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Synopsis

Thesis Title: Towards Study of Ion-Atom Interactions in Cold and

Ultracold Regime

A trapped ion system is a versatile tool for studying a wide class of exciting physics,
such as the interaction of a fully compensated ion with an environment [ 1], precision
spectroscopy [2—4], metrology [5-14], optical clocks [15-18], quantum computing
[19-22], Rydberg ions [23-26], thermodynamics of small systems [27-29], Coulomb
crystal [30-32] and other phenomena related to crystals like melting, phase transition,
spectroscopy and defects. A recent development is the invention of hybrid traps [33-
59], which combine trapped ions with cold and ultracold neutral atoms and molecules.
Ion-atom interaction has been studied in great detail by our group in the past and has
presented some very insightful results, like resonant charge exchange(RCE) cooling
of co-trapped dark ions by homonuclear co-trapped cold atoms [38, 48, 55], buffer
gas cooling of lighter co-trapped ions using laser coolable ultracold co-trapped atoms
[46]. In these experiments, the ions in the experiments at RRI were not amenable to
laser cooling since the ions were singly ionized alkali atoms. This is because singly
ionized alkali ions have a rare gas electronic configuration and a very large energy gap
to the first excited states, precluding these ions’ laser cooling. To go into the regime of
ultracold ion-atom interactions, we need laser coolable ions which can interact with
the laser cooled atoms. This allows precise control over the trapped ions’ number and
state. The ions produced from Group II, alkaline earth elements, are ideal candidates for
such studies since, after ionization, they possess a single valance electron in the ground
S state, and therefore, the singly ionized Group II ion is configurationally similar to a
neutral alkali atom. This makes the Group II ion laser coolable, and with some care, the
ion can be cooled to the ground state of the effective trapping potential of the ion trap.
Such a single trapped ion or few ions is then the ideal system to study the nature of

interactions between ion-neutral atoms and ion-field.
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The practical implementation of such an experimental system is challenging and
requires careful design and attention to every parameter. To achieve the ultimate goals,
we need to build the scientific apparatus. While several efforts are ongoing in the country,
no one has yet managed to see a single trapped fluorescing ion in the ground state
of the trap. The present thesis, therefore, deals with the challenges of designing and

constructing the ion trap system with a Ca* ion.
This brings us to the objectives of the thesis, which are
* To design, develop, and characterize an end-cap type Paul trap [1, 60].

e Design, fabrication and characterization of low divergence cold wall oven for

loading ion traps.
* Characterize and optimize the driving and filter circuits of the trap.
* Design and building of the whole experimental setup from scratch.

* Experimental characterization and the study of the limits of laser cooling of the

ions with the available resources, with a goal of studying Coulomb crystals.

* Theoretical/Numerical study of idealised ion-atom interaction for multipolar traps
and for this trap.

¢ Conclusions and future work.

lon Trap Design, Development and Fabrication

Keeping in mind the long-term objective of the study of trapped ion-atom inter-
actions in the quantum limit, we have limited possibilities to design our trap. The
requirements for our trap are (a) tight confinement, where the ion can be cooled into
the ground motional state of the trap, and (b) large optical access so that laser-cooled
and trapped atoms are easily introduced in the volume of the ion trap. The commonly
used geometry for ion-atom interactions is the linear Paul trap and its variants, like
the blade trap. However, considering our parallel experimental objectives of precision
spectroscopy and optical clocks, we have decided to go with the end-cap Paul trap design.
Deviating from the Paul trap’s ideal geometry leads to anharmonic and higher-order
harmonic terms. It leads to instability and a shift in the energy of the trapped ions, which
is crucial in precision measurement. Another challenge was machining all trap parts

within 10 microns tolerance and the average surface roughness of the crucial parts up



to 400 nanometers, as well as achieving axial alignment of the inner electrodes within
10 microns in India. The machining constraints have limited the electrodes’ dimensions,
and for feasible machining dimensions, we have optimized the quadruple coefficient
and minimised the higher-order multiples contribution. This trap assembly has been
assembled at RRI. We will describe all the details of the production and construction of
the trap in detail so that future experiments can use our experience to improve on the

various aspects of its production.

1. Inner Electrodes
2. Outer Shield Electrodes
3. Compensation Electrodes
4. Fused Silica Spacers

5. Macor Spacers

6. CuCrZr Frame

Fig. 1.: Ion trap assembly mounted inside the vacuum chamber

Low Divergence Cold Wall Oven

In the miniaturized traps, the distance between the electrodes is of the order of
1mm. Due to the coating of inhomogeneous material on the trap surface, patch potential
develops, and it leads to excess micromotion due to distortion in trapping potential.
To minimize the problem of patch potential, we have developed and characterized a
low divergence, short response time oven. It is made from 316- stainless steel. The
inner diameter, outer diameter and length of the tube are 0.9mm, 1.25mm, and 160mm,
respectively. Calcium is filled up to 117mm from one end, and this part is electrically
heated. Rest 43mm from the electrically heated part acts as a cold wall and helps to
narrow down the atomic beam’s divergence. This whole oven is mounted on a Con-
Flat(CF) 16 feedthrough and aligned with the help of Macor blocks at two points with
respect to the chamber. Doppler spectroscopy is used to determine the temperature of
the atoms coming out of the oven. Fluorescence image and signal due to an orthogonal
laser beam with respect to the direction of the atomic beam is used to determine the
divergence and flow rate of the beam. Experimental 1/e? diameter and the flow rate
of the beam are 1.6 £ 0.17mm and 1.5 + 0.2 atoms s™! at oven current 4.5A. The
temperature of the oven corresponding to this current is 702 & 7K.
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Fig. 2.: Top Panel: Image of the mounted oven on CF16 feedthrough used for the characterisa-
tion. Bottom Panel: A 2D sketch of the oven with details of the components.

Driving Circuit and Filter Circuits for the Traps

To trap the ions, a combination of controllable DC voltages and a very high voltage
(HV) high fidelity radio frequency (RF) source is required to produce the time-varying
confining potential, which will trap the ion loaded into it from the oven described above.
As such, HV rf sources are not easily available; they would need to be made. To this
end, we are using a helical resonator to drive this trap. It consists of two coils: an
antenna coil and a main coil. Input voltage is provided through the antenna coil, and
the same is picked up and amplified by the main coil. The main coil acts as an amplifier
and a filter for the noise injected by the power supply and primary amplifier into the
antenna coil. The theoretical capacitance of the trap is 14pE and the resonator has
been designed such that when a trap of 14pF is loaded across it, the resonant frequency
should be around 30MHz. The initial parameters of the resonator are chosen using
the reference. The theoretical unloaded resonant frequency and the resonator’s quality
factor are 50MHz and 1000, respectively. A bidirectional coupler is used to measure the
reflected voltage from the resonator to find out the resonant frequency and quality factor.
The experimentally determined unloaded frequency is 48.3MHz, and the quality factor is
853. The discrepancy between the theoretical and experimental values is due to changes
in impedance at solder joints and insulators in the path. The system’s impedance is
matched by changing the distance between the main and antenna coil.

Compensation and other electrodes at ground potential act as an antenna, pick up
the RF field and reradiate it. The Re-radiated field distorts the trapping potential and



results in the heating of the trapped ions. We need to discharge the picked-up voltage;
for this, we are using shunt capacitors in the path, but effectiveness depends on the

position of the capacitors. In our case, capacitors are outside the vacuum chamber.

Characterization of the Trap and Initial Experiments

Characterizing the assembled trap is a crucial step in this direction. It includes the
determination of the quadruple coefficient of the assembled trap and the determination
of the deviation of the assembly from the ideal one and compensation for it. A low-noise
single-photon PMT and signal correlator are used to determine the excess micromotion,
and it will give us the deviation in the assembled geometry. A high-resolution imaging
system is also required to image the trapped ions and determine the spacing between
the trapped ions in case of a string of ions. We already have the set of lasers required
for cooling the ions up to the Doppler limit and the imaging system. I will present the

results of the characterization and the initial experiments.

Theoretical/Numerical study of idealised ion-atom interaction
for multipolar traps and for this trap

Due to our interest in ion-atom interaction in low energy regimes, we have sim-
ulated the ion-atom collision for multipole configuration to understand the effect of
trapping potential on collision partners in terms of change in energy of the ion-atom
system. The simulation is classical in nature, and we have closely followed the frame-
work mentioned in Cetina et al. [61]. Our results [62] show that energy gained in
the higher-order poles is much lower for the similar Mathieu parameter than in the
quadruple configuration. Hence, higher-order pole configuration is more favourable
for this kind of experiment, but it suffers from other problems like shallow trap depth
and formation of local saddle points due to imperfection in the trap alignment, etc.
Simulation for higher-order poles is also important due to cross terms, x™y™, in the
trapping potential. I have also simulated the collision in 3 dimensions for Ca-Ca™ for our
trap. It is an extension of 1 dimension because there are no cross terms in the trapping

potential of the quadruple configuration.

Summary

In this thesis, I will present the design, assembly, and characterization of an end-
cap type Paul trap. This trap has been designed to study a wide class of physics and will
serve as a building block for them. We will start with the characterization of the trap

and initial experiments like ion loading rate, multi-ion trapping etc. Our next aim is to
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pursue ion crystal dynamics with the ultimate goal of incorporating this trap for studying
ion atom collision in low energy and different density regimes. Along this theme, I
have built and characterized other necessary components for the experiment, like low
divergence cold wall oven, helical resonator, compensation electrodes, and filter circuit.
This low-divergence oven design can be used for other species, too. Simulation of ion
atom collision in a perfectly compensated trap gives us helpful insight into collision
dynamics. This trap will be used for our parallel interest in precision spectroscopy,
optical clocks, condensed matter systems, and thermodynamics of small systems after

characterizing the black body radiation effect on the trapped ion.
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Introduction

1.1 Overview

The advent of laser cooling and trapping of ions [63-65] and atoms [66-68]
opened the pathway for a new class of experiments. These systems could now be
prepared both in the motional state of the trapping potential and internal state. As
a result, there is control over the total number of trapped ions, the initial state of
the particles, better isolation of interaction with the environment, and very long hold
times. These properties of the trapped ion systems makes it an excellent platform for
studying controlled interaction of trapped ions with co-trapped atoms [33-59], quantum
information processing and quantum computation [19-22, 69-75], quantum logic
spectroscopy [76], precision spectroscopy [2-4], optical frequency standards [ 15-18,
77-83], test of quantum mechanics [84-86], measurement of gravitational potential [87,
88], condensed matter systems [89-91], Coulomb crystals [30-32, 92], measurement
of fundamental constants [78, 93-95], Rydberg-ions [23-26] and thermodynamics of
small systems [27-29].

Confinement of charged particles can be achieved by combination of static electric
and magnetic fields or a time-varying electric field. Traps working on the first principle
are known as Penning traps [96], and the traps working on the second principle are
known as Paul traps [97]. In the thesis, only Paul trap will be discussed. Since the
proposal of the trapping principle in 1958 and the first demonstration of spectroscopy of
free ions in 1962 [98], the trap design has undergone geometrical modification to make
it suitable for different experiments. Details of the trapping principle and geometrical

variations will be discussed in the later chapters of the thesis.

The idea of optical cooling [99] of vapours by resonant light was first proposed by
Alfred Kastler in 1950. In 1974, Zel'dovich generalized Kastler’s idea of optical cooling
for a two-level system [100]. In 1975, Hansch and Schawlow [101] and Wineland and
Dehmelt [ 102] independently proposed the optical cooling of free atoms using radiation
pressure. Laser cooling of the trapped ions was observed by Neuhauser et al. [63] in
1978 for Ba™ and by Wineland et al. [64] for Mg*.
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Since the demonstration of cooling of trapped ions, ideas and experimental real-
ization for a new class of experiments using trapped ions started growing rapidly. This
led to a quest for trap design modification depending on the experimental requirements
and exploration of cooling mechanisms in detail. In the last 35 years, experiments
related to optical clocks and quantum information and computation have received more
attention due to their technological application. The use of a trapped ion system for
optical frequency standard was proposed by H. G. Dehmelt [103]. Optical clocks are
based on spectroscopy of narrow transitions between two metastable states. Electron
shelving state detection by observing quantum jumps [104-107] is used to observe a
high signal to noise ratio spectroscopy. Optical clocks are benchmarked by accuracy
and stability. They are given in terms of fractional uncertainty in frequency, 6 v/v. In
the ideal case, when an atom is at rest, a given transition of all copies of a free atom
will be the same. In reality, a time-varying electric field is used to confine a charged
particle in three dimensions. Energy levels of the trapped ion shift in the presence of
external electric and magnetic fields. This is called systematic frequency shift. Stability
error (statistical error) arises from measurement fluctuations and can be reduced by
increasing integration time and number of atoms. Systematic errors depend on the trap
and ion species. There is no informed way to point out the most preferred ion species for
optical frequency standards because the accurate determination of atomic parameters
of different states of an ionic species is hard. Systematic shift can only be estimated not
measured. So for the most accurate frequency standard the systematic shifts should be
known with sufficient precision. That is why, since the proposal of trapped ion based
frequency standard, clocks/spectroscopy with different ion species are being tried. Some
of them are Hg" [108], Yb* [16, 109, 110], Sr* [111, 112], Al* [7, 8], Ca™ [80, 113,
114]. There is an ongoing effort to reduce systematic frequency shift, 6 v/v, below
1079 by optimizing the trap geometry to reduce the heating rates and selecting the
appropriate atomic species depending on their properties [15-18, 77-83]. Endeavour

to make portable trapped ion clocks is also going on [115, 116].

1.2 Motivation and Objectives

Our group at RRI is involved in studying ion-atom collision [37, 38, 44, 46,
48, 50, 55, 117, 118] in different energy regimes. It has given a deep insight into
ion-atom interaction mechanisms like cooling by charge exchange collision [38, 48,
118], cooling of co-trapped lighter ion [46] below a critical mass ratio (m,/m; =
1) [119] and photodissociation of molecular ions [44]. We wanted to extend our
experience with alkali ions to trapping and cooling of alkaline ion (Ca*) with the aim
of developing an indigenous optical frequency standard as well as using it for study of
interaction mechanism trapped and cooled ion system with co-trapped atoms. In the

Old experiments, the ion trap was not designed for ground state cooling of the trapped

Chapter 1 Introduction



ion. It led us to design a new experimental setup where loading of laser coolable ions
is possible, trap geometry is suitable for frequency standards, and it can be integrated
with a co-trapped atom system. Designing, machining, assembly and testing a complete
experimental setup is a very long project. It has been divided into the following parts

for ease of organization:

* Design of atomic source to load ions.
* Ton trap design.

* Vacuum system and assembly and alignment of trap and atomic source in the

assembly.
* Trap drive and filter circuit.
* Testing and characterization.

* Initial experiments.

1.3 Organization of the thesis

* In Chapter 1, we start with an overview of the ion trap system and its applications.

* In Chapter 2, basics of ion trapping are discussed and numerical study of the effect
of trap geometry on the ion-atom interaction process is presented. It guides us in

choosing trap geometry based on experiments.
* In Chapter 3, the motivation for the new experimental setup is discussed in detail.

* In Chapter 4, the design, development and characterization of low divergence

atomic source is presented.

* In Chapter 5, trap design, material selection, machining, assembly and alignment

process are discussed in detail.

* In Chapter 6, the integration of trap and oven in vacuum assembly, baking process,

drive, and filter circuit for the trap is presented.

* In Chapter 7, the characterization of the trap and initial experiments for Coulomb

crystal is presented.

* In Chapter 8, the summary and future prospects of the experimental setup are

discussed.

1.3 Organization of the thesis






Theory of lon Trap and Numerical Study
of Effect of Trap Geometries on
lon-Atom Interaction

2.1 Introduction

Ion traps are at the heart of the experiments and the work discussed in this thesis.
It is, therefore, important to discuss the basics of ion trapping and the geometries used
to produce such confining potential. Here we will discuss the equation of motion of a
trapped ion and the condition for the stable trapping in the ideal trap [120] geometry.
There are several geometrical variations of the ideal trap suitable for different classes of
experiments. The linear Paul trap [121] is one such geometrical variations and is widely

used trap geometry for studying co-trapped ion-atom interaction.

Co-trapped ions and atoms open a new area of interesting physics in different
energy regimes ranging from eV to neV. The collision between co-trapped hetero-nuclear
and homo-nuclear ion atom species have been studied experimentally [33, 35, 37, 45,
46, 48, 53, 55, 59, 122-132] and numerically [40-42, 47, 57, 61, 62, 133-138]. The
interesting outcomes of these experiments include sympathetic cooling of trapped ions,
cooling of ions by charge exchange, and cooling of co-trapped ions beyond the critical
mass ratio (m,/m; = 1) [119]. It has motivated the community to investigate the details
of the cooling limit of trapped ions and their equilibrium energy distribution [41, 42,
47,61, 134, 135, 137, 139]. This is a complex problem because the ion, as we shall
see, is dynamically trapped. The trapping field can pump energy into the ion-atom
system if the ion’s driven motion is disturbed by collision with an atom [119]. In such a
scenario, the ion-atom collision constantly repartitions energy, making the steady state
and equilibrium complicated. There are two mechanisms for energy pumping into the
trapped ion during ion-atom collision. First, interruption of micromotion [119] and
second, nonadiabatic motion of ion relative to the ion trapping potential due to ion-atom
interaction potential [61]. We shall later see that the second mechanism dominates
the first mechanism in a realistic trap. This chapter discusses the energy change of the
ion-atom system due to different trap geometries. Results presented in the last section

of the chapter have already been published in the reference [62] for 4 and 8-pole traps.
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This model is further extended for the end-cap type trap presented in the thesis and

6-pole trap. Our analysis of the problem is from first principles.

2.2 Earnshaw’s Theorem

Starting with the first principle, a charged particle cannot be held in stable equilib-
rium by electrostatic force alone [140]. In other words, the Laplace equation, equation
2.1, has no solution with local maxima or minima in free space. It means that the
force on a charged particle against displacement cannot be restoring in all directions.
Therefore, a charged particle cannot be stably confined using a time-independent electric
potential alone.

