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Abstract

Spectroscopy of the 1.5—2S transition of antihydrogen confined in a neutral atom
trap and comparison with the equivalent spectral line in hydrogen will provide an
accurate test of CPT symmetry and the first one in a mixed baryon-lepton sys-
tem. Also, with neutral antihydrogen atoms, the gravitational interaction between
matter and antimatter can be tested unperturbed by the much stronger Coulomb
forces. Antihydrogen is regularly produced at CERN’s Antiproton Decelerator by
three-body-recombination (TBR) of one antiproton and two positrons. The method
requires injecting antiprotons into a cloud of positrons, which raises the average
temperature of the antihydrogen atoms produced way above the typical 0.5 K trap
depths of neutral atom traps. Therefore only very few antihydrogen atoms can be
confined at a time. Precision measurements, like laser spectroscopy, will greatly
benefit from larger numbers of simultaneously trapped antihydrogen atoms. There-
fore, the ATRAP collaboration developed a different production method that has
the potential to create much larger numbers of cold, trappable antihydrogen atoms.
Positrons and antiprotons are stored and cooled in a Penning trap in close proximity.
Laser excited cesium atoms collide with the positrons, forming Rydberg positron-
ium, a bound state of an electron and a positron. The positronium atoms are no
longer confined by the electric potentials of the Penning trap and some drift into the
neighboring cloud of antiprotons where, in a second charge exchange collision, they
form antihydrogen. The antiprotons remain at rest during the entire process, so
much larger numbers of trappable antihydrogen atoms can be produced. Laser ex-
citation is necessary to increase the efficiency of the process since the cross sections
for charge-exchange collisions scale with the fourth power of the principal quan-

tum number n. This method, named double charge-exchange, was demonstrated by
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ATRAP in 2004. Since then, ATRAP constructed a new combined Penning loffe
trap and a new laser system. The goal of this thesis was to implement the double
charge-exchange method in this new apparatus and increase the number of antihy-
drogen atoms produced. Compared to our previous experiment, we could raise the
numbers of positronium and antihydrogen atoms produced by two orders of magni-
tude. Most of this gain is due to the larger positron and antiproton plasmas available
by now, but we could also achieve significant improvements in the efficiencies of the
individual steps. We therefore showed that the double charge-exchange can produce
comparable numbers of antihydrogen as the TBR method, but the fraction of cold,
trappable atoms is expected to be much higher. Therefore this work is an important

step towards precision measurements with trapped antihydrogen atoms.
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Zusammenfassung

Spektroskopie des 1.5 — 25 Ubergangs von gespeichertem Antiwasserstoff wiirde
durch Vergleich mit der dquivalenten Linie in Wasserstoff einen prézisen Test der
CPT Symmetrie ermoglichen. Dies wire der erste CPT Test in einem gemis-
chten Baryon-Lepton System. Des weiteren liefse sich mit elektrisch neutralen An-
tiwasserstoffatomen die Wirkung der Schwerkraft zwischen Materie und Antima-
terie untersuchen ohne dass die Messung von der viel starkeren Coulomb Wechsel-
wirkung gestort wird. Antiwasserstoff wird an CERNs Antiproton Decelerator bere-
its regelméfig iiber Drei-Korper-Rekombination (three-body-recombination, TBR)
produziert. Fiir diesen Prozess werden Antiprotonen iiber eine Hochfrequenzanre-
gung in eine Wolke aus Positronen getrieben. Dies heizt die Antiprotonen auf so dass
die mittlere Temperatur der produzierten Antiwasserstoffatome weit iiber der typis-
chen Fallentiefe von 0,5 K einer Neutralatomfalle liegt. Daher kénnen zur Zeit nur
wenige Antiwasserstoffatome auf einmal gespeichert werden. Prazisionsmessungen
wie Laserspektroskopie wiirden aber von einer groferen Anzahl an gespeicherten
Antiwasserstoffatomen profitieren. Zu diesem Zweck hat die ATRAP Kollabora-
tion eine andere Produktionsmethode entwickelt, den zweifachen Ladungstrans-
fer. Casiumatome werden mittels Laserlicht auf Rydbergzustinde angeregt und
kollidieren mit Positronen. Dabei entsteht Rydberg-Positronium, ein gebundenes
System aus einem Elektron und einem Positron. Die Positroniumatome driften
wiederum in eine benachbarte Wolke aus Antiprotonen und erzeugen in einer zweiten
Ladungstransferreaktion Antiwasserstoff. Die Antiprotonen verbleiben wihrend des
ganzen Prozesses in Ruhe, daher ist ein sehr viel hoherer Anteil an kalten Antiwasser-
stoffatomen zu erwarten als bei der Drei-Korper-Rekombination. Die Laseranre-

gung der Casiumatome ist notig da der Wirkungsquerschnitt fiir die Ladungstrans-




ferreaktionen mit der vierten Potenz der Hauptquantenzahl n ansteigt: o oc n?.
Der zweifache Ladungstransfer wurde 2004 von ATRAP zum ersten Mal getestet.
Seitdem wurde eine neue kombinierte Penning-loffe-Falle und ein neues Lasersys-
tem konstruiert. Im Rahmen dieser Arbeit wurde der zweifache Ladungstransfer
in dieser neuen Falle implementiert. Im Vergleich zu unserem vorherigem Ex-
periment von 2004 konnten wir die Produktion von Positronium und Antiwasser-
stoff um zwei Grofenordnungen steigern. Dies begriindet sich hauptsachlich in
den groferen Positronen- und Antiprotonenplasmen die uns mittlerweile zur Ver-
fiigung stehen, wir konnten aber auch die Effizienz der einzelnen Schritte wesentlich
verbessern. Uber den zweifachen Ladungstransfer lassen sich also vergleichbare Men-
gen an Antiwasserstoff herstellen wie mit der etablierten Methode der Drei-Korper-
Rekombination, allerdings ist der erwartete Anteil an kalten Antiwasserstoffatomen
weitaus hoher. Diese Arbeit ist daher ein wichtiger Schritt hin zu Prézisionsmes-

sungen mit gefangenem Antiwasserstoff.
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Chapter 1

Introduction

In 1928, Paul Dirac published the first relativistic theory of the hydrogen atom
including the electron spin [40]. However, his equation seemed to suffer from one
flaw: Tt had solutions with positive energy, corresponding to electrons, as well as
states with negative energy. To explain these apparently unphysical states, Dirac
introduced a hole theory. He suggested that the vacuum is a many-body quantum
state with all of the negative energy eigenstates already occupied. If an electron is
removed from a negative energy state, the remaining hole would act like a particle
with positive charge, much like the hole left by an excited electron in the valence
band of a semiconductor. At first, he suggested that the hole-particle could possibly
be the proton [42]. Only after this idea had to be rejected [41,109], Dirac came to
the conclusion that the negative energy states must indeed correspond to a new

particle, so far unobserved [43].

In fact, traces of these new particles had been observed before [101], but their
explicit discovery in 1932 was the achievement of Carl Anderson. At Caltech, An-

derson was studying cosmic rays with a cloud chamber. He had placed his chamber




CHAPTER 1. INTRODUCTION

in a strong magnetic field to bend the trajectories of § particles and thus measure
their momentum. However, some of his photographs showed traces that curved in
the wrong direction. Anderson first attributed these to electrons that did not come
from above, but moved from the earth upwards. This view was rejected by his su-
pervisor Robert Millikan who believed they were caused by cosmic protons, despite
the fact that the traces’ lengths and densities did not match heavy particles.

To resolve their argument, Anderson placed a lead plate inside his cloud cham-
ber. Particles crossing the lead lose energy, so after emerging from the plate, their
trajectory is curved at a smaller radius than before. Thus the particle’s course
through the chamber is known and, together with the direction of the magnetic
field, the sign of its charge can be determined.

Surprisingly, the photographs showed traces caused by particles which had posi-
tive charge, like the proton, but were much lighter (figure[I.1)). Anderson had found

a new particle, which he called the positive electron, or positron (e™) [8,9].

1.1 Antimatter and Symmetry

The discovery of positrons showed that there is a second, previously unknown, type
of matter in the universe. The antiproton (p) and antineutron () were found
twenty years later by experiments at the Bevatron accelerator [25,34]. It soon
became clear that every particle has its antimatter twin and when the first quark
models were developed to explain the substructure of protons, neutrons and other
baryons that had been found in the meantime, antimatter was included right from
the beginning [72].

In many ways, antimatter appears to be a mirror image of the particles our world

is built of. The first experiments showed complete agreement in the fundamental




1.1. ANTIMATTER AND SYMMETRY

Figure 1.1: Cloud chamber image of the first positron observed by Carl Anderson on August
2, 1932. After crossing the lead plate in the center, the trajectory is curved at a smaller radius.
Therefore the particle must have passed the chamber from bottom to top. The magnetic field
points into the paper plane, so the particle’s charge is positive. A heavy particle like a proton

would have caused a thicker and much shorter trace. Picture taken from [@

properties of particles and their corresponding antiparticles. Therefore it seemed
obvious to assume that the universe and the fundamental forces are also completely
symmetric in matter and antimatter. In the same way that our galaxy is made
of matter, we could construct a mirror galaxy consisting purely of antimatter by
replacing each particle with its corresponding antiparticle. This transformation is
called charge conjugation (C). It is a discrete symmetry, like time reversal (T) and
parity (P). The latter corresponds to a point reflection where each coordinate is

inverted: x; — —x;.
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The picture of a perfect mirror image is very elegant, but it turned out to be
not entirely true. In 1956, Tsung-Dao Lee and Chen Ning Yang pointed out that,
in contrast to the strong and electromagnetic forces, no experiment performed to
date had provided any evidence to either support or refute conservation of parity
by the weak interaction [94]. They suggested several measurements, two of which
were carried out by Chien-Shiung Wu [137] and Garwin et al. |[70] in the following
months. Both found proof that the weak interaction does indeed violate parity, or,
equally, charge conjugation.

This revealed the first distortion in the mirror image and the next followed
shortly after. While the individual symmetries parity and charge conjugation were
violated, the combined operation CP was believed to be conserved. However, it
took less than ten years for CP violation to be demonstrated experimentally in the
decay of K mesons [30]. Now only the combined operation of the three symmetries
CPT appears to be a conserved quantity. In combination with CP violation, this
implies that time reversal T is also violated.

So we know that the mirror image is slightly distorted, that there are asymme-
tries between matter and antimatter. While a perfect mirror universe is a fascinating
idea, slight asymmetries may be even more interesting. They stir the questions of
why the mirror is distorting the way it does? Is there a deeper underlying symmetry
that we have not discovered yet? In the last 80 years, our knowledge on antimatter
has grown tremendously, but there are fundamental questions we cannot answer
yet: Why does our universe seem to consist entirely of matter? Where is all the
missing antimatter? The distortions we have found in the mirror so far, C- and
CP violation, are too small to explain this asymmetry. Also, we do not know how
gravity, one of nature’s four fundamental forces, acts on antimatter.

Many researchers around the world are looking for answers to these questions.




1.1. ANTIMATTER AND SYMMETRY

The efforts of the low-energy physics community are centered at CERN’s Antiproton
Decelerator (AD), currently the only place in the world that provides low energy
antiprotons (p) which can be trapped and studied for macroscopic timescales. A new
machine named FLAIR (Facility for Low-Energy Antiproton and Ion Research) is
planned as part of a major upgrade at the Helmholtz Center for Heavy Ion Research
(GSI, Germany). The AD hall houses several experiments which mainly focus on

the study of antihydrogen (H) atoms, the simplest stable atomic system consisting

of antimatter.

1.1.1 CPT tests with Antihydrogen

In general, the CPT theorem states that any Lorentz invariant local quantum field
theory must conserve the combined operation CPT [97]. This includes the Standard
Model (SM). The SM is the most comprehensive picture we have of physics today,
containing also violation of C and CP symmetry. However, it is not complete. For
one, it does not include gravity. Also, it does not provide explanations to some very
fundamental questions, for instance the asymmetry in the occurrence of matter and
antimatter.

Answers may be found in physics beyond the Standard Model, possibly by a
violation of CPT symmetry. It should be noted that CPT violation requires that
Lorentz symmetry is also not conserved, but not vice versa [77]. A theoretical
framework to describe violations of Lorentz- and CPT symmetry was developed
by Kostelecky and collaborators [16,32]. The idea is to add all possible CPT-
and Lorentz breaking couplings to the SM Lagrangian with scaling parameters, the
size of which may be determined by experiment. Thus the name Standard Model

Extension (SME). The SME can make no prediction on the size of the coefficients
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and in which regime CPT violations are most likely to occur. Therefore a wide
search is necessary covering as many areas as possible.

CPT symmetry requires the fundamental properties of particles and antiparticles
to either be identical, like mass, or of opposite sign, like charge. Measuring and
comparing these properties with high sensitivity is therefore a straightforward test
of CPT invariance. This has been done for electrons and positrons e~ /e™, protons
and antiprotons p/p and for meson systems like pions 7% and Kaons K°/K°. An
overview over some measurements is shown in figure [I.2 So far, the most precise
test in the lepton sector is a comparison of the magnetic moments of the electron
and the positron [131]. For baryons, it is the charge-to-mass ratio of protons and
antiprotons [63]. In the meson sector, the comparison of the neutral Kaon and Anti-
Kaon masses provides the highest fractional precision of 5- 10718 [22]. This system
is also important since, in contrast to leptons and baryons, it already violates CP
symmetry.

Measurements on atomic systems will open up a new field for CPT tests using
mixed baryon and lepton systems including their interactions. Antihydrogen is an
ideal candidate [17]. It is the simplest stable atomic system and the properties of
hydrogen have been measured with extremely high precision. The 15 — 2S5 transi-
tion frequency is now known with a fractional accuracy of 4.2 - 107'° [111]. These
measurements were done using a cold atomic beam, a technique that is not very at-
tractive for antihydrogen. Due to the low production rate of H atoms, spectroscopy
in a neutral atom trap is more suitable. This has also been demonstrated for hy-
drogen [24], however at lower accuracy. A similar measurement could be done with
about 1000 trapped antihydrogen atoms [79).

Additionally, a measurement of the 1.5 — 25 transition would also be a direct

comparison of the Rydberg constants for H and H which are sensitive to the charges
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Figure 1.2: Fractional precision of CPT tests performed so far, including a projected value
for comparison of the 15 — 25 transition in hydrogen and antihydrogen using the accuracy
achieved to date [111]. Values are taken from the 2012 tables of the Particle Data Group
(PDG) [2].

and masses of the leptons and baryons:

ROO(H) _ (me+> (1+me+/mﬁ) <Qe+)2 (@)2 (1 1)
Roo(H) mMe— 1+ Me— /mp Ge- dp .

The ratio of the masses of electron and positron is currently known to 2 - 1079,

so a measurement of the 1.5 — 25 transition frequency of antihydrogen with higher

precision could also improve CPT tests in the lepton and baryon sector.

The (anti)hydrogen atom offers more than one possibility to test fundamen-
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tal symmetries. Apart from the 1.S — 25 optical transition, measuring the ground
state hyperfine splitting will also provide a CPT test of comparable accuracy [135].
Additionally, a neutral atomic system allows measurements of the gravitational
interaction between matter and antimatter undisturbed by the much stronger elec-

tromagnetic force [27,48|.

1.2 Overview of this Thesis

This work was prepared as part of the ATRAP collaboration, an international group
with members from Harvard University (US), York University Toronto (CA), the Re-
search Center Jiilich (GER) and the Johannes Gutenberg University and Helmholtz
Institut Mainz (GER). The experiment is located at CERN’s Antiproton Decel-
erator (AD). ATRAP’s goals are precision measurements of the 1.5 — 25 optical
transition and the ground state hyperfine splitting of antihydrogen. Comparison
with hydrogen will provide a CPT test with high accuracy and the first one to be
conducted on a mixed baryon lepton system. To this aim, antihydrogen atoms are
produced [66] and confined [62] in a neutral atom loffe trap. Laser cooling of the
trapped H atoms will significantly increase the measurement’s precision [89).
Production of cold antihydrogen was first achieved ten years ago [4,/59] and by
now thousands of anti-atoms are regularly made during single experiments. How-
ever, confining H atoms only succeeded recently [10,[62] and only very few atoms
are caught at a time. The averages range from 0.7 — 5 atoms per trial, much less
than the 1000 H atoms suggested for precision spectroscopy [79]. The reason for
this rather low trapping rate is that the established production method, the three-
body recombination (TBR), relies on driving antiprotons into a cloud of positrons.

This adds significant amounts of energy to the p so that the antihydrogen atoms
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produced are mostly too energetic to be confined in a neutral atom trap.

This thesis investigates a different production method which does not suffer from
this drawback, the double charge-exchange: Cesium atoms are laser excited to high-
n Rydberg states and interact with positrons in a charge-exchange reaction. This
forms positronium, a bound state of an electron and a positron. The positronium
atoms then interact with antiprotons and produce antihydrogen. The antiprotons
remain at rest during the entire process, which therefore may produce much larger
numbers of cold antihydrogen atoms. Laser excitation is essential since the cross
sections for charge-exchange collisions scale as o oc n*, n being the principal quan-
tum number. In 2004, ATRAP showed the feasibility of this method by producing
a few antihydrogen atoms [126]. Since then, a new apparatus was constructed. It is
a combined Penning-Toffe trap capable of holding larger plasmas of antiprotons and
positrons and with the possibility to trap the antihydrogen atoms produced.

The goal of this work was to implement the double charge-exchange in this new,
more complex, apparatus and show that this method is also capable of producing
much larger numbers of A atoms than previously demonstrated.

This chapter has already introduced the connection between antimatter and
fundamental symmetries. Next, the production methods for A atoms are reviewed
in chapter [2, with a focus on the double charge-exchange.

The Penning-Toffe trap and the components to produce a stream of cesium atoms
within the apparatus are described in chapter 3] This chapter also contains the
other components of the ATRAP experiment, including the sources for antimatter
particles and the detector system.

The laser system for excitation of cesium atoms to Rydberg states constructed
for this work is described separately in chapter[dl It was initially designed during the

author’s master thesis (German Diplom) [105]. It could be significantly improved
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in [18] and during the course of this work [106].

After installation and commissioning of the new components at CERN, our first
task was the laser excitation of cesium atoms in the high magnetic fields of our
Penning-loffe trap. These fields strongly modify the cesium energy levels and so
far, no complete analytical solution exists. Therefore we had to find approximate
solutions to estimate the energy levels. We used two different methods and compared
the results with experimental data obtained during this work. This is the topic of
chapter

With Rydberg cesium atoms available in the trap, we investigated the charge-
exchange process. The experiments performed for this thesis are described in chapter
[l Positronium atoms were already found in our first trials and we could demon-
strate a factor of 500 more Ps* than previously reported [122]. The verification of H
production proved more difficult. After a series of unsuccessful trials, we found that
the detection method used does not work under our experimental conditions. How-
ever, with a newly developed detection scheme we could demonstrate the production
of 2000 antihydrogen atoms per trial, an increase by two orders of magnitude com-
pared to the previous experiment in 2004 [126|. This increase is mainly due to the
larger particle numbers available by now, but we could also significantly improve the
efficiencies of most of the steps involved. Our results and implications for further
experiments are discussed in chapter

Appendix [A] contains details on the laser control- and data acquisition software
developed during the course of this work. Sample code for the calculation of Rydberg
energy levels in strong magnetic fields using the two methods discussed in chapter

is found in appendix [B]

10



Chapter 2

Production Methods for

Antihydrogen

The first production of antihydrogen was reported in 1996 from the PS210 exper-
iment at CERN’s Low Energy Antiproton Ring (LEAR) [13]. Antiprotons circling
through the ring collided with xenon atoms. These collisions may result in the pro-
duction of an electron positron pair and a subsequent formation of antihydrogen.
The cross section for the in-flight production of antihydrogen scales with the colli-
sion energy, so the antiprotons were circulating at 1.2 GeV, close to the maximum
of LEAR. Even at these high energies, the production rate is very low. 11 +2 H
atoms were produced by this first experiment. Later, a larger sample of 57 H atoms

was reported from Fermilab [15].

Precision measurements with antihydrogen require either a cold atomic beam,
like it is used for laser spectroscopy of hydrogen [111], or H atoms confined in a
neutral atom trap. The second approach is better suited to the small numbers of

antihydrogen atoms available. It provides macroscopic interaction times and can

11
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thus result in very sensitive measurements. During a collision with a xenon atom,
only a small fraction of the initial p energy is lost, so the antihydrogen atoms created
this way move essentially with the same speed as the antiprotons. Therefore these
H atoms are much too fast to confine them in a neutral atom trap or shape them
into a cold beam. So while the first production of H was a very important mile-
stone, the production method used is not suitable to supply H atoms for precision
measurements.

Cooling of high energy electrically neutral particles is extremely difficult, if pos-
sible at all. To obtain cold antihydrogen atoms, it is therefore favorable to produce
them from initially cold antiprotons and positrons. This first requires trapping and
cooling antiprotons and positrons. The first results were also obtained at LEAR
by the TRAP collaboration who confined antiprotons in a Penning trap [60]. They
showed that p can be stored for macroscopic timescales. TRAP also suggested the
nested well potential structure shown in figure for simultaneous confinement of
antiprotons and positrons in the same Penning trap |68|. This setup is now used
for most antihydrogen experiments.

Trapping and storing antiprotons and positrons is just the first step. Several
formation methods exist to produce antihydrogen atoms. They are discussed in the
remainder of this chapter, more detailed reviews are found in [29,[84]. A suitable
method should provide a large production rate to efficiently use the small numbers
of antimatter particles available. For precision experiments, the H atoms must be
produced at very low temperatures. To catch H atoms in a neutral atom Ioffe-
Pritchard trap [14], their temperatures must be below the typical trap depths of
0.5K =40 peV.

In all cases, the combination of an antiproton and a positron to a bound state of

antihydrogen requires a third particle that carries away excess energy and momen-

12
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nested well potential

X

Figure 2.1: Nested well potential for simultaneous confinement of antiprotons and positrons

in a Penning trap.

tum. In the simplest case of radiative recombination, the third particle is a photon.
This method suffers from a very low cross section and is therefore only briefly in-
troduced in section During H formation by three-body recombination (TBR),
the required third particle is another positron. The process is described in section
Up to date, most H atoms were produced by this method, but so far only very
few could be trapped. The process under investigation in this thesis, the double
charge-exchange, is described in section 2.3} It has so far only been demonstrated
once [126]. While it is more complicated than the TBR method, it has the potential

to produce much larger numbers of cold, trappable antihydrogen atoms.

13



CHAPTER 2. PRODUCTION METHODS FOR ANTIHYDROGEN

2.1 Spontaneous Radiative Recombination

The simplest process for H formation is a direct recombination of an antiproton and

a positron. The excess energy is carried away by a photon:

pret=H+hv. (2.1)

For typical experimental conditions, the collision time is much shorter than the
time required to radiate a photon, so the overall production rate per antiproton per

second is very low. It is given by [29):

[4.2
Cspr=3-10"" et s (2.2)

where T is the positron temperature and n.+ is the positron density in cm=3. Filling
in typical values for the ATRAP experiment, T' = 4.2K, n.+ = 4 - 10%cm™3, leads

-1

to a numerical value of I'grr = 1.2- 107251, With 1 Million antiprotons we expect

a rate of Ny -T'spr = 1.2+ 10* antihydrogen atoms produced per second.

Radiative recombination has the distinct advantage of producing antihydrogen
atoms predominantly in the ground state. The two other methods described in this
chapter produce H atoms in excited Rydberg states. To confine these atoms, they
must decay to a trappable ground state before annihilating on the walls of the trap.
However, the production rate from radiative recombination is very low compared
to the other two methods. Theoretically, the rate could be enhanced by interaction
with a laser that stimulates recombination, but so far no experimental evidence for

this process was found [6].

14



2.2. THREE-BODY RECOMBINATION

2.2 Three-Body Recombination

Within a dense positron plasma, the excess energy and momentum can also be

carried away by a second positron:

pret+et = H+el. (2.3)
The process is called three-body recombination (TBR). Its matter equivalent is

known from plasma physics. Using it for H formation was first suggested by

Gabrielse et al. |[68]. The formation rate is calculated in [125]:

9/2
(AN,
FTBR =6-10 _T N . (24)

Using the same numerical values as above, this leads to I'rgr = 9.6 - 10°s™! and an
expected production rate of N; - I'rpr = 9.6 - 10" antihydrogen atoms per second.
In a magnetic field, this production rate is decreased by a factor of 10 [76|. Still, this
rate is seven orders of magnitude higher than I'ggg, so under typical experimental
conditions, antihydrogen atoms will most likely form by three-body recombination.

The positron is predominantly captured in very high n states [110] and then
cascades to the ground state via several processes like de-excitation collisions with
other positrons and replacement collisions. In the latter, a second positron crosses
the antihydrogen atom and becomes bound at a lower n state while the initial e is
freed again. For high n states, these processes have a much shorter time constant
than emission of dipole radiation. So de-excitation by spontaneous emission of
photons only has a negligible contribution.

The first antihydrogen atoms produced at low energies were reported in 2002 by
the ATHENA [4] and ATRAP collaborations [59)]. Positrons from a ?> Na source and

antiprotons provided by CERN’s Antiproton Decelerator were loaded in a nested
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Figure 2.2: Production of antihydrogen in a Penning trap: (a) Energetic p oscillate through

the e™ forming hot antihydrogen. (b) If the p are cold, they must be driven into the e™

plasma.

well Penning trap and antihydrogen was formed while energetic p oscillated through
the et. The process is shown in figure 2.2(a). The formation rates and positron
temperatures suggest that these H atoms were formed by three-body recombination,
although a later study showed that the temperature scaling of the formation rate
was not consistent with the oc 7792 behavior expected from equation [5]-
The observed temperature dependence fits closer to the radiative recombination
process, but the measured production rate is much higher than expected for radiative
recombination. The answer is most likely a combination of both processes and some
possibly unconsidered factors like the magnetic field or the finite transit time of the
antiprotons through the positron plasma [5]. The p were launched into the potential
structure with several eV of energy, which corresponds to a temperature of more
than 10000 K. Therefore these experiments created antihydrogen atoms that were
far too hot to be trapped. In later studies, the antiprotons were instead cooled to a
few K into one of the side-wells of the potential structure and then driven into the

positron cloud, figure[2.2b). This technique allowed trapping of single antihydrogen
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atoms for the first time by the ALPHA collaboration |10] and then in slightly larger
numbers by ATRAP [62].

Trying to produce trappable antihydrogen atoms by three-body recombination
suffers from an intrinsic drawback: While they are still hot, the antiprotons oscillate
through the large outer well in figure [2.2(a). They can easily interact with the
positrons, but the resulting antihydrogen atoms are too energetic to be trapped.
On the other hand, the antiprotons can be adiabatically cooled to temperatures as
low as 3.5K [64], but then they are restricted to the bottom of one of the side wells
and separated from the positrons by the potential barrier. Overcoming this barrier
requires the addition of energy and thus heating the particles up again. Although a
lot of progress has been made on driving techniques [11], the fundamental problem

and the low trapping rates remain.

2.3 Charge-Exchange

The difficulty of overcoming the potential barrier can be circumvented by sending the
positrons into the antiprotons in an electrically neutral bound state. Positronium
(Ps), a system of an electron and a positron, is an ideal candidate. While bound to
an electron, the positrons can enter the antiproton trapping region unaffected by the
electrostatic potential of the Penning trap. Once inside the p cloud, collisions with
the antiprotons occur, some of which result in a charge-exchange reaction where the
positron is captured by the antiproton, producing antihydrogen and a free electron.

The reaction can be written as:
p+Ps=H+e . (2.5)

The main advantage is that during the entire process, the antiprotons remain
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at rest so that p cooling methods [64] can be used to their full potential. Since the
kinetic energy, or temperature, of the antihydrogen atoms created mainly depends
on the initial energy of the antiprotons, this production method offers the possibility
to generate large numbers of cold, trappable antihydrogen atoms. Making H via
a charge-exchange reaction from positronium was first proposed by Deutch [39).
The charge conjugate reaction, the production of hydrogen from proton impact on
positronium, was demonstrated by Merrison et al. [102]. They found cross sections
on the order of 1076 ¢cm?, which is 100 times higher than for spontaneous radiative
recombination, but still much lower than for the three-body process. Additionally,
positronium, even in the long-living triplet state, has a lifetime of only 7p, = 142 ns.
Both problems can be solved by using highly excited states of positronium [28|.
The cross section for charge-exchange collisions scales with the geometric size of the
atom, ocp o 72 o n*, n being the principal quantum number. The larger spatial
separation of the e~ and the e* in highly excited states also causes much longer
lifetimes [26].

