc 4n & & x y 

(4.4) 

with units A m·2rad·2 eV-1
• In following paragraphs, we refer to the reduced brightness simply 

as brightness and norrnalized root mean square emittance as emittance. 

4.1.2. SIMS 

High brightness pulsed ion beams are mostly applied in Static (S) SIMS. With SIMS 
(Secondary Ion Mass Spectrometry) it is possible to measure the surface composition with a 
high spatial resolution. In S-SIMS, the sample is essentially not damaged, in contrary to 
dynamic SIMS. In this way, information about the composition ofthe first few monolayers is 
obtained [43]. Some examples where S- SIMSis used are listed below [43,44,45] 

astrophysics: to determine constituents of interstellar dust particles 
chemica!: change of reactive products when attached to a catalyst 
biologica!: subcellar images of elements, e,g, DNA 
polymer physics: to study processes which modify the surface properties e.g. for time 
dependant drug delivery 
semiconductor physics: to map metallic or organic contaminations of a silicon wafer 
metallurgy: to study corrosion processes 

So SIMS is important in many research fields. 
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(S)-SIMS 
In SIMS, a primary ion souree is focused on a sample. When a primary ion hits a sample, 
atoms, small molecules and parts of polymers can get ionized and sputtered from the sample. 

secondary ions 

Fig. 4.2[46}: SIMS; When a primary atom hits a sample, other atoms are 
ionized and leave the sample. These secondary ions are detected with a mass 
spectrometer. 

The secondary ions are extracted from the materialand analyzed with a mass spectrometer. A 
time-of-flight (TOF) mass spectrometer is mostoften used. This spectrometer is capable of 
measuring all masses simultaneously, and provides a good mass resolution. 

Ion sourees for SIMS 
To detect constituentsin a low concentratien in a small volume, a high brightness ion souree 
is necessary. An LMIS (Liquid Metal Ion Source) is used most of the time, because its 
intrinsic brightness exceeds the brightness of other sourees with two orders of magnitude. 
The brightness of an LMI souree can be as high as B = 105-106 A m-2rad-2eV-1 [47,48]. 
Commercially available SIMS apparatus (Cameca NanoSIMS 50) can already obtain spatial 
resolution of 50-150 nm (depending on the material ofthe sample) [46]. The elements which 
can be used in a LMIS souree are limited, therefore sometimes also Caesium surface 
ionization sourees are used for SIMS. The main advantage of a Cs+ souree is the high yield 
(secondary atoms per primary atoms). Next to this, LMI sourees are expensive and hard to 
operate [49], and Gallium can cause contamination to the structure of objects [50]. However, 
brightness of a Cs+ surface ionization souree is around 2-4 orders smaller than a LMIS [ 51]. 
The current of a ion souree for S-SIMS must be small, to prevent darnaging of the surface of 
the sample. Next to this, the bunchlength of the ion souree must be small to obtain a good 
mass resolution in a time-of-flight detector. The bunchlength can be as smallas 400-800 ps, 
but this comes at the expense ofthe brightness [52]. Depending on the detection system, the 
bunchlength has to be 0.8- 25 ns [51]. To be able to measure many points on a sample in a 
reasonable time, the repetition rate of the ion souree is in the order of 20 kHz [ 52]. 
In table 4.1 properties of a state-of-the art LMIS souree are listed. 
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T, bi 4 1 f G LMIS . fi SJMS a e . : proper zes a zon souree or 
Brightness 10' -10(> A m·Lrad·L ev·l [47,48] 
Extraction voltage 20-35keV [51] 
Current 1-10 nA [49] 
Bunchlength > 400 ps [51,52] 
Repetition rate 20kHz [52] 
ions/pulse 1-10,000 

4.1.3. General Partiele Tracer 

In the simulations, described in this chapter, the general partiele tracer (GPT) [53] program is 
used determine the partiele positions and momenta. With GPT, it is possible to track charged 
particles in 3 dimensions in time. Partiele trajectories (position x and momenturn p = ymv) 
are determined by calculating the relativistic equations of motions for all particles 
simultaneously. The equations of motion for partiele i are given by: 

(4.5) 

With the force Fi: 

(4.6) 

The electric Ei and magnetic field Bi at the partiele coordinates are determined by external 
elements (like accelerators) and space charge effects caused by the other partiel es. From the 
individual partiele parameters position and velocity, beam parameters as current, density, 
emittance, bunchlength, brightness etc. can be deduced. 
Time-steps are controlled with a Runge-Kutta algorithm, which ensures the desired accuracy. 
For the simulations reported below, the particles are divided into 1000 - 10.000 macro
particles, each representing a number of ions, to speed up the calculations. Also, the space 
charge is calculated with a mesh-algorithm, descrihing the space-charge field on a grid [53]. 

4.2. Simulation standard (fixed) parameters 

4.2.1. Standard MOT parameters 

Our simulations represent the extraction of ions from a sample of cold atoms in a MOT. All 
elements which can be laser cooled (e.g. Caesium), can be used to create an ultra cold plasma 
and ion bunches. In our simulations Rubidium is used, so that simulation results can be easily 
verified with the Rubidium set-up at the Tule. The assumptions which are made for the 
simulations are stated in this section. 
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A Gaussian distribution is taken, with a typical width of the ion cloud cr = 1 mm. The 
distribution is always cut-offat a value of r0 = 2cr. To bring correlations into account, the 
distribution is randomized. The maximum density what can be achieved in a MOT is 1018 

atoms/m3 [54]. With pulsed ionization, an ionization rate of90- 100% can be achieved. We 
assume a charge of 10 pC. The corresponding average density p0 (NN - number of atoms N 
divided by volume V) of 1.7 1016 m-3

, should be obtainable. The ion temperature due to 
expansion of the plasmaand correlation heating, is maximal T = 3 K [55,56]. We take this 
value to represent the begin velocity v0 of the particles (kT = mv0

2
, with k the Bolztmann 

constant and m the mass of the ions). Only ions are taken into account, the interaction with 
the electrans will only play a role when the ions are not extracted by the field. A homogenous 
electric field, to cancel out geometry effects, is used, which accelerates the ions over 20.000 
V, in 10 mm. In appendix D.2. the input file for the standard calculation is given. In future 
paragraphs we shall deviate from this standard parameters, to see what the effects are. In 
figure 4.3 the set-up we use for simulation is sketched. 

MOT 

85 Rb• 

Gaussian 

cr =1mm 

Q1ot=10pC 

T =3K 

L 
z 

Efield 
L = 10 mm V= 20 kV 

Fig 4.3. Starting conditions standard GPT simu/ation ion bunches. A ionized 
Rubidium MOT is placed in a homogeneaus e/ectric field. !ons wil/ get acce/erated in 
the direction of the field. 

4.2.2. Simulation standard situation 

Following the ion bunch in time, the ion bunch will move in the z-direction due to the 
accelerating electric field. Space-charge causes expansion of the bunch in all directions. 
However, the size in the longitudinal z-direction of the bunch is not the same as in the 
transverse (x and y) direction. In the z-direction, the ion bunch is compressed, because the 
ions are accelerated over a different distance and therefore have a velocity spread. In fig 4.4 
the ion bunch is plotted at different times (moving from left to right) 
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Fig. 4.4: Expansion of the ionbunch. The ionbunch (x vs. z) 
accelerator is p/aced in the first I 0 mm. 

is plotted at different times. The 
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Emittance 
The brightness is determined by the current (the charge and length of the ion bunch) and the 
phase-space area, or the emittance (see equation 4.4). 
In tigure 4.5 x-vx diagrams, are shown at different times. The rms-emittance can be 
calculated with equation 4.2 from these plots. A notion of the emittance can be obtained by 
determining the area of the smallest (skewed) ellipsoid in the x-px plot which contains all 
particles. 
At the start, at t = 0 ns, the velocity and position are uncorrelated. With the temperature T = 

3K and the width cr = 1 mm of the ion cl oud, the thermal emittance with equation 4.3 is Eth = 

5.7 10"11 m rad. 
At the start of the simulation, the transverse velocity of the ions increases a lot, due to the 
expansion due to space-charge effects. Particles at the edges of the cloud, experience more 
charge and a larger expansion velocity then particles at the center. The expansion veloeities 
are much larger then the thermal veloeities at the start. This introduces a correlation between 
the position and velocity, and thus a large emittance growth. Aftera large time the bunch is 
expanded to such size that the particles do not interact anymore. At this point, the expansion 
velocity becomes constant, leading toa constant emittance E. In tigure 4.6 the rms normalized 
emittance E in the x-direction is plotted as function oftime. 
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Fig 4.5. Phase-space diagrams ofthe ionbunch for t=O ns, t= JO ns, t=200 ns and t= 1000 ns (note 
the different axes). At t=O the positions and veloeities are completely uncorrelated. At t>O, an 
expansion velocity due to the space charge is present. 
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Fig. 4. 6: x- emittance plotted versus time. The emittance increases a lot in the fi.rst 
100-150 ns, and stahilizes afterwards toa constant value. The emittance in the y
direction shows a simi/ar behaviour. 