V2 =0 (2.1)

2.3 Paul Trap

Trapping of charged particles with electric fields becomes possible with time-
varying electric fields. The class of ion traps which combines static and time-varying
electric fields to trap ions is called Paul trap [97]. A time-varying electric potential
of quadrupolar form satisfies equation 2.1 and provides restoring force in all three

directions. The form of the trapping potential is given by equation 2.2
&(r, t) = bo(222 — x% — y?) cos Qt, (2.2)

where Q is the frequency of the trapping field, typically in the radiofrequency (RF) band.
The shape of the potential at different times in the x-z plane is shown in the figure
2.1. The average force on a particle in an inhomogeneous field, equation 2.2, where
the spatial variation in the electric field is very small over the amplitude of the rapid
oscillation, can be derived using the formalism built on adiabatic approximation [139,
141-143]. To understand this, let’s consider the motion of a particle having charge, Q,
and mass, m, in 1-dimension in a combination of static and time-varying potential U(x)
and ¢(x, t), respectively. Here, the frequency of the time-varying potential is assumed
to be much higher than the frequency of motion of the particle in static potential. The
magnitude of the field due to time-varying potential is not necessarily smaller than that

of the static field. The equation of motion will be

d?x(t)
dt2

v _d¢
dx dx

=Q(— ). (2.3)

Chapter 2 Theory of lon Trap and Numerical Study of Effect of Trap Geometries on
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Fig. 2.1.: (a) Shape of the potential in x-z plane at time t = 0.(b) The shape of the potential in
the x-z plane at time t = §.

Let’s assume that the field due to the static potential is Ey(x) and the field due to the
time-varying potential is Eq(x, t)cos(Qt) i.e.

dUu
— 7 = Eolx)
(2.4)
d¢
— — = Eq(x, t)cos(02t).
dx
Substituting equation 2.4 into equation 2.3, we get the following form of the equation
of motion )
d*x(t
mdx—t(z) = Q(E,(x) + Eq(x, t)cos(Qt)). (2.5)

With the assumption that the oscillation amplitude due to the time-varying field, Eq(x, t) cos Qt,
is small compared to the static field, E(x), the solution can be assumed of the following

form

x(t)=X(t)+&(t), (2.6)

where £(t) corresponds to the small oscillation and X (t) to the static part. Substituting
the above form of solution in the equation of motion, equation 2.5, expanding the field,

E(x,t), in powers of £ and retaining only the first-order terms, we get the following

equation
d*x () | d*E(r) dEy(X) dEq(X)
m 12 +m 12 =Q[Ey(x)+¢& IX + Eq(X)cosQt + & X cosQt]. (2.7)

The first term on the right-hand side of equation 2.7 is static; the second term is small due
to the presence of &; the third term is rapidly oscillating due to cos(Q2t), and the fourth
term is rapidly oscillating but small due to the presence of £. Both sides of equation 2.7

contain slowly and rapidly varying terms, and they must satisfy the equation separately.

2.3 Paul Trap 7



8

Equating the rapidly oscillating term, we get the equation 2.8

a*e

d - = QEq(X)cos(Qat). (2.8)

Equation 2.8 has the solution of the following form

E(t)=— QE‘;S() cos Q2. (2.9)

Substituting equation 2.9 in equation 2.7, we get the following

Zdtht)+ L 500 cos(20) =2 [ () + (2 f;g() osan o),
EQ(X)coth+(—— S;](f) oth)dE;—(X)coth].
(2.10)

Integration of equation 2.10 over the period of the rapidly oscillating field gives

d2x 2 dEq
dtgt) =QEy,— n? (Egd—X cos?(Qt)). (2.11)

Since force is negative of the gradient of potential energy. The right-hand side of the

equation 2.11 can be re-written as

dU,g¢ Q?
—0OF.,—
x Qb

dEq o
——(Eq—= cos“(02t)). 2.12
2 (Eq ax (Q0) (2.12)
Integration of equation 2.12 with respect to X gives us the form of the effective potential.
Hence, the equation for secular motion can be determined from an effective potential,

equation 2.13, known as pseudopotential.

EZ(0)

_ 2.13
4mQ2 ’ ( )

Ueff = U0+

where U, is related to static field part E,. The strength and direction of the effective
potential are determined by the gradient of E2, and particles are always pushed towards
the region of weaker fields, i.e., the center of the trap. We have considered only the first-
order terms in & and neglected the higher order terms. It is clear from the assumptions
made to write the solution of equation 2.5 that the separation of motion into smooth
and rapid oscillatory parts is not always possible. To quantify the regime, where it is
possible to decompose the motion in slow and fast oscillating parts, a dimensionless
parameter, 7, is defined. It is also known as the adiabaticity parameter. It is defined
as the ratio of change in the electric field over complete micromotion amplitude to the
value of the electric field itself

_ [28dEq(X)/dX]|
 |Eq(X)cos(Qt)]

(2.14)

Chapter 2 Theory of lon Trap and Numerical Study of Effect of Trap Geometries on
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Fig. 2.2.: Electrode configuration to generate potential of quadrupolar form

There is no general way to derive the maximum value of 0 so that the adiabatic approx-
imation holds for all values of n below 7,,,,. According to empirical results, n < 0.3

guarantees adiabatic approximation for quadrupolar fields [144].

2.3.1 Equation of Motion of Charged Particles in the Ideal
Paul Trap and Stability Region

In an ideal Paul trap [97], an RF potential combined with a DC potential is applied
between the ring and the two end cap electrodes, as shown in figure 2.2. The form of
the potential generated by the above configuration in the trapping region is given by

equation 2.15

_ Up+VycosQt

¢ 2d?

(222 —x%2—y?), 2d*= rg + Zzg. (2.15)

The equation of motion of a charged particle in the above potential will be

d?#

mw :—QVd) (2.16)

The resulting equation of motion of the x, y and 2z components are

d?>x  Q (U + VycosQt)
- X

=0
dt2 m dz
2
d*y Q(Uo + V, cos Qt) —0 (2.17)
dt2 m dz
d*z N 2Q (Uo +V0coth)z —0
dt2  m d2

2.3 Paul Trap



10

A change of variable to

Uy =X, Up =Y, Uz=2

_ . 4Qu _ 8QU,

T=0Qt/2, a,= a, = EETTE a, = 1202 (2.18)
_ _ 2QV0 and _ 4Qv0

dx =4y = d202’ 94z = md202

gives the differential equations, equation 2.19, of homogeneous Mathieu type [145]

i+ (aj—2qgjcos2t)u; =0, j=1,2,3. (2.19)

According to Floquet’s theorem, the solution of the equation 2.19 has the following

form

y1(1) = exp(pT)P1(7), yo = exp(—p 1), (7), (2.20)

where ¢(7) and ¢,(7) are periodic functions having period 7w and p = a£if3, a and
B are real functions of a and q, and i is ¥/—1. For a # 0 or a = 0 and 3 # n, where
n is an integer, y; and y, will be linearly independent and the general solution of the
equation 2.19 can be written as a linear combination of y; and y,. For a # 0, then the
general solution contains a term that grows with time, and the solution is unbounded,;

hence, it is classified as an unstable solution.

For @ = 0 and f not an integer, the solution is bounded as T — oo. However,
when p = in, where n is an integer, one of the general solutions is periodic with period
7, and the other linearly independent solution becomes unbounded. Thus, p, which
depends on a and g, demarcates the boundary between stable and unstable solutions.
For a = 0, we can expand the general solution of the equation 2.19 in terms of the
Fourier series

oo o
()= ) Agpep, coS(2n % )T + D Byyap, sin(2n £ B))r. (2.21)
0 0

The above series represents the solution with period 27t when f; is odd, and the period
is 7 for even f3;. To find out the transition curve between stable solution and unstable
solution, we equate the coefficients of cos(2n & ;) and sin(2n + 3;) for integer values
of f;. Inserting the equation 2.21 into the equation 2.19, simplifying and equating
coefficients of cos(2n + f3;)7 and sin(2n % ;)7 to O for ; = 0,1 gives the following
recursion relations:

Chapter 2 Theory of lon Trap and Numerical Study of Effect of Trap Geometries on



For cosine coefficients

For sine coefficients

To solve these equations, let’s put them in the matrix form

aAO_qAZ =0

(a—1)A; —q(A3+A;)=0
(a—4)A; —q(A4 +240) =0
(Cl - n2)An - q(An+2 +An—2) =0

(a—1+q)Bl—qB3:O

(a—4)B,—qB4=0

(a— nz)Bn _q(Bn—Z +Bn+2) =0

For the cosine coefficient with even indexes, we get

For the sine coefficient with even indexes, we get

For the cosine coefficient with odd indexes, we get

o ©O © O O

a —-q
—2q (a—4)
0 —q
0 0
0 0
0 0
0 0

—a—1—q

—q
(a—3%)
—q

S © © O

0
—q
a— 52
—-q
0
0
0

-4 —q
—q a—6°
0 .
0 0
0 0

0
—q
a—7?

o O © O

o O O O

(2.22)
(2.23)
0]
0
0
0 (2.24)
o
0
0
(2.25)
o
0
0
0 (2.26)

2.3 Paul Trap
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For the sine coefficients with odd indexes, we get

[a—1+q —q 0 0 0 0 B; 0
29 (a—3%) —q 0 0 0 B, 0
0 —-q a-5% —q 0 0 Bs 0
0 0 —q a—-7*> —q 0 B, =10 (2.27)
0 0 0
0 0 0 0
) 0 0 0 0 1L.1 L]

To have a non-trivial solution, one of the coefficient determinants mentioned in the
equation 2.24, equation 2.25, equation 2.26, and equation 2.27 must be zero. These
determinants also give us a relation between a and q, which helps us to find the region of
stable solutions. Setting g = 0 makes it easy to see where these transition curves cross at
a-axis. For A,,,, and B,,,,, it crosses at a, = n? and for A, 44 and B,gq, by41 = (n +1)?
where n > 0.

The above determinants are of infinite dimension; we can expand a in terms of q
around the crossing point on the a-axis for smaller q [146, 147] and plot the stability
curve. Another way to plot the stability region is by using the following functions in
Mathematica [148], MathieuCharacteristicA and MathieuCharacteristicB. The stability
diagram of the solution in a, —q, and a, —q, planes is plotted in figures 2.3 and 2.4,

respectively. The intersection of stability regions in a, —q, and a, —q, planes gives us

b4z

_15 ~10 5 0 5 10 15
q;

Fig. 2.3.: Stability diagram for equation 2.19 in z—direction. The stability plot has been gener-
ated using the inbuilt function in Mathematica [148]
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Fig. 2.4.: Stability diagram for equation 2.19 in x and y directions. The stability plot has been
generated using the inbuilt function in Mathematica [148]

the stability region of equation 2.19. We are mainly interested in the lowest stability
region of the equation 2.19 in the r —z plane, where almost all ion trapping is done. For
this, we will plot the stability curve of both planes on the same axis, and the intersection
region of the curves will give us a combined stability region as shown in figure 2.5 .
Equation 2.21 gives the motional frequency of the trapped particles.

wjn=02n+p;)T;n=>0, (2.28)
using equation 2.18, we get the following relation:

9)
Wjn =(2ni/3j)7t;n>0. (2.29)

The fundamental frequency for the ion motion will be
wo = BO/2. (2.30)

In the adiabatic approximation, a,q < 1 and the stability parameter 8 can be approxi-

mated to )

28 q 4
By~ + (2.31)

In this scenario, coefficients, A, Bi and Bonsp, decrease rapidly with increasing n. So
we neglect all the terms for n > 1, and the solution in this adiabatic approximation is

u;(t) = G(l—%cos(ﬂt))cos(wjt) (2.32)

2.3 Paul Trap
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b1,

-0.6; N\ -

\aOZ

.0 0.2 04 0.6 0.8 1.0 1.2 1.4
_2qn q:

Fig. 2.5.: Lowest stability zone of equation 2.19 in r — 2z plane formed by intersection of
individual stability curves in r and z directions.

Here, G depends on the initial conditions. This is similar to the motion of an oscillator of
frequency «w whose amplitude is modulated with the drive frequency 2. Slow-frequency

motion is called secular or macromotion, and the frequency is called secular frequency.

2.4 Linear Paul Trap

In a linear Paul trap [121], a time-varying electric field is applied in 2 directions
and a static field is applied in the third direction to achieve confinement. In this type
of trap configuration, trapping volume increases, and there is no micromotion along
the direction of the static field. It helps to trap a long chain of ion crystals [149, 150].
There are different geometrical variations of linear Paul traps. 2n circular rods (poles)
of diameter d are placed on a circle of radius r in a linear Paul trap. They are named
2n-pole trap depending on the number of electrodes. Electrode configuration for a
quadrupolar or 4-pole trap is shown in figure 2.8. A cross-sectional view of 4-pole,
6-pole, 8-pole and 10-pole traps with voltage configuration is shown in figure 2.9.
The form of the trapping potential generated by configurations shown in figure 2.9 is
given in table 2.1. The equation of motion of a trapped charged particle for different

configurations can be derived by putting the form of the potential in the equation 2.3.

Chapter 2 Theory of lon Trap and Numerical Study of Effect of Trap Geometries on
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Fig. 2.6.: Position of a trapped calcium ion in ideal Paul trap geometry for g, = 0.1, Q,f =
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Fig. 2.7.: Power spectrum of the ion position in time and peaks are at the fundamental frequency,
first and second harmonics.

Table 2.1.: Form of the potential for different linear Paul trap configuration.

Quadrupole Trap | Hexapole Trap | Octupole Trap (n = | Decapole Trap

(n=2) (n=3) 4) (n=5)

Vo(t)xzr_zyz VO(O# Vo(t)w VO(OM
0 (0] [0] 0

The equation of motion for 4-pole trap is very simple and has the following form:

s sy
dt2 mrgﬂ2
d’y  8QV,

- + - -
dt2  mr2Q2

cos(Qt)x =0

cos(Qt)y =0

(2.33)

2.4 Linear Paul Trap
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(a)

\

(b)

+V @

Fig. 2.8.: (a) 3D view of linear Paul trap (4 pole), RF field is applied on cylindrical rods to
achieve confinement in 2 directions and static field is applied on ring electrodes to
provide confinement in the remaining direction. (b) View of the trap in the x-y plane

with voltage configuration of electrodes.

0
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-V,

V, @
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Fig. 2.9.: 2D view of electrode and voltage configuration of different multipole traps. Only RF
voltage-carrying electrodes are shown for clarity.
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Table 2.2.: Parameters for trajectory simulation of a charged particle in 2n pole traps

Quadrupole Trap | Hexapole Trap | Octupole Trap (n =
(n=2) (n=3) 4)

dn 0.1 0.1 0.1

Q¢ (MHz) 27*5 27*5 27*5

ro (cm) 0.707 0.707 0.707

The solution of equations 2.33 is given by equation 2.32. For the hexapole or other
higher-order pole case, the equation of motion is not separable due to the presence of
x™y™ term in the trapping potential. Although the equation of motion is not separable,
it is still possible to derive the form of the effective potential for the multipolar trap case

using equation 2.12. The form of the effective potential is written as

QA s

- = 9 2.34
4 mQ2 r2 g (2.34)

Pefs =

Similarly, it is also possible to derive the adiabaticity parameter, 1), for which the motion
of the trapped ion is stable

Q¢o

=2n(n—1)—2
n= 2 e

Iyn-2, (2.35)

A detailed derivation of the adiabaticity parameter and effective potential for multipolar
traps can be found in Gerlich et al. [142]. It can be shown that for the case of the 4
pole trap, m is equal to the Mathieu dimensionless parameter, g, defined in equation
2.18. For the higher-order pole traps, 11 depends on the maximum displacement of the
trapped ion. We try to define a generalised Mathieu parameter q,, for the multipolar

traps as,
Q9o

22"
mg ro

q,=2n(n—1) (2.36)

The generalized Mathieu parameter is a further simplification that helps to analyze
stability in a—q space. We will use it to ensure similar trapping parameters in multipolar
traps to study the effect of ion trapping potential on the energy of the ion-atom system

during a collision.

Since the equation of motion of a trapped charged particle is not separable beyond
4-pole trap, there is no analytical expression for the particle trajectories and secular
frequencies. To understand the trajectory and frequency of motion of trapped particles
for different trap configurations, we numerically solve the equation of motion, plot
it, and find characteristic frequencies of motion. In this thesis, all simulations are
performed for “°Ca™. Simulations are done in Mathematica [148] using "NDSOLVE"
function. The initial condition for the simulation of ion’s position in the 4 pole case is

mentioned in table 2.3. Position of “°Ca™ in time for parameters mentioned in table 2.2

2.4 Linear Paul Trap
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Fig. 2.10.: Position of a trapped *°Ca™ in time for 4 pole trap for the initial condition mentioned
in table 2.3

Table 2.3.: Initial parameters used for trajectory simulation in 4 pole trap. x(0),y(0) are
position of ion in x and y directions, respectively. x (0), y (0) initial velocity in x
and y directions, respectively.

Trapping potential | x(0) y(0) x (0) y (0)
(¢(r, 1))
xz_yz _9 —2
Vo—7s cos(2,5t) 0Om 0m 2x10°m/s | =3 x 10
0
m/s

and initial conditions mentioned in table 2.3 is shown in figure 2.10. Fourier transform
of particles position data in time gives the frequency of periodic oscillations present into
the motion. To sample all the frequencies present in the spectrum, we need to keep the
sampling frequency according to the Nyquist-Shannon sampling theorem [151]. In the
present case, the trap drive frequency is 5 MHz. Since the equation of motion of the
trapped particle is a stiff differential equation, to accurately determine the particle’s
position in time, we sample trajectory at 50 MHz or more. To obtain the frequency
close to its true values, we should also simulate the trajectory for a sufficiently long
time. The frequency resolution is inversely proportional to the total time length used
for simulation. Simulation for a long time comes at the cost of memory. The discrete
Fourier transform of the ion’s motion as a function of time in the 4 pole trap is shown in
figure 2.11. The initial condition for trajectory simulation in 6 pole trap is mentioned in
table 2.4. The position in time of a trapped ion in a 6-pole trap for the initial conditions,
mentioned in table 2.4, is shown in figure 2.12. It is interesting because the equation of

motion is not separable, and there is no analytical solution.

