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Synopsis

Our ability to describe phenomena in nature is critically dependent on the detailed
understanding of two and many particle interactions. Collisions, both elastic and in-
elestic are the experimental key for unlocking the details of interactions. The effort to
understand elastic and inelastic collisions between atoms and ions at ultra-cold tem-
peratures, specifically in the range 1000 K to 107° K, has led to the development of
hybrid trap systems comprising either an ion trap and a Magneto Optical Trap (MOT)
[1-5] or an ion trap and a degenerate quantum gas [6,7]. The state selection and long
interrogation time provided by these traps, enable the pursuit of collisional studies at
cold temperatures, where the collisions are dominated by the interaction potential. In
such a system, energy can be exchanged between atoms and ions, opening possibili-
ties for sympathetically cooling one species by the other [3-5]. Another advantage of
hybrid traps is that it sets a platform for reactive interactions of atoms and molecules
with ions to form complex molecules and molecular ions [8]. A key objective of our
experiment is the association of atoms and ions, mediated by photons. In the above
scenarios, the identification and detection of the product species and their stability in
the presence of the trap fields (static or time varying electric and magnetic fields or
light field) are extremely important.

In this thesis, we propose to demonstrate a novel hybrid experimental system, com-
prising an atom trap, ion trap, molecule trap, all built within a Fabry- Perot cavity. We
employed a Magneto Optical Trap [9-12] to cool and trap the atomic species. Atom
temperature of the order of few hundred K can be realized in a MOT. A remarkable
feature of the MOT is that the same magnetic field can be used for cooling and trap-
ping multiple atomic species simultaneously. As the cold ion temperatures are orders
of magnitude larger than the cold atom temperature, the collision energy is dominated
by the velocity of ions. Hence to study ion-atom collisions for our present experiments,
a MOT was deemed as opposed to degenerate gas of atoms, the execution of which is
relatively complicated.

The ions can be trapped either by an oscillating radio frequency (rf) electric field



(Paul trap) or by a combination of static electric and magnetic fields (Penning trap) [13].
In a hybrid trap system, the performance of individual traps should not interfere by
the fields used for the other. The Penning trap uses high magnetic fields and hence is
not compatible with the MOT, due to non-linear Zeeman effect. Hence in our setup,
we use Paul trap for ions, whose compatibility with MOT is studied in detail [14].

Like atoms, the studies on ultra-cold molecules is a rapidly progressing field. Laser
cooling of molecules is challenging as the technique is limited to very particular elec-
tronic transitions in a small number of molecular species [15] with closed cycling tran-
sitions, which in molecules is hard to find. As the density of atoms in the MOT is of
the order of 10!%/cm?3, the formation of molecules due to three body collision is very
unlikely. A widely used method for producing ultra-cold molecules (polar/non-polar)
is photo-association, which is a light assisted association of a pair of colliding atoms.
We employ this method for producing diatomic molecules in our experiment. In our
setup, the polar/non-polar molecules can be trapped in a gradient electric field or in
an optical dipole trap within the cavity mode respectively. Cold molecules are rich
in applications in a vast area from precision clocks to quantum computation [16]. As
the molecules can have electric and/or magnetic dipole moments and are spatially
anisotropic, they are good candidates to load into optical lattice potentials and study a
number of condensed matter systems [17].

An important goal in the experiment is the creation, trapping and detection of
molecular ions produced from the cold atoms and study their stability in the hybrid
trap. The combination of theoretical and experimental studies presented here prepare a
solid foundation for future experiments with hybrid trap systems. The main objective

of the work are

to characterize individual traps in the hybrid apparatus.

* ensure reliable ion detection technique and reliable mass spectroscopy.

set a basis for production of molecules and molecular ions.

develop numerical codes to calculate transition rates and branching ratios in
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molecular transitions.

* investigate the stability of complex species in the hybrid trap to study the possi-

bilities for reactive molecular production and detection.

In order to create molecules in a specific internal state, it is essential to know their
energy level structure and transition rates between allowed transitions. This is accom-
plished partly with resources from literature and partly by developing numerical codes
and will be discussed in detail. All the work presented in this thesis is carried out with
Rubidium (Rb) atoms and their derived ions and molecules (Rb™, Rb, and Rb;r ). The
Rb, molecular ions are created by resonant enhanced multi photon ionization (REMPI)
process using a pulsed dye laser, from Rb, molecules produced directly in the MOT.
The ion trap is characterized for the optimal trapping of Rb; ions both experimentally
as well as by numerical simulations. The ions are detected using a charged particle
detector (channel electron multiplier, CEM) and the reliability of the mass spectrome-
try when a mixture of Rb* and Rb, ions are extracted together, is demonstrated. The
stability of Rb; ions when held with the Rb MOT is studied in detail. It is observed
that the Rb, ion numbers decay rapidly in the presence of trapping light field of the
Rb MOT. The possible dissociative transitions in Rb; ions, mediated by the MOT trap-

ping light field is discussed.

Experimental system: design and characterization.

The main challenge in developing the hybrid trap presented is in designing the elec-
trode geometry to work as an ion trap or as a polar molecule trap and to incorporate a
MOT and a Fabry-Perot cavity. Our final design [18-20], as shown in Fig. 1, comprises
four thin tungsten wire loops wound over a quadrupole electrode structure, which can
be used to trap ions in a linear or a spherical Paul trap or as a polar molecule trap
by appropriate electrical configuration. Prior to assembling the apparatus, a detailed
numerical simulation is performed to determine the stable operating parameters, ion
motional resonances and an estimation of the trap depth and spatial extend. These nu-

merical studies are carried out by explicitly solving the ion equation of motion, in the
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time varying potential, and the results for both the spherical and linear ion traps are
presented in detail. Proper care is taken to screen the ion trap centre from potentials

applied for tuning the cavity length.

11 mm X Grid 1
@ © I

CEM

(b _
) - ,
1\ .
45 mm Y Grid 1
3mm{[_ [ I 6 mm ‘ CEM
Piezo-electric | Grid 2
transducer 44.5 mm

Figure 1: A schematic of the electrode geometry and the CEM is shown with dimensions. Panel
(a) and (b) are the axial and top view respectively. The system can serve independently as, a
spherical Paul trap: by an rf voltage on inner pair of wires; a linear Paul trap: by an rf voltage
between diagonally opposite pair of rods; a polar molecule trap by a static high voltage on
the wires to create a gradient electric field. The blue circle and ellipsoid in the trap centre
represents the limiting spatial extend for a trapped # Rb ion with optimal trapping parameters
in the spherical ion trap geometry. The trap centre is shielded from voltages applied on the
CEM cone and the piezo electric transducer, using grounded grid pairs Grid 1 and Grid 2

respectively.

The trap centres are designed to coincide at the centre of the moderate finesse
Fabry-Perot cavity. The addition of cavity serves to enhance interactions and allows
frequency sensitive measurements in a mixture. Although single atom-cavity coupling
is in the weak coupling regime, collective strong coupling of MOT atoms to cavity
modes can be observed when the cavity is tuned to atomic resonance. We have used

this atom-cavity collective strong coupling to estimate the MOT temperature by a time

of flight method [18,21].
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Another experimental prospects for the electrode structure also is described in the
thesis. A relatively large electric field can be applied to trapped ensembles of atoms
and molecules, which could then be probed by the cavity to make precision measure-
ments on cold gases with tunable electric fields [22]. Moreover, polar molecules can be
trapped in the apparatus by a straight forward implementation of a gradient field trap,
as demonstrated by Kleinert et. al. [23]. The trap depth for various molecules which

can be created in the experiment is presented.

Cold molecules: production and numerical methods
As the molecules possess rich internal energy level structure, in order to prepare them
in a desired state and to study the interactions, it is essential to know the level structure
accurately. We have developed codes to calculate the diatomic collision wave functions
and to find the rates of transitions between ro-vibrational states in two electronic levels
while using the electronic potential energy curves [24-26] and vibrational energy level
calculation codes from literature [27]. The relevant energy level structure of Rb, and
Rb; molecules involved in the experiment are presented in Fig. 2.

Photo-association (PA) of cold Rb atoms in the MOT to produce Rb, molecules is
experimentally demonstrated and the spectra is compared with calculated excited state
vibrational levels and the rates and branching ratios of transitions are calculated and
presented. The Rb, molecules directly produced in the MOT by a photo-associative
process mediated by the trapping laser (in the absence of a PA laser) is demonstrated

and characterized.

Phase sensitive radial extraction and mass spectrometry of ions
As already mentioned, a hybrid trap is a platform to explore cold collisions. When
atoms, ions and molecules are trapped together in the same spatial volume, the identi-
fication of resulting product ions are very important. Mass spectrometry is a conven-
tional method for mass identification in a mixture. Because of constrains in the design

of a hybrid apparatus, in particular the transverse extraction to the ion trap symmetry
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Figure 2: The potential energy curves of Rb; and Rb;” molecules associated with the production
of Rb, ground state molecular ions is shown in the figure. The asymptote corresponding to
each PEC is marked. Rb, molecules are formed using 12816.546 cm~! photons, (shown in red
arrows) and are ionized using two photons of 16595.3cm ! (shown in orange arrows) to form

Rby molecules.

axis, and the fact that, the maximum distance between the trap centre and the detector
is limited to few cm, conventional mass spectroscopic techniques for mass resolution is
not applicable. To demonstrate the mass spectrometry, both Rb* and Rb; ions are cre-
ated simultaneously using the same laser source by different processes. The extracted
ion signal is shown in Fig 3. Mass spectrometry in presence of rf field is studied at
various rf phases using Rb™ and Rb; ions [28]. The experimental results are in close
agreement with the numerical simulation.

An ion extraction design quite different from the conventional method is studied nu-
merically in detail and demonstrated in the experiment [28]. In the channel electron
multiplier, the dead time of the detector (= 8 nsec) leads to ion pile up and limit the

ion detection. Hence an ion extraction method is devised with the trapping radio fre-
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Figure 3: The figure shows the TOF signal of Rb™ and Rb; ions extracted onto the channeltron.
The Rb* and Rb; ions have mean time of flight of 4.7 s and 6.7 us respectively and are clearly
resolved. The red curve is the experimental data which is the sum of 4000 data. The blue and
green histograms are simulated TOF signal for Rb* and Rb; ions respectively. The left ordinate
represents the ion number for the simulated histogram and the right ordinate represents the

voltage corresponding to experimental signal.

quency (rf) field kept ON and precisely timing the extraction event with respect to rf
tield. This rf phase dependency of extraction efficiency of ions is studied in detail, both
by experiment and by numerical simulation using Rb™ ions. The temporal dispersion
of different masses in the time of flight signal is explained by explicitly solving the
ion equation of motion in the time dependent extraction electric field. The temporal
dispersion in ion time of flight signal when extracted at specific rf phase is utilized to

reduce the ion pile up issue in the detector.

Creation and stability of Rb, ions in the hybrid trap

The Rb; molecular ions are created from the directly formed Rb, molecules in the
MOT by resonant enhanced multi photon ionization (REMPI) process using a pulsed
dye laser. The ion trap is characterized for Rb, ions and the stability of Rb; ions when
held with MOT is studied in detail. The Rb; decay rate from the ion trap is measured

in three cases: (i) in the absence of atoms and MOT trapping light field, which shows
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Figure 4: Figure shows the lifetime of Rb; ions in the ion trap with optimized parameters.
The black open squares represents the lifetime in the absence of MOT atom and light fields.
The blue circles represents the lifetime in the presence of MOT and the red squares shows the
lifetime in the presence of cooling laser field without atoms. It is clear that the trapping light

field is responsible for the short lifetime of Rb; ions.

that the sz+ ions can be held in the trap for 10s of seconds. (ii) when held with the
MOT, ie., in the presence of atoms and light field, which resulted in a much faster de-
cay, ~ few hundreds of milliseconds, of Rb; ions from the trap. (iii) in this case the
Rb; ions are held only in the presence of MOT cooling light field in the absence of
atoms. The result clearly shows that the Rb; ions in the state distributions produced
in the molecular ion formation process, are unstable in the presence of MOT cooling
light field. The three cases for Rb; ion lifetime are shown in Fig. 4. Numerical sim-
ulations are performed to model the different possibilities of Rb; ion dissociation in

presence of MOT light field.

Summary
In summary, a unique hybrid apparatus is presented in detail giving a characterization
of individual traps. The creation of molecules from MOT atoms is demonstrated and

the transitions rates are calculated using the numerical codes developed. The stability
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of molecular ions is studied in the hybrid trap and possible ion dissociation channels
are discussed. A radial ion extraction method is demonstrated and its dependency on
trapping rf phase is studied in detail for single species as well as for mass spectroscopy.
The experimental apparatus is built keeping options to work with Potassium, Cesium
and Calcium in addition to Rb. This gives opportunity to study cold collisions rang-
ing from 1/t to 1/t The numerical codes developed for ion trapping and molecular

transitions are general and sets a basis to study all species in the system.
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CHAPTER 1

Introduction

1.1 Overview

The understanding of the structure of matter and interactions on the atomic scale is
at the heart of physics. Experimentally, various approaches are taken to investigate
the details of interactions on the atomic and subatomic scales. A primary tool for such
investigations were technologies developed to produce beams of atomic particles. Col-
lision studies carried out by beam-target experiments or cross-beam experiments help
to understand a variety of phenomena and mechanisms and to measure interaction
cross sections [29-32].

The technique of confining atomic and molecular particles in a spatial volume for fun-
damental studies was introduced in 1950s. These developments are a consequence of
the development and success of beam techniques. Here the particles are confined by
interactions with electric and /or magnetic fields instead of constraining their motion
by material walls. A remarkable feature of this technique is that it provides a station-
ary ensemble for repeated interrogation. Since the confining potentials are finite in
their energy, and there are several mechanisms and imperfections that heat particles
in traps, the cooling of the trapped particle goes together with the trapping in order
to maintain the trapped ensemble. The advantage trapping provides is the ability to
perform repeated measurements on the same particles and therefore also permit very
accurate initial state preparation, both motional and internal, which allows interactions
to be measured with high accuracy and precision.

Charged particles were the first to be confined in a spatial volume as confining them
was easier than neutrals, since their motion could be easily controlled by electric and
magnetic fields. Since for a static electric field, a potential minimum cannot be created

in three dimensions [33], either a time varying electric quadrupole field (Paul trap) or a



combination of static electric and magnetic field (Penning trap) is used to dynamically
confine the charged particle [13]. The ion trapping technique soon became a standard
instrument to perform a variety of experiments. It enabled precise measurement of g
factor of free electron [34], improving the precision of electron mass measurement [35]
etc. As a mass spectrometer, quadrupole rf ion trap found applications in many ar-
eas [36]. In 1975, Hansch and Schawlow and independently Wineland and Dehmelt
suggested the use of radiation pressure of laser light to cool atoms and ions. Ba™ ions
were the first laser cooled species by optical sideband cooling technique in 1978 [37].
The application of laser light to produce an ion cloud close to the trap centre with low
energy, made remarkable improvement in precision measurements [38]. When cooled
to a limit where the ion’s kinetic energy is less than the mean Coulomb energy, the ions
form an ordered crystalline structure [39,40]. The combination of trapping and cool-
ing ions paved the way for ion based frequency standards [41, 42], sensitive tests for
quantum mechanics and QED and more recently quantum computation [43,44]. The
pioneers of ion trapping, Wolfgang Paul [45] and Hans Dehmelt [46] were awarded the
Nobel prize in physics in 1989.

The first demonstration of laser cooling of neutral atoms was done by Chu et.al. in
1985 [9] using Sodium atoms. Two years later, Raab et.al. [10] demonstrated simultane-
ous cooling and trapping of Sodium atoms by means of an inhomogeneous magnetic
tield in conjunction with the laser light. The so called magneto optical trap (MOT)
holds atoms with density ~ 10'°/cm? in the uK temperature range. Further cool-
ing of the atom cloud by evaporative techniques in a magnetic trap to reach quantum
degeneracy led to the observation of Bose-Einstein condensed (BEC) state in a sys-
tem of trapped, dilute atomic gas with an effective repulsive interaction [11,12]. The
MOT has become a standard technique for producing cold dilute ensemble of atoms
and has been used for a variety of experiments for the study of fundamental interac-
tions [47,48], quantum computation [49], few and many body physics etc. [50]. For the
development and understanding of laser cooling of atoms, a Nobel Prize was awarded

to Steven Chu, Claude Cohen-Tannoudji and William Phillips in 1997 and for the con-



tributions in the field of BEC, Eric Cornell, Carl Wieman and Wolfgang Ketterle were
awarded Nobel prize in 2001.

The interactions between cooled and trapped atoms are written in terms of scattering
properties. As this thesis concerns the simultaneous cooling, trapping and manipula-
tion of atoms, molecules and their ions, we carefully consider the nature of collisions
between these. The collisions between atoms in the temperature range roughly from
1 mK to 1 uK are termed as cold collisions. A pair of ground state alkali atoms (5+5)
interacts via electrostatic dispersion force with long range behaviour of potential being
Cs/R® in nature. Whereas an alkali atom pair, one in the ground and the other in the
excited state (5+P), interact via resonant dipole-dipole force with a long range C3/ R3
potential. Two colliding ground state atoms, can get excited to a bound ro-vibrational
level in the excited state potential by the absorption of a red-detuned photon, with re-
spect to the S+P asymptote. This 2 particle +1 photon process is termed as photo asso-
ciation (PA) and is a very efficient technique to produce homo /hetero nuclear diatomic
molecules [51-54]. As the molecules are formed from cold atoms, they are translation-
ally cold. Apart from PA, there are several other techniques developed in the last few
decades to produce and trap cold molecules. Buffer gas cooling [55], molecule filtering
and trapping [56-58], cooling by decelerating the molecular beams by Stark, Zeeman
or collisional deceleration [59-61] etc., have been demonstrated. The molecules slowed
down using these techniques can be loaded to a magnetic trap for further cooling by
evaporative methods [62]. Sisyphus cooling of electrically pre-trapped molecules has
been shown recently [63], where a temperature of 30 mK has been demonstrated. Re-
markably enough a MOT of SrF molecules [15] has been reported recently, but this is
not a widely applicable method to produce a variety of ultra-cold molecules because of
the in general lack of closed transitions in molecules due to the nuclear motion, that re-
sults in a large number of internal states. Studies with ultra cold molecules are rapidly
increasing in numbers because they offer insights into low energy collision dynamics,
precision measurements, quantum computation and open new lines of inquiry with

dipolar gases [16,64, 65].



Another very fruitful development was the development of atom-cavity physics. This
system is the window to precision physics and QED measurements with atoms. Both
atoms and molecules have been studied within an optical or microwave cavity. Atom
cavity coupled system in weak coupling regime has been extensively used to investi-
gate on optical bistability [66,67] and nonlinear processes [68]. Coupling cold atoms or
ions into a cavity in strong coupling regime paved the way to the realization of many
exciting results. Single photon generation from single atom or ion coupled to the cav-
ity [69,70], collective strong coupling of cold atoms or coulomb crystal to cavity [18,71]
are to name a few. The system is ideal to investigate quantum nonlinearity [72], cavity
QED [73] and quantum computation [74]. Serge Haroche and David Wineland shared
the Nobel prize in 2012 for their contribution towards the field of quantum manipula-
tion and control, and in the experiments of Serge Haroche, cavities were integral to the
method.

After the development of trapping atoms and ions individually, the mixed species in-
teractions were studied in beam-target method, where a beam of one species was al-
lowed to interact with the trapped species [75,76]. The idea of simultaneously trapping
atoms and ions in the same spatial volume was introduced by W. W. Smith [1] in 2005.
The hybrid trapping opened up a new platform for mixed species experiments. Hybrid
traps comprising either trapped ions combined with a MOT [2-5,19] or trapped ions
in a quantum degenerate gas [6,7] have been developed in various labs to investigate

specific interactions or chemical processes.

1.2 Motivation

Above, we have briefly covered the evolution of all the major threads that we shall
utilize in our experiments at RRI. In our experimental apparatus, the possibility of si-
multaneous trapping of atoms, ions molecules and light exists so that a large variety
of interactions can be studied in detail, with control over the numbers of trapped par-

ticles, their internal states and their motional states. So the primary motivation in our



Table 1.1: The interaction energy for different inter-species interaction is tabulated.

interacting particles interaction energy

ion-ion C1/R
ion-dipole Co/R?
dipole-dipole Cs3/R3
ion-atom Cy/R*
atom-atom Ce/R®

experiments is to investigate the interactions between multiple species and if possible,
incorporate the cavity as the primary tool for non-destructive detection of interactions.
A mixed system of atoms, ions and molecules cooled and trapped in the same spatial
volume enables the study of a variety of interactions as tabulated in Table 1.1.

The cold temperatures of the systems make it ideal to study non-kinetic energy driven
interactions and to extract the effects due to the quantum nature of interactions. More-
over, trapping ensures measurements with long observation time. The optical cavity
around the mixed species permits the enhancement or inhibition of specific interac-
tions and allows for frequency sensitive measurements. Further, our hybrid trap sys-
tem enables us to explore the details of accumulation of atoms and ions to form com-

plex molecules and molecular ions.

1.3 The statement of the thesis problem

The simultaneous cooling and trapping of atoms and ions permits the study of pho-
ton assisted cold chemical reactions under “ab-initio” conditions. Several experiments
around the world now exist where ab initio reactive processes can be systematically
studied. In such experiments we can determine the reaction rate constants for specific

states in the mK collision energy regime [8]. Zipkes et.al. [6] have demonstrated sym-



pathetic cooling of a single Yb™ ion by a condensate of Rb atoms and determined their
scattering cross section. In this experiment, each collision leads to loss of atoms from
the BEC. Lee et.al. [77] have measured the collision rate coefficient between trapped
Rb atoms in a MOT and the daughter Rb™ ions in an ion trap. By combining a MOT as
opposed to a degenerate gas with the ion trap, we can reach a steady state mixture of
ions and atoms since the MOT can be continuously loaded.

An interesting feature of such experimental system is that we can replicate the pro-
cesses in nature in a table top experiments. For example, from astrophysical obser-
vations to study the evolution of universe, the presence of H* (proton) and H; has
been detected but the presence of H2+ has not been observed. Theoretical [78] and
experimental [79, 80] studies suggest that the collision of H, and H, results to form
Hi + H. Hy also undergoes direct photo dissociation in presence of electro-magnetic
tield [79,81]. The example of hydrogen suggests the complexity in modeling the details
of a chain of interactions even with the simplest molecular ion. Several effects have to
be considered as the molecule possesses a complex energy level structure. Thus it is
essential to develop numerical codes to find the energy level structure which helps in
state preparation and model various processes involving molecule light interactions.
A crucial point when mixtures are studied is the characterization of the production,
trapping and detection of individual species. As in all the experiments leading up to
the present day state of the art, our experiments rely heavily on theoretical and nu-
merical work to design, analyze and interpret the experimental results. In our earlier
experiments, we have seen that the ion-atom mixture Rb™ — Rb is stable in the pres-
ence of trapping field of each other [14]. Hence they can be co-trapped to study their
collisional interactions and therefore sympathetically cool Rb™ ions by collisions with
the parent cold Rb atoms [4,19]. Sympathetic cooling is a routinely used method now
to cool species which cannot be laser cooled. Moreover, sympathetic cooling of Rb;
ions with cold Rb atoms in the MOT gives more insight into their collisional proper-
ties. To accomplish this it is important to study the mutual stability of species in their

respective traps. Keeping all these in mind, we perform few experiments to check the



stability of Rb; ions with the Rubidium MOT.

The key objectives of the thesis are enumerated as follows.

¢ To develop numerical codes for the characterization and interpretation of exper-
imental results. These codes allow the understanding of ion traps and the detec-

tion process of the trapped ions.

* To device and demonstrate experimentally as well as by numerical simulations a

detection scheme for the ions from the modified spherical ion trap.
¢ To demonstrate reliable mass spectroscopy in ion detection.

¢ To construct experimental arrangement for cold molecule and molecular ion pro-

duction.

¢ To develop numerical codes for the calculation of molecular transition rates and

branching ratios.
¢ To study the stability and co-existence of mixed species in the hybrid trap.

¢ To model the dissociation of molecular ions formed in specific internal state dis-

tribution.

¢ To numerically demonstrate the polar molecule trap in the hybrid apparatus.

1.4 Organization of the thesis

The structure of the thesis, chapter wise is given below.

The chapter 2 is formulated to describe the experimental apparatus with essential the-
oretical concepts based on which the system is developed. The concepts of cooling and
trapping of neutral atoms, trapping charged particles, basics of Fabry-Perot cavity are
briefly covered in the beginning. The details of the experimental apparatus, including
the vacuum system, the role of Fabry- Perot cavity, MOT of °Rb atoms (laser system

and detection setup) are then presented. The numerical simulations carried out for the



design and characterization of the ion trap and polar molecule trap are explained in
detail.

In chapter 3, the transverse extraction of ions from the modified spherical ion trap is
demonstrated in detail, both experimentally and using numerical simulations. The de-
pendency of extraction efficiency on the phase of trapping rf field is explained. The
condition for reliable mass resolution for Rb™ and Rb, ions is presented. The experi-
mental data are compared with numerical simulation, showing good agreement with
each other.