Laser excitation of ground state positronium is possible but poses some technical
challenges due to the short Ps lifetime. Also, the low mass of the Ps atoms causes
large Doppler broadenings. Even at temperatures of 4 K, transitions from the ground
state have linewidths broadened to several tens of GHz. Instead, it is favorable to
first laser excite cesium atoms (Cs) and then use two consecutive charge-exchange

reactions to make antihydrogen, as suggested by Hessels [82].

Cs+ hv = Cs" (2.6a)
Cs* +et = Ps* + Cs" (2.6b)
Ps"+p= H*+ e (2.6¢)
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Figure 2.3: Antihydrogen production by two stage Rydberg charge-exchange: Cesium atoms
are laser excited to high n states and interact with positrons, forming Rydberg positronium
(Ps*). Some of these positronium atoms then drift into a neighboring cloud of antiprotons

where, in a second charge-exchange collision, they form antihydrogen (H*).

The process is illustrated in figure 2.3] Cesium or other alkali metals are suit-
able because of their single electron in the outer shell which allows efficient laser
excitation. Also, they are easily available from commercial sources.

The cross sections for double charge-exchange production of antihydrogen were
determined by classical trajectory Monte Carlo simulations in [82]. They scale with
n* and for a cesium state of n = 40, they are as high as 107 cm?, seven orders
of magnitude larger than in the ground state. The binding energy of the cesium
atom is transfered during the charge-exchange collisions, so positronium is created in
Rydberg states with long lifetimes and losses from self-annihilation are negligible.
The H atoms are also created in a high-n state well defined by the initial laser
excitation of the cesium atoms. In contrast, three-body recombination populates a
wide range of n states which are way above the levels considered for charge-exchange
experiments. The deeper bound antihydrogen atoms created by Rydberg charge-

exchange therefore have a higher chance of surviving stray electric fields and will
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decay to a trappable ground state on a faster timescale. Both factors also help
towards the trapping of larger A numbers.

Charge-exchange collisions feature large cross sections if the relative speed of the
particles v is smaller than the classical orbital speed of the light particle in the bound
system v,, for instance the Rydberg electron in the cesium atom. The electron in
the n = 40 state of cesium has a classical velocity of v, = ac/n ~ 55000 m/s.
Cesium atoms emitted from heated alkali metal dispensers have velocities on the
order of 250 m/s while positrons with a thermal distribution of 4.2 K move with a
speed of 11000m/s. The criterion v/v, < 1 is therefore fulfilled as long as the e
temperature remains below 100 K.

Excited states feature long lifetimes, especially for high values of the orbital
angular momentum quantum number [. The 40D state of cesium has a lifetime of
40 pus [55]. Strong magnetic fields, as are required for the experiments described
here, mix m and [ states (see chapter ), which further increases the lifetime of
the resulting state. An n = 40 level that consists of an equal mixture of all [ and
m states has a lifetime of more than 1ms [26], so the atom can travel for almost
1 m before decaying. Therefore laser excitation can happen at some distance away
from the region where Cs* atoms interact with the positrons. This reduces the
experimental complexity compared to direct laser excitation of Ps atoms.

Laser excitation of positronium is planned as a variation of the charge-exchange
production scheme suggested by the AEgIS collaboration. The aim of this group is
to study the gravitational acceleration of antihydrogen atoms [46]. While they also
want to make antihydrogen by Rydberg charge-exchange, the Ps is produced in a
different way. In recent years, it was found that certain porous materials can act as
efficient positronium converters and their properties have been studied extensively

[75]. If positrons are implanted into a porous target, they can acquire an electron
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from the material and form positronium. Large pores open to the surface allow these
Ps atoms to emerge from the material before annihilating. Some converters show
high efficiencies of more than 40 % [99|, but they produce the positronium atoms in
their ground state. The Ps must then be laser excited before it decays [31]. The
overall efficiency will depend on several factors like the temperature of the target
material within a cryogenic apparatus and how well the Ps thermalize. If they are
too cold, they will be too slow to emerge from the target before annihilating [46].
These are mostly technical issues, but small variations may have a drastic effect on
the efficiency. In principle, this process promises to be an interesting alternative to
obtain Rydberg positronium, but since the experiment is just being set up at CERN,
there is no data yet that would allow a direct comparison of the two methods.

In 2004, ATRAP demonstrated the double charge-exchange production of H as
suggested by Hessels [82]. Cesium atoms were laser excited and positronium |122]
and antihydrogen [126] was produced by two consecutive charge-exchange reactions.
Cesium and a two stage laser excitation scheme was chosen due to an available laser
system. The first excitation step from the ground state of cesium 651/, to 6F5/9
requires laser-light with a wavelength of 852nm. This was provided by a diode laser.
The transition energy from this intermediate level to the closely spaced Rydberg
states corresponds to a wavelength of 511 nm. For this step, a commercial copper
vapor laser was used. The experiments were performed with 1.4-10% e™ and 2.4-10° p
each and resulted in an average of about 17 antihydrogen atoms produced per trial.

Since this first demonstration, ATRAP has developed a new apparatus capable of
loading and manipulating much larger particle clouds. Also, a new laser system for
excitation of cesium atoms to Rydberg states was constructed. The new components
are described next. Chapter [3| contains an overview of ATRAP’s Penning-Toffe trap
while the laser system is described in chapter [4]
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Chapter 3

The ATRAP Experiment

This chapter describes the components of the ATRAP apparatus and CERN’s An-
tiproton Decelerator (AD) where the experiment is located. The AD, treated in
section [3.1.1] is a unique decelerator ring providing low energy antiprotons. Right
now, it is the only facility in the world where p are slowed down enough to be
trapped and confined for macroscopic time scales. Figure [3.1] shows a cross section
of the ATRAP experimental zone in the AD hall. Bunches of p emitted from the
AD are guided to the ATRAP zone through a beam line. Bending magnets direct
the antiprotons into a combined Penning-Ioffe trap (section from underneath.
The ATRAP positron system, treated in section [3.1.2, accumulates et from a ??Na
source. The et bunches are sent through a 6 m long transfer line and enter the trap
from the top. The positrons are transfered with 63 eV of energy and are thus easily

stopped by a potential barrier within the trap.

In contrast, the energy of the p bunches delivered from the AD is 5.3 MeV, which
is too high to stop them with a DC voltage barrier. Therefore the antiprotons are

sent through a gas filled energy tuning cell and a thin beryllium foil at the bottom
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Figure 3.1: Overview of the ATRAP experiment at CERN’s Antiproton Decelerator. An-
tiprotons from the AD and positrons from ATRAP’s positron accumulator are transfered into
a combined Penning-loffe trap for antihydrogen experiments. The trap is shown in more detail
in figure [3.8] For thermal isolation, the trap is suspended from the top only and is placed in
a thermal insulation container (insert dewar). A superconducting solenoid produces a field of
1T for radial confinement of the p and e™ in the Penning trap. Laser light for charge-exchange
production of antihydrogen is guided from a separate Faraday cage (laser cabin) to the ex-
periment by an optical fiber. Four layers of scintillating fibers and two rings of scintillating

paddles are used to detect antimatter particles via their annihilation signatures.

of the electrode stack. This degrader foil reduces the p energy by three orders of
magnitude, unfortunately at high losses. From the 107 p emitted per AD shot, about
105 are caught in the trap.

The following section starts with our antimatter sources, CERN’s Antiproton

Decelerator and ATRAP’s positron accumulator. Large numbers of e™ and p are
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loaded and cooled in a cryogenic Penning trap. Understanding the behavior of the
antimatter particles in this trap is an important prerequisite for antihydrogen for-
mation. Therefore, the behavior of charged particles in Penning traps is briefly
reviewed in section The overview covers the essential properties of single par-
ticles as well as the large plasmas required for this work. References to further
reading is given.

Section attends to the description of the central ATRAP apparatus itself.
The heart of the experiment is the cryogenic Penning trap (section . It is
located within a large superconducting solenoid that constrains the charged particles
radially. It can generate magnetic fields of up to 3T, but is typically operated at a
lower field of 1T. Cold antihydrogen atoms are confined by a quadrupole Ioffe trap
that surrounds part of the Penning trap’s electrode stack (section . An alkali
metal dispenser (AMD) emits a beam of cesium for charge-exchange production of
H. The Cs atoms are laser excited before crossing the electrode stack in right angle
through a pair of small holes in one of the electrodes. This system is described
in detail in section [3.3.3l The lasers, treated separately in chapter [4] are located
in a Faraday cage next to the experimental zone. The laser light is guided to the
excitation region within the apparatus through an optical fiber.

The annihilation signatures of antimatter particles are an essential diagnostic for
our experiments. They are recorded by a two-component detector system consisting
of four layers of scintillating fibers within the bore of the solenoid and two layers
of scintillating paddles around the magnet. The system is described in section [3.4]
The analysis of the detector data is covered later in section [6.4.2]
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3.1 Particle Sources

3.1.1 The Antiproton Decelerator

Antiprotons have to be generated artificially by pair production. This process re-
quires energies at least equal to the rest mass of the particles. For p-p pairs, this
corresponds to £ > 1.88 GeV. However, the cross section for pair production with
the minimum energy is very low. It significantly increases at higher energies which
are available at accelerator facilities. The antiproton production at CERN hap-
pens on impact of a proton beam with an energy of 25 GeV onto an iridium target.
The antiprotons produced retain a significant fraction of the proton’s initial kinetic
energy, in case of the CERN facility 3.6 GeV. To store them in a Penning trap
for atomic physics experiments, their energy has to be reduced by six orders of
magnitude. Once trapped, the antiprotons must be cooled by another seven orders
of magnitude to make antihydrogen atoms cold enough to be confined in a neutral
atom trap. The deceleration in the AD ring can be done in part with the same radio
frequency cavities that are usually used to accelerate charged particles. By changing
the phase matching between the radio-frequency (RF) field and the particle bunch,
the antiprotons lose energy instead of gaining it. Liouville’s theorem states that, for
a conservative force, the phase space volume is conserved. Therefore reducing the
energy of a particle bunch will increase its spatial extent. To avoid particle loss, the
phase space volume of the beam must be compressed by a non-conservative force.
Two methods applied in storage rings are stochastic cooling [103| and electron cool-
ing [21]. In this context, cooling refers to a reduction of the phase space volume

only while deceleration means the reduction of longitudinal kinetic energy.

The Antiproton Decelerator is a user facility that provides antiprotons with
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Figure 3.2: Overview of the AD hall. The antiprotons are produced just outside the top
left of the figure. They are injected into the ring with an energy of 3.6 GeV and circulate
clockwise while being cooled to 5.3 MeV. From the ejection point, the beam is distributed to

four experimental areas occupied by various experiments.

energies of 5.3 MeV for several experiments located within the AD hall. A floor
plan is shown in figure 3.2l The AD ring with a circumference of 188 m is located
behind concrete shielding blocks at the outer edge of the hall while the experiments
are placed inside the ring. The research program includes, among other topics, CPT

tests with antiprotons and antihydrogen (ATRAP [62//64], ALPHA [3/10]), the study
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of exotic atoms (ASACUSA [57,85]), the interaction of antiprotons with organic
matter (ACE [88,[119]) and, currently being set up, the gravitational interaction
between matter and antimatter (AEgIS [48], gBAR [27]).

The AD started operation in 2000. It is the successor of CERN’s earlier antipro-
ton complex which consisted of three rings. The Antiproton Accumulator (AA) and
the Antiproton Collector (AC) were built to provide high density bunches of an-
tiprotons for p-p collisions in the storage rings ISR and SPS and for experiments at
the Low Energy Antiproton Ring (LEAR). LEAR enabled the first measurements
with low energy antiprotons confined in a Penning trap [60] and the first produc-
tion of antihydrogen atoms [13]. The latter resulted in a sudden and unprecedented
public interest in CERN and its research program. CERN’s antiproton complex was
decommissioned in 1996 to free resources for the Large Hadron Collider (LHC), but
due to the important breakthroughs and the high demand for low energy antipro-
tons for further experiments, CERN decided to upgrade the AC to a facility that
integrated p accumulation, cooling and distribution in a single machine, named the
Antiproton Decelerator.

Antiproton production takes place just before the AD hall. Bunches of 10'3
protons with energies of 25GeV from CERN’s Proton Synchrotron (PS) hit an
iridium target. In this process, about 5 - 107 antiprotons are produced with an
energy of 3.6 GeV. The p are guided into the AD ring where they are cooled in
several stages. Each deceleration step is followed by stochastic or electron cooling
to reduce the particles phase space volume. The p bunch is decelerated to an energy
of 5.3 MeV within 90 — 100s. More than 80 % of the initial antiprotons are retained
during the process. Typically, a bunch of about 3-107 antiprotons is delivered to one
of the experiments every 100s for a shift of eight hours. Since an energy of 5.3 MeV

is still too high to directly trap the antiprotons, most experiments further slow the p
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bunches by sending them through a degrader foil. Unfortunately, up to 99 % of the
p are lost during this process. Since antiprotons are an expensive resource, this high
loss is not satisfactory. To improve the situation, CERN approved the installation
of an additional small deceleration ring in the AD hall (figure . The Extra Low
Energy Antiproton Ring (ELENA) will further decrease the energy of the p bunches
down to 100keV [108|. At this lower energy, thinner degrader foils suffice to stop
the antiprotons, which reduces the losses. An increase in catching efficiency of at
least an order of magnitude is expected. The AD-ELENA facility will also be able to
supply antiprotons to four experiments simultaneously. The procedure for loading

antiprotons into our apparatus is described in section [6.1.3]

3.1.2 The Positron Source

Positrons can also be obtained from pair production, similar to the method described
for antiprotons. The necessary energies can be achieved with even small electron
linear accelerators (LINAC) [112]. Some nuclear research reactors, like FRM II near
Munich (GER), can provide positrons at high rates, but they require experiments to
be located on site. Additionally, radioisotopes that undergo S decay are a natural
source of positrons. Common isotopes are for instance *®Co and ??Na.

Due to the relatively low emission energy of 300 keV, 2?Na is preferably used for
obtaining positrons for cold precision experiments. ATRAP’s positron accumulator
is depicted in figure While the AD is a CERN facility that supplies antipro-
tons to several experiments, the positron source is part of the ATRAP experiment.
Collaboration members from York University (Toronto, CA) designed, constructed
and maintain the system. It consists of several components starting with the actual

radioactive 22Na source, a solid neon moderator to reduce the kinetic energy of the
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Figure 3.3: Schematic overview of the ATRAP positron accumulator: e™ emitted from a
22Na source are slowed by a solid neon moderator and a Ny gas pressure gradient before being
caught and bunched in a room temperature Penning trap. From this Surko-type accumulator,

they are transfered into the central apparatus once every ~ 30s.

positrons emitted, a Penning trap for accumulation and bunching and a transfer line
to guide the et clouds into the experimental apparatus. Due to spatial constraints
in the AD hall, the positron source is located several meters away from the actual

experiment (figure 3.1)), thus the necessity for the long transfer line.

The ??Na emitter is a commercial source (IThema Laboratories) containing **Na
salt with an activity of 52.6 mCi (Oct. 2006, half-life: 2.6 years). The back side
of the housing is made of tantalum, which serves as a positron reflector while the
front facet consists of a 5 um thin titanium foil through which the e can pass. The

surrounding is shielded with lead blocks to reduce the ambient radioactive dosage.

After passing the titanium foil, the positrons are slowed in a solid neon mod-
erator. Since neon has a melting point of 24.5 K, this part of the apparatus is
cooled to 3 K with mechanical refrigerators. To prevent the positrons from stopping
and annihilating within the neon, a bias of 11.7V is applied that ejects them from

the moderator. A magnetic field of 10 — 20mT guides the particles into a Surko-
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type positron accumulator [107]. The accumulator combines a room-temperature
Penning trap for confinement of charged particles (see section with an Ny gas
pressure gradient. The positrons enter in a high pressure region and rapidly loose
energy by collisions with the Ny molecules. When their energy is sufficiently low,
they are confined in an electrostatic potential minimum in the Penning trap. To
reduce annihilation losses, the gas pressure in the trap is several orders of magni-
tude lower than in the collision region. A segmented electrode applies a constant
rotating wall drive to compress the particle cloud (see section . Typically,
positrons are accumulated for 30s so that for each antiproton pulse from the AD,
three bunches of positrons are sent into the experiment. The positrons are guided
up a 15° bend, along a 6 m transfer line, around a 105° bend and through a 1.5 mm
diameter pumping restriction of 20 mm length (figure . The pumping restriction
separates the vacuum space of the positron accumulator from that of the trap. In
total, the positrons have to travel a distance of 10 m from the accumulator to the
cryogenic Penning trap. A 63V pulse accelerates the particles out of the accumula-
tor. They are guided by numerous room temperature coils along the transfer line.
Once the particles reach the 105° bend, they are mostly guided down by the fringing
field of the large superconducting solenoid. Despite the challenging path from the
accumulator to the trap, the transfer efficiency into the trap is almost unity. The
positron transfer line is described in detail in [33]. In contrast to the 5.3 MeV p,
the et arrive with much lower energies of 63eV. They are slow enough to directly
catch them in an electrostatic potential well without the necessity of a degrader
foil. This is described in section [6.1.2] A publication of the positron system is

under preparation [56].
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3.2 Charged Particles in Penning Traps

ATRAP produces antihydrogen from trapped antiprotons and positrons, which first
requires catching and storing the charged antimatter particles. From Gauss’ law it
follows that charged particles cannot be completely confined with electrostatic fields
alone since no three dimensional electrostatic field minimum exists. In a Penning
trap, charged particles are stored by superimposing an electrostatic quadrupole
potential for axial confinement and a homogeneous magnetic field to constrain the
particles radially. Quadrupole potentials are used because the motion of a charged
particle in such a potential can be treated as three decoupled harmonic oscillators
(see section [3.2.1). A quadrupole potential can be generated by three hyperbolic
electrodes: two end caps and a ring, as shown in figure (a). The potential is

described in cylindrical coordinates by
Vo (2 15
(I)(T, Z) = 2_d2 (Z - 57“ > N (31)

with the trap’s characteristic length scale d* = 1 (23 — 1r3) [20]. The two lengths
ro and zg are the trap’s inner radius and its axial half-length, respectively. Vj is the

voltage applied between the end caps and the ring electrode.

Penning traps with hyperbolic electrodes are difficult to machine with high pre-
cision. Furthermore, they do not allow easy access for particle loading. A good
approximation to a quadrupole potential can also be generated by a stack of cylin-
drical electrodes [67], as depicted in figure [3.4(b). Such a cylindrical trap can consist
of a large number of electrodes which allows simultaneous confinement of two par-
ticle species of opposite charge like p and e™ in a nested well potential (see figure

2.1)). The potential in a stack of ring electrodes can be written as a series expansion
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Figure 3.4: Two types of Penning traps: Traps with hyperboloid electrodes (a) produce
very clean quadrupole potentials but are difficult to machine and only offer limited access
for particle loading. A stack of ring electrodes (b) can also produce a very good quadrupole
potential but doesn’t suffer from these drawbacks. Also, a cylindrical electrode stack can
generate various potential structures for trapping and manipulating antiprotons and positrons

in the same apparatus. For examples, see chapter ﬁ

in Legendre polynomials Py (cosf) in spherical coordinates

O(r,0) = %VO ZC’k (g)k Py(cosb) , (3.2)

with the coefficients Cj. Cj is an unobservable offset [58]. For a trap symmetric
along the Z axis, the odd coefficients vanish. Cs describes the quadrupole part of the
potential while the higher order coefficients quantify deviations from an ideal har-
monic trap. Large anharmonic contributions to the potentials can cause unwanted
behavior like dependence of the particles’ eigenfrequencies on their motional ampli-
tude, coupling of the three eigenmotions (section and expansion of plasmas
(section. Deviations from the ideal quadrupole potential are dominated by the

33



CHAPTER 3. THE ATRAP EXPERIMENT

coefficients Cy and Cs. When constructing a cylindrical Penning trap, these anhar-
monic contributions can be minimized by choosing appropriate electrode lengths, for
instance a five electrode stack with a center ring electrode and two compensation-
and endcap electrodes to either side [67]. This geometry is depicted in figure [3.4(b).
A trap where both Cy and Cg are zero is called “compensated”. Antihydrogen ex-
periments at ATRAP take place in large stack of identical electrodes (section .
In such a trap, complete compensation is typically not possible, but the anharmonic
contributions can be greatly reduced by an appropriate choice of the voltages applied
to each electrode.

The total potential at any point in a stack of cylindrical electrodes can be cal-

culated as a superposition of the potentials generated from each electrode:

®(r,z) = Z ®,(r,2)V;. (3.3)

The sum runs along the stack, adding the contribution from each electrode.
®;(r, z) is the potential generated from electrode j at the point (r,z). It can be
determined for instance by numerical calculations. These are typically computed
for a fixed voltage of 1V, so they have to be scaled by the actual voltage applied to
the electrode V;. The potential structures shown in chapter [f] are calculated with

this method.

3.2.1 Single Particle Motion

This section provides an overview over the motion of a single particle in a Penning
trap. Antihydrogen experiments use large clouds, or plasmas, which are the subject
of the following section. However, to understand the properties of these plasmas,

it is useful to first review the behavior of single particles. For a more detailed
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treatment see for instance [20].
In a homogeneous magnetic field along the 2 axis, B = Bz, a charged particle
circulates around the field lines with the cyclotron frequency

q
=B, 3.4
we="1L (3.

where ¢ is the particle’s charge and m its mass. Adding the electrostatic quadru-
pole potential (3.1) alters the particle’s trajectory. The equations of motion in

cylindrical coordinates are given by:

. Vi
mz = qkE, = —qd—gz, (3.5)
5 =d 5 =4 ‘/E] - 5 =4
mp:qQ%+pr>:q Smi+ixB). (3.6)

The motion along the trap axis Z parallel to E, equation 1) is only governed

by the electric field. It is a harmonic oscillation with the axial frequency

[ gVt

The motion in the radial plane is determined by both the electrostatic and the
magnetic field. The solution of equation (3.6) can be found for instance in [20]

or [98]. It is a superposition of two harmonic oscillators with the frequencies

(3.8)

=~ |m8w
o |N€l\9

We
Wi:?i

The sum frequency w, is called the reduced or modified cyclotron frequency. It
is a fast rotation around the magnetic field lines, similar to the cyclotron motion in a
purely magnetic field. The difference frequency w_ corresponds to a slow rotation at

large radii, named the magnetron motion. It is an E x B drift velocity independent
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of particle mass. The complete trajectory of a charged particle in a Penning trap is
shown in figure[3.5 Tt is a superposition of the three harmonic oscillations described
above.

The reduced cyclotron energy is purely kinetic, the axial energy oscillates be-
tween potential and kinetic energy. In both cases a reduction of the total energy
will lead to a decrease of the amplitudes and the motions are stable. This is not
the case for the magnetron motion. A decrease of magnetron energy will increase
the magnetron radius, causing the particle to eventually hit the wall of the trap.
Fortunately, the dampening of this motion has a very large time constant so it is
metastable and confinement times of weeks and months are possible.

From equation (3.8]) follows the stability condition

we > v/ (2w, . (3.9)

In typical cases w, > w, so that the reduced cyclotron frequency w, is only
slightly smaller than the free particle cyclotron frequency w..

In general, the three eigenfrequencies in a Penning trap obey the relationship:
Wi > w, > w_. (3.10)

For an electron or a positron these, frequencies typically differ by three orders of
magnitude while for heavier particles like protons or ions, relation (3.10) is less
pronounced.

Penning traps find numerous applications for precision experiments. For in-
stance, the most stringent tests of quantum electrodynamics were achieved by mea-
suring g-factors in Penning traps [78,127]. The g-factor can be determined from

the ratio of the cyclotron frequency (3.4) and the Larmor frequency, the precession
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axial motion

reduced cyclotron
motion

Figure 3.5: Complete trajectory of a charged particle in a Penning trap. The path is a
superposition of three harmonic oscillations: An axial oscillation with the frequency w,, a
fast rotation around the magnetic field lines with the reduced cyclotron frequency w; and the

slow magnetron motion with the frequency w_.

frequency of the particle’s spin around an external magnetic field:

94, 9
~Jlp_9,, 3.11
LT omT T 2" (3-11)
= g=2"L (3.12)
We

These experiments need to measure w,, which is not directly accessible in a Penning

trap since it is not one of the three eigenfrequencies. Fortunately, a relation exists
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that links these eigenfrequencies to w, |20):

=wl twl 4w, (3.13)

c —

w

The cyclotron frequency w,. can therefore be determined by measuring the three

eigenfrequencies in the Penning trap.

3.2.2 Plasmas

Our antihydrogen experiments use large numbers of several 10° antiprotons and
108 positrons. Although these clouds of charged particles are confined by the same
electric and magnetic fields, their behavior differs from that of single particles. Since
the clouds used here mostly consist of a single particle species and therefore have
a net charge, they are referred to as non-neutral plasmas. The key properties of
non-neutral plasmas required for this work are reviewed here, for further reading
see for instance |50] and [37].

Within the cloud, the particles rearrange and shield out electric fields over the

EOk’BT
Ap =4/ g (3.14)

where ¢ is the charge of a single particle, n is the density of the cloud and T its

scale of the Debye length

temperature. In general, one refers to a particle cloud as a plasma if its spatial
extent is much larger than the Debye length. This is the case for our clouds with
dimensions of mm to cm while A\p ~ 10 — 100 pm.

The accumulated charge of all particles generates an electric potential, the space
charge or self-potential. Tt can reach magnitudes of several V. To keep the particles

confined, the external potential of the Penning trap must be larger than the space
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Figure 3.6: A non-neutral plasma confined by a harmonic potential in a Penning trap. The

plasma takes the form of a spheroid with radius rp and axial half-length zp.

charge potential. The particles affect each other by Coulomb interaction. At ther-
mal equilibrium, they rearrange their distribution to a constant particle density n.
Typical values for our plasmas are n = 102 —10*m™3. Due to the constant density,
the potential within the plasma is also constant. Outside its boundaries, it falls to

zero within several Debye lengths \p.
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Within the electrostatic quadrupole potential of a Penning trap, a plasma takes
the shape of a spheroid with radius 7p and axial half-length zp (figure [3.6). The
aspect ratio

zZp
o= —

(3.15)

rp
is used to characterize its shape. If « > 1, the plasma has an oblong shape (“cigar-
shape“) and for o < 1 it is flattened (“pancake shape®).

The N particles of a plasma act like coupled harmonic oscillators showing N
collective modes. The modes are characterized by a set of integers (I, m) with { > 0
and |m| < [. Modes with m = 0 are cylindrically symmetric. In a cylindrical trap,
asymmetric modes with m # 0 are therefore suppressed. The plasma frequencies
are calculated for T — 0 in [49]. For higher temperatures, numerical corrections
can be applied [128]. The fundamental mode (1,0) describes an oscillation of the
plasma’s center of mass along the trap axis. In an ideal Penning trap, its frequency
equals the axial frequency of a single particle. The (2,0) mode, or quadrupole mode,
corresponds to an oscillation of the aspect ratio a. The first two modes (1,0) and
(2,0) are of special interest. From a measurement of their frequencies, together
with the particle number N, all other plasma properties like aspect ratio a and
particle density n can be determined [50]. This is used at ATRAP to characterize
the plasmas for our experiments.

The trap and the confining potential are rotationally symmetric, therefore the

canonical angular momentum is conserved

N
Py = Z <m Vg, i + gB 7’3) : (3.16)
=1

The first part in (3.16)) describes the mechanical angular momentum. Typically, it

is several orders of magnitude smaller than the second part, the angular momentum
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induced by the magnetic field. It can therefore be neglected so that

Py~ gB<r2> . (3.17)

This implies a conservation of the mean square radius if no torque is applied, which
is only the case in an ideal trap. Slight asymmetries and imperfections in real
traps generate a drag on the plasma which causes expansion over a long timescale.
Eventually, the particles will hit the wall of the trap and are lost. In practice,
confinement times on the order of hours are easily achieved. Still, a continuous
expansion of the plasmas is disadvantageous when similar starting conditions for
each experiment are desired. Therefore we use the so-called rotating wall technique

to control the plasma radius.