During the first 150 ns, the emittance increases very fast. After this time, the emittance still 
increases, but at a lot smaller rate. The time, during which the emittance rises, is of the same 
order as the inverse ofthe plasma frequency 't = rop· I, where 

(4.7) 

At t=O, the average ion density p0 = 1.7 1016 m·3. This gives an expansion time of 't = 59 ns, 
about half of the expansion time which follows from the simulation. During the expansion, 
the density decreases, leading to a lower plasma frequency and a larger expansion time. 

Bunchlength 
Except for the root-mean-square emittances, the brightness is also proportional to the current 
I = Qh, with 't the bunchlength, defined by the size of the ionbunch in z-direction lzmwcZminl 
divided by the velocity in z direction Vz. In order to obtain a high brightness, the bunchlength 
't should he small. Next to this, a small bunchlength is necessary to perform time resolved 
measurement. In tigure 4.7 the bunchlength is given as function of time. In the first 100 ns 
the bunchlength decreases due to the acceleration However, also after the acceleration stage 
(t> 100ns) the bunchlength gets smaller. This results in a minimum bunchlength 't = 8 ns after 
t = 200 ns. The bunchlength decreases after the bunch has left the accelerator, because the 
first particles obtain a smaller acceleration then the later particles. When the last particles 
have overtaken the first, the bunchlength will increase again, leading toa minimum. Next to 
this, space-charge also causes expansion of the bunch. Both the expansion due to space
charge as the shortening of the bunch, will he explained in the next subsections. 
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Fig. 4. 7: Bunchlength plotted versus time. The bunchlength is proportionaf to the size in 
the z-direction. This increases due to the space-charge, and has a due to electric field 
focus ing. 

Brightness 
The brightness B is defined by equation 4.4, and is proportional to the current I divided by 
the emittance in x- and y-direction (Ex and Ey) .. In tigure 4.8 the brightness is plotted as 
function of time, for this standard situation. At low times t < 1 00 ns, the behaviour of the 
brightness is dominated by the emittance growth with time, at higher times by the decreasing 
bunchlength. A bump in the brightness occurs after 300 ns. This is caused by the minimum in 
bunchlength. At this point a brightness B = 230 A m·2 rad-2 eV-1 is found. We take this value 
as a reference, because the bunch cannot be used in or directly after the accelerator (first 100 
ns of simulations ), and the bunchlength is almost at minimum here. 
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Fig. 4.8: reduced brightness. The brightness is the current, divided by the 4D phase
space area. At 300 nm, alocal maximum in brightness is seen. 
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Conclusions standard situation 
For this situation, the maximum obtainable brightness after the accelerator, is 230 A m-2 rad-2 

eV-1
• This is still a few orders smaller then the maximum brightness of state-of-the-art ion 

sources. Next to this, the bunchlength is in the order of 8 ns, which is large for TOF-SIMS 
applications. Because the expansion of the space-charge provides a limiting effect on the 
bunchlength and thus on the brightness, we will vary the charge and charge density in the 
next paragraphs. First we will look into the field focusing effect due to the electric field and 
the expansion due to space-charge. 

4.3. Theoretica( description size ion bunch 

4.3.1. Acceleration electric field 

The ions are accelerated with V= 20 kV over a distance of L = 10 mm. So the electric field 
strength is E = VIL = 2 1 06 V /m. This leads to an acceleration a: 

(4.8) 

The starting velocity of the i ons is negligible, so the average velocity by the electric field in 
the z-direction is given by by the constant acceleration a times the timet (v=at). At the end 
of the accelerator the particles have gained an energy 

1 2 -mv =qEL=qV . 
2 

(4.9) 

This corresponds to a velocity v = 2.1 105 rn/s. This velocity shall be reached in a time ter= 
Venct/a = 94 ns. In figure 4.9 the average velocity ofthe ion bunch, as found in the simulations, 
is plotled against time. This simulation corresponds well with the calculations made in this 
section. 
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Fig. 4.9: Average velocity ion bunch in standard simulation, plotled against time. 
The velocity increases linearly with time when the particles are in the accelerator (0 
-94 ns). 
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Field focusing 
In the accelerator, the front particles of the ion cl oud are accelerated over a smaller distance, 
than the rear particles. Therefore, the rear particles will obtain a larger speed then the front 
particles, and in time outrun these first particles. This effect will reduce the size in z-direction 
on a certain position, while the beam will diverge larger when the particles have passed each 
other. This can been seen in the plot ofthe bunchlength in figure 4.7. The compression effect 
due to the difference in acceleration is referred to as field focusing in the rest of this chapter. 
In this paragraph we look into some simple properties of this compression, when space 
charge effects can be neglected. The situation is sketched in figure 4.1 0. Ro is the radius of 
the ion bunch, this is equal to two times the standard deviation ro = 2cr. 

a= qE/m a= 0 

L L 
z 

Fig 4.1 0.: Acce/eration by e/ectric field. The front particles are accelerated over a 
smaller disrance L-ro, then the average disrance L, and thus wil/ gain a smaller 
velocity. 

Fora partiele at distance zo from the center ofthe bunch, the partiele will be accelerated over 
a distance L- zo in the electric field, leading to a velocity described by 

( 4.1 0) 

With this equation, the velocity difference ~v between a partiele at the side ofthe bunch (for 
zo= ro) and the average velocity (for z0=0) can be estimated. 
The position z of the partiele as a function of time t, after it leaves the accelerator, can be 
described by: 

z = z0 +-!-at/ +v(t -tef ) = L+v(t -tef ), (4.11) 

with tr the time at which the partiele leaves the accelerator, 

t =L ~~1- Zo . 
ef Vqv 2L 

(4.12) 

The particles will co me together if the position z for particles with start at the left edge of the 
bunch zo = - ro and the right edge zo = +ro is the same. This position Ztr at which this occurs 
can be estimated using a F ourier sequence. At this point, the time ttr and Ztr position are 
approximately: 
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(4.13) 

zff = 2L 

So the position is independent on the electric field and the radius r0 of the ion cloud. The 
minimum size of the ion bunch ~ff at this position is given by 

(4.14) 

For the standard situation, these values are included in table 4.2. 
The measured minimum size lzmax- Zminl for the standard situation is 1. 7 mm, slightly smaller 
than the beginsize 2ro = 2.0 mm of the ion cl oud. This is much larger than the size estimated 
with equation 4.14 of ~ztr= 0.0125 mm. This means that for this situation, the space charge 
plays a too important role to estimate the size in the z-direction with this equation. Next to 
this, a thermal velocity spread also leads to an minimum size, as is explained in the next 
section. 

Table 4.2: Va/uesfor jieldfocusing in standard situation 
property value 
V 2.110'rn!s 
~V 1.3 10" m/s 

ter 94 ns 
Ztr 20mm 
~Zff 0.0125 mm 

ttr 188 ns 

4.3.2. Thermal size 

Due to the uncorrelated velocity spread in the beginning, the bunch will expand. If the 
particles have a begin temperature ofT, their average velocity v will be given by 

I 2- I kT 2mvrh -2 · (4.15) 

At T =3K this corresponds with a velocity vth of 17 m/s. In the simulations the fastest 
particles obtain an initia! velocity which is two times this large, or Vmax,th = 32 mis. When a 
bunch with this begin veloeities is left alone, it will expand. Since the veloeities are 
uncorrelated, this expansion it not influenced by any element. Therefore the bunch will 
always have a minimum size of 

( 4.16) 

After a time of t = 200 ns, when the z size is approx. minimal for our simulations, and with a 
starting temperature of T = 3K, this size will be rth = 1.3 1 o-s m, comparable to the minimum 
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size in the standard situation due to the field focusing effect (~Zff = 1.25 1 0"5 m). So at the 
position of the minimal z-size, the thermal size rth cannot be neglected. 