The chapter 4 is dedicated to molecules. An introduction to molecules including the
angular momentum coupling scheme, the electronic and vibrational energy levels and
collisional wave functions, for the understanding of the rest of the thesis, is given in
the beginning of the chapter. The potential energy curves involved in the production
of Rb, and Rb; molecules are presented. The details of the numerical codes developed
to find the transition rates are explained with the example of Rb, molecule. The ex-
perimental arrangement for PA to create Rb, molecule is discussed. The experimental
signal of molecules created close to the dissociation limit is presented and the vibra-
tional levels are identified. The numerical codes developed are used in modeling the
results in chapter 5.

In chapter 5, the production of Rb; molecular ions by resonance-enhanced-multi-
photon-ionization (REMPI) of Rb; molecule is discussed. The experimental sequence
to study the stability of Rb; ions in the hybrid trap is given and the results of exper-
iment are presented. The numerical modeling of possible channels of molecular ion
interaction with the MOT trapping light field is explained.

The thesis concludes with a summary of the results and a discussion on the future

prospects of the multi species experiments in the hybrid apparatus.



CHAPTER 2

Experimental Concepts and the Hybrid
Trap

In this chapter, we describe the background concepts for the experiment and the details
of the hybrid trap. In section 2.1, a brief description of the theoretical concepts of cool-
ing and trapping atoms, trapping charged particles and basics of Fabry-Perot cavity
are given. In section 2.2, the experimental setup and the vacuum system are described.
The details of the magneto optical trap for atoms is given in section 2.3. In section 2.4, a
detailed description of the ion trap by electrically configuring the electrodes to operate
as a linear quadrupole ion trap or as a spherical ion trap is then provided as it is cru-
cial for the experiments in the present thesis. The possibility for trapping neutral polar
molecules in the experimental system is discussed in section 2.5. Results of numerical
simulations which serve to compliment and supplement are presented to explain the

traps in detail.

2.1 Theoretical concepts

2.1.1 Cooling and trapping neutral atoms

Cooled and trapped atoms are required for a variety of studies and applications as they
can be prepared in specific internal quantum states. In this section, we first see how to
precisely set laser light to provide a velocity dependent force in order to slow down the
velocity of the atoms (laser cooling). We then move on to the magneto optical trapping
(MOT), where a magnetic field is used in conjunction with the optical field to provide

a position dependent force and to define a trap centre.



Laser cooling: optical molasses

In laser cooling, the radiation force on the atom moving in the laser field is used to slow
down the velocity of the atom. When an atom at rest absorbs a resonant photon of fre-
quency wg and wavevector k, it gains momentum equivalent to hk. The subsequent
spontaneous de-excitation of the atom results in the emission of a photon of wavevec-
tor k’ oriented randomly with respect to k and the atom again gains a momentum —hK'.
To understand the process of cooling, let us consider a simple case of a two level atom
in one dimension and its interaction with light. For slowing down the velocity 7 of
an atom, the atom should absorb a photon with wavevector opposite in direction to 9,
—k. A counter propagating pair of red detuned laser beam is used, such that an atom
moving in either direction always sees the counter propagating laser beam Doppler
shifted closer to resonance than the laser beam in the co-propagating direction with
respect to the atom’s velocity. As a result, the atom preferentially scatters the photons
from the opposing beam and its velocity slows down in each absorption. The spon-
taneous isotropic emission results in a random walk and cancels out on average over
many cycles. The force, F. on the atom from photons of momentum 17k is expressed

as [82] . ;
< 1kl Toat
b = (6Fkv)?

2 14 L 44l

2.1)

where I is the laser light intensity, I, is the saturation intensity for the transition given
by It = 7thel'/3A3, ¢ is the velocity of light in free space, A is the wavelength of the
laser light, I' is the natural linewidth of the excited state and ¢ is the detuning of the
laser from the resonance. The net force E;,;; on the atom is
Footal = e 2
T(14 & +4%)2

7= —p7 (2.2)

For small atomic velocities, the force by the laser field is proportional to the atom
velocity and results in viscous damping as illustrated in Fig. 2.1. Even if the average
momentum gain in spontaneous emission cancels out over many cycles, the rms mo-

mentum gain is finite, which results in random walk in momentum space, giving a

10



(a) A

B(z)

N

0,0)
<€ 0 >
(b) (c) ‘
—~ 1. 1-
=
s 05 = 0.5}
; ™
S 2 g
& S
] [+]
3—0.5 e -05
S (=]
. -t "
20 -10 0 10 20 20 —10 0 10 20

Velocity (m/s) Position (mm)

Figure 2.1: Panel (a) schematically represents the spatial variation of magnetic field, corre-
sponding energy level splitting and light fields for the one dimensional laser cooling in a
magneto-optical trap for a two level system with ground and excited state quantum number
F; = 0and F, = 1. In panel (b), the velocity dependence of the scattering force on a #Rb atom
by a red detuned photon in an optical molasses setup is shown. The dotted curves represents
the force due to each counter propagating beams and the solid curve represents the resultant
force. In panel (c), the scattering force as a function of position in the MOT setup is shown for
a ®Rb atom. The counter-propagating red detuned c* beams ensures that the atoms scatter

photons preferentially from the counter-propagating beam which pushes the atoms towards

the trap centre.
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finite temperature iiI'/2kp for the atom and is called the Doppler cooling limit.

The atomic motion can be cooled down in a three dimensional (3D) volume by ap-
plying 3 mutually orthogonal counter propagating beams intersecting in that volume.
This technique, called optical molasses, can cool the atoms in the intersection of the 3
pairs of counter propagating beams but the atoms are not trapped as their diffusive
motion can lead them out of the intersection region. Hence, for trapping, a position

dependent force is required, which is explained below.

Magneto optical trap

The magneto optical trap uses a combination of magnetic and optical fields to cool and
trap the atoms. The MOT uses an inhomogeneous magnetic field B(z) = Byz, which
can be produced by a pair of coils in anti-Helmholtz configuration. For simplicity, once
again consider a two level atom with angular momentum of the ground state F¢=0 and
the excited state F.=1, moving in one dimension (£). In a magnetic field of magnitude
By, the atomic level degeneracy is lifted by AEp,,.y = up gr mr By due to Zeeman
effect and the levels are labelled by the magnetic quantum number, mr = 0, £1. Here
up is the Bohr magneton and gr is the Lande g factor. The dipole allowed transitions
can occur from 0 <+ 0, 1 by absorbing a 7, o™ polarized photons respectively.

For positions z > 0, By is positive and the energy of the state mp = +1 is shifted up
linearly with z and the state mp = —1 is shifted down with respect to the unshifted
level, mr = 0, as shown in Fig.2.1(a). Hence an atom moving in +Z direction, sees the
red detuned light with wave vector —k as more resonant to the closest mr = —1 level
than with wavevector k. Therefore the application of 0® polarized lights respectively
in +k direction will cause the atoms to preferentially scatter the opposite beam. The
reverse is true for an atom moving in the —Z direction. This result in a position depen-
dent force to drive the atoms towards the spatial centre. The force on the atom from
the counter-propagating beams can be expressed as [82]

I

hkT T
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where y' = (.M, — §¢M,)ip is called the effective magnetic moment for the transi-
tion, where My and M, are the magnetic quantum number of the ground and excited
states. The net force is

F= —po—«7 (2.4)

where ¥ = u'ByB/hk and B is defined in eq. 2.2. The position dependance of the force
expressed in eq.2.3 is plotted in Fig.2.1(c). Thus in a MOT, the atoms are cooled and
trapped simultaneously. For a variety of collision experiments envisaged in our appa-
ratus, it is required to have different atomic species in the same spatial volume. The
MOT has the important feature that the same magnetic field can be used for differ-
ent atomic species with their corresponding resonant lasers to simultaneously trap the

mixture.

2.1.2 Trapping charged particles

The motion of a charged particle can be controlled easily by electric and magnetic
tields. However since an electrostatic potential minimum in three dimensions in free
space is not achievable (Earnshaw’s theorem [33]), either an oscillating electric field
(Paul trap) or a combination of static electric and magnetic fields (Penning trap) is em-
ployed to trap the charged particle in a three dimensional volume.

In the Penning trap configuration, a dc electric field is applied between a ring and end-
cap electrodes to produce an axial potential minimum and a magnetic field B = B2
is applied in the axial direction. The axial trapping is ensured by the electric field and
radial trapping is ensured by the cyclotron motion produced by the crossed electric
and magnetic fields. As large magnetic fields are required for the Penning trap, it is

not suitable for a hybrid trap employing a MOT for atom trapping.

Paul trap

In an ideal Paul trap, a potential saddle is created between 7 (radial) and £ (axial) direc-
tions which rotates at appropriate frequency to produce a three dimensional secular

potential to trap the charged particle. In the original design, a voltage of the form
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Vi CosQt is applied between a hyperbolic electrode and two endcap electrodes to pro-

duce a potential of the form

¢(r,z,0) = 24)702(72 —22%) (2.5)

This is referred as a spherical Paul trap. However any electrode geometry which can
produce a potential of the form in eq. 2.5 can be used as a Paul trap. In our experimen-
tal apparatus, a radio frequency(rf) voltage applied on a four wire electrode geometry
is used to produce such a field. The details of the design and experimental demonstra-
tion of this modified spherical Paul trap can be found in [19, 21].

The design of Paul trap electrodes have evolved and the most widely used design is a

linear quadrupole electrode geometry with various forms of endcap electrodes. Here

_ P

= @(x2 — yz) in the radial direction and

the trap potential takes the form ¢(x,y,0)
a parabolic static potential form in the axial direction. This is produced by applying
an rf voltage V,CosQ)t between the diagonally opposite electrodes in the quadrupole
structure and a dc voltage on the endcap electrodes. This geometry has an advantage
that the rf field is zero along the trap axis and hence multiple ions can be cooled and
positioned at the field null of this rf potential. In our trap, the four wires constituting
the spherical trap are wound over a quadrupole electrode geometry which are elec-
trically isolated from each other. Hence by applying an rf voltage on the rods and a
dc voltage on the wires, a linear quadrupole trap can also be achieved in the system.

Both the traps, the modified spherical Paul trap and the linear quadrupole trap, are

characterized in detail in section 2.4.1 and 2.4.2.

2.1.3 Fabry-Perot cavity

A Fabry-Perot cavity consists of two high reflectivity spherical or planar mirrors, fac-
ing each other and separated by a distance D. Let us consider a symmetric spherical
mirror cavity (Fig. 2.2.a) with radius of curvature of the mirrors being Rys. The elec-
tric field distribution of an electromagnetic field within the cavity is determined by

the boundary condition. The electromagnetic modes supported by the cavity can be
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Figure 2.2: A Fabry-Perot cavity made of two spherical mirrors of identical radius of curvature
is schematically represented in panel (a). The transmission profile of the cavity with a laser

input scanning in frequency is shown in panel (b).

written as TEM,,, , |, where m, n, and | are integers, with a transverse part (m, n) and a
longitudinal part (/). The fundamental transverse mode, TEM,(;, has a Gaussian field
distribution in the transverse plane. The non zero | value represents the large num-
ber of longitudinal modes that are supported by the cavity, whose length D >> A,
the wavelength of the light fed into the cavity. The mode will sustain in the cavity
provided the radius of curvature of the beam matches with that of the mirror at the

boundaries and the frequency v of the beam satisfy the resonance condition [83]

1. . D

c

V=9oD

Under this resonance condition, the electromagnetic wave forms a standing wave by
back and forth reflections between the mirrors. Two adjacent resonant frequencies are
separated by c/2D and is called the free spectral range (FSR) of the cavity.

In real cavities loss of light originating from the finite reflectivity of the mirrors, scatter-
ing and absorption of light by the mirrors, etc., leads to broadening of the resonances.
The transmitted intensity profile of the cavity, when seeded with a laser light scanning
in frequency, has a finite width as shown in Fig. 2.2.b. Considering only the loss result-
ing from the finite reflectivity, rj; <1, the full width at half maximum (FWHM) of the

transmitted light is given by

1—7’M

TTA/TM

FWHM = FSR

2.7)
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The quantity 7t./ra1/(1 — rp) is called the finesse (F) of the cavity and F /27 cor-
responds to the number of round trips a photon takes before exiting the cavity [83].
The real measured linewidth depends on the total loss rate x, which is the sum of all

the losses. Hence from the measured linewidth, the true finesse of the cavity can be

calculated as F=FSR/FWHM.

2.2 Experimental setup

The experiment is designed for studying the inter-species interaction between alkali
metal atoms, diatomic molecules and their derived atomic and molecular ions. In or-
der to study the ion-atom interactions in steady state, hybrid traps, incorporating a
MOT and a Paul trap as traps for atom and ion respectively, has been established in
earlier work from our lab [14]. The system presented here has additional features like,
a molecular trap for neutral polar molecules. All these traps are within the mode vol-
ume of the Fabry-Perot cavity which can be used to interrogate the trapped species and
perform frequency sensitive measurements on the trapped systems with the longer
term goal of measuring interactions between the trapped species. The experimental
system consists of a vacuum system, laser systems and associated control electronics,
photon and charged particle detectors and electronics for controlling the experimental
sequence and instruments for measuring and recording the data. The experimental
setup for MOT is discussed in section 2.3.1 and the ¥ Rb MOT and detection schemes
is discussed in section 2.3.2. The configuration and characteristics of the spherical and
linear ion trap are discussed in detail in sections 2.4.1 and 2.4.2 respectively, and results
of simulations are presented. Finally, in section 2.5, the possibility of the system to trap
neutral polar molecule is presented with a discussion on the trap depth for various

molecules which can be produced in the experimental system.
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Vacuum system

The vacuum system consists of a compact stainless steel chamber, vacuum pumps and
gauges all mounted on a vibration isolation optical table (Newport:RS4000). The re-
quired vacuum for the experiments is of the order of 10~!Y mBar. The vacuum chamber
is custom made from Kimball Physics (Kimball physics Inc: MCF600-SphHexadecagon-
F2A16) with dimensions of 17.27 cm outer diameter and 3.5 cm height. The schematic
diagram of the vacuum chamber, designed with 16 CF16 and 2 CF100 ports, is illus-
trated in Fig. 2.3. Out of 16 CF16 ports, 3 are used as electrical feedthrough, one is
used for ion detector, Channel Electron Multiplier (CEM), one for connecting vacuum
pumps and the others are viewports providing sufficient optical access, of which one
throughport defines the cavity axis.

In order to ensure good ultra high vacuum, the flanges are tightened well using torque-
wrench, with copper gaskets compressed between the CF knife edges of each flange
connection. To achieve the ultra high vacuum, a diaphragm pump (Pfeiffer: MVP 015-
2), a turbomolecular pump (Pfeiffer: TMU 071), a Titanium sublimation pump (Varian)
and an ion pump (Varian:Vaclon Plus 919-1210) are used in a specific sequence as de-
scribed below. All the pumps are connected to the same port using a conical reducer
nipple and a CF40 four way cross. An ion gauge (Varian:UHV-24) is attached to the
same port as for the pumps to monitor the pressure inside the chamber.

At first, the diaphragm pump is used to reduce the pressure to 10~! mBar. This vacuum
is required for starting the turbomolecular pump. The turbomolecular pump is then
used to create the initial vacuum of ~ 10~® mBar. There is a slow release of adsorbed
gases, mostly water vapor, from the inner surface of the chamber, a phenomenon called
outgassing which limits the achievable vacuum. The chamber is baked uniformly to
a temperature 130 °C for one week in order to accelerate the outgassing rate, keeping
the turbomolecular pump ON. This process helps to get a vacuum of 10~ mBar after
a few days of bake-out and cooling down the system. The next step in the pumping
sequence is to operate the Ti: sublimation pump and start the ion pump. The pressure

measured in the ion gauge goes under range (5 x 10~ ! mBar) and the turbomolecular
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Figure 2.3: A schematic representation of top and side view of the experimental chamber is
shown with the vacuum pumps used to achieve ultra high vacuum. The 5 x 10~ mBar vac-

uum obtained is maintained by an ion pump.

pump is decoupled and that arm is sealed using an all metal seal valve. The ion pump

is always operational to maintain the ultra high vacuum.

Fabry-Perot cavity

The Fabry-Perot cavity is made with two concave mirrors of 0.9997% reflectivity at 780
nm and radius of curvature 50 mm in a near-confocal configuration. The length of the
cavity is 45.7 mm and can be scanned using a piezoelectric transducer (pzt) attached
to one of the mirror. The initial linewidth of the cavity installed in the vacuum system
is measured to be 1.4 £+ 0.2 MHz giving a finesse of 2350. The cavity is probed with a
home built external cavity diode laser which can be tuned to 551/, to 5P5/, transition.
The transmitted light from the cavity is collected and is divided into two parts using
a non-polarizing beam splitter. One part is used to image the cavity mode and the
other part falls on a photomultiplier tube followed by a current preamplifier, both are

calibrated. In Fig.2.7, the optical detection arrangement is schematically shown.
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2.3 The atom trap

2.3.1 Magneto optical trap

Atom source

The experimental chamber contains dispensers (getters) as source of atoms. The dis-
pensers are mounted inside the chamber and connected via feedthroughs and emits
atomic vapour when current of few amperes pass through it. To ensure a constant rate
of emission of atoms, the dispenser is operated using a constant current source. All the
studies described in this thesis are carried out with Rubidium atoms and their derived
ions and molecules (dispenser: SAES: Rb / NF / 4.8 / 17FT10+10). However, to enable
inter species interaction studies, we have mounted dispensers of group 1 elements,
Rubidium(®*Rb(72.2%, bosonic),%” Rb(27.8%, bosonic)), Potassium (*°K(8.4% enriched,
fermionic), *K (bosonic)) and Cesium (*3Cs, bosonic) and one group II element, Cal-
cium (*°Ca(99.9%)), of which the Ca™ ions are laser coolable and forms crystals at milli

Kelvin temperatures.

Magnetic field coils

The magnetic field coils to produce the gradient magnetic field for the MOT are made
of copper windings on a copper former and is mounted outside the vacuum chamber.
The coils are mounted using brass plates of dimensions such that they just fit to the top
and bottom CF100 viewports of the chamber. Each coil has 100 windings of 1.2 mm
diameter copper wires. When passing current in anti-Helmholtz configuration, an in-
homogeneous magnetic field, with zero at the centre and linearly increasing magnetic
tield in all directions results. In typical operating conditions, a current of 5A is used
resulting in a magnetic field gradient of 22 Gauss/cm. As the current used are small,

additional cooling method is not required.
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2.3.2 MOT of 5°Rb atoms

Rubidium(Rb) belongs to group 1 elements in the periodic table of elements. For all the
experiments reported in this thesis, we use the °Rb isotope. The important physical
and chemical properties of %°Rb are listed in Table. 2.1 [84]. The energy levels 55 1 and
SP% and their hyperfine sublevels of Rb atom are shown in Fig. 2.4. Out of the two
available closed transitions, F=3 to F'=4 and F=2 to F’=1, we use the former one for
cooling transition as it is a stronger transition. Although F'=4 to F=3 is the only dipole
allowed decay channel, a small fraction of excited atoms decays to the F=2 ground
state, a quadrupole allowed transition, which leads to loss of atoms from the cooling
cycle in microseconds. Therefore, in order to maintain a steady state cloud of atoms, a
low intensity repumping laser is used to transfer the atoms back to the F=3 state and
hence to the cooling cycle. The repumper laser is locked to F=2 to F'=3 frequency. The

details of the laser and optical setup for the MOT are explained below.

Laser system and frequency stabilization

We use external cavity diode lasers (ECDL) [85] as the cooling and repumping lasers.
The ECDL consists of laser diode of the desired wavelength, temperature controller, a
Littrow- configuration of a diffraction grating with piezoelectric transducer for wave-
length tuning. For the cooling laser, we have developed the ECDL using Thorlabs:
DL7140 laser diode and use the Toptica Photonics electronic module (DC110) for cur-
rent and temperature control, controlling the voltage applied to the pzt and laser fre-
quency stabilization. The frequency of the laser is monitored using a saturated absorp-
tion spectroscopy (SAS) in a Rb vapour cell. The laser is locked to a fixed wavelength
using an active feedback to the laser when the wavelength shift. The SAS is used as the
reference signal for laser locking. A schematic of the optical arrangement for the cool-
ing and repumper laser is shown in Fig. 2.5 and 2.6. Briefly, a small part of the cooling
laser beam is frequency shifted by ~ 52 MHz using a combination of acousto-optic

modulators (AOM). A SAS setup is made using the frequency shifted light beam. The
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Table 2.1: The important properties of 3Rb atom are tabulated and the values are taken

from [84].
Atomic Number 37
Mass Number 85
Atomic mass 1.409993199(70) x 10%° kg
Relative natural abundance 72.17%
Nuclear spin 5/2
Ionization limit 33690.7989 cm 1

(4.177eV)

551 ,7 < 5P5/, transition
wavelength (vacuum) 780.241368 nm
Natural linewidth 27t x 6.0666 MHz

Saturation Intensity, I;;(F =3 — F'=4)  3.89509(81) mW /cm?
Lande g factor g(551,,) 2.00233113

laser is locked on the first cross over line of this shifted SAS signal using a proportional-
integral-differential regulator (PID) and Pound-Drever-Hall (PDH) combination. The
frequency of the unshifted part of the laser beam is thus ~ 12 MHz red detuned to the
F=3 to F’=4 transition and is injected to a tapered amplifier (BOOSTA) for amplifying
the power. The cooling light can optionally switched using an AOM in the path.

We use a Toptica: DL100 commercial laser as the repumping laser along with a Toptica
Photonics DC110 for laser control. A SAS setup is arranged for frequency monitoring
and the laser is locked to F=2 to F’=3 line frequency. An AOM setup in the repumper
path allows switching or modulation of the laser intensity.

In our setup, all lasers and the optics for the experiment are prepared on one optical
table and the prepared light beams are transported to the experimental table using

single mode polarization maintaining fibers (SMPMF). On the experimental table, the

21



Cooling transition Repumping transition

[ F’ F
_______ 4 —_— 4
fs
100.2 MHz
B S I - —izn.qmnz - T~ . 4  ¥20.4MH:z
— 3 —_— 3
3.8 MHz{
" 83.8 MHz -] 2 113.2 MHz
\
—_— 1 _—1 K
780.24 nm 780.24nm
F F
¥ 3 —_— 3
3.035GHz — 3.035GHz
2 —_— 2

Figure 2.4: The schematic shows the energy levels of ®Rb atom relevant for laser cooling
scheme. The cooling and repumping transitions are marked and the SAS signals for transi-

tion from both the ground hyperfine levels are shown in inset.

cooling and repumper beams are mixed using a beam splitter, expanded to ~ 8 mm
using a telescope arrangement, divided into six beams and fed to the chamber with
appropriate circular polarization for counter-propagating beams. The MOT is formed
at the centre of the chamber, where the three pairs of beams and the magnetic field

centre intersect.

Detection of the MOT atoms

Atom number and density:

The MOT atom number, spatial profile and density can be determined using the scat-
tered fluorescence from the atom cloud. A spatial filtering setup is arranged which
collects light through one of the viewport and filters out the scattered fluorescence
from the atoms from the centre of the chamber while blocking all the scattered light

from any part of the chamber. This means that the background light from the lasers is

22



------

CURR CTRL
— TEMP CTRL
PDD
PID
SCAN CTRL

[ ] FEEDBACK
4 LA LC
Ny V A PD
1SO I;;I SAS
/2 == PDé"J T L2
/2 _|pBS M
PBS H
IC == PBS PBS
A A=~ A e (A
Ap =|- -Ap
—Plé oM Ié
IS0 / - Ao - Ap
/4 ==
NDF == L/4 L/4
CM 7 CM
M 7>

SMPMF AOM
i @ _ . vor

a
Ap SMPMF

Figure 2.5: The optical arrangement for the cooling laser is schematically represented. The
abbreviations used are as follows: AOM: acousto-optic modulator, APP: anamorphic prism
pair, Ap: aperture, CM: concave mirror, ISO: optical isolator, LA: plano-convex lens, LC: plano-
concave lens, L/2: half wave plate, L/4: quarter wave plate, M: plane mirror, NDF: neutral
density filter, PBS: polarizing beam splitter, PD: photo diode, SMPMF: single mode polarization

maintaining fiber and TA: tapered amplifier.
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Figure 2.6: The optical arrangement for the repumper laser is schematically represented. The

abbreviations used are same as in Fig. 2.5.

very efficiently suppressed while allowing the complete light emission from the atoms,
in the solid angle to be detected. The setup is shown in the Fig. 2.7(a) and is made with
a 2f-2f combination of plano-convex lenses with an aperture in between. The collected
fluorescence is then divided into two parts using a non polarizing beam splitter, one
part is fed to a CCD camera (Thorlabs: DCU224M) and the other part falls on a photo-
multiplier tube (PMT)(Hamamatsu Photonics: R636-10).