The discrete Fourier transform of the ion’s position is shown in figure 2.13. The
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Fig. 2.11.: Discrete transform of the ion’s position shown in figure 2.10. The peak at 1.77 x 10°
Hz corresponds to the secular frequency mentioned in equation 2.30, and other
peaks are higher harmonics mentioned in equation 2.29.
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Fig. 2.12.: Position of a trapped *°Ca* in time in 6 pole trap for the initial condition mentioned
in table 2.4
. Inset shows how micromotion trajectory looks in the 6-pole trap. The shape of the
trajectory is not a result of undersampling of the data points used to plot it.

initial condition for trajectory simulation in 8 pole trap is mentioned in table 2.5 The
position of a trapped ion for the initial conditions given in the table 2.5 is shown in
figure 2.14 The discrete Fourier transform of the position of the trapped particle in

the 8-pole configuration is shown in figure 2.15. The nature of the orbit in the x-y

2.4 Linear Paul Trap
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Fig. 2.13.: Discrete transform of the ion’s position shown in figure 2.12

plane follows the predictions of classical mechanics. According to Bertrand’s theorem
[152], the closed orbit is formed in case of potential of the form of 1/r2? and r2. So,
we observed a closed orbit for the 4-pole trap only, as shown in figure 2.16. Also, the
time-averaged angular momentum is conserved, and a particle starting with non-zero

angular momentum never samples the origin.

Table 2.4.: Initial parameters used for trajectory simulation in 6 pole trap. x(0), y(0) are
position of ion in x and y directions, respectively. x (0), y (0) initial velocity in x
and y directions, respectively.

Trapping potential | x(0) y(0) x (0) ¥ (0)

(¢(r, 1))

Vo cos(Qpt) |107%m | 2+10°m | —28 1072 |42  107°
’ m/s m/s

Table 2.5.: Initial parameters used for trajectory simulation in 8 pole trap. x(0),y(0) are
position of ion in x and y directions, respectively. x (0), y (0) initial velocity in x
and y directions, respectively.

Trapping potential | x(0) y(0) x (0) y (0)
(¢(r, 1))
x*—6x’y?+y* —4 —4 -3 -3
Vor—4cos(f2rft) 107" m 107" m 28 x 10 —14 % 10
0 m/s m/s
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Fig. 2.15.: Discrete transform of the ion’s position data in time shown in figure 2.14

2.5 lon-Atom collision in Linear Paul Trap

There are two energy-pumping mechanisms during ion atom collision in a perfectly
compensated ion trap. The first one is the interruption of the micromotion [119] of
an ion due to collision with an atom at different phases of the trapping potential, and
the second one is the non-adiabatic motion of the ion relative to the trapping potential
under the influence of ion-atom interaction potential. It has been shown that the second

one is the dominant heating mechanism [61], and it sets the sympathetic cooling limit

2.5 lon-Atom collision in Linear Paul Trap
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Fig. 2.16.: Orbit of a trapped calcium ion in different trap geometries for different initial
conditions. (a) Orbit in a 4-pole trap; it is closed except for micromotion. Angular
momentum is non-zero, so the particle never samples the origin. (b) Orbit in a
6-pole trap for zero angular momentum. (c) Orbit in an 8-pole trap for non-zero
angular momentum. The orbit is not closed, and the particle never samples the
origin. (d) Orbit in an 8-pole trap for non-zero angular momentum. The orbit is not
closed, and the particle never samples the origin.

Table 2.6.: Parameters for simulation of rf heating

Trapping potential | g x(0) x (0) Qs

(¢(x, 1))
2

Vo’r‘—zcos(Qrft) 0.1 1 um 0 m/s 21x5 MHz
[0]

and the equilibrium energy limit. In this work, the effect of the second mechanism is
simulated for linear multipolar traps. To differentiate the two cases, we first show the
effect of interruption of micromotion in a 4-pole trap. In the later part, heating due to
the non-adiabatic motion of the ion is presented, and the same formalism is extended
to calculate the effect of non-adiabatic motion on ion-atom energy during collision in
multipolar traps and the trap presented in this thesis.

For the qualitative understanding of the effect of micromotion interruption on an
ion’s energy, we simulate the trajectory of an ion in 1 dimension with a given initial
condition. A head-on collision occurs with an atom at rest at different times. At the point
of collision, we exchange the velocity of the ion and atom and continue the simulation.
Trap parameters and the initial condition for the simulation are mentioned in table 2.6.

This simulation is performed for collision at 2 different time instances. The ion’s actual
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Fig. 2.17.: Change in the trajectory of an ion due to micromotion interruption. (a) Original and
modified trajectory of an ion after collision with an atom at rest. Here, a collision
takes place at a point where the rf force is directed away from the trap centre. (b)
Collision with an atom away from the turning point. (c) zoomed view of the instance
of collision shown in (a)

trajectory and the effect of collision with an atom on the ion’s trajectory are shown in
figure 2.17. The collision of an ion with an atom at rest momentarily brings the ion to
rest. Still, depending on the direction of force due to the rf field, energy is pumped to
the ion and its macromotion amplitude increases. It is known as rf heating.

We first replicate the results presented by Cetina et al. [61] for 1-dimensional
ion-atom collision. According to Cetina et al. [61], a classical model is considered to
simulate the effect of the non-adiabatic motion of ion on the total energy of the system
during collision. We start with an ion at the centre of a compensated Paul trap and an
atom at rest at infinity. At sufficiently low energies, the angular momentum barrier will

be far away from the collision point, and once the atom crosses this barrier, its trajectory

will be a straight line. So, collisions are considered to be head on and one-dimensional.

First, the case for one-dimensional collision is presented. It is easy to derive an analytical
expression for energy change in the system in some particular cases. In the derivation

of analytical expression, we only take the effect of the non-adiabatic motion of ion to

2.5 lon-Atom collision in Linear Paul Trap

23



24

its trapping potential. In the simulation, the effect of micromotion interruption and
non-adiabatic motion both are taken, and the simulation results are in good agreement
with the analytical expression derived for non-adiabatic motion. This shows that the
non-adiabatic motion is the dominant energy pumping mechanism.

To derive the analytical expression for energy pumped into the system, let’s consider the
form of RF trapping potential,

V(r,t) = % «r2cos(Qt + ), (2.37)
and the form of the ion-atom interaction potential energy is
U(r) =—C4/(2rY), (2.38)

where r is the distance between the atom and the ion. Dimension of C, is MLOT 2.
When the atom is far away or in the absence of the atom, the ion will execute a slow
motion with secular frequency, w = %, and q = 2Qg/m;Q?. For ease of calculation
and simulation, we can scale the relevant quantities by defining characteristic length,
time scale and energy scale. It is defined as
_ /6 241/6 _1 2R2 and T =
R=C,""/(mjw")"">, Egp= Emiw R and T =21/w. (2.39)

In the case of a lighter atom and a heavier ion, initially, the atom will move towards
the ion under the influence of ion-atom interaction potential. Distance between the
ion-atom will governed by the motion of the atom in the ion-atom interaction potential.
In the center of mass frame, the equation of motion of the reduced mass is

dzr C4

— =—2— (2.40)

dt? >
where, u = m;m,/(m; + my). In the case of heavier ions and lighter atoms, reduced
mass, U, is almost equal to the atom’s mass and r(t) will give the approximate position
of the atom. If the collision is taking place at t = 0, we can integrate the equation 2.40

to find the position of the atom. It has the following form:
r(t) ~ (9Cy/u) /o1 (2.41)

The change in the ion’s position during the collision can be calculated by integrating the
effect of 2C,/r> force on an ion trapped in its secular potential. The equation of motion

ion in secular potential in the presence of ion-atom interaction force is

d>?r; ,  2C,

mim = —miw r; — r5 (242)

Dividing both sides of the equation 2.42 by m;w?R and replacing wt by 7, the equation
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becomes
d’F 2 .1
—+7=

de2 T s R e

where m = m,/m;, ¥ = r;/R. To solve the equation 2.43, we need to find the Green’s

function [153] of the following equation

i /
ﬁ+r :5(tcoll_t ) (2.44)

The solution of the equation 2.44 is
G(tcolb t) = _Sin(tcoll - tl)- (2.45)
Hence, the solution of the equation 2.43 will have the following form

o teoll ) , 2 _ 1
re= Sln(tcoll_t)95/6m|t ll—t/|
co

—0Q

5/3dt . (2.46)

Integrating the equation 2.46 from —oo to t.,;;, we get the ion’s displacement from the

trap center at the time of the collision.
7o~ 1.11m%/8. (2.47)

During non-adiabatic motion, the ion moves against its trapping field, and the field
acts as a perturbation on the ion-atom system. Work done by the trapping field can be

written as

o, | &
=+

t1 7
W= J F.—1dt, (2.48)
_tl

where F is the force on the ion due to its trapping field and % is the ion’s velocity.
During non-adiabatic motion, ion trajectory evolves under the influence of ion-atom
interaction potential, and we neglect the effect of the trapping field on the ion’s trajectory

to calculated its approximated position. The approximated ion position will be

m,r
roar,— el (2.49)
mg + m;

Inserting the form of the force from equation 2.37 and ion’s position expression from

equation 2.49 into equation 2.48 gives the following
tq . dT_';
W= Qg cos(Qt+¢)rl-.Edt (2.50)

Where, r. = Rr,. Since the direction of d7/dt changes after the collision, we can break

the integral into two parts to simplify the expression for the work done. Before the
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collision, 7; and d7/dt are parallel, and after the collision, they are antiparallel.

0 - -
w:cos(m+¢)U Qe(F, — —al ).(—madr/dt))dt

—t, mg + m; mg, + m;

(2.51)

m,7 ).(mad?/dt))dt

ma+mi ma+mi

+ cos(Qt + ¢)(J 1Qg(r_; -
0

After taking dot products and expanding cos(2t + ¢ ), the expression for work done is

0 N 0 N
W = (cos(Qt) cos(¢p) — sin(€2t) sin(¢)) (—J Qga|r] ‘fi—r +f Qga? |7 (Z—Z’)dt
—t —t
o 5 a7
+ (cos(Qt) cos(¢) — sin(Qt) sin(¢)) (J Qga|r;| I?I—J Qga? |7 EDdt
0 0
ma
a=—2—
mg + m;
(2.52)
From equation 2.41, dr/dt becomes,
C 1/6
dr _ 1(9C4/u) (2.53)

E - 3 |t|2/3

Since dr/dt depends on the absolute value of time, cos(2t) is an even function, and
contributions from integrals in the limit —¢t; to 0 and O to t; are opposite in sign. So,
there will be no contribution of coefficients of cos(¢) in the work done. Using r, = Rr,

q = 2Qg/(m;w?) and Qt = 7, expression for work done, W, becomes

me N (MGt \YP (ML vaE gl
wW=2 sin(¢) — - d
m; +mgy q> —ar, m (31?3 (3lTh/3
(2.54)

For non-adiabatic motion, the velocity of the ion is greater than its average micromotion
velocity (Vyy), i-€. |dr;/dt| > v,,,. This means that 3qQt < (2/7.)*/? for ¢ < 0.5, and

q

all mass ratios, 1 < 7. < 2. Hence, |Q2t| < 0.8. As it is verified that changing integration
limit from —oo to oo does not change the integral significantly. For ease of calculation,

we change the integration limit and it gives an analytical form for the work done, W

4 =~ \5/3 1+m\%6 _
W= %(%) (1.82(7’”) 7. —1.63q"/% |sin(¢), (2.55)

where, W = W /Eg. Expression for the work done is directly proportional to sin(¢).
Depending on the phase at the time of collision, the ion-atom system will gain or lose
energy. For the first collisions between m < ¢ < 27, work done by the field will be
negative. We expect more than one collision till the colliding atom gains sufficient

energy to escape the ion-atom interaction potential.
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Fig. 2.18.: Trajectory for ion and atom during collision. When the first collision occurs at
¢ = 1/2, the energy change is maximum during a single collision, and it is sufficient
to knock the atom far away from its starting point. For the first collision at ¢ = 37/2,
the total energy change will be negative. So, more than one collision is required to
knock the atom away.

To verify the model, we numerically calculate the trajectory of the ion-atom system
under the influence of ion trapping field and ion-atom interaction potential. To simulate

the trajectories, we have slightly modified the protocol established in Cetina et al. [61].

We started with an ion at the center of a compensated trap and kept the atom at a
distance of 3.8 (1 + m;/m,)*° R from the ion. The closest approach for the hard-core
collision is 1073 (1 4+ m;/m,)R. The simulation is stopped once the distance between ion
and atom exceeds 2 % 3.8(1 +m;/ ma)l/ 3R after collision. These parameters are fixed
such that the U(r), atom’s kinetic energy and ion’s kinetic energy are smaller than 1% of
the maximum energy gained in one collision. The secular energy of the ion-atom system
is calculated at two instants, first at the start of the simulation and second when the ion
atom separates far apart. Total energy change will be the difference between these two
energies. Cetina et al. [61] holds the ion at the trap centre till the ion-atom interaction
potential dominates the trap potential while they let the atom evolve. In our case, we
have let the ion and atom evolve from the start of the simulation. This modification
should not impact the energy change significantly because, at the start, mainly the atom
is displaced toward the ion. Total energy change will be phase dependent, and more
than one collision will happen when the first collision takes between © < ¢ < 27m. We
first simulate the ion-atom trajectory to verify the predictions for 1-dimension. ¢ = 0.1
and m = 0.5 for this case. Ion atom collision trajectory for two phases /2 and 37/2
is shown in figure 2.18. The total energy change after the completion of the collision
process is shown in figure 2.19. The energy change after the first collision for phases

between 0 and 7t agrees with the model proposed by Cetina et al [61].

2.5 lon-Atom collision in Linear Paul Trap
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Fig. 2.19.: Change in total secular energy as a function of the phase of trapping field ¢.

We have extended this model to study the effect of trapping potential on the
total energy of the ion-atom system after collisions for multipolar Paul traps and the
end-cap type of type presented in this thesis. For the 4-pole trap and end-cap type trap,
we start with atom sufficiently far away from the trap center such that the ion-atom
interaction energy is very small compared to relevant energy scales in the system. For
a fixed generalized Mathieu q value, as the number of poles increases in a multipolar
trap, potential becomes flat around the center and starts resembling box-shape po-
tential. In this scenario, if we apply the initial condition mentioned for 4-pole trap,
riq=238(1+m;/ ma)l/ 3R, co-evolution of ion-atom does not takes place due to large
separation between ion and atom. Hence, we fix initial distance between the ion and
atom in higher pole traps to be ~ R. Due to the flat shape of potential around the trap
center, the ion will be mostly under ion-atom interaction potential as the number of
poles increases. Hence, the energy pumped to the system will decrease as the number
of poles increases. In the case of an end-cap type trap, an RF field is applied in all 3
directions and energy pumped to the system will be maximum for same trap parameters.
Parameters for numerical calculation of the collision trajectory and energy change to
the system are the following: The case of an end-cap type trap is slightly different; we
keep ¢ = 0.1 but Q, ¢ = 27 x 20 MHz because the drive frequency of the end-cap type
discussed in this thesis is 27t x 20 MHz. Trajectory ion and atom, and kinetic energy
of ion during collision is shown in figure 2.20. Change in the secular energy of the
ion-atom system after the collision process is shown in figure 2.21. It is according to our
expectations because potential starts becoming like a step potential that is flat around

the trap centre and becomes like a step closer to the trap electrodes.
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Fig. 2.20.: (Top Panel) Position of ion and atom during collision process, (Bottom Panel) Kinetic
energy of ion during the process. (a) 4-pole trap, (b) 6-pole trap, (c) 8-pole trap,

(d)End-cap type trap.
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Table 2.7.: Parameters for ion-atom collision trajectory simulation in 2n pole traps. Here, r;_,
is the initial separation between atom and ion, r,,,, is the maximum separation
between atom and ion, r,,;, is the distance of minimum approach between atom
and ion, ¢, is the angle atom makes with the x-axis at the start of the simulation.

Quadrupole Trap | Hexapole Trap | Octupole Trap (n =
(n=2) (n=3) 4)
. 0.1 0.1 0.1
Qrf (MHz) 275 27x5 27%5
ri_q(um) ~ 0.32 ~ 1.38 ~ 1.38
Fmin() 2.86 2.86 2.86
"' max(um) 4 4 4
¢, (rad) 0.63 0.74 3.25
10? : @ 4-Pole trap
101!
103 ° ° ° |
g 1 ? * ° '] ° [ ° °
i 10°5
1077
107°
0 2n an on 8n n 12n un len 18n 2n
10 10 10 10 10 10 10 10
¢ (rad)

Fig. 2.21.: Change in secular energy of the ion-atom system with respect to the phase of the
trapping field at the time of collision.

2.6 Discussion

We discussed the basics of ion trapping in this chapter. It guides the design
parameters of the trap discussed in the thesis. Second, it is important to understand the
theory of Paul traps to do the numerical simulation of the ion-atom collision trajectory.
It has already been established that the work done by the trapping field due to the
non-adiabatic motion of the ion dominates the sudden interruption of micromotion. So,
the same model is extended to study this effect in multipolar traps. Since we are starting
with an ion at the trap center with zero energy, there is no energy scale common to all
traps. To compare the collision effect in different traps, we set a common generalized
Mathieu parameter, q,, for all traps. Results (figure 2.21) show that the energy gain

to the ion-atom system decreases as the number of poles increases. At the same time,
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higher-order pole traps suffer from other problems, like trap depth decreases with an
increase in the number of poles while the ratio of mean kinetic energy to mean potential

energy increases which can be understood by applying the virial theorem as discussed

in our paper [62]. It is therefore hard to form ion crystals in multipolar traps for n > 2.