3.2.3 Shaping a Plasma

Control of the plasma shape is important to prepare equal starting conditions for
antihydrogen experiments and to counteract the expansion caused by trap imper-
fections. Compression of the plasma can be achieved by increasing the magnetic
field. For the simple case of a single particle this can be seen by equation .
Since this is reversible, the plasma will revert to its original shape if the magnetic
field is lowered again.

The mean plasma radius can also be changed by applying a torque that affects
the plasmas angular momentum. For a cloud of charged particles, this is possible by
means of an azimuthally asymmetric rotating electric field with frequency =% [86].
In a Penning trap, such a field can be generated by a ring electrode that is separated

into four segments, as shown in figure 3.7 A voltage of the form

V = Vycos (wRWt — gk) . (3.18)
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Figure 3.7: Segmented electrode used to apply a rotating wall drive to compress a plasma.
An oscillating voltage is sent to each segment with phase shifts of 7/2 to the neighboring
segments. This generates a rotating electric field which excites azimuthally asymmetric plasma
modes. These modes carry angular momentum which is transfered to the plasma. Thus, the

plasmas total angular momentum and therefore the mean plasma radius can be changed.

with £ = 0,1,2,3 is applied to each electrode segment so that the field oscillates
with a phase shift of /2 between two neighboring segments. If wgry is tuned to
the right frequency, the rotating electric field excites a plasma mode with m # 0.
These modes are not azimuthally symmetric, they have an angular momentum which
is transfered to the plasma. Thus the plasma’s total angular momentum can be
increased, leading to a reduction of the the mean square radius. The plasma is
“spun up“. In the same manner, the angular momentum can be decreased on which

the plasma expands.

Recently, a different rotating wall regime was found for strong drives and plasmas
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with high aspect ratios in large magnetic fields |35,36|. In this so called strong-drive
regime, compression of the plasma is achieved without tuning to any plasma modes.
The theoretical foundations of this regime are not fully understood yet, but the
strong drive regime has been used to compress positron plasmas down to a radius
of 2mm in the ATRAP apparatus.

The rotating wall technique is essential to load the large plasmas for our exper-
iments. While accumulating antiprotons from the AD, the magnetic field around
the catching region is increased locally to 3.7T (section [3.3). When the field is
lowered again to 1T, the p cloud expands. To prevent losses from particles hitting
the wall of the electrodes, the plasma is spun up to a small radius before lowering
the magnetic field. Using this method, the rate and total number of antiprotons

accumulated could be significantly increased. For details see section [6.1.3]

3.3 The BTRAP Penning-Ioffe Trap

Figure 3.8 shows a cross section of the ATRAP apparatus, a cylindrical combined
Penning-loffe trap with a height of 2.2 m. It sits inside a three layer thermal isolation
stage called the insert dewar, which is shown in figure 3.1} For maintenance, the
trap can be lifted out separately or with the insert dewar. In principle, this allows
fast exchange with another trap that has been pre-cooled in a second insert dewar.
For thermal isolation, the trap is suspended from the top only. This requires all
connections, electrical, optical and mechanical to be fed through the top plate,
called the "hat“. Beneath the hat are three copper plates covered with aluminized
mylar foil that also serve thermal isolation, followed by a liquid helium dewar with a
capacity of 401. This is enough to ensure cold operation for more than a day before

the dewar must be refilled.

43



CHAPTER 3. THE ATRAP EXPERIMENT

pumped helium
system
(1K pot")

side port with Cs

components

Penning trap
electrode stack

top plate (,hat*):
e ClECtrical, mechanical
and optical feedthroughs

three thermal
isolation plates

» liquid helium dewar

loffe trap

»field boosting solenoid

Figure 3.8: The BTRAP combined Penning-loffe trap. For details see text.

44



3.3. THE BTRAP PENNING-IOFFE TRAP

Previous experiments at ATRAP used a much smaller trap [126]. During the
CERN shutdown of 2005, two copies of a new and much larger apparatus were
built by ATRAP collaborators from Harvard. The inner diameter of the Penning
trap electrodes increased from 12 mm to 36 mm to enable loading and manipulation
of much larger particle clouds. The two new traps are internally referred to as
ATRAP and BTRAP. The difference is that several additional components, like the
quadrupole Toffe trap, the field-boosting solenoid for antiproton loading and the
cesium components, which are described in the following sections, were only built
once and are mounted to BTRAP. All experiments for this work were carried out
with the BTRAP apparatus. A new apparatus, named CTRAP, with an improved
Toffe trap is currently under construction. Details are found in [90,/116].

The trap and the insert dewar are located within the bore of a large supercon-
ducting solenoid for radial confinement of charged particles in the Penning trap.
It can generate a uniform magnetic field of up to 3'T. Since its homogeneous field
lowers the trapping potential of the Toffe trap (section , the magnet is operated
at a lower field of 1 T. The p catching efficiency is higher in stronger magnetic fields
since the incoming p bunches are compressed to a tighter radius. To compensate
for the reduced field, an additional solenoid is installed to boost the magnetic field
in the p trapping region to 3.7 T. It is only energized during p loading and ramped

down again before an experiment takes place.

3.3.1 The Penning Trap

To form antihydrogen, positrons and antiprotons must be caught, cooled, and ma-
nipulated. This requires a trap with the possibility to generate various potential

structures for each specific purpose. To meet these requirements, a large Penning
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trap consisting of 39 gold-plated copper electrodes was designed. The entire elec-
trode stack is depicted in figure 3.9 The electrodes are separated by macor spacers.
The stack is divided into two parts: The antiproton catching region, or lower stack,
and the upper stack which is used for positron loading and most of our experiments.
The inner diameter of all electrodes is 36 mm, but different lengths exist. Most elec-
trodes in the upper stack, named UTRz, are radius length. A number of electrodes
are designed for specific purposes. For instance, the lengths of the two ring elec-
trodes URING and LRING together with their neighboring compensation electrodes
are matched to generate an especially harmonic potential. They have mainly been
used for single particle studies [93]. There are two segmented electrodes to apply
rotating wall drives for plasma compression (see section . LTRW in the lower
stack is used to compress the antiprotons during particle loading and UTRW in the
upper stack fulfills the same task for positrons. The C§ electrode has two holes on
opposite sides that allow a beam of cesium atoms for charge-exchange experiments
to cross the electrode stack.

The voltages on each electrode can be set individually which allows complex
potential structures like the ones needed for particle loading and antihydrogen pro-
duction (see chapter @ Most electrodes are designed for voltages up to +1kV, but
two electrodes can be biased to —5kV for antiproton catching. These are the HV
assembly and the beryllium degrader DEG, the thin foil that slows antiprotons com-
ing from the AD down to a few keV of energy. All electrodes are also capacitively
coupled to micro-coax lines to apply fast voltage pulses to any electrode. This is
for instance used to rapidly change potential barriers during particle loading (see
sections to [6.1.3).

The electrode stack is contained in a titanium vacuum enclosure. It is cooled to

1.3K by a pumped helium system [136] fed from the 401 liquid helium dewar.
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Figure 3.9: The electrode stack of the BTRAP Penning trap shown as a schematic overview
(left) and as a technical drawing (right). The stack consists of 39 electrodes with 36 mm inner
diameter. The cesium electrode (CS) in the upper stack has two holes to allow a beam of

cesium atoms for charge-exchange experiments to cross the stack.
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3.3.2 The Ioffe trap

For precision measurements over long timescales, antihydrogen atoms can be con-
fined in a magnetic gradient loffe-Pritchard trap [14]. The atomic energy structure
of antihydrogen is modified in a magnetic field. Chapter |5 treats the analogous case
for cesium atoms in strong magnetic fields. Since cesium is a hydrogen-like atom,
the results are very similar. In fact, the calculations for cesium are largely based on
the slightly simpler case of hydrogen.

The magnetic interaction produces two additional terms in the Hamiltonian
(section . For ground state antihydrogen in a field of several tesla, only one,

the paramagnetic shift, has to be considered:

Hp=—ji-B. (3.19)

In the S} /5 ground state of antihydrogen, the orbital angular momentum is zero
(L = 0) and only the electron spin (S = 1) contributes which gives

Hp = MB%S@ B, (3.20)

with the Bohr magneton up and the electron g-factor gg. If the electron spin
is antiparallel to the magnetic field, Hpg decreases if the atom travels towards a
region of lower magnetic field. Atoms in these so-called low-field-seeking states can
therefore be confined in a three-dimensional magnetic field minimum.

Such a field geometry can be generated by three magnets. Two solenoids increase
the axial magnetic field at the upper and lower end of the trap and therefore restrict
the particle motion in the 2 axis. For radial confinement, a higher order multipole

is required. Both quadrupole and octopole coils have been used.

48



3.3. THE BTRAP PENNING-IOFFE TRAP
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Figure 3.10: The ATRAP Ioffe trap. Figure (a) displays the layout of the superconducting
coils that produce the fields for axial (pinch-coils) and radial confinement (racetrack coils).
In (b), the full assembly is shown. The four elliptical side ports allow laser access to the
electrode stack located in the center of the Ioffe trap (not shown in the figure). Two of the
ports contain the components for producing a stream of Rydberg cesium atoms for charge-

exchange experiments (see section [3.3.3)). Figure taken from [116].
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The energy shifts induced by the magnetic gradient fields are very small. Typical
trap depths are on the order of 40 ueV = 0.5 K. This is the reason why antihydrogen
atoms must be produced at very low temperatures.

Our Ioffe trap is shown in figure [3.10] It is composed of two solenoids, also called
pinch coils, and a quadrupole coil. Due to their shape, the quadrupole windings
are also referred to as racetrack coils. The coils are wound from superconducting
niobium-titanium (NbTi) wire while the trap’s body is made of titanium. The Ioffe
trap is cooled to 4 K with liquid helium from the 401 helium dewar. At maximum
current, it generates a potential well with a depth of 650 mK. Including the 1T
field required for the Penning trap, this is reduced to 375 mK. Operating the large
solenoid at its full field of 3T would again half the trap depth.

Four elliptical side ports with dimensions 19 mm x 51 mm allow laser access for
future experiments including laser cooling and spectroscopy of antihydrogen. Two of
these ports are also used for charge-exchange experiments. One contains the cesium
source and the laser excitation region, the other one a field ionization detector.

These components are designed to leave sufficient space for laser access. For details

see section B.o.9l

3.3.3 Cs Source

Figure shows the setup for generating a beam of Rydberg cesium atoms for
charge-exchange experiments. The components are located within two opposite
side ports of the Ioffe trap which poses strict constraints on their dimensions. Most
of the parts are mounted to a 4% inch flange that covers one of the side ports.

The cesium atoms are excited to Rydberg states in two steps: A diode laser with

a wavelength of 852nm excites the atoms from the ground state 6.5/, to the 6P/,
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state. The second step to high-n states uses green laser light with a wavelength of
511 nm from a frequency-doubled semiconductor laser. The lasers are described in
chapter 4| and excitation of the cesium atoms to Rydberg states is treated in chapter
Bl The magnetic field of the large solenoid strongly modifies the atomic energy levels.
Additionally, the Ioffe trap generates an inhomogeneous magnetic field which further
complicates the determination of the cesium energy levels. The components were
designed so that the laser excitation region lies at a maximum of the quadrupole
field, thus minimizing the magnetic gradient. The laser light is guided down into
the apparatus by a multimode fiber with 62.5 um inner diameter. The standard
FC/PC connector was replaced with a custom non-magnetic holder that connects
to the outside of the flange. The light is collimated with a 10 mm diameter ball lens
and enters the inner vacuum space through a 1/4inch window. A mirror redirects
the light to meet the beam of cesium atoms. Additional lenses between the flange
and the mirror collimate the beam to a diameter of approximately 1.5 mm at the
laser excitation region. This rather large spot size ensures that thermal contraction
during cool down of the apparatus will not cause the laser beam to miss the cesium
atoms. After the excitation region, the laser beams illuminate a silicon photodiode.
Its signal is used to monitor the laser power. Also, a misalignment of the laser
beams would be detectable with this diode. The laser light crosses the beam of
cesium atoms in right angle. The fluorescence from the relaxation of the 6P5/,
state is recorded with an indium-gallium-arsenide (InGaAs) photodiode. At room
temperature, the peak sensitivity of InGaAs is at a wavelength above 1 pum, but
at cryogenic temperatures it shifts towards shorter wavelengths. With the signal
from this photodiode, the 852nm laser is tuned to resonance by maximizing the
fluorescence signal. To detect excitation to Rydberg states, a field ionization setup

is used. An electric field strong enough to ionize high-n states is generated by a
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Figure 3.11: Schematic drawing of the components for producing a beam of Rydberg cesium
atoms in the ATRAP apparatus. Cesium atoms from an alkali metal dispenser (AMD) are
collimated to a thin beam and laser excited before entering the Penning trap through a small
hole in one of the electrodes. The 852nm laser is tuned to resonance by maximizing the
fluorescence light recorded with an InGaAs photodiode. The excitation to Rydberg states is
detected and maximized with a field ionization detector. Several radiation shield ensure that

the electrode stack keeps cold while the cesium oven is operated at 600 K.

voltage on one of two conducting plates and the resulting current onto the other
plate is measured. A second field ionization setup is located at the far side of the
electrode stack. It detects Rydberg cesium atoms that leave the electrode and thus

verifies that Cs atoms are crossing through the positron cloud.
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The previous experiment used a copper vapor laser which operates at a fixed
frequency [126]. The energy levels of the cesium atoms were tuned to resonance
with the laser by a pair of Stark shift plates. The copper vapor laser was kept as a
backup device, so the current system also includes a pair of Stark shift plates. They
are located around the laser excitation region, parallel to the paper plane. Due to
reliable performance of the new laser system (see chapter [4]) the Stark shift plates
were not needed. Still, they could potentially be used for lifetime enhancement of the
Rydberg states by modifying their level structure in crossed electric and magnetic
fields [87].

Cesium atoms are emitted from a commercial alkali-metal-dispenser (ALVATEC
AS-8-Cs-150-V'). It contains cesium in a bi-metallic compound (BisCs) surrounded
by a non magnetic stainless steel housing. The source releases cesium when it is
heated to approximately 600 K by a current of 4 to 5A through the housing. Op-
erating this source only a few centimeters away from the cryogenic electrode stack
requires careful thermal shielding. The cesium source is installed in an aluminum
box that is held by ceramic rods with low thermal conductivity. Several additional
radiation shields are installed between the source and the electrode stack. Apart
from a thin constantan wire to measure the field ionization current, no direct me-
chanical connection exists between the cesium oven and the electrode stack. The
components to the left in figure [3.11] including the cesium oven and the laser optics,
are mounted to the flange covering the loffe trap side port while the radiation shields
and the field ionization detector mount off the electrode stack. These measures lead
to a very good thermal decoupling. The heat load on the cryogenic system is on the
order of a few W, but even during long experiments with the cesium source running
for over an hour, the electrode stack only heats up by about 0.5 K (see figure .

When the oven is turned off, the stack slowly returns to its base temperature.
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Figure 3.12: Warm up of the electrode stack while the cesium oven is operated at 600 K
during a long experiment. The oven is pre-heated to accelerate its warm up to an equilibrium
temperature (see text). After 6 minutes, the current is reduced by 0.25 A. The stack warms
up to 1.7K from its base temperature of about 1.3 K. After the oven is turned off, it slowly

cools down again.

A number of collimating holes in the radiation baffles ensure that all cesium
atoms that enter the electrode stack through a 0.8 mm diameter hole will leave
again through a second hole of 2.5 mm diameter on the opposite side. This prevents
the buildup of cesium inside the electrode stack which could short two electrodes

together or disturb the electric potentials.

The bimetallic compound (BizCs) in the cesium source reacts with oxygen from
the atmosphere. Therefore the housing of the source is filled with argon and the
opening is covered with an indium seal. Since indium has a low melting point, the
seal liquefies when the source is turned on for the first time. We found that in

some cases, the indium would not fully retract, even during several heating cycles.
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Figure 3.13: Front view onto three cesium ovens showing a new source with an intact indium

seal (a), a fully open source (b) and a typical case where the indium only retracted partially
(c). Since the remaining indium may prevent cesium atoms from reaching the electrode stack,

the seals are removed manually under nitrogen atmosphere during installation.

Figure [3.13|shows the front view onto a new cesium oven with an intact indium seal
(a), a fully open source (b) and a typical case where some indium remained (c).
The remaining indium may block the emission of cesium atoms on axis and, due to
the strict collimation, prevent atoms from reaching the electrode stack. Therefore
we manually remove the indium seal before installation. To prevent oxidation, a
glove-bag is fitted to the side of the trap and the whole system is filled with nitrogen
slightly above atmospheric pressure. The indium seal is then removed within the
glove bag. After installation of the source and assembly of the remaining compo-
nents, the trap is sealed with the Cs flange and the glove bag removed. Afterwards,
the trap is pumped out and lowered into the insert dewar. This procedure requires
that the installation of the cesium oven is the last step before the trap is sealed and

readied for a beam run.
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3.4 Detector System

The annihilation of an antimatter particle with its matter twin generates a typical
signature of secondary particles which can be used to identify even small amounts of
antimatter, down to single particles. An electron positron pair produces two 511 keV
~ quants while a p-p annihilation creates an average of three charged and two neutral
pions [7]. Other decay channels exist, but most of them with very low branching
ratios. To detect antihydrogen, one would ideally look for a p-p annihilation in
coincidence with 511keV photons. Unfortunately, the decay or energy deposition
from the pions leads to production and annihilation of e™-e™ pairs, which generate
the same signature as the positron from an antihydrogen atom. Therefore one has
to rely on the detection of p annihilations and find other methods to discriminate
between antiprotons and antihydrogen atoms. This analysis is the subject of chapter

6.4.2)

The ATRAP detector system, built by collaboration members from the Jiilich
research center, consists of two cylindrical modules coaxial with the Penning trap.
A schematic view is shown in figure [3.14] The inner component is a ring of 784
scintillating fibers placed within the large solenoid. Outside of the magnet, two
rings of scintillating paddles are located. The pions are minimum ionizing particles,
which means that they deposit only small amounts of energy while passing through
the surrounding material. Therefore the detection efficiency is the chief concern for
choosing the scintillating material. For the fibers, BICRON BCF-12 was selected
and the paddles consist of BC404. Although the system is optimized to detect
p annihilations, the 511keV gamma quants from e -e™ pairs are also observable
with the fibers. The efficiency of ~ 0.5 % is rather low, but since we typically use

positrons in large numbers of several 107 to 10%, we still get a very clear signal.
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Figure 3.14: Top view showing a cross section of the ATRAP detector system. Four layers
of scintillating fibers are installed within the large superconducting solenoid, just around the

trap. Additionally, two layers of scintillating paddles are located outside of the solenoid.

3.4.1 Fiber Detector

The fibers are arranged in four layers, each glued to a black Plexiglas tube with
grooves milled into their surfaces for mechanical stability. Two layers consists of
224 straight fibers each and the other two layers are each comprised of 168 helical
fibers covering an arc of 153°. Each fiber is glued to a separate light guide connected
to its own channel of a multi-anode photomultiplier (Hamamatsu H6568). Every

photomultiplier reads out up to 16 fibers. The fiber ring has an inner diameter of
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388 mm and a height of 523 mm. The Plexiglas tubes extend a bit further to support
the light guides. The fiber diameter is 3.8 mm. The system was originally designed
and built with a total of ten layers of scintillating fibers grouped in three rings, but

in order to make space for he loffe trap, the two inner rings had to be removed.

3.4.2 Scintillating Paddles

The scintillating paddles are arranged in two octagonal rings. An inner ring of
16 small paddles is surrounded by an outer ring of eight larger paddles. They are
arranged so that each of the large paddles is covered by two of the smaller ones
(figure . All paddles are enclosed in light tight packages and each is coupled
to a light guide that connects to a Hammamatsu R2238 photomultiplier tube. The
paddles are operated in coincidence mode. An event is only registered when a signal
from an inner paddle and the corresponding outer paddle is received within a 40 ns

time window.

3.4.3 Data Acquisition System

For each paddle event, the signal, time and amplitude are recorded. For the fibers,
only a logic signal is registered for each individual one. The sum of all amplitudes,
a multiplicity and a timing signal is taken for each of the 16-fold photomultipliers.
The data acquisition system can record events with a rate of up to 1000 Hz with
a dead time of less than 20 %. In addition to the full event readout, twelve signal
combinations like the multiplicities in individual fiber layers or several coincidence
events (triggers) are available via an online readout. This allows immediate diag-
nostic during an experiment to notice for instance particle losses. The trigger most

commonly used for online readout is referred to as "Irigger 1“. The condition is a
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fiber multiplicity of two or greater and at least one paddle coincidence event. Ap-
plying this condition reduces the background rate from several hundred Hz to about
40 Hz while still detecting p annihilations with an efficiency of 54 %.

The full system with all three fiber rings installed would also allow vertex recon-
struction which could further decrease the background. The single ring only allows
determination of intersection points which is still sufficient to divide the events
into classes and discard those that most likely originated from cosmic background.
Cosmic particles typically travel on a straight line while the pions generated from
antiproton annihilations will follow randomly distributed tracks. The analysis of

the detector data is treated in section [6.4.2]
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Chapter 4

The Laser System

Due to the n* dependence of the cross section [82], laser excitation of the cesium
atoms is essential to increase the efficiency of the charge-exchange process. A Ryd-
berg state around n ~ 40 is favorable (see section [6.2)) and several possibilities exist

to excite to this state.

A few excitation schemes were reviewed in [81]. A direct excitation to Rydberg
states requires a UV laser operating at 320nm. Due to the low oscillator strengths,
a high power laser is required. With a frequency doubled pulsed dye laser, a mean
excitation efficiency of only 1.5% was estimated [81]. Exciting the atom in sev-
eral steps increases the efficiency, but additional lasers also add to the technical

complexity of the experiment.

For ATRAP’s first charge-exchange experiment, the two stage excitation scheme
depicted in figure Was chosen due to an available copper vapor laser [126]. Copper
vapor lasers emit light at two wavelengths, 578 nm and 511 nm. The latter corre-
sponds to the energy difference between the excited 6%/, state of cesium and the

37D Rydberg state. For the first transition from the ground state of cesium 6.5, /»
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Figure 4.1: Atomic energy levels of cesium and excitation scheme used.

to the 6P/5 level, a diode laser with a wavelength of 852nm was built. Details on
this laser system can be found in [81,/113121]. The cesium energy levels shown in
figure 4.1] are strongly modified by the magnetic fields required for our experiment.
The calculation of these modified energy levels is the subject of chapter [5 for the
considerations made here, the level scheme in figure is sufficient.

All factors considered, the two stage scheme chosen previously is a good compro-
mise. The first transition can be driven by diode lasers which are readily available

with wavelengths of 852nm and typically provide reliable operation while requiring
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little maintenance. For the experiments described in this work, we therefore decided
to hold on to the excitation scheme previously used.

The copper vapor laser proved to be a useful tool, but also has some limitations:
Due to its pulsed operation (20 ns duration every 50 us), it saturates the transition
for a brief time while no excitation happens between pulses. Laser excitation has to
take place within the apparatus, close to the positrons. To limit the heat load on the
cryogenic trap, the pulse energy had to be limited to 0.025mJ in [126], about 15 %
of the laser’s maximum value. The laser light crosses a collimated beam of cesium
atoms in right angle (ﬁgure. The atoms have to travel several centimeters from
their source to the laser excitation region and on to the positrons. Only atoms with
low transversal velocities will pass through the series of collimating apertures on this
path. The Doppler-width for atoms that reach the inside of the electrode stack is
approximately 12 MHz. Since the copper vapor laser has a spectral width of 6 GHz,
only a small fraction of the available laser power actually excites cesium atoms
which are usable for charge-exchange experiments. Most of the light sent into the
apparatus only contributes to the heat load on the cryogenic system. Furthermore,
the laser is not tunable, so only a single Rydberg state (37D) is accessible. Higher
n-states have a much larger cross section for charge-exchange collisions and longer
lifetimes which increases the number of positronium and antihydrogen produced. On
the other hand, the excitation efficiency decreases with increasing n and the Rydberg
atoms are Stark ionized by weaker electric fields. Due to their space charge, this
limits the number of positrons that can be used per experiment. Evaluating these
factors to determine which state to use is subject of chapter This section shows
that the ability to choose an optimum Rydberg state with a tunable laser is a great
advantage.

We therefore decided to replace the copper vapor laser with a tunable, narrow-
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linewidth continuous-wave (cw) laser system. For operation at an accelerator fa-
cility, a compact, reliable, low-maintenance system is especially important. There-
fore we chose a frequency-doubled semiconductor master-oscillator power-amplifier
(MOPA) laser system. It was initially designed and constructed in [105]. Several
improvements were implemented in 18] and during the course of this work [106].

There is extensive literature on semiconductor lasers, so a review is omitted here.
For information on diode lasers see for instance [138|. An introduction to tapered
amplifiers is found in [133]. The technique of second harmonic generation is also
described in literature, see for instance [19).

Section starts with a description of the 852nm diode laser for excitation
of the first transition. The laser built in [81] was replaced with a new setup. The
frequency doubled MOPA system that replaces the copper vapor laser for excitation
of the second transition is treated in section L2l Both lasers are stabilized to a

wavemeter by a control software developed during this work. This is the subject of

section .31

4.1 The 852 nm laser system

The laser system used to excite the first transition is based on an external cavity
diode laser (ECDL), similar to [115]. The setup is shown in figure [4.2] The laser
diode is a Frankfurt Laser Company FIDL-2005-850X with a center wavelength of
850 nm. When heated to a few degrees above room temperature, the center wave-
lengths shifts towards the 852 nm needed. The maximum output power is 200 mW.
The light is collimated with an aspheric lens of short focal length (f = 4.5mm).
The emitted laser light illuminates a diffraction grating in Littrow configuration.

It is aligned so that the light refracted in first order is sent back into the laser
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Figure 4.2: Setup of an external cavity diode laser (ECDL). The light emitted from the laser
diode is collimated and illuminates a diffraction grating in Littrow configuration. It reflects
about 20 — 30 % of the light back into the laser diode, forming an external resonator. The
wavelength is controlled by the grating angle which can be tuned manually by a fine threaded
screw or electronically by a piezo actuator. The laser’s temperature is stabilized by an external
hardware controller (not shown). It reads an AD590 temperature sensor mounted close to
the laser diode and supplies a current to a thermoelectric cooler (TEC) located between the

mounting block for the laser components and a copper heat sink.

diode to provide optical feedback. This forms an external cavity with the resonant

wavelength

A =2d/k sina, (4.1)

where £ is the refractive order, d is the groove spacing (inverse grating constant)

and « is the angle between the grating normal and the incident light. If the feedback
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is strong enough - typically 20 —30% of the incident light needs to be reflected back
into the diode - the wavelength of the laser can be controlled by the grating angle.
Coarse tuning is done with a fine threaded screw that bends the grating’s mount.
For fine tuning and frequency stabilization, a piezo actuator mounted in the same
bore as the screw is used (see figure . The voltage applied to the piezo is also
fed into a modulation input of the laser diode’s current driver (feed-forward). With
this setup, a mode-jump free tunability of up to 50 GHz is achieved. The grating
feedback reduces the available power of the laser, in this case to about 160 mW.
Since the 651/, — 63/, transition is easily saturated, this is still far more than
needed.

An electronic controller stabilizes the temperature of the laser. It reads a temper-
ature sensor (AD590) and applies a current through a thermoelectric cooler (TEC)
to either heat or cool the laser.

The entire laser system is depicted in figure [4.3] The beam emitted from the
ECDL passes a two stage Faraday isolator with 60 dB attenuation to prevent back
reflections into the laser diode. Two beam samplers split off small fractions of the
laser light. The first sampled beam is divided between a photodiode that monitors
the laser power and a fiber coupler. The light coupled into this fiber is sent to a
wavemeter (HighFinesse WS7) to monitor the laser frequency (see section [4.3).