The scattering rate of the photons by an atom is given by

N
271 ¢ = t+ 4% 29

R = (
Where I' is the natural linewidth of the transition, J is the detuning of the light from
the resonance, I is the laser light intensity and Iy, is the saturation intensity of the tran-

sition. The PMT output is a small current signal proportional to the incident light and

is amplified using a preamplifier (Hamamatsu Photonics: C7319) and the combination
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Figure 2.7: Panel (a) illustrates the optical detection schemes. A spatial filtering arrangement

Detuning (MHz)

is made in free space to eliminate the background scattered light. The CCD cameras are used
to image the spatial profiles and PMTs are used to measure the light levels. In panel (b), the
CCD image of the spatial profile of the MOT in a plane perpendicular to the detection axis is
shown. The loading of the MOT measured on the PMT is shown in panel (c). The light coupled
from the MOT atoms into TEMgy, TEMy;+ and TEM;p modes of the cavity, imaged on the CCD
is shown in panel (d). An experimental data illustrating the vacuum Rabi split, as a result of

collective strong coupling of MOT atoms to a cavity mode is shown in panel (e).
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is calibrated with a light source of known power. Hence from the output signal, the
power of scattered light in the solid angle considered is known and the total fluores-
cence in 477 direction is calculated. Knowing the rate at which a single atom scatters
light (eq. 2.8) and the total power of the emitted light of known wavelength, the atom
number for non-interacting atoms can be calculated. The code in Appendix B gives the
details of the optical signal to atom number conversion.

The spatial profile of the MOT which is approximately spherically symmetric, is ob-
tained in one plane from the CCD camera image. Knowing the total atom number
and the FWHM of the distribution, the density of atoms in the MOT is estimated to
be 2.4x10'% cm~3. The MOT spatial profile is shown in the Fig. 2.7(b) and the MOT

loading from Rubidium vapour is shown in Fig. 2.7(c).

MOT temperature determination:

As mentioned earlier, the MOT is formed at the centre of the Fabry-Perot cavity. The
atoms within any cavity mode volume collectively couple to that mode and can be de-
tected using the CCD-PMT detection arrangement in the cavity output (Fig.2.7(a)). The
scattered light from the MOT atoms coupled to the TEMgy, TEMy;+ and TEM;y modes
is shown in the Fig. 2.7(d).

In our setup, as the finesse of the cavity is moderate, the coupling of a single atom to
the cavity is in the weak coupling regime, i.e., ¥ > go > «, where g is the atom-cavity
coupling constant, y is the atom’s spontaneous emission decay rate in free space and
k is the empty cavity photon decay rate. However, when N, number of atoms collec-
tively couple to a cavity mode, the coupling constant ¢ = gov/N. can be greater than
v and «x. In this collective strong coupling limit, the degeneracy between the atomic
and photonic dressed state is lifted to give resonances at £g9+/N; which is known as
vacuum Rabi splitting (VRS). We have used this strong atom-cavity coupling to esti-
mate the MOT temperature [18]. Details of this measurement are in the thesis of Tridib
Ray [18,21]. For completeness, we briefly describe the temperature measurement.

The temperature of MOT atoms is estimated by a time of flight method, using the col-
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lective strong coupling of the atoms to the Fabry-Perot cavity. In Fig. 2.7(e) the vacuum
Rabi split is demonstrated. Here, the cavity is tuned to the Rubidium F = 3to F’ = 4
transition and is probed using a laser scanning through F = 3 to the excited state hy-
perfine levels. The blue line in the figure shows the SAS signal used for the frequency
reference of the probe laser. When the atoms are absent in the cavity mode volume, a
Lorentzian output as shown by the black dotted line results. The collective coupling of
a large number of atoms to the cavity mode results in splitting the energy levels and is
shown by the red thick line in the figure.

In the first step, the VRS is measured for known atom numbers in the TEM cavity
mode, and fitted with equation VRS = 2¢9y/N; to deduce the atom-cavity coupling
constant go. Using the value of gy (130+3.9 kHz, measured for F = 3 to F’ = 4 tran-
sition), the number of atoms in the cavity mode can be determined for a measured
VRS. To estimate the temperature, the cooling and the repumper lasers are sequentially
switched off to prepare the atoms in F = 3 ground state and the ballistically expanding
cloud is probed through the cavity using a laser scanning through F = 3 to the excited
state hyperfine levels. Keeping the cavity resonant with F = 3 to F’ = 4 transition, the
VRS is measured as a function of time. This provides the expansion rate of the atom

number N,, and the initial temperature of the atoms is estimated to be 107.7 + 7.5 uK.

24 Theion trap

In a hybrid apparatus, the fields used for the traps should not interfere the performance
of each other. The mutual compatibility of ion trap (Paul trap) and a MOT is already
studied in our lab [14,86]. The challenge was in designing the geometry of an ion trap
to incorporate a MOT and a Fabry-Perot cavity. Our final design of the hybrid appara-
tus can be used to trap ions in a linear or a modified spherical Paul trap. Moreover, the
electrodes for the spherical trap can be biased appropriately to trap polar molecules,
which will be explained in section 2.5. Another difference of the design of the hybrid

geometry from the conventional way is regarding the ion extraction. The highest sym-
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metry axis of the ion traps share the cavity axis and hence the ion extraction from the

trap for detection has to be transverse to the axis of the ion trap.

Electrode geometry

The trap consists of four Tungsten wire loops wound in square geometry as illustrated
in Fig. 2.8. The wires are wound over the groves on the ceramic sleeves jacketing four
stainless steel (55316) rods. The ceramic sleeves electrically isolates each wire loop and
the rods and hence all the electrodes can be biased independently. The rods and the
hollow ceramic sleeves are 3 mm and 6 mm in diameter respectively. The rods are
assembled in a quadrupole geometry with a center to center distance of 17 mm. The
Tungsten wires are 80 um in diameter, and are wound with a separation of 1.5 mm, 3
mm and 1.5 mm, respectively. The trapped ions can be detected destructively using a
charged particle detector or non-destructively by fluorescence. Except for Calcium, the
ions of other elements in the apparatus do not have a transition accessible for optical
detection. We use a channel electron multiplier (Dr. Sjuts KBL10RS) for the detection of
the trapped ions. As mentioned earlier, it is mounted transverse to the symmetry axis,
44.5 mm from the trap centre. For the proper functioning of the trap, the trap volume
should be screened from the voltages applied on all other electrodes in the chamber.
For example, the CEM is always maintained at a high voltage (HV) of -2.4 kV and de-
pending on the experiment, voltage up to 100 V is applied on the pzt for cavity tuning.
A set of two shielding electrodes (Grid 1 and Grid 2) are used to shield the trap centre
from voltages applied on the CEM cone and the pzt respectively. They are maintained
at ground potential while the trap is operational and switched to appropriate voltages
for ion extraction.

Extensive simulation has been performed prior to the assembly, to characterize the
trapping and ion extraction and to design shielding electrodes. A software package
SIMION 8.0 [87] is used to generate the electrode geometry in three dimensions and to
numerically solve the Laplace equation with electrodes at a given voltage, to get the

potential ¢(x,y,z) in the spatial volume considered. Fig. 2.9 shows the SIMION gen-

28



11 mm X Grid 1
(a) —
RN
11 mm[ . CEM

®

A

b
(b) ,
1 -
45 mm Y Grid 1

3mmi (-] I 6 mm CEM
Piezo-electric — ! - Grid 2
transducer = 8 445 mm :
(c) Grid 1 (d) Grid 2

N\_/

%

N

16 mm

v

le. @
© ©

Figure 2.8: A schematic of the ion trap electrode geometry and the CEM is shown with di-
mensions roughly on scale. Panel (a) and (b) are the axial and top view respectively. The blue
sphere and ellipsoid in the trap centre represents the limiting spatial extent for a trapped %°Rb
ion with optimal trapping parameters as mentioned in the text. The trap centre is shielded
from voltages applied on the CEM cone and the pzt, using grounded grid pairs Grid 1 and
Grid 2 respectively. The grids 1 and 2 along their respective axis are shown in panel (c) and (d)

respectively.
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erated electrode geometry of the whole chamber and the code developed to generate
the electrode geometry is given in Appendix A. The trajectory of the ion in the trap can
be simulated in two ways: (i) using the SIMION software itself or (ii) by importing the
SIMION generated potential to Mathematica and solving for the equation of motion.
In the second method, the potential due to each electrode set to 1 V while all the other
electrodes at ground potential is solved separately in SIMION and multiplied with de-
sired voltages and superposed in Mathematica. The trajectory of the ion in the trap is
then examined to check for ion stability in the trap with the parameters used. All the
simulation results presented in this chapter are performed in this method for single
85RbT ions, while the first method is used to explain few experimental results and is
presented in chapter 3.

In the following two subsections we describe the biasing of the electrodes to work as
a spherical and linear ion trap, stable operating parameters, ion motional resonances

and an estimation of the ion trap depth and spatial extent.

2.4.1 The modified spherical Paul trap

The secular potential for the ion trap is produced by applying a radio frequency voltage
of appropriate amplitude and frequency on the inner pair of wires. The outer pair of
wires can be biased with (i) an equal voltage on both to change the trap depth in the
radial and axial directions [19] or (ii) with a slightly unequal voltage to shift the ion
trap centre to increase the spatial overlap with the MOT atoms. Fig. 2.10 shows the
biasing of the ion trap electrodes and the resulting potentials in XY and XZ planes.

For an ideal spherical Paul trap with hyperbolic electrodes, when a voltage U, +
V,rCos()t is applied between the ring and the endcap electrode, the resulting potential
has the form

252 _ 32 42
o(x,y,t) = Ty(udc + Vi rCosQt) (2.9)

2
with d = %0 + z% where 1y and z are the distance of the ring and the endcap elec-

trodes from the trap centre respectively. For an ion with mass M and charge Q, the ion
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Figure 2.9: Figure shows the the SIMION generated electrode geometry including the vacuum
chamber. The CEM, mounted transverse to the ion trap axis, is housed in a grounded metal
structure with a grid in front to shield the ion trap centre from high voltage on the CEM. The

various electrodes are identified in Fig. 2.8.

trajectory in this field is governed by the equations of motion:

Q 5 (Uge + V,sCosOt)x

r= Md?
Q
j= UL — (U + VrfCOSQt)y
. —Q
= ——5 (Uge + V,CosQt)z (2.10)

This set of equation can be expressed in a general form of Mathieu equations using the

following parametrization.

—40QU;. 2QViy
8QUy . —-4QVyy Ot
iz = _MQ2dC2 S R VTeYF T @11
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Figure 2.10: Panel (a) shows the biasing of the wire electrodes to obtain a spherical ion trap
potential in the trap centre. The resulting potentials in the XY and XZ planes are shown in

panels (b) and (c) respectively.

and the equation of motion takes the form

% + (a; — 2q;Cos2t)u; =0 , i=1,2,3 (2.12)

The Mathieu equation has non-diverging solutions for a combination of a and q pa-
rameters, which are referred as the stability regions. The first stability region for an
ideal spherical Paul trap is shown in Fig. 2.11(a). For a fixed rf frequency, a and g de-
fines the Uy, and V,f voltages for which an ion of charge to mass ratio Q/M is stable.
For a range of Uy and V¢ voltages at 500 kHz, the ion trajectory in the spherical trap
is calculated and the stable points are plotted in the a4 — g parameter space as shown in
Fig. 2.11(b). Here, the a and g are calculated using eq. 2.11 with the value of d found
from a quadratic fit of the secular potential. The numerical code to solve the equation
of motion and to generate the a-g stability diagram is given in Appendix B. The sta-
ble operating voltages for other species mounted in the chamber are also calculated.
Fig. 2.12 shows the region of stability as a function of applied voltages for K*, Ca™,
Rb™ and Cs™ ions at rf frequency 500 kHz.

The modified spherical ion trap has been experimentally characterized for its trap-
ping [19] and the transverse extraction for ion detection [28] using 8Rb* ions. The de-
tails of the experimental trap optimization is presented in [19] and the thesis of Tridib
Ray [21] and briefly discussed in chapter 3 for completeness, as the experiments are

performed with the optimized parameters. In the following simulations, we use the
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Figure 2.11: The panel (a) shows the first stability region, which is the solution of eq. 2.12, for
an ideal spherical Paul trap. For a fixed ion mass and rf frequency, the parameters 2 and q are
linear functions of trapping voltages U, and V;f respectively. The panel (b) shows the stability
region for the modified spherical Paul trap. The experimentally optimized voltage, V,f =80V

corresponds to g = 0.34.

experimentally optimized voltages, U;. = 0 and V,y = 80 V at 500 kHz which corre-
sponds to (a,q) = (0,0.34).

Trap frequency:

Consider the adiabatic condition, where the variation in the amplitude of the high fre-
quency rf field is approximately constant over the ion’s oscillation amplitude. When
averaged over the rf field oscillation, the ion’s motion is governed by the effective po-
tential U,rr = QZE%) /AMQO?, where Eq, is the amplitude of the rf electric field. Hence
the ions trajectory can be decomposed into two: (i) the micromotion which is the small
amplitude oscillation induced by the rf field and (ii) the macromotion (secular mo-
tion), which is the slow oscillatory motion in the effective potential, both are shown in
Fig. 2.13.

The secular motion frequency can be determined experimentally by resonant excita-
tion method. Here, a small amplitude rf voltage V,x.Cos27ft is added to the trapping
rf voltage and is scanned over a range of frequencies in the sub-MHz range. When
this excitation frequency matches with the secular frequency or its harmonics and sub-

harmonics, the ions are resonantly excited and lost from the trap [13]. The trap fre-
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Figure 2.12: The figure shows the region of stability as a function of applied voltages for the
Cs™, Rb*, Kt and Cat ions at rf frequency 500 kHz.

quency depends on mass and is directly proportional to the rf trapping voltage. The
importance of determining the secular frequency is that specific ion species can be se-
lectively removed from a mixture of different species of ions in the trap.

The secular frequency, f; . can be numerically estimated by two methods. One method
is to Fourier transform the ion trajectories [21]. The Fourier spectrum contains peaks
at the micromotion frequency (applied rf frequency, v,r= 500 kHz in our experiments),
at the macromotion frequencies f,, and at sidebands to the micromotion frequency,
Vpp & fr. The values of f,=45kHz and f,=59 kHz are in reasonable agreement with the
experimentally measured frequencies f,=43 kHz and f,=54 kHz. The second method
is similar to the experimental method. Here, a weak rf voltage V,.Cos27tft is added
to the trapping rf voltage and the ion equation of motion is solved in the resulting
potential. The resonances are found by evolving the ion in the trap for a range of ex-
citation frequencies. When f matches with the motional frequency, the ion escapes
from the trap and the time of escape is found from its trajectory. In this method, unlike
the Fourier transform method, the different harmonics and sub-harmonics are also ob-
servable and the spectra of Rb™ ions at V,y =80 V is shown in Fig 2.14. The numerical

code for resonant excitation method is given in Appendix B. If V,,. or the duration
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Figure 2.13: Figure shows the the micro and macro frequencies in the Rb™ ion trajectory in £

and £ directions in the modified spherical ion trap operated at the optimized parameters.

of excitation is large, the resonance looks broadened in the spectrum. Since twice the
resonance frequency (second harmonic) is the strongest resonance, in the simulation
to generate the spectrum in Fig.2.14, a lower excitation voltage is used from 60 kHz
to 150 kHz to get a narrow peak at second harmonic frequencies. Similarly, to get the
sub-harmonics, a higher excitation voltage is used in the range 100 Hz to 30 kHz. The
resulting secular frequencies f,= 40 kHz and f,= 55 kHz is in reasonable agreement

with the experimentally observed resonances.

Trap extent and depth:

For an ion atom collision experiment in hybrid trap with overlapping trap volumes,
the spatial extent of the traps play an important role in the interaction [4]. Therefore it
is required to estimate the extent of the ion trap, i.e, the maximum displacement that
an ion can have from the trap centre but still be trapped. This estimation is done in
%, ¥ and £ directions for the optimized trapping parameters. To find the extent in %
direction, a zero velocity ion is evolved in the trap for 500 cycles with different initial
positions from (-5 mm, 0, 0) to (+5 mm, 0, 0). For each case, the trajectory is examined
to determine the ejection time if the ion is not trapped and the result is shown in Fig
2.15. The same procedure is repeated in § and Z directions. The trap extent is found to
be 4.2 mm and 3 mm respectively in the radial and axial direction for the Rb™ ion.

The trap depth determines the maximum velocity an ion at centre can have, but still
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Figure 2.14: Figure shows the resonant excitation spectra of Rb™ ions in the trap at the opti-
mized trap parameters. The simulation is performed as explained in the text and the result
fr = 40 kHz and f, = 55 kHz is close to the experimentally found values 43 kHz and 54 kHz

respectively.
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Figure 2.15: Figure represents the trap extent in the radial and axial directions for the optimized

trapping parameters for Rb™ ions.

be trapped. The depth is estimated in a similar method as for the trap extent. To find
U, >, an Rb™ ion with initial position at the centre is evolved for 500 cycles with initial
energy varying from 0 to 1 eV, keeping the velocity along the other two directions zero.
Beyond U,=0.68 eV and U/,=0.48 eV the ion is not stable and the results are shown in
Fig. 2.16. The calculated trap depth in the radial and the axial directions are 0.68 eV
and 0.48 eV respectively for Rb™ ion. The depth is lower in Z axis and is considered
as the net trap depth at V,; =80 V. The numerical code to determine the trap depth is

given in Appendix B.
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Figure 2.16: The trap depth in the radial and axial directions for the optimized trapping pa-
rameters for Rb" ions are shown in figure. The depth is lower in the axial direction and is

considered as the depth of the ion trap.

2.4.2 The linear Paul trap

The secular field for the ion trap in XY direction is generated by applying an rf voltage
between the diagonally opposite pairs of rods as shown in the Fig. 2.17. The axial
trapping is ensured by creating a parabolic potential in the Z direction by applying a

small negative voltage on the tungsten wire pairs.

(a) (b) (c)
U+ V,Cosqt

@ ©

N 7 —J __
@ @ . Vo 5. O
Y -Ugy- VCost Y -

Figure 2.17: Panels (a) and (b) shows the biasing of the rod and wire electrodes to obtain a
quadrupole potential in the XY plane and a harmonic potential in the z axis. The resulting

potentials in the XY plane is shown in panels (c).

Near the trap centre, the generated potential can be written as

2 2

roy (Uye + VrfCOSQf)

o(x,y,t) =" e (2.13)

where d is the radial distance of the electrodes from the trap axis. The ion trajectory in

the XY plane is governed by the equation of motion of the Mathieu type. For an ion of
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Figure 2.18: The first stability region for an ideal linear Paul trap is shown in panel (a) and the

result of simulation for our linear trap is shown in panel (b).

charge Q and mass M, the equation of motion is written as

X = Msz (Uge + Vi fCosQt)x ; § = ]\/%12 (Uge + VysCosQt)y (2.14)
Expressing in terms of the Mathieu parameters
the equation of motion takes the form

0? 0%y

32 + (ax +29,CosQt)x =0 ; 32+ (ay 4 2q,CosOt)y = 0 (2.16)

The stability region for an ideal linear Paul trap (solution of eq. 2.16) is shown in
Fig. 2.18(a). For our linear ion trap, the simulation performed in a similar way as
for the spherical trap results in the a — g diagram as shown in Fig. 2.18(b). The four
tungsten wires are maintained at -3.5 V for axial trapping, the choice of which will be
explained later. For further simulations in the linear trap, the (a,q) values are chosen
to be (0, 0.34) which corresponds to the optimized voltages in the spherical trap, for

comparisons.

Trap frequency

For the linear Paul trap the ion trajectory consists of micro and macro motion in the

radial direction and a harmonic oscillation in the axial direction as shown in Fig.2.19.
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Figure 2.19: Figure shows the the micro and macro frequencies in the Rb™ ion trajectory in £
direction and the harmonic motion in £ directions in the linear Paul trap operated at (a,q) = (0,

0.34) at rf frequency 500 kHz and V5= -3.5 V.
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Figure 2.20: The simulated resonant excitation spectra of Rb* ions in the linear Paul trap with
trapping voltages corresponding to (a,q) = (0, 0.34) at rf frequency 500 kHz is shown in figure.

The wires are maintained at a dc voltage of -3.5 V.

The macromotion frequencies of Rb™ ion with operating parameters (a,q) = (0,
0.34) at rf frequency 500 kHz and V5= -3.5 V, calculated by resonant excitation
method is shown in Fig. 2.20. The macromotion frequencies are found to be 57 kHz

in the radial and 40 kHz in the axial directions.
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Trap extent and depth

The extent and depth for the linear quadrupole trap is estimated in a similar way as
for the wire trap and the results are shown in Fig. 2.21 and Fig. 2.22. Clearly, even a
small voltage applied on the wires for axial trapping will reduce the trap depth in the
radial direction. For a given radial trapping rf voltage, the wire voltages are optimized
to get reasonable trapping in all three directions as shown in Fig. 2.22. This voltage

combination is found to be V ,;.s = -3.5 V for (a, )= (0, 0.34). The trap extend for Rb*
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Figure 2.21: The spatial extent of the trap in radial and axial directions for Rb* ions are shown

with the trapping parameters (a, q) = (0, 0.34) at rf frequency 500 kHz and Vs =-3.5 V.
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Figure 2.22: The trap depth in the radial and axial directions for Rb™ ions in the linear Paul
trap is shown in the figure with trapping parameters (a, q) = (0, 0.34) at rf frequency 500 kHz
and Vyires = -3.5 V. The simulation is performed with different combinations of small voltages
on the four wires and optimized the voltages to obtain a reasonable compromised trap depth

in all three directions. This voltage combination is found to be close to Viirs =-3.5 V.

ions in the linear Paul trap with the above mentioned parameters is calculated to be
3.6 mm in radial and 4.6 mm in the axial directions, and the trap depth is {/,= 0.53 eV
and U,= 0.54 eV.
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2.5 The dipole molecule trap

In principle all the experiments described so far would also be possible with a seg-
mented linear Paul trap with an axial cavity. Where the thin-wire structure comes into
its own is in its ability to allow strong constant fields about the trap volume. Fig 2.23(a)
demonstrates that a relatively large electric field can be applied to trapped ensembles
of atoms and molecules, which could then be probed by the cavity to make precision
measurements on cold gases with tunable electric fields [22].

A further prospect with this electrode structure is the trapping of polar molecules,
which can be done by a straight forward implementation of a gradient field trap, as
demonstrated by Kleinert et. al. [23]. Consider a diatomic molecule in an electric field.
Molecular states with non-vanishing orbital angular momentum split proportional to
the electric field (linear Stark effect). For the ground state of a molecule (X), the only
non-vanishing angular momentum is due to the rotation of the molecule and the low-
est order Stark effect is quadratic in electric field given as
L PE2 J(J+1) - 3M

_ 2
A= gy e+ @17)

where d is the dipole moment, B is the rotational constant, | is the total angular mo-
mentum, M; is the projection of | onto the axis of the molecule and « is the molecular

polarizability. The rotational states which are low-field seekers (positive Stark effect)

Table 2.2: The molecular constants of RbK, RbCs, KCs molecules are tabulated with the refer-

ences in brackets.

Molecule d B Reference

RbK 0.615 0.03839  [88,89]
RbCs 1.237  0.0169 [88,90]

KCs 1.906 0.03048  [88,91]
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Figure 2.23: (a) Shows the electric field in the XZ plane when the inner two wires are +1 kV and
—1 kV respectively, which can be tuned for precision measurements in uniform electric fields.
(b) shows the variation of the trap depth for polar molecules with the electric field and dg. The
solid, dashed and dotted lines represents the trap depths for RbK, RbCs and KCs molecules

respectively.

experience a force towards the field minimum. Fig. 2.23(b) shows the trap depth for
hetero-nuclear diatomic molecules as a function of electric field and d—Bz. Trap depths of
RbK, RbCs and KCs molecules in their rovibrational and electronic ground states are
marked on this figure, where the molecular constants for the calculations are tabulated

in Table. 2.2. The program is given in Appendix B.

2.6 Discussion

In this chapter, we discussed the background theoretical concepts for cooling and trap-
ping atoms, trapping charged particles, and Fabry-Perot cavity. The hybrid trap de-
veloped is described in detail. The experimental arrangement for the production and
detection of 8°Rb MOT is discussed. The spherical and linear ion traps are numerically
characterized using Rb™" ions. Finally trapping of neutral polar molecules in the hybrid
trap is discussed. All the essential aspects of the hybrid trap have now been discussed

at the level where the experiments with this system can now be presented.
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CHAPTER 3

Radial Extraction and Phase Sensitive

Detection

3.1 Overview

The detection of trapped ions in our hybrid trap is vital to the scientific goals of our
experiment. As discussed earlier the ion-atom hybrid trap is built within a Fabry-Perot
cavity for enhancing low signal levels and for frequency sensitive measurements of in-
teractions in a mixture. As the cavity axis shares the symmetry axis of the ion trap,
the conventional ion-extraction scheme along the trap axis is not practical. Hence a
radial extraction method is devised and implemented. This is done by creating the
conditions for imposing a potential gradient from the ion trap centre to the CEM, by
the application of appropriate voltages on the electrodes in the experiment. Such a po-
tential gradient extracts the ions out of the trap and is therefore destructive detection.
The ion extraction is implemented in two cases. Case A: when the ions are detected
by timing the ion extraction, while simultaneously switching the ion trap off. Case B:
when the extraction is implemented with the ion trap kept on. The consequences of
trapping rf on while transverse extraction in a spherical trap is demonstrated for the
first time [28].