We infer from our analysis that the flat nature of trap potential around the trap’s center
makes it hard to localize an ion and study its interaction with a cloud of localized
atoms. Keeping these points in mind, we opt for a quadrupole trap to study controlled

interaction between trapped ion-atom systems.

2.6 Discussion

31






Why A New Experiment

3.1 Why a New Experiment

One of the leading research interests of our group is the study of ion-atom interac-
tions in different energy regimes. There are three working hybrid ion-atom experiments
[37, 39, 154-158]. These experiments have given interesting physics results [37, 44,
46, 48, 55, 117, 159]. In a hybrid ion-atom experiment, co-trapping of ions and atoms
and controlling them separately is feasible. Hence, we can control the initial state
and energy of the system and study interaction processes in different energy regimes.
Some interesting physics results of the previous studies are the sympathetic cooling of
homo-nuclear ions and cooling by resonant charge exchange [37, 48, 55, 117] and the
cooling of co-trapped lighter ions by heavier atoms [46, 118]. Ion traps in the previous
experiment are not designed for the ground state cooling of the trapped ions. We have a
parallel interest in precision spectroscopy, frequency standards and thermodynamics of
small systems. This new setup is designed to meet our parallel interest and long-term
goal of studying interaction between co-trapped ions and atoms. These kinds of physics
experiments have been mainly performed with Group I atoms and ions. Group I ions
are not laser-coolable. We aim to probe interactions in the quantum regime [160],
so the lighter laser-coolable ion species are the most suitable candidates. Beryllium
(Be) is the lightest laser-coolable ion species; the next one is magnesium (Mg), but no
work has been reported in the area of Be atom trapping due to cooling transition in the
deep ultraviolet region. The cooling transition for Mg atoms is in the deep ultraviolet
region too. So, we decided to work with calcium atoms. It is a promising candidate for

frequency standards and is suitable for our long-term goals.

3.2 Experimental Setup Requirements

This setup is designed for dual purposes: first, spectroscopy, thermodynamics
of small systems, etc., and second, study of ion-atom interactions in cold and ultra-
cold regimes. Here we will analyze the setup requirements in the order of increasing
complexity. The system requirements for the first part are much simpler; we need a

well-characterized and compensated ion trap system with good optical access where
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ground-state cooling of the trapped ion is possible. For the co-trapping of atoms and
ions, we require a cold atomic cloud at the center of the ion trap. Since our group is
working on co-trapping of alkali atoms and ions, we will translate our knowledge from
the past to the new setup where we plan to co-trap alkaline atoms and ions. The first
step in this direction is to understand the limitations of our older setups, divide the new
setup design into small, complete experimental setups, and integrate them later. The ion
traps used in the previous experiments [37, 39, 158] are linear Paul traps [121], and the
distance between the nearest electrodes is approximately 10 mm or more. High voltage
is required to drive the trap to achieve the Lamb-Dicke regime (n%(2n+ 1) < 1) [161].
To meet the conditions for the Lamb-Dicke regime, several kilovolts are required to drive
the already installed traps. So we need to modify the present design or choose a different
one. In almost all such experiments atoms are trapped using the 3-D magneto-optical
trap (MOT) [162, 163]. The source of the atom is an atom dispenser, and the magnetic
field gradient required for alkali atoms is in the range of 10 — 30 G/cm. The magnetic
field gradient required to trap calcium atoms is ~ 60 to 100 G/cm. In addition, due
to the large divergence of the atom source, we can not use an atom dispenser to load
ions, see chapter 4. These two challenges require special attention. Given the above
constraints, the experimental setup is divided into two independent experiments: ion
trap design and experimental implementation and the atom trapping schematic and
its implementation. The final part is the integration of two independent experiments.
We started with the design of the integrated system and then started pursuing the first
part of it. The deciding factors of the complete setups are a cold and collimated source
of atoms to load 3D MOT, ion trap design, good optical access for the ion trap, and
overlap of trapped ions and atoms. Zeeman slower [164] and 2D MOT [66, 165] are
two commonly used alternatives to produce a collimated and cold atomic beam. To
produce such a high magnetic field gradient, we must increase the current or turns
in the magnetic coil and cool the coil continuously. The ion trap design will decide
how to overlap ions and atoms in an experiment. According to the initial plans, the
final experimental setup will be a two-chamber experiment. In the top chamber, a a
collimated atomic beam to load the 3D MOT will be produced and transferred to the
bottom chamber. The bottom chamber is the main experimental chamber where atoms

and ions will be trapped and overlapped according to experimental requirements.

The ion trap design and assembly are paramount for precision spectroscopy and
thermodynamics of small systems and an important step in our long-term goal. Here,
we have a few options: first, either miniaturize the linear Paul trap [97]; second, opt
for a blade trap [166]; third, go for an end-cap type trap [60]. We opted for the third
option because it is suitable for frequency standards. Merits and details of the trap will

be discussed in chapter 5.
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Low Divergence Atomic Source

4.1 Introduction

Miniaturized ion traps [1, 60, 115, 166-168] are very sensitive to patch potential.

These develop due to the deposition of heterogeneous material on the surface of trap
electrodes. It deforms the trapping potential and heats the trapped ions. The main
reason behind the development of patch potential is the deposition of atomic beam
used to load the trap, which in time forms irregular patches on the surface, corrupting
the trap potential over time. To minimize the patch potential, we need to decrease the
divergence of the atomic beam such that it should not get deposited on the electrodes
closest to the trapped ions. The most common method of the divergence reduction is to
put a collimation aperture in the path of the atomic beam. This collimation aperture can
be a separate entity aligned in the path of the beam [168-170], or it can be an integral
part of the beam source. In our case, it is an integral part of the beam source. This
chapter will discuss the design, building, alignment, and testing of a low divergence
source in detail. This kind of oven is already reported by L Sharma et al. [171]. We will
also discuss the progress made by us to decrease divergence and increase the robustness
of the system. This work is published in Rev Sci Instrum. 2024 Mar 1;95(3):033202
[172].

4.2 Design Details and Alignment

In a cold-wall oven [171], collimation aperture used to reduce the divergence, of
the outgoing beam, is an integral part of the oven. Only a part of the oven is heated
directly, and the remaining part is relatively colder. The cold part acts as a collimator
and reduces the divergence of the source. This oven has been designed for the trap
geometry mentioned in the chapter 5 of this thesis. The design parameters of the trap
are important in deciding the oven’s parameters. Divergence of the source depends on
the distance of the coldest part from the hot region and its diameter. The gap between
the trap electrodes, in our case, is &~ 1 mm. The operating distance of the oven from
the trap centre is 15 mm. A stainless steel (ss-316) capillary tube of 160 mm in length,

an inner diameter of 0.9 mm, and an outer diameter of 1.25 mm is used for the oven.
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One end of the capillary is sealed by spot welding a copper wire. Using a copper sleeve,
another copper wire is attached at 117 mm from the spot-welded end. The diameter
of the copper wire used for connection is &~ 1.2 mm; we can also use a thinner wire,
but it will increase the heat dissipated across the connecting wires and may not be
rated for the current required to heat the oven. Initially, we used nichrome wires for
connection. The resistivity of the nichrome wire is higher than that of the copper wire of
the same thickness. Hence, connecting wires heats up much faster than the oven body
and break during operation. The oven is resistively heated by passing current through
its connections. During operation, the part of the needle which is between the connector
and the feedthrough is at a higher temperature than the remaining part. The colder part
of the oven adsorbs the beam and thus acts like a collimator for the beam coming out of
the oven.

Calcium is hard and not easy to cut using a knife. To load calcium into a narrow
diameter tube, calcium chunk is held between two clean ss plates and converted into a
thin strip of desired thickness using an Arbor press. After that, it is cut into thin slices
using a knife to fill inside the capillary tube. Approximately 50 mg of calcium is filled
inside the oven. The knife to cut calcium strips into slices is made at the RRI workshop.
The top layer of calcium chunk gets oxidized during the whole process, and prolonged
heating of the oven is required to start the atomic beam for the first time. We have not
observed any significant time delay in the oven’s response in successive operations due
to oxidation. No fluorescence is observed even after prolonged heating if the metal
chunk oxidizes beyond a limit. So, it is necessary to store the opened metal sample in an
inert environment. We were able to preserve the opened sample for an year by storing it

in a desiccator and evacuating it at intervals of approximately 3 weeks.

The oven is integrated into a vacuum chamber (Kimball Physics: MCF450-SphOct-
E2A8). It is mechanically constrained at two points to direct flux to the centre of the
chamber. The oven is mounted on a CF16 feedthrough (Model no: EFT02V5602) using
a Macor block. The Macor block is aligned with respect to the pins of the feedthrough,
and the oven passes through the centre of the block. This is the first point of alignment.
An image of the oven mounted on the feedthrough with the electrical connection is
shown in figure 4.1. We have ensured that connecting wire do not put any stress on the
oven after mounting it on the feedthrough flange. This measure will prevent bending of
the oven during operation. The second point of alignment is a Macor tube fixed inside
the chamber. The cylindrical Macor tube of an inner diameter of 1.3 mm is aligned
concentrically to the chamber 1.33” port. The alignment of the Macor tube inside the
chamber depends on the alignment of the groove grabber and plate used to mount the
trap and hold the Macor tube inside the chamber. Brass pieces with a hole of diameter
1.3 mm at the center are used as a reference for the 1.33” port. These brass pieces slight

fit the 1.33” port. They are placed in the 1.33” port and held with non-sticky tape. Next,
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Fig. 4.1.: (Top panel) Image of the oven mounted on the feedthrough using a Macor block.
This oven is used for the characterization presented in this chapter. (Bottom panel)
2D schematic diagram of the oven assembly

we mount the groove grabber with the ss plate that holds the oven on one side. Then,
try to pass a long capillary identical to the oven’s capillary through the brass pieces
and hole at the center of the plate. If the tube passes smoothly through the center of
the brass pieces and ss plate, it is aligned; otherwise, shift the position of the ss plate
accordingly. A similar approach will be used to align the groove grabber on the other
side. The dimensions of the ss plates, brass pieces, and the position of holes for holding
them are decided by integrating them with the chamber in the 3D design software CATIA.
They are machined in the in-house workshop once we finalize their dimensions. An
image of the aligned ss plate inside the chamber is shown in figure 4.2. A combination
of CF40 to CF16 reducer and CF16 nipple is used to accommodate the length of the
oven. CF16 feedthrough is connected to CF40 to CF16 reducer using an adaptor. The
reducer provides sufficient space for connectors near the CF16 feedthrough. Copper
wire is insulated using glass beads, and a Macor sleeve is put on the copper connector
near the cold wall to avoid any electrical contact between the oven and its housing.

4.2 Design Details and Alignment
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Fig. 4.2.: An image of aligned groove grabber with ss plate inside the vacuum chamber. The
needle shown in the images passes smoothly through the brass plate (not visible in
the image), and the ss plate is mounted via groove grabbers.

4.3 Experimental Details

After integrating the oven into the system, the chamber is pumped out using a
turbo-molecular pump to a pressure of approximately 10~ mbar. The oven is slowly
heated by increasing the current in steps of 0.2 A up to a current of 7 A. It is left at 7 A till
the fluorescence is observed due to the orthogonal laser beam. This slow heating process
is repeated a few more times to cure capillary by heat treatment. We have observed that
this prevents the capillary from bending during operations when the current is switched
on rapidly. The setup for characterizing the oven is shown in figure 4.3. For complete
characterisation of the oven, two laser beams, L1 and L2, are aligned perpendicular
and at an angle of 45° with respect to the direction of the atomic beam, respectively.
Schematic of laser beams, L1 and L2, and their position with respect to the chamber
and the oven is shown in figure 4.4. These beams pass through the geometric centre of
the chamber and ~ 15 mm away from the oven. It is aligned with the help of jigs on
CF40 viewports shown in figure 4.3. Atomic fluorescence is collected in the direction
perpendicular to both the atomic and laser beams. The measurements to characterise the
oven’s performance are performed using resonance fluorescence detection and imaging.
A Toptica DLC pro laser addresses the 4s — 4p transition (& 423 nm) of the calcium
atoms. Its frequency is scanned by varying piezoelectric transducer (piezo) voltage
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Fig. 4.3.: (Left Panel)Experimental setup with mounting assembly. (Right Panel) Fluorescence
at the centre of the chamber due to the interaction of the atomic beam with a laser
beam (L1).

using the built-in function to control the voltage range and scan rate. The frequency is
monitored using a calibrated wavemeter (WSU-2). A low-noise CCD camera (great eyes
EISEi) is used to image atomic fluorescence. An intensity-calibrated photomultiplier
tube (PMT), R758-10, is used to record real-time fluorescence.

4.4 Results

4.4.1 Divergence

To measure the divergence of the atomic beam at the centre of the chamber, the
423 nm laser beam is focused to a waist of ~ 100 um, as shown in figure 4.4. The laser
frequency is scanned over 1 GHz across the resonance at a rate of 2 Hz to address the
transverse velocity profile of the atomic beam. An imaging system of magnification ~
1.52 collects the fluorescence on the CCD camera. The camera’s exposure time is set
to 20 s, so it is much larger than the scan rate of the laser. The fluorescence image
of the beam is shown in figure 4.5. A Gaussian distribution is fitted along the central
pixel of the fluorescence image. Estimated 1/e? diameter of the beam is 1.6 £ 0.17
mm. The theoretical estimate of the angular divergence is 10 mrad, while the measured
angular divergence is 14 mrad. At the higher oven currents, the divergence of the beam
increases further. The heated region of the oven is in direct contact with the cold wall
region. Hence, there is a temperature gradient across the cold wall, and it decreases the
effective length of the cold wall region.

4.4 Results
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Fig. 4.4.: (Left Panel) Schematic diagram showing the alignment of the oven and laser beams
with respect to the vacuum chamber. (Right Panel) Optical setup showing the ar-
rangement for the frequency, scan range measurement and the beam division for
spectroscopy of the oven’s atomic beam where WSU-2 is the wavemeter used to
measure the scan range, BS 70 : 30 is the beam splitter, which divides the incoming
beam in the ratio of 70 and 30, Ca HCL is calcium hollow cathode lamp, PBS is a
polarising beam splitter, PD is the photodiode, A/4 is quarter waveplate, and NDF is
neutral density filter.

4.4.2 Temperature and Flow Rate

The temperature of the atoms coming out of the oven can be determined by
measuring the shift in the fluorescence spectrum of atoms due to the beam at a known
angle 6 # 90° with respect to the orthogonal beam fluorescence spectrum. The 423 nm
beam is expanded to a diameter of ¢ = 2.3 mm to address the whole atomic beam in the
region of interrogation and then split into two beams (L1, L2) with intensities of 350 ym
and 2.3 mW. The beams are aligned such that they address the atomic beam at angles of
90° and 45°, respectively, as shown in figure 4.4. The laser is scanned over 4 GHz across
the 4s2 1S, — 4s4p 1P, transition to cover the full range of the longitudinal Doppler

profile. Fluorescence due to both beams is collected simultaneously on a PMT.

The L1 beam will interrogate the transverse velocity distribution of the Ca atomic
beam. The fluorescence spectrum has Lorentzian distribution due to the finite lifetime
of the excited state and Gaussian distribution due to Doppler broadening. Thus, the
observed fluorescence spectrum is expected to follow the convolution of Lorentzian and

Gaussian distribution, i.e. Voigt distribution in equation 4.1

oo

V(x;0.,7) = f G(x';0)L(x—x';y)dx, “4.1)

—0Q
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(Top Panel) The averaged fluorescence image captured on the CCD camera and
(Bottom Panel) the experimental data along the centre line of the above image with
Gaussian fit.

2

exp (—x—z), (4.2)
t

1
G(x;0,)=
‘ o.V2m 20

standard deviation of the Gaussian function G(x;o,); which specifies the

transverse velocity spread of atoms, and

L(x;y)= 7'E(x++}/2)’ 4.3)

y is a scale parameter that specifies half width at half maximum of the natural Lorentzian

lineshape

. Laser L2 will sample both the transverse and longitudinal velocities of the

atoms in the atomic beam. The normalised longitudinal velocity distribution of the flux

4.4 Results
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Fig. 4.6.: Experimental data and fit function corresponding to the L1 and L2 beams (Voigt +
MBD) for 4.5 A. Purple colour are actual data points, Violet colour is showing error
bar corresponding to the data points, and black is the fitted function.

of atoms out of the oven is given by [173]

2v3 2kgT
fv)dv = a_‘i exp (—vlz/az)dv; a= ni . 4.4)

where T is the temperature of the source and m is the atom’s mass.

When the laser beam L2 addresses the atomic beam with a longitudinal velocity
v;, the fluorescence signal of the atomic beam depends on the laser and atomic beam
overlap volume, transit time (t s = %) of the atoms through the beam L2. Therefore,
the number of atoms that fluoresce in the interaction volume of the L2 laser beam and
the atomic beam has a velocity distribution given by flux multiplied by transit time.
The fluorescence signal measured by the PMT is hence proportional to the velocity
distribution of the number density of atoms [174], which is given by the Maxwell-
Boltzmann distribution (MBD) equation (4.5)

2

4v; N
f)dv = T exp (—v;/a”)dv. (4.5)
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The fluorescence signal obtained from L1 and L2 is fit to an incoherent sum of
equation 4.1 and equation 4.5. For the Voigt distribution, we fit for the Lorentzian scale
parameter, y, and Gaussian scale parameter, o,. For the Doppler peak, we fit for the
parameter a in equation 4.5, which quantifies the most probable velocity of MBD. When
fitting the incoherent sum, we fit for two independent amplitudes for Voigt and MBD,
and an overall offset. Figure 4.6 shows the normalised fluorescence data for 4.5 A oven
current and fit function plotted against relative detuning of the laser with respect to
the Voigt line centre. The relative detuning of the Doppler peak (&) with respect to the
Voigt can be converted to the velocity as

§ = Voeam COS(457) (4.6)
A
Vpeam = ?’I;‘iT , is the most probable longitudinal speed. The measured shift in the peak

position is ~ 900MHz, and the oven temperature corresponding to this shift is 702 & 7K.
For the estimation of the temperature and all other parameters, the data is averaged
over multiple shots, and the error corresponding to temperature and other parameters

is the standard deviation of the averaged values.