The second sampled beam is sent into a setup for Doppler-free saturation spec-
troscopy of the 652 — 6P/, transition (Cs D, line) in a cesium vapor cell. The
method is well described in literature, see for instance [38]. Instead of a chopper-
wheel and a lock-in amplifier, we use a second probe-beam and a differential photo-
diode to subtract the Doppler-broadened background. This assembly requires less
hardware. The cesium energy levels and transition frequencies have been measured

with accuracies much higher than the resolution of the wavemeter [74,129]. There-
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Figure 4.3: The 852 nm laser system for the first excitation step of cesium from the ground
state 6571 /2 to the 6P/, state. ECDL: external cavity diode laser, FI: Faraday isolator, BS:
beam splitter, PD: photodiode, FC: fiber coupler, NDA: neutral-density attenuator, Cs:

cesium vapor cell, BSC: non-polarizing beam splitter cube.

fore our spectroscopy setup is suitable as a frequency reference for the wavemeter.

Cesium in its ground state has a single electron in an s-orbital: S = %, L=20
and J = % The nuclear angular momentum of cesium is Iog = % so that F' = 3 or
4. In the 6P, state, the electron is elevated to a p-orbital which increments L and
J by 1. Therefore F' = 2...5. The spectrum of the cesium D line consists of two

groups of three hyperfine transitions each, which correspond to the transitions from

Monitoring Spectroscopy
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the ground states with F = 3 and F = 4 with AF = 0,£1 (see figure [1.1). The
spectrum recorded from the vapor cell is shown in figure [£.4] The peaks labeled
with two numbers are artifacts that originate from the spectroscopic method used.
They appear in the center between two real resonances. The downward peaks are

explained in [118§].

__ (a) F=4 __

signal [a.u.]

signal [a.u.]

1 L | L 1 L 1 L 1 L 1 I | L | L | L | I
-42  -41 -4 -39 -38 37 4.8 4.9 5 5.1 5.2 5.3
(v - v¢) [GHz] (v - vc) [GHz]

Figure 4.4: The two hyperfine groups of the cesium Dy line recorded with the setup in figure
The z-axis shows the frequency relative to the line centroid v, = 351.72571850(11) THz
[129]. The FWHM of the individual peaks is on the order of 30 MHz. These spectra are

recorded regularly as frequency references for the wavemeter.

4.2 The 511 nm laser system

For the second transition from the 6P3/, level to Rydberg states, we replaced the
pulsed copper vapor laser with a tunable continuous-wave laser. We designed a
master-oscillator power-amplifier system based on semiconductor lasers operating
at a wavelength of 1022 nm and a frequency-doubling resonator to convert this light

to the required wavelength of 511nm. The system is depicted in figure 4.5 The
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Figure 4.5: The 511 nm laser system for the second excitation step from the 65/, interme-

diate level to Rydberg states. ECDL: external cavity diode laser, FI: Faraday isolator, BS
beam splitter, FC: fiber coupler, TA: tapered amplifier, CL: cylindrical lens, PD: photo-
diode, ML: movable lens, CM: cavity mirror, PZT: piezo actuator, H.C.: components for

Hansch Couilleaud lock.

first component is again an ECDL in Littrow configuration. The laser diode used
is an Fagleyard EYP-RWE-1060 with a maximum output power of 100 mW. With
grating feedback, about 75mW remain. The diode’s front facet is antireflection
coated which increases the stability of the laser modes and provides better tunability.

The diode’s center wavelength is 1060 nm, but it can be operated between 980 nm
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Figure 4.6: Output power of the tapered amplifier in dependence of the current through the
chip. The TA surpasses its specified value of 1 W at a current of 2.3 A.

and 1080nm. A two stage Faraday isolator with 60dB attenuation (Linos FI-
1060-TI) protects the diode against back reflections. Part of the beam is split
off to monitor the wavelength. About 20mW of laser power is used to seed a
tapered amplifier (m2k TA-1030-1000). Tts output power is specified to 1W at an
operating current of 2.3 A. As can be seen from figure [4.6] the TA surpasses these
specifications. More power is of course beneficial for frequency doubling, however
we decided not to run the TA chip above its specified output power. Therefore it
is typically operated at a current between 1.9 A and 2A. In- and outcoupling of
the beam is done with two f = 3.7mm lenses mounted on three-axis translation
stages (Newport M-DS-25-XYZ). A cylindrical lens corrects the astigmatism of the
amplifier’s output beam and an additional telescope reduces the beam diameter to

increase transmission through a second Faraday isolator (same type as above). This
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isolator is especially important since stray light that is reflected back into the chip is
amplified too while propagating towards the narrow cross section area of the taper.
This can result in a power density high enough to destroy the amplifier’s input facet.
The light reflected from this isolator’s input polarization filter is recorded with a
photodiode. This setup allows monitoring of the TA power without deliberately
splitting off a fraction of the main beam.

Two lenses on translation stages match the beam’s focus size and divergence
to a compact resonator for frequency-doubling. It consists of two curved 1/2inch
mirrors (r = 38 mm) for in- and outcoupling, a nonlinear crystal and a prism [139).
The prism replaces two of the mirrors in the common bow-tie resonator design.
This triangular geometry allows a short round trip path length of only 16 cm. Short
distances between optical elements reduce beam-pointing from vibrations and other
distortions and therefore increase the resonator’s stability.

The prism is mounted on a piezo actuator which is used to stabilize the cavity
length to be resonant with the wavelength of the fundamental beam. We use a
Hénsch-Couilleaud type lock [80]. About 60% of the fundamental light is coupled
into the cavity. This value is limited by the tapered amplifier’s beam quality. The
resonator can only enhance the part of the laser beam that propagates in the fun-
damental T'E My, or Gaussian mode. Due to its rectangular cross section, the beam
profile of a tapered amplifier deviates from this ideal shape (see figure [1.7). Quan-
titatively, this is given by the M? value which is a measure for the beam quality in
relation to an ideal Gaussian beam (M? = 1). The manufacturer of the TA chip
lists a value of M? < 1.7 in the datasheet, but a measurement using the knife-edge
technique [120] resulted in a value of M? = 2.9. The cause for this large value is not
clear. A possible reason is insufficient alignment of the seed laser beam, but since

the TA exceeds its specified output power, this is unlikely. Further investigations
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Figure 4.7: Beam profile of the tapered amplifier recorded with a CCD camera (a). The

image is color coded, blue corresponds to low, pink to high intensities. The shape of the beam
is determined by the rectangular cross section of the chip which significantly deviates from an

ideal Gaussian beam. For comparison, (b) shows the beam profile of a helium neon laser.

would require the laser to be disassembled and the TA chip returned to the manu-
facturer, but since the overall performance is very good, we chose to keep the laser
operational.

The nonlinear crystal is cut at Brewster’s angle for type I critical phase matching.
It is heated to T" = 40° C to prevent deposition of atmospheric water vapor on its
surfaces. For the nonlinear medium, we compared lithium triborate (LBO) and
bismuth boron oxide (BiBo). BiBo has a four times higher nonlinear coefficient
than LBO but also suffers from a larger walk-off angle. In birefringent crystals,
the Poynting vector S and the wave vector k may diverge at the angle p [19].
For frequency doubling, this has the negative effect that the spatial overlap of the
fundamental and the harmonic beam decreases while they propagate through the

crystal.
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Figure 4.8: Green power generated with the BiBo crystal as a function of the fundamental
power (full circles) compared to a theoretical calculation (open circles). We achieve about
75 % of the theoretically predicted value. The x-axis shows the fundamental power corrected
for the incoupling efficiency. For comparison, the maximum power reached with the LBO

crystal is about 50 mW.

With an LBO crystal of 10 mm length, we generated about 50 mW of output
power at a wavelength of 511 nm. Installing an 8 mm BiBo crystal instead increased
the output power to 200mW. This corresponds to a conversion efficiency of 39%,
incoupling efficiency included. The harmonic power generated with the BiBo crystal
as a function of the fundamental power is plotted in figure [£.8 The output power
comes close to a theoretical curve, about 75 % of the calculated value is reached.

We achieve a mode-jump free tunability of more than 20 GHz at a wavelength of
511nm. The overall tuning range is limited by the tapered amplifier’s gain region
from 1000nm to 1040 nm. This allows us to access all cesium states from n = 20

(520nm) up to the ionization limit (~ 508 nm).
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4.3 Frequency Stabilization

Without stabilization, a diode laser’s frequency drifts. This is caused for instance
by thermal contraction or expansion of the semiconductor chip which are too small
to be compensated by the temperature stabilization. To counteract these drifts, an
external feedback loop is applied. The laser’s frequency primarily depends on the
current running through the chip. Also, the temperature has an effect since thermal
expansion or contraction changes the length of the resonator. The two factors are
connected since a higher current will also heat the diode. The grating feedback
provides a third way to modify the laser frequency. The current and the grating
angle can be changed much faster than the temperature, so we use these two to
stabilize the laser’s frequency. We apply a feedback signal to both simultaneously
(feed forward).

The laser excitation region lies within strong magnetic fields that influence the
atomic energy levels (see section . Since such strong fields are not available on
our laser table, we cannot use a cesium vapor cell as a frequency reference for laser
excitation within the apparatus. Instead, we lock both lasers directly to a wavemeter
(HighFinesse WS7) using a control software (see section [4.4). An optical switcher

connected to the wavemeter allows both lasers to be locked simultaneously.

When first measuring cesium resonances, we observed day-to-day fluctuations of
the frequencies of 100 MHz and above, part of which seemed to be due to changes of
the room temperature. To quantify this effect, we recorded a number of spectra using
the Doppler-free spectroscopy of the cesium Dy line (figure at different ambient
temperatures measured with the internal temperature sensor of the wavemeter. The
data was compared with the values from literature [129]. The results are shown in

figure 4.9 The points were taken over several days, so there is some fluctuation due
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Figure 4.9: Temperature dependence of the measured frequency of the wavemeter. For
each point, a spectrum is recorded from the cesium vapor cell (figure and compared with
literature [129]. The plot shows the difference Av = vpeqs — Viit- The error bars are given
by the accuracy of the comparison. The much larger spread of the points originates from
the wavemeter’s accuracy. The offset from Ar = 0 can be compensated by recalibrating
the device with a frequency-stabilized laser. A dependence of the measured frequency on
the temperature recorded with the wavemeter’s internal temperature sensor of —12 MHz/K is

observed.

to the limited absolute accuracy of 60 MHz of the wavemeter, but a temperature
dependence is observable. The correlation coefficient between T"and Av is p = —0.85
and a linear fit results in a slope of —12 MHz/K. The offset from Arv = 0 can be

compensated by recalibrating the wavemeter with a frequency stabilized laser.

Figure [4.10(a) shows the temperature drift of the wavemeter during a day

recorded with the device’s internal temperature sensor. The laser cabin at the
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Figure 4.10: (a) Temperature drift of the wavemeter during a day without temperature
stabilization. The measured frequency varies over a range of several tens of Hz within a
couple of hours. (b) When the device is placed into a temperature stabilized housing, the
drift is reduced by a factor of 25 to below 0.2 K. This corresponds to a frequency drift of
2.4 MHz.

ATRAP experiment is not temperature stabilized and the wavemeter experiences
differences of up to 5K during a day. This corresponds to a frequency error of
60 MHz. The Doppler-width for cesium atoms that make it into the center of the
trap is about 12 MHz and the time between a frequency calibration and an actual

charge-exchange experiment can span a couple of hours, so the laser frequencies can
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easily drift off resonance in the meantime. To counteract this problem, we placed
the wavemeter into a temperature stabilized box. The housing is made of 1 cm thick
aluminum plates and contains four heating resistors. The temperature of the hous-
ing is measured with a P7'7100 sensor and the current through the resistors is set by
a hardware controller. The box is stabilized to a few degrees above room tempera-
ture. The stabilization reduces the wavemeter’s temperature drift from 5 K to below
0.2K (figure[4.10|(b)). This corresponds to a frequency uncertainty of 2.4 MHz, only
about twice the laser linewidth.

We still observe a day to day variation of the cesium transition frequencies on the
order of 10 — 20 MHz. This may be caused either by the residual inaccuracy of the
wavemeter or by hysteresis effects from the magnetic fields. Although great care was
taken not to include any magnetic materials in the construction of the apparatus,
some hysteresis effects appear when ramping the magnets. Some of our magnets,
like the field-boosting solenoid (section and the quadrupole Ioffe trap (section
3.3.2)), may be ramped up and down several times per beam shift. This means we
still have to tune the lasers to the cesium resonances before each charge-exchange

experiment, but once this is done, they reliably remain on resonance for hours.

4.4 Control Software

Due to the varying magnetic fields present at the laser excitation region, we must
be able to lock both lasers to any point within a frequency range of several THz.
Using a wavemeter as a frequency reference and a controller loop implemented in
software offers the highest flexibility. A prototype program was written in [105].
For this work, the final software was implemented in object oriented Visual C++.

The program is constructed of self-consistent modules. The architecture is de-
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Figure 4.11: Structure of the software written to stabilize the laser frequencies and for data

acquisition. For details see text.

picted in figure {.T1] A core module controls the main functions of the software
like the start-up behavior and timing. The heart of the software are proportional
(P), integral (I), derivative (D) controller loops. The PID controllers are separate
objects. Each contains the information for a specific controller loop, like target
value and gain settings. They only require external triggering which is provided by
a timer from the core module. Currently, two PID modules exist, one for each laser,

but the software can easily be extended. The hardware connections are again encap-
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sulated in separate modules linked to the PID objects. Several different hardware
components are connected to the PC. Apart from the wavemeter, a multipurpose
measurement card (Meilhaus Me4660 two analog outputs, 16 analog inputs) is used
to supply the control signals to the lasers and to log information like the laser pow-
ers. Additionally, two different tabletop multimeters are connected to the PC via
GPIB] These are used to record data from the InGaAs photodiode and the field
ionization detector (section [3.3.3). Also, TCP/IP network streams to and from the
computer are implemented. All of these external connections are organized using
two template classes, input and output. A template, depending on the program-
ming language also named interface or abstract class, defines the functionality an
object has to provide, independent of the actual hardware. The advantage of using
templates is that the hardware connections become easily interchangeable. Fach
PID object requires one input-object, whether it receives its data from the waveme-
ter directly, via a network stream or any other device does not matter. The same
holds true for the output modules. This design makes it very easy to connect new

hardware, to extend the system or to use it for a different purpose.

All PID modules are set up as a linked list of objects (figure . The core
module runs along this list at a set interval and triggers one control step for each
PID object that is set active. The triggered PID controllers then read a datapoint
from their input module, calculate a new error signal and send it to their output
module. To extend the number of control loops, additional PID objects only have
to be set up and appended to this list. Provided that the required hardware is

connected, only a single constant has to be changed in the source code.

For data-logging, the input channels are also linked in a similar manner. At a

! General Purpose Interface Bus, IEEE-488
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configurable interval, the software runs along the list of input modules and reads
data from each active channel. This is controlled by a separate module. It can also
be run on its own without the core application as a stand alone data acquisition
system. The acquired data is immediately written to the computer’s hard drive,
so in case of a power failure only the very last data points are lost. A time stamp
for each data file is automatically generated. The data logging module can perform
locked scans using one of the PID controllers. For instance, it can ramp the laser
frequency between two given points and record data for spectroscopy. The full

functionality of the program is described in appendix [A]
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Chapter 5

Laser Excitation of Cesium 1n

Magnetic fields

The laser excitation scheme used for this work is shown in figure 5.1 To tune the
lasers to the right frequencies, the atomic energy levels must be known. The low
lying states of cesium, 651/, and 6P5/,, are well documented [129,130] and the high
n-states can be calculated from quantum defect theory [96],134] with uncertainties

of a few MHz or below.

However, the large magnetic fields of our trap strongly modify the atomic energy
levels. Antiprotons and positrons are radially confined by the 1T field of the large
superconducting solenoid. To catch H atoms produced, the Toffe trap must be ener-
gized in addition. At full current, it raises the field to 3.6 T, including inhomogenic
contributions from the quadrupole and the pinch coil gradients. The first half of
this chapter therefore provides a brief review of the theoretical basis of the energy

levels of atoms in strong magnetic fields.

The fundamental problem for a theoretical treatment is that the radial symme-
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Figure 5.1: Cesium energy levels at zero field (left) and in a magnetic field of 1T (right).

try of the atomic Coulomb potential is superimposed by a cylindrically symmetric
magnetic field. The related case of atoms in electric fields can be solved analytically.
When transformed to parabolic coordinates, the Hamiltonian is separable. The so-

lution is found for instance in [69]. However, the magnetic Hamiltonian shows a
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different coordinate dependence and an analogous treatment does not result in a
separation of the variables. In fact, the magnetic field Hamiltonian is not separable
and up to now, no complete theoretical treatment exists that provides a solution
for all energy levels at arbitrary magnetic fields, not even for hydrogen.

The Hamiltonian, introduced in section [5.1.2] contains two additional terms: The
paramagnetic- and the diamagnetic term. For atoms in low-lying states and typical
laboratory fields, the diamagnetic term can be neglected. This regime is described
in section [5.1.3] The magnetic interaction is small compared to the atomic Coulomb
term and the energy levels can be calculated from perturbation theory. If the nuclear
angular momentum [ is zero or neglected, the result is the well known Zeeman- or,
for stronger fields, Paschen-Back effect. For the case of I # 0, analytical expressions
like the Breit-Rabi formula provide good estimates.

In high-n Rydberg states, the diamagnetic term must be included. It introduces
off-diagonal elements in the Hamiltonian. The magnetic interaction is comparable
to the energy spacing between two n-states. Perturbation theory is therefore not
applicable any more. Two methods to estimate Rydberg energy levels in this regime
are discussed in section B.1.4

These approximate solutions only consider homogeneous magnetic fields. The
Ioffe trap requires a strong magnetic gradient to confine antihydrogen atoms. Our
apparatus is designed to place the laser excitation region at a maximum of the
quadrupole Toffe field, thus minimizing the gradient. We assume the gradient to be
small and approximate the loffe trap field as homogeneous.

Section briefly mentions the case where the atom is dominated by the mag-
netic interaction. This is the case for n-states even higher than the ones considered
for charge-exchange production of H. The spectrum shows a series of almost equally

spaced resonances that extends above the zero field ionization limit.
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The second part of this chapter describes the results from two stage laser excita-
tion of cesium atoms to various Rydberg states from n = 37 to n = 50 in magnetic
fields ranging from 1T to 3.6 T. Our calculations are in good agreement with mea-
sured frequencies, in the Penning trap field as well as in the inhomogeneous loffe
trap field. We do, however, observe a significant broadening of each transition line

as a result of the Ioffe trap’s field gradient.

5.1 Theory

The topic of atoms in strong magnetic fields is of great interest in its own right.
Depending on the relative strength of the field, different spectra are found ranging
from small shifts of the energy levels like the Zeeman effect up to a regime where
the atom is dominated by the magnetic interaction. The diamagnetic term is espe-
cially interesting. It scales with n*B2, n being the principal quantum number. For
ground state atoms in typical laboratory fields, it can be completely neglected, but
it becomes the dominant term if the atom is excited to high n-states close to the
continuum. To observe the same effect in low lying states requires extremely strong
magnetic fields on the order of 10° T. Such fields are not available in the laboratory
but exist in stellar objects like neutron stars. See for instance [51,91]. Also, the
motion of electrons in solids can often be described by replacing their mass m. by
an effective mass m/ < m,. This increases the relative strength of the magnetic
interaction compared to the Coulomb force. The spectra under such conditions can

be examined using Rydberg atoms.
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5.1.1 Atomic Units

For the following sections, the use of atomic units is most convenient. A summary
is listed in table Atomic units are defined by setting the electron’s mass m,, its
charge e and the reduced Planck constant A to unity. Also, the Coulomb constant
ke = ﬁ = 1. Lengths are measured in units of the Bohr radius ay. For energy
scales, the ground state energy of the hydrogen atom is used as a reference. It

is equal to 1 Rydberg or %Hartree. The fine-structure constant « is unitless and

therefore unchanged, which then defines the speed of light to
B SR (5.1)
Cdreha o at '

c
For the magnetic field, two conventions exist. One derived from S.I. units where the
unit of the magnetic field is 2.35 - 10° T and one based on Gaussian units where it
is 1.72 - 10* T. They differ by a factor of a. The same is true for quantities like the
Bohr magneton which evaluates to ug = % if derived from S.I. units or to up = 5
if Gaussian units are used as a basis. In this work, we apply the units derived from

S.I. conventions.

5.1.2 Hamiltonian

—

If we assume a uniform magnetic field along the Z-axis, B = BZ, and use the

Coulomb Gauge, VxA= 0, the Hamiltonian takes the form:

Hps Hyurs
— TR
H=Hy+((r)L-§ + a<I-J) (5.2)
1 T al r 5] 1 2,2 . 2 2
+§a(L+geS+gﬂ)-B + g% rsin 0 B* .
Hpara Ha
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Constants

reduced Planck constant | i 1

electron mass M 1

elementary charge e 1

Coulomb constant ke 1

dielectric constant €0 1/4m

speed of light c 1/ = 137.035999074(44)

Bohr magneton 1B % (derived from S.I.)

Units

lengths L] 1ag = 0.52917721092(17) - 10~ m
energy |[E] | 1Hartree = 2 Rydberg = 27.21138505(60) eV
magnetic field [B] | 2.350517464(52) - 10° T (derived from S.I.)

Table 5.1: Fundamental constants and units relevant to this work in atomic units. The

values are taken from the CODATA tables [104].

H, is the Hamiltonian for the free atom while Hpg describes the fine-structure
or spin orbit coupling. The function ((r) encapsulates the radial dependence. Hyps
contains the hyperfine interaction with the hyperfine constant a. The magnetic
interaction is described by two terms, the paramagnetic Hy.,, linear in B, and
the diamagnetic term Hg;,. It scales as 72B? or, since the classical electron radius
is proportional to n?, Hg, o< r°B? « n*B%. When evaluated between spherical
harmonics, the sin?@ term in Hyg;, introduces off-diagonal terms in the Hamiltonian
with Al = £2. The magnetic field cancels the radial symmetry of the Coulomb

potential and a separation Ansatz is not applicable.

Since no complete theoretical treatment exists, approximate solutions must be
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5.1. THEORY

used which are only correct in certain regimes. Depending on the field strengths
and the state of the atom, one first has to determine which terms have a significant
contribution and which can be safely neglected. The electron spin S for instance
distinguishes between the normal and anomalous Zeeman regime in weak magnetic
fields. At slightly larger fields however, the magnetic interaction exceeds the spin-
orbit coupling and J=1L+Sis decoupled. For a calculation of the transition
frequencies, the spin can now be neglected since laser light cannot change the spin
state. Whether the diamagnetic term has to be considered can be estimated by

taking the ratio of the magnetic terms
n'B. (5.3)

In the ground state of hydrogen, a field of 2.35-10° T is required for the diamagnetic
contribution to equal the paramagnetic term. Such strong fields are not available
in the laboratory, but can be found in stellar objects like neutron stars. Due to the
strong n dependence, the critical field is much lower for higher states. In a 1T field,
for instance, both terms are equal at n = 22.

The following sections describe the theoretical treatment of atoms in magnetic
fields in three different regimes. For low field strengths treated in section
the diamagnetic interaction can be safely neglected. The interaction of the linear
magnetic term H,, with the orbital and nuclear angular momentum L (or J) and
I results in the well known Zeeman-, Paschen-Back- and Breit-Rabi-regimes. The
latter contains the first two states 651/, and 65/, relevant for our laser excitation
scheme.

The final Rydberg states lie in a regime where the diamagnetic term must be con-
sidered and the magnetic interaction is of the same magnitude as the energy spacing

between two n-states. Two approximate solutions for this regime are discussed in
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section B.1.4]
For sake of completeness, section briefly mentions the case of extremely

strong fields where the atom is dominated by the magnetic interaction.

5.1.3 Low Fields

In the case of weak magnetic fields well below 1T, the diamagnetic term Hyg;, in
equation can be neglected. The simplest case is that of an atom in a singlet
state (§ = 0). If the nuclear angular momentum is zero, or neglected due to its small
size (f = 0), each energy level is split into a series of (2 + 1) magnetic sublevels
with energy shifts

AE = upmyB. (5.4)

These energy levels are equidistant. Due to the selection rules for optical transitions,
Am; = 0,+1, three transition lines appear in the spectrum. This behavior is found
in textbooks as the normal Zeeman effect, see for instance [47].

The more common case where the atom also carries a non-vanishing spin S #0
is, for historical reasons, referred to as the anomalous Zeeman effect. The orbital
angular momentum L and the spin S couple to the total angular momentum J =
L+ S. This leads to a more complex interaction and the resulting level splitting is
given by

AE = pupmygsB, (5.5)

with the Landé factor

J(J+1)+S(S+1)—L(L+1)
2J(J+1) '

These energy shifts are not equidistant any more, so, depending on the atomic states

involved, more than three transition lines appear in the spectrum.
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interaction coefficient | value reference
A6251/2 h-2.2981579425 GHz | |12]
magnetic dipole Ap2p, h-291.9201(75) MHz | [114}|/130]
Aep,, h - 50.28827(23) MHz | [73]
electric quadrupole | Bgzp, , —h-0.4934(17) MHz | [73]

Table 5.2: Magnetic dipole and electric quadrupole constants for the ground state and 6P; /5

states in cesium.

If the contribution from the magnetic field exceeds the spin-orbit interaction, the
LS coupling is broken. Optical dipole transitions only couple to the orbital angular
momentum, so the spectrum reverts back to the simpler case of the normal Zeeman
effect: A uniform level splitting with three transition lines. This is referred to as
the Paschen-Back regime.

Up to now, the nuclear angular momentum [ has been neglected. If included as
a perturbation, it cancels the uniformity of the level splitting in the Paschen Back

regime. The energy levels are then given to lowest order by [124]
E|JmJ Imy) — Apgrs mymg

B
T Burs 2J(2J — 1)I(2I — 1)

+ pup(gsmy + grmr)B. (5.7)
Aprs and Byrg are the magnetic dipole and electric quadrupole constants. Their
values are listed in table

Equation (5.7) does not reproduce the behavior in the transition region from

the Zeeman to the Paschen-Back regime. A treatment in this region including the
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hyperfine structure typically requires a numerical diagonalization of Hurs + Hpara-
An analytical solution only exists for states where either J =1/2 or [ =1/2:

I+1/2
2(21 +1)

I+1/2 Almy + 1/2
+ Ay 2/ <1+(”¥]—W+x2) L (5.8)

E\j—1/2my1m;) = — Anrs + grps(mp £my)B

1 (95—91)psB

with z =

(5.9)

This equation is known as the Breit-Rabi formula. It is exact for fields ranging from

zero up to a magnitude where the diamagnetic term has to be considered.

5.1.4 Intermediate Fields

For laboratory fields, neglecting the diamagnetic term is only valid for low lying
energy states. Due to its strong n* dependence, Hy;, becomes important for Rydberg
states. For this work, two methods were used to calculate the binding energies
of high-n-states: A direct diagonalization of the Hamiltonian and a semiclassical
approximation. Both cases use hydrogen wave functions and quantum defects are

included to extend the treatment to alkali metal atoms like cesium.

Matrix Diagonalization

The difficulty with treating Hyg;, is that it introduces off-diagonal matrix elements
in the basis of hydrogen wave functions. Explicitly, the sin?f term in equation
leads to non-vanishing terms for Al = 0, +2 when evaluated between the spherical
harmonics Y,”. This means that the magnetic field mixes all odd [-states and all even

[-states, regardless of n. Due to this mixing, [ is not a good quantum number any
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more. In the notation of Rydberg states in high fields, [ is therefore omitted in this
text. A set of diagonal eigenfunctions has not been found yet, so the Hamiltonian
has to be diagonalized directly. Since odd- and even-[/ states do not mix, only one
set has to be included in the calculation. In our case, these are the even [-states
since we excite from a P-level.