4.3.3. Space charge 

Except by the field focusing and thermal expansion, the size of the ion bunch will also be 
influenced by the space charge. The positive charge of the ions will cause the ion bunch to 
expand in 3 dimensions. In figure 4.11 the expansion velocity of the particles in the x 
direction is plotted. As can be seen in figure 4.11, the expansion velocity increases much in 
the beginning, and approaches a constant value at the end. If the particles are far enough from 
each other, no space charge force is exerted, and the expansion velocity will stay constant. 

10000 

5000 

I 0 

~ 

-5000 

-10000 +----~--+-----+--->--+--+-+--+--+---+~---+ 
0 50 100 150 200 250 

~-%(-GPT time [ns] 

Fig 4.11: Expansion velocity in x -direction plotled against time. At low times, 
density is large, leading to a large increase in velocity in the transversal direction. 
At larger times, the expansion velocity approaches a constant value. 

Estimation expansion 
For a homogenous sphere, a simple estimation can be made of the expansion velocity. This 
estimation can also be used to describe the expansion of a Gaussian bunch. If the particles 
are far away from each other, they do not exert a force on each other, and the velocity vx,y 
will be constant. F or long times, the position of the particles can be approximated by x == v · t . 
All potential energy is then converted into kinetic energy. A partiele on the edge of the ion 
cloud will gain a kinetic energy 

.lmv 2 = Qe 
2 r 4 ns0r0 

(4.17) 

If r>>ro, the second term on the right hand side can be neglected, giving: 

( 4.18) 

with rop the plasma frequency as given in equation 4.7, proportional to the square of the 
density, ro the radius at the start, and r the radius after an timet. For the standard situation the 
expansion velocity in x-direction can become Vr = 1.4 104 m/s. After 1000 ns the expansion 
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velocity of the ion bunch in the simulation is 1.1 104 m/s, so the expansion is well described 
by the estimate of equation 4.18 . 
The dependenee of the velocity V x and the radius on the initial radius ro can he seen in tigure 
4.12 a and b, where the standard deviation ofthe velocity crvx and the position crx are plotted. 
To show the expansion factor, these values are also plotled against the standard deviation of 
the initia! radius, crxo. crx0 is proportional to the initial radius ro. An average initial density of 
p0 = 5 1015 m-3 is used to create this graph, and charges from Q =1- 10 pC. The initial size x0 

is fixed by the charge and density. Further, all parameters are equal to the standard situation, 
as described in paragraph 4.4.1. The crvx and crx are determined after 1000 ns, a time in which 
the ion bunch has travelled 200 mm. After this time, the expansion velocity is almost 
constant. Both the velocity and the x size at a fixed time and density in the simulations are 
proportional to the begin size: x oe ro and V x oe ro, as estimated in equation 4.18. 
a 

8 

7 

6 

3 

2 

/ 

0 / 

b 

(i) 

l 
>" 
b 

10000 

9000 

8000 

7000 

6000 

5000 

4000 

3000 

2000 

1000 

0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

crx
0

[mm] crx
0

(mm] 

Fig. 4.12: Standard deviation of x position (a) and velocity V x in x direction (b) after I 000 ns versus 
radius of the ion cl oud a t = 0. Both the velocity and radius show a linear relationship with the begin 
radius. A constant initia/ density of p0 = 5 1015 m-3 is taken, with charges.from 1-10 pC. 

Expansion as function of density 
When the density between different simulations is changed, the relationship of equation 4.18 
is also observed. For all densities, a linear relationship between the initial size xo and the x
size x after 1000 ns is seen as in tigure 4.12. The slope ofthis relationship, x./xo is compared 
with the theoretica! value calculated in equation 4.18 in table 4.3. 

Table 4.3. density dependenee of expanszon 
density [m-j] x./ro(t =1000 ns) x./r (J{m t) 

simulation ° 3 
P 

4.5 3.9 
6.6 5.5 

4.5 10'" 9.5 7.8 
8.910'" 13.6 11 .1 

simulation/ 
theoretica! 
1.14 
1.20 
1.21 
1.23 

As can he seen in table 4.3, simulations give the same order for the expansion as the 
estimation made in this paragraph. However, the expansion in the simulation is larger than 
the predicted, which is supposed to give an upper limit for the expansion. This is because the 
bunch is compressed in the z-direction by the electric field, which enhances the density and 
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thus also the expansion in transversal direction. During simulations with no accelerating field, 
expansion is indeed smaller then estimated in this paragraph. 
The relationships of the position x and velocity V x with initial density Po and position Xo are 
summarized as: 

x ~Pol l\ 

Px ~ Po
112

ro 
(4.19) 

4.4. Influence charge and density 

In the previous paragraphs, we have seen that space charge plays an important role in the 
minimum bunchlength and thus the obtainable brightness. The charge of the ion cloud will 
influence both the current and the expansion due to space charge. In figure 4.13 the 
brightness as function of time is given for charges from 1 to 50 pC. The initial density of all 
these simulations is fixed at p0 = 5 1015 m-3

, while the radius ro = 2cr varies with charge. 
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Fig. 4.13: Brightness as .function of time for various charges. The density is kept 
constant, at 5 1015 particles/m3

. Brightness is shown for charges 
1,2,3,4,5,6,7,8,9,10,20,30,40 and 50 pC. The simu/ation with the lowest charge, 
results in the highest brightness and v. v. 

Striking is that the highest brightness is reached for the lowest charge, even though the 
brightness is proportional to the current. To see what the relationship is, the charge and 
density ofthe ion bunch (and thus also the size are varied in this paragraph, and the effect on 
z-size, emittance, current and eventually brightness of the ion bunch are observed. We will 
observe these values at the point where the brightness has a bump or local maximum. 

4.4.1. Minimumlengthand current 

size in longitudinal z-direction 
The brightness is among other things proportional the current. The average current I is given 
by the charge Q divided by the total bunchlength 't (I = Qh ). The bunchlength 't can be 
derived from the size of the ionbunch in the z direction, 't = ( lzmax-Zmini/Vz ). So the current is 
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maximal when the bunch is the shortest In tigure 4.14 the length in the z-direction is plotled 
as function of the time for different values for the total charge Q. We expect the minimum 
length in the z-direction to be a trade off between the field focusing effect and the expansion 
due tospace charge. Figure 4.14 confirms this. Fora smaller density, a smaller value ofthe 
minimum bunchlength is reached. The change in z-size as function of time is also larger, after 
500 ns, the z-size is larger for the low density p0 = 1.1 1015 m·3 (fig. 4.14a)than for the higher 
density of po = 8.9 1015 m·3 (fig 4.14b), for the same charge Q or initial radius r0. At high 
densities the field focusing is partly counteracted by the space charge, explaining the smaller 
velocity difference from field focusing. 

a b 
1.5 1.5 

1.4 1.4 

1.3 1.3 

12 12 

1.1 1.1 

1.0 1.0 

0.9 0.9 

6: 0.8 ~ 0.8 
N 

3 3 
~ 0.7 ~ 0.7 

0 .6 0.6 

0.5 0 .5 

0.4 0.4 

0.3 0.3 

02 02 

0.1 0.1 

0.0 0.0 
0 100 200 300 400 500 0 100 200 300 400 500 

:~ . ., time {ns{ ~*·"' time {ns{ 

Fig. 4.14: Standard deviation z dis tribution as function of time for a density of 1.1 
1015 m·3 (a) and 8.91015 m·3 (b). Simulations with different charges,.from 1 pC to 50 
pC are included in this figures, simulations with the largest charge on top. 

When this trade off would not be present, a bunch with the same charge Q, starting a larger z
size (low p0) would never become smaller than a bunch with a smaller z-size (high po), 
because at one point the densities of the bunches will become equal. At a lower density is 
possible to make a small bunch, but the bunch also has a large energy spread., so the beam 
also expands fast after the minimum length is reached. At higher densities, the expansion due 
to space-charge diminishes the velocity spread due to field focusing. So the minimum 
distance is larger, but the beam also expands less fast. This has the advantage that the 
brightness of the beam will be more constant, and the chromatic aberrations due to the energy 
spread are smaller. 
From the z-size as function of time, the minimum z-size is determined. 
The standard deviation of the minimum z-size crz is plotled for different charges and densities 
in tigure 4.15 against the standard deviation crzo ofthe initial size ro 
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Fig 4.15: Minimum z-size as function of the begin size in z-direction. The densities 
are given in the legend For the highest density, the relationship is a/most linear, for 
the lowest density, the relationship is more quadratic. 