The atomic flow rate,®, from the peak fluorescence power P, due to the L1
beam can be written as [169, 175].

¢ = x—xpmax

1
‘/il’lt QPMT
. heTs JOO exp (—v?/20?)

—1
20,(2m)3/2 |___ 1+4(|k|v./T2) ve)
2

XVpeam X TI'™, (47)

where V,,, = n(%)ZZr, Qpyr is the solid angle for fluorescence collection by PMT,
r = 0.45 mm is the radius of the aperture at the end of the cold wall, T is the natural
linewidth of the state 4s4p'P;, s = I /I, is the saturation parameter, k = 27" and o,
is the standard deviation of velocity of the atomic beam in the transverse direction.
The term under integral in equation 4.7 is due to the Voigt lineshape of the absorption
spectrum of the atomic beam due to the beam L1. Flow rate is the number of atoms
emerging from the oven per second. For a given oven temperature, T, the vapour

pressure of Ca inside the capillary is given by equation 4.8 [176]

log(P(Pa)) = 15.133 — % —1.40301log(T(K)). (4.8)

The number of atoms emitted per second within the solid angle of capture, Q., is[165]

_
q>theory A nOVA4_7T: (4.9)
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Fig. 4.7.: Fluorescence spectrum of the atoms emitted from the oven when addressed by a
resonant laser in single-pass (top panel) and retro-reflected configurations (mid
panel), with reference to the SAS transmittance (bottom panel).

8k T

—2~ the mean

where A is the area of the aperture at the end of the cold wall, v =
thermal speed, ng is atomic density, 2. = 7{—? where [ = 58 mm is the distance between
the orifice at the edge of the hot wall of the oven and the centre of the interaction
region. The calculated theoretical flow rate, using Eq. 4.9, at 4.5A(702 £ 7k) is 2.2 +
0.6 x 10° atoms s~ !. The flow rate determined experimentally from equation 4.7 is by

substituting the measured value is 1.5 + 0.2 x 10° atoms s~ .

4.4.3 Characterizing the Alignment of Atomic Beam

We perform orthogonal cross-beam spectroscopy of the 4s2!S; — 4s4p'P; tran-
sition at A ~ 423nm to characterize and quantify the alignment of the capillary with
respect to the vacuum chamber assembly. Two apertures guide a laser beam with an
intensity of 54 uW and diameter of 0.9 mm (I/I,,, = 1.4 x 10~2) through the centre
of the chamber. We perform beam walking to ensure that the laser beam is aligned
to within 1 mrad with respect to the geometrical axis of the vacuum windows. Any
misalignment of the capillary with respect to the chamber, and thus the laser beam, will
result in a slightly asymmetric and broadened fluorescence spectrum. By retro-reflecting
the laser beam, we record the sum of spectra due to counter-propagating beams. The
shift in the fluorescence peak due to a single laser beam with respect to the fluorescence

peak due to two counter-propagating laser beams will determine both the direction and
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the degree of misalignment of the atomic beam with respect to the chamber.

The 423nm laser frequency is scanned at a rate of 90 MHz/s, and its frequency is
monitored using the wavemeter. We perform saturation absorption spectroscopy (SAS)
on a calcium hollow cathode lamp (Hamamatsu Model no. 1.2783) as a reference to
match the frequency axis of the single-pass and retro-reflected spectra shown in figure
4.7. To account for the atomic beam’s divergence, we fit Voigt profiles for both spectra
by fitting for the line centre, Lorentzian FWHM, Gaussian FWHM, total amplitude, and
offset. From the fits, we find the single-pass fluorescence peak is blue-detuned by ~12
MHz with respect to the retro-reflected fluorescence peak. The top of the transmission
peak observed in the Doppler-free SAS signal is red-detuned by ~ 16 MHz due to collision
with the neon buffer gas [177]. The measured Doppler shift of ~ 12 MHz implies that
the misalignment of the oven, following the best practice for alignment, is around 9
mrad (0.5°).

40Ca 42Ca 44Ca

T
1

——! Experimental Data
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.
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Fig. 4.8.: Averaged fluorescence signal showing the peaks for “°Ca, “*Ca and **Ca. The dotted
lines mark the isotope shifts of *Ca and **Ca with respect to “°Ca peak [178].
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Fig. 4.9.: Fluorescence signal of the oven after switching on the heating current, and temporal
evolution of the signal. Here, the red curve shows the change in oven current, and
the blue curve represents the fluorescence signal.

4.4.4 Observation of Ca Isotopes

The cross laser beam (L1) frequency is scanned around 5GHz across the 432180 —
4s4p'P; transition of “°Ca to observe the spectrum of the beam coming out of the
oven, and the fluorescence is collected on a PMT. By averaging the fluorescence over
~180 scans, we can observe the fluorescence from the isotopes “*Ca and *4Ca as shown
in figure 4.8. The isotopes have been identified using the relative detuning of the

fluorescence peaks with respect to the *°Ca transition due to isotope shift [175, 178].

4.45 Response Time of the Oven

We observe the atomic fluorescence on PMT within ~ 70 seconds after switching
on the oven, as shown in figure 4.9.
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4.5 Conclusion

We started with an aim of designing, building and characterization of low diver-
gence cold wall oven. It is very close to our initial idea specially in terms of its divergence
alignment with respect to the vacuum chamber, response time and robustness during
operation. Ideally the divergence of the outgoing beam can be further reduced by
decreasing the inner diameter of the ss tube used for oven but reducing diameter will
increase difficulty in calcium filling. The oven is already 16 cm long, if we increase the
length of cold wall further then long length can leading to bending of the oven during
initial operation. The same argument is true if we reduce the wall thickness of the oven’s
wall. Another better option is to replace the ss tube by tantalum tube of smaller wall

thickness.

4.5 Conclusion
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lon Trap Design and Fabrication

5.1 Introduction

In Chapter 2, we discussed the basics of ion trapping, the potential’s ideal form,
and the corresponding geometry. Any modification of geometry leads to change in the
form of trapping potential. A geometrical variation of the ideal trap is used for our
experimental setup. In the first part of this chapter, we will discuss the design and
simulation details of trap geometry, material selection, change in the form of trapping
potential and relate it to the basics of ion trapping discussed in Chapter 2. Machining,
characterization of individual parts and alignment details are discussed in the second
part.

5.2 The End Cap Trap

Real Paul traps are different from ideal Paul traps due to curvature of the electrode’s
surface and misalignment of geometry or due to deliberate modifications of geometry
for convenience of machining and experimental requirements. Some of the geometrical
modifications of the Paul trap are linear Paul trap, microfabricated trap, stylus ion trap,
end cap trap, etc. [1, 20, 60, 120, 121, 179-181].

The form of the ideal potential is given by equation 2.15. We introduce a 2a,
factor in front of the ideal potential to quantify the deviation from it. Value of a, , for

the ideal quadrupolar trap is 0.5. The modified form of the potential [60] becomes:

252 _ x2 _ yz
2
420

(Ib(x’}’,z’ t):2a2,0 ¢(t)> (51)
where ¢(t) is the time-varying potential applied on the electrodes. We have used the
relation mentioned in equation 2.15 and replaced d by z,. Only the value of zj is

determined in the modified end cap type geometry.
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Fig. 5.1.: 2D schematic of electrode configuration in End cap type trap

The expression for a and q parameters in Mathieu equation then change to

8a, QU
_zax = —2ay =a, = - rnzZ’OZQZO
0
5.2
2g. = —20 —q. = 4a;0QVy 62
4 = qy_qZ_W‘

As we depart from the ideal Paul trap configuration, higher-order harmonic and an-
harmonic terms start appearing in the trapping potential generated by the modified
configuration. To analyze the contribution of higher-order terms, we expand the poten-
tial in terms of spherical harmonics [145, 182] around the trap’s center. This method is
similar to solving the Laplace equation, equation 2.1, inside spherical geometries [ 183,
184]. The potential generated by the trap configuration can be written as,

oo m=l
V) =V: > D> amAin(r,0,0), (5.3)
=0 m=—1
where,
4 1
A, = —)'Y,,,(6,
Im 21+1(ZO) lm( ¢)
Yo,o m=20,
Yim =4 V2(Y,, + (=1)"Y,_,) m>0, .

V2(=iY,, +i(=1)"Y,_,) m<0

Yllm is the spherical harmonics in complex form. The above form of potential simplifies
depending on the symmetries present in the system. The end-cap type trap, 5.1, usually
has D, (rotational and planar) symmetry. Due to rotational symmetry, only the m =0
term contributes to the expansion, and the planar symmetry restricts the [ to even values.

The form of potential for the traps having the planar and rotational symmetry has the
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Table 5.1.: Relation between multipole coefficients and fitted coefficients

Fitted coeffi- | c2 c4 c6 c8 cl10
cient

. T30 4,0 6,0 ag o 10,0
Mult%p‘ole 227 8z¢ 1628 12825 256240
coefficient

following form:

d(r,2) =c0 + c2(22%2 — r2) + c4(82* + 3r* — 24r22%) + c6(162° — 5r°
—120r22* + 90r*2?)
+¢8(1282% + 35r8 —17922°12 + 33602*r* — 112022r%)
+¢10(2562'° —63r!% — 5760282 4+ 201602°r* — 16800z*r°
—315022r%),

2 = x2 + y2. The relation between the fitted coefficients and the multipolar

where r
terms is mentioned in table 5.1. In the actual case, when accounting for the entire trap
geometry (figure 5.2), we should start from equation 5.3 to understand and predict the
effect of the trap frame and other parts. As shown in figure 5.2, the trap geometry is still
symmetric about z =0 and y = 0 planes. This means that the basis used to expand the
simulated potential will not have any odd power terms in y and z. In other words, for
all even m, only positive and even [ terms will contribute. In our case, the protrusion in
the forks (figure 5.2) is ~# 15 mm away from the trap center, so we will consider the
effect of symmetry breaking in only quadrupole terms. The form of the potential used

to fit the simulated potential becomes:

d(x,y,2) =c0+c2(22%2 — (1 — €)x?) + c4(8z* + 3r* —24r22%) + c6(162° — 5r°

—120r%2* + 90r%22) 4 ¢8(1282% + 35r® — 17922512 + 3360z*r* — 112022r°)

+¢10(2562'° — 63r1° — 57602812 + 201602°r* — 168002*r° — 31502%18),

where € = 1/5% and the relation between the fitting coefficients and multipole co-
efficients are the same as in table 5.1. Due to symmetry breaking about x = 0 plane,
expression for Mathieu parameters ay, q,, a,, and q, further changes to

_ 8a;0QUp(1+¢€) _ 8ay0QUy(1—¢)

It mz2Q2 b T mz2Q2
0 0 (5.4)
L 4a0QV(1+e) 0 4a30QW(1—¢)
Y ngﬂz ’ 1x ngﬂz '

Our objectives with this trap are oriented towards frequency standard, precision
spectroscopy, and thermodynamics of small systems, as well as study of ion atom

interaction in low energy regimes. Our trap design requirements are specific. We require

5.2 The End Cap Trap
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Fig. 5.2.: Central plane cut view of the final ion trap assembly.

better optical access, strong confinement, sensitivity to perturbation and higher drive
frequency. To increase the stiffness of the trapping potential and drive it at a higher
frequency, keeping the q parameter around 0.1, we have to either increase the applied
voltage or decrease the gap between the electrodes. We opted for compact geometry,
and among the various options, decided to go for the end cap trap due to its suitability
for optical frequency standards. This type of trap was first experimentally demonstrated
by Schrama et al. [60] and then further modified and used for precision spectroscopy by
Universitat Hannover [181], NPL UK [1], and NMI Finland [185]. An identical replica of
this trap will be installed at NPL (Delhi), TUCAA (Pune), and IIT (Tirupati) for precision
metrology and optical frequency standard experiments.

The end cap trap geometry has two concentric cylindrical electrodes, as shown
in figure 5.1. The inner electrode carries rf voltage; the outer electrode is usually at
ground potential or some constant voltage. This kind of trap has rotational symmetry
as well as planar symmetry. The gap and relative position of the outer electrode with
respect to the inner electrode is guided by the capacitance and quadrupole coefficient of
the whole system.

The journey of the trap assembly from theoretical design to experimental imple-
mentation can be divided into the following parts:
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* Design details

* Material selection

* Assembly process

* Integration of the trap in the experimental setup

* Testing and characterization

5.2.1 Design Details and Potential Analysis

5.2.1.1 Geometry

Machining constraints, assembly feasibility, and alignment mainly guide the design. A
2D schematic of the main parts of the trap assembly is shown in figure 5.2. First, we
started by deciding the gap between the inner electrodes. This gap depends mainly
on the voltage requirement, oven’s divergence, and size of the cooling, repump, and
diagnosis laser beam. While deciding the gap, we considered the heating due to thermal
electronic noise in the trap electrodes and the trap drive electronics. The heating rate of
a trapped ion is reported to be T,d 2 [186, 187], where T, is the temperature of the trap
surface closest to the ion, and d is the distance between the trapped ion and the trap
electrode. The FWHM of the atomic beam used to create ions is approximately 0.96 mm.
To avoid coating heterogeneous material on the electrodes’ surface as much as possible,
the gap between the closest electrodes is ~# 1 mm. The coating of heterogeneous material

develops patch potential and heats the trapped ion.

The second point is the diameter of the inner electrode. It is decided mainly by the
machining constraints and the inner diameter of the ground (outer/conical) electrode.
In our design, the gap between both electrodes is also adjusted to avoid electrical
breakdown due to the ground electrode’s machining imperfection and to decrease the

system’s capacitance.

The third point is positioning of the outer electrode with respect to the inner
electrode. Simulations show that if we keep both electrodes on the same level in the
axial direction, the quadrupole coefficient for the trap geometry is maximum. However,
it comes at the cost of a higher contribution of other multipole coefficients. So, in the
present design, we have recessed the outer electrode in the axial direction till the change
in higher order multipole is minimal for further adjustment [116]. This modification
also decreases the quadrupole coefficients. The ion trap setup has been simulated using
the commercial software Comsol 6 [188]. In the final phase of design optimization, for
a fixed diameter of the inner electrode at the tip, other dimensions of the outer and
inner electrodes are varied to optimize the contribution of the quadrupole coefficient
and minimize the contribution of higher-order multipoles. In the optimization process,

the strength of the components for machining and the capacitance of the entire trap

5.2 The End Cap Trap
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assembly plays a crucial role. The final machining drawing of every element of the trap
assembly is attached in the A.

5.2.1.2 Simulation

As mentioned in the previous section, commercial software Comsol is used for analysis
and optimization. Only the inner and outer electrode geometries are considered in the
initial phase, with appropriate boundary conditions. Poisson’s equation,V2¢ = p /e, is
solved for the whole geometry. Stepwise details of the process are as follows:

¢ Select Model Wizard (3D)

* Select Electrostatics (es) interface under Physics module AC/DC

* Draw a 2D/3D model using geometry functions.

* Define the metal, insulators, and other components

* Assign the boundary condition

* Mesh the whole geometry. To avoid meshing errors in the full assembly analysis
(5.3), first, mesh the entire surface using a free triangular mesh and then use a
tetrahedral mesh to mesh the volume.

* Solve it.

* Extract the potential of the desired plane.

5.2.1.3 Result

We have done the simulation for the complete trap geometry, shown in figure 5.2. The
extracted potential has been fitted with equation 5.4 in Mathematica. The contour
plot of the simulated potential is shown in figure 5.4. We have also simulated the
geometry mentioned in Schrama et al [60] and Stein’s PhD thesis [181] to benchmark
the simulation method and compare the contribution of quadruple and octopole terms.
In the verification of the simulation of the models by Schrama et al. [60] and Stein’s
PhD thesis [181], only electrodes are considered. Mounting assembly for the electrodes
is excluded in their original work. Due to absence of complete electrode dimensions,
the model by Nisbet-Jones et al. [1] is not simulated but is included in the comparison

table 5.2. At this point, the a, coefficient has been optimized for our situation. A

Table 5.2.: Comparison of multipole coefficients for different trap geometries. We have simu-
lated already published trap geometries similar to our design and compared the
values of multipole coefficients with their literature values.

Schrama [60] | Stein [181] | Nisbet-jones [1] | RRI

(sim./lit.) (sim./ lit.) (lit.) (sim.)

as 0.31/0.29 0.217/ 0.218 0.335 0.283

as0 0.0013/... 0/0 0.003

g0 0.03/... 0/0.00016 0.028

ago | 0.001/.. | 0.003/0.003 0.005
(110’0 O/ O/... ees 0

€ .../0.01 0.001
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Fig. 5.3.: Screenshot of Comsol interface showing the mesh for complete and final trap model
with all components to solve Poisson’s equation with appropriate boundary condition.
Insulators and metal parts are shown in different colours.

higher a, ;, comes at the cost of the increased contribution of other multiple terms. Since
we are new to precision spectroscopy or other experiments where a higher value of
multipole coefficients has an adverse effect, we decided to go with the presented design

and incorporate feedback from experiments in the next version.

5.2 The End Cap Trap
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Fig. 5.4.: Contour plot of trap potential in the region of interest around the trap centre.

There is another important point that we should pay attention to: the shape of the
fork used to mount the outer electrodes in case of Stein et al. [181] and Nisbet-Jones
et al. [1] is different. We have followed Nisbet-Jones et al. [1] because the protrusion
of the fork body, parallel to the trap, nullifies the effect of the rf field generated by the
trap body. The contour plot of the potential generated by the complete trap geometry is

shown in figure 5.5.