Three contributions have to be considered: The zero field eigenstates and the
paramagnetic shift, both of which only have entries along the diagonal of the matrix,
and the diamagnetic term that adds off-diagonal elements. The first term, the zero

field energy levels of cesium, can be calculated by the extended Ritz formula [134]:

(5.10)

Mn:A+(nf}A)Q+(n_€A)4+.... (5.11)

Eo = 3.893905 €V is the ionization energy and R = 13.60563631 eV the Rydberg
constant for cesium (both from [134]). The coefficients A, B, ... contain the quan-
tum defects for cesium. They are listed in table [5.3|for the even [-states relevant for
this work. The quantum defects typically decrease with increasing [, so for [ > 6 it
is sufficient to set them to 0. An exception is F(Dj5/2) in table , but the larger
value is strongly suppressed by the power series, equation . The linear shift
introduced by Hpara is given by equation .

For the off-diagonal elements, the expectation value of Hy;, has to be calculated

in the basis of hydrogen wave functions:
1
(Hgin) = §a282 (nlmlr?sin®0|n’ 1 + Alm) , (5.12)

where Al =0, +2.
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S D G
A | 4.04935665(38) | 2.46631524(63) | 0.00703865(70)
B | 0.2377037 0.013577 —0.049252
C | 0.255401 —0.37457 0.01291
D | 0.00378 —2.1867
E | 0.25486 —1.5532
F —56.6739

Table 5.3: Coefficients for calculating quantum defects with the extended Ritz formula
(5.10). Only the values for even [ states needed for this work are listed here, the rest is found
in [134].

The integration of the spherical term is no challenge for standard computers
today. The radial wave functions R, (r) however become highly oscillatory for high
numbers of n and [, which makes integration very time consuming, if possible at all.
Fortunately, the radial matrix elements can be calculated by analytical formulas in
a recursive way [54,83|. With all entries in the Hamiltonian set, standard algorithms

can be used to diagonalize it. For this work, the tools provided by Mathematica

and the Gnu Scientific Library (GSL) |1] are used.

Similar calculations were performed for instance in [140] for the states n = 25—31
of sodium in a 6 T field. Good agreement was found with experimental results within
a resolution of 0.15cm~! = 4.5 GHz. With more powerful computers available today,
we are able to perform calculations for cesium including all energy levels from n = 10

to n = 60. The source code for the calculation is found in appendix [B.1}
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Semiclassical Approximation

A different approach to estimate the atomic energy levels is a semi-classical approx-
imation first introduced by Edmonds [53] and Starace [123| for hydrogen. Since
the magnetic field only acts in the azimuthal plane, the z-axis is ignored and the
problem is treated as two-dimensional. In the z = 0 plane, the issue of different
symmetries of the Coulomb- and magnetic interactions does not arise. This method
was later applied to Rubidium by Economou et al. [52] who found good agreement
with experimental data within their resolution of 0.1cm™' = 3GHz. Using the

Bohr-Sommerfeld quantization condition, the problem can be written as:

/pp2 (2(F = Vi) 2 dp = (n+1>7r, (5.13)

1 2
1(m+1)° 1 PP
‘/eff—ET_;_amlHO_'_gapHU : (5.14)

The integration runs between the classical turning points p; and ps, Vesr is an
effective potential. The calculation is again extended to cesium atoms by introducing

quantum defects to n and E. A sample calculation is listed in appendix [B.2]

5.1.5 Strong Fields

For extremely strong magnetic fields, or electrons excited to very high n-states,
the diamagnetic term becomes dominant and the Coulomb interaction between the
electron and the atomic core can be treated as a perturbation. The result is a
spectrum of resonances that extends above the zero-field ionization limit. For states
around E,, the level spacing is %hwc, with the cyclotron frequency given by equation

(3.4). For states high above the ionization limit, the spacing approaches fiw,., the
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level spacing of a free electron in a magnetic field. The problem of a free electron in a
magnetic field was first calculated by Lev Landau, therefore these states are referred
to as quasi Landau levels. Example for atoms in this regime are found in [23] and |71]
where the spectra of sodium and cesium were measured. The Rydberg states used

for our experiments are well below this regime.

5.2 Laser excitation

The relevant cesium energy levels for this work are the ground state 65/, the
intermediate 63/, level and Rydberg states around n = 40. For the two low-lying
levels, the diamagnetic term can be neglected. The ground state has J = % o its
energy can be calculated with the Breit-Rabi formula . For the 65/, state
equation is valid for fields larger than 20mT. For the high-n states, both

methods described in section [5.1.4] are applied.

5.2.1 First Transition

Without a magnetic field, the transition 651/, — 63/, consists of two groups of
three hyperfine transitions each (compare figures and . Cesium has a nuclear
angular momentum of Iy = 7/2 so each ground state has eight degenerate sublevels
corresponding to m; = —7/2,—5/2,...,7/2. In a magnetic field, this degeneracy is
canceled. The value of m; cannot be changed by laser light, therefore each of the
six zero-field hyperfine transition splits up into eight magnetic sublines. They are
separated by about 1 GHz. This spacing is not uniform and it slowly increases with
higher magnetic fields. The calculated transition frequencies in dependence of the

magnetic field are plotted in figure 5.2} Only one m; state can be addressed with a
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narrow linewidth laser which leads to a signal reduction to 1/8.
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Figure 5.2: Transition frequencies of the cesium Dy line in a magnetic field. The y-axis zero

corresponds to the line-center at 351.7257185 THz |\

Although a total of 64 transitions exist, only two groups are closed-cycle and
can be used without rapidly depopulating the initial ground state. In the basis of
|.J,my), they are:

1 1 3 3

Sz 22 1
27 2>_> 27 2>7 (5 5)
1 1 3 3

So4s S 42 1
2,+2>—> 2,+2>, (5.16)

with m; unchanged from initial to final state.
Figure [5.3] shows frequency scans over the group corresponding to the positive

sign ((5.16) at different magnetic fields. The plots show the fluorescence signal
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Figure 5.3: Fluorescence signal recorded from the group of closed cycle transitions |J =

1/2,my = +1/2) = |J' =3/2,m; = +3/2) in a magnetic field of 1T (a) and a superimposed

Toffe field of 3.6 T (b).

The group corresponds to the blue lines from Fi,.ound = 3 in figure

The diamonds show the calculated transition frequencies using equations (|5.7) and (5.8).

The double slashes indicate where the laser had to be retuned to cover the entire group. The

background signal is caused by scattered light from the laser. Figures (c) and (d) show a

magnified view of the first peak for both fields. The broadening of the line in the inhomogenic

Ioffe field is clearly visible. The FWHM from a Gaussian fit (solid line) is twice as large in

the second case. The z and y axis in figures (c) and (d) span over the same range for better

comparison.
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recorded with the InGaAs photodiode (figure [3.11). Subfigure [5.3|(a) is in the 1T
field of our Penning trap and (b) with the Ioffe trap energized in addition gener-
ating a total field of 3.6 T. The inhomogeneous component of the quadrupole field
causes a broadening of the transition lines in the second case. This can be clearly
seen in the magnified views (c¢) and (d), which show a single peak from each mani-
fold. For these low lying states, no discrepancy in the transition frequency between
calculation and measurement is observed. Therefore such scans can also be used
to determine the strength of the magnetic field with an accuracy of about 1mT
(= 1073). Measuring the magnetic field via cyclotron resonances of charged parti-
cles typically provides better accuracy, but the necessary amplifiers were not always

installed in the apparatus.

5.2.2 Second Transition

To estimate the energy levels of the Rydberg states, we used both methods described
in section Earlier experiments used lasers with spectral resolutions of several
GHz [52], 10° higher than our system, or focussed on the quasi Landau regime |71].

Figure [5.4] shows the deviation of calculated from measured frequencies Av =
Veale — Vmeas fOr a number of cesium Rydberg states between n = 37 and n = 50
in a 1T field. The energy levels range from about 2.7THz (n = 37) to 1.2THz
(n = 50) below the zero-field ionization limit (941.5 THz). For most states, both
methods yield good results with an uncertainty of 5 GHz or below. The matrix
diagonalization seems better suited to the lower n-states. The offset for the n = 37
state is significantly smaller than the one obtained from the semiclassical method.
For n = 50 however, diagonalization of the Hamiltonian results in an error of almost

90 GHz, presumably because not enough zero-field states were included in the cal-
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Figure 5.4: Deviation of the frequencies calculated by the two methods described in section

from experimental data Av = vegiec — Vineas for a number of Rydberg states in a 1T field.

culation. Adding additional states would greatly increase the computational time
required. On the other hand, the semiclassical method yields accurate estimates
in this regime and the complexity of the calculation does not increase for higher
n states. Why the deviation for the n = 46 state is slightly larger than for the
surrounding states is not clear.

Using one of the two methods, we were able to calculate the energy levels and
therefore the transition frequencies with an uncertainty of a few GHz for various
states in the magnetic fields of our Penning-trap. In the much higher field of the
[offe trap, too many states have to be included for a direct matrix diagonalization.
Therefore we can only use the semiclassical method in this case. However, the
uncertainty is still in the range of only a few GHz. Since this is well within the
tuning range of our 511 nm laser, we can easily find the transition frequencies once

they are calculated.
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Two of the resonances are shown in figure[5.5t The transitions to the n = 42 state
in a 1T field (a) and to the n = 38 state in a field of 3.1 T. This corresponds to the
Ioffe trap ramped up to 80 % of its maximum current. These are the states primarily
used for our experiments. The signal recorded is the field ionization current with a
stripping field of 300V /em applied (section while the frequency of the green
laser is swept across resonance. Similar to the first transition, a line broadening is
observed in the Toffe field, but in this case even more pronounced. Figures (¢) and
(d) show the field ionization current when sweeping the amplitude of the electric
field from —300V/cm to +300V /cm while the lasers are locked to the resonance
frequencies. Depending on the direction of the electric field applied, we collect
either negative electrons or positive cesium ions. The states are the same as in
figures (a) and (b). An amplitude of 300 V/cm is sufficient to ionize all Rydberg
atoms. lonization starts around an amplitude of 100 V/cm. This sets a limit to the
acceptable magnitude of stray fields. To avoid Stark-ionization of Rydberg cesium,
positronium or antihydrogen, the amplitudes of all fields within the electrode stack
must be kept well below this value.

The curves (c) and (d) show a small offset at zero electric field. We seem to
collect some positive cesium ions while the lighter electrons escape. We took great
care not to expose any dielectric materials to the cesium beam and to ground all
conducting components to prevent the build-up of electric charges that could ionize
Rydberg atoms. Instead, this effect may originate from an imperfect collimation of
the cesium beam or a slight misalignment of the field-ionization components. If Cs*
atoms hit an edge of one of the plates, they may ionize on collision. This should lead
to a deposition of cesium on the plate, however in very small quantities. Actually
no deposition of cesium is noticeable behind the first collimation baffle (figure 3.11)),

so this hypothesis cannot be tested without a much more detailed examination.
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Figure 5.5: Field ionization current recorded from stripping cesium atoms laser excitated
to Rydberg states. The magnetic fields are the homogeneous 1T field from the large solenoid
(left coloumn, (a, ¢)) and a Ioffe trap field of 3.1 T (right column, (b, d)). Without a magnetic
field, the states would correspond to 42D5/, (left) and 38Dj5/, (right), respectively. Figures
(a) and (b) show frequency scans of the green laser. The red diamonds are data points while
the solid line is a Gaussian fit to determine the widths of the peaks. As for the first transition,
figure the line is broadened in the inhomogeneous Ioffe field. Figures (c) and (d) show
sweeps of the electric field applied to ionize the Rydberg atoms with the lasers locked to
resonance. lonization starts around a field amplitude of 100 V/cm and 300V /cm is sufficient

to ionize all excited atoms.
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Similar data obtained with the copper vapor laser is found in [122| where a
maximum ion current of 40 fA was measured from the n = 37 state in a uniform
4.9T magnetic field. With our new laser system, we achieve a value 15 times higher
in our Penning trap field, figure [5.5(a), and three times higher in the Ioffe field
(b). However, the influence of the magnetic field should be noted. A larger field
causes stronger mixing of different [ states which reduces the contribution of the S
and D orbitals to the final magnetic field state. Therefore the excitation efficiency
decreases and the factor of 15 from figure [5.5(a) would be somewhat reduced in a
stronger field. On the other hand, the inhomogeneous quadrupole field of our Ioffe
trap causes additional broadening of the transition lines, so in a homogeneous field
of similar magnitude we would observe a stronger signal than in figure (b) Also,
the observed ion current depends on the amount of ground state cesium crossing
the laser beams.

The laser powers typically used for an experiment are 5mW from the infrared
and 175mW from the green laser. We achieve an incoupling efficiency into the
fiber of 75 % for both lasers simultaneously. The fiber feedthrough into the Penning
trap and several optical elements within the apparatus cause further losses so that
about 55 % of the initial power is available for laser excitation in the trap. At the
excitation region, the lasers are collimated to a beam of 1.5 mm diameter.

The first transition to the 6P/, state is easily saturated by the 5mW emitted
from the infrared laser. The expected excitation efficiency to Rydberg states can
be calculated by a rate equation model using the parameters above and the cesium
oscillator strengths [92]. Such a calculation was performed in [81] for the previous
excitation scheme using the pulsed copper vapor laser. The result was an expected
excitation efficiency of close to 24 % with the full power of the copper vapor laser.

The output power had to be restricted to 15% to limit the heat load on the cryo-

101



CHAPTER 5. LASER EXCITATION OF CESIUM IN MAGNETIC FIELDS

genic system. This reduces the expected efficiency to about 11 %. Adapting the
computation to our new laser system gives an efficiency of 48 % for the n = 42
state. This value is four times higher and comes very close to saturation. It should
be noted that the calculations neglect the effect of the magnetic field which mixes
different [-states and thus reduces the excitation efficiency. This is discussed in more
detail in section [6.2] However, the power available from our new laser may partly
compensate for this effect. If, for instance, the [-mixed Rydberg states retains % of
its D character, the excitation efficiency is still as high as 44 %.

From the manufacturer’s datasheet, we expect a stream on the order of ~ 10'?
ground state cesium atoms per second from the alkali metal dispenser. About
3:10% /s should pass the collimation baffles and reach the field ionization plates (figure
3.11)). The average field ionization current of 600 fA from figure [5.5(c) corresponds
to 4 - 10° Rydberg cesium atoms per second. We can only excite one of the 16
magnetic field ground states and some Rydberg atoms decay during the flight from
the laser excitation region to the field ionization plates. Considering these factors
gives an excitation efficiency of 33 %. While this number comes close to the value
calculated above, it should be taken with care. The datasheet only provides values
from a room temperature environment while our measurements were done with the
apparatus cooled to 4K and the exact output characteristic of the source is not
known.

Due to the higher oscillator strength, laser excitation to the 37D state should
be more efficient than to the 42D state. This is in clear disagreement with the data
from figure [5.5(d) which corresponds to 7% excitation efficiency. The difference is
due to the almost four times larger magnetic field which has a much stronger effect
on the energy levels. Especially the [-mixing is important since it drastically reduces

the effective dipole matrix element of the final state.
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Figure 5.6: Pre-heating cycle to provide a steady stream of Rydberg atoms. After a warm
up time of 360s, the current through the cesium oven is reduced. Another 30s later, the flux
of cesium atoms has reached a steady value. At this point, the lasers are unblocked, marking

the start of an experiment.

These calculations and measurements show that our new laser system provides
a significantly higher excitation efficiency than the copper vapor laser. Due to this
improvement, we achieve a larger stream of Rydberg atoms at a much lower usage
of cesium. This reduces the heat load on the cryogenic system and the deposit of
cesium on the collimation baffles. In combination with the larger cesium sources,
our new laser system allows operation of the trap for an entire AD beam run of
several months without the need to warm up the apparatus and break vacuum to
exchange the cesium source.

The source requires several minutes to reach an equilibrium temperature. During
this time, the output of Cs is slowly increasing towards a steady state value. To

reduce the waiting time until a constant flux of cesium atoms is reached, the source
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is pre-heated for each experiment. Figure |5.6| shows the field ionization signal for
such a pre-heating cycle. Usually the green laser is blocked during the warm up to
achieve well-defined starting points for each run. The pre-heating current is chosen
0.25 — 0.3 A higher than the steady state value of 4.2 — 4.8 A. After 360 s warm-up
time, the current is reduced and another 30 s later, the flux of Rydberg cesium atoms
has reached a constant level. At this point, the green laser is unblocked marking
the start of an experiment. Once the oven is turned off, the stream of cesium atoms
stops almost instantly. The figure shows two curves, one for the 2010 beam run and
one from the 2011 beam run. The current through the cesium oven differs by about
0.25 A in the two cases, but we are able to reproduce an identical flux of Rydberg

cesium atoms from one year to another.
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Chapter 6

Charge-Exchange Experiments

Chapters 3| and [4| described the ATRAP apparatus and the laser system. Laser
excitation of cesium atoms to high n Rydberg states in strong magnetic fields was
the subject of chapter f] So with the tools and methods covered, this chapter
contains our charge-exchange experiments. It starts in section with a brief
description of the required techniques to load and measure the large antimatter
plasmas we use for these experiments.

Chapter 5| showed laser excitation to various high-n states, however it is not
obvious which of these states is most suited for charge-exchange production of an-
tihydrogen. Our new tunable laser allows selection of an optimized Rydberg state
and the necessary considerations are subject of section [6.2]

With all the prerequisites attended to, section describes experiments to in-
vestigate the first charge-exchange reaction, the production of positronium. The

final step, charge-exchange production of antihydrogen, is discussed in section [6.4]
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6.1 Particle Loading and Counting

Section described our sources for charged antimatter particles, CERN’s An-
tiproton Decelerator and the York positron accumulator. They eject bunches of
antiprotons and positrons about every 100s and 30s, respectively. The following
section describes how these bunches are caught in our Penning trap. Multiple shots
are accumulated to load large plasmas of several 10° antiprotons and up to 4 - 10°
positrons. In addition to antimatter particles, electrons are used for diagnostics and
cooling of antiprotons and positrons. They are liberated by photo-emission from
UV laser pulses within the trap. The final part of this sections attends to the two

methods used to count the number of particles in our plasmas.

6.1.1 Electrons

Although our experiments are conducted with antimatter particles, electrons are
required for two reasons: They are available in greater numbers, at higher rates
and at much less cost per particle than positrons or antiprotons. So many of the

techniques to be used with antimatter particles are first tested with electrons.

Electrons are also essential to cool antiprotons. The 5.3 MeV p arriving from
the AD are slowed down by a gas-filled tuning cell and the degrader foil (section
to energies of a few keV. The electrode HV and the degrader DEG can both
be biased to —5kV, so they can confine keV p in the Penning trap. However, this
energy is still far too high for production of cold antihydrogen atoms which requires
antiprotons with energies below 1 meV.

Charged particles circulating in a magnetic field constantly cool by synchrotron

radiation. The energy radiated by an accelerated charged particle is given by the
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Larmor formula ( [98], chapter 11):

dE q*
dt  6mecd

i (6.1)
In a magnetic field, a charged particle is subject to the Lorentz force
L=mr=qfxB. (6.2)

Substituting equation 1) into 1) with 7 = v(bgzg and the cyclotron energy

E = %mvi leads to:

dE E
o e (6.3)
The solution to equation (6.3) is a simple exponential decay of the form
E(t) = Epe /™ | (6.4)
with the damping time .
R (65)

The magnetic field in the antiproton catching region is locally raised by a field-
boosting solenoid to 3.7 T. The dampening time for an antiproton in this field
is Tp(p) = 1.2- 10%s ~ 37 years. So on their own account, the p will need far too
long to cool. The time constant for the energy loss from synchrotron radiation scales
with m?, so an electron cools by a factor 18363 = 6.2 - 10° times faster which gives
Tp(e~) = 0.19s. Since e~ and p have identical charge, they can be confined in the
same potential well. The antiprotons transfer energy to the electrons by collisions,
which then quickly loose it via synchrotron radiation. The antiprotons thermalize
with the electrons on a fast time scale, so the time constant for electron cooling is

dominated by the time it takes the electrons to radiate energy. Electron cooling
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is a vital technique to obtain cold antiprotons. It is discussed in [117] and was
first demonstrated in [61]. It is now widely used, also in combination with other
techniques like adiabatic cooling [64]. In a similar manner, a cloud of electrons can
also be used to increase the cooling rate of positrons during loading and stacking
(section [6.1.2).

Electrons are liberated from the Be degrader foil at the bottom of the Penning
trap by photo emission from UV laser pulses [95]. The laser light is generated
by a KrF excimer laser (GAM Lasers EX5). 1t emits pulses of 10ns duration with
energies of 20 mJ and a wavelength of 248 nm. Its maximum repetition rate is 1 kHz,
but for electron loading it is operated at a much lower rate of 1 Hz to allow trapping
and cooling of electrons between subsequent pulses. The laser is located near the
top hat of the Penning-Ioffe trap, outside of the vacuum space (figure . Four
mirrors allow alignment of the beam which then enters the apparatus through a
window in a room-temperature section above the top-hat. Inside the vacuum space,
it is directed downward along the trap axis by a 45° mirror. Because positrons
are also loaded along the same path, the mirror is mounted on a motorized stage
which is retracted for e loading. The laser pulses travel downwards for a distance
of more than 2m before they hit the Be degrader foil. The work function of vacuum
deposited beryllium is 5.08 eV, slightly higher than the energy of the UV photons
of E = hc/\ = 5eV. However, once beryllium has been exposed to oxygen, its
work function reduces to 3.6 eV, which enables the UV photons to liberate photo
electrons from the degrader foil [44].

To catch the e™, the potential structure shown in figure is applied to the
electrodes in the lower stack. The electrons are accelerated away from the degrader
by a positive voltage applied to the TUBE electrode. The potential barrier on

LBF1 is pulsed up shortly after the excimer laser fires, allowing electrons to pass.
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Figure 6.1: Accumulation of electrons: The e~ are liberated from the degrader foil by
UV photons from an excimer laser. The potential well on LBE1 is pulsed up (dashed line),
allowing the e~ to enter the potential structure between electrodes LTE/ and LBE1. Once
trapped between the two electrodes, they lose energy by synchrotron radiation and cool into

the well on LTES3 before the next laser pulse arrives.

Once the barrier is restored, the e~ are trapped between the electrodes LTE/ and
LBFEI1. They quickly lose energy by synchrotron radiation and cool into the 80V
deep well on LTE3. The excimer laser is fired once per second. By this time, the
electrons are deeply confined within the well so that they cannot escape when the
barrier is pulsed up again to let the next bunch in. In this manner, large numbers
of electrons from subsequent laser pulses are accumulated. On average, several 108
e~ are loaded within 30s. When the electrons fall into a deep potential well, they

gain kinetic energy which they have to radiate away again. To reduce the cooling
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time, the well depth on LTES is initially set to 1V and after each laser pulse, it is
increased by 1V.

6.1.2 Positrons

Bunches of 107 positrons are ejected from the positron accumulator three times per
AD cycle or about every 30s (see section . They are guided into our Penning
trap via a several meter long transfer line shown in figure The transfer line and
steering of the et is described in detail in [33|. The positron bunches are caught
and accumulated in the Penning trap using the long catching well depicted in figure
On arrival of a e™ bunch, the potential barrier on electrode UTE1 is pulsed
down to let the e’ enter (dashed line in figure [6.2)). The barrier is restored before
any of the e reflected from UBR/J can leave again. The positrons are ejected from
the accumulator with a pulse of 63V. They lose most of their kinetic energy by
climbing the 58 V potential plateau between UTR15 and UBR2. To shorten the e™
cooling time, electrons are pre-loaded and stored in a nested well potential centered
on UTRS. The positrons lose energy by subsequent collisions with the e~ and
cool into one of the deep wells on UTR7 and UTRW before the next bunch of e™
arrives. Since the interaction time with the electrons is short and the positrons cool
into separate wells, losses from annihilation are negligible. Up to 2 - 108 positrons
are loaded before the trapping efficiency decreases. At this point, the electrons are
ejected by lowering the voltage on electrode UTRS. This merges the two positron
wells. Since the et have cooled to the bottom of their wells, no losses are observed
at this stage.

The positron cloud is then compressed to a radius of 2mm by a rotating wall

drive (section [3.2.3)) applied to the segmented electrode UTRW. The plasma is now
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Figure 6.2: Potential structure for loading positrons. On arrival of a e bunch, the barrier
on electrode UTFE1 is pulsed down (dashed line). The e lose energy by climbing the potential
plateau and by collisions with pre-loaded electrons. By periodic application of a rotating wall
drive, accumulation of up to 4 - 10° positrons is possible, many more than needed for our

experiments.

either used for experiments or to cool additional bunches of positrons to accumulate
even larger numbers. By applying a rotating wall drive every half hour to counteract
plasma expansion, up to 4 - 10° positrons are loaded. This number is much larger
than needed for any of our experiments. For charge-exchange production of H, we
typically use 3-10% e per trial. Unlike previous experiments [122|, we are therefore

not limited by the number of positrons available.
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6.1.3 Antiprotons

The antiprotons enter the Penning trap with an energy of 5.3 MeV, 10° times more
than the positrons. This requires a multi-stage process for p loading, starting with
steering of the incident beam into the trap and reducing the p energy by three
orders of magnitude. Inside the trap, the antiprotons are caught in a high-voltage
potential well and rapidly cooled by collisions with a preloaded electron plasma.
After p loading, the e™ must be ejected since they would strongly interfere with
antihydrogen experiments. The catching efficiency is greatly enhanced by the field
boosting solenoid that increases the magnetic field in the trapping region during p
loading. To prevent losses from plasma expansion, a rotating wall drive compresses

the radius of the p cloud before the field boosting solenoid is ramped down again.

Beam Steering

Antiprotons are ejected from CERN’s AD in bunches of 3 - 107 once every ~ 100s.
They are sent through a beam line along the floor of the AD hall and bent upwards
into the Penning trap by steering magnets (see figure . For efficient catching,
the p must enter the trap on axis. Hysteresis effects in the room temperature
electro-magnets and the numerous magnetic fields from several experiments in the
AD hall require fine tuning of the currents through the steering magnets at the
beginning of each beam shift. Two detectors located underneath the Penning trap
allow measurement of the incident beam’s trajectory. The antiprotons first pass
through a segmented silicon detector located ~ 1m below the trap. The beam
is centered on this detector by tuning the currents through the steering magnets.
The silicon detector is mounted on a rotatable cube. Turning it by 90° moves the

detector out of the path of the beam and lets the p pass into the trap through an
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aperture. The silicon detector is used for rough steering of the antiproton beam.

For fine tuning, a parallel plate avalanche counter (PPAC) is installed just below
the bottom of the Penning trap. It consists of two anodes and a common cathode
oriented in the plane perpendicular to the beam. Each anode has five 2mm wide
strips of aluminum foil evaporated on Mylar. They are separated by 0.5 mm. The
cathode is made of aluminized mylar foil. The strips of the two anodes are oriented
in right angle, so that one serves as diagnostic for the  and the other one for the
y direction. The space between the anodes and cathodes is filled with argon gas at
atmospheric pressure. Antiprotons passing through the cell ionize gas atoms. The
liberated electrons are accelerated towards the anodes by voltages of 150V applied
to the strips. The device is operated in linear mode so that the charge collected
from each strip is proportional to the number of p that have passed through it. The
PPAC detector allows reliable fine tuning of the beam position to achieve repeatable

antiproton catching conditions for each beam shift.

Reduction of Beam Energy

The AD decelerates the antiprotons by three orders of magnitude from 3.6 GeV
down to an energy of 5.3 MeV. This is still too high to trap them with electrostatic
potentials, so further reduction of their energy is required. For this purpose, a
beryllium degrader foil and a gas filled energy tuning cell are installed in the beam
path. The two 10 um thick titanium foils that separate the Penning trap’s vacuum
space from that of the AD and the thin mylar foils of the PPAC also slow the
antiprotons, but most of the p energy is deposited in the 100 um thick Be degrader.
The gas tuning cell installed between the PPAC and the degrader allows active
control of the p energy loss. It is filled with a variable mixture of He and SFg. A
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larger fraction of SFy corresponds to a higher energy loss. Under typical operation
condition of the AD, the p catching efficiency is highest with a gas mixture of
(by number) 80 % He and 20 % SFg. Only about 0.5 % of the antiprotons passing
through the gas cell and the foils emerge with an energy low enough to be caught

by the 5keV potential barriers in the Penning trap.

Installation of the new ELENA ring will significantly improve this situation |108].
ELENA will further decelerate the p down to 100keV so that the thickness of the
degrader foil can be reduced, improving the trapping efficiency by at least an order
of magnitude. Right now, we need about an hour of beam time to accumulate the
several 10% antiprotons we need per experiment. With a higher trapping efficiency,

this time will be much shorter.