To reliably detect the Rb* and Rb, ions, we use the appropriate extraction of case
A or case B, in order to do a reliable mass spectrometry or count the total number of
trapped ions. In this chapter, we outline the experimental scheme for ion detection and
compare the experimental data with extensive numerical simulation to put the entire
technique on a firm footing.

In section 3.2, the radial extraction of a single species of ion in case A and B are dis-

cussed with example of Rb™ ion. In section 3.3, extraction of multiple species of ions in
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case A and B and mass spectroscopy with example of Rb™ and Rb; ions are discussed.

3.2 Ion extraction with single species

3.2.1 Ion production and optimal trapping

The Rb™ ions are created from Rb atoms in the MOT by resonant two photon ioniza-
tion. The ionization potential for the Rb atom is 4.18 eV [84]. The MOT cooling laser
(1.59 eV) excites the atom to excited 5P;,; state, and are then ionized by the applica-
tion of a blue laser (IBeam smart, Toptica) of 473 nm (2.63 eV). This is a very efficient
production of ions in the ion trap as the ions are created at the centre and at an energy
well within the trap depth.

As described in chapter 2, an rf voltage is applied to the inner pair of wires to trap
the ions. The ion trap is operational during the creation of the ions. The rf source is
a function generator (Agilent 33500B), the output of which is amplified using a wide
band amplifier (Krohn-Hite 7602M). The rf trapping voltage for Rb™ ions is optimized
as follows. The optimal trapping parameters ensures long lifetime of the ions in the
trap. For a range of trapping voltage V, at a convenient frequency 500 kHz and V=
-5V, the ions are created in identical cycle, held in the ion trap and then extracted. The
number of ions detected as a function of V, ¢ is analyzed and found that V,y =75V to
90V gives a good lifetime for the ions as shown in Fig. 3.1. [19,21]. V, =80 V is chosen

for the rest of the experiments with Rb™ ions.

3.2.2 Ion detection

The trapped ions are detected by extracting them onto a CEM mounted as described
in chapter 2. The CEM is maintained at -2.4 kV even when the trap is operational, and
a wire mesh (Grid 1) maintained in ground potential shields this voltage from the ion
trap centre. To extract the ions, -120V (Agilent 3612A dc power supply) is switched
on on the wire mesh and a high voltage 400V (Aplab HV DC power supply H0605) is
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Figure 3.1: Figure shows the Rb" ion number vs trapping rf voltage at 500 kHz for different
trap hold time [19,21]. V,r= 80 V is chosen as the rf voltage for the rest of the experiments with

Rb™ ions.

switched on on the rods A and B while maintaining rods C and D at ground potential to
accelerate the ions towards the CEM. The Grid 2 is grounded when trap is operational
to shield the trap centre from any voltage applied on the cavity pzt and switched to
100 V during extraction to provide a symmetric extraction electric field. A high volt-
age switching circuit (Behlke switch) is used to switch these high voltages. The circuit
diagram for the Behlke switch is documented in Appendix D. The resulting extraction
potential in the XY plane is shown in Fig 3.2.

Ion extraction can be performed with rf on or rf off on the innerwires of the modified
spherical Paul trap. If rf voltage is on during extraction, the arrival time distribution
of the ions on the detector is found to be critically dependent on the rf phase at which
the extraction voltages are switched on [13,92]. To understand the extracted ion dis-
tribution in these two cases, a set of experiments at different extraction phases are
performed and compared with the corresponding numerical simulations. Below we
tirst discuss the consequences of ion extraction in the two cases when only the atomic

ion of Rb™ is created and trapped in the ion trap.
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Figure 3.2: Figure shows the resultant extraction potential in the XY plane with the high volt-

ages on the electrodes as mentioned in the text. The lines represents the equi-potentials.

While the presence of the ceramic sleeves on the extraction electrode (quadrupole rods)
can be expected to modify the extraction field, in a manner that cannot be quantified
numerically, the resulting change is small as borne out by the experimental measure-

ments presented below and the close agreement with the numerical simulations of the

ion extraction.

3.2.3 Ion extraction with rf off

The Rb™ ions are loaded into the ion trap and held for a short time. The rf voltage on
the inner wire pair is then switched off precisely when the rf amplitude crosses zero
as shown in the inset of the Fig.3.3. In the same instant, the voltages on the extraction
electrodes are switched on simultaneously. This results in an asymmetric time of flight
(ToF) distribution, with a sharp onset and a relatively slower decline. The ToF peaks
at 4.7 uS and the width of the distribution is approximately ~ 0.5 uS. The red solid
curve in Fig. 3.3 (a) illustrates the resulting experimentally measured ToF distribution

of the Rb™ ions. To obtain this signal, the data is collected with small ion number per
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Figure 3.3: panel (a) shows the time of flight signal of Rb™ ions. The extraction voltages are
turned on and the rf trapping voltage is switched off simultaneously, when the rf amplitude
crosses zero as shown in the inset. The red curve and the blue histogram represents the exper-
imental signal and the simulation result respectively. Panel (b) shows the trajectory of 500 ions
from the ion trap centre towards the CEM. As all the ions experience the same acceleration at
the same spatial point, their trajectory is compact. The red and blue circles in panel (c) repre-
sents the trajectory of the ions which represents the two extremes of the ion ToF distribution.
Panel (d) shows the acceleration experienced by these two ions as a function of time during

their time of flight.
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extraction to avoid being in the pile up regime and 20 such data are added together.
The blue histogram in Fig. 3.3 (a) shows the simulated ToF distribution of Rb™ ions.
Here, 500 non-interacting ions are loaded into the trap with an initial Gaussian spatial
distribution comparable to the size of the MOT and an initial Gaussian velocity distri-
bution consistent with the trap depth. The ions are evolved for 500 rf cycles, and then
extracted with the same voltage conditions as in the experiment. The simulation and
experimental results are combined in the same plot with the left ordinate representing
simulated ion number and the right ordinate showing the experimental signal voltage.
The values on the two axes are independent and this convention holds throughout the
chapter.

The trajectories of all the ions towards the CEM is shown in Fig. 3.3(b). The ions which
reach at the two extremes of the ToF signal are identified and their trajectory is shown
in Fig. 3.3(c). The acceleration for these two ions as they traverse the potential gradient
is shown as a function of time in Fig. 3.3(d). Since the rf voltage is off, the extraction
field is stationary in time and all the ions experience the same acceleration at the same
spatial points.The potential and electric field experienced by the ions are illustrated by

the blue curve (dot-dash) in Fig. 3.4(a) and 3.4(b).

3.2.4 Ion extraction with rf on

To understand the ion signal measured by the CEM, with rf voltage on, the ion trap
is loaded with Rb" ions and held for the same duration as in the previous case. Now
the extraction voltages are switched on, while the trap is operational. The extraction
voltage is chosen to be a few times higher than the trapping rf voltage to ensure that
all the ions are extracted in a single sweep and that a fraction of the ions does not
oscillate in trap while extraction. Along the line of extraction, the ions experience a
field which is resultant of the field due to extraction voltages and the instantaneous rf
voltage. This is illustrated in Fig. 3.4(a). The different lines representing the potential
along the extraction axis at different rf phases are indicated in the inset. Fig. 3.4(b)

shows the corresponding electric field as a function of space. The extraction field at

48



. " "’;'\
(a) 100>
= .
c
|5 0
o
* 100 %/4
n/2
........ 3n/4
Fi g
~20055 0 10 20 30 40
Y (mm)
(b)
3
L
=
=
>
[

Y (mm)

Figure 3.4: (a) shows the resultant extraction potential along the line of extraction (at x = z
= 0) at different phases of the rf trapping field. The extraction potentials at different phases
are plotted in different colors and line styles and the inset represents the corresponding phase
points. The applied extraction voltages are described in the text. The curves in panel (b) are the

corresponding electric fields along the extraction axis.
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any point along the extraction axis varies in time at the rf frequency (500 kHz). Hence
the acceleration that an ion gets at any spatial point is determined by the instantaneous
tield at that point.

Measurements are done by switching on the extraction voltages at different phases of
the rf voltage as represented by the insets in Fig 3.5. The arrival time of the ions on the
CEM from various locations in the ion trap is significantly affected by the phase of the
rf voltage at which the extraction voltages are switched on. Hence the corresponding
ToF distribution differ for different phases of extraction and is shown in Fig 3.5. The
red curve and the blue histogram are the experimental signal and result of simulation
respectively and they agree quite well with each other.

The trajectory of the 500 ions towards the CEM for four selected phases of extraction
(@) 0, (b) /2, (c) 57t/4 and (d) 77t /4 are shown in Fig 3.6. In Fig 3.7, the trajectory of
the two extreme ions and their acceleration as a function of time are shown for these
phases. At the instance when the extraction voltages are switched on, independent of
the phase of rf voltage, the ions closer to the CEM experience greater acceleration as
can be seen from Fig 3.7. As the ions travel towards the CEM, the distribution spreads
or narrows down because of the space and time dependent extraction electric field.
For the case, when the extraction voltages are switched on at the rf phase ¢ = 0 of
cosine, the acceleration experienced by the ion, (the ion near to the CEM) and the iony
(the ion away from the CEM) is always positive. Therefore the ion velocity is always
increased and hence the ToF distribution peaks at 4.3 uS. The ToF signal is narrow in
this case because the overall acceleration experienced by all the ions are similar.

Now consider the case, when the extraction voltages are switched on at the rf phase
¢ = 7/2 of cosine. The ion, always experiences a positive acceleration but the iony
experiences deceleration at multiple points along the extraction direction. This results
in widening of the arrival time distribution of the ions on the CEM.

The spread in ToF increases roughly as the extraction phase changes from ¢ = 0 up
to 77 and then decreases as the phase changes from ¢ = 7 to 27r. This is confirmed

by both experiment and simulations. If the ions are extracted at the phase ¢ = 577/4
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Figure 3.5: The figure shows the Rb* ion ToF signal when extracted with the trapping rf field
on. The inset in each panel represents the rf phase ¢ at which the high voltages for extraction
are switched on. The red curve and the blue histogram are the experimental signal and the

simulation result respectively.
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Figure 3.6: The trajectory of 500 extracted ions from the trap centre towards the CEM for se-
lected phases of extraction are shown in the figure. For the phase ¢ =0, all the ions follows
a compact trajectory. When ¢ = 7/2, the ion’s distribution disperses in space and time. For

phases ¢ = 571/4 and 77/4, the ion distribution focusses and then disperses.

of cosine function, both ion, and iony experience deceleration at different points along
the extraction direction, which results in an increase in the average ToF. In this case, the
ion, experiences much more deceleration than iony and hence the ion distribution gets
spatially focussed first and then diverges, giving rise to a spread in the time of flight
signal.
The evolution of ions towards the CEM in case of extraction at the phase ¢ = 77t/4
is similar to that of phase ¢ = 57t/4. But in this case, ion, and iony experience less
deceleration than at phase ¢ = 571/4. Also the difference in deceleration between the
ions is less for ¢ = 77t/4. Hence both the mean time of arrival and the spread of ToF
decreases.

The ion detector, channel electron multiplier, has a dead time of ~ 8 nS and hence

a second ion arriving within ~ 8 nS cannot be reliably detected as an independent
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Figure 3.7: The left panels of the figure shows the trajectory of the ions reached at the two
extremes of the ToF signal for four different selected phases as in Fig. 3.6. In the right panel,

the acceleration experienced by these ions is shown as a function of time.
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Figure 3.8: The figure shows the variation of normalized area under the curve of the ToF dis-
tribution for similar numbers of trapped ions, as a function of extraction phase. The maximum
area is obtained when the extraction pulse is switched at a phase slightly below ¢ = 7 as this
is the phase at which the ion ToF distribution is widest. When the ToF distribution is narrow,

the ion detection efficiency goes down because of the pile up of ions in the detector.

event. This situation comes about when multiple ions with the same mass/charge ratio
(M/Q) are extracted, and is known as pile up. As a result, the ion detection without
pile up is limited to 50 ions/uS. In a conventional mass spectrometer, the basic idea
for solving the ion pile up and for achieving a good mass resolution is to increase the
distance between the trap centre and the detector thus increasing the flight time of like
ions. This is impractical in our experimental system due to short distance between the
trap and the detector in our design.

When the ion distribution is narrow, several ions reach the CEM within its dead time
leading to under-counting of the ions. We make use of the temporal dispersion of
ions when extracted in presence of rf field to eliminate the ion pile up in the detector.
Fig. 3.8 shows the area under the curve of the ToF distribution as a function of phase
of extraction. When extracting at phase ¢ ~ 7, the temporal dispersion is maximum
resulting in least pile up and a reliable ion count. Hence this extraction phase is chosen

for Rb™ ions in our experiments.
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3.3 Ion extraction with multiple species

Mass spectrometry is a general method for identification of masses in a mixture. In
hybrid trap experiments, when atoms, ions and molecules are co-trapped, the iden-
tification of product ions formed is very important. Especially when the ion number
is small, mass spectrometry offers reliable measurement of branching ratio of the pro-
cesses. Here we study the effect of extraction phase on mass spectrometry using Rb™"
and Rb; ions.

When multiple ion species of same charge Q and different masses m; and my (m; < my)
are extracted in a typical mass spectrometer (having uniform extraction electric field),
the ratio of the ToF of theions is Ty;2/ Ty;1 = \/W . However if the rf voltage is on
while extraction, the temporal sequence of the ion’s ToF are significantly altered and
hence T,,;; and T, are not related by the above expression. It is therefore essential to
understand the possibility of performing mass spectrometry when the ions are being

extracted in the presence of the rf voltage.

3.3.1 Ion production and trapping

The Rb" and Rb; ions are created simultaneously from the MOT using a pulsed dye
laser. The details of the ion production will be described in chapter 5. Both the species
of ions are trapped in the ion trap with V, 5 =130 V at 500 kHz and V, ey = —5 V.
The V, is chosen to be in between the optimized voltages for Rb™ and Rb; ions to
simultaneously trap both the ion species.

The number of ions produced per shot is small and hence it ensures that any space
charge effect doesn’t play any role which folds into the mass spectrum. Another im-
portant advantage of working with low number of ions is that it avoids the detector

pile up effect and reliable ion counting and mass spectrometry are possible.
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Figure 3.9: (a) The mass spectrometry for the transverse extraction of ions from the modified
spherical ion trap when extracted with the trapping rf voltages on the inner wires switched off
is demonstrated with Rb" and Rb; ions. The red curve is the experimental signal and the blue
and green histograms represents the simulated ToF for Rb* and Rb; ions respectively. ToF
(Rb*) 22 4.7 uS and ToF (Rb;) = 6.7 uS satisfying the relation T, = V2 X Ty1. In panel (b),

the trajectory of 500 Rb" and Rb; ions towards the CEM is shown by blue and green circles

respectively.

3.3.2 Extraction with rf off

The ions are created in the trap, held for a short duration and extracted as discussed
in section 3.2.3. The resulting ToF distribution of the Rb™ and Rb; ions is shown in
Fig. 3.9(a). The red curve is the experimental signal which is an accumulated count of
4000 creation and extraction cycles.

Here we assign the masses of Rb™ and Rb;r ions respectively as mj and mp = 2 X mj.
The blue and green histograms in Fig 3.9(a) represents the simulated ToF of Rb™ and
Rb; ions respectively. From both experiment and simulation, T,; & 4.7 S and Ty &
6.7 uS = V2 X T,. The trajectory of 500 Rb™ and Rb;L ions are shown in Fig 3.9(b) by

blue and green points respectively.
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Figure 3.10: The ToF signal of Rb" and Rb; ions when extracted with rf voltage kept on is
shown for the phases phases ¢ = 0, 77/2, 7t and 377/2 in panels 1 to 4. The inset indicates the
rf phase at which the extraction voltages are switched on. The red curves are the experimental
signal and the blue and green histograms are simulated ToF for Rb™ and Rb; ions respectively.
The mass spectrometric relation T, = V2 x T, is not satisfied when extracting with rf voltage

on.

3.3.3 Extraction with rf on

The experiment is repeated by extracting the ions at different rf phases and the result
is shown for phases ¢ = 0, 71/2, T and 371/2 in Fig 3.10 in panels 1 to 4. The simulation
for Rb* ions ToF is repeated with V;; = 130 V and similar simulation is done for Rby
ions.

When the extraction voltages are switched on at phase ¢ = 0 of cosine function, both
Rb* and Rb; ions ToF peaks are distinguishable even though the average ToF and the
peak separation are reduced. At extraction phase ¢ = 77/2, Rb™ ion arrival time dis-
tribution is still narrow but Rb; ion arrival time distribution is spread from ~ 5 uS to

~ 11 uS. The Rb; ion signal is still distinguishable from Rb™ ions in this case.
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Figure 3.11: Figure shows the trajectory of 500 Rb " and Rb, ions represented by blue and green
circles respectively when extracted at phases ¢ = 0, 77/2, 7t and 377/2. For the phase ¢ =0, the
Rb™ and Rb; ions are detected separately at the detector and hence will be distinguishable in
the ToF spectrum. As the phase increases from ¢ = 71/2 to ¢ = 371/2, the trajectories of Rb™

and Rb; ions mixes up resulting in their indistinguishability in the mass spectrum.

As can be seen from the panels 3 and 4 of Fig 3.10, Rb™ and Rb; ion ToF signals are
merged and indistinguishable experimentally when the extraction phase are ¢ = 7
and 37t/2. In the simulated ToF distributions,the arrival times of different ion species
can be tracked and hence can be distinguished from each other in the overlapped sig-
nal.

The ToF of the two ion species with mass ratio 2 merge at these two phases because
of the space and time dependent extraction field. The higher mass (Rb; ) experiences
a more favourable overall acceleration compared to the lower mass (Rb™). Hence both
the species could arrive at the detector nearly the same time. Thus, for a mass spec-
trometric identification in a mixture of trapped ions, the trapping rf voltage should

be switched off while extraction. In Fig 3.11, the trajectory of 500 Rb* and Rb; ions
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towards the CEM is shown by blue and green circles respectively.

3.4 Discussion

The radial extraction of ions for single and multiple ion species are studied in the modi-
tied spherical ion trap. The specific cases of ion extraction with the trapping rf voltages
on/off while extraction is analyzed in detail for single and multiple species of ions. In
case of single ion species, the temporal dispersion in ion ToF signal when extracted
at specific rf phase is utilized to solve the ion pile up problem in the detector. We
demonstrated that for a reliable mass spectroscopy of multiple ion species, the extrac-
tion should be performed with trapping rf voltage switched off. In all cases presented,
the experimental data and the result of numerical simulations performed by explicitly
solving the ion equation of motion, matches very well. The techniques presented above
will be utilized for future studies in trapped ion-atom mixtures. The experiments and

simulations in this chapter are reported in [28].
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CHAPTER 4

Diatomic molecules and photo

association

4.1 Overview

In our experimental system, the production, simultaneous trapping and detection of
cold atoms and ions have already been established. The next step in the realization
of the hybrid trap and corresponding experiments is the addition of molecules. At
present, various groups in the field are investing cold molecules, since they provide a
critical element and diversify the study of interactions. As already explained in chap-
ter 2, molecular ions and neutral polar molecules can be trapped using electric fields
in the apparatus enabling to perform a variety of experiments.

Even though the field of cold molecules has open from 1980s, as we were dealing
with the molecules for the first time in our experiment, we need to set the base for
the production mechanisms and for understanding and modeling the results. We have
extensively used the experimental and numerical results from literature such as the
molecular potential energy curves, transition dipole moments and code for finding the
molecular vibrational levels. In addition, we have developed few numerical codes for
the calculation of continuum wave function, Frank - Condon overlap, spontaneous
and stimulated transition rates and to find the branching ratio in spontaneous emis-
sion. These codes are extensively used in the chapter 5 to explain the experimental
results with molecular ions.

The work in this thesis mainly deals with the studies on diatomic homo-nuclear molecules,
specifically Rb, and Rb; . This chapter starts with the basic theory for diatomic molecules
and then goes to the details of the numerical codes developed. The cold molecule pro-

duction methods used in the experiments are then discussed. The energy level struc-
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ture of Rb, and Rb; molecules relevant for the experiments are given and the results

of numerical calculation of transition rates are presented.

4,2 Diatomic molecules

4.2.1 Electronic energy levels

A diatomic molecule with spin-orbit angular momentum coupling is described by the

time independent Hamiltonian

VZ hz 5 ZaZpe? e? Z €2

H:—— & —_YVi4 + +H 4.1
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where «, B represents the two nuclei with atomic numbers Z,X,Zﬁ and i, j represents
the electrons. The SI system of units is adopted here. The nuclear and electronic mo-
tions can be decoupled under the Born-Oppenheimer approximation, which takes into
account the fact that the electron is orders of magnitude lighter than the nuclei and
hence the electron wave function can be computed to a very good approximation, as-
suming stationary molecular nuclei. As a result, under this approximation, the nuclear
kinetic energy term is omitted in the Hamiltonian and the Schrodinger equation for the

electronic motion can be written as

” Z"‘Zﬁez H —u 42
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where R = r,p is the internuclear separation. Eq. 4.2 is solved for a range of inter-
nuclear separation R, and the eigen energy as a function of R, U(R), are the electronic
potential energies for a quantum state. If U(R) exhibits a global minimum at an inter-
nuclear distance R = Ry, stable bound levels exist for the molecule in that electronic
state. U(R— o0) is the sum of the energies of the constituting atoms in their electronic
state. Ry is called the equilibrium distance and the quantity D, = U(o0) — U(Ry) is
called the dissociation energy for that molecular state. The molecular electronic states

of Rb, and Rb;, relevant for the experiment are described in sections 4.4.1 and 4.6.1
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respectively.

m

The transition probability between two electronic states, i’

to | (yildls)
gral <l[]ZlZ |d| lp:fl> = dmy is called the electronic transition dipole moment (TDM) of the

and ¢!, is proportional

2 A
, where d is the electric dipole moment of the molecule. The inte-

molecule between electronic states ¥’} and ¢7;.

Since the electrons move much faster than the nuclei, for any change in the nuclear
configuration, the electrons adjust to this change quickly by changing its energy. In
other words, the electronic energy curves, U(R) are the potential energy for the nuclear

motion and the Schrodinger equation for the nuclear motion can be written as

—h? V2
(TZ :

i

+U(R))pNn = EPn (4.3)

e
where E is the total energy of the molecule. The nuclear motion is described in detail

in section 4.2.3.

4.2.2 Angular momentum coupling and Hund’s cases

The potential energy curves (PEC) determined by the solution of the Schrodinger equa-
tion 4.2 depends on the relative strength of electrostatic and spin-orbit interaction.
Hund formulated different angular momentum coupling schemes and are referred as
Hund’s case a, b, ¢, d, and e. Hund’s cases (a) and (c) are the coupling schemes impor-

tant for the works presented and are described in this section.

Hund’s case (a)

The angular momentum coupling in the Hund’s (a) and (c) cases are schematically rep-
resented in the Fig. 4.1. When the internuclear distance is small, the nuclear electric
tield along the molecular axis is stronger than the spin-orbit interaction and hence the
total orbital angular momentum L and the spin angular momentum S of the molecule
precess around the internuclear axis. The projections of L and S onto the internu-
clear axis, A and X respectively, are conserved and are good quantum numbers. The

Schrodinger equation is solved without the term Hgp. The orbital angular momentum
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Hund'’s case (a) Hund'’s case (c)

Figure 4.1: The schematics represent the angular momentum coupling in Hund’s case (a) and
Hund’s case (c). In Hund’s case (a), A and X are good quantum numbers and in Hund’s case

(c), Q) is good quantum number.

quantum number A > 0 and the states corresponding to A =0, 1, 2, 3 etc. are labeled
as 2, I, A, @ etc. Each state has a multiplicity of 25 4 1 and the states are labeled as
ZSHA;W where the notations & and g, u are explained below.

For a diatomic molecule, the electronic Hamiltonian is invariant under reflection in
any plane containing the internuclear axis. As the state A=0 (X) has no orbital angular
momentum, they are non-degenerate and to completely specify the state, the super-
script =+ is used. The X states for which the electronic wave function is left unchanged
upon this reflection are specified as X1 and the states whose electronic wave function
changes sign upon reflection are specified as >~
For a homo nuclear diatomic molecule, there is a center of symmetry about a point at
the center of molecular axis. The electronic Hamiltonian is invariant under a reflection
of the coordinate of all electrons with respect to this point. The states for which the
electronic wave function is left unchanged by this reflection are labeled by A, and the

states whose electronic wave function changes sign upon this reflection are specified

as /Ay, where g and u stands for gerade and ungerade.

Hund’s case (¢)

When the internuclear distance is relatively larger, the spin-orbit interaction is stronger

than the electric field along the inter nuclear axis. Hence L and S couples to form ]_"and
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the projection of j onto the internuclear axis, () is a good quantum number. The term
Hsp is included in the Hamiltonian and the Schrodinger equation is solved to get the
molecular states. The states are labeled as qu.