The series can be divided into three regimes. First, the minimum size approaches a minimum 
value of 50 f...Lm. This only occurs at low charges, at the left of the graph. This minimal size is 
caused by the expansion due to the thermal velocity spread, which is explained in paragraph 
4.5.2. Second, at high densities (as can beseen when p0 = 1 1016 m-3

), the minimallength is 
proportional to the begin size. At this point the size is dominated by the space-charge, which 
~oes with the initial z-size z0 (see equation 19). And third, at low densities (see p0 = 6 1014 m-
), the minimum size is proportional to ro2

, indicating that the field focusing or bunching 
effect described in paragraph 4.5.1 is the most important effect. 
From the minimal bunchlength and the charge, the maximal current I follows. So the current 
can vary as I oe ro3

, for constant bunchlength (low charges) to I oe r0 when the bunchlength is 
dependant on ro2 (low densities). At high charges the current is almost independent of the 
density, at low charge the highest current at the same initial size r0 is obtained for the highest 
density. In tigure 4.16, the rms current is plotted against the initial radius ro. The highest 
current is obtained at the lowest density. This corresponds with tigure 4.14, where the 
smallest size with the same charge of the ion cl oud, is reached when the density is lowest. 
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Fig. 4.16. Rms current at maximum brightness plotted against the initia! radius r0 on 
log-log scale. Tthe highest current is reached at the lowest density 
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Obtainable bunchlength and current 
When the number of particles gets small, a small bunchlength can be created. With a charge 
ofQ = 0.1 fC (625 ions) a bunchlength of200 ps can be created with an initia! density p0 = 6 
1014 m-3

. However, higher densities are more wanted because also a low bunchlength 't can be 
created, and the bunchlength stays smal! over a larger time. Fora density p0 = 5 1015 m-3 and 
a charge of Q = 1 fC a bunchlength of 400 ps can be obtained. This bunchlength stays below 
2 ns for the first 500 ns, so is very constant, as is shown in figure 4.17. 

Fig 4.17. Bunchlength for a charge of 1 fC "" 1.5 

(6250 ions) and a density p0 = 5 1015 m·3• For ~ 
this parameters, a minimal bunchlength of 400 il to 

5' 
ps can be created, this bunchlength stays smal/, ~ 

below-r = 2 ns in the first 500 ns of the 0.5 

simulation. 
0.0+-+---+-~-+--+---+---+-++---<--+--+---+ 

0 ~ ~ ~ ~ ~ ~ ~ @ - ~ 
ii•:•GPT time [ns] 

With a charge as low of 0.1 fC, still rms-currents of 1 J.lA can be obtained, which is more than 
sufficient for use in SIMS. 

4.4.2. Emittance 

Next to the current, the phase space area ofthe bunch in transversal direction is important for 
determining the brightness. The emittance in the x -direction Ex for charges from 0.1 fC till 
10 pC is plotled in figure 4.18 against the charge Q. Remarkable is that the emittance is not 
dependant on the density at constant charge, in contrary to the initia! thermal emittance (see 
equation 4.3), which gets smaller when the charge Q is kept constant and the density 
Po increases. Next to this also the transversal size x and velocity Vx are dependant on the 
density p0 (see equation 4.19). The emittance E does show a proportionality with the charge 
Q. The radius x and the velocity Vx are both proportional to r0 at constant density. So, at 
constant density, the emittance wille be proportional to the square the initia! radius r0; Ex oe 

r0
2

oe Q213
• Overall, the emittance Ex obeys the following relationship: Ex oe Q213

• 
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Fig 4.18: Emittance for different charges(from 0.1 fC- JOpC) and densities(as staled in the legend) 
plottedon log-log scale. A proportionality of Sx with çj/3 is evident in this graph. 
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4.4.3. Brightness 

Also the reduced brightness can be determined as function of the charge. In tigure 
4.19 the brightness, calculated with equation 4.4, is shown. 
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Fig. 4.19: Reduced brightness B plotted versus the charge Q on log-log scale. Low 
densities (densities are in the legend) and charges correspond to high brightness. A 
dotted fine rroportional to Q-213 is plotted in the graph, to show the proportionality of 
B with Q-21 for high charges. 

lf the density is kept constant the brightness is proportional to Q-213
• At lower charges, the 

brightness B gets less dependant on the charge of the bunch, but still increases when the 
charge Q decreases. Allower charges the minimal thermal size of the bunch is reached, so the 
bunchlength is independent of the charge and density. At high charges, at the right of the 
graph, a higher brightness is obtained with a lower density. At lower charges, the brightness 
is less determined by the initial density of the ion cloud. At a charge of 0.3 pC the initial 
density po is evennotimportant anymore. At high densities, the brightness is proportional to: 

The brightness corresponds to the measurements of the minimal size and emittance. At 
constant density p0 = 1 1016 m-3

, the minimallength of the bunch is proportional to the initial 
radius ro. The current is than proportional to Q/ro. Further, the emittance is proportional to Ex 

ex: Q213
, so with equation 4.4 the brightness is described by B ex: Q-213

• 

With a ion cloud of625 atoms, 0.1 fC, a Brightness of3 105 A m-2rad-2eV-1 can be obtained, 
with a charge of 1 fC a brightness of 1.5 105 A m-2rad-2eV-1

, these brightness's are 
comparable to the brightness of a LMIS source. 
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4.4.4. Effect Charge 

Charge and density have a large effect on the evolution of a ion bunch. The highest 
brightness is even reached, when the density and charge are the smallest At high charges (Q 
> 0.1 pC) the brightness can be described by B oe Q-213 po-312

, at smaller charges the 
brightness still increases with decreasing charge Q and density po, but the effect is less 
distin ct. 
The bunchlength 't of an ion bunch from a MOT is determined by three competing effects. 
The ion bunch has a minimal size due to the thermal expansion caused by the initial 
temperature of the ion bunch, the bunch is compressed by the field focussing effect and 
expanded by the space charge. At low densities, the field focussing effect is more important 
than the space charge, leading to a short bunch, but also to a large energy spread in the bunch. 
At high densities, the minimal size is larger, but the energy spread caused by the field 
focussing is compensated by the expansion due to space charge. This also leads to a constant 
bunchlength over a large period of time. 
The emittance is not dependant on the density of the ion bunch, and is proportional to Ex oe 

Q213
• Because the emittance is not dependant on the initial emittance, and rises fast in the first 

100 ns, a begin temperature of T = 3K is not significant for the obtainable brightness. The 
large dependenee of the emittance on the charge, also explains the strong reduction of the 
brightness when the total charge of the ion bun eh is increased. 
In electron accelerator physics, research at elliptical or pancake bunches is done because 
these are supposed to have a smaller emittance growth [57]. In the next paragraph we will 
investigate these distributions, to see if an even larger brightness than with a Gaussian bunch 
can be obtained. 

4.5. Initial distributions 

4.5.1. Spherical distribution 

In [57] is stated that the highest brightness can be reached with an ellipsoidal bunch. An 
ellipsoid, in which the charge is distributed uniform (a so called waterbag) has a linear 
intemal electric field. In tigure 4.20 the intemal electric field is plotled for a waterbag and 
gaussian bunch, which is cut of at 2cr, of the same size ro = 1 mm and charge Q = 10 pC. If the 
intemal electric field is linear, the shape of a ion bunch does not change during expansion. So 
an uniformed tilled ellipsoid stays an uniform tilled ellipsiod. For a Gaussian, deformation 
takes place, because ions at the maximum electric field are expanded faster than particles at 
the edge of the ion bun eh. 
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Fig. 4.20: lnternal electric field of an ellipsoidal bunch (a) and a Gaussian bunch (b) as function of 
the distance to the center r. The int erna/ field of the ellipsoid is a/most linear, while the electric field 
of the Gauss ian bunch has a distinct maximum. The tot al charge of bath bunches is equal, so a lso the 
electric field at the edge is equal. Correlations in the electric field occur because the distribution is 
randomized. 