Catching and Accumulation

Trapping and accumulating antiprotons is done in a similar manner as positron
loading. The signs of the potentials must be inverted and larger amplitudes of the
confining barriers are required to catch the antiprotons that still arrive with energies
of several keV. For this purpose, two electrodes, HV and the degrader foil DEG,
can be biased to —5keV. As mentioned in section [6.1.1] antiprotons require a very
long time to lose energy by synchrotron radiation. Therefore cooling with electrons
is essential. About 108 e~ are pre-loaded, spun up to a radius of 6 mm and placed
into the potential structure shown in figure When a p shot arrives from the
AD, the potential barrier on the degrader foil DEG is raised from —5000V up to
+600V (dashed line) to let the p in. The barrier is restored to its negative value
300 ns after the p are ejected from the AD. This prevents the antiprotons reflected

from the second barrier on HV to escape again. Once confined, the p lose energy
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Figure 6.3: Potential structure for trapping and accumulating antiprotons. The electrodes
HYV and DEG are biased to —5kV and form a confining well for high energy p. On arrival of
a p bunch from the AD, the barrier on DEG is pulsed up to let the p in. Once trapped, the p

lose energy by collisions with pre-loaded electrons and cool into the e~ well on LTE3 before

the next shot of antiproton arrives from the AD.

by collisions with the electrons stored on electrode LTES3 and cool into the e~ well

before the next shot from the AD arrives.

The field boosting solenoid increases the magnetic field around the p trapping
region to 3.7T. Raising the field compresses the antiproton bunches to a smaller
radius, which increases the fraction of p that can be retained. In the 1T field of
the large solenoid, about 3 - 10* p are caught per AD shot. With the magnetic field
increased to 3.7 T, this number increases by a factor of five to 1.6-10°. Furthermore,

the stronger field reduces the time the electrons require to cool by synchrotron

115



CHAPTER 6. CHARGE-EXCHANGE EXPERIMENTS

radiation, equation . The dampening time is reduced to 0.19s compared to
2.6sin a 1T field.

When the intended number of p has been accumulated, the mixed electron an-
tiproton plasma is spun up to a radius of » >~ 2mm by a rotating wall drive applied
to the segmented electrode LTRW. Afterwards, the plasma is stored in a 80 V deep
well on LTE3 and the electrons are removed by a series of fast voltage pulses. The
confining potential well is pulsed to zero for 75ns. This is short enough to allow
a large fraction of the light electrons to escape while the much heavier antiprotons
remain trapped. Typically, three or four pulses are applied which leaves a small
number of electrons in the p. From the initial 10® e~, about 6 - 10® or 9 - 10? are
retained from three or four pulses, respectively. These numbers are small enough
so that they do not affect antihydrogen experiments, but they still provide cooling
for the p [64]. The rapid voltage pulses heat the p, so the plasma is left to cool for
10 minutes.

Afterwards, the field boosting solenoid is ramped down. During the ramp, the
radius of the p plasma expands to almost twice its original value. Without compres-
sion from the rotating-wall drive, a large fraction of the p would hit the electrode
walls during expansion and annihilate. With the magnetic field lowered to 1T, the
antiprotons are transfered to the upper part of the electrode stack where they can
be used for antihydrogen experiments.

About 1.6 - 10° to 2 - 10° antiprotons are caught per shot, depending on the per-
formance of the AD. The field boosting solenoid and rotating-wall drive allow linear
accumulation of up to 107 antiprotons in a time of 90 minutes. This is an improve-
ment by a factor of 14 compared to the 7-10° p that were previously accumulated
in the 1T field. Up to 10° p are loaded loss-free. For larger plasmas, a few percent

of the antiprotons are lost during the rotating wall drive and the solenoid ramp
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down. Most of our current experiments that produce antihydrogen by three-body
recombination use 10° p per trial. For charge-exchange experiments, we typically

use larger plasmas of 5 - 10° antiprotons.

6.1.4 Counting Particles

Well controlled experiments require the use of identical particle numbers for each
trial. At ATRAP, the number of particles in our large plasmas is determined by
one of two methods: Charge counting and annihilation detection. Only positrons
can be counted by both methods. Our typical antiproton plasmas are too small
to accurately measure their charge while annihilation detection of electrons would
require an antimatter target. The two methods are destructive, so we have to rely
on reproducible loading techniques. For each particle species, electrons, positrons
and antiprotons, the number acquired per pulse depends on the performance of the
corresponding source, the excimer laser, the positron accumulator and the AD. Since
the conditions of these machines may vary, calibrations are run at the beginning of

each series of experiments.

Charge Counting

Our plasmas consist solely of singly charged particles, therefore the total charge
of the cloud @ is directly proportional to the number of particles in the plasma.
To measure (), the particles are sent onto a Faraday cup coupled to a charge-
sensitive preamplifier. In the BTRAP Penning trap, the degrader foil used to slow
antiprotons also serves as a Faraday cup. Figure|6.4|shows the potential for counting
an electron cloud. The particles are held in a well on electrode LTES3 and a voltage

ramp towards the degrader is set up. The degrader itself is biased to a positive
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Figure 6.4: Potential structure for charge-counting electrons. The e~ are held in the well
on LTE3 and are pulsed onto the Be degrader foil. The well depth is gradually reduced, and
after each step, the barrier is pulsed up (dashed line) allowing the most energetic particles
to escape and hit the degrader. The degrader is connected to a charge-sensitive preamplifier.

For e' counting, the sign of the potentials must be inverted.

voltage to suppress emission of secondary electrons. FEach electron ejected from
the foil would be counted as a positive charge hitting the degrader and would thus
influence the result. To avoid saturation of the preamplifier, the electrons are ejected
to the degrader in several steps of 1s duration. In each step, the barrier on LTE2 is
pulsed up for 75 ns allowing the particles with highest energy to escape. Afterwards,
the well depth is lowered by 2.5V until the well is inverted. The measurement also
determines the energy distribution of the plasma: High energy particles are pulsed

out first while the coldest ones are deeply confined in the well and can only leave
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when its boundary is sufficiently lowered.

Each pulse induces a noise in the charge sensitive preamplifier corresponding to
an impact of about 100000 charges on the degrader. Therefore charge counting is
only suitable for our large lepton plasmas with N = 10" —10%. For positrons, the sign
of the potential well and the ramp in figure[6.4 has to be inverted. The degrader must
still be biased to a low positive voltage to suppress emission of secondary electrons.
Our antiproton clouds typically only contain N = 10° particles, so counting the p

via their annihilation signature is much more accurate.

Annihilation Counting

Particle counting via annihilation detection essentially works in the same manner
as charge counting. The particles are held in a potential well and are gradually
pulsed onto the degrader. This is identical to the procedure depicted in figure [6.4
Instead of the charges, the annihilation events registered by our detector system
are used to count the particles. The scintillating paddles and fibers are specifically
designed for detection of antiproton annihilations, see section [6.4.2 Therefore this
method is most suited for counting antiprotons. The 511 keV ~ quants from positron
annihilations are also registered by the scintillating fibers, but only with a low
efficiency of 0.5%. The scintillating paddles are not sensitive to the ~ particles.
Still, the e plasmas used are large enough so that annihilation counting of positrons

is also a valuable and frequently used method.
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6.2 Choice of Rydberg State

Our new laser system allows us to access a wide range of Rydberg states (chapter
5). In principle, all of these states are usable for charge-exchange production of
antihydrogen, but in practice a number of factors severely limit the effectivity of
most states. Low levels are not suited because of their small cross sections while
for high states, the excitation efficiency strongly decreases. In the following section,
the relevant factors are discussed and evaluated to find an optimum Rydberg state.

The cross sections for charge-exchange collisions were calculated in [82] by clas-
sical trajectory Monte Carlo (CTMC) simulations. They are proportional to the ge-
ometric size of the atom and therefore scale with 72 o n. For the charge-exchange

production of positronium and antihydrogen, the simulations resulted in

ops = 9.7ng, Tag (6.6)

op = 58np, maz (6.7)

where qg is the Bohr radius and ne, and np, are the principal quantum numbers of
the cesium and positronium atoms, respectively. The binding energy is transfered
in the charge-exchange collisions, but due to the different reduced masses in the
two systems, ucs ~ m, and pps = 1/2m,, the same binding energy corresponds
to a different n state, namely np, = ney/v2 [82]. For ne, = 40, the cross section
values are op, = 2.2-107%cm? and o5 = 3.3 - 1072 cm?. These cross sections were
originally calculated in absence of a magnetic field. However, later simulations show
only small deviations if a magnetic field is included [45,[132].

The Rydberg cesium atoms must cover a distance of 6 cm from the laser excita-

tion region to the center of the trap, where the positrons are stored (figure|3.11]). At
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thermal velocities, this corresponds to a time of flight of 220 us. Without a magnetic
field, the lifetime of the 40D state is ~ 38 us |55] so that most Rydberg atoms would
decay before reaching the positrons. While the magnetic field complicates laser ex-
citation, it has a positive effect on the lifetimes of the Rydberg states: The field
mixes the D state with higher [ orbitals which have much longer lifetimes. Thus,
the lifetime of the resulting state is significantly larger than the zero-field D state.
The amount of [-mixing is determined by the relative strength of the magnetic field.
It increases for higher n-states or stronger fields. If the final n-state is an equal

mixture of all [- and m-levels, its lifetime is given by [26]

S (3)5 % (In(2n — 1) — 0.365) " . (6.8)

A fully mixed n = 40 Rydberg state in cesium already has a lifetime of more
than 1ms, so practically all Rydberg atoms survive until they reach the positrons.
Measurements with the front- and rear side field ionization detectors (see figure
indicate that for n = 40 and B = 1T, we are not in the fully mixed regime, yet.
A rough estimate using the signal amplitudes from front- and rear-side detectors
and the expected loss from geometric factors gives a lifetime of about 170 us for the
n = 40 state. The lifetime is therefore significantly prolonged by [-mixing, but the
losses from decay of the excited state are not negligible. With a lifetime of 170 us,
less than 30 % of the cesium atoms are still in an excited state when reaching the
positrons.

The cross sections and lifetime favor using states as high as possible. On the
other hand, the [-mixing that increases the lifetime also decreases the efficiency
for laser excitation. From the intermediate 65/, level, optical dipole transitions

are only possible to an S or D state. The more [-mixing occurs, the less S or
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D character is preserved in the final state, thus reducing the efficiency for laser
excitation. Additionally, the oscillator strengths also decrease for larger values of n.
The lower binding energy of higher n-states is also an important factor. The

electric field amplitude required to field-ionize a Rydberg atom scales with n=* [69]

2
H g 1

e

In higher n-states, the atoms are therefore easier stripped by stray fields or the
space charge potential of the positron cloud. This limits the number of positrons
that can be used per experiment.

As shown in figure[6.5|(a), these factors scale over several orders of magnitude for
the cesium states of interest. To find the optimum Rydberg state, all the relevant
factors must be taken into account. First of all, the cesium atoms are laser excited.
In general, the oscillator strengths scale as n=2 [69]. The l-mixing from the magnetic
field further reduces the excitation efficiency. If the lifetime of the n-state is too low,
a significant fraction of the Rydberg atoms will decay in flight. For sufficiently high
states, practically all Rydberg atoms reach the positrons and an excitation to still
higher n-states only results in a minimal gain. These factors determine the fraction
of cesium atoms that reach the positrons in a Rydberg state. The efficiency of the
charge-exchange process itself is then determined by the cross sections, equations
and , and the number of positrons and antiprotons. The number of e* is
limited by their space-charge potential. The electric field generated must be kept
below the field required to Stark-ionize the Rydberg states, equation . The
number of antiprotons used is typically two orders of magnitude smaller, so their
space charge potential can be neglected here.

The result of this optimization, the normalized cross section for antihydrogen

production per Cs atom, is shown in figure [6.5(b). The steep increase on the left
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Figure 6.5: Selection of the optimum Rydberg state. (a) Factors that contribute to the
antihydrogen production efficiency scale over several orders of magnitude. Namely, they are
the cross sections for Ps and H production ops and o, respectively, the lifetime of the
Rydberg state 7 and the electric field amplitude Fr; necessary to Stark-ionize the Rydberg
atoms. (b) The normalized cross section for antihydrogen production considering these factors
shows a narrow maximum around the selected n = 42 state. The level accessible with the

fixed-frequency copper vapor laser is also indicated.

hand side is due to the n*-dependence of the cross sections and the increasing
lifetimes of the Rydberg states. The gain from longer lifetimes levels off above
n ~ 40. The [-mixing becomes more prominent in this regime as the spacing between
neighboring energy levels decreases and the overall decline in excitation efficiency
causes the drop on the right hand side of the plot. The curve has a narrow maximum
centered around n = 42, which is the state we select to use. Cesium atoms in this
state survive electric fields up to ~ 100 V/cm (see figure [5.5](c)), which is sufficiently

large to avoid ionization by stray fields within the trap. It allows us to use plasmas

with up to 3 - 10® positrons.

As indicated in figure [6.5b), the n = 37 level used in ATRAP’s earlier exper-
iment in 2004 [126] has a much lower efficiency. This state was set by the fixed
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frequency of the copper vapor laser. The 2004 experiment used a five times larger
magnetic field of 5.3 T. Since this causes stronger [-mixing at lower n-states, the
maximum in figure[6.5(b) is shifted towards lower Rydberg states in this case. How-
ever, using the copper vapor laser and therefore the n = 37 state in the 1T field of
our current apparatus would decrease the production efficiency for antihydrogen by
an order of magnitude.

The quadrupole loffe trap increases the magnetic field at the laser excitation
region to 3.6 T. The same optimization could not be done in this stronger field since
too many states would have to be included in the determination of the remaining S
and D character (see section . Instead, we chose n = 38, one level above the
n = 37 state used in the 5.3 T field.

The wide tunability of our new laser system proved to be an important advance-
ment. Since it offers access to all Rydberg states above n = 20, it allows us to select

the state most fitting to the experimental conditions.

6.3 Positronium

With the prerequisites for charge-exchange experiments attended to, the next step
is to examine the first charge-exchange reaction: the formation of Rydberg positro-
nium. As for other antihydrogen experiments, the voltages applied to the Penning
trap electrodes must be thoroughly chosen. The potential structure used for Positro-
nium production is shown in figure [6.6, When designing such a structure, a number
of possible issues must be avoided. Any voltage applied to the cesium electrode CS
produces an electric field which adds to that generated by the space charge of the
positrons. To avoid ionization of incoming Rydberg cesium atoms and to maximize

the number of e, the voltage on CS is set to 0V for all charge-exchange experi-
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Figure 6.6: Potential structure for Positronium experiments. The solid blue line shows the

potential along the trap axis, the dashed red line corresponds to the electric field amplitude.

The e™ are initially placed into a shallow harmonic well centered on the CS electrode. When

Ps* are made, they leave this well and some will enter the deep detection well to the left

which ionizes the Ps* and traps the e*. The lower end of the trap is towards the right hand

side of the figure.

ments. The positrons must be held in a harmonic potential to avoid expansion of the

plasma. Minimizing the anharmonic coefficients Cy and Cyg (section [3.2]) constrains

the voltages on the electrodes neighboring CS.

To verify the production of Positronium, a detection well is set up on electrode

UTR10. This technique was first developed to detect antihydrogen produced by
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three-body recombination [59], but it is also applicable to similar excited atomic
systems like Positronium. A voltage of 1000V is applied to an electrode close to
the positrons, which generates a deep potential well. Positronium atoms that form
by charge-exchange collisions in the positron plasma are electrically neutral and
therefore not confined by the Penning trap. They emerge with a roughly isotropic
distribution and some enter the detection well. The strong electric field Stark-ionizes
the positronium atoms on entry and the positrons are confined in the detection well.
The well can trap positrons from Ps* that ionize between 50 V/cm and 300V /cm.
The upper bound is given by the maximum voltage of 1000V that can be applied
to the electrode UTRI10. Figure [5.5(c) shows that a field of 300 V/cm is sufficient
to ionize all cesium atoms in the n = 42 state. The binding energy of the Rydberg
Cs* is transfered in the charge-exchange collisions first to positronium and then to
the antihydrogen atoms. These are therefore Stark-ionized by the same electric field
amplitude. A field of 300 V/cm Stark-ionizes cesium atoms in states from n = 32
upwards, equation . While some fraction of the Cs* atoms will decay in flight
(compare section , this is no issue for the positronium. For a sufficiently cold
positron plasma, their velocity is determined by the classical speed of the Rydberg
electron in the cesium atom:

62

(6.10)

- Areonh

For n = 42 this equates to v = 52000m/s and the Ps* will reach the detection
well within 1ps. Positronium forms in a state with np, ~ nes/v2 ~ 30 [82].
From equation , a lifetime larger than 600 us is expected, so practically no Ps*
will decay on its way to the detection well. The e from Ps* that ionizes below

50V /em cannot be confined. These atoms are stripped high up in the shoulder of
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the detection well between electrodes UTRS and UTRW and since the barrier on
the left hand side of the well must be lower (see below), the positrons gain enough
energy to pass through the detection well and leave on the left hand side. A stripping
field of 50 V/cm can only ionize states with nps > 35. The distribution of np, from
n = 42 cesium atoms is sharply peaked around nps; = 30. Therefore we expect to
catch the majority of the Ps* atoms produced in the detection well.

After an experiment, the remaining particles from the initial positron well are
ejected. The particles in the detection well are then counted by the methods de-
scribed in section Each positron found in the detection well corresponds to
a Positronium atom. To prevent false counts, the potentials must be designed so
that all positrons which escape from their initial well by some mean pass through
the detection well without being confined. To this purpose, the left hand side of
the detection well is slightly lower so that all charged particles that cross the right
hand side barrier have sufficient energy to exit the detection well again. The slope
on the right hand side of the positron well is designed to guide electrons towards the
degrader. A potential structure with a second detection well, as it was used previ-
ously [122], could trap electrons with high energies that would oscillate through the
positrons, heating them up and reducing the production efficiency. The potential
structure used now is designed to guide every free charged particle to the upper or
lower end of the trap in a single pass.

Before each experiment, the cesium oven is pre-heated with the lasers blocked
(see section . When the beam blocker is opened, we see an immediate rise in
the event rate of the scintillating fibers caused by positronium atoms that leave the
et well and annihilate on the electrodes, see figure [6.71 When the laser is blocked
again, only ground state cesium is sent into the positron cloud and due to the

much lower cross section, no positronium is made and the detector signal reduces to
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Figure 6.7: Signal from the scintillating fibers during a positronium experiment. The lasers
are sent into the apparatus for 10s intervals with 30s pauses in between. The laser excited
cesium atoms interact with the e, forming positronium which then emerges from the trap
and annihilates on the walls. Due to the n* dependence of the cross section, no positronium is

produced when the lasers are blocked and the count rate from the fibers drops to background.

background. Figure shows the signal from the scintillating fibers when the lasers
are sent into the trap for 10 s intervals, separated by 30s. This specific measurement
was started with the cesium oven still in its warm-up phase, therefore the second
plateau is higher than the first one. It also used a higher flux of Cs* than most
other experiments, therefore the e™ are used up in a short time causing the decrease
in signal amplitude. No difference is observed whether both lasers are blocked or
only one at a time. Taking the detector efficiency of 0.5 % for positron annihilations
into account, the trace in figure corresponds to about 6 - 10 Ps* produced in the

five “laser-on” cycles.

For a more thorough series of Positronium experiments, clouds of 30 million e*
with a radius of 4.5 + 0.5 mm are loaded and placed into the potential structure of
figure [6.6] The cesium source is pre-heated for 360s. The beam stopper is opened

after 390s for a time window ranging from 225s to over an hour. After the run,
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Figure 6.8: Number of positrons found in the detection well for different runtimes of the
cesium oven. Each e corresponds to a Positronium atom emerging from the e™ well on-axis.
The number saturates around 750 000 Ps* when all of the 30 Million e* are used up. In control

trials with the infrared laser detuned, no et are found in the detection well.

the remaining et from the initial well are ejected and finally, the positrons from the

detection well are pulsed to the degrader and counted using the scintillating fibers

(section [6.1.4]).

The results are shown in figure for the cases of the lasers tuned to the
cesium resonances (blue circles) and the infrared laser detuned (red crosses). In
the first case, we find reproducible numbers of positrons in the detection well that
increase with runtime. Each et corresponds to a positronium atom that emerged
from the positron well on axis. Only those will reach the p and are thus usable
for antihydrogen production. The error bars in figure originate from averaging
over several trials for each runtime. The number of e™ found first increases almost

linearly and then saturates around 750000 when all positrons in the initial well
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are used up. In later antihydrogen experiments using larger positron clouds, over
1 million positronium atoms were detected by charge counting electrons confined
in an antihydrogen detection well (see section . If the 852 nm laser is detuned
from resonance, the positrons only interact with ground state cesium and due to
the much lower cross section, no positronium atoms are produced. All data points
from these control trials are consistent with zero.

The numbers from our longest trials correspond to a on axis angular production

efficiency of
dNPs
ds)

= 2.1-10% atoms/sr, (6.11)

which is an increase by a factor of 520 compared to previous results [122]. Most of
this is due to the larger particle clouds that are now available in the new apparatus.
The earlier experiments were limited by their positron source to 2-10° e* per trial, a
factor of 150 less. Normalized to the number of positrons, our efficiency is still larger
by a factor of three. This is most likely due to eliminating the second detection well
used in [122| which formed a large trapping well for electrons with the positrons
located in its center so that the e~ could oscillate through the positrons and heat

them.

6.4 Antihydrogen

With the production of Rydberg positronium well under control, the following sec-
tion focuses on antihydrogen experiments. The first part, section describes the
series of measurements performed and a new detection method developed to verify
production of antihydrogen atoms. This method requires a more elaborate analysis

of the data gathered from the detector system, which is subject of section [6.4.2]
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The final results are then presented in section [6.4.3

6.4.1 Experiments

The potential structure for antihydrogen production has to meet the same require-
ments than the one for the positronium experiments, with the additional complica-
tion that a second harmonic potential well must be included to hold the antiprotons.
The positronium atoms emerge from the e* cloud with an almost uniform distribu-
tion [45]. To maximize the number of Ps* that interact with the antiprotons, the p
must be placed as close to the et as possible. Ideally, both particle clouds are held
on neighboring electrodes. On the other hand, harmonic wells are necessary to limit
expansion of the plasmas. In our stack of radius length electrodes, this requires
wells that span over several electrodes.

The final potential structure is a compromise between these two conflicting re-
quirements. It is shown in figure The positron well is similar to the structure
used for positronium experiments, figure [6.6f The antiprotons are located in a
shallow well on electrodes UTR3 and UTRj.

The distance from the positron well to the antiprotons is about the same than
to the positronium detection well in figure Therefore the same fraction of
positronium atoms that reach the detection well is also available for charge-exchange
production of antihydrogen. The detection well on URING and its neighboring
electrodes is identical to the one used for the Positronium experiments, only its sign
is inverted to confine antiprotons instead of positrons. As before, potential ramps
guide electrons onto the degrader and unbound positrons towards the upper end of
the electrode stack. This ensures that no free charged particles oscillate through

the trap heating the et or p plasmas.
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Figure 6.9: Potential structure for charge-exchange production of antihydrogen. Compared
to the structure for Ps* production, figure[6.6] it has an additional well containing antiprotons
and the sign of the detection well is inverted to confine antiprotons from stripped H. The
y-axis of the inset is magnified by a factor of 10. As before, the lower end of the trap is
towards the right hand side of the figure.

The number of positrons used per experiment is limited by the particle’s space-
charge potential. Cesium atoms in the n = 42 state ionize at fields of about
100 V/cm and above, figure [5.5[c). We set a factor of two safety margin in the
acceptable electric field amplitude, limiting it to 50 V/cm. This corresponds to a

maximum of 3 - 10® positrons per experiment, ten times more than for the positro-
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nium trials in section and 200 times more than used in ATRAP’s first charge-
exchange experiment [126]. The antiproton plasmas typically used at ATRAP are
two orders of magnitude smaller, so their space-charge is no issue. For our charge-
exchange experiments, we use on average 5-10% antiprotons per trial, 20 times more
than before.

As before, the cesium oven is pre-heated for 360 s. When the laser beam blocker
is opened, we observe the same increased event rate from the fiber detectors as in our
positronium experiments (ﬁgure. This indicates that Ps* atoms are produced as
before. During a runtime of one hour, almost all of the positrons are used up, while a
large fraction of the antiprotons is retained. From the cross sections, equations
and , and the initial numbers we expect production of several 103 antihydrogen
atoms, so most of the p should be left in their well.

Despite these promising indications, we did not find any antiprotons in the
detection well in any of our trials. This means that either no H are produced,
or they are made, but not detected. In the second case, the detection well would
either be unable to strip the antihydrogen atoms or to confine the antiprotons.

To investigate this, we performed a series of tests. First, we used the fact that
a detection well for antihydrogen will also ionize Positronium atoms and trap the
electrons. We therefore charge-counted the content of the detection well at the
end of a run (section [6.1.4). In two trials, we found an average of 1.0 & 0.28 - 10°
negative charge counts when the detection well was pulsed out. The detector system
showed no events above background during the pulsing, therefore the charges must
originate from electrons and not from antiprotons. In control runs with the infrared

laser detuned, no electrons were found in the detection well. These runs show that:

e We are making Positronium atoms during our antihydrogen experiments.
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e Since the detection well is behind the p plasma (figure , at least 10° Ps*
atoms must have crossed the antiprotons and thus have had the possibility to

form antihydrogen.

e The detection well used is capable of stripping atoms with the same binding
energy than the antihydrogen atoms that should be produced. It can also
confine light charged particles.

This test rules out a couple of possible errors but does not definitely answer
the question whether antihydrogen is not produced or not detected. Therefore we
simulated antiproton capture by dropping a small amount of p in a detection well.
A cloud of about 90000 p is placed in a shallow well next to a deep detection well.
The small barrier between the two is either pulsed down or slowly lowered. A series
of runs was done for different depths of the detection well. We find that for on axis
well depths below 200V, only about half of the antiprotons are retained. For depths
above 500V, almost no p remain in the well. This includes the detection well used
for our H trials. The 1000V applied to the electrode URING corresponds to an
on-axis well depth of 760 V. The results are largely independent of how the the
barrier is lowered and the exact shape of the detection well. Also, placing the well
on different electrodes does not affect the outcome. We suspected that the electrons
from stripped Ps* might have a negative effect on the p. For instance, the centrifugal
separation of the two particle species observed in different experiments [65] may
drive the p out of the detection well radially. This, however, is a plasma effect
which should not occur at the low particle densities we expect in the detection well.
On the other hand, electrons may cool the antiprotons and thus help to stabilize
the p in the detection well. To determine the influence of electrons, a number of

runs were repeated with e~ preloaded into the detection well. However, no effect

134



6.4. ANTIHYDROGEN

from the presence of electrons is observed.

If antiprotons are loaded into a shallow well which is then deepened to 1000V,
all of them are retained. This indicates that, in contrast to the lighter electrons
and positrons, the antiprotons are not trapped when they fall into the 1000V deep
detection well. So far, the reason for the different behavior has not been identi-
fied. Previous charge-exchange experiments successfully used detection wells, but
required much lower voltages due to a smaller radius of the trap electrodes [126].
Instead of 760V, the on axis well depth was only 250 V. These experiments dif-
fered in a second important aspect which may also be related to the p behavior,
the strength of the magnetic field. The previous experiments of 2004 used a field of
5.3T, more than five times larger than the 1T field in our current setup.

The detection well was initially developed to count antihydrogen atoms produced
by three-body recombination [59]. The TBR process forms H in very high n states,
well above the Rydberg states used for charge-exchange experiments. Therefore the
well depths required are also much lower, on the order of 200V, and detection wells
have been successfully used for various experiments. Since a shallow well may be
able to retain p, we reduced the well depth from 1000V to 450 V. This also reduces
the amplitude of the stripping field, so we had to excite to a higher cesium Rydberg
state of n = 50 instead of n = 42. Unfortunately, the overall efficiency at this
high n state is greatly reduced (compare figure . The production efficiency for
positronium already dropped to 1/6, despite running the cesium oven at a higher
current and we were unable to see a signal from the H detection well.