5.2.2 Material Selection

The second phase of the design starts with search of metal and insulators suit-
able for the trap. Deciding factor for the electrode material is the availability of pure
materials, machinability in India, strength, thermal conductivity, resistivity, and work
function differences between the electrode material and the parent atom of the ion to
be trapped. For insulators, machinability, low dielectric constant and low dielectric loss
tangent at the drive frequency range of our interest are more important. Considering
the strength, machinability and resistivity, we selected Molybdenum (Mo), Copper-
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Fig. 5.5.: Effect of the fork’s shape on potential generated by full trap assembly at the centre.

Chromium-Zirconium (CuCrZr) and fused silica as materials for electrodes, trap frame
and insulator, respectively. A detailed comparison of material properties is available in
Dolezal et al. [189].

5.2.3 Machining and Alignment

Machining and alignment of the complete geometry is the most critical and chal-
lenging part. It took us three years and at least ten iterations to reach the final phase, and
still, there is possible room for improvement. To make a trap very close to the designed
geometry, we require a strict tolerance on the inner electrodes, outer electrodes, and
holes in the frame to align it. We first started with an over-enthusiastic aim of aligning
the whole geometry within a tolerance of 1 um from the simulated geometry, but it
proved impossible. Initially, we did not wish to use an insulator to align and adjust the
height of the outer electrode with respect to the inner electrode to keep the capacitance
of the trap as low as possible. The result of the first attempted prototype of the trap at
RRI is shown in figure 5.6.

In the next step, we started to look for machining facilities outside RRI for metal
parts. After consulting with our workshop [190] and engineers at Central Manufacturing
Technology Institute [191], we realized we had to relax the tolerances to fabricate and
align the trap in India. We increased tolerances on the inner and the outer electrodes
to 10 um. This is not detrimental to the performance of the trap, as properly matched
pieces with relaxed tolerances can still yield a high-quality trap. Simultaneously, we

began to modify the design to place insulators to constrain the position of the outer

5.2 The End Cap Trap
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EHT =10.00 kV Signal A = InLens Date :12 Aug 2020
WD = 6.1 mm Mag= 134X Time :12:09:34

Fig. 5.6.: Scanning Electron Microscope (SEM) image of the first trap prototype built at RRI
workshop. We have used stainless steel to make all the parts. It is evident from the
image that we need better machining precision and methods to constrain the position
of electrodes with respect to the frame. The strands are residue of the lens cleaning
tissues.

electrode with respect to the inner electrode. Design modifications in this stage were
the following:

e The alignment procedure is guided by the co-axiality of the holes in the CuCrZr
frame to arrest the inner electrodes. Check figure 5.2

* The hole in the trap frame will guide fused silica insulators (F1), which will guide
the outer electrode. Check figure 5.2

* Another insulator, F2, adjusts the height of the conical electrode with respect to
the inner electrode. Check figure 5.2

* Earlier, the mounting fork was an integral part of the outer electrode. Now, it is
divided into two parts. It eases the machining of the outer electrode. Check figure
5.2

¢ Interference fit will be used to fix the inner electrodes in the frame.

To observe the effect of the above mentioned modifications on a coarser level,
we again machined a trap assembly at RRI and aligned it to observe the effect of the
guiding insulator. Since it is a prototype to understand the effect of modifications on
the alignment of the electrodes, electrodes are made from SS316, and teflon is used as

an insulator. Results are shown and discussed in figures 5.7 and 5.8.
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Fig. 5.7.: Image of the modified trap assembly to align the outer electrode. The frame is made
from CuCrZr, the electrodes are made from stainless steel, and Teflon is used as an
insulator.

i “ ik
EHT = 5.00 kV Signal A = InLens Date :25 Mar 2022
WD = 59 mm Mag= 96X Time :15:39:45

CAiTEial

Fig. 5.8.: SEM image of the one side of the trap electrodes. We observe a positive impact of the
guiding insulators on alignment.

Our next task is to check the possibility and effectiveness of the interference fit
to fix the inner electrodes. First, we present the result and analyze the reasons for
the failure of interference fit. It is evident from figure 5.9 that interference fit has not
produced results as per our expectation. There can be two reasons for this. First, the
co-axiality of the holes in the frame is not up to the specifications. Second, we don’t

5.2 The End Cap Trap
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EHT =10.00 kV Signal A = InLens Date :18 Jul 2022
WD =23.5 mm Mag= 168X Time :14:00:38

Fig. 5.9.: SEM image of the inner electrode for the case of interference fit trail.

have complete control over the fitting process, and if the electrode goes at an angle with
respect to the hole in the frame, it will be misaligned. We have additional problems like
water drops freezing on the inner electrode surface when we remove it from the liquid
nitrogen. Due to the small size of the electrodes, they thermalize with the environment
quickly and regain their dimensions before the fitting process is complete. We don’t have
a source to uniformly heat the holes in the frame to fit the inner electrodes. Hence, we
have to devise a different strategy to align the electrodes. In the final phase, we planned

to use the transition fit to fix the inner electrodes in the frame.

We have chosen fused silica for insulators, and the final alignment is ultimately
limited by its machining tolerance. There are three groups of insulators, as shown in
figure 5.2. The first one, F1, adjusts the height of the outer conical electrode with respect
to the inner electrode on each side. The thickness of this insulator is very critical. The
second one, F2, is used to make the ground electrode concentric with respect to the inner
electrode. It is guided by the hole for the inner electrode in the CuCrZr frame. F2 has a
significant overlap (1.5 mm) with the outer electrode to arrest it. The outer diameter
of this insulator is very critical. It is the primary source of misalignment because of
tolerances in the hole dimension, the outer electrodes’ diameter at the base, and the
outer diameter of F2 must be in a very narrow range. The F3 isolates the mount and

electrical connector of the outer electrode from the trap body.
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5.2.4 Characterization of Final Assembly Parts and The
Aligned Assembly

After several iterations, we found that the degree of uniformity in the manufactur-
ing of the metal electrodes is much higher than that for the fused silica. We therefore
changed the strategy and started with the machining of fused silica parts first and then
adjusted the metallic electrodes for precision fitting. Tolerances of guiding insulators
(F1) and height-adjusting insulators (F2) were up to 15 um. It is beyond our initial
demand for fused silica tolerances, but since this was unavoidable, we used these pieces
and adapted the metallic pieces to maintain the overall alignment and design integrity

of the trap.

Machining of metal parts is done at the Government Tool Room and Training
Center, Bangalore [192]. A coordinate measuring machine (CMM) and SEM are used
to characterize the dimensions of the different parts of the trap assembly, including
the CuCrZr frame. The first task is to characterize the co-axiality of the holes in the
CuCrZr frame, and it is found that the holes are misaligned by 6 um and 20 um in the
radial directions. To maintain the co-axiality of the inner electrode and compensate
for the machining error in the co-axiality of holes in the frame, we made a slot in the
arms of the CuCrZr frame on one side and thread for the M2 grub screw on the other
side as shown in figure 5.10. The next part is the characterization of the diameter and
surface quality of the inner electrodes. The diameter of the inner electrode in theoretical
simulation is 920 um; after machining, the measured diameter is 905 yum and 908 um.
SEM images of the inner electrodes are shown in figure 5.11. It is very good and close
to our expectations. Atomic force microscopy (AFM) is used to analyze the surface
quality of the top surface of the inner electrodes. Initially, all the rough patches were

Fig. 5.10.: The Left image shows the M2 tap and slot to align the inner electrode. The right
image is showing the top view of the top arm.

5.2 The End Cap Trap
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EHT =10.00 kV Signal A = InLens Date :12 Oct 2023
WD = 9.1 mm Mag= 143X Time :17:25:53

Fig. 5.11.: SEM image of the inner electrodes. The diameter of the inner electrodes is 905 um
and 908 um.

identified and scanned in a region of 100 um x 100um around all the patches on both

electrodes.

An AFM image of one of the patches and the corresponding surface texture along
different lines on both electrode surfaces are shown in figure 5.12. The surface rough-
ness of the second electrode is better compared to the surface roughness of the first
electrode, but both are within design specifications. Once the characterization of the
inner electrodes is over and they are up to specification, we move to the characterization
of the outer electrode. The inner diameter of the outer cone at the tip is 1.5 mm in
simulation, and the same for the machined parts are 1.48 mm and 1.5 mm. SEM images
of the outer electrodes are shown in figure 5.13. It is evident from the SEM image that
the inner edges of both the cones are circular, but the outer edges are slightly elliptical.
It limits our alignment in terms of co-axiality of the outer electrodes with respect to the

inner electrodes. For the inspection of other dimensions, we have relied on CMM only.

We started the assembly process once the individual parts were within the best

possible tolerance limit. The steps for the assembly process are as follows:

e First, insert the guiding insulator (F1 ).
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Fig. 5.12.: Left Panel: (Top) AFM image of the top surface of the inner electrode 1, (Bottom)
Corresponding surface undulation along the lines marked in the top image. RMS
roughness, in this case, is approximately 208 nm. Right Panel: (Top) AFM image of
the top surface of the inner electrode 2, (Bottom) Corresponding surface undulation
along the lines marked in the top image. RMS roughness, in this case, is approxi-
mately 26 nm

200 pm EHT = 500 kv Signal A= InLens Date :28 Jun 2023 200 m EHT = 5.00 kv Signal A= InLens. Date :28 Jun 2023
WD = 8.6 mm Mag= 90X Time :10:05:27 f WD = 9.3mm Mag= 90X Time :10:09:07

(a) (b)
Fig. 5.13.: (a) SEM image of the top portion of the conical electrode 1. It is almost circular on
the inner as well as the outer side. (b) SEM image of the top portion of the conical

electrode 2. It is almost circular inside, but the outer side has a significant deviation.
We will observe the effect of this distortion in the final assembly.

* Mount the outer electrode in the place.

* Insert the inner electrodes.

* Check this assembly under a high-resolution optical system and align it using the
slot and M2 grub. The slot and M2 threaded hole are shown in figure 5.10

* Inspect the whole system using SEM

* Apply very small quantity of Torrseal [ 193] where the base of the inner electrode

5.2 The End Cap Trap



Fig. 5.14.: Close view of the aligned trap assembly installed inside the vacuum chamber.

is flush with the CuCrZr frame. It will help to maintain the alignment during the
baking process to obtain UHV.

SEM images of the assembled trap in different orientations are shown in figure
5.15. A comparison table of the ideal and the achieved geometry is presented in table
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200 pm

EHT =10.00 kv

7496 \wp=50mm Mag= 110X Time 17:07:08 W 7195 wp=50mm Mag= 107X Time :17:10:06 W

(c) (d)

Signal A = InLens Date :12 Oct 2023 200 um EHT =10.00 kv Signal A = InLens Date :12 Oct 2023

Fig. 5.15.:

(e) (f)

SEM image of the aligned assembly. (a) Co-axial deviation between the inner
electrodes. (b) Distance between the inner electrodes. (c) Alignment of the conical
electrode 1 with respect to the pin electrode shown in (a). (d) Alignment of the
conical electrode 2 with respect to the pin electrode shown in (b). (e) Alignment
of the conical electrode 1 with respect to the pin electrode shown in (a) in the
orthogonal direction shown in (c). (f) Alignment of the conical electrode 2 with
respect to the pin electrode shown in (b) in the orthogonal direction shown in (d).
The length scale of individual images is shown at the bottom of the image.

5.2 The End Cap Trap

65



66

Table 5.3.: This table presents the alignment analysis of the SEM images shown in figure 5.15.
From the 5th row onwards, all the rows represent the outer diameter of the conical
electrode and the gap between the inner electrode and conical electrodes on both
sides. All the dimensions mentioned in the table are in mm.

Parameters Model Assembly

figure 5.15a (Inner electrode | 0.92, 0.92 0.908, 0.905
diameter)

figure 5.13 (Inner diameter | 1.5, 1.5 1.48, 1.51

of conical electrodes)

figure 5.15a (Misalignment | 0, 0 0.0034, 0.0053

of inner electrodes)

figure 5.15b (Distance be-| 1.0 1.029

tween inner electrodes)

figure 5.15c¢ (Outer diame- | 1.6, 0.34, 0.34 1.646, 0.389, 0.347

ter of the outer electrode,
Gap between outer and in-
ner electrodes on both sides
)

figure 5.15d (Outer diame- | 1.6, 0.34, 0.34 1.646, 0.334, 0.399
ter of the outer electrode,
Gap between outer and in-
ner electrodes on both sides
)

figure 5.15e (Outer diame- | 1.6, 0.34, 0.34 1.57, 0.342, 0.334
ter of the outer electrode,
Gap between outer and in-
ner electrodes on both sides
)

figure 5.15f (Outer diame- | 1.6, 0.34, 0.34 1.597, 0.356, 0.356
ter of the outer electrode,
Gap between outer and in-
ner electrodes on both sides
)

figure 5.15e (Distance be-| 0.5 0.468
tween outer and inner elec-
trodes in axial direction)
figure 5.15f (Distance be-| 0.5 0.460
tween outer and inner elec-
trodes in axial direction)

5.3. To quantify the coaxiality of the inner electrodes, the outer edge of one of the
electrodes has been taken as the reference and extended up to the other electrode to find
the distance between the edges. Coaxial alignment of the outer electrode with respect to
the inner electrode is measured with respect to the outer edge of the conical electrode.
The elliptical or deformed cross-section of the outer edge of the outer electrode limits
the alignment process. A lot of care has been taken during image analysis to detect the

boundaries of electrodes. The resolution always limits us, and a difference of a single
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pixel in edge detection will result in a change of dimension by ~ 2 um.

5.3 Conclusion

In this chapter, we have followed the details of the design process. One part
is the effect of trapping potential on trapped ions, and the other part is factors like
machining, alignment, and tolerances. Taking care of both factors, we arrived at a
suitable model for our starting design. In principle, this is not the optimal design. Still,
if we consider the machining and alignment viability of components, it is excellent
for the given constraints. Considering our end goals, after initial characterization,
the heating rate due to patch potential, the black body radiation shifts due to surface
roughness will be most critical part. It will enable us to evaluate and understand the
effect of machining imperfections and patch potential in our experiments. Considering
the multipole coefficients of similar trap geometries implemented at different places,
this is a good starting point towards characterization and preliminary experiments. Trap

installation and details of the vacuum system will be discussed in the next chapter.

5.3 Conclusion
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Experimental Setup

6.1 Introduction

A good ultra-high vacuum (UHV) setup is one of the prerequisites for the ex-
periments where a low background collision rate is required. Along with this, a good
overlap of the oven’s beam with the trap center, proper optical access for imaging and
laser beams, mounting of the whole setup with ease and selection of appropriate ion
pump, gauge, and Titanium sublimation pump (TSP) play a crucial role during the
design process of this kind of experiment. Proper care during the assembly, cleaning,
and baking process helps to achieve a good vacuum. A high-voltage source at high
frequency, circuits for connection, and probe circuits to measure voltage across the trap
are required to run the ion trap. This chapter deals with the process of design, assembly,
drive circuits, lasers, and detection systems to trap and detect ions.

6.2 System Design and Components Details

6.2.1 System Design

The size of the ion trap, its mounting ease, and the alignment of the oven and
the compensation electrodes with respect to the trap center are some of the primary
factors that help in choosing a vacuum chamber. The second important point is the high
collection efficiency of the fluorescence signal emitted from the trapped ions. It helps
to image and detect the single ion with a very good signal-to-noise ratio. Collection
efficiency depends on the solid angle available for fluorescence collection, transmission
of vacuum windows, and numerical aperture of the imaging system. The gap between
the trap’s inner electrodes and the imaging system’s numerical aperture limits the solid
angle for collecting scattered light from the trapped ion. It gets partially fixed once we
fix the gap between the trap electrodes. The numerical aperture of the imaging system
mainly depends on the focal length and diameter of the optics used for light collection.
For the standard available options of the lenses, we needed to minimize the distance

between the trap center and the first lens used for the fluorescence collection. The
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selection of the chamber fixes the minimum distance between the trap center and the
imaging system. The next factor is the transmittance of the windows used for imaging.
Here, we have two options: either go for anti-reflection coated windows in the regime
of our interest or select one with very high transmittance throughout the range of our

interest; we opted for the second one.

After taking care of the above facts, once we decide on the chamber and windows,
our next task is to design the mounting assembly to hold the chamber in position. The
chamber is mounted on an 8 mm thick aluminium plate of appropriate dimensions using
the tapped holes on 4.5 sealing surface of the chamber. The plate is held using an
aluminium profile channel. We have used a non-evaporable getter (NEG) ion pump,
NEXTORR 100-D, to achieve UHV. Additionally, a TSP is also installed in the system. A
hot cathode ion gauge is used to measure the pressure inside the chamber. The rest
of the vacuum hardware parts are selected according to the dimensions of the other
components like the gauge, pump, TSB etc. An all-metal stainless steel valve is used to
connect the turbo pump to the chamber for the initial vacuum. All the parts are first
assembled into a 3D design software, CATIA, to check the feasibility of the assembly
procedure. A rendered image of the full assembly and a zoomed view of the chamber
and the trap assembly, rendered in the 3D software FUSION 360, are shown in figure
6.1.