The intemal effect also effects the emittance growth. Emittance of a Gaussian beam grows 
much faster then the emittance of a homogeneously filled sphere. In figure 4.21 the emittance 
is plotted, as function of the time. A bunch with a radius of 1 mm and a total charge of 3pC 
is used for the simulations. Data of the ion bunches are also listed in table 4.4. The emittance 
of the Gaussian bunch is almost three times the emittance of the sphere. The lower emittance 
of the sphere, results in a higher brightness. The emittance of the sphere still grows very hard, 
while no emittance growth is expected. Spread in the initial positions, which are randomized 
in the simulations, will play an important role in this emittance growth. In real, partiele 
positions will be more correlated, leading to a smaller emittance growth. 
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Fig. 4.21: Emittance of a sphere (a) and a Gaussian bunch. The emittance ofthe Gaussian reaches a 
three times higher value than the emittance of the sphere. 

T, bl 4 4 s h a e )PJ ere vs. G ausszan b h unc 
Sphere Gaussian 

charge 3 pC 3pC 
radius 1mm 1mm (cr = 0.5 mm) 
minimal bunchlength 1 ns 3 ns 
current I (rms value) 7mA 1.6mA 
emittance ( 400 ns) 1.5 10-1u rad m 4 10-1u rad m 
Max Brightness B 50,000 A m-Lrad-LeV-1 4000 A m-Lrad-LeV-1 

Obvious is that at the same conditions, the brightness is more than 10 times higher for a 
waterbag distribution, than for a Gaussian distribution. 
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4.5.2. Pancake distribution 

Another initial distribution which is assumed [57] to have a large brightness is a pancake 
distribution (see tigure 4.22). This is a slice, whose z-size is much smaller then the x-size. In 

the x-y plane, the distri bution fis spherical f oe ~1- r 2 
/ r0 

2 
, with r0 the radius of the bunch. 

When the beam expands in z-direction, it will form a uniformly tilled sphere. A pancake 
distribution can be made with a two step laser-ionization procedure, as is explained in [6]. 
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Fig 4.22: Pancake distribution. On the left the projection of the initia! ion 
distribution in the longitudinal,on the right the projection in vertical direction.A 
pancake distribution has a smal! z-size, and a larger size in the vertical direction.In 
the vertical direction, the ions are spherically distributed. 

An other advantage of a pancake distri bution is that the size in the z-direction is small, which 
results in a small bunchlength. If the initial size in the z-direction is 200 !Jm, the bunchlength 
will become 1 ns, with an acceleration over 20 kV, assuming no expansion takes place in the 
z-direction. Next to this, the energy spread due to field focussing will also be small, if the z
size is small. With high energy spread chromatic aberrations in a focussing column, will 
become a problem. 
Todetermine the brightness of a pancake, a pancake with a density p0 = 1.5 1015 m-3 is taken. 
We only consider this single density, because density does not play an important role at low 
charges, as can be seen in tigure 4.18. In table 4.5, the brightness from simulations at 
different parameters, is shown in table 4.5. 

Table 4.5: Beam parameters pancake bunch 
charge z-size radius Brightness bunchlength Current 

(Q) (ro) (B) ('t) (Irms) 
0.4 fC 50 !Jm 250 !Jm 2.3 105 A m·1rad-1eV-1 190 ps 3 !JA 
1.6 fC 50 !Jm 500 !Jm 2.2 10' A m·Lrad-Lev·l 200 ps 12 J.!A 
3.2 fC 100 !Jm 500 J..Lm 2.6 10' A m·Lrad-LeV-1 310 ps 17 !JA 
12 fC 100 !Jm 1000 !Jm 2.4 10' A m·Lrad-LeV-1 330 ps 68 !JA 

The brightness of a pancake bunch, does not depend much on the size of the pancake, if the 
density is kept constant. Fora pancake a maximum brightness of 2.6 105 A m-2rad-2eV-1 is 
obtained. This is in the sameorder as the maximum brightness fora Gaussian ion bunch. This 
is not surprising, because at the low charges where pancakes operate, there is little to gain in 
emittance. 
A pancake bunch is more difficult to make, so a Gaussian bunch is in the advantage over a 
pancake. However, if a low bunchlength has to be made, pancakes are very useful. 
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4.6. Condusion 

The brightness, which is obtainable from anion cloud extracted from an UCP, is dependant 
on the charge of the bunch. If the charge of the bunch is decreased, the brightness can 
become larger. Fora Gaussian bunch with a charge 1 fC and a density p0 of 5 1015 m-3

, the 
maximum brightness is 1.2 105 A m-2rad-2eV-1

• The bunchlength belonging to this ion bunch 
is 400 ps, and the bunchlength stays below 2 ns in a large time period of 500 ns. 
If instead of a Gaussian bunch a pancake bunch is used, the brightness is not increased much 
(B = 2.6 105 A m-2rad-2eV-1

). From a Gaussian MOT, it is much simpler to create Gaussian 
bunches. However, when a large current or small bunchlength are important, creation of 
pancake bunches can be useful. 
The obtainable brightness of a Gaussian bunch of 1.2 105 A m-2rad-2eV-1

, at a charge of lfC 
and a density p0 = 5 1015 m-3

, as shown by simulations in this paragraph, is of the same order 
as the brightness ofan LMIS (105-106 A m-2rad-2eV-1

). Next to this, a bunchlength ofthe ion 
bunch at these conditions is 400 ps, which is smaller than the bunchlength of a LMIS. So in 
SIMS an ion souree from an UCP can obtain a better mass resolution with the same spatial 
resolution. 
Another advantage of an ion souree from an UCP is that all elements, in particular Caesium 
can be used, which are advantageous for SIMS. The brightness of an ion souree of an UCP 
exceeds the brightness of a Caesium surface ionization souree with a few orders of 
magnitude. 
Both the brightness comparable to a LMIS, low bunchlength and usefulness with different 
atoms makes is useful to experimentally explore this set-up for an ion source. Simulations 
predict it can compete with both a LMIS and surface ionization sources. 

H 
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5. Condusion 

In this thesis we have stuclied various aspects related to ultra cold plasmas, which form an 
interesting research subject that operates between the field of cold atomie physics and plasma 
physics. 
In chapter 2 we summarized the properties of highly excited, so called Rydberg levels in 
atoms, and made a list of all previously observed Rydberg levels in Neon, which can be 
reached with the tuneable pulsed dye laser (PDL) used intheNeon (GEMINI) experiment. 
All energy levels are known with an accuracy better than the bandwidth of the laser, so that 
data on energy levels can not be improved with this set-up. However, the list of energy levels 
is useful to create specific Rydberg levels in order to study the formation of an ultra cold 
plasma and to investigate the dynamics of Rydberg populations in such a plasma, as well as 
to verify the output wavelength ofthe laser. 
With the GEMINI set-up, we succeeded in creating an ultra cold plasma in the laboratory by 
photo-ionizing excited neon atoms held in a magneto-optical trap. Preliminary measurements 
were made to determine the fraction of atoms which is ionized by the PDL to form the 
plasma. This fraction was measured to be 2-3%, appreciably smaller than the theoretically 
predicted maximum fraction of 13% under achievable experimental conditions. We conclude 
that with relatively simple adjustments such as a better alignment the ionization fraction can 
be increased with an order of magnitude. 
In chapter 3, a set-up to measure the wavelength of the pulsed dye laser, is presented. To be 
able to excite Rydberg levels, or to create an ultra cold plasmas with a specific electron 
temperature, the wavelength of the laser has to be set accurately. In the set-up developed 
here, the wavelength of the pulsed dye laser is measured with a monochromator used as 
spectrometer, of which the output is displayed on a webcam. With this system, the 
wavelength of the laser can be measured with an accuracy of 0.05 nm, and the wavelength is 
determined fast without tuning the monochromator. The accuracy is limited by the accuracy 
of the monochromator and the in-coupling of the laser. The usefulness of the setup developed 
in the thesis has already been proven in related experiments dealing with the extraction of 
electron pulses from ultra-cold rubidium plasma. 
Chapter 4 investigates if a high-brightness ion bunch can be formed from an ultra cold 
plasma. In theory, ions are hardly moving in an ultra cold plasma because of their low 
temperature, which is below 3 K. So when ions are extracted from the plasma, their charge 
can be focussed on a small area, or with other words, a high brightness is obtained. Previous 
simulations for electron bunches showed the advantage; for ion bunches this is researched in 
this report. Applications of this work are in the field of secondary ion mass spectrometry. 
Striking in the simulations is that the highest brightness is reached at the smallest charges and 
densities of the initial ion cloud. From an ion bunch which is extracted from an UCP, a 
brightness of B = 1.2 105 A m-2rad-2eV-1 at charges of lpC, can be obtained. This is 
comparable to the brightness of a liquid-metal ion souree (LMIS), which presently has the 
highest recorded brightness. Next to this, an ion souree from an ultra cold plasma has the 
advantage of a shorter bunchlength than a LMIS, and several atomie elements, in particular 
Caesium, can be used to create an ion source. This makes it worthwhile continuing this 
research to produceanion soureefroman UCP. 
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Appendix A: Determination GEMINI neon MOT characteristics 