Although the reason remains unclear, these test show that, under our exper-
imental conditions, a detection well is not a suitable tool to verify antihydrogen
production. Therefore we developed a different method depicted in figure[6.10] The

infrared laser is modulated with a mechanical chopper wheel, thus switching between
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Figure 6.10: New detection method to verify the production of antihydrogen: The 852 nm
laser is modulated with a chopper wheel. H production only happens when the laser light

reaches the excitation region and can be seen as excess p annihilations during these time

windows.
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ground-state and Rydberg cesium atoms. To keep the changes as minimal as possi-
ble, only the low power infrared laser is modulated while the much stronger green
laser is sent in continuously. In the time windows when both lasers are sent into the
trap, cesium atoms are excited to Rydberg states, followed by charge-exchange pro-
duction of positronium and then antihydrogen. Like positronium, the antihydrogen
atoms are not confined by the Penning trap and drift to the walls of the electrodes
where they annihilate. In the time slots when the infrared laser is blocked, only
ground state cesium is sent into the trap and due to the much lower cross section,
no charge-exchange reactions occur.

An analysis of the data collected from our detector system should therefore show
an excess of antiproton annihilations in the time slots when the infrared laser is sent
into the trap. To determine these time windows accurately, a small fraction of the
infrared light is split off after the chopper wheel and recorded with a photodiode.
This signal is directly fed into an input channel of the detector’s data acquisition
system. For consistency, the potential structure of figure [6.9}, including the detection
well, is used for these trials, too. We performed a series of experiments with this new
detection technique, but before presenting the results, the analysis of the detector

data is discussed in the following section.

6.4.2 Data Analysis

The detector system is described in section [3.4] It consists of two rings of scin-
tillating paddles and four layers of scintillating fibers, two vertical straight layers
and two helical layers. The data acquisition system (DAQ) offers two monitoring
modes: An online readout providing essential informations in real time and the full

acquisition system gathering more detailed data at a higher rate for a later analysis.
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event type | fibers firing | paddles firing | efficiency | bg rate [Hz|
fiber >1 - 2.1 2500
paddle - >1 0.75 450
Trigger 1 >2 > 0.48 30
Trigger 2 >2 > 2 0.16 4

Table 6.1: Criteria, efficiencies and background rates for the four event types commonly used
with the online detector readout. The efficiencies are for annihilations of p on the degrader
foil, as used for particle counting (section [6.1.4)). Since the foil is below the fiber ring, the

efficiencies for detection p that annihilate in the trap are higher.

The DAQ registers four different event types which differ in background rates and
efficiency to detect p-p annihilations. They are listed in table [6.I] The simplest
case is a fiber count, which corresponds to a signal from a single fiber. It has the
highest sensitivity, but also the highest background rate which is caused by cosmic
particles that constantly hit the detectors. The scintillating paddles are operated in
coincidence mode. A “paddle count” is registered when one of the 16 inner paddles
and the corresponding outer paddle fire within a 40 ns time window. Additionally,
two combined event types are defined: A “Trigger 1”7 event corresponds to at least
two fiber counts in coincidence with one paddle count. The more strict “Trigger 2”
event requires two fiber counts in combination with two paddle counts. These event

types are mostly used with the online readout.

The online system provides information about the status of an experiment in real-
time. For instance, antiproton shots from the AD can be observed during p loading
or losses from antimatter plasmas are instantly detectable. The online readout has

a maximum time resolution of 0.1s. This is sufficient for real-time monitoring, typ-
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ically it is run with 1s resolution, but for a more sophisticated analysis, a higher
time resolution is required. Also, the online readout only counts how many scintil-
lating fibers fired, but it does not record specifically which fibers registered a signal.
However, this information is valuable to discriminate between antiproton annihila-
tions and events caused by cosmic particles. An antiproton annihilating with its
matter twin typically generates several pions that leave on randomly distributed
trajectories. A cosmic particle on the other hand crosses the detector system in a
straight line. If all fibers and paddles that fire during an event are located on a
straight line, the event is most likely produced by a cosmic particle and is therefore
discarded. The position information is only recorded by the full data acquisition
system. This system also provides a higher time resolution of up to 1000 events
per second with a dead time of less than 20 %. Since it generates large amounts of
data, it is only used when its high sensitivity is needed, for instance when looking
for trapped antihydrogen atoms [62] or during charge-exchange production of H.
Each scintillating fiber and especially each paddle has a significant volume. It
is not traceable exactly where within this volume the detector was hit by a cross-
ing particle. Therefore identifying straight line trajectories and eliminating events
caused by cosmic particles requires a thorough analysis after an experiment. Each
event is characterized by its number of fiber- and paddle counts, the spatial dis-
tribution of these hits and how many adjacent fibers and paddles were triggered.
The first step in the analysis is to group all straight fibers that fired during an
event into clusters. A passing particle may strike several fibers, therefore clusters
can contain one or more fibers. A cluster with at least two fibers is referred to as
“multiplicity-2”. This distinction is made since a single triggered fiber may also be
due to electrical noise. The energy deposited in a fiber from a grazing particle may

be too low to trigger it, therefore single “dark” fibers are accepted within a cluster
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and a distance of at least two dark fibers is required between two clusters. Next,
the number of clusters separated by an angle of at least 7/8 radians is counted.
The angle, although somewhat arbitrary, is chosen large enough to ensure that the
two clusters are clearly separated. The same analysis is done for the helical fibers.
For the scintillating paddles, the number of coincidence counts and non-neighboring
coincidence counts is determined.

We then test whether the events fulfill twelve criteria originally, developed in

[100]. The test checks whether the event contains:

1. > 1 paddle coincidence.

2. > 3 helical fiber clusters.

w

. > 3 straight fiber clusters.
4. > 3 non-neighboring paddle coincidences.
5. > 5 fiber clusters, helical or straight.

6. > 5 helical fiber clusters OR
> 4 multiplicity-2 helical fiber clusters OR
> 4 helical fiber clusters separated by more than 7/8 OR

> 3 multiplicity-2 helical fiber clusters separated by more than 7/8

7. > b straight fiber clusters OR
> 4 multiplicity-2 straight fiber clusters OR
> 4 straight fiber clusters separated by more than 7/8 OR

> 3 multiplicity-2 straight fiber clusters separated by more than 7 /8
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10.

11.

12.

. > 2 helical fiber clusters AND > 1 straight fiber cluster or paddle coincidence.

A straight line through the helical fiber clusters may not pass through the
straight fiber cluster or paddle.

> 2 straight fiber clusters AND > 1 helical fiber cluster or paddle coincidence.
A straight line through the straight fiber clusters may not pass through the
helical fiber cluster or paddle.

> 2 paddle coincidences AND > 1 fiber cluster, helical or straight.

A straight line through the paddles may not pass through the fiber cluster.

> 2 multiplicity-2 helical fiber clusters separated by more than 7/8

AND > 1 paddle coincidence or > 2 straight fiber clusters.

A straight line through the helical fiber clusters must miss the paddle or
straight fiber clusters by at least 7/8.

> 2 multiplicity-2 straight fiber clusters separated by more than 7/8

AND > 1 paddle coincidence or > 2 helical fiber clusters.

A straight line through the straight fiber clusters must miss the paddle or
helical fiber clusters by at least /8.

An event may or may not fulfill each of these criteria, resulting in 2!2 = 4096

mutually exclusive classes. These classes are then tested with two sets of data,

one containing only events from cosmic background and one generated by letting a

known number of antiprotons annihilate in the trap. To each class, a merit rating is

assigned based on the number of p-p annihilations compared to the number of cosmic

events falling into this class. Classes with high merit ratings are mostly populated by

p-p annihilation events while classes with low merit ratings are mostly populated by
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cosmic events. A high merit rating therefore greatly reduces the cosmic background
rate, but also discards a significant amount of the p-p annihilations which may look
similar to cosmic particles. Arbitrary thresholds, or “cuts”, are then applied. All
events in classes with merit ratings higher than the threshold are accepted, the rest is
discarded. The overall detection efficiencies versus background rates are plotted for
a number of cuts in figure Cut number 1 is the strictest, it provides the lowest
background rate but also discards more than 90 % of the p-p annihilation events.
Therefore strict cuts are not suitable when searching for a small number of events,
for instance from trapped antihydrogen atoms. On the other hand, accepting too
many events will strongly increase the background rate. Cut number 16 for instance
has a detection efficiency about 14 % higher than cut number 13 (0.46 compared to
0.32), but its background rate is six times larger. The advantage of using position
information to discard events caused by cosmic particles becomes obvious when
comparing the cuts to the Trigger 1 and Trigger 2 event types also shown in figure
[6.11] The cuts achieve the same detection efficiencies at much lower background

rates.

6.4.3 Results

During the AD beam runs of 2010 and 2011, we performed a total of 11 antihydrogen
production experiments with the infrared laser modulated by the chopper wheel.
The particle numbers are identical to previous experiments, 5 - 10° p and 3 - 10% e™
are used per trial. Five of these runs are control trials where the infrared laser is
detuned from resonance. Two different arbitrary modulation frequencies are used,
9.3Hz and 117Hz. The longest time in the H formation chain is the 220 us the

cesium atoms need to travel from the laser excitation region to the center of the
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Figure 6.11: Antiproton detection efficiency versus background rate for a number of cuts.

For reference, the Trigger 1 and -2 event types that use no position information are also shown.

trap. The modulation frequencies must be smaller than the value defined by this
time: (220 us)™' = 4.5kHz. The runtimes are up to one hour with the full data
acquisition system running the entire time. When holding large particle clouds
of several 10°p for such long times, we always observe some losses. During an
experiment, on average 10% of the 5 - 10° p annihilate on the electrodes. When
searching for antiproton annihilations in coincidence with the “laser-in” time slots,
these losses cause the largest part of the background signal. Additional background
from cosmic events is small in comparison. Therefore, a cut with a good detection
efficiency and a relatively high rate for cosmic events can be applied. We use cut
number 14 which has a detection efficiency for p-p annihilations of close to 40 % and
a cosmic background rate of 2 Hz.

After applying the cut, the remaining events are sorted into two groups, depend-
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ing on whether the infrared laser was blocked at the time of the event or not. The
photodiode used to determine these time windows (figure has a non-negligible
rise time. Data points recorded while its signal is either rising or falling, plus a small
additional safety margin, are discarded. Finally, the number of antiproton annihi-
lations in all “laser-on” time frames is summed up and the corresponding number
from the “laser-off” time frames is subtracted. The number of excess antiproton
annihilations corresponds to antihydrogen atoms produced.

The results are displayed in figure[6.12] The individual runs are shown in subfig-
ure (a), grouped by modulation frequency. Subfigure (b) shows weighted averages
per modulation frequency and for all data points. The averages for both frequencies
do not quite agree, but given the scatter of the individual data points, this may as
well be a chance effect. The total average shows just above 2000 excess antiproton
annihilations in coincidence with the infrared laser going into the trap. For the
control trials, only the infrared laser is detuned from resonance while every other
parameter is unchanged. This includes operation of the cesium oven and modulation
of the lasers. If the infrared laser is detuned, no Rydberg excitation can take place
and only ground state cesium atoms enter the trap regardless of whether the laser
is blocked or not. Therefore no excess p annihilations should be observed. This is
the case for all control trials, all of the points are consistent with zero.

The error bars are determined by the square root of the total counts per time
bin. This background is caused by antiprotons being lost from their well. The
rate of this loss process varies from trial to trial, therefore the error bars are also
different. In some cases, the antiproton losses grew very large after 20 — 30 minutes.
This was often the case when experiments had to be run after the Ioffe trap had
been quenched to look for trapped H atoms from TBR trials [62]. Therefore only

the first 20 minutes of each run which show comparable plasma behavior are used
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for figure Those runs where the plasma remained stable for longer times show

almost twice as many excess p.
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Figure 6.12: Results of antihydrogen experiments using the modulated laser detection (figure
. The runtime for each point is 20 minutes. Two modulation frequencies are used: 9.3 Hz
(green circles) and 117 Hz (blue diamonds). Full symbols indicate experiments with both lasers
on resonance, while open symbols correspond to control trials with the infrared laser detuned
from resonance. Graph (a) shows the individual runs while graph (b) displays weighted
averages for both modulation frequencies and a weighted average of all data points (red

squares). The overall average corresponds to just over 2000 antihydrogen atoms produced.

The expected number of antihydrogen atoms can be calculated from the cross
section, equation (6.6)), the density of the p plasmas, its diameter and the number

of positronium atoms that interact with the antiprotons:
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Typical plasma densities and diameters are n; = 10" m™ and d; = 10 mm,
respectively. The positronium trials found 4 - 10° Ps* in the detection well after
20 minutes. The antihydrogen experiments use a factor of ten more positrons and
a three times higher flux of cesium atoms and the number of Ps* should scale
appropriately. A correction has to be applied due to the different cross sectional
areas: The plasma radius is 5 mm while the detection well strips Ps* atoms up to a
radius of 16 mm.

Inserting the numbers and considering a duty cycle of 50 % due to the chopper
wheel gives an expected number of ~ 2400 H atoms, which is very close to the
number observed. However, some estimates had to go into the calculation so the
agreement should not be overrated.

The detection method assumes that charge-exchange production of antihydro-
gen is the only mechanism that produces antiproton losses in coincidence with the
laser modulation. Any other process that would generate the same signature must
have a turn-on time 7,, and turn-off time 7, faster than the time constant of the
modulation frequency: To,/5r < (117Hz)™' = 8.5ms. Also, to follow the same
pattern, such a process must be triggered by the 852nm laser. Thermal effects act
on time scales much longer than a few ms. This can be seen for instance from the
heating curve of the electrode stack by the cesium oven, figure [3.12] The lasers
do not have a direct line of sight to the electrodes (see figure and no heating
of the stack is observed even from the 200 mW green laser. The infrared laser is
operated at 5mW, so a thermal effect from switching this power on and off can be
safely excluded. A second possible effect is heating of the p plasma from secondary
particles. Positronium atoms that form antihydrogen by charge-exchange collisions
deposit electrons in the p plasma. If these electrons acquire high energies, they

could transfer it to the antiprotons via collisions. This thermalization may happen
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on a fast time scale [64], so it could explain an increase of the p loss rate. But
in order to mimic charge-exchange production of H, the loss rate must revert to
background once the laser is blocked. Thus the energy added by the electrons must
also be removed on the same time scale. The fastest process for energy loss of a
mixed p-e~ plasma is synchrotron radiation from the electrons, which, in a 1 T field
has a time constant of 2.6 s, equation , much longer than the time scale of the
laser modulation. Therefore insertion of energetic electrons could continuously heat
the p plasma, but it cannot mimic modulated antihydrogen production with a ms
time constant.

We therefore conclude that the data of figure shows the production of an
average of 2000 antihydrogen atoms in 20 minute trials. In single longer runs, up
to twice as many H were observed. Also, since most of the initial particles are
retained in the first 20 minutes of each trial, it seems safe to assume that removing
the chopper wheel and sending the lasers in continuously would again double these
numbers. However, verification requires an alternative detection method. The dou-
ble charge-exchange is thus suitable to produce comparable numbers of H as the

only production method established so far, the three-body recombination.
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Chapter 7

Conclusion

At the beginning of this work, charge-exchange production of antihydrogen had
only been demonstrated once with less than 20 H atoms produced per trial [126].
During this thesis, we could demonstrate an increase of this number by two orders
of magnitude, an average of 2000 antihydrogen atoms are produced per experiment.
Removing the chopper wheel needed for detection would likely double this number
again. This work therefore shows that the double charge-exchange is capable of
producing the same quantities of antihydrogen than the established method of three-
body recombination. In contrast to the TBR production of H, the charge-exchange
method does not require any drives or modifications of the potential structures that
would heat the particles. Especially the heavy antiprotons remain at rest the entire
time. Therefore the fraction of cold, trappable H atoms is expected to be much

larger.

The increased number was made possible by numerous advancements in the tools
and methods available. ATRAP’s second generation combined Penning-loffe trap

allows loading and manipulation of much larger antimatter plasmas than before.
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Up to 107 antiprotons and 4 - 10° positrons can be loaded at a time. Using the
field boosting solenoid and the rotating wall technique, these particle clouds are
accumulated on reasonable time scales on the order of hours or below. The large
capacity cesium sources used in this new apparatus and the greatly improved laser
excitation efficiency allowed us to perform experiments for months at a time without
warming up the trap and breaking vacuum. The thorough thermal insulation of the
cesium oven minimized the heat load on the cryogenic electrode stack and enabled
experiments with runtimes of more than one hour.

The new 511 nm laser system developed for this work provides several major
improvements. Its continuous-wave operation produces a steady stream of Rydberg
cesium atoms. Due to the narrow linewidth, all of its output power is usable for laser
excitation. The most important feature however is the laser’s wide tunability. The
various factors contributing to the efficiency of the charge-exchange process were
first investigated during this work. We found that the overall efficiency strongly
depends on the choice of the Rydberg state and a tunable laser allows us to excite
to the optimum state. The laser’s mode-jump free scan range of 20 GHz enables us
to easily find the transition frequencies once their approximate location is calculated.

We used two different methods to estimate the cesium energy levels in the strong
magnetic fields of our trap, both of which yield good agreement with experimen-
tal data. The two methods complement each other. For lower magnetic fields, or
lower n-states, a direct diagonalization of the Hamiltonian is more accurate while
for stronger fields or higher n-states, a semi-classical estimate is more appropri-
ate. Previous work on Alkali Rydberg atoms in strong magnetic fields dates back
30 years and used pulsed laser with GHz resolution. During this work, we could
accurately measure the cesium energy levels, but focusing on H experiments only

allowed us to probe a small range of the spectrum. The laser system has shown
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reliable performance over the last years and the green laser’s output power could be
significantly increased during this time.

We achieved a gain by a factor of 500 in the production of positronium. Most
of this is due to the larger number of positrons available now, but we could also
increase the efficiency by a factor of three. Using laser modulation to monitor the
production of antihydrogen allowed us to detect the larger numbers of H atoms
produced during this work.

The next steps will be to include ATRAP’s adiabatic cooling technique to reduce
the p temperature and to repeat these experiments within the field of a Ioffe tap to
confine the H atoms produced. Some of the ground work could already be prepared
during this thesis. We demonstrated laser excitation of cesium atoms within the
inhomogeneous magnetic field of a neutral atom loffe trap. The magnetic gradient
causes a broadening of the transition lines, but causes no further complications. The
calculations to estimate the cesium energy levels are also applicable in this case. We
already performed several trial experiments for Ps and H formation in the Ioffe field,
but due to time constraints, these could not advance enough to deliver results.

With adiabatically cooled p at 3.5 K, about 150 H atoms should be trapped per
trial. This would correspond to an increase by a factor of 30 compared to numbers
obtained by the TBR method so far. This would be an important step towards the
1000 trapped H atoms suggested for spectroscopy [79)].

ATRAP is currently commissioning a new apparatus named CTRAP. It features
a combined quadrupole-octopole loffe trap with a much shorter turn-off time. This
will significantly reduce the background signal when looking for trapped antihydro-
gen atoms. The new trap required a re-design of the components for producing a
cesium beam in the apparatus. So after commissioning of the new apparatus, the

charge-exchange experiments will be continued.
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Appendix A

Laser Control Software

The structure of the laser control software is described in section [4.4] It is an object
oriented design where each module is largely independent. This allows fast extension
to include additional lasers and easy adaption of new hardware components. This
section explains the functionality with the help of screenshots of the graphical user

interface (GUI).

Figure shows a screenshot of the main window. Currently, the program is
compiled with two PID modules labeled “Laser 1”7 and “Laser 2”. Four input fields
for each PID controller allow the user to enter the gain parameters, proportional
(P), integral (I) and differential (D) and the target frequency for the laser in THz.
All values are changeable during operation. The values are automatically saved
when the program is terminated and restored at the next launch. The two lower
fields display information gathered and calculated by the program. The one labeled
“Actual” displays the value currently read by the PID controllers Input modules, in
this case the laser frequencies measured by the wavemeter. The field “Output” shows

the correction signal calculated by the controller and sent to its Output module. In
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Figure A.1: Main window of the laser control software.

the current configuration this corresponds to the voltage supplied by the analog

output channel of the multipurpose measurement card.

The checkbox “Active” allows to (de)activate each controller separately without
disturbance to the other one. The green square provides optical feedback to the
user. If the laser frequency deviates too much from the target value, for instance

because a mode jump occurred, the square turns red.

The “Start” button on the left initiates an internal timer which triggers every
active PID controller once every 100ms. The “Stop” button interrupts this timer.

The button labeled “Scan” opens the scan-window shown in figure

The scan-window is already initiated when the program starts but remains in-
visible until activated. It provides several modes of data acquisition. The simplest
one is chosen by selecting “Fxternal Ramp”. In this mode, the program records data
from all active channels at the given interval. This is used for instance to log the
laser parameters during charge-exchange experiments when the laser frequencies are
locked to the cesium resonances. If the laser frequency is ramped by an external

function generator, this mode is also suitable to gather data from spectroscopy. The
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program can also emulate its own function generator. The mode “Locked Scan” uses
one of the PID regulators to ramp a laser. The advantage compared to a function
generator is that the upper and lower frequencies can be directly set in the program.

Both modes are compatible with the “I'rigger” option. If activated, the program
waits until the signal of the selected channel rises above a set threshold before
starting to record. This option was implemented for long automated measurements
testing the capacity of our cesium ovens. A function generator periodically turned
on the current through a Cs oven installed in a test chamber for several minutes at
a time with long cooldown cycles in between. The fluorescence from the infrared
laser was recorded to measure how much cesium the oven was emitting and by how
much the amount decreased over several hundred cycles. These measurements took
a few days and using the trigger-function allowed us to completely automate them
and only record data while the oven was running.

Usually, data acquisition must be stopped manually. The field “Runtime” also
allows to set a time after which the recording terminates automatically. A value of
zero is interpreted as infinity.

Currently, the program reads more than 20 input channels. Since many of them
are not needed for every run, they can be (de)activated individually. Also, a name
can be assigned to each channel which will be added to the top of each data column.
When a recording is started, the data from each active channel is written to the
large text box and, if “Save to File” is selected, to the hard drive. The data is
written continuously so in case of a power failure or a computer crash only the last
set of values is lost. The filename is automatically generated. The first part is the
date and time when the measurement was started. If a custom name is entered in
the “Filename” field, it is appended to the time stamp.

The button “Done” hides the scan window from view if it isn’t needed any more.
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Figure A.2: The data acquisition module.
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Appendix B

Calculation of Rydberg Energy

Levels

This chapter contains the source code for the calculation of Rydberg energy levels by
the two methods described in section 5. 1.4l Section [B.llists the code for the matrix
diagonalization while section contains a Mathematica file that implements the

semiclassical method.

B.1 Matrix Diagonalization

The program is written in C++ and requires the Gnu Scientific Library (gsl) [1].
The calculations are contained in the file main.cpp. WaveFunctions.cpp provides
numerically calculated expectation values for the spherical harmonics Y;"*(6, ¢) and
the radial hydrogen wave functions R,;(r). Numerical integration of the radial term
for high values of n and [ fails due to their oscillatory behavior, but they can be

calculated from analytical formulas |54},83]. This is done in RadialAnalytics.cpp.
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main.cpp

// RYDBERG ENERGY LEVELS

//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
ves
//
//
//
//
//
//
//

Created on: Sep 26, 2010
Author: Andreas Muellers

Programm to estimate cesium Rydberg energy levels in a magnetic field. A
Hamiltonian is set wusing energy levels from quantum defect theory and the
operators for dia— and paramagnetic shifts combined with Hydrogen wave—
functions. Spin—Orbit coupling 1s neglected. Eigenvalues and eigenvectors of
this Hamiltonian are calculated.

The Hamiltonian consists of three parts: H=H 0 + H_Para + H_Dia

H 0 delivers know energy values (quantum—defect—theory) and H_Para causes a
shift in the energy levels proportional to B. These two terms have diagonal
contributions only whereas H Dia adds to off—diagonal elements too, since the
magnetic field mizes states of [l1—12] = 2. The diamagnetic term requires the
erxpectation wvalue <nl,l ,mi|] r~2 sin~2(|\theta) [n2,l2,m2>, which separates into

a radial and an angular part.

The angular part i1s calculated wsing numerical integration routines provided by

the gnu scientific library (GSL). The angular wavefunctions are the spherical
harmonics. Since the integration over \|phi is not affected, only elements with mi=m2
contribute and the ezpansion to complezx numbers can be avoided. The associated
Legendre polynoms are also provided by GSL. While the integration 1s performed in the
main routine, the function evaluation is capsuled in the module "WaveFunctions'.

Thits module also provides the zero—field quantum defect energy levels and numerical

values for the radial part of the wavefunction, but due to the highly oscillatory

behavior, the numerical integration routines of the GSL fail for the regions of

interest. Therefore, analytic ezpressions are used to calculate the radial matriz
elements of interest. This is done in the module "RadialAnalytics .

Both modules are static, meaning that they calculate the angular wave functions,

energy levels and radial matriz elements for all states between n=10 and n=70,
regardless of how many of these are actually needed. Changing this would require
dynamic multidimensional data—storage, but since these calculations do not take
long, the drawback is minimal. The demanding calculations are all performed in the
main program which only runs for the requested number of states. First and last

state and the magnetic field are entered each time the program runs.

The main program stores the hamiltonian in a GSL-matriz and uses the library routines
to calculate eigenvalues and etgenvectors. The eigenvalues are printed to the standard—out

whereas the eigenvectors are written to the file eigenvectors.dat.