6.2.2 Components Detalil

A spherical octagon chamber from Kimball Physics, model no: MCF450-SphOct-
E2A8, is used to mount the trap assembly. The oven assembly is integrated into the
chamber using a conical reducer and a full nipple in series. To mount the trap inside
the chamber, first, it is mounted on an in-house made SS plate using copper screws,
and Macor® spacer is used to isolate it from the plate as shown in figure 6.2. The SS
plate is mounted using a pair of groove grabbers. These groove grabbers are held by
grabber grooves made on the inner side of the 4.5 sealing surface. The RF connection
to the trap is provided using a high-voltage feedthrough from VACOM, CF16-HV20S-
1-CE-CU24. Compensation electrodes of the trap side are mounted on the same plate,
their distance from the trap center is 5mm, and the angle between their tips is 60°.
A pair of compensation electrodes counter to the first one is mounted on the oven
side. Feedthroughs used for connecting compensation electrodes are from VACOM,
and their part numbers are CF16-HV2-4-CE-CU081 and CF16-HV2-8-CE-CU081. We
have used VACOM viewports, model no: VPCF63DUVQ-L-316L, made from Corning®
HPFS® 7980. Reflection from each surface of the window is approximately 5.25%,
and internal transmission is almost 100%. A Pfeiffer turbo molecular pump, TMUO047,

backed by a diaphragm pump, model no: MVP 015-2, is used to achieve high vacuum. A
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Groove Grabber

Trap Assembl

I
Feedthrough for Compensation Electrodes

Fig. 6.1.: (Top) Rendered image of the full assembly setup with all critical components and
mounting frame made using aluminium profile channels and plate to hold the vac-
uum chamber in place. (Bottom) Detailed view of the trap mounting structure and

feedthroughs for connection.
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1. Copper Bolt 1

2. Compensation Electrodes
3. Copper Bolt 2

4. Macor Spacer

5. SS Plate

ML

Fig. 6.2.: Mounting assembly for the trap, to mount the whole setup inside the chamber, showing
SS plate, insulator and Copper bolts. Copper Bolt 1 is used to provide the electrical
connection to the outer electrode. The middle bolt in copper bolt 2 is used to provide
the RF connection to the trap; counter sink screws replace the other two bolts in
copper bolt 2 to avoid any contact of the mounting assembly to the chamber. Macor®
plate and spacers isolate the copper bolts and the trap from the SS plate, respectively.
Machining design details of the plate and other parts are given in ??. The trap shown
in the image is not the aligned trap.

SAES-100D NEG ion pump is used to achieve UHV, and a UHV-24 Bayard-Alpert gauge
from Agilent is used to measure the pressure inside the chamber. A TSP cartridge is also
installed to increase pumping efficiency in the UHV regime. To mount the chamber in
the configuration as shown in figure 6.1, 4 homemade 5/16 bolts of suitable length are
used to mount the chamber on an 8 mm thick aluminium plate. A 30 mm aluminium
profile channel is used to form a support structure for the plate holding the chamber

assembly.

6.3 Cleaning, Assembly and Bake out

6.3.1 Cleaning and Assembly

The first part of the vacuum assembly building process is cleaning of the compo-
nents that are going to be installed inside the vacuum chamber. The cleaning process is

performed separately for the chamber and its accessories, windows, and trap components.
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The trap and its accessories are manufactured at different workshops in Bengaluru; oil
and coolants are adsorbed on the surface of machined parts. The cleaning process of

these components involves the following steps.

* Clean all the components using soap-water.

* Clean it with normal water twice and let it dry naturally, or use a cold air gun to
dry the components.

* Clean it with demineralized water and dry it after taking it out.

* Clean it using iso-propanol and dry it.

* Wrap inside an aluminium foil and store in a clean box.

* Copper parts are cleaned using lemon water after the first step to remove the oxide
layer from the surface, and then the rest of the process is completed.

* Similarly, other metal parts are cleaned using ortho-phosphoric acid or lemon
water after the first step, and then the further cleaning process is performed.

* All the cleaning steps are performed using a sonicator bath for at least 15 minutes.

According to the information provided by VACOM, we have used oil-free dry nitrogen to
remove dirt or lint from the window surfaces, if present. The chamber and the other
vacuum accessories supplier companies claim that the components are ready to assemble
in a UHV setup but recommend cleaning before installing them into the system. Since
we do not have a big sonicator bath, we manually cleaned the edges of the components
using a lint-free tissue soaked in iso-propanol after removing the cap. During the whole
cleaning and assembly process, all the members working on it wore masks, hair nets,
and powder-free gloves to avoid contamination of the cleaned components.

The second part is fixing the groove grabbers, SS plates, aligned trap assembly
inside the chamber and mounting other components like windows, reducer nipples,
pumps and hardware parts. The procedure to fix the position and alignment of the
groove grabbers and the SS plate is already discussed in Chapter 4. The trap alignment
procedure is discussed in Chapter 5. The aligned trap is then mounted on the SS plate
using copper screws and insulators as shown in figure 6.2. Then wires are connected
to the copper bolt 1 and trap side compensation electrodes to provide the electrical
connection. The plate with the trap is mounted inside the chamber using groove
grabbers. A similar procedure is followed for the other pair of compensation electrodes.
Next, the feedthrough for the electrical connections is mounted and in-house machined
copper connectors connect the feedthrough leads to the wires coming out from different
electrodes. Finally, the viewports are mounted to seal the CF63 ports. All bolts are
tightened using a torque wrench in a criss-cross pattern, as a good vacuum practice.
All the bolts used to fix any components with the chamber are either silver-plated or
copper-greased. After this, the chamber is fixed to the support structure. In the last

phase, hardware assembly with TSP and ion gauge on the top side and all metal angle

6.3 Cleaning, Assembly and Bake out
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Fig. 6.3.: (a) Image of the complete assembly mounted on an optical table in the lab. (b)
Zoomed view of the components inside the chamber.

valves on the bottom are connected to the chamber. In the end, the ion pump and the

turbo pump are connected at their respective position.

6.3.2 Baking

After sealing all the surfaces, we used the backing pump of the turbomolecular
pump to create a rough vacuum of approximately 10~2 mbar. Then, we switched on
the turbomolecular pump to create high vacuum. Once the pressure on the turbo pump
gauge dropped to 3 x 1078 mbar, we started preparation for the baking process. K-type
thermocouples are stuck on the chamber assembly surface at 12 different points, and
their temperatures are regularly monitored. First, the ion gauge and filaments of TSP are
degassed. An Agilent controller controls the ion gauge and has an inbuilt function for
degassing. TSP filaments are degassed by passing 40 A current for 1 min each. During
the degassing process, the pressure inside the chamber reached ~ 4 x 107® mbar and
dropped afterwards. Vacuum viewports are covered with crushed aluminium foil of
window size for uniform conduction of heat across the window. The chamber assembly,
ion pump and the bellow connecting turbo pump are wrapped with a heater tape. The
whole assembly is loosely covered with aluminium foil to reduce the heat loss to the
environment during the baking process. Setup ready for baking is shown in figure 6.4.
The temperature of all the thermocouples is noted before switching on the current of the
heater coil. During the baking process, the current in the coil is increased very slowly to
keep the temperature change slow. Temperature change of the viewports at higher rates

than the specified values can develop leaks. The temperature of all the thermocouples is
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Fig. 6.4.: Image of the setup ready for the baking process. Yellow wires are k-type thermocouples
attached to the surface of the vacuum assembly at different points.

6.3 Cleaning, Assembly and Bake out
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Fig. 6.5.: Change in temperature of the thermocouples with time during the baking process.
Temperature variation of 4 thermocouples are shown in the figure, out of which three
are installed on the chamber body near viewports, and the 4th is installed on the TSP
cartridge arm. At t,, we stopped increasing the current in the heater coil on day 1. At
t;, on the next day, we stopped increasing the current in the heater coil and left the
system unperturbed till time t,. After t,, we started decreasing current in the heater
coil.

monitored at intervals of 30 minutes. Since the thermocouples are not calibrated, they
may read slightly different temperatures during the heating process. Figure 6.5 shows
temperature variation in different parts of the assembly during the complete baking and
cooling process. Once the temperature of all parts of the assembly reached above 100
degrees Celsius, we stopped increasing the current in the heating tape. The system is left
at this temperature for approximately 200 hours and then cooled down slowly. The ion
gauge pressure reading before, during, and after baking is shown in figure 6.6. Once we
stop increasing the heater coils’ current, we degas the ion gauge and TSP filament. This
time, all the TSP filaments were operated at 30 A for 15 minutes. We again degassed
the filaments of the ion gauge three times, and the final reading of the gauge at the end
of baking was 3.8 x 10~ mbar. The NEG element of the ion pump is activated after the
completion of the baking. There is a built-in function on the controller for activation
of the NEG. Maximum pressure during activation on the ion gauge reached 1.8 x 10~*
mbar, and the pressure reached 4.4 x 10~ mbar in the next 120 minutes. Next, the
turbo pump was detached after closing the metal valve. The ion gauge filament was

degassed again and fired TSP filament3 for 3 minutes at 50 A. Pressure on the ion gauge
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Fig. 6.6.: Change in Pressure on the ion gauge and temperature of the Front viewport trap
side with time during the baking process. The current in the heating tape is constant
between the time t; and t,

by the end of the day was 3.3 x 10719 mbar. The next day, pressure on the gauge was
2 x 1071% mbar. The atomic oven was heated at different currents for a long time for the
next few days so that the pressure inside the chamber would not rise significantly when
the oven current was up to 3 A. After this, we fired the TSP filament3 for 3 days for 1
min at 50 A. The final pressure on the gauge was 1.3 x 10719 mbar on the 4th day. We
generally keep the ion gauge off. During experiments, we observe pressure using the ion
pump’s gauge. The pressure inside the chamber increases if we operate the oven at 5.5
A and drops down very fast after switching off the oven. At our normal operating oven
current, 4 A, we don’t notice any pressure change on the ion pump controller because

the change is below the measurable range of the gauge attached to the ion pump.

We should perform some important checks before and after the baking process
to ensure the proper functioning of the experiment. A few of them are the oven’s
performance, integrity of the electrical connections and the trap’s characteristics. To
ensure the oven’s performance, we operate it for long times, like up to 20 hours, in
different time stretches and days. We note the minimum current at which we can observe

the oven’s fluorescence using an ordinary mobile phone camera. After completing the

baking process, we operated the oven at the minimum current to observe fluorescence.

We checked the oven’s fluorescence before and after the trap center to ensure the

6.3 Cleaning, Assembly and Bake out
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alignment. One way to check the integrity of the electrical connections is to measure
the capacitance of the trap and other connected electrodes and repeat this process after
baking. The capacitance of the trap is in the picofarad (pF) range, and we don’t have an
impedance analyzer. So, we operated the trap before baking, loaded an ion cloud and
noted the resonance frequency of the trap. After baking, we repeated the same process

and ensured all the connections were fine.

6.4 Trap Drive Electronics

6.4.1 Helical Resonator and Voltage Probe

To drive the trap, a voltage source of several hundred volts at MHz frequency
is required. This type of source with a variable output impedance is not available on
demand. Impedance matching is required to transfer maximum voltage to the load. In
the absence of impedance matching, unnecessary power will be lost in the transmission
line, and interference of the applied pulse with the reflected pulse will distort the applied
waveform. To solve the issue of impedance matching, the ion-trapping community
generally uses a helical resonator in the path. Radiofrequency signal is derived from a
low-power signal generator, passed through an RF amplifier of desired gain, and applied
across the trap with a resonator in the path before the trap to tune the impedance. A
helical resonator consists of two helical coils: the bigger coil is called the main coil,
and the smaller coil is called the antenna coil. The coils are co-axially aligned and
housed inside a bigger shield as shown in figure 6.7. The initial parameters of the helical
resonator are based on the trap’s capacitance and the system’s target-loaded frequency.
The paper by Macalpine et al. [194] is followed to fix the number of turns, diameter,
and pitch of the primary coil, diameter, and length of the outer shield of the coil housing.
The drive circuit, including the RF source, trap, and helical resonator, can be represented
by a lumped circuit model (figure 6.8). It helps to represent the drive circuit plus the
trap system as a LCR circuit and calculate the resonant frequency and Q factor of the
system. The LCR model presented here closely follows the description in the paper by
Siverns et al. [195]. The resonant frequency of the lumped circuit representation in the

unloaded case is .

= ) 6.1)
2m+/Ly(C, + C,+C,,)

fo

Q factor of the system is defined as

1 L
Q==\—Ht—. (6.2)
R\ C,+C,+C,

Here, the source of resistance, R, is the sum of the resistance of the wire used to wind

the coil, the resistance of the outer shield of the resonators, the joints to connect any
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Fig. 6.8.: Lump circuit model of RF source, helical resonator, trap and other connecting parts.

L, is the inductance of the antenna coil, L, is the inductance of the main coil, Ry,
is the resistance of the main coil, Cj, is the capacitance of the main coil, R; is the
resistance of the main coil to the shield joint,R, is the resistance of shield, C; is the
capacitance between the shield and the main coil, C,, is the capacitance of wire used
to connect the resonator to the trap, C, is the capacitance of the trap and R, is the
resistance of the trap.

6.4 Trap Drive Electronics

79



80

two components, the wires to connect the trap, resistance of the trap body. Since we
don’t have any way to measure the resistance of joints at high frequencies, we ignore it
in the design phase. The Q factor of an underdamped oscillator is also defined as the
ratio of the center frequency, f,., to the full width at the half-maximum, 6f, of the

power transmitted at the resonator output.

fres fres
Q=" = . (6.3)
6f  f-adm
The self capacitance of the main coil, Cy, is calculated using empirical formula[ 195]
b 0.27
Cyp ~ (0.11265 +0.08 + —b) %« 10710 F. (6.4)

Vi
The capacitance between the main coil and the shield is given by

0.75b
C,~39.37—— F. 6.5
(R 393T s (6.5)

The inductance of a coil inside a shield, for the case where g > 1, is given empirically

by
201 _ 2
Lh~39.37b0‘025d (12 (d/D)") H. (6.6)

Sankalpa Banerjee from IUCAA, Pune, has fixed the initial parameters of the resonator
assembly. The resonant frequency and Q factor in the loaded and unloaded cases were
calculated and experimentally verified at RRI. The initial parameters of our main coil
are the following:

O0mm | 53mm | 80mm | 135mm | 10 mm | 8 | 6 mm

The initial parameters of the antenna coil are the following:

Na da Ta daa

3 |31mm | 5mm | 2mm

The thickness of the shield is 3mm. Based on the initial parameters, the calculated values

of capacitance, inductance, and resonant frequency of the system are the following:

Ch Cs Ly Cy fo fload
25pF [ 46pF | 1.4uH | 14 pF | ~50 MHz | ~ 28.9 MHz
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Details of connectors will be mentioned while discussing the different phases of Q factor
optimization. The following procedure has been followed to experimentally verify the
resonant frequency in the loaded and unloaded case. A bidirectional coupler, model no:
ZFBDC20-62HP-S+, is added between the resonator and source (model no: ED8257D
(Agilent Technologies)). CPL out of the bidirectional coupler is monitored using a signal
analyzer, model N9010A (KEYSIGHT). The frequency corresponding to the minimum
reflection gives the resonant frequency. Figure 6.9 shows the schematic of the setup. CPL
IN port of the bidirectional coupler is terminated using a 50 Q resistance. Experimentally
finding the Q factor and resonant frequency and its optimization is an iterative process. It
has taken several iterations. We will report the key iterations where we achieved a higher
Q factor. We match the impedance of the source and the system by altering the distance
between the antenna and the main coil [195-197]. In the first step, we mounted the
coils received from the manufacturer and made all the connections including grounding
using a BNC connector. For the loaded condition, the trap’s initial prototype (figure 5.7)
is connected after the resonator. Frequency is swept across the region of interest for
a fixed RF amplitude to record the reflected voltage. Since we are working with the
reflected voltage, we must find the f_ 5,5 point on the transmitted voltage and relate it
to the reflected voltage. Normalized transmission spectrum is related to the reflected
spectrum by

T=1-R, (6.7)

corresponding f_ ;45 point on transmitted voltage is T,,,, /2. For the reflected voltage
it will be
R—3dB =1-— T—3dB' (68)

Tmax Will correspond to R,,,;, on the reflected spectrum. so the formula for f_s;5 point

becomes
1-— Rmin

V2

For the loaded case, the reflection spectrum for the unloaded and loaded cases are shown

R—BdB =1-— (69)

in figure 6.10, respectively. This modification led to an increase in the Q factor as well
as the resonant frequency. In the next step, BNC connectors for grounding were replaced
by brazing. It provides direct copper-to-copper contact. SMA connectors replace BNC
connectors in other places. The resonant frequency, Q factor of the resonator in the
unloaded and loaded cases are ~ 48.3 MHz, 1208 and ~ 26.3 MHz, 154.5, respectively.
A copper screw can also be used for grounding purposes.Figure 6.11 shows this iteration’s
results. The resonant frequency, Q factor of the resonator in the unloaded and loaded
cases are ~ 45 MHz, 36 and ~ 25.8 MHz, 36.8, respectively. The resonant frequency
of the manufactured resonator system is close to the designed value, but the Q value
is off. The theoretical Q value of the unloaded resonator is approximately 1200. It
also confirms that the capacitance of the bare trap assembly is very close to that of
the simulated one. The low Q can be due to impedance mismatch and high resistance

at connection joints. The reason for impedance mismatch can be an insufficient gap
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Fig. 6.9.: Schematic of experimental setup for measurement of Q factor
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Fig. 6.10.: (a) Normalized reflection spectrum for the unloaded case. (b) Normalized reflection
spectrum for the loaded case
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Fig. 6.11.: (a) Normalized reflection spectrum for the unloaded case. (b) Normalized reflection
spectrum for the loaded case

between the main and antenna coil and the pitch of the antenna coil. To address it, we

first made a new cap (depth 40 mm) for the antenna coil mount to increase the gap
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Fig. 6.12.: Schematic of probe circuit and details of components

between the coils and reduce the number of turns in the antenna coil to 2. The new cap
is made from aluminium.