As the molecules dealt with in this thesis are long range in nature, the Hund'’s case (c)
potentials are mostly used except for Rb, ground state, for which the orbital angular
momentum is zero and hence there is no spin-orbit interaction and the experimentally
deduced Hund'’s case (a) potentials are available for them. Certain selection rules ap-
ply to dipole allowed transition between the electronic states of the molecules. The
angular momentum can change by a maximum of one unit: AQ) = 0, £1. Also only u
<+ gand + <+ + and - <> - transitions are dipole allowed by symmetry considerations.
In the following, we describe the nuclear motion in bound and unbound electronic
levels and explain the method to calculate the wave function. This is required to un-
derstand the molecule formation process by photo association and to find the final
distribution of ro-vibrational levels by calculating the free to bound, bound to bound
and bound to free transition rates from one state to another. It is also required to model
interaction of electromagnetic light with state prepared ground state molecule as will

be explained in chapter 5.

4.2.3 Nwuclear Motion

The potential energy U(R) in the Schrodinger equation for nuclear motion Eq. 4.3, de-
pends only on the relative distance of the two nuclei and hence the Schrodinger equa-
tion can be separated into two, (i) to describe the translational motion of the entire
molecule and (ii) to describe the internal relative motion of the nuclei. The motion of
the nuclei relative to each other in a diatomic molecule can be described by solving the
Schrodinger equation

_K2 )

where p = mymg/(my + mg) is the reduced mass of the system. This central force
equation can be solved in spherical coordinate system with ¢, = ¥,(R) Y"(6,¢),

where Y]" are the spherical harmonics and the radial part of the Schrodinger equation
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can be shown to be

—?_
g‘mm + [U(R) +

(1+ 1)K

Z‘MRZ ]Tn(R) = E‘PH(R) (4-5)

This equation can be solved using Cooley-Numerov method or finite-element method.

Bound levels and wave functions

When the energy E is negative, the solutions of Eq. 4.5 are discrete bound wave func-
tions and are calculated using the LEVEL code [27], which is based on Cooley- Nu-
merov method. A brief description of the method is given in this section. The bound-
ary conditions for the solution of Eq. 4.5 are ¥,,(R) — 0 for R — 0 and R — oo. A grid
of points is defined in space from Ry, to Ryax, both are well within the two classically
forbidden region. In Cooley method, a trial energy E, is guessed initially and Eq. 4.5 is
solved by numerical integration, to get ¥1(R) from Ry, to R,,;; and ¥2(R) from Ry,
to R4, where R,,;; is chosen to be in the classically allowed region. For a true wave
function, ¥1(R) and ¥, (R) and their derivatives should be continuous at R,,;;. An en-
ergy correction formula, which determines the new trial energy from the discontinuity
of ¥1(R) and ¥(R) and their derivative, is used to iteratively converge to the eigen
energy. The corresponding wave functions are then normalized to unity.

The vibrational levels calculated for Rb, molecules are presented in section 4.4.3 and

compared with experimental data in section 4.5.

Continuum wave functions

In this case, E > 0 and hence the wave function is not bound. For a given relative
kinetic energy E above the asymptote, the continuum wave functions are calculated
numerically using the Numerov method. Unlike bound wave function, the continuum
wave function cannot be normalized to unity and needs to be energy normalized as
will be discussed later.

The Numerov method is described below based on which a numerical code is devel-

oped. In this method, the coordinate space is divided into small intervals of length s,
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Xo X1 X Xuax
Internuclear Distance

Figure 4.2: The schematic represents the Numerov method to solve the Schrodinger equation
for nuclear motion. In this propagation method, at a given kinetic energy E above the asymp-
tote, o and ¢, are assigned values 0 and say 0.000001, where xp and x; are well within the

classically forbidden region. The wave function at preceding points is calculated using Eq. 4.7.

from xg to Xy as shown in Fig. 4.2. The Schrodinger equation 4.5 gives 1" (R) as

" 2

¢’ (R) = h—é‘(ueff —E)y (4.6)

:Gll)

where U, ¢ is the effective potential U(R) + (I + 1)h?/2uR? and G = (2u/h?) (Uesf —

E). Using a Taylor series expansion for ¢, arranging the terms and neglecting the terms

6

with powers of s from s® as explained in detail in [93], we get the equation

2ty — Y1+ 5GuPps? /6 + Gy 19,152 /12
1—G,p152/12

¢n+1 a (4'7)

For a kinetic energy E above the asymptote, Eq. 4.7 can be used to calculate the wave
function at the point x,, 11 ({,,41) , knowing the values of ¥ at the preceding points x;
and x,,_1 (¥, and ¢,,_1). The point x is chosen such that it is well within the classically

forbidden region on the left of the inner turning point of the PEC and hence the value
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of the wave function can be approximated to zero. The value of the ¢ at xg + s, 1, is
taken to be a small number, for example 0.000001. The wave function at the point n+1,
P41, is then calculated using Eq. 4.7.

Choosing a value for ¢y is trivial. If 1p; was chosen to be one order of magnitude higher,
the only change will be that the value of ¥ in the subsequent points would be multi-
plied by 10. However since the wave function amplitude is going to be unit normalized
before the energy normalization, as explained in the following section, eventually the
wave function is independent of the choice of ¢ .

The continuum wave functions calculated for Rb, molecule are explained in section 4.4.2.
The numerical code developed to calculate the continuum wave function is docu-

mented in Appendix C.

Normalization of the continuum wave function

When the value of E is greater than zero, in the asymptotic limit Eq. 4.5 takes the form

¥’ (R) = 72515‘1’(1{) and the solution ¥(R) — A * Cos(~ _hZVER). This solution ¥(R)

is not square integrable and a normalization condition as in the case of bound wave
function is not applicable. Considering the constant A to be unity, the scalar product
of two continuum wave functions ¥¢(R) and ¥./(R), can be written as proportional to

a Dirac delta function.

/0 "W (R) * ¥ (R)AR = 5(c — €. (4.8)

The wave function is then energy normalized and the normalization constant is
W(%)l/ %194,95]. To energy normalize the continuum wave function found using
Numerov method, first the wave function amplitude is made unity at a distance where
the function is sinusoidal and then multiplied with the normalization constant. For
energies very close to zero, the continuum wave function becomes sinusoidal only at
very large values of R and hence has to be calculated for very long range of R (R >
1000 A) to unit normalize to the cosine amplitude. For higher kinetic energies, the wave

function approaches the sinusoidal form at lower value of R and has to be calculated
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only till few hundreds of A. The continuum wave function has dimensions of E~1/2,

as indicated by the Eq. 4.8 [94].

Franck-Condon overlap

The Franck-Condon factor of a ro-vibrational level in upper electronic state, |0/, ') and
that in lower electronic state, [0”, ]} is give by |(¢/, ]’ [0”, ]"'} |*. This overlap integral
estimates the relative intensities in absorption and emission processes for the same
electronic states. Given the transition dipole moment between the electronic states,
Einstein’s A and B coefficients which gives the spontaneous emission rate and stimu-

lated absorption/emission rate respectively can be calculated.

4.3 Cold and ultra-cold molecules

Studies with ultra cold molecules are rapidly increasing in numbers and several tech-
niques have been developed in the last few decades to produce and trap cold molecules.
The most prevalent technique to produce ultra-cold molecules is photo association and

is described in this section.

4.3.1 Photo association

Photo association (PA) is a light assisted free to bound association of a pair of colliding
atoms. PA is a widely used method for producing both homo nuclear and hetero nu-
clear ultra-cold molecules [51,54]. Soon after the developments leading to the cooling
and trapping of alkali atoms, the PA of cold atoms was proposed and several exper-
imental groups immediately applied the technique to get high resolution spectra in
alkali dimers [52,53,96-98].

In photo association, two atoms with relative kinetic energy € absorb a photon of en-
ergy hw and create a bound molecule in a ro-vibrational level in an excited electronic
state. This results in a loss of atoms in the trap whenever hiw + € = E, j, where E, ; is

the energy of the excited state ro-vibrational level with respect to the ground contin-
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Figure 4.3: A schematic representation of the photo association process is shown in the fig-
ure. The modulus square of the excited vibrational and ground collisional wave functions is
plotted. When the collision energy of the atoms plus the photon energy matches with a vibra-
tional energy of the excited electronic state with a good overlap of the wave functions, free to
bound transition occurs. The excited state molecules subsequently spontaneously de-excite to

the ground electronic state either to bound vibrational levels or to two separate atoms in the

continuum with rates 7, and 7y respectively.
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uum. A fraction of excited molecules de-excite to the bound levels in ground electronic
state (with spontaneous emission rate, y;) and the remaining de-excite to form a pair of
free atoms (with spontaneous emission rate, yy). The entire process in represented in
Fig. 4.3, where 7 is the rate of stimulated transition. Thus, scanning a tunable PA laser
results in high resolution free-bound spectra, and can provide information regarding
the long range properties of electronic potential energy curves.

There are several features which makes photo association interesting. It is a very ef-
ficient method to produce long range molecules. The molecules formed by photo as-
sociation are inherently translationally cold and hence easy to load into a dipole trap.
Photo association spectra in cold atoms gives narrow resonances which corresponds
to excited state vibrational levels. By analyzing the PA spectra, excited state Cs coeffi-
cients for homo nuclear and C¢ coefficients for hetero nuclear molecules, ground state

collisional scattering length etc. can be deduced.

4.4 The Rb, molecule

We adopt photo association method to produce neutral molecules in our experiments.
Cold Rb; molecules are created at the center of the hybrid trap, using an additional PA
laser as described in section 4.5.1. The energy levels relevant for photo association of

Rby molecule are the subject of this section.

4.4.1 Electronic levels

The PECs, with asymptotic energy corresponding to 551, + 5S1,2, 5512 + 5P; /» and
551/ + 5P5, are given in Table 4.1 and plotted in Fig. 4.4. Here, the number in brack-
ets in front of the energy level notation is the chronological order of the energy levels
having the same notation. The ab initio potential energy curves and transition dipole
moments for Rb, molecule till R = 26 A is given up to the state 55 + 4D in A. R. Al-
louche et.al. [24]. The pure long range state (2)0, is tabulated up to R = 82 A in
B. Bussery et.al. [25].
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Figure 4.4: The figure shows the electronic energy levels of Rb, molecules with asymptote

corresponding to 551, + 5512, 5S1/2 + 5Py /> and 551/, + 5P3/5. The levels are tabulated in
Table. 4.1.
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Table 4.1: The electronic energy levels of Rb, molecule with asymptote corresponding to

551/2 + 551/2, 551/2 + 5P1/2 and 551/2 + 5P3/2 are tabulated.

551/2 +551,» 5512 +5P1 551/ +5P5,;
(1)'=§ (1)0g (1)2
(1)°z) (1)0; (1)24
(1)1, (2)0g
(2)0g (2)05
(2)0, (2)14
(2)1u (3)0g
(3)0,
(3)1g
(3)1u
(4)1,

The ground state, 551/, + 551/, has zero orbital angular momentum and hence there
is no spin-orbit interaction. In this case, the Hund’s case (a) potentials, 12; and 32; ,
are considered. These potentials are generated using the data and fitting parameters
obtained from C. Amiot et.al. [26] and B. Beser et.al. [99] respectively. As these PECs
are derived from experimental data, they are considered to be more accurate than the
ab initio potentials. The long range part of the molecular potential can be expanded
in terms of multi-poles and is valid beyond the range where the short range interac-
tions due to charge overlap is small compared to the long range interactions due to
electrostatic and dispersion forces. The lower bound of the region of validity for the
multi-pole expansion is called Le Roy radius (R >20 A for Rby) [100]. The asymp-
totic part of the Rb, ground state potential is C4/R® in nature and both the ground
states have the same dispersion coefficient Cs. The experimentally derived value of
Cs = 4550 a.u. is obtained from Boesten et.al. [101] and is used to fit the asymptotic
part of the potential.

For two atoms one in the ground and the other in the excited state which are related
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by a dipole allowed transition, the interaction is due to dipole-dipole force and hence
the potential is C3/R? in nature at long range. The photo association of Rb, molecules
both for the D1 and D2 transitions are studied by various groups [53,96,102] and the
resulting spectra have been used to deduce the C; coefficients. For (2)0,, the PEC in
[25] is used and for the remaining levels, the PECs in [24] are used with long range
regime fitted with C3 coefficient derived from the experiment [53]. From these sources
we get the values of the C3 coefficients as C3[(2)0,/ ] = 14.64 a.u. and C3[(2)1¢] = 14.29
a.u.

In long range photo association on the D2 transition, given the selection rules, three
electronic energy levels can be addressed and are observed in experiments [53]. These
energy levels are (2)0,, (2)0;; and (2)1g, of which (2)0; is a double well potential with
the second well being purely long range. These three levels and the ground states are
shown in Fig. 4.5. The PECs obtained from different sources differ in energy and space
1

units with different zero reference for the energy. All the PECs are converted into crm ™

versus A with asymptotic energy of the ground state referred to zero.

4.4.2 Ground state continuum wave functions

In photo association, two colliding atoms absorb a photon to form a bound molecule

in the excited electronic state. The effective potential for the collision is given by

Verp = V(r) + 1(124;{ th, where | is the relative angular momentum of the colliding
atoms. In scattering theory, | =0, 1, 2, 3,.. are referred as s, p, d, {,.. partial waves.
Fig. 4.6 shows the effective potential of Rb, ground state for / =0, 1, 2, 3 and 4 and the
corresponding collisional wave functions at an energy equivalent to a temperature of
1 mK above the asymptote.

The continuum wave functions are calculated using the Numerov method discussed
in the section 4.2.3. For a given kinetic energy, E above the asymptote, the Schrodinger
equation 4.5 is solved numerically. The calculations are performed with spatial inter-

val s = 0.001 A which gives sufficient number of wave function points between nodes.

As r— oo, the wave function becomes sinusoidal. The Fig. 4.7 shows the continuum
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Figure 4.5: The PECs relevant for the experiment are shown in the figure. The photo association

is performed in D2 transition approximately 2 cm~! below the asymptote.

wave function in Rb, ground state at a collisional energy corresponding to T = 100
1K, 1000 4K, 2 mK and 10 mK above the asymptote. The inter nuclear distance beyond
which the wave function behaves sinusoidally, decreases with increasing collision en-
ergy. At very low collision energies (< 1K), the wave function has to be calculated up
to micrometers to observe the sinusoidal behaviour. Fig.4.8 shows the wave function
up to 6000 A at a collision energy corresponding to 1 uK.

In long range photo association, (few cm 1 below the excited state asymptote), the as-
sociated molecules in the excited electronic state decay back to the ground state, mostly
as two separate atoms. This happens over a wide range of relative kinetic energies be-
tween the two atoms. In order to obtain the total decay rate back to the free state, the
spontaneous rate is calculated to each continuum levels in small intervals and then
integrated over energy. This is presented in section 4.4.4, where the branching ratio
of spontaneous transition rate from excited vibrational state to bound and unbound

levels in ground state is explained.
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Figure 4.6: (a) shows the effective potential of Rb, ground state for relative angular momentum
of the atoms, | =0, 1,2, 3 and 4. The value of / corresponding to the different lines is as given
in the inset. The measured temperature of Rb atoms in our MOT, 107.7 uK is represented by the
horizontal dashed line. (b) The modulus square of collisional wave function in each effective
potential at an energy equivalent to a temperature of 1 mK above the asymptote, calculated

using Numerov method is plotted.

4.4.3 Vibrational levels of Rb, molecule

The vibrational levels and wave functions for all the relevant states are calculated us-
ing LEVEL code. A radial mesh size of dx= 0.001 A is used for the numerical solution
to ensure at least ~20 points between the two adjacent nodes at the highest frequency.
The wave functions for the vibrational levels v =0, 50, 100 and 200 for the (2) 0 poten-
tial are illustrated in the Fig. 4.9. The calculated levels are compared with experimental

data in section 4.5.

4.4.4 Branching ratio

When studying molecule light interactions, usually it is desirable to know the distri-
bution of final states to which an excited molecule decays. The spontaneous emission
rate from a vibrational level v’ of excited electronic state to the bound vibrational level

v of the ground electronic state, (y,/,) and free levels with energy E above the asymp-
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Figure 4.7: The modulus square of collisional wave function in Rb, ground electronic state,
calculated using Numerov method at different collision energies corresponding to T = 100 uK,
1000 uK, 2 mK and 10 mK are shown. At higher collisional energies, the sinusoidal nature of

wave function appears at a shorter inter nuclear distance.
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Figure 4.8: The collisional wave function in the Rb, ground electronic state at the relative ki-
netic energy between the atoms corresponding to 1 K is shown. The wave function is calcu-
lated using Numerov method. The left panel shows the wave function up to 6000 A° and in the

right panel the wave function in short range is plotted.
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Figure 4.9: The bound state wave functions for v =0, 50, 100 and 200 levels of Rb, molecule in

the (2)0, electronic state, calculated using LEVEL code.

totic energy in the ground state, (y,/r) depends on the Franck-Condon overlap of their
corresponding wave functions. The expression, f, = v,/ (t) gives the percentage of

molecules de-excite back to the bound state. Here,
Yo = Z’)’v’ v = Z
v v

1
V= /E%’EdE = /EW“’ZE |(eld(R) [y |* dE

w3y [(old(R) [y |

371e(C3

Ye =T+ vy (4.9)

Fig. 4.10 and 4.11 shows the distribution of final ground vibrational states v in (1),
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Figure 4.10: Distribution of vibrational states v in (1) 'Z, electronic ground state, when de-
excited from vibrational states ¢ from (2) 0, is shown for v' = 0, 50 and 100. The spontaneous
decay rate is a function of Franck-Condon overlap between the wave functions of the levels v

and v'.
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Figure 4.11: Distribution of vibrational states v in (1) 'Z, electronic ground state, when de-
excited from vibrational states v’ from (2) 0, is shown for v = 150, 200 and 250. The excited

vibrational level v'=250 is approximately 2 cm~! below the atomic asymptote.
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when de-excited from different excited vibrational states v’ in (2)0;. The branching
ratios f, and 1 — f, are tabulated for the same transitions in Table. 5.1. This shows that
for a long range excited molecule, the spontaneous emission rate is higher to the free

atom state. The numerical code for the calculation of rates is added in Appendix C.

Table 4.2: The branching ratios f, and 1 — f, for transitions from few excited vibrational levels

0" in (2)0; to the ground state (1)'%,

v’ fo 1—fp
0 1.0 0.0
50 0.9997 0.0003

100 0.9691 0.0309
150 0.7444 0.02556
200 0.16 0.84
250 0.0221 0.9779

4.5 Molecular spectrum of Rb,

In our experiment we produced long range Rb, molecules by photo association, in sev-
eral vibrational levels of (2)0;, (2)1 g and (2)0; excited electronic states. The molecules
formed can be detected using two methods. One is the MOT trap loss method, where
the loss in atom fluorescence is a measure of molecule formation in the excited state
due to the loss of pairs of atoms from the MOT in the formation of each molecule. As
the PA laser is scanned over the vibrational resonances, dips can be observed in the
MOT fluorescence signal as shown in Fig. 4.13. The second method is a direct, but
destructive measurement. In this method, the molecules formed in the ground state
by de-excitation of the associated molecules are detected. The Rb, molecules are ion-
ized using high energy laser pulses by resonance enhanced multi photon ionization
(REMPI) process, to form sz+ molecular ions in their electronic ground state. The

Rby ions are then detected using channel electron multiplier (CEM) by time of flight
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method.

In this section, the photo association experimental setup, trap loss measurement and
identification of vibrational levels are presented. REMPI is demonstrated and de-
scribed in detail in chapter 5 and is used as a method to produce Rb; molecular ions

for performing further experiments.

4.5.1 Experimental arrangement

Laser system

CURR CTRL
TEMP CTR
SCAN CTRL M
)
L/2 NDF  sMpPMF
APP
IS0
L/2 L/2 SMPMF
—E—H-—E—D—@— To Expt
M PBS IS0 IS0

Figure 4.12: Figure shows the schematic of the laser (ECDL) setup for photo association. The
laser frequency is scanned by modulating the voltage applied on the piezo electric transducer
of the ECDL and monitored using a wave meter. A part of the laser beam is amplified using a

tapered amplifier and fed to the experiment using a single mode fiber.

We use a home built ECDL with Thorlabs:DL7140 laser diode as the photo associ-
ation laser. The laser diode current and temperature are controlled by using a Toptica
Photonics DC110. The laser output is divided into two parts. A small fraction of light
is fed to a wave meter (HighFinesse: WS/6) to monitor the frequency of the laser beam,
which is used for experimental determination of the frequencies of the molecular res-
onance. The major part of the laser beam is injected to a tapered amplifier (Toptica-

BOOSTA) for amplifying the power to ~ 1 W. The output of BOOSTA is coupled to
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Figure 4.13: The photo association of Rb, molecule in D, transition is shown. The peaks cor-
responds to the formation of excited state molecules in the vibrational distribution of (2)0,
(v= 249 to 253), (2)0; (v= 48 to 52) and (2)1, (v= 162 to 166) levels are indicated by dashed
blue, dotted green and thick red lines respectively. The spectrum is taken 2 cm ! below the

asymptote.

a single mode polarization maintaining fiber (SMPMF) to transport the beam to the
experimental table. The beam is then focused on the MOT using a lens of focal length
200 mm. The focusing helps in achieving high peak intensities. In addition, focusing
reduces the scattering of the light from the Tungsten wire mesh for the ion trap, hence
reducing the background noise in the MOT fluorescence.

The laser is red detuned approximately 2 cm ! from the 551/, + 5P/, atomic asymp-
tote. A slow scan voltage is applied to the piezo electric transducer to scan the laser
frequency at a rate ~ 35 MHz/s. The photo association spectrum from 12814 cm™~! to
12814.6 cm ™! is shown in Fig.4.13. The molecular vibrational levels corresponding to
the dips are identified and marked in the spectrum. The vibrational levels correspond-
ing to the electronic potential (2)0; (v= 249 to 253), those corresponding to (2)0§ (v=
48 to 52) and to (2)1, (v= 162 to 166) are represented by dashed blue, dotted green and
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thick red lines respectively. The depth of the ab initio potentials of the excited state is
adjusted slightly to match the observed spacing between levels in the experiment.

The molecules produced via photo association are inherently translationally cold, as
they are directly produced from cold atoms. However, if the molecules are not trapped,
they escape the MOT volume in few milli seconds. Since the molecules are cold and
produced at the center of the hybrid trap, they can be easily loaded to a dipole trap
formed by the cavity standing wave, using a far off resonance red detuned light. More-
over, the fact that large intensity of light can be built up in the cavity mode makes cav-
ity mediated photo association interesting. This is a future perspective on the present

experiments.

4.6 The Rb} molecule

4.6.1 Electronic levels

Table 4.3: The potential energy levels of Rb, molecule with asymptote corresponding to

5S1,2 + Rb*, 5P/, + Rb* and 5P3/, + Rb™ are tabulated.

55,5+ Rb* | 5Py, + Rb™ | 5P;, + RO*

(1)1/2, (2)1/2, (3)1/2,

(1)1/24 (2)1/2, (3)1/24
(1)3/2
(1)3/2y

The Rb5 molecule is a one active electron molecule and hence the total angular
momentum is half integers. The multiplicity of the levels is 2S +1 = 2. The elec-
tronic energy levels up to 5P;,, + Rb* state are relevant for our experiments and are
tabulated in Table 4.3 and plotted in Fig.4.14. For Rb; molecule, both the ground and

excited state varies as C4/R* asymptotically. The potential energy levels and transi-
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Figure 4.14: The ground and first excited electronic energy levels for Rb; molecule are shown

The red dot dashed, green line and blue dashed lines correspond to PEC with asymptote

5S1,2 + Rb™, 5P/ + Rb* and 5P/, + Rb™ respectively. The levels are tabulated in Table. 4.3
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tion dipole moments for the molecule are obtained from A. Jraij et.al. [103] up to R =
42.33 A. Unlike in case of neutral alkali dimers, experimentally derived potentials are
not available for theirs cations. For calculations, we have used the potentials up to
R =86.26 A provided by Prof. Allouche in a private communication.

In the experiments presented in the thesis, the Rb;” molecules are produced from
the Rb, molecules, photo associated by the cooling laser light in the MOT, by two pho-
ton ionization using a pulsed dye laser. The production, optimum trapping parameters
in the ion trap and the stability when held with MOT will be explained in detail in the
chapter 5.

The bound and unbound wave functions are calculated for all the states of Rb; molecule
and are used in chapter 5 for rate calculations to explain the possibilities for the insta-

bility of the molecular ions in presence of MOT light field.

4,7 Conclusion

The methods for numerical calculation of the energy levels, wave functions and rates
are explained in detail. The cold Rb, molecule production via photo association is
demonstrated and the observed vibrational levels are compared with the calculations.

The PECs involved in the study of Rb, molecules are also presented.
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CHAPTER 5

Stability of Rb; ions in the hybrid trap

5.1 Introduction

In this chapter, we first describe the Rb, production from Rb, molecules produced in
the MOT. We then explain the optimization of trapping of Rb; ions in the ion trap. The
experiments performed to study the stability of Rb; ions co-trapped with the MOT
are described. We show that the Rb, ion number decays rapidly in the presence of
the Rb MOT. In addition, we confirm that it is not the collision with the MOT atoms,
but the trapping light field is the principle cause of the fast decay. With the help of
the potential energy curves of Rb; molecule associated with the accessible transitions
using the cooling light for the MOT, we have performed a comprehensive analysis of
the possible molecular ion dissociation channels which are presented at the end of this

chapter.

5.2 Creation of Rb; ions

The creation of Rb; ions results from a sequence of three steps as follows.