A.l. Fraction atoms in 3D3 level for neon 

The cooling transition in the MOT (magneto optical trap) is the transition from the Ne 3P2 and 
the 3D3 level. Only the fraction of atoms fin the upper state of the MOT eD3) can be ionised 
by the ionisation laser. The fraction fin the upper state is given by [A 1]: 

1 CSI4 
f = 2 8 2 + 1 I 4 + CS I 4 ' 

(A.1) 

where C is a phenomological constant, and 8 is the detuning of the MOT beams from 
resonance. The saturation parameter S is defined by I/I0, with I0 is the saturation intensity, 
and I the intensity of the laser beams. 
The detuning 8 can be varied, and is chosen to be -0.5 r, with r the naturallinewidth of the 
cooling transition. The saturation intensity Io is given by [A2]: 

Io = nhci3À?-r, (A.2) 

with À the transition wavelength, -r = 1/r the lifetime of the upper state, h the planck constant 
and c the speed of light. With equation A.2, the saturation intensity of the Neon MOT 
transition is Io = 4.1 mWicm2

• 

The intensity of the laser beams is measured with a powermeter. The power of the laser 
beams for each beam is 0.8 mW. The power of the MOT beam is Gaussian distributed, and 
has a FWHM < 5.5 mm, as isd determined in Appendix A.2.1. In the middle of the beam, 
the power density is 2.6 mWicm2

• Since the atoms are trapped with 6laser beams, to come to 
the total intensity, this value needs to be multiplied by a factor 6. This gives for the saturation 
parameterS= 3.8. With the parameters in table A.1, the excited state fraction is 0.23. 

Table A.1: parameters calculation ionization probability 
Property symbol value 
transition wavelength À 640.225 nm 
Detuning 8 -0.5 r 
Linewidth r 2n· 8.2 106 s-1 

phenomological constant c 0.46 [A3] 
saturation parameter s 3.8 
Intensity I 15.58 mWicm2 

saturation intensity Io 4.1 mWicm2 
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A.2. Beam profiles 

To come to an accurate estimation of the ionization probability, both the beam profiles from 
the ionization lasers, and the size of the MOT-beams is important. 
Next to this, the size of the atomie cloud, trapped in the MOT needs to be known, to ensure 
good overlap between the MOT and the ionization pulse. For the GEMINI set-up, the 
measured sizes of the MOT and laser beams are given in table A.2. In this appendix, the 
measurement procedure of these values is described. For both the MOT and the laser-beams, 
a Gaussian profile is assumed. A detailed description of the GEMINI set-up, for which this 
parameters are determined in this appendix, can be found in [A4]. 

Table A.2: Size MOT and lasers 
horizontal SlZe vertical size 
[FWHM] [FWHM] 

MOT 0.35 mm 0.65 mm 
MOTbeams 5.3 mm 4.4 mm 
PDL 0.4 mm 0.3 mm 

A.2.1. Determination beam profile MOT beams 

Todetermine the size ofthe MOT laser beams, which are used totrap the Neon atoms in the 
MOT, a screen of mm paper is placed in the beam. This profile is recorded with a textronic 
camera. The size and intensity ofthe MOT beams is measured in different directions, close to 
the vacuum chamber in which the MOT is created. For determination of the size of the six 
MOT beams, the screen is placed orthogonal on the beams The size of the MOT beams is 
dependant on the alignment of the set-up, which usually is kept constant. Current 
measurements are taken on September 6th 2005. 
The camera image of the MOT beams and reference screen (for calibration) is loaded into a 
computer. The camera image of the MOT beam, recorded just before the MOT, is shown in 
tigure A.I. Along a line, through the maximum intensity, a profile is taken of the intensity. 
This intensity is fitted with a Gaussian function in both horizontal and vertical direction. 
In table A.3. the measured widths (FWHM) ofthe MOT beams from different beams near the 
trap chamber are taken. 
The average size ofthe MOT beams is 5.3 mm in horizontal direction, and 4.4 mm in vertical 
direction. 

Table A.3. Dimensions MOT beams 
horizontal FWHM [ mm] vertical FWHM [ mm] 
5.29 4.00 
5.02 4.08 
5.29 4.68 
5.47 4.20 
5.18 4.95 
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Figure A.I. Beam Profile MOT beam. Part of the camera image is shown, 
where white signifies a high intensity . A long the lines, plotted in this image, a 
profile of the intensity is determined with on the x-axis the pixel number and 
on the y-axis the intensity. Fr om these profiles the width of the MOT beam in 
vertical and horizontal direction is determined. 

A.2.2 Determination size MOT 

The size of the atomie cl oud in the MOT is also measured with a camera. A camera image of 
the atomie cloud is shown in tigure A2. This camera image is taken from the same side as 
which the ionization laser enterthetrap chamber. As can he seen in this picture, the atomie 
cl oud has an asymmetrie shape. The width of the atomie cl oud is determined in the same way 
as the width ofthe MOT beams. Because no reference screen can he held in the middle ofthe 
trap chamber, two reference pictures are taken. One, with a transparent reference screen of 
mm paper held in front of the of the trap chamber. The second reference image is taken when 
the cali-bration screen of mm paper is held against the back-window of the trap-chamber. 
From both this pictures a calibration, which gives the number of pixels per mm, can he taken. 
For calculation of the MOT size, the average value of these two calibrations is used. The 
calibration can he made in both horizontal and vertical direction, and the calibration differs in 
both directions. In horizontal direction the camera displays 0.0235 mm/pixel. In vertical 
direction 0.0247 mm is displayed a pixel. 
It is not possible to reduce the angle between the direction in which the camera looks at the 
trap chamber, and the normal of the window of the trap chamber, to zero. In that case, the 
camera blocks the MOT beams, so no MOT can he formed. To reduce the angle as much as 
possible, the MOT is viewed with the camera via a mirror. 
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Figure A. 2. Camera Image MOT The asymmetrie shape of the MOT is clearly se en. Intensity 
plots along the lines in the image are shown above the image (horizontal direction) and to the 
right of the image, in the vertica/ direction 

The measured widths of the MOT are 355 J.lm in horizontal and 650 JJ.m in vertical direction. 
This differs from earlier measurements, which estimated the size of the MOT as 800 x 1000 
J.lm [A5]. 

A.2.3 Determination size PDL 

We also want to determine the current size of the ionization laser pulse, at the location of the 
MOT. The laserpulseis focussed on the MOT with an f= 1500 mm lens, to produce a small 
beam. After this lens, in the path of the ionisation beam, we place a mirror which reflects the 
ionization laser in an angle of about 90°. At the same distance from this mirror as the MOT, a 
screen of mm paper is put. In this way, the ionization beam will have the same size as it has 
at the position of the MOT. Hereby we assume that the MOT is in the middle of the trap 
chamber. With a camera a picture of the mm screen and laser beam is taken. Two 
measurements of the size of the ionization pul se, give a size of 800 at 600 J.lm, and 400 at 250 
J.lm. The discrepancy between the two measurements is probably caused because the 
ionisation pulse has to high power for the camera, to measure the intensities properly. The 
size of the ionization pulse cannot be determined properly with the measurement of the 
camera. However, we can conclude that the actual size will be equal to or smaller than 400 
JJ.m at 250 JJ.m, which is smaller than the size of the MOT. This size must be increased to 
obtain an optimal ionization fraction. 
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Appendix B: Neon transition wavelengtbs from literature 

Elucidation energy levels 
In table B.l the one-photon transitions wavelengths are given for Neon from the upper level 
ofthe MOT eD3). All transitions wavelengths are given in air. The references from which the 
data are taken are listed below the table. 
Most of the time, energy levels are not measured by excitation from the ground state, but 
from a meta-stabie level. The energy of the starting meta-stabie level must be added to the 
transition energy to calculate the energy level. For the values ofthe starting meta-stabie level 
we take the values from Kaufman and Minnhagen [B6] if present, otherwise values from 
NIST [Bl]. With this choice for the energy of the starting meta-stabie levels, Neon energy 
levels in this overview may differ slightly from the values as listed in the literature source. 
Further must be noted that some authors use natural Neon (which consist of 90.48% 2~e), 
other 2~e for the measurement ofthe Neon energy levels. We do not discern between these 
measurements. For the strongest 3s-3p transition, the isotope shift for Neon is only 0.023 A 
[B7]. For the transitions used here this isotope shift plays a minor role. From the energy 
levels, the transition wavelength for a transition from the upper level of the MOT eD3) is 
calculated with: 

Wtr =he/A.. (B.l) 

Here, W tr is the energy difference between the excitation level and the starting level, h the 
Planck constant, c the speed of light and A. the transition wavelength. This wavelength is the 
wavelength in vacuum Ávac· The wavelength as measured in air Áair, e.g. with a 
monochromator differs from this wavelength by a factor IJ, withIJ the refraction index of air. 