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

#include <cstring>

#include <iostream>

#include <fstream>

#include <gsl/gsl_integration.h>

#include <gsl/gsl_matrix.h>

#include <gsl/gsl_vector.h>
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B.1. MATRIX DIAGONALIZATION

#include <gsl/gsl_ eigen.h>
#include "WaveFunctions.h"

#include "RadialAnalytics.h"

WaveFunctions xWavel;
WaveFunctions *Wave2;
RadialAnalytics *Radial;
gsl_matrix *MatrizElements;

gsl_matrix *EigenVectors;

int nStart = 36;
int dn = 10;

/% constant numerical factors
const double AUtoMHz = 6579683920.722;
const double TESLAtoAU = 1./(2.350517e5);
const double muB = 0.5; //Bohr magneton

const double ge = 2.002319;

//Cs frequencies: Can be wused to
const double nulon = 9.415422145882682e+14;
const double nul = 351.7368e-+12;
const double n6S = 17.2733e+9; //ground

double SphHarm(double x, void

&& abs(Wavel—>getL ()—Wave2—>getL () ) <= 2

result = pow(sin(x),3) % Wavel—>getSphericalHarmonic(cos(z))
Wave2—>getSphericalHarmonic (cos(z));

{
double result = 0.;
if ( (Wavel—>getM () == Wave2—>getM ())
&& Wavel—>getM () <= Wavel—>getL ()
&& Wave2—>getM () <= Wave2—>getL () )
{
}
return (result);
}

int getIndexij(int n, int 1,

{

int index = 0;

*/

//electron g—factor

¥parameters)

int m)

for (int k = nStart; k <= n; k++)

{

index += floor ((k—1)/2)x2;

}

index += 2 % floor(l/2);
index 4= m;

index —= nStart;

index —= 2;

return (index) ;

double linearShift (int m, double B)

//conversion factor

//conversion factor

convert output to frequency for

// frequency for

Tesla to a.u.

the
energy

transisiton 6S—6P in 1T field

*

to MHz

laser

159



APPENDIX B. CALCULATION OF RYDBERG ENERGY LEVELS

102
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104
105
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108
109
110
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113
114
115
116
117
118
119
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129
130
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132
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134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

double result = muB % B x TESLAtoAU *(m + gex(2.5—m));

return (result);

int main()

{

/* read input and check parameters x/
double B = 1.;
bool InputComplete = false;
printf (" Calculate Cesium Rydberg—energy—levels in a magnetic fields. \n States available
between n=10 and n= 70.\n");
while (InputComplete == false)
{
printf (" Enter first n—state (range: 10—70): ");
std:: cin >> nStart;
if ( !(nStart >= 10 && nStart <= 70) ){
InputComplete = false;
nStart = 20;
printf("Input error: first n set to 20.\n");
}
int nLast;
printf (" Enter last n—state (range: %2i—70): ",nStart);
std:: cin >> nLast;
if ( !(nLast > nStart && nLast <= 70))
{
nLast = 50;
printf("input error: last n set to 50.\n");
}
dn = nLast—nStart;
printf ("Enter magnetic field in Tesla: ");
std:: cin >> Bj;
printf("\n Input complete: Use levels from n=%2i to n=%2i and B=%5fT. \n Proceed?
Y/N\n",nStart ,nLast ,B);
char inj;
std :: cin>>in;
if (in = ’Y’ || in = ’y’)

InputComplete = true;

// Initialize

Wavel = new WaveFunctions () ;

Wave2 = new WaveFunctions () ;

Radial = new RadialAnalytics();

int dim = getlndexij(nStart+dn+1, nStart+dn—1,3);
MatrixElements = gsl_matrix_calloc(dim,dim);

EigenVectors = gsl_ matrix calloc(dim,dim);

/* make Spherical Harmonics Table x/
// Using integration routines from the Gnu Scientific Library (GSL)
gsl _integration workspace #workspace = gsl integration_ workspace alloc(1e7);

double result, error;
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gsl_function F;

F.function = &SphHarm;

printf("integrating spherical harmonics...\n");
double Spherical[nStart+dn+1][2][nStart+dn+1][2];
for (int 11 = 2; 11 <= nStart+dn; 114=2)
{
for (int 12 = 2; 12 <= nStart+dn; 12+4+=2)
{
for(int ml = 2; ml <= 3; ml+4+)
{
for (int m2 = 2; m2 <= 3; m2++)
{
if (abs(11-12)<=2 && ml <= 11 && m2 <= 12) //select states of interest
{
Wavel—>setLM (11 ,ml) ;
Wave2—>setLM (12 ,m2) ;
gsl_integration qag(&F, 0,M_PI, 0, le—4, 1000, GSL_INTEG_GAUSS61, workspace,
&result , &error);
Spherical [11 |[m1—2][12][m2—2] = result;
Y //if
else
{
Spherical [11 ][ml—2][12][m2—-2] = 0.;
Y // else
Y //for m2
} /) for mi
Y//for 12
} //for i1

double buffer = 0.;

/* set matriz elements x/
printf("setting matrix elements...\n");
printf("\t diagonal\n");
/* diagonal elements x/
for (int n = nStart; n <= nStart+dn; n++4)
for (int I = 25 1 < n; 14=2)
for (int m = 2; m <= 3; mt+)
{//diagonal elements
buffer = gsl_matrix_get(MatrixElements, getIndexij(n,l ,m), getlndexij(n,l,m));
buffer += Wavel—>getEnergyLevel(n,l) + linearShift (m, B);
gsl_matrix_set (MatrixElements, getIndexij(n,l ,m), getIndexij(n,l,m), buffer);
J/printf("%2i, %2i: %b5e\n ",n,l,
gsl_matriz_get(MatrizElements, getIndexzij(n,l,m),getIndezij(n,l ,m)) );

printf("\t off —diagonal\n");
/+ off—diagnonal elements */
for (int nl = nStart; nl <= nStart4+dn; nl+44) {
for (int n2 = nStart; n2 <= nStart4+dn; n2+4+4) {
for (int 11 = 2; 11 < nl; 11 4= 2 ) {
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202 for (int 12 = 25 12 < n2; 124= 2) {

203 for (int m = 2; m <= 3; mt}+)

204 {

205 if (fabs(11-12)<= 2)

206 { //off—diagonal

207 buffer = gsl matrix_ get(MatrixElements, getIndexij(nl,I1 ,m), getIndexij(n2,12,m));

208 buffer 4= ( 1./8. x (B* TESLAtoAU) «(Bx TESLAtoAU) % Spherical[ll][m—2][1l2][m—2]
* Radial—>getRsqElement(nl,n2,11,12) ) ;

209 gsl_matrix_set (MatrixElements, getIndexij(nl,ll ,m), getlndexij(n2,12,m), buffer);

210 Y // if off—diagonal

211 Y// for m

212 Y // for 12

213 Y//for 11

214 Y//for n2

215 Y//for ni

216

217 std :: ofstream FileO (" MatrixElements.dat");

218 for (int i = 0; i < dim; i+4++4) {

219 for (int j = 0; j < dim; j++4) {

220 //printf("%5e ", gsl_ matriz_get(MatrizElements,i,1) );

221 File0 <<gsl matrix get(MatrixElements,j,i)<<" ";

222 1

223 //printf("\n");

224 File0 <<"\n";

225 }

226 printf (" MatrixElements written to ’MatrixElements.dat’.\n");

227

228 /#* diagonalizing the matriz x/

229 printf("calculating eigenvalues...\n");

230 gsl_vector xeigenvalues = gsl_wvector_alloc(dim);

231 gsl _eigen symmv_workspace *w = gsl eigen symmuv_alloc(dim);

232 gsl eigen symmv(MatrixElements, eigenvalues, EigenVectors, w);

233 gsl _eigen symmv_free(w);

234 printf("Done!\n");

235

236 /% output %/

237 std :: ofstream Filel ("eigenvalues.dat");

238 for (int i = 0; i < dimj; i++4) {

239 Filel <<(gsl_vector_get (eigenvalues ,i))<<"\n";

240 }

241 printf("Eigenvalues written to ’'eigenvalues.dat’.\n");

242

243 std:: ofstream File2("eigenvectors.dat");

244 for (int 1 = 0; i < dim; i+4) {

245 for (int j = 0; j < dim; j++) {

246 //printf("%5e ", gsl_matriz_get(MatrizElements,i,1) );

247 File2 <<gsl matrix get(EigenVectors ,i,j)<<" ";

248 //printing values of interest

249 if (gsl_matrix get(EigenVectors,i,j)+*gsl matriz_get(EigenVectors,i,3) > 0.8)

250 printf("%4i,%4i\n",i,j);

251

252 +
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}

//printf("\n");
File2 <<"\n";

printf("Eigenvectors written to ’eigenvectors.dat’.\n");

printf("indices for (n,2,2) levels:\n");
for (int n = nStart; n <= nStart+dn; n++4)

printf("%2i, %6i\n", n, getlndexij(n,2,2));

return (0);

WaveFunctions.cpp

/ *

*

*/

WaveFunctions.cpp

Created on: Oct 2, 2010
Author: Andreas Muellers

This module provides numerical values for the spherical Y Im(\theta, \phi) and
the radial probability part of hydrogen wavefunctions P_n,l(r) for given n,l,m.
The normalization coefficients independent of the variables r, \theta and

\phi are calculated on startup to minimize the calculations during runtime.
This will speed up frequent access as needed for numerical integration.

Also, a lookup—table for the faculty function is provided.

Since this module is meant for numerical integration of pairs of wavefunctions,
the complex part of the spherical harmonics is not given ezplicitely. Only the
phase factor ezp(—im\phi) ts complex which evaluates to the delta function of
ml and m2 when integrating a pair. Only the real part of one wavefunction 1is
returned, the orthogonality in m has to be ensured ezternally. This means that
the spherical—function returns the associated Legendre polynom and the according
normalization factor.

Also, the factors for one wants to compute the expectation wvalues (in this case
sin "2(\theta) and r°2) are not given here but have to be multiplied exzternally.

The angular function exzpects not \theta but cos(|\theta) as argument.

Two access functions are provided for both radial and angular elements:

One that only supplies the variable (r or cos(\theta)) and one that
additionally provides the quantum numbers n,l and | ,m, respectively.

In the first case, these quantum numbers are taken from an internal variable
which can be set and read by access functions. Providing the quantum numbers

to the access function does not change the wvalue of the internal variables.

The module also provides quantum defect energy levels for the cesium atom.

Since only even l—states starting from =2 are originally of interest, only
these gd—values are provided. The coefficitents are stored in an array, so the
extension to other states i1s trivial. The result i1s provided as the energy

below i1onization in atomic units.

The module is static, 1t always calculates a lookup—table of all normalization

factors between two n—values given by preprocessor wvalues.
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41 #include "WaveFunctions.h"

42 #include <gsl/gsl_ sf legendre.h>
43  #include <gsl/gsl_math.h>

44  #include <math.h>

45 #include <stdio .h>

46

47 WaveFunctions:: WaveFunctions ()
48 {

49 n = 0;

50 1 = o0;

51 m = 0;

52 //calculate lookup—tables
53 makeFaculty () ;

54 makeNormalizationSph () ;

55 makeNormalizationRad () ;
56}

57

58 /#* access function for internal quantum numbers x/

59 void WaveFunctions::setN(int newN)

60 {

61 this —>n = newN;

62 }

63

64 /x get— and set—functions

65 #* only examples are shown here

66 void WaveFunctions::setN(int newN)

67 |

68 this —>n = newN;

69 }

70

71 int WaveFunctions:: getN ()

72 {

73 return (this—>n);

74}

75 // analogous functions for quantum numbers | ,m and combined functions
76

7 [k K K KKK K K K K K K K KKK K K K KK KK K K R K K K K KK
78 * NORMALIZATION *

TO kR R R K K KK K R R R R K R R R K R K R R R R K R R R k)
80

81 void WaveFunctions:: makeNormalizationSph ()
82 {

83 for (int 1 = 0; 1 <= NMAX; 1++) {

84 for (int m = 0; m <= NMAX; m++) {

85 NormalizationTableSph[1l][m] = 0.;
86 if (m<=1)

87 {

88 NormalizationTableSph[1][m] = sqrt ((2x1+1) % getFaculty(l-m) / (2. % getFaculty(l4+m) ));
89 3

90 1

91 ¥

92 }
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double WaveFunctions:: getNormalizationSph (int

{
if (1 <= NMAX && m <= NMAX) {
return (NormalizationTableSph[1][m]) ;
}
else
{
return (0.);
}
}

void WaveFunctions::
{
for (int i = NMIN; i <= NMAX; i++) {
for (int j = 0; j < NMAX; j++) {

makeNormalizationRad ()

NormalizationTableRad [i -NMIN][j] = 0.;

if (1 <n) {

NormalizationTableRad [i—NMIN][j] = sqrt(getFaculty (i—j—1)

}
¥
}
}
double WaveFunctions:: getNormalizationRad (int
{
if (n >= NMIN && n <= NMAX && 1 <= NMAX) {
return (NormalizationTableRad [n—NMIN][1]) ;
}
else
{
return(—1.);
}
¥

[ kK K KKK K K K K K K K KKK K K K KK K K K KR K K K KK
* FACULTY *

koK R R OR R R KK R OR K SRR K K SR K SR R R K KR R K Kk ok /)

double WaveFunctions:: faculty (int k)

{

double result = 1;
for (int 1 = 1; i <= k; i++) {
result *= 1

i

return(result);

void WaveFunctions:: makeFaculty ()

// generates a lookup—table for wvalues of k!

{

H

L,

n,

int m)

int

1)

x getFaculty(i+j) / (i%i));
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145 for (int k = 0; k <= 3*xNMAX; k++) {

146 FacultyTable[k] = faculty (k);

147 }

148}

149

150 double WaveFunctions:: getFaculty (int index)

151 {

152 if (index <= 3*NMAX)

153 {

154 return (FacultyTable[index]) ;

155 }

156 else

157 {

158 return (—1.);

159 '

160 }

161

162 /****************************************

163 * Spherical Harmonics Sgq *

164 ****************************************/

165

166 double WaveFunctions :: getSphericalHarmonic(double cosTheta)
167 {

168 return (getSphericalHarmonic(this—>1,this—>m, cosTheta));
169 }

170

171  double WaveFunctions:: getSphericalHarmonic(int 1, int m, double cosTheta)
172

173 double result = gsl_sf_legendre_Plm(l,m, cosTheta) ;
174 result = getNormalizationSph(l ,m);

175

176 return(result);

177}

178

179 [k K K KK K K K K K K K KR K K K KRR K K KKK K K K KK

180 * Radial Sq #

181 ****************************************/

182

183 double WaveFunctions:: getRadial(double r)

184

185 return( getRadial(this—>n, this—>1,r) );

186}

187

188 double WaveFunctions:: getRadial(int n, int 1, double r)
189 {

190

191 double result = 0.;

192 //sum—part

193 for (int k = 0; k <= n—1-1; k++)

194 {

195 result 4= ( pow(—2#7r/n,k) / ( getFaculty(k) * getFaculty(n—l—k—1) % getFaculty (2. l+k+1) )

)
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}
result *= ( pow(2xr/n,l+1) * exp(—r/n) ); // r—dependent factors
result *= getNormalizationRad (n,!l);

return(result);

[k s ek sk SR R R R SR R R K R K R K K SR K K SR K SR K R K

*

Zero Field Energy Levels *

kR R R K R R K R K K SRR K K SR K SR R R KKK K K ko /)

double WaveFunctions:: getEnergyLevel(int n, int 1)

{

//Quantum Defect Coefficients for the d—State
/* initialize table for coefficients x/
double ConstD[6][6];
for (int 1 = 0; i < 635 i4++4)
for (imt j = 05 j < 6; j+4)
ConstD[i][j] = 0;

/* set coefficients

* Using data from Weber and Sansonetti, PRA (1987) 385, 4650
% Other coefficients can be added when needed.

*/

/#* d—states x/

ConstD[2][0] = 2.46631524;

ConstD[2][1] = 0.0133577;

ConstD [2][2] = —0.37457;
ConstD[2][3] = —2.1867;
ConstD[2][4] = —1.5532;
ConstD[2][5] = —56.6739;

/* g—states x/

ConstD[4][0] = 0.00703865;

ConstD[4][1] = —0.049252;

ConstD[4][2] = 0.01291;

//calculate the correction term for the principal quantum number n

double nCorr = 0.;

if (1 < 6) { /% consider quantum defects x/
double factorSq = (n—ConstD[1][0]) *(n—ConstD[l][0]); //(n—AD) "2
double factorK = factorSq; //will store (n—AD)"k
nCorr = ConstD[1][0];
for (int i = 1; i <= 5; i++)
{
nCorr += ConstD[1][i]/factorK;
factorK*=factorSq;

}

//calculate the energy level

double EnergyLevel = —0.5; //negative Cs Ionization energy in a.u.;

EnergyLevel = EnergyLevel /((n — nCorr)s*(n—nCorr));
return (EnergyLevel);
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RadialAnalytics.cpp

*

*

/

RadialAnalytics.cpp

Created on: Oct 2, 2010
Author: Andreas Muellers

This class calculates radial matriz elements for <r~2> wusing analytic
relations provided in:

A: Enciso—Aguilar et al, EJTP 13 (2006) 117 (for elements with nl = n2)
B: Hey, J. Phys. B 39 (2006) 2641 (for elements with nl = n2)

Source B provides recursive relations for the matriz elements starting from
the elements with highest |, but they have to be derived specifically for
each combination of delta—l = 11—12 and r"k. Originally of interest are
elements for delta—l = {—2,0,2}) (quadrupole moments) and r~2. The equations
required for these are provided in B. The calculation of the quadrupole
moments requires the dipole moments (delta—l = 1), so they have to be
calculated first. These calculations all happen by the same scheme: A start—
equation provides the element with highest | for a given nl and n2. Using
this , one or two recursive relations traverse down to the lowest |. Each
calculation function automatically stores its result in the appropriate array.
Although source A is in principle able to provide elements for all combinations

of delta—!l and r~k, the calculation is limited to the same set as above.

In its current version , the module calculates all elements from n=10 to n=70,
regardless whether they are needed or not. Variables and functions for dynamic
initialisation are provided, but dynamic multidimensional data—storage s not

included .

#include <math.h>
#include <stdio.h>
#include "RadialAnalytics.h"

RadialAnalytics:: RadialAnalytics ()
{7/

*

*

*

*

*

constructor with parameters: pre—processor
values for NSTART and DN are copied to
local variables. This allows easy change
in case this module is ezpanded to run
dynamically.

/

nStart = NSTART;

dn

= DN;

makeElements () ;

RadialAnalytics :: RadialAnalytics(int nStart, int dn)

{

/ *

constructor with parameters: for future use x/

this—>nStart = nStart;

168



51
52
53
54

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

B.1. MATRIX DIAGONALIZATION

this —>dn = dn;

makeElements () ;

void RadialAnalytics:: makeElements ()
{
/% iterates over the whole range of given n
# and triggers calculation of the corresponding
* submatrices for each pair of nl and n2.
¥ Different routines are used for symmetric (nl1=n2)
* and asymmetric matrices (see above).
*/
for (int nl = NSTART; nl <= NSTARTHDN; nl++)
for (int n2 = NSTART; n2 <= nl; n2++)
{
if (nl==n2)
{
makeSymmetricElements(nl);
}
else
{
makeDipoleElements(nl,n2);

makeQuadrupoleElements(nl,n2);

/% set functions x/

/* internal set functions to access the arrays used for data—storage. They
* internally shift the indices of the actual wavefunction n,l to the ones

* used for data storage.

*/
void RadialAnalytics::setR1(int nl, int n2, int 11, int 12, double value)
{
DipoleElements [n1-NSTART ][ n2-NSTART][ 11 |[12] = value;
}

void RadialAnalytics::setR2(int nl, int n2, int 11, int 12, double value)

{
QuadElements [n1-NSTART | [ n2-NSTART|[11][12] = valuej;

/% get functions x/

/* Data access functions: The first one ts public for internal use,

* the other two are meant for internal use only.

*/
double RadialAnalytics:: getRsqElement(int nl, int n2, int 11, int 12)
{
return ( getR2(nl,n2,11,12) );
}
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103

104 double RadialAnalytics::getR1(int nl, int n2, int 11, int 12)
105 {

106 return (DipoleElements[n1-NSTART][n2-NSTART][11][12]) ;
107 }

108

109 double RadialAnalytics::getR2(int nl, int n2, int 11, int 12)
110 {

111 return (QuadElements [n1-NSTART][n2-NSTART][11][12]);
112}

113

114 /% calculations x/

115

116 /#* Calculation of the A_n,l coefficient used

117 #* in source B (see above).

118 */

119 double RadialAnalytics::A(int n, int 1)

120 {

121 double value = sqrt( (n—1)x(n+l) );

122 value = 1./(nxl);

123 return (value);

124}

125

126 /% SYMMETRIC ELEMENTS

127 #* Calculations follow source A x/

128

129

130 /% iteration function x/

131 void RadialAnalytics:: makeSymmetricElements(int n)

132 {

133 for(int i = 0; i1 <n; i+4++4)

134 {

135 for (int j = —2; j <= 25 j++)

136 {

137 symmetricElement (n,i,i+j);

138 ¥

139 }

140 }

141

142 void RadialAnalytics::symmetricElement(int n, int 11, int 12)
143 {

144 double value = 0.;

145 if (11 == 12)

146 {

147 /#* calculate the fully symmetric elements
148 * nl=n2 and 11=12.

149 Ny

150 value = nxn/2. #(5xn¥n + 1 — 3x1l1x(l1+1));
151 }

152 else

153 {

154 /% Elements asymmetric in |. Calculation starts with
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* the sum—term (back to front). In the sum, invalid
* faculty—operations or division by 0 can occur, these

* are sorted out.

*/
double a = 0.;
double b = 0.;
for (int j = 0; j <= n—12—1; j++)
{
a = pow(—1,j)*faculty (n+2—1l1—j)*faculty (nt2+l1—5+1);
b = faculty(j)*faculty(n—I12—1—j3)*faculty (n+l2—3)*faculty(3—j)
if (b != 0.)
value += a/b;
}

value *= pow(—1,l1+12)*pow(n/2.,2)/(2%n);

value #*= sqrt( faculty(n—12—1) * faculty(n+l2) / faculty(n—11—1) / faculty(n+l1) );

}

if (12 < n )

{
/* set elements x/
setR2(n,n,11,12 ,value);
setR2(n,n,12,11 ,value);

/% dipole elements x/
void RadialAnalytics:: makeDipoleElements(int nl, int n2)
{
DipoleStart (nl,n2);
for (int 1 = n2-1; I>= 1; 1—-)
{
DipolelteratorA (nl,n2,1);
DipolelteratorB (nl,n2,1);

void RadialAnalytics:: DipoleStart(int nl, int n2)

{
double value = pow(—1,n1-n2—-1) * pow(2,2+n2+2);
value *= sqrt( faculty(ni4+n2) / (faculty(nl-n2—1) % faculty (2xn2—1)
value *= pow(nlxn2,n2+2);
value *= pow(nl—n2, nl—n2—-2 ) / pow(nl+n2,nl+n2+2);
setR1(nl,n2,n2,n2—1,value);
setR1(n2,nl,n2—1,n2,value);

void RadialAnalytics:: DipolelteratorA (int nl, int n2, int 1)
{

//start building up the term from the back

double value = A(n2,1+41)xgetR1(n1,n2,l,1+1);

value += (2x1+1)xA(n1,l+1)*xgetR1(nl1,n2,l+1,1);

value *= 1./(2x1xA(n2,1));

setR1(nl1,n2,1,1—1,value);

;

)

)i
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207 setR1(n2,n1,1—1,1,value);

208}

209

210 void RadialAnalytics:: DipolelteratorB (int nl, int n2, int 1)
211 {

212 //start building up the term from the back

213 double value = A(nl,l+1)xgetR1(nl,n2,l+1,1);
214 value 4= (2#1+1)xA(n2,1+1)xgetR1(nl,n2,l,1+1);
215 value *= 1./(2x1lxA(n1,1));

216 setR1(nl,n2,1—1,1,value);

217 setR1(n2,nl,1,1—1,value);

218}

219

220 /* Quadrupole Elements x/
221 void RadialAnalytics :: makeQuadrupoleElements(int nl, int n2)

222 {

223 QuadrupoleLOStart(nl,n2);

224 for (int 1 = n2; 1l>= 15 1——)

225 {

226 QuadrupoleLOIteratorA (nl,n2,1);

227 1

228 QuadrupoleL2Start (nl,n2);

229 for (int 1 = n2-1; 1>=2; 1——)

230 {

231 QuadrupoleL2IteratorA (nl,n2,1);

232 QuadrupoleL2IteratorB (nl,n2,1—1);

233 }

234 QuadrupoleL2IteratorA (nl,n2,1);

235 /%

236 * correct for sign—issues. Not sure where they come from
237 * but this gets rid of them

238 i

239 double buffer;

240 for(int 11 = 0; 11 <nl; 11+4+4)

241 for (int 12 = 0; 12 < n2; 124+4)

242 {

243 buffer = getR2(nl,n2,11,12);

244 buffer *= pow(—1,n1-—n2);

245 setR2(nl,n2,11,12 , buffer);

246 buffer = getR2(n2,nl1,12,11);

247 buffer *= pow(—1,n2—nl1);

248 setR2(n2,nl1,12,11 , buffer);

249 1

250 }

251

252 void RadialAnalytics:: QuadrupoleLOStart(int nl, int n2)
253 {

254 double value = 2xnlx*n2/sqrt(nl*nl—n2*n2);
255 value #*= getR1(nl1,n2,n2,n2—1); //dipole—start
256 setR2(nl,n2,n2—1,n2—1,value);

257 setR2(n2,n1,n2—1,n2—1,value);

258 }
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259

261
262

264
265
266
267
268
269
270
271
272
273
274
275
276

278
279

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

B.1. MATRIX DIAGONALIZATION

void RadialAnalytics:: QuadrupoleLOIteratorA(int nl, int n2, int
{
double value = 2xgetR1(ni1,n2,l,l—1);
value += sqrt(n2*n2—1x%1l)/(n2x1lx1.)*getR2(nl1,n2,1,1);
valuex=nlx*l/sqrt (nlxni—1x1);
setR2(nl,n2,1—-1,1—1,value);
setR2(n2,nl,l1—-1,1—1,value);

void RadialAnalytics:: QuadrupoleL2Start(int nl, int n2)

{
if (fabs(nl—-n2)>= 2)

{
double value = pow(—1,nl1-n2) ;
value x*= pow(2,2xn2+4);
value x= sqrt( faculty(ni4n2+1) / faculty(ni—n2-2) / faculty(2+n2—1)
value *= n2spow(nlxn2,n2+3);
value *= pow(nl—n2,nl-n2—3)/pow(ni+n2,nl+n2+3);
setR2(nl1,n2,n24+1,n2—1,value);
setR2(n2,n1,n2—1,n2+41,value);
}

void RadialAnalytics:: QuadrupoleL2IteratorA(int nl, int n2, int
{

double value = 2% (2xl+1)%(8xl+5)xgetR1(nl,n2,l+1,1);

value 4= 2x(l+1)*xA(n2,1+1)xgetR2(nl ,n2,1+1,1+1);

value 4= (2#1+1)x(1+2)*A(nl,l+2)xgetR2(nl,n2,1l+2,1);

value *= 1./( l*(2x1+48)xA(n2,1) );

setR2(nl,n2,141,1 —1,value);

setR2(n2,n1,1—-1,141,value);

void RadialAnalytics:: QuadrupoleL2IteratorB(int nl, int n2, int
{

double value = 2% (2x1l+1)%(8%1l+5)xgetR1(nl,n2,l,1+1);

value += 2x(l+1)xA(n1,l+1)*getR2(nl ,n2,1+1,1+1);

value 4= (2#l+1)x(1+2)*A(n2,l+2)xgetR2(nl,n2,l,1+2);

value *= 1./( 1*(2%x1+4+8)xA(n1,1l) );

setR2(nl,n2,1—1,141,value);

setR2(n2,nl,141,1—-1,value);

1)

1)
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APPENDIX B. CALCULATION OF RYDBERG ENERGY LEVELS

B.2 Semi-Classical Method

The following Mathematica code allows calculation of Rydberg energy levels by
the semi-classical method described in section [5.1.4, The program gives all energy
levels between two n-states for a given value of the magnetic field By. The results
are displayed as a table listing the energy shifts in wavenumbers and Hz.

Basic Input

Quantum Defects

Ad = 2.46631524;
Bd = 0.013577;

ufn_,A ,B_,C ,D ,E] :=Aa+B/(n-8)?+c/(n-2)" +D/ (n-2)°+E/ (n-8)%;

cd = -0.37457;
Dd = -2.1867;
Ed = -1.5532;
Constants
7= cAU = 137.0359991; (* speed of light in a.u.%)
cSI = 299792458; (x speed of light is SI units )

GaussToAu = 1/ (1.'3‘152553 107); (* conversion for mag. field in a.u.=*)
Hartree = 219474.63068;

Eion = 31406.46769; (*Ionization energy of cesium [1l/cm] =*)

vIon = Eion 102 e¢SI;

v6S = 17.273310°; (%68 energy shift =)

Effective Potential

2

(ml+1/2)> 2 Hml Hr
Vir_, ml_, En_, H ] := 2En - —— 4+ — = —— -
r? r cAU 2 cAU
Parameters
_ Bo =1.011 10" GaussToAu; (+ magnetic field x)

ml = 2; (* quantum number m x)
vl 351.7368 10*%; (= frequency of the first laser =)
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B.2. SEMI-CLASSICAL METHOD

Calculations

Classical Turning Radii

Boml

NSolve[V[r, ml, , Bo] = 0, r];

2 cAU
el = r /. %[[4]1[[1]];
p2 = r /. %%[[3]11[[11];
nStart = 20;

nEnd = 30;

EnergyLevels = Table[{n,

[E‘.n /. Find.R.oot[Re[NIntegrate[V[r, ml, En, Bo], {r, pl, p2}]] =

Boml

=il

(n-pu[n, Ad, Bd, cd, Dd, Ed] +1/2 - 3) m, {En,

1]1] ) Hartree, 0, O, 0}, {n, nsStart, nEnd}] ;

For[k = 1, k < Length|[[EnergyLevels]], k++,
Energylevels[[k, 3]] = EnergyLevels[[k, 2]] 10% % cSI

]

For[k = 1, k s nEnd- nStart +1, k++,
Energylevels|[[k, 3]] = Eion + EnergylLevels|[[k, 2]] ;
Energylevels[[k, 4]] = Energylevels|[ [k, 2]] 102 + e8I;
EnergylLevels|[[k, 5]] = vIon - vl - v65 + EnergyLevels[[k, 2]] 102 * cSI ;

}
]

TahleFom[EnergyLevels , TableHeadings -
{Nnne, {"n"_. "A ¥ [em']", "¥ [eml]", "energy level [Hz]", "green frequency [Hz]"}}]
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