Rb + Rb + hvp, — Rb;
Rb; — Rby + hv
(or = Rb+ Rb+ hv)

Rby + 2hv; — RbS + e~ (5.1)

In the first step two Rb atoms in the ground state are photo associated to an excited
bound electronic state by a photon (hvy, = 12816.54 cm™!). These excited molecules
decay spontaneously either to a bound molecule in the ground state or to two free

atoms by emitting a photon. The third step is a two photon (2hv; = 33190.6 cm™!)
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Figure 5.1: The potential energy curves of Rb, and Rb; molecules associated with the produc-
tion of Rb;" ground state molecular ions is shown in the figure. The asymptote corresponding
to each PEC is marked. Rb, molecules are formed by absorbing the 12816.546 cm~! photons
followed by the spontaneous emission to a bound ground electronic state (red arrows), and the
ground state molecules are ionized using two photons of 16595.3 cm ™! (orange arrows) to form

Rb; molecules. The post ionization kinetic energy (KE) of the electron ion system decides the

vibrational state the ion is created in.
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ionization of the ground electronic but highly vibrationally excited molecular state of
the Rb, molecule, resonantly enhanced by the proximity of an intermediate molecular
state. The whole process is represented in the Fig. 5.1 using the relevant potential

energy curves of Rb; and Rb; [24,103] molecules.

5.2.1 Experimental setup

In this experiment an additional photo association laser is not used, instead the cooling
laser for the MOT itself photo associate a small fraction of the atoms to excited molec-
ular electronic states [104,105], i.e., hvy, = hv.. These molecules are formed in highly
excited vibrational states, very close to the 5S 1+ 5P% asymptote. The excited states
involved are 0;f, 1, and outer well of O; and the molecules spontaneously decay to
25 or 9%

The ionization laser is a pulsed dye laser (SIRAH Laser-und Plasmatechnik GmbH,
Model: CSTR-LG-18), pumped by the second harmonic of an Nd:YAG laser (Spectra-
Physics, Model: LAB-190, with 10 Hz repetition rate and pulse duration 1-2 nS). Rho-
damine B dye is used for the ionization, which can cover a wavelength range from 588
nm to 614 nm. After optimization of the ionization frequency for the production of a
maximum number of detectable counts in the ion trap, the dye laser wavelength is set
to 602.6 nm which ionizes the ground Rb, molecules to a ro-vibrational distribution
of Rb; molecular ion states in (1)1/2, by two photon transition via the intermediate
states (2) 32; and (2) °I1, of Rb;.

Fig.5.2 shows the dye laser setup for the Rb; creation. The current controller for the
Nd:YAG laser is triggered externally to control the production time of the ions very
precisely. The second harmonic (532 nm) output from the Nd:YAG pumps the dye
laser. The dye laser has an oscillator and an amplifier unit, which gives a usable out-
put energy of ~ 10 mJ/pulse. The wavelength is adjusted by changing the angle of the
grating in the laser, which is controlled using a computer interfaced to the dye laser.
Part of the output is fed to a wavemeter using a multimode fiber to have an indepen-

dent measure of the wavelength. As the wavemeter is calibrated to a known source of
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Figure 5.2: The dye laser setup for the ionization of Rb, molecule to produce of Rb;” molecular
ions is shown. The 532 nm second harmonics from the Nd:YAG laser is fed to the dye laser with
Rhodamine 6B dye as the active medium. The laser is interfaced to a computer to control the
grating position for wavelength tuning. The output beam wavelength is also measured using

a wavemeter.

780 nm light, the actual wavelength is taken as the wavemeter reading. The ionizing
pulse is then fed to the chamber from the top view port of the vacuum chamber to
minimize the scattering from the tungsten wires.

Prior to the application of the laser pulse to the chamber, tests have been done for the
safety of the experimental system. The strength and degradation of the thin tungsten
wires used for the ion trap is tested, on a sample piece outside the experimental system,
with focussed and unfocussed pulses of different wavelengths (355 nm, 532 nm, and
600 nm). It is observed that while the wires degrade and break on repeated application
of focussed light pulses at high intensities are incident upon them, the energy densities
of the unfocussed laser pulse is insufficient to cause any damage to the tungsten wires.
Therefore we do not focus the dye laser pulse, but reduce the diameter to ~ 0.5 mm

using a telescope arrangement.
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Figure 5.3: The time sequence for creating Rb; ions using a single ionization pulse, holding
the ions in the ion trap and extracting is shown. The extraction voltages 400 V, 150 V and -120

V are switched using high voltage switching circuits, Behlke? ™(HTS-31).

5.2.2 Experimental sequence

The entire experiment is sequenced by triggering each instrument using a digital de-
lay generator. For a particular sequence of experiment, a TTL pulse (master trigger) of
repetition rate required for the experimental cycle is derived from a signal generator
and triggers the digital delay generator. The Rb dispenser is kept on ~ 30 minutes be-
fore the experiment starts, to ensure an equilibrium pressure of Rb vapour inside the
chamber. The cooling and repumper lights for the MOT are initially blocked using an
electromechanical shutter (Thorlabs: SH05). The ion trapping rf voltage is always kept
on except while extracting the ions.

The time sequence for a single pulse ion creation, trapping and extraction is shown
in Fig. 5.3. To start the experiment, the shutters are opened and the MOT is loaded
to number saturation. The Nd:YAG current controller is then triggered to get a single
pulse of ionization laser light, which is incident on the MOT. The ions created are then

immediately extracted or held with/without the MOT and then extracted, depending
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Figure 5.4: The figure shows Rb;r molecular ion detection, and therefore production, with cool-
ing light power. The Rb;r molecules are produced from Rb, molecules formed via PA of Rb
atoms in the MOT by the cooling laser field and hence is proportional to the power of the
cooling laser beam. Here each data point is a sum of 40 shots and the error bar is the stan-
dard deviation of 10 such data sets. The fluctuation in the ion number is mainly due to the

fluctuation in the dye laser output.

on the specific experiment. The ion signal from the CEM is recorded on the oscillo-
scope, which is triggered by the switching of the extraction voltage.

Figure 5.4 shows the number of Rb; ions detected versus the MOT cooling laser
power. As the Rb, molecules are produced via the photo association process, the num-
ber of Rb, molecules and hence the Rb;” molecular ion number are proportional to the
cooling laser power [105,106]. The data shown is taken with the ion trapping param-
eters V,y = 130 V at 500 kHz. Since the number of parent Rb, molecules are small as
additional PA laser is not used and since the pulse laser is not focussed, the number of
Rby molecular ions produced is detected to be 1 or 2 per shot. For this reason and since
there is fluctuation in the dye laser output energy, we sum several shots to get reliable
data. In the figure 5.4, each point is a sum of 40 shots and the error bar for each point
is the standard deviation of 10 such data sets. Clearly the PA rate for the production

of Rby neutral molecules is proportional to the MOT light power. This implies that the
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Figure 5.5: The points in the figure represents the ion’s initial rms velocity vs trapping rf voltage
at 500 kHz for which the ions are trapped. The maximum velocity at any V,r represents the
maximum velocity that an ion at the centre of the ion trap can have but still be trapped. The

red and blue circles respectively represents the Rb™ and Rb; ions.

ion production by two photon ionization of Rb;, for constant pulsed laser intensity is
also linear. The plot shows the number of ions detected, and establishes the overall
linearity in the production of molecular ions.

Large numbers of Rb" ions also are produced by the dye laser pulse either by two
photon ionization of Rb (5P) atoms or by three photon ionization of the Rb (55) atoms
in the MOT. While extracting the ions, the trapping rf field is switched OFF to ensure
mass resolved counts of Rb™ and Rb; ions as explained in chapter 3. In the mass spec-
tra, Rb* and Rb; ions have mean ToF of 4.7 uS and 6.7 uS respectively, allowing good

mass resolution.

5.3 Trapping of Rb; ions

The atom trap and the ion trap centers coincide with each other. Since both the atomic
and molecular ions are created from the MOT, they are created at the centre of the ion

trap. The ion trap voltages are on during the ionization process. As described in chap-
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Figure 5.6: Figure shows the Rb, ion number vs trapping rf voltage at 500 kHz. The black
points represents the ion number extracted immediately after creation and the blue points rep-
resents the ion number after holding for 20 seconds in the ion trap. The MOT trapping lights
were turned off during this 20 seconds holdtime. Each data point is a sum of 40 shots. V,f =
140 V to 150 V seems to be a good operating regime for the trapping. The solid line is a linear
fit to the data. The ion number reduces beyond 150 V (fitted by the dashed line) because of

distortions in the rf voltage.

ter 2, an rf voltage is applied to the inner pair of wires to trap the ions.

The optimal trapping voltages for Rb; ions are found using both simulation and ex-
periments. For trapping, a suitable rf frequency of 500 kHz is chosen. In the simulation,
a single ion with an initial rms velocity v, at the centre of the trap is evolved for 500
cycles of the trapping rf voltage V,r, after which we check whether the ion continues
to remain trapped. This is repeated for a range of initial velocities v,;s and rf voltages
Vy, and the combinations for which the ion is trapped is marked in the Fig.5.5. The
simulation is done for Rb™ and Rb; ions and are represented by red and blue circles
respectively. The simulation result gives a range of voltages for which a single ion of

Rb" and Rb; is stable in the trap.
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Figure 5.7: Lifetime of Rb; ions in the ion trap with V,y =150 V at 500 kHz. The cooling and
repumper lights are switched off while holding the ions in the ion trap. Each point is a sum of

40 creation-extraction cycles.

The experiments presented in the rest of this chapter are performed with the rf voltage
optimized experimentally to ensure long lifetime of the Rb; ions. The ions are created
in identical cycle, held in the ion trap and extracted for a range of trapping rf voltage,
V;f. Fig.5.6 shows the number of Rb; ions as a function of V, - The black open circles
represents the number of ions extracted immediately after creation. The blue circles
represents the ions extracted after a hold time of 20 seconds in the ion trap. This op-
timization is done with the trapping light fields for the MOT switched off during the
hold time. It is clear from the figure that V,r =140 V to 150 V gives longer lifetime and
a stable operating voltage and we chose to work with 150 V. As mentioned in chapter
3, the experimentally optimized V,s for Rb" ions is 80 V and considering the mass rela-
tion, Rb; ions should be stable at 160 V. The simulated stability diagram in Fig.5.5 also
shows that 160 V is a stable operating voltage for Rb; ions. The number of Rb; ions
in the experimental signal reduces beyond 150 V because of the rf voltage distortion

resulting from the gain-bandwidth saturation of the rf amplifier.
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Figure 5.8: Figure shows the time sequence for the ion accumulation experiment. The ions are

accumulated for N number of ionization pulses and then extracted.

The lifetime of Rb, ions in the ion trap with 150 V at 500 kHz is shown in Fig.5.7.
This is a typical lifetime of the molecular ions in our ion trap. The data is taken with
MOT trapping lights switched off after loading the ions and each point is a sum of 40

creation-extraction cycles.

5.4 Stability of Rb; ion in the hybrid trap

5.4.1 Ion accumulation

As already mentioned, the production rate of Rb;” molecular ions per ionization pulse
is small. Here we perform an experiment to collect the Rb; ions produced by many
cycles of ionization pulses. The experimental cycle is schematically represented in
Fig. 5.8.

The MOT is kept on throughout the experiment. The ion trapping voltages are on
while loading the ions and switched off while extraction. In the experiment, a variable

number (N) of ionization pulses are applied at a rate 10 Hz and the ions produced are
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Figure 5.9: The Rb; ion number as a function of number of ionization pulses applied before
extraction is shown in the figure. Each data point is a sum of 40 shots and the error bar is the
standard deviation of 7 such data sets. The ion number increases with increase in the number
of pulses up to 4 pulses and stabilizes to on an average of ~ 2 ions detected per extraction.
The inset shows a zoomed portion of the data with low number of ionization pulses. The MOT

trapping lasers are kept on during the experiment.

immediately extracted. The data are taken for N varying from 1 to 400. One would
expect a linear rise followed by saturation behaviour for the ions produced with in-
creasing number of ionization pulses. A linear rise is expected because each ionization
pulse would produce similar number of ions. The saturation occurs when a steady
state is attained, when the ion creation rate and ion trap heating induced ion ejection
rate become equal. The result is shown in Fig 5.9 where each point is a sum of 40 data
and the error bar is the standard deviation of 7 such sets. The behaviour of the result
is as expected, but the signal is saturating very fast. The data shows that the Rb; ions
are accumulated only for 3 to 4 ionization pulses. This means that the ions are not

stable beyond 400 mS and only the ions created in the last 3 to 4 pulses are detected.
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Clearly there is an additional loss channel for the ions created. As can be seen from the
Fig.5.7 which shows long ion trap lifetime for Rb;, it is not the ion trap heating which
is responsible for the rapid ion saturation in the trap, because the ions have a lifetime
of few tens of seconds in the trap at 150 V. In order to understand the cause of rapid
ion signal saturation of Rb; ions and the implied loss of molecular ions from the ion

trap, we performed an ion lifetime experiment.

5.4.2 Ion Lifetime
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Figure 5.10: Figure shows the time sequence for the ion lifetime experiment. The three cases
mentioned in the text are marked in three coloured blocks and the corresponding ion signal is

shown in Fig. 5.11.

In this set of experiments, the ions are created in identical cycle, held in the ion trap
in the presence and absence of the MOT for a variable hold time and then extracted.
A schematic representation of the experimental cycle is shown in the Fig. 5.10. The
complete picture emerges when 3 different measurements are made.

Case 1: The ions are held in the absence of atoms, cooling and repumping light beams.

To do this, immediately after the creation of the ions, the MOT cooling and repumping
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Figure 5.11: Figure shows the lifetime of Rb; ions in the ion trap with V,; = 150 V at 500 kHz.
The black open squares represents the lifetime in the absence of MOT atom and light fields.
The blue circles represents the lifetime in the presence of MOT and the red squares shows the
lifetime in the presence of cooling laser field without atoms. It is clear that the trapping light

field is responsible for the short lifetime of Rb; ions.

laser lights are blocked using the shutter (represented within the black dotted block
in Fig. 5.10). In this case, the lifetime of the Rb, ions in the ion trap is measured to be
significantly in excess of 5 seconds, as shown by the black open squares in the Fig. 5.11.
This establishes that the ions are not lost due to heating effects of the ion trap.

Case 2: In this case, the Rb; ions are held in the trap in the presence of atoms and cool-
ing and repumping light beams (represented within the blue dotted block in Fig. 5.10).
It is observed that the lifetime of the Rb; ions reduced to few hundreds of milliseconds
as shown by the blue circles in the Fig. 5.11.

From the above two cases we conclude that the reduction in the Rb; ion lifetime is ei-
ther due to the collision with the Rb atoms or due to the interaction with the trapping

light field.
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Case 3: In this case, the ion lifetime is measured in the presence of cooling beam, but
with no atoms. This is done by blocking only the repumper light (typically 3 mW)
using the shutter after the creation of the Rb, ions (represented within the red dot-
ted block in Fig. 5.10). The result shown by the red squares in Fig. 5.11 leads to the
inevitable conclusion that, just the presence of cooling light (power = 40 mW, 4 mm

radius) causes the fast decay of Rb; ions.

5.5 Possible dissociation channels

In order to understand the interaction of Rb; molecular ions with the MOT cooling
light (hv, = 12816.5 cm™), it is important to know the initial vibrational state in which
Rb; ions are formed. The parent Rb, molecules are produced in their ground electronic
state very close to the asymptote. The vibrational levels are very close in this regime,
with a spacing less than 0.5 cm~ L. The two photons of dye pulse (hv; = 16595.3 cm™ 1)
ionize the Rb, molecules to Rb, ground electronic state with binding energy > 500.2
cm~! below the 5S;, + Rb" asymptote. The vibrational level spacing in this regime
is greater than 16 cm ™! and hence the assignment of Rb; initial vibrational state is not
affected by the exact assignment of vibrational level of the initial Rby; molecule from
which the Rb; molecular ions are created. Based on the calculation of vibrational en-
ergies for Rb; using the ab initio potentials, the vibrational level with binding energy
close to 500.2 cm ™! is v =174 of (1)1/2, electronic state, which essentially implies that
the ionization process can create Rb, in levels v <174.

Given the selection rules for dipole allowed transition between the electronic levels,
there are two different channels for the excitation of the ground state Rb;, molecule
induced by the MOT cooling light. These excitation channels are shown in Fig. 5.12
and are:

(i) bound-bound excitation (indicated by ”“a” in Fig. 5.12) and spontaneous decay to
ion-atom pair.

Rby +hve — (Rby)* — Rb+ Rb™ + hv
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Figure 5.12: The ground and excited PECs of Rb; molecules is shown in the figure. The dis-
sociation channels for the Rb; molecules by the MOT cooling laser light is marked. Channel
”a” represents a bound to bound absorption followed by a spontaneous decay to ion atom pair
in the dissociation continuum. In channel “b”, the sz+ molecules are directly dissociated from

(1)1/24 to (1)1/2, by the absorption of the MOT cooling light.
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(ii) direct photo dissociation from (1)1/24 to (1)1/2, (indicated by ”"b” in Fig. 5.12).
Rby +hv, — Rb+ Rb™*

This transition is allowed since the states involved have the same multiplicity. This
is in contrast to the case for the neutral Rb, molecule, where the molecular states dis-
sociating to 551/, + 551/, have different multiplicities. This is why neutral molecule
is unaffected by the cooling photon via this process, because it would be a singlet to
triplet transition which is forbidden.

The possibilities for the dissociation of Rb; ions through these excitation channels are
investigated by calculating the transition rates. This constitutes the subject of this sec-
tion and the most relevant channel, direct photo dissociation of the molecular ion, is

described in detail.

5.5.1 Case (i): Bound to bound absorption

The case is illustrated in more detail in Fig. 5.13 for the highest possible state v = 174.
The energy of the cooling light hv, is insufficient to excite the molecule to the con-
tinuum of the first excited level (dissociating to 5P; , + Rb™). However, one can con-
sider a resonant bound to bound transition and subsequent de-excitation to the ground
state. If the de-excitation to the ground continuum dominates over de-excitation to the
bound levels, this process can be considered as a dissociation channel. Given the se-
lection rules, AQY = 0, 1 and g < u, the dipole allowed transitions from (1)1/ Zg
state are to the states (2)1/2,, (3)1/2, and (1)3/2, represented by the blue PECs in
Fig. 5.13. Of these states, (3)1/2, is energetically not accessible. The transition dipole
moment (TDM) from the state (1)1/2, to the states (2)1/2,, (3)1/2, and (1)3/2, are
calculated by Allouche [107]. The TDMs are shown in Fig. 5.14. For the transition be-
tween (1)1/2; and (2)1/2,, the TDM is almost zero in the regime of overlap between
the bound wave functions, resulting in negligible overlap. Hence we consider only the
(1)1/24 to (1)3/2, transition.

Matching a resonance condition for bound to bound transition is impractical based on

ab initio PECs since the uncertainty in the potential well depth is of the order of 100
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Figure 5.13: The dipole allowed transitions from (1)1/2, ground state are to the states (2)1/2,,
(3)1/2, and (1)3/2, represented by the blue PECs in the excited state. The photon energy hv,
is insufficient to excite the molecule to the continuum of the first excited level. A bound to
bound absorption can excite the molecule to (2)1/2, state with binding energy 262.6 cm™! or

(1)3/2, state with binding energy 500.2 cm~!. The state (3)1/2,, is energetically not accessible.
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Figure 5.14: Figure shows the transition dipole moments for the relevant transitions between

the ground and first excited states of RbZ+ molecular ion [107].

cm~ 1. So within the accuracy and precision levels of the calculations, it is reasonable
to consider a resonant transition to the closest vibrational level (v =130) in (1)3/2,
electronic state. We represent this transition by v(174) — ©/(130). The spontaneous
emission rate from v’(130) to the bound and free states of (1)1/2, are calculated using
the technology developed in the previous chapter. It is found that the population in
the ground molecular ion state spreads and the decay predominantly populates v(178),
significantly higher than the initial v(174) level. This is because the wave function for
v'(130) level has higher Franck-Condon overlap with the wave function for v(178)
level than for the v(174) level. The bound to continuum spontaneous emission rate is
negligibly small, eliminating the possibility of dissociation in a single step. Thus one
cycle of absorption and spontaneous emission of photon shifts the initial population
to a slightly higher vibrational level. The process may however continue leading to
the population of higher and higher vibrational levels. For example, the molecules
from v(178) in (1)1/2, state are excited, based on energy considerations, to v'(134)
in (1)3/2, and the spontaneous decay predominantly populates v(182) in (1)1/2.
Fig. 5.15 and 5.16 shows the spontaneous emission rate from (1)3/2, (v/= 130, 135,
140, 144, 149, 153, 157 and 161) states to the vibrational levels v of the ground state.
The fraction of molecules spontaneously decayed to the bound and free states from the
above mentioned excited levels is presented in Table 5.1.

The spontaneous emission to higher vibrational levels is seen until the state v(206)

is reached, from where the closest resonance is to v'(165) having maximum Franck-
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Figure 5.15: (a) The spontaneous emission rate from (v'=130, 135, 140, 144) vibrational levels of
(1)3/2, to all the vibrational levels of the (1)1/2, ground state. The vertical line represents the

initial ground vibrational state (v=174) in which the Rb; ions are created.
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Figure 5.16: (a) The spontaneous emission rate from (v'=149, 153, 157, 161) vibrational levels of
(1)3/2, to all the vibrational levels of the (1)1/2, ground state. The vertical line represents the

initial ground vibrational state (v=174) in which the Rb; ions are created.
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Condon overlap with v(206). Hence the spontaneous emission is mostly back to the
initial state, v(206). The molecular transitions therefore attain a limit cycle. In each
case, the resonance condition is not satisfied, but only the nearest excited vibrational
level from a given initial ground level plus a cooling photon is considered. The pos-
sibility for a resonance condition to be met can be slightly increased, when one con-
siders the Doppler broadening due to the molecular ion velocity in the ion trap. The
maximum shift is approximately + 10 GHz. Since the spontaneous emission rate to
the continuum is very small (Table 5.1), the successive excitation-de-excitation of the
molecular ion is not a viable process to explain the disappearance of the molecular ions
from the trap. In addition, it is worth noting that one is always considering the closest
transition to the cooling light frequency and therefore the resonance condition for mul-
tiple up-down transition is most likely interrupted very early on. The bound to free
de-excitation rate is calculated for all possible excitations (from v <174) and found to

be negligibly small.

Table 5.1: The initial ground vibrational level (v;), the closest resonant vibrational level in the
excited state (v'), the highest populated ground vibrational level in spontaneous emission from

v’ (v,) and the branching ratios 7,/ and 7y 7/t for few transitions are tabulated.

/

v; v Un Yo/ vt Vil
174 130 |178 |1
178 | 135 | 182 |1
182 | 140 | 186
186 | 144 | 190
190 |149 194 |1
194 153 | 197 |1 0

197 | 157 | 201 |0.99999961 |3.9x 1077
201 | 161 |206 |0.99999392 | 6.08x 107°
206 | 165 |206 |0.99980917 | 0.00019083

1
1

o o o O O
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Figure 5.17: Figure shows the transition dipole moment d(R) for the transition between (1)1/2,

and (1)1/2, states of Rb; molecular ion [107].

5.5.2 Case (ii): Direct Photo dissociation

In the direct photo dissociation (PD) process considered here, a bound Rb;” molecule in
(1)1/24 absorbs a photon hv, leading to the dissociation into the continuum of (1)1/2,
into Rb and Rb™. The process is schematically shown in Fig. 5.18 in the left panels. The
photo dissociation cross section depends on the photon energy and the Franck-Condon

overlap between the levels involved, and is given by [108,109]
0pa = 2.69 x 10 8AE | (Y (R)|d(R)|3ho(R)) (5.2)

where AE is the energy of the photon and d(R) is the transition dipole moment between

(1)1/24 and (1)1/2, states [107] and is shown in Fig. 5.17. Here 0, is given in cm?.

The rate of photo dissociation can be found by multiplying the cross section with the

light flux.
de = Upd x Flux (53)
I

where [ is the intensity of the light.

As the molecule is excited to a continuum, from a given bound level v, the cross
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Figure 5.18: The figure illustrates the direct photo dissociation in Rb, molecular ion from
bound levels 0, 1 and 10 of (1)1/2; potential. The left panel shows the (1)1/2, and (1)1/2,
PECs, the initial bound vibrational level wave function and the final unbound wave functions.
In the right panels, the corresponding photo dissociation rates as a function of dissociating light

energy with 40 mW is shown.
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section is a continuous function of excitation photon energy and peaks at vertical exci-
tation energies corresponding to the bound wave function anti nodes. Thus, the peaks
in the cross section as a function of photon energy reflect the anti nodes of the initial
ground state vibrational wave function. As an example, the photo dissociation rate
from v = 0, 1, 10 levels of (1)1/24 of Rb; molecule are shown in the right panels in
the Fig. 5.18. The width of the peaks depends on the slope of the dissociating curve.
The cross section peaks broaden for a steeper potential.