Áair = Ávac I IJ (B.2) 

The refractive index will show a slight dependenee on the wavelength and atmospheric 
conditions [B8], we use the fixed value of the refractive index of air of IJ = 1.003 [B9] . 
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Appendix C: Alignment procedure monochromator set-up 

Careful alignment of both the web-cam and imaging lens after the monochromator is 
important, to assure that lines which come out the middle of the monochromator, are 
also imaged on the middle of the CCD camera. The following procedure is used to 
assure this: 

Desired object (v) and image (b) distances are calculated with the lens 
equation, to create a sharp image. 

v = 66.7 mm 
b = 40 mm 

The web-cam is placed on a translation table, so the position of the webcam 
can be varied easily. 
The web-cam is placed at the desired distance (v+b) from the monochromator. 
The angle, at which the web-cam looks at the monochromator, is set to a 
straight angle. This is realized by placing a mirror at the position of the exit 
slit of the monochromator. If the camera sees itself in the middle of his image, 
the camera looks at a straight angle to the monochromator. In this step, the 
lens which comes with the camera is used, so a focussed image is seen. 
The height and horizontal position ofthe camera are set, so the exit slit (still in 
the monochromator) falls in the middle ofthe CCD-image. 
The monochromator is turned until a bright speetral line falls on the exit slit. 
Then, the exit slit is removed from the set-up. 
The lens is set on the calculated distance (v) from the monochromator, and 
turned so it is placed parallel with the monochromator. This lens replaces the 
lens which is supplied with the camera. 
A diaphragm (diameter 4 mm) is placed in the middle of the lens. The height 
of the lens is adjusted so both the diaphragm as the lens are placed on the 
same height as the web-cam. 
The lens is moved in horizontal direction, until the spectralline, which comes 
out the middle of the monochromator, again falls in the middle of the CCD 
Image. 
The web-cam is translated to the front or back until a focussed image is 
formed. Focussing is done best using two closely spaeed speetral lines. At 
optimal focus these lines are best resolved. 
The grating of the monochromator is rotated until the right wavelength range 
is displayed on the web-cam. 
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Appendix D: General Partiele Tracer 

D.l. Inputfile standard calculation 

#inputfile standard calculation 

#elementary - element Rb 85 
u= 1.66053886e-27; 
massRb = 84.911794*u; 
q1 = -qe; 

# properties MOT- ions 
#Npar = 1 00; #trajectories 
#Npar = 500; #bunches 
Npar = 1 000; #overig 
#Npar = 1 0000; #nauwkeurige meting 
Qtot=10e-12; #charge 10pC 
radius=1e-3; 
Tion = 3; 
k = 1.3806505E-23; 
Bion = sqrt(k*Tion/massRb )/c; 

#field properties 
V field= 20000; 
zlen = IOe-3; 
Efield = Vfieldlzlen; 
tstart = 0; 
tau= 100e-12; 

#set begin distribution ions 
setparticles ("ions", Npar, massRb, qi, Qtot) ; 

#gaussisch verdeeld .xyz verdeling 
setrxydist ("ions" "~g" 0 radius/2 0 2)· 

' ' ' ' ' ' 
setzdist ("ions" "~g" 0 radius/2 2 2)· 

' ' ' ' ' ' 
scalezdistradial("ions"); 
setphidist ("ions", "~u", 0, 2*pi); 

#verdeling G snelheid ionen uniform in alle richtingen 
setGBzdist("ions" "g" Bion Bion/2 2 2)· 

' ' ' ' ' ' setGBthetadist ("ions","u", pi/2, pi); 
setGBphidist("ions", "u", 0, 2*pi); 

# homogeneaus electric field 
erectdt("wcs" "I" 1 1 zlen*2 Efield tstart tau)· 

' ' ' ' ' ' ' ' 

Tracer 



#spacecharge 
spacecharge3Dmesh(); 

# output options 
#time output 
tout (0, 5e-6, le-9); #time output 
#tout(O, 5e-6, 1 Oe-9); #bunches 
#position output 
#screen("wcs", "!",pos); 
#screen("wcs" "!" 1) · 

' ' ' 

D.2. Routines GPT analysis 

& applic<ttions 

In this paragraph the following GPT routines and programs are listed: 

routines 
scalezdistradial ( dist) 
compresses the z-values ofthe distribution, so all particles are enclosed by a sphere with 
a radius defined by the maximum radius in the xy-plane. 
erectdt(ECS, a, b, L, Ejield, tstart, tau) 
generates a homogeneaus electric field with electric field strength Efield in the z direction of 
coordinate system ECS enclosed by a rectangular box with size in the x direction a, in y 
direction b and in z direction L. The field is turned on at tstart, and reaches its final value 
Efield with a constant ramp in build-up time tau. 

programs 
Bred calculates the reduced brightness for a Gaussian distribution 
bunchlength calculates the total bunchlength from the position and velocity of the partiel es. 
Irms calculates the root mean square current of the distribution 

These may be based on existing routines and programs in general partiele tracer. 

scalezdistradial 

/* scalez.c - Scales longitudinal partiele distri bution to obtain spherical symmetry* I 

#include <stdio.h> 
#include <math.h> 
#include <ctype.h> 
#include "elem.h" 

void scalezdistradial_init(gptinit *init) 
{ 
gptparset *set ; 
gptinitpar *par ; 

.n H 



char *name; 
int i, len; 
double r, rmax ; 
double x,y; 

if( gptgetargnum(init)<l ) 

n: 

gpterror( "Syntax: %s(set)\n", gptgetname(init)); 

name = gptgetargstring(init, 1) ; 

/* Get partiele set *I 
if( gpttestparset( name )==NULL) 

Tracer 

gptwarning( "The partiele set \"%s\" does not exist\n", name); 
set = gptgetparset( name ) ; 

} 

par = gptgetparsetpars( set,&len ) ; 

/* Set distri bution *I 
rmax=O; 
for (i=O; i<len; i++) 
{ r= sqrt(par[i].Wr[O]*par[i].Wr[O]+par[i].Wr[l]*par[i].Wr[l]); 
if (r>rmax) rmax =r; 

} 
for( i=O ; i<len ; i++ ) 
{ 
x= par[i].Wr[O]; 
y = par[i].Wr[l]; 
par[i].Wr[2] = par[i].Wr[2]*sqrt(l-(x*x+y*y)/(rmax*rmax)); 

} 

Erectdt 

/* erectdt.c - *I 
/* Rectangular localE-field in the z-direction tumed on in finite time*/ 
/*time dependance (magnetic field B) not ineluded */ 

#inelude <stdio.h> 
#inelude <math.h> 
#inelude "elem.h" 

struct erectdt info 
{ 
double a,b,L; I/ lengte in x, y, z richting 
double E ; I I grootte electrisch veld in V /m 
double tbegin, tau; I/ t: begintijdins tau: builcl-up time 