The photo dissociation from the initial vibrational level v= 174 is shown in detail in
Fig. 5.19 and 5.20. With photon energy hv, = 12816.54 cm ™!, the calculated rate is 0.7
Hz. As already mentioned, the vibrational levels and wave functions are calculated
based on ab initio potential. It is difficult to accurately know the uncertainty in the
depth of the ab initio potentials. In the work done by M A Bellos et al [110], to find
the upper bound to the Rb, ionization energy, an average error of 1.9% (=~ 120 cm™!)
error in the dissociation energy of Rb; ground state is estimated. In this work, the
experimentally determined dissociation energy is ~ 120 cm~! higher than the ab ini-
tio value. This leads to an uncertainty in determining the initial vibrational level in
which Rb; ions are formed. We have calculated the photo dissociation rate from all
the initial vibrational states within 120 cm~! and the average rate obtained is 1.4 Hz.
As can be seen from the Fig. 5.18 and Fig. 5.20, molecular ions in different vibrational
levels dissociate at different rates in presence of the MOT cooling light with the lower
vibrational levels dissociating at faster rates. For e.g., v=0, 30, 174 dissociate with peak
rates 120 s71, 20 s7!, 3 57! respectively, with corresponding lifetimes 8.3 ms, 50 ms, 333
ms). The experimentally observed lifetime of 390 ms implies that low vibrational levels
(below v =30, lifetime few 10 ms) are either not created during the ionization process
or, if created, dissociate much faster (within few 10 ms) than the duty cycle (~50 ms)
of our experiment. These naturally lead to the observed ions in the experiment being

associated with the higher vibrational states of the Rb; ions.
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Figure 5.19: The figure illustrates the direct photo dissociation in Rb; molecular ion from the
bound level 174 of (1)1/2, potential. The top panel shows the (1)1/2, and (1)1/2, PECs, the
initial bound vibrational level wave function and the final unbound wave function at energy

corresponding to the cooling light photon energy. The bottom panel shows a zoom at lower

values of internuclear distance.
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5.6 Discussion

The single photon photo dissociation is the simplest model which can be constructed
for the decay of Rb;” molecules and the calculated rate is reasonably close to the experi-
mentally measured value. We therefore conclude that this is the process responsible for
the rapid loss of the trapped molecular ions that is observed. This conclusion allows
us to infer that the destruction would also be the likely fate of an ion-atom PA from
a MOT as the molecular ion would be created in the highly excited vibrational levels
of the ground electronic state. Since we have figured out a major dissociation mech-
anism for Rb; molecular ions in our hybrid trap with infra-red light, the next step is
to find a vibrational level to produce Rb; molecules, from where they do not photo
dissociate. As can be seen from Fig. 5.18, the photo dissociation rate from the lower
vibrational level is also quite large with hv. and hence the creation of Rb;” molecules
in lower vibrational levels will not help in avoiding the process. It is not trivial to find
a vibrational level in (1)1/2, state with a low photo dissociation rate because of the
uncertainty in the dissociation energy. However one can produce Rb; ions in the vi-
brational levels of (1)1/2, electronic state. This cannot be done with the present dye
in the laser and the execution of which is a future project. If this works, since then the
Rb, molecule is stable in the presence of the MOT, we can investigate the elastic and
charge exchange collisions of Rb; with cold Rb atoms in the MOT to sympathetically
cool the Rb; molecular ions.

Further, in our hybrid trap there is a possibility to create various homo-nuclear as well
as hetero-nuclear molecular ions (K, CSZ+ , Caz+ , RbK™, KRb™, etc). In the near future,
we intend to investigate the molecular potential levels to find regimes for the creation

of stable, trapped, molecular ions.
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5.7 Conclusion

In this chapter, we have discussed the production, trapping and stability of Rb;” molec-
ular ions in our hybrid trap. The experimental results shows that the Rb;” molecular
ion signal decays faster in presence of Rb MOT, and further investigation revealed that
the MOT cooling light causes this fast decay. Two channels for the dissociation of Rb;
molecular ions are proposed and the rates for the processes are calculated. The pro-
cess of absorption of hv. photons to populate the excited electronic level bound states
and the subsequent de-excitation to free ion-atom state is neglected since the dissocia-
tion rate is negligible. The direct photo dissociation rate from bound levels of (1)1/2,
state to free states of (1)1/2, are calculated. The calculated rate is found to be rea-
sonably close to that observed in the experiment. A proposal is made to create the
Rb; molecules in (1)1/2, electronic state, from which the molecule should not photo

dissociate.
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CHAPTER 6

Summary

6.1 Summary of the results

The work presented in this thesis deals with atoms, ions and molecules in cold temper-
ature regime trapped in the same spatial volume in a hybrid trap. The various aspects
of the experimental system, with the MOT for atoms and Paul trap for ions, both shar-
ing the same spatial volume in the mode of a Fabry-Perot cavity, are characterized in
detail. The number of atoms in the MOT and the atom density are determined by
optical imaging techniques and the atom temperature is estimated by a time of flight
method utilizing the collective strong coupling of the atoms into the cavity mode.
Extensive numerical simulations are performed to characterize the spherical and lin-
ear Paul traps for the ions. The optimal trapping regime, trap depth, trap extent and
secular frequencies for the ions in both the traps are computed using Rb™ ions. The
experimental observations matches well with the numerical results. In addition, the
electrodes for the ion trap can be biased to form a neutral polar molecule trap. The
trap depths for various molecules which can be produced in the present system is esti-
mated.

The conventional ion-extraction scheme along the trap axis is not practical for the
present experiment since the cavity axis shares the symmetry axis of the ion trap.
Hence a transverse extraction method is devised and implemented. It is demonstrated
experimentally as well as by numerical simulations that the ToF distribution of the
ions depends critically on the rf phase at which the extraction potentials are switched
on. In case of a single ion species, the ion pile up problem in the detector is solved by
temporally dispersing the ToF distribution by precisely timing the extraction electric
field with respect to the phase of the rf trapping field. Using Rb™ and Rb; ions we

have demonstrated that the extraction should be performed with trapping rf voltage
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switched off for a reliable mass spectroscopy of multiple ion species.

The thesis then describes the production and experiments with molecules and molecu-
lar ions. As the molecules possess rich internal structure, for state selective preparation
and to model molecule light interactions, numerical codes are developed. The energy
level structure for Rb, and Rb;” molecules are then presented. The photo association of
cold Rb atoms in the MOT to various vibrational levels in the excited electronic states
is experimentally demonstrated. From the ground state Rb, molecules, Rb;” molecular
ions are created by resonant enhanced multi photon ionization. The ion trap is charac-
terized to optimally trap the Rb; ions and their stability in the hybrid trap is studied
in detail. The observed fast decay of Rb; ions is modeled using the codes developed
to calculate molecular transition rates. The photo dissociation of Rb; ions is analyzed

in detail.

6.2 The outcome of this work

Once we have a hybrid trap for atoms and atomic ions, it is natural to see how far the
technology and the physics with the experiment can be pushed. With this in mind we
have added to the possibilities by creating cold molecules and molecular ions. If the
molecular ions can be trapped for a long time, then these can be used as the species for
the study of molecular ion interactions. This is also very important as there is a signif-
icant connection between Rb; studied here and H,, which is the simplest molecular
system and therefore is at the heart of molecular physics. Further, H" is highly re-
active and does not exist in detectable abundance in the universe. Ironically the Rby
ions share the same fate, and are hard to trap for long, in the presence of the MOT.
While there might be a suggestion in the data that the collisions with the atoms also
contribute to the trap loss of Rb;, this has to be established by further experiments. In
our work, we have determined that the cooling light of the MOT plays the dominant

role in Rb;r dissociation.
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6.3 Future prospects

The simulations shows that the Rb; ions are not stable with Rb MOT cooling light
even in the lower vibrational levels of (1)1/ 2, state. However, Rb;r ions can be created
in the vibrational levels of (1)1/2, state. Since the Franck-Condon overlap between
the vibrational wave function of (1)1/2, state and the continuum wave function of
(1)1/24 state is very small, one can expect that Rb; ions do not dissociate in presence
of the MOT. Further, the collision between Rb;r ions and cold Rb atoms in the MOT can
be investigated for a possible sympathetic cooling of the non laser coolable Rb; ions.
Alternatively, this might also lead to collisional destruction of Rb; ions. The numeri-
cal codes developed can be used for any diatomic molecule. Our experiment supports
many atomic species (Potassium, Cesium and Calcium) which allows the production
and manipulation of homo nuclear as well as hetero nuclear molecules. The cavity
can be utilized to define standing wave dipole traps for the neutral cold atoms and
molecules, which can be overlapped with the trapped ions.

There are two overlapping ion traps in this configuration (linear and modified spheri-
cal Paul trap) which can be used flexibly to many purposes. Laser coolable ions of Ca™
can be used so that the optical detection of ions can be used for specific experiments.
A large electric field can be generated at the center of the apparatus by appropriate
biasing of the thin wires, which can be a used to define a quantization axis for aligning
dipolar molecules. The neutral polar molecule electrostatic trap discussed in chapter
2 can be implemented using the tungsten wires. So the future is very fertile with this

experiment.
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APPENDIX A

SIMION geometry file for the ion trap

We provide the code to generate the electrode geometry of the ion trap (Fig.2.9 in chap-
ter 2) using the software package SIMION 8.0. The labeling convention in this file for

each electrode is retained in the thesis text.

The geometry file

;scaling: 4 grid units == 1 mm.
PA Detine(625,141,557 planar,non-mirrored)
Locate(276,70,278,1,0,0,0)

{

; Quadrupole electrodes

electrode(0) { fill { within{cylinder(-34,-34,154,6,6,308)} } }
electrode(0) { fill { within{cylinder(-34,34,154,6,6,308)} } }
electrode(0) { fill { within{cylinder(34,-34,154,6,6,308)} } }
electrode(0) { fill { within{cylinder(34,34,154,6,6,308)} } }

; Outer wire 1
electrode(0) {Fill{
within{box3D(-22,-22,-11.85,22,22,-12.15) } notin{box3D(-21.4,-21.4,-11.85,21.4,21.4,-12.15)}

within{cylinder(-34,-34,-11.85,12,12,0.3) } notin{cylinder(-34,-34,-11.85,11.4,11.4,0.3)}
within{box3D(-34,-34,-11.85,-22,-22,-12.15) } notin{box3D(-34,-34,-11.85,-22.6,-22.6,-12.15) }
within{cylinder(-34,34,-11.85,12,12,0.3) } notin{cylinder(-34,34,-11.85,11.4,11.4,0.3) }
within{box3D(-34,34,-11.85,-22,22,-12.15) } notin{box3D(-34,34,-11.85,-22.6,22.6,-12.15) }
within{cylinder(34,-34,-11.85,12,12,0.3) } notin{cylinder(34,-34,-11.85,11.4,11.4,0.3)}
within{box3D(34,-34,-11.85,22,-22 -12.15) } notin{box3D(34,-34,-11.85,22.6,-22.6,-12.15) }
within{cylinder(34,34,-11.85,12,12,0.3)} notin{cylinder(34,34,-11.85,11.4,11.4,0.3)}
within{box3D(34,34,-11.85,22,22,-12.15) } notin{box3D(34,34,-11.85,22.6,22.6,-12.15)} }}
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; Outer wire 2

electrode(0) {Fill{

within{box3D(-22,-22,11.85,22,22,12.15) } notin{box3D(-21.4,-21.4,11.85,21.4,21.4,12.15)}
within{cylinder(-34,-34,12.15,12,12,0.3) } notin{cylinder(-34,-34,12.15,11.4,11.4,0.3) }
within{box3D(-34,-34,11.85,-22,-22,12.15) } notin{box3D(-34,-34,11.85,-22.6,-22.6,12.15) }
within{cylinder(-34,34,12.15,12,12,0.3) } notin{cylinder(-34,34,12.15,11.4,11.4,0.3) }
within{box3D(-34,34,11.85,-22,22,12.15) } notin{box3D(-34,34,11.85,-22.6,22.6,12.15) }
within{cylinder(34,-34,12.15,12,12,0.3)} notin{cylinder(34,-34,12.15,11.4,11.4,0.3) }
within{box3D(34,-34,11.85,22,-22,12.15) } notin{box3D(34,-34,11.85,22.6,-22.6,12.15) }
within{cylinder(34,34,12.15,12,12,0.3) } notin{cylinder(34,34,12.15,11.4,11.4,0.3)}
within{box3D(34,34,11.85,22,22,12.15) } notin{box3D(34,34,11.85,22.6,22.6,12.15)} }}

; Inner wire 1

electrode(1) {Fill{

within{box3D(-22,-22,-5.85,22,22,-6.15) } notin{box3D(-21.4,-21.4,-5.85,21.4,21.4,-6.15)}

within{cylinder(-34,-34,-5.85,12,12,0.3) } notin{cylinder(-34,-34,-5.85,11.4,11.4,0.3) }
within{box3D(-34,-34,-5.85,-22,-22 -6.15) } notin{box3D(-34,-34,-5.85,-22.6,-22.6,-6.15) }
within{cylinder(-34,34,-5.85,12,12,0.3) } notin{cylinder(-34,34,-5.85,11.4,11.4,0.3)}
within{box3D(-34,34,-5.85,-22,22,-6.15) } notin{box3D(-34,34,-5.85,-22.6,22.6,-6.15) }
within{cylinder(34,-34,-5.85,12,12,0.3) } notin{cylinder(34,-34,-5.85,11.4,11.4,0.3)}
within{box3D(34,-34,-5.85,22,-22,-6.15) } notin{box3D(34,-34,-5.85,22.6,-22.6,-6.15) }
within{cylinder(34,34,-5.85,12,12,0.3)} notin{cylinder(34,34,-5.85,11.4,11.4,0.3) }
within{box3D(34,34,-5.85,22,22,-6.15) } notin{box3D(34,34,-5.85,22.6,22.6,-6.15)} }}

; Inner wire 2

electrode(1) {Fill{

within{box3D(-22,-22,5.85,22,22,6.15)} notin{box3D(-21.4,-21.4,5.85,21.4,21.4,6.15) }
within{cylinder(-34,-34,6.15,12,12,0.3) } notin{cylinder(-34,-34,6.15,11.4,11.4,0.3) }
within{box3D(-34,-34,5.85,-22,-22,6.15) } notin{box3D(-34,-34,5.85,-22.6,-22.6,6.15) }
within{cylinder(-34,34,6.15,12,12,0.3) } notin{cylinder(-34,34,6.15,11.4,11.4,0.3) }
within{box3D(-34,34,5.85,-22,22,6.15)} notin{box3D(-34,34,5.85,-22.6,22.6,6.15) }
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within{cylinder(34,-34,6.15,12,12,0.3)} notin{cylinder(34,-34,6.15,11.4,11.4,0.3) }
within{box3D(34,-34,5.85,22,-22,6.15) } notin{box3D(34,-34,5.85,22.6,-22.6,6.15) }
within{cylinder(34,34,6.15,12,12,0.3)} notin{cylinder(34,34,6.15,11.4,11.4,0.3)}
within{box3D(34,34,5.85,22,22,6.15)} notin{box3D(34,34,5.85,22.6,22.6,6.15)} }}
; Cavity piezo-electric transducer

electrode(0) {fill{

within{cylinder(0,0,126,34,34,1) } notin{cylinder(0,0,126,16,16,1)} }}
electrode(0) {fill{

within{cylinder(0,0,115,34,34,1) } notin{cylinder(0,0,115,16,16,1)} }}

; Grid 2

electrode(0) {Fill{

within{box3D(-22,-22,81.85,22,22,82.15)} notin{box3D(-21.4,-21.4,81.85,21.4,21.4,82.15) }
within{cylinder(-34,-34,82.15,12,12,0.3) } notin{cylinder(-34,-34,82.15,11.4,11.4,0.3) }
within{box3D(-34,-34,81.85,-22,-22,82.15) } notin{box3D(-34,-34,81.85,-22.6,-22.6,82.15) }
within{cylinder(-34,34,82.15,12,12,0.3) } notin{cylinder(-34,34,82.15,11.4,11.4,0.3) }
within{box3D(-34,34,81.85,-22,22,82.15) } notin{box3D(-34,34,81.85,-22.6,22.6,82.15) }
within{cylinder(34,-34,82.15,12,12,0.3)} notin{cylinder(34,-34,82.15,11.4,11.4,0.3) }
within{box3D(34,-34,81.85,22,-22,82.15) } notin{box3D(34,-34,81.85,22.6,-22.6,82.15) }
within{cylinder(34,34,82.15,12,12,0.3)} notin{cylinder(34,34,82.15,11.4,11.4,0.3)}
within{box3D(34,34,81.85,22,22,82.15) } notin{box3D(34,34,81.85,22.6,22.6,82.15)} }}
electrode(0) {Fill{

within{cylinder(-34,-34,76.15,12,12,0.3) } notin{cylinder(-34,-34,76.15,11.4,11.4,0.3) }
within{cylinder(-34,34,76.15,12,12,0.3) } notin{cylinder(-34,34,76.15,11.4,11.4,0.3) }
within{cylinder(34,-34,76.15,12,12,0.3)} notin{cylinder(34,-34,76.15,11.4,11.4,0.3) }
within{cylinder(34,34,76.15,12,12,0.3)} notin{cylinder(34,34,76.15,11.4,11.4,0.3)} }
locate(0,0,0,1,0,45,0) {Fill{

within{box3D(-60,-12,75.85,60,12,76.15) } notin{box3D(-59.4,-11.4,75.85,59.4,11.4,76.15) }

H
locate(0,0,0,1,0,135,0) {Fill{
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within{box3D(-60,-12,75.85,60,12,76.15) } notin{box3D(-59.4,-11.4,75.85,59.4,11.4,76.15) }
33

; CEM cone

electrode(0) { rotate fill(360) {

within{box(178,-22,184.4,22)} within{polyline(184.4,-22,184.4,22,210,10,210,-10) }
within{box(210,-10,220,10) } notin{polyline(178,-20,178,20,220,0.8,220,-0.8)} }}
electrode(0) {Fill{ within{box3d(174,-32,-34,226,32,34)}
notin{box3d(174,-28,-30,226,28,30)} within{box3d(182,32,-30,202,66,30)} }}

; Grid 1

electrode(0) {fill{

within{box3d(160,-32,-34,168,32,34) } notin{box3d(160,-26,-28,168,26,28)} }

fill{

within{cylinder(159.9,0,28,0.1,0.1,56) } within{cylinder(159.9,4,28,0.1,0.1,56) }

within{cylinder(159.9,8,28,0.1,0.1,56) } within{cylinder(159.9,12,28,0.1,0.1,56)}
within{cylinder(159.9,16,28,0.1,0.1,56) } within{cylinder(159.9,20,28,0.1,0.1,56)}
within{cylinder(159.9,24,28,0.1,0.1,56) } within{cylinder(159.9,-4,28,0.1,0.1,56)}
within{cylinder(159.9,-8,28,0.1,0.1,56) } within{cylinder(159.9,-12,28,0.1,0.1,56) }
within{cylinder(159.9,-16,28,0.1,0.1,56) } within{cylinder(159.9,-20,28,0.1,0.1,56)}
within{cylinder(159.9,-24,28,0.1,0.1,56)} }

locate(0,0,0,1,0,0,-90) {fill{

within{cylinder(168.1,0,27,0.1,0.1,54)} within{cylinder(168.1,4,27,0.1,0.1,54) }
within{cylinder(168.1,8,27,0.1,0.1,54) } within{cylinder(168.1,12,27,0.1,0.1,54) }
within{cylinder(168.1,16,27,0.1,0.1,54) } within{cylinder(168.1,20,27,0.1,0.1,54) }
within{cylinder(168.1,24,27,0.1,0.1,54) } within{cylinder(168.1,-4,27,0.1,0.1,54) }
within{cylinder(168.1,-8,27,0.1,0.1,54) } within{cylinder(168.1,-12,27,0.1,0.1,54) }
within{cylinder(168.1,-16,27,0.1,0.1,54) } within{cylinder(168.1,-20,27,0.1,0.1,54)}
within{cylinder(168.1,-24,27,0.1,0.1,54)} }}}

; CEM anode

Locate(0,0,0,1,90,0,0) { electrode(0) {Fill{ within{cylinder(0,0,350,2.8,2.8,36)}}}}
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; Chamber

electrode(0) {Fill{ Locate(0,0,0,1,90,0,90) {
Within{Cylinder(0,0,70,345,345,140) } Notin{Cylinder(0,0,32,232,232,64)}
Notin{Cylinder(0,0,70,218,218,38) } Notin{Cylinder(0,0,-32,218,218,38)} }
Notin{Cylinder(0,0,345,32,32,114)} ,—portl
Notin{Cylinder(0,0,-231,32,32,114) } ,—port2

Locate(0,0,0,1,90,0,0) { Notin{Cylinder(0,0,345,32,32,114) } ,—-port3 }
Locate(0,0,0,1,-90,0,0) {Notin{Cylinder(0,0,345,32,32,114)} ;,—-port4 }
Locate(0,0,0,1,45,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ;,—port5 }
Locate(0,0,0,1,-45,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—port6 }
Locate(0,0,0,1,135,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—port7 }
Locate(0,0,0,1,-135,0,0) { Notin{Cylinder(0,0,345,32,32,114) } ,—port8 }
Locate(0,0,0,1,22.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—port9 }
Locate(0,0,0,1,-22.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—port10 }
Locate(0,0,0,1,67.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—portl1 }
Locate(0,0,0,1,-67.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—port12 }
Locate(0,0,0,1,112.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ;,—-port13 }
Locate(0,0,0,1,-112.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—port14 }
Locate(0,0,0,1,157.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—portl5 }
Locate(0,0,0,1,-157.5,0,0) { Notin{Cylinder(0,0,345,32,32,114)} ,—-portl6 } }

; SS spacers

Fill{ within{cylinder(-15.24,-50.8,162,10,10,24) }
notin{cylinder(-15.24,-50.8,162,6,6,24) }

within{cylinder(15.24,-50.8,162,10,10,24) } notin{cylinder(15.24,-50.8,162,6,6,24) }
within{cylinder(-15.24,50.8,162,10,10,24) } notin{cylinder(-15.24,50.8,162,6,6,24) }
within{cylinder(15.24,50.8,162,10,10,24) } notin{cylinder(15.24,50.8,162,6,6,24)}
within{cylinder(-15.24,-50.8,-138,10,10,24) } notin{cylinder(-15.24,-50.8,-138,6,6,24) }
within{cylinder(15.24,-50.8,-138,10,10,24) } notin{cylinder(15.24,-50.8,-138,6,6,24)}
within{cylinder(-15.24,50.8,-138,10,10,24) } notin{cylinder(-15.24,50.8,-138,6,6,24)}
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within{cylinder(15.24,50.8,-138,10,10,24) } notin{cylinder(15.24,50.8,-138,6,6,24) }

; Groove grabber

within{box3d(-92,40.8,162,92,60.8,182)} within{box3d(-92,40.8,182,-72,60.8,210) }
within{box3d(72,40.8,182,92,60.8,210) } within{box3d(-92,-40.8,162,92,-60.8,182)}
within{box3d(-92,-40.8,182,-72,-60.8,210) } within{box3d(72,-40.8,182,92,-60.8,210)}
within{box3d(-92,40.8,-162,92,60.8,-182) } within{box3d(-92,40.8,-182,-72,60.8,-210) }
within{box3d(72,40.8,-182,92,60.8,-210)} within{box3d(-92,-40.8,-162,92,-60.8,-182)}
within{box3d(-92,-40.8,-182,-72,-60.8,-210) } within{box3d(72,-40.8,-182,92,-60.8,-210) }
Locate(0,0,0,1,90,0,0) {

within{box3d(-92,40.8,162,92,60.8,182)} within{box3d(-92,40.8,182,-72,60.8,210)}
within{box3d(72,40.8,182,92,60.8,210)} } } } }
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APPENDIX B

Numerical codes: atom, ion and dipole

molecule trap

We provide the numerical codes in Mathematica to calculate the MOT atom number
from detected fluorescence, the ion trap a-q stability diagram, resonant frequencies,

trap depth, spatial extent and the dipolar molecule trap depth in the electrostatic trap.

MOT number calculation

h = 6.626068 x 1034; (*]s*)

v = 3.84230406373 * 10'4; (*Hz*)

beamdia = 8 x 10~ 3; (*Diameter of the cooling beam®)
power = 40 x 1073; (*W*)

viewportfact = 0.962;

Int = (beal—mdiaz) (viewportfact « power); (*Intensity of cooling beam*)
ﬂf
Intsar = (3.895) * %g—j ; (*Rb saturation intensity *)

§ = 271 % 12 % 10°; (*laser detuning*)
I = 271 % 6.0666 * 10°; (*Rb Natural linewidth *)

nt_
R = (g) % ; (*s~1*)(* Rate of emission of photons per atom *)
Intgat 2

Intsat

chamberrad = 0.085; viewportrad = 0.008; (* viewport is the limiting diameter *)
focallength = 60 x 10~3; (*Focal length of the lens L1 *)

dist = 2 x focallength; (*distance of cloud from lens *)(*m*)

viewportrad
chamberrad

lensactiverad = x dist;

rxlensactiverad? .
4k rxdist?® ’

PMT1200Vcalib = 4923%%91073; (*%*)

solidangle =
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L1fact = 0.98559; L2fact = 0.98547;

MOTCBSfact = 0.529903; NDFfact = 0.531084;

a 1 1 1 1 1 1.
powcalib = prrrGovenp * Cifact * T2fact * viewportfact * MOTCBSfact ¥ NDFfact

(* Observed power of MOT flouresence by the PMT *)

— _ powcalib__,
MOTfactor = R(solidangle)hv”

PMTsignalAvg = 0.815;
MOTatomNumber = PMTsignalAvg + MOTfactor

Physical constants and ion trap potential

Here we provide the physical constants, conversion factors and the ion trap potential

which is common for the next programs.