} ; 



l~l tra üwestigations & applieations 

static int erectdt_sim(gptpar *par,double t,struct erectdt_info *info) ; 

void erectdt_init(gptinit *init) 
{ 
struct erectdt_info *info ; 
gptbuildECS( init ) ; 
if( gptgetargnum(init)!=6) 
gpterror( "Syntax: %s(ECS,a,b,L,E,t,dt)\n", gptgetname(init)); 

info= gptmalloc( sizeof(struct erectdt_info)); 
info->a = gptgetargdouble(init, 1 )/2 ; 
info->b = gptgetargdouble(init,2)/2 ; 
info->L = gptgetargdouble(init,3)/2 ; 
info->E = gptgetargdouble(init,4); 
info->tbegin= gptgetargdouble(init,5) ; 
info->tau= gptgetargdouble(init,6) ; 

gptaddEBelement( init, erectdt_sim, gptfree, GPTELEM_LOCAL, info); 
} 

static int erectdt_sim(gptpar *par,double t,struct erectdt_info *info) 
{ 
double factor; 

if( fabs(X)>info->a 11 

fabs(Y)>info->b 11 

fabs(Z)>info->L) return( 0); 
if (t<info->tbegin) factor= 0; 
else if (t>(info->tbegin+info->tau)) factor=1; 
else factor= (t-info->tbegin)/info->tau; 
EZ= info->E*factor; 
return( 1 ) ; 

} 

Bred 

/*Bred.c - calculates the reduced brightness for an ion bunch *I 

#include <math.h> 
#include <stdlib.h> 
#include <stdio.h> 

#include "gdfa.h" 

('\() n 



int Bred _ func( double *result ) 
{ 
I* Deelaratiens *I 

int i, num, tmpnum ; 
double *Bx, *By, *Bz, *q, *x, *y, *z, *t, *nmacro, *m; 
double *te, *xc, *xpc, *yc, *ypc; 
double xx, xpxp, xxp, yy, ypyp, yyp; 
double lentau, nemitx, nemity, Qrms, mO, qO, E; 

I* Get selected arrays from GDF A kemel *I 
if( gdfmgetarr( "Bx", &Bx, &num) 11 num<l 11 

gdfmgetarr( "By", &By, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "q", &q, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "x", &x, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "y", &y, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "m", &m, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "nmacro", &nmacro, &tmpnum) 11 tmpnum!=num) return(l); 

I* get mass *I 
mO = m[O]; 
qO = q[O]; 
for( i=O; i<num; i++) if( m[i]!=mO 11 q[i]!=qO) { fprintf( stderr, "Nemizrms works only 

for particles ofthe same type!\n"); return(l); } 
E = mO*gpt_c*gpt_clqO; 

te =malloc( num*sizeof(double)); 
xc =malloc( num*sizeof(double)); 
xpc=malloc( num*sizeof(double)); 
yc =malloc( num*sizeof(double)); 
ypc=malloc( num * sizeof( double)) ; 
if (xc NULL 11 xc==NULL 11 xpc==NULL llyc == NULL 11 ypc==NULL) { fprintf( 

stderr, "Not enough memory\n"); return (1); } 

gdfasubavg(nmacro,xc, x, num) ; 
gdfasubavg(nmacro,xpc,Bx,num); 
gdfasubavg(nmacro,yc, y, num); 
gdfasubavg(nmacro,ypc,By,num); 

I* calculate x and y normalized emittance *I 
xx = gdfamean2(nmacro,xc ,xc ,num); 
xpxp = gdfamean2(nmacro,xpc,xpc,num); 
xxp = gdfamean2(nmacro,xc ,xpc,num); 
yy = gdfamean2(nmacro,yc ,yc ,num) ; 
ypyp = gdfamean2(nmacro,ypc,ypc,num) ; 
yyp = gdfamean2(nmacro,yc ,ypc,num) ; 

nemitx = stdsqrt(xx*xpxp-xxp*xxp ); 
nemity = stdsqrt(yy*ypyp-yyp*yyp ); 
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I* get time information bunehlength *I 
if( gdfmgetarr( "t", &t, &tmpnum )) 
{ 
I* No time information present: Retrieve zand Bz eoordinates *I 
if( gdfmgetarr( "z", &z, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "Bz", &Bz, &tmpnum) 11 tmpnum!=num) return(!); 
gdfasubavg(nmaero, te, z, num); 
for(i=O; i<num; i++) if(Bz[i] != 0) te[i] = te[i]I(Bz[i]*gpt_e); 
else { fprintf( stderr, "Particle beta must not be zero\n"); return( 1 ) ; } 

} 
el se 
{ 
if( tmpnum!=num ) return( I) ; 
for(i=O; i<num; i++) te[i] = t[i]; 

} 
lentau = stdsqrt(gdfamean2(nmaero,te,te,num)); 

I* ealeulate Q *I 
Qrms= 0; 
for(i=O; i<num; i++) if(te[i]>=-lentau && te[i]<=+lentau) Qrms+=q[i]*nmaero[i]; 

*result = 2*Qrmsl(8*gpt_pi*gpt_pi*2*lentau*nemitx*nemity*E); 

} 

free(te); 
free(xe ); free(xpe ); 
free(ye ); free(ype ); 
return( 0); 

Bunchlength 

I* bunehlength.e - ealculates time of the bun eh from beginning to end *I 

#include <math.h> 
#include <stdlib.h> 
#include <stdio.h> 

#include "gdfa.h" 

int bunehlength _ fune( double *result ) 
{ 
I* Declarations *I 

int i, num, tmpnum ; 
double *Bz, *z, *t, *nmaero; 
double *te; 
double tmin, tmax; 

H 
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I* Get seleeted arrays from GDF A kemel *I 
if( gdfmgetarr( "nmaero", &nmaero, &num) 11 num<l) return(!); 

te =malloe( num*sizeof(double)); 
if(te==NULL) { fprintf( stderr, "Not enough memory\n"); return (1);} 

I* get time information bunehlength *I 
if ( gdfmgetarr( "t", &t, &tmpnum ) ) 
{ 
I* No time information present: Retrieve zand Bz eoordinates *I 
if( gdfmgetarr( "z", &z, &tmpnum) 11 tmpnum!=num 11 

gdfmgetarr( "Bz", &Bz, &tmpnum) 11 tmpnum!=num) return(!); 
gdfasubavg(nmaero, te, z, num); 
for(i=O; i<num; i++) if (Bz[i] != 0) te[i] = te[i]I(Bz[i]*gpt_e); 
else { fprintf( stderr, "Particle beta must not be zero\n"); return( 1 ) ; } 

} 
el se 
{ 
if(tmpnum!=num) return(!); 
for(i=O; i<num; i++) te[i] = t[i]; 

} 
tmin = te[O]; tmax = te[O]; 
for(i=l; i<num; i++) 
{ if (te[i]<tmin) tmin = te[i]; 
if (te[i]>tmax) tmax = te[i]; 

} 

*result = (tmax-tmin); 

free(te ); 
return(O); 

} 

Irms 

I* Irms.e - ealculates average eurrent of a buneh over interval stdt *I 

#include <math.h> 
#include <stdlib.h> 
#include <stdio.h> 

#include "gdfa.h" 

int Irms _ fune( double *result ) 
{ 
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I* Deelaratiens *I 
int i, num, tmpnum ; 
double *Bz, *q, *z, *t, *nmaero; 
double *te; 
double lentau, Qrms, tmean; 

I* Get selected arrays from GDFA kemel *I 
if( gdfmgetarr( "q", &q, &num) 11 num<1 11 

gdfrngetarr( "nmaero", &nmaero, &tmpnum) 11 tmpnum!=num) return(1); 
te =malloe( num*sizeof(double)); 
if(te NULL) { fprintf( stderr, "Not enough memory\n"); return (1);} 

I* get time information bunehlength *I 
if ( gdfmgetarr( "t", &t, &tmpnum ) ) 
{ 

I* No time information present: Retrieve zand Bz coordinates *I 
if( gdfrngetarr( "z", &z, &tmpnum) 11 tmpnum!=num 11 

gdfrngetarr( "Bz", &Bz, &tmpnum) 11 tmpnum!=num) return(l); 
gdfasubavg(nmaero, te, z, num); 
for(i=O; i<num ; i++) if (Bz[i] != 0) te[i] = te[i]I(Bz[i] * gpt_ c ); 
else { fprintf( stderr, "Particle beta must not be zero\n"); return( 1 ) ; } 

} 
el se 
{ 

} 

if( tmpnum!=num ) retum(l) ; 
for(i=O; i<num; i++) te[i] = t[i]; 

tmean = gdfamean(nmaero, te, num); 
lentau = stdsqrt(gdfamean2(nmaero,te,te,num)-tmean*tmean); 

I* ealeulate Q *I 
Qrms = 0; 
for(i=O; i<num; i++) if(te[i]>=tmean-lentau && te[i]<=tmean+lentau) 
Qrms+=q[i]*nmaero[i]; 

*result = Qrmsl(2*lentau); 
free(te); 
return( 0); 
} 
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