Constants and conversion factors:

e = 1.60219 « 10~ 1%; (*C*)

mRb85 = 1.409993199 x 10~%; (*kg*)

¢ =2.99792 % 108; (* m/s *)

kB = 1.38066 % 10~23; (* J/K *)

DebyeToCm = 3.33563 * 10~3; (*Dybye to Cm conversion*)

cmInvTo] = 1.98630 * 10~23; (*em ™ toJouleconversion*)

Importing and interpolating the ion trap potential

rl = —10% 1073;12 = 10 x 10~ 3; (*extent of the imported potential*)

filepath = F:\\Work\ \IonTrap\";

file = OpenRead|filepath <> V_innerwires.txt]; V1 = Read|file, Expression|;
Uinnerwires = ListInterpolation[V1, {{r1,r2}, {r1,12}, {r1,r2}}];

file = OpenRead|filepath <> V_outerwires.txt]; V2 = Read|file, Expression];
Uouterwires = ListInterpolation[V2, {{r1,r2}, {r1,12}, {rl, r2}}];
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Program to generate a-q stability diagram

The program solves the ion equation of motion in the ion trap potential for a range of

Vrf and Udc voltages to generate the a-q stability diagram in Fig. 2.11.

Parameters

f =500 * 10%; nCy = 100; (*number of cycles*)

Udc = Tableli, {i,0, 150,300} ]; (*range of dc voltage*)
Vrf = Table[i, {7,50,400,500}]; (*range of rf voltage*)
pos = 0.00001; (*m*) vel = 10; (*m/s*)

Solving differential equation

result = {}; tmax = nCy/f;
For[i = 1,i < Length[Udc], i++, (For[j = 1,j < Length[Vrf], j++, (

sol = {};xt ={}yt={}zt ={};
AppendTo|sol, NDSolve[{

— e/mRb85 (E)xm ((Udc|[#]] + Vrf[[j]] * Cos[27tft]) * Uinnerwires|x[t], y[t], z[t]]
— 5% Uouterwires[x[t], y[t], z[t]])),

ylt] ==

— ¢/mRb85 (ay[ﬂ ((Udc[[i] + Vif[[j]] * Cos[27ft]) * Uinnerwires|x[t], y[t], z[#]]
— 5% Uouterwires[x[t], y[t], z[t]])),

z"[t] ==

— ¢/mRb85 (azm ((Udc[[i]] + Vif[[j]] * Cos[27ft]) * Uinnerwires|x[t], y[t], z[#]]
— 5« Uouterwires|x[t], y[t], z[t]])), ¥’ [0] == vel,y'[0] == vel,z'[0] == vel,
x[0] == pos, y[0] == pos, z[0] == pos},{x,y,z},{t,0, tmax}, MaxSteps — 10000000]];
AppendTol[xt, x/.sol[[1]]]; AppendTo[yt, y/.sol[[1]]]; AppendTo|zt, z/ .sol[[1]]];
x1 = Max|Table[Evaluate[Abs|x[t]| /.sol[[1]]], {t, 0, tmax, tmax/1000}]];

yl = Max|Table[Evaluate[Abs[y[t]]/.sol[[1]]], {#, 0, tmax, tmax/1000}]];
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zl = Max|Table[Evaluate[Abs|z[t]] /.sol[[1]]], {¢, 0, tmax, tmax/1000}]];
If[(x] < 0.004&&yl < 0.004)&&z1 < 0.004,
{AppendTof[result, {Vrf[[j]], Udc[[i]]}]};];)])];

d = 0.0104;
aq =
Table [{ mﬁlf;;is(;g%/ﬂﬂ' gﬁig;iﬁiﬂ%ﬁgz } ,{i,1, Dimensions|[result][[1]] }} ;

Program to find ion trap resonant frequencies

The program solves the ion equation of motion in the potential created by applying a
voltage Vrf Cos(27tft)+Vexc Cos(27tflt) to the inner pair of wires for a range of excita-

tion frequencies f1 to generate the Fig. 2.14

Parameters

f = 500 % 103; (*rf frequency*)

Vrf = 80; (*rf voltage*)

nCy = 5000; tmax = nCy/f;

f1 = Table[i, {7,100, 150000, 100}]; (*excitation frequency®)
Vex = 1; (*excitation voltage®)

pos = 0.00001; (*m*) vel = 10; (*m/s*)

Solving the Differential equation with resonant excitation

freqspectr = {};

For[j = 1,j < Length[f1], j++, (sol = {};

AppendTo|sol, NDSolve[{

x"[t] == —e/mRb85 (axm ((Vif % Cos[27t ]

+ Vex x Cos[27tf1[[j]]t]) * Uinnerwires|x[t], y[t], z[t]]
— 5% Uouterwires[x[t], y[t], z[t]])),

y”[t] == —e/mRb85 (aym ((Vif « Cos[27t 1]
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+ Vex x Cos[27tf1[[j]]t]) * Uinnerwires|x[t], y[t], z[t]]
— 5% Uouterwires[x[t], y[t], z[t]])),
z"[t] == —e/mRb85 (82 ((Vrf % Cos[27ft]
+ Vex x Cos[27tf1[[j]]t]) * Uinnerwires|x[t], y[t], z[t]]
Js

ylt], z[t])),
x'[0] == vel,y'[0] == vel,z'[0] == vel, x[0] == pos, y[0] == pos, z[0] == pos},

— 5% Uouterwires|x[t

{x,,2},{t,0, tmax}, MaxSteps — 10000000, EvaluationMonitor :—
If[(Abs[x[t]] > 0.004| Abs[y[t]] > 0.004|Abs[z[t]] > 0.004),
{AppendTo|[fregspectr, {f1[[j]], t}], Continue[] }]]];
AppendTo[fregspectr, {f1[[j], tmax};)]

Program to find ion trap depth and spatial extent

The program solves the ion equation of motion in the ion trap potential for a range
of initial velocities to estimate the trap depth given in Fig. 2.16. The program can be
modified to find the spatial extent by solving for a range of initial positions as shown

in Fig. 2.15

Parameters:

f = 500 * 10%; (*rf frequency*)

nCy = 5000; (‘number of cycle¥)

tmax = N[nCy/f];

Vrf = 80;

pos = 0.00000001; (*initialposition, m*)

Solving the Differential equation with different Vx:

KEx = Table[i, {i,0,0.72,0.015}]; (*range of kinetic energy in eV*)

_ 2xKEx*e
avgVXx = 1/ S Rbss
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sol = {};
NzerocrossVsBin = Table[0, {k, 1, Dimensions[avgVX][[1]] }];

TimeVsVelX = Table[0, {k, 1, Dimensions|[avgVx|[[1]] }];

Forlii = 1,ii < Dimensions|avgVx|[[1]], ii++,

(AppendTo([sol, NDSolve[{

x”[t] == —e/mRDb85 (E)x[t] (Vrf « Cos[27t ft] * Uinnerwires|x[t], y[t], z[t]]
— 5« Uouterwires[x[t], y[t], z[t]])),

y”[f] == —e/mRb85 ( i (Vrf  Cos[27ft] * Uinnerwires[x[t], y[t], z[¢]]
— 5% Uouterwires[x[t], y[t], z[t]])),

2"[t] == —e/mRb85 (azm (Vif + Cos[27tf1]  Uinnerwires[x[], y[t], z[¢]]
— 5« Uouterwires|x[t], y[t], z[t]])),

x'[0] == avgVx[[ii]], y’[0] == 0,2'[0] == 0, x[0] == pos, y[0] == pos, z[0] ==

{x,y,z},{t,0, tmax}, MaxSteps — 10000000]];

xlim = Max [Table [Evaluate[Abs|[x[t]]/.sol[[1]]], {t,0, tmax, 10" }]] ;
If[xlim < 0.005, TimeVsVelX|[ii]] = {KEx[[ii]], tmax}; ];
If[TimeVsVelX[[ii]] == 0,

fbin = 40 * 10%;

nbins = Round [fbin * tmax];

bins = Table [N [ﬁ} ,{k,0, nbins}] ;

bx = by = bz = Table|0, {k, 1, Dimensions[bins][[1]] — 1}];

xx = Table[Table[{ N[t], Evaluate[x[t] /.sol[[1]]][[1]]},
{t,bins][[j]], bins[[j + 1]],1077}], {j, 1, nbins}] ;

For[l = 1,1 < nbins, [++,

For[m = 1,m < Dimensions|xx][[2]] — 1, m++,

e 1] ] [12]] # xxl 8] [+ 1]][12]] < 0, bx[[1]] = b[[1] + 1]
Il

For[s = 1,s < nbins, s++, If[bx[[s]] == 0||bx[[s]] > 3,
{TimeVsVelX[[ii]] = {KEx[[ii]], bins[[s]] }; Break]]; }]]];

sol = Delete[sol, 1]; )]

128

pos},



Program to find polar molecule trap depth

The program calculates the trap depth for a dipolar molecule in an electrostatic trap as

given in Fig. 2.23(b).

Molecular data:

dRbK = 0.615; dRbCs = 1.237; dKCs = 1.906;(*Debye*)
BRbK = 0.03839; BRbCs = 0.0169; BKCs = 0.03048;(*cmInv*)
Trap depth:
J=1Mj=0;
dSqrByBRbK — 9RPK®. 45qrByBRbCs — %l}{g%ss, dSqrByBKCs — 9KCs*
- DebyeToC 2 J(J+1)—3Mj? 103 .
dEmKJEF_, dSqrByB_|:=dSqrByB x % * BEF~ % 2]*(”1)*(2)]_1)1(2”3) * 15

Plot3D [dEmK[EF, dSqrByB], { EF, 10%, 1.5« 10°} , {dSqrByB, 0, 150},

PlotRange — {{10% 1.5 % 10°},{0,150}, {0,13}},

AxesLabel — {Electric Field (kV/cm), "% (Debye2 / cm 1), Trap Depth (mK)} ,
LabelStyle — Directive[Bold, FontFamily — Arial, FontSize — 20],

Ticks — {{{20000,0.2}, {40000, 0.4}, {60000, 0.6}, {80000,0.8},{100000,1} },
{40,80,120,160},{2,4,6}},

Mesh — {{{0,Red}}, {{dSqrByBRbK, Directive[Thickness[0.005]]},
{dSqrByBRbCs, Directive[Dashed, Thickness[0.005]]},

{dSqrByBKCs, Directive|Black, Dotted, Thickness[0.005]] } } },

ImageSize — 900, ViewPoint — {1, —2.2,0.5}]
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APPENDIX C

Numerical codes: molecular transitions

We provide the numerical codes in Mathematica to calculate the molecular continuum
wave function, transition rate for bound to bound and bound to continuum transitions,

branching ratio and the direct photo dissociation rate.

Constants and conversions:

Here we provide the physical constants, conversion factors and the ion trap potential

which is common for the next programs.

Constants in SI units:

hcross = 1.054571 * 10~3%; mRbSI = 1.409993199 x 10~25;
MURDSI = mRbSI * mRbSI/ (mRbSI + mRbSI);

eps0SI = 8.854187817 10~ 12; c0SI = 2.99792458 x 10%;
me = 9.10938215 x 10731; (*SI*)

Constants in atomic units (au):

mRbau = SetPrecision [%251, 15} ; (*Rb mass atom in au ¥)

MURbau = mRbau * mRbau/(mRbau + mRbau); (*Rb2 reduced mass in au*)

Conversions:

EnHartreeToCMinv = 219474.63; EnCMinvToJoule = 1.98630 % 10~23;
EnJouleToCMinv = 5.03445 % 10%2;
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Program to find the continuum wavefunction

The program solves the Schrodinger equation for nuclear motion of two colliding

atoms using Numerov method as discussed in chapter 4.

PEC:

fid = OpenRead[F\ \Work)\ \rb2+_1_1by2upot.txt|;
V = ReadList[fid, {Number, Number}|; Close|[fid];
fV = Interpolation[V];

Description of functions:

1

V : Potential energy in cm™" vs meter.

KE : Kinetic energy in Joule; KEcm : Kinetic energy in cm L

Nwf : unit normalised continuum wave function.

Numerov code:

g2[i_,j]:=2MURBSL o (£ [rmin + (i — 3) * dx] — KE[[f]])

hcross
gli,jJ:=2 MR s (FV[rmin + (i — 2) * dx] — KE[[f]])
gl = MUSS! (£V[emin+ (i — 1) ] — KE[[])

KEcm = Table[NTi], {7,1,16000,1}];

KE = KEcm/EnJouleToCMinv; (*Joule*)

rmin = 2 % 10719, rmax = 50 x« 10~ 10: dx = 0.001 * 10~19;

Nx = (rmax — rmin)/dx + 1; post50Ang = (50 % 1070 — rmin) / dx + 1;
Off[InterpolatingFunction::dmval];

For[j = 1,j < Dimensions|KEcm][[1]], j++,

psi = {{rmin, 0}, {rmin + dx,107%} } ;

For[i = 3,i < Nx, i++,

AppendTo [psi, {rmin + (i—1) xdx, W((Z « psi[[i — 1,2]]) — psi[[i — 2,2]]
[
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6
dim = Dimensions[psi][[1]] = 2;a ={};b = {};

xgl[i,j]xpsi|[i— xdx? i,j]*psi||i— *dx
lomilioiaed) | gupersianat )],

For[i = 1,i < dim, i++,
If[Abs[psi[[i,2]]] < Abs[psi[[i + 1,2]]] > Abs|psi[[i + 2,2]]],

[+ 1, 2]]31%;

Normfactor = a[[Dimensions|a][[1]]]][[2]];

Nwf = Table Hpsi[[i, 1]], %} A, l,poerOAng}] ;

fid = OpenWrite[F\ \Work\ \1_-1by2_u_ <> ToString[KEcm[[j]]] <> CMLtxt|;
Write[fid, Nwf]; Close[fid]; |

]
AppendTola, {psi|[[i + 1, 1]], Abs[psi|

Program to calculate spontaneous transition rate:

The program calculate the spontaneous emission rate from the excited bound vibra-

tional state to the ground vibrational and free states.

Importing vibrational wavefunctions and TDM

Evex = {}; vibfnex = { };Evgn = { }; vibfngn = { };

fid = OpenRead[“F\ \Work\ \ molecule\ \ Vib_20u.txt”];
For[i=1,1 <=291, i++,
linel=Read[fid,{String,String } |;
Linel=Read[StringToStream|[line1[[1]]],
{Word,Word,Number,Word, Number,Word,Number }];
AppendTo[Evex,{i-1,SetPrecision[Linel[[7]],8]}];
AppendTo[vibfnex, ReadList[fid, {Number, Number }]];] Close[fid];
fid = OpenRead[“F\ \Work\ \molecule\ \ Vib_10g.txt"];
For[i=1,1i <=124, i++,

linel=Read|[fid,{ String,String } |;
Linel=Read[StringToStream|[linel1[[1]]],
{Word,Word,Number,Word, Number, Word, Number }];
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AppendTo[Evgn, {i- 1, Read[fid, Number];}];

AppendTo[vibfngn, ReadList[fid, {Number, Number }]];] Close[fid];
fid2 = OpenRead[“F\ \Work\ \molecule\ \TDM_1_0g_2_Ou.txt”];
TDMI1 = ReadList[fid2, {Number, Number}]; Close[fid2];

fTDM1 = Interpolation[TDM1, InterpolationOrder -> 1];

Description of functions:

Evex: List of excited state vibrational energies in cm ™!

EvEXx : excited state energy of the level considered (Vexc)
Evgn : List of ground state vibbrational energies in cm ™!

EvGn : ground state energy of the level considered (v)

vibfnex: list of vibrational wave function of the excited state Vs position in m
vibfngn : list of vibrational wave function of the ground state Vs position in m
vibfnexc : vibrational wave function of the excited state considered

vibfngnd : vibrational wave function of the ground state considered

TDM1 : transition dipole moment between the two states in Cm Vs m

KE] : Kinetic energy in Joule; KECMI : Kinetic energy in cm~!

gndcont : continuum wave function of the ground state.

Excited state vibrational level

Vexc = 252;
dim = Dimensions[vibfnex[[Vexc + 1]]][[1]];
EvEx = Evex[[Vexc + 1, 2]];
vibfnexc = vibfnex[[Vexc + 1]][[1 ;; dim - 1]];
rlexc = vibfnexc[[1, 1]]; r2exc = vibfnexc[[Dimensions|[vibfnexc][[1]], 1]];
fexc = Interpolation[vibfnexc];
EnD2 = 12816.54678496(* from Steck®);
depthexc = 5920.074; depthgnd = 3994.1;
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SpConst =1 / <3Pi * eps0SI * hcross * cOSI3) ;

Bound to bound spontaneous transition rate:

The program calculate the overlap integral between two bound vibrational wave func-
tions and calculate the spontaneous emission rate from the excited to the ground vi-
brational state.
gamap = {};For[v = 0,v < 123, v++,
dim = Dimensions[vibfngn[[v + 1]]][[1]];
EvGn = Evgn[[v + 1, 2|]; vibfngnd = vibfngn[[v + 1]][[1;; dim —1]];
rlgnd = vibfngnd|[1, 1]]; 12gnd = vibfngnd[[Dimensions|[vibfngnd][[1]], 1]];
fgnd = Interpolation|[vibfngnd];
Rmin = Max|[rlexc, rlgnd]; Rmax = Min|[r2exc, r2gnd];
If[Rmax < Rmin, AppendTo[gamap, {v,0}];,
product = Table[{r, fgnd|[r] * fTDM1][r] * fexc[r|}, {r, Rmin, Rmax, dx}];
f = Interpolation|product, InterpolationOrder — 2J;
I1= Rmaxf[r] dr;

Rmin

omega = —-— (EnD2 + (depthgnd — EvGn) — (depthexc — EvEx)) * EnCMinvToJoule;

hcross

gamap = AppendTo [gamap, {v, 112 % omega3 * spconst}] ,H

Bound to free spontaneous transition rate:

The program calculate the overlap integral between excited bound vibrational wave
function and ground free wave function and calculate the spontaneous emission rate
from the excited bound state to the ground free states.

Tla = Table[i, {i,20.,1000,20}];111 = {};
For[i = 1,i < Dimensions[T1a][[1]], i++,
fidcont[i] = OpenRead[F\ \Work\ \10g_psi- <> ToString[T1a[[i]]] <> uK.txt];
KE]J = Read|fidcont[i], Number|; KECMI = Read|fidcont[i], Number];

gndcont = Flatten[ReadList[fidcont[i], Expression], 1]; Close[fidcont[i]];
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_ v2xMURDbSI .
Enorm = \/ Pixhcross*+/KE]’

rlgnd = gndcont|[1, 1]]; r2gnd = gndcont[[Dimensions[gndcont][[1]], 1]];

fgndcont = Interpolation[gndcont];

Rmin = Max|[rlexc, rlgnd]; Rmax = Min|[r2exc, r2gnd];

If[Rmax < Rmin, AppendTo[I11, {KE]J,0}];,

product = Table[{r, Enorm * fgndcont[r] x fTDM1][r| x fexc[r]}, {r, Rmin, Rmax, dx}];
f = Interpolation|product, InterpolationOrder — 2J;

Rmax
1= [ flr] dr;

omega = (EnD2 — KECMI — (depthexc — EvEx)) * EnCMinvToJoule;

hcross
AppendTo [ 111, { KEJ, 11 « omega  SpConst || ; | |
NTMAX = Dimensions[I11][[1]];

f1 = Interpolation[I11, InterpolationOrder — 1];

11[[NTMAX]|[[1]] ¢4 7] dr;

GamaSp = n1[11]]

Branching Ratio:

The program calculate the branching ratio of spontaneous emission from an excited
state vibrational level to the ground state bound and free states.

Vexc = 0; Gvv = gamap; GvvTotal = Total[gamap|[All, 2]]];
GamaTotal = SetPrecision|GvvTotal + GamaSp, 8];
BR1 = Transpose[{Gvv[[All, 1]], Gvv[[All, 2]] /GamaTotal }|;
bb = SetPrecision [%,8} ;bc =1 —Dbb;

ppl = BarChart[BR1[[All, 2]], BarSpacing -> 0, ChartStyle -> Darker[Blue], Plo-
tRange -> {{0, 125}, {-0.02, 0.2} }, ChartLabels -> CL, LabelStyle -> Directive[22], Im-
ageSize -> 400, Frame -> False, GridLines -> {{20, 40, 60, 80, 100, 120}, None}, Grid-
LinesStyle -> Directive[Thickness[0.005], Black, Dotted], FrameTicks -> {{ Automatic,
None}, {None, None} }, FrameStyle -> Directive[Black, Thickness[0.004], FontSize ->

20, FontFamily -> “Arial”], PlotLabel -> Style[“v'=0", 20]];
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Direct photo dissociation rate

The program calculate the direct photo dissociation rate from a bound vibrational level
in the ground state to the free states of the dissociating electronic state (the transition

is allowed when both the electronic states have the same multiplicity).

Energy levels and TDM

depthg = 6194.48487800;

fid = OpenRead[“F\ \Work\ \molecule\ \ Vib_1by2g.txt"];
EBound = {}; wfBound1 = {};

For[i =1, 1 <= 273, i++, linel = Read|fid, {String, String}];
Linel = Read[StringToStream|[linel1[[1]]],

{Word, Word, Number, Word, Number, Word, Number }];
AppendTo[EBound, {i - 1, SetPrecision[Linel[[7]], 8]}];
Off[ReadList::readn];

AppendTo[wfBound1, ReadList[fid, { Number, Number}]];
] Close[fid]; Clear[linel, Linel];

fid2 = OpenRead[path4 <> “TDM_1_1by2g_1_1by2u.txt”];
TDM2 = SetPrecision[ReadList[fid2, {Number, Number}], 8]; Close[fid2];
fTDM2 = Interpolation[TDM2, InterpolationOrder -> 1];

Description of functions:

EBound : List of ground state vibrational energies in cm ™!

EvBound : ground state energy of the level considered (Vbnd)

wfBound1 : list of vibrational wave function of the ground state Vs position in au
wiBound : vibrational wave function of the ground state considered

TDM2 : transition dipole moment between the two states in au

1

KEcm : Kinetic energy in cm™"; KEau: Kinetic energy in Hartree

wifCont : continuum wave function of the dissociating state Vs position in au
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bound vibrational level

Vbnd = 174;

dim = Dimensions[wfBound1[[Vbnd + 1]]][[1]];

EvBound = EBound[[Vbnd + 1, 2]];

wiBound = wfBound1[[Vbnd + 1]][[1 ;; dim - 1]];

rlbnd = wfBound|[[1, 1]]; r2bnd = wfBound[[Dimensions[wf{Bound][[1]], 1]];
fbnd = Interpolation[wfBound]; Off[InterpolatingFunction::dmval];

dx =0.001 (*au*);

Continuum wavefunction

bindingenergy = depthg — EvBound;

KEcm = Table[N([i], {i,5,15000,10}]; (*cm™1*)

KEau = KEcm /EnHartreeToCMinv;

dEinau = KEau + (bindingenergy /EnHartreeToCMinv );

Cross section

I11 = {};sigma = {};
For[i = 1,i < Dimensions[KEcm|[[1]], i++,
fid = OpenRead[F\ \Work\\1.1by2_u_ <> ToString[KEcm|[i]]] <> CMLtxt|;

wfCont = Flatten|ReadList[fid, Expression], 1]; Close|[fid];

v2+xMURbau .
Pix+/KEau[[i]]

rlcont = N[wfCont[[1, 1]]]; r2cont = wfCont[[Dimensions[w{Cont][[1]], 1]];

Enorm =

fcont = Interpolation[wfCont];

Rmin = Max|[rlbnd, rlcont]; Rmax = Min[r2bnd, r2cont|;

product = Table[{r, Enorm * fcont|r] * fbnd[r] * fTDM2]r]}, {r, Rmin, Rmax, dx}];
f = Interpolation[product, InterpolationOrder — 2, Method — Hermite|;

I1= gﬂixf[r] dr;

AppendTo|sigma, {dEinau[[i]] * EnHartreeToCMinv,
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2.69 x 10718 x dEinaul([i]] * IlZH ;} (*cm ™ lvs cm?¥)

Rate

power = 40 x 1073; (*W*)
BeamRadius = 0.4; (*cm*)

flux = Table [ power

PixBeamRadius®+sigmal[i,1]]*EnCMinvToJoule”

photon *)
cm?s

rate = Table[{sigmal([i, 1]], sigma][[, 2]] * flux[[i]] },
{i, 1, Dimensions|sigmal[[1]] }|(*Hz*);

{i,1, Dimensions|sigma][[1]] }]; (*
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APPENDIX D

Behlke high voltage switch

We provide the circuit diagram for the Behlke high voltage switch used for switching

the ion trap extraction voltages.

FAST HIGH VOLTAGE TRANSISTOR SWITCH
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