Our next task was integration of the resonator system with the aligned trap
mounted in the vacuum assembly. The capacitance of the mounted trap assembly will be
higher than the bare one, so with the present value of the Q factor, it was challenging to
minimize the drop in the Q value with a drop-in resonance frequency. There was another
task to add a probe circuit in parallel to the trap to sample the applied voltage across the
trap. The probe will help to characterize the trap. It should be ideal in nature so that
it does not alter the properties of the trap and the resonator system. In this scenario,
the probe will be added in parallel to the trap, and its capacitance should be very small.
Details of the components of the probe and its position in the circuit are shown in figure
6.12. Here, the capacitors in the probe circuit are selected such that their combined
capacitance is negligible to the trap’s capacitance, and any voltage probe across the 1 nF
capacitor should not change the voltage ratio across the capacitors. Details of the probe
circuit are described in Park et al. [198]. In order to find the voltage ratio across the 1
nF capacitor, the probe circuit is calibrated using a signal generator and the spectrum
analyzer mentioned previously. The calibration curve for the source and probe is shown
in figure 6.13. The calibration ratio for the probe is &~ 990 = 5. The signal generator
should be operated in High Z mode for calibration. To tackle the increased capacitance
due to the mounting assembly of the trap inside the chamber, we kept the resonator next
to the trap feedthrough outside the chamber. An image of the vacuum chamber assembly
with the electrical connection is shown in figure 6.21. We used a PCB and SMA connector
to connect it. It has helped us to achieve a reasonable Q value for operating the trap.
The transmission spectrum of the resonator assembly integrated with the mounted trap
inside the chamber before baking is shown in figure 6.14. Ideally, the probe should not
change the resonance frequency of the system, but due to extra connectors required to
place the probe, an old PCB leads to a change in the resonant frequency. While removing
the RF connection to the trap for baking preparation, we damaged the PCB used for the
connection. After baking, we put a new PCB and removed one SMA female-to-female

connector from the path. It leads to an increase in the resonance frequency of the system
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Fig. 6.13.: Calibration curve for the source and the probe. The set voltage on the source is
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Fig. 6.14.: Transmission spectrum of the resonator integrated with the trap mounted inside the
chamber before baking. Resonance frequency is ~ 18.4 MHZ and Q is ~ 115
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Fig. 6.15.: Transmission spectrum of the resonator integrated with the trap mounted inside the
chamber before baking. Resonance frequency is ~ 19.67 MHZ and Q is ~ 114

but almost no increase in the Q factor (figure 6.15).

6.4.2 Filter circuits

Neighboring compensation and ground electrodes act as an antenna; they pick
up the voltage applied to the trap and re-radiate in off phase. It will lead to excess
micromotion. In order to discharge the pick-up voltage or minimize its effect, all the
ground or DC electrodes are capacitively grounded using a parallel combination of 1 pF
and 0.1 pE It will allow us to provide DC bias to these electrodes and ground the pick-up
voltage simultaneously. An R-C filter (100KQ2 and 100 nF) followed by a Pi filter(100
nF and 22 uH (Coil craft)) is put at the output of the DC sources, as shown in figure
6.16, to filter the noise of DC output. It is used to provide DC bias to compensation
and ground electrodes. It provides &~ 70 dB voltage attenuation in the range of our
interest. The transmission spectrum of the RC and Pi filter combination is simulated by
Keerthipriya S from Electrical Engineering Group (EEG), RRI. All the capacitors used
above have a very low effective series resistance in the range of our interest and are
rated for the applied voltages. Another critical issue is the grounding of the chamber
and all other components with respect to the ground of the RF source. Although there

is a common ground for all the instruments and the optical table in the lab, it is still
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Fig. 6.16.: (a) Schematic showing RC and Pi filters used to filter the noise of DC output and
their position in the setup. (b) Transmission spectrum of the filter.
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Fig. 6.17.: Schematic diagram showing the grounding arrangement of the system

insufficient when a high-voltage RF is applied to the trap. Earlier, when the chamber
and the filter circuits were grounded with respect to the optical table, there was a high
pick-up voltage on compensation and ground electrodes up to 10 V peak-peak. To
resolve this, a ground wire is directly connected to the ground of the RF amplifier. The
chamber was grounded by connecting a wire from the amplifier ground and the filter
circuits were grounded with respect to the chamber. The schematic diagram showing
the grounding arrangement of the system is shown in figure 6.17.
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6.5 Laser and Detection System

6.5.1 Laser System
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Fig. 6.18.: Relevant energy levels and corresponding transition wavelengths of Ca and Ca™*

We have used a two-photon ionization scheme to create calcium ions at the trap
center. The first photon addresses 4s? 'S, — 4s4p ' P, transition, and the second photon
takes the electron from the excited state to the continuum. The first photon is derived
from the Toptica DL Pro laser, and any source below 389 nm is sufficient for the second
photon. In our case, we are using fiber-coupled LED, 365 nm, from Thorlabs, model
no: MF365FP1. For cooling of calcium ions, 425, /2= 4%p, /2 transition is used. This
is an electric dipole transition, and the wavelength corresponding to this transition is
~ 397 nm. The excited state decays to the ground state and 32D, /2 A repump laser
at ~866 nm is used to bring the ions back into the cooling cycle. The repump laser
addresses 32D, /2> 42p, /2- The cooling and repump lasers are derived from Toptica DL
Pro and Toptica DL 100 lasers, respectively. Quantum jump signal is used to detect the
number of trapped ions. A home-built ECDL at ~850 nm addresses 32D /2 = 42p, /2
transition and the excited state decays back to 32D /2 and 32Dc /2- No laser beam is used
to address the second state, and the lower-lying states are connected by quadrupole
transition. Hence, the trapped ions go dark for a long time, and the signal drops in steps
depending on the number of trapped ions. Relevant transitions for ionization of calcium
atoms and cooling, repump, and detection of calcium ions are shown in figure 6.18. All
these lasers are referenced using a wavemeter, WSU-8. A more precise value for the
relevant transition is mentioned in Muller et al. [199]. We have followed the frequency
data for all relevant transitions mentioned in Muller et al. [199] to set initial frequency

values on the wavemeter throughout the experiments.
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Fig. 6.19.: Schematic diagram of the optics assembly used to collect fluorescence from the
trapped ions. The focal length of the lenses from left to right is 60 mm, 75 mm, -50
mm, 100 mm and 1000 mm.

6.5.2 Detection System

An imaging system is designed by Akhil V] a doctoral student working on the same
project at RRI, using commercially available lenses for fluorescence collection from the
trapped ions. The working distance of the lens system is 42 mm, magnification 22, and
numerical aperture 0.13. A schematic diagram of the imaging system is shown in figure
6.19. We can use PMT and EMCCD simultaneously to detect the trapped ions or use
one of them at a time. To use both the detectors simultaneously, we place a 70 : 30
beamsplitter at the end of the imaging system. A single photon detector, model nO:
H10682-210, is used for the photon signal detection coming from the trapped ions and
an Andor iXon 897 EMCCD is used for imaging it.

6.6 Initial Test

We were working for the first time on loading an ion trap from an atomic beam
and cooling it using a laser beam. The drive voltage and frequency of the system were
also very high. It requires a lot of care and testing to ensure that the assembly, electrical
connections and other parameters are fine. To be sure that the atomic beam is shooting
in the right direction, electrical connections are right, and the trap is working, we tested
the loading of the trap at high vacuum, ~ 10~ mbar and recorded the critical parameters
like resonant frequency, pick up voltage on compensation electrodes. It guides us in

figuring out any change in the electrical connection inside the chamber after baking.
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The initial test is performed in the following steps:

* Applying RF voltage and checking pick-up voltage on other electrodes will ensure
that all the electrical connections are fine. If all connections are proper, all
compensation electrodes will pick up some voltage. If the pick-up voltage changes
with time or is dependent on the connections of other electrodes, either the
grounding is improper or the connection is loose.

* Check the fluorescence from the atomic beam before and after the trap center to
ensure that the beam passes through the center of the trap. It also gives a check
that the oven is working. The fluorescence signal can be observed manually using
a mobile phone camera.

* Align the cooling, repump, and ionization beam such that it passes through the
trap center. Keep the first ionization beam, here 423 nm, perpendicular to the
atomic beam. It will help to load selective isotopes. The most important benefit
is that there will be no Doppler effect for the perpendicular beam, and a fixed
detuning of the 423 nm laser beam will be sufficient for all oven currents.

* Install the imaging system with the help of any ordinary camera such that it is
looking at the trap center. Fix the single photon PMT at the end of the imaging
system with a spectral filter on its front.

* Switch on all the lasers, and keep detuning the cooling laser beam around 400 -
600 MHZ on the red side of the transition; the repump laser will be close to its
transition, 100 - 200 MHZ detuned on the red side of the resonance. Apply RF
voltage to the trap, monitor it using the probe and set the voltage such that the g,
is around 0.2.

* Try to check the PMT signal. If you do not observe any change in signal after
switching on and off the trap, start tweaking the alignment of the beams and
imaging system. The parameter to tweak in the imaging system is its focus, and it
should be translated in all three directions. All the laser beams should overlap
at the center of the trap, which can be manually changed to see the change in
fluorescence. Starting from the crude alignment, it can take up to a few hours to

a day to observe the signal.

An image of the experimental setup, with helical resonator and RF amplifier connected
in position, PCB connecting compensation electrodes, and laser beam, is shown in figure
6.21. The signal from a trapped cloud at a high vacuum is shown in figure 6.20. After
the baking process is completed, as mentioned in the earlier section of this chapter, we
followed the same method mentioned in this section to observe the ion loading signal.

Details will be mentioned in the next chapter.

6.6 Initial Test
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Fig. 6.20.: Signal observed on PMT from trapped ion cloud. The Change in signal with the trap
voltage and repump laser status confirms that the signal is real.

6.7 Conclusion

In this chapter, we have discussed the experimental setup’s planning, implemen-
tation, and initial results. Although this system is working according to the initial
planning, there are some limitations and shortcomings that can be easily addressed in
the next version without any practical difficulties. I will discuss them one by one by one
and suggest some alternatives. The chamber in this setup is not the most suitable for
achieving the best vacuum and optical access for imaging ions and sending beams. All
the pumps are connected using the CF16 ports, which reduces the effective pumping
speed. The position of the first lens used for imaging the trapped ion is 42 mm away
from the trap center, and it can hardly be reduced further in this setup. All the optical
windows used for collecting or sending light are not anti-reflection (AR) coated in the
range of desired wavelength. The Q factor of the helical resonator used in this system is
~ 115. The probe circuit is changing the capacitance of the system, ideally it should
not. Customization of the vacuum chamber can easily solve the first three issues. These
windows were ordered with the overall goal of the thesis in mind, but if somebody
wants to use them for precision spectroscopy, they can easily get AR-coated windows.
The helical resonator can be coated with gold to reduce resistance and increase the Q

factor. The miniature and compact circuit board has already been ordered to reduce the
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Fig. 6.21.: Functioning experimental setup.

effect of the probe circuit on the system. Due to the delay in delivery, it has not been

integrated into the system.
Despite the above-mentioned limitations, this setup is suitable for precision spec-

troscopy, understanding and exploring its basics, and a wide variety of basic physics
problems.

6.7 Conclusion
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Trap Characterization and Initial
Experiments

7.1 Introduction

In the previous two chapters, we have looked into the trap design and assembly
process in detail. Our next task is to characterize the trap parameters against the

designed values.

7.2 Trap Characterization

7.2.1 Trap Loading

After completion of the baking process, we follow the procedures mentioned in
section 6.6 of chapter 6 to ensure that all the electrical connections are fine. We then
align the cooling, repump, and ionization beams and set up the detection system. The
cooling and repump beams are focused at the trap center to reduce scattering from
the trap electrodes. 1/e? diameter of the focused beam is &~ 40um, which is measured
using a beam profiler. The beam size is measured outside the vacuum chamber at an
approximate distance corresponding to the experimental situation. A 70 : 30 beam

splitter is placed at the end of the imaging system to split the collected fluorescence

to PMT and camera. First, we load an ion cloud and image it on the EMCCD camera.

The cooling beam is detuned by —250 to —350 MHz from the resonant transition to
load an ion cloud [200], and the repump laser is detuned by less than —100 MHz from
the transition. The trap voltage amplitude is set around 250 V. To observe the first
fluorescence signal, we tweak the cooling and repump beams and imaging system to
focus it at the trap’s center. Once we observed a faint fluorescence signal from the
trapped cloud on PMT, optimizing the fluorescence count from the ion cloud took an

hour. Figure 7.1 shows one of the initially loaded cloud images.

Our next task is to control the loading of ions and detect the number of loaded

ions. For controlled loading of ions, the oven current is set to 4.1 A, power in the 422
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Fig. 7.1.: False colour image of the ion clouded loaded in the trap. The cloud shape is elliptical
because the trap is stiffer in z— direction compared to the x and y directions, w, ~
2w,.

nm laser beam is reduced to 80 uW or even lower, cooling laser, at ~397 nm, is detuned
approximately —60 MHz from the resonance, the repump laser, at ~866 nm is on the
resonance or ~ —10 MHz from the resonance and power in the ionisation LED is < 15
uW. All the lasers are locked using a WSU-8 wavemeter. The wavemeter is calibrated
using a reference laser having wavelength 852.356686 nm in vacuum. The reference
laser is locked on F(4) — F'(4,5) crossover of D, transition using saturation absorption
spectroscopy on a cesium vapour cell. Reference data for all the transitions are taken
from Muller et al. [199]. Loading of the first ion takes 3 minutes on average at 4.1 A
oven current because the oven takes time to heat from room temperature. Subsequent
ions get loaded much faster with intervals of a few seconds. This allows us to precisely
control the number of loaded ions in the trap by switching off the ionization beam at
specific times. Control over the number of loaded ions is crucial for future experiments.

For every loaded ion in the trap, we observe a jump in the fluorescence signal observed
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Fig. 7.2.: Ion loading signal observed on PMT. This data is taken at 4.1 A oven current. Initially
the fluorescence signal is at the background level. The fluorescence signal increases
after loading of every ion in the trap. Wait time to load the first ion is not shown in
the image.

on the PMT. PMT signal for multiple ion loading cases is shown in figure 7.2. To reduce
the waiting for ion loading after switching on the oven’s current, we keep the oven at 2

A after loading ions.

7.2.2 Quantum Jumps

During interaction with light, an atom undergoes instantaneous changes of its
internal state upon absorption or emission of a photon. This is known as quantum
jumps [105-107, 201, 202]. Every transition after absorption and emission of a photon
is a quantum jump but it is very hard to observe them in the case of short lifetime
states (~ ns). It is easy to observe the jumps in the case of transition to metastable
states. Quantum jump signal can be used to detect the number of trapped ions. Cooling,
repump and other relevant transitions are shown in figure 7.3. In the regular cases, the
397 nm and 866 nm beams continuously addresses the trapped ions. The 397 nm beam
drives 4S, /5 — 4P, /, transition. It decays back into 4S;,, and 3D3,, with the branching
ratio of ~ 15 : 1. The 866 nm laser drives 3D5,, — Py, transition. Hence, we observe a

continuous fluorescence on the PMT, and the ion doesn’t go dark.

To observe the phenomenon of quantum jumps, we switch on another beam at 850
nm; it couples 3D5,, — 4P /5. The excited state decays back to 4S; , and 3Ds/, states
with the branching ratio of 18 : 1. 3Dg, is a metastable state having mean life time

~ 1.16 seconds [203, 204]. So, in the case of a single ion, the PMT signal goes to the
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Fig. 7.3.: Energy levels of *°Ca™ showing cooling transition, 397 nm, repump transition, 866
nm, and 850 nm transition used to observe quantum jumps.
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Fig. 7.4.: (a) Quantum jumps signal for single ion. When the electron is shelved into 3Ds,
metastable stable, PMT fluorescence goes to the background level. (b) When one ion
goes to metastable 3Ds,, the fluorescence signal decreases to half, and when both
go to 3Ds ), the fluorescence signal drops to the background level. The number of
steps in the fluorescence signal equals the number of trapped ions.
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Fig. 7.5.: (a) Image of a single loaded and cooled ion in the trap (b) Image of two loaded and
cooled ions in the trap. These ions are loaded at 4.1 A oven current.

background level and returns to the previous level after it spontaneously decays to 4S; /5
state. Depending on the number of trapped ions, we observe steps in the fluorescence
signal. We keep the intensity of the 850 nm beam very low so as not to saturate the
transition. In our case, the intensity of 850 nm is 4 nW. Quantum jump for 1 and 2
ions are shown in figure 7.4. Image of control loaded 1 and 2 ions observed on EMCCD

camera is shown in figure 7.5.

7.2.3 Determination of Quadrupole coefficient (a, ()

The experimental determination of a, j is essential to assess how close our trap
geometry is to the designed parameters. If we know the secular frequency, rf, and dc
voltages applied on the trap, using equation 2.30 and equation 5.4 a, , coefficient can
be determined. To determine the voltage applied to the trap, we added a probe circuit
parallel to the trap as discussed in section 6.4 of chapter 6. dc voltage can be directly
applied to both the end caps, or it can added directly after the helical resonator using
RF chokes. We have both options for dc voltage addition in our system, but we mostly
use the second option to provide dc voltage to the trap. To find the secular frequency of
the trapped ions at a given trap configuration, we apply a small voltage on one of the
outer electrodes and scan the frequency of the applied voltage around the theoretical
secular frequency. Very close to the secular frequency, the ion cloud starts gaining energy,
and its fluorescence decreases as shown in figure 7.6. This method is similar to forced
oscillation [ 143], where energy gain is maximum when the drive frequency matches the
system’s natural frequency. Another method is parametric excitation [143], where we

modulate one of the system’s parameters, which is not discussed here.
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Fig. 7.6.: Dip observed in the fluorescence signal of ion cloud during forced oscillation. Trap
drive voltage is 300 V and dc offset is —5 V.

We use the forced oscillation method to determine the secular frequency at different
trap voltages. The resonant trap drive frequency, in this case, is 18.24 MHz. Tickle
voltage is applied at upper end cap electrode. The fork used to mount the outer electrodes
breaks the symmetry in the radial plane as discussed in section 5.2 of Chapter 5. We
have introduced a parameter € to quantify it. According to the simulation, € is 0.001.
So, we don’t expect a clear symmetry breaking in x and y directions. A frequency scan
of the tickle voltage is performed in forward and reverse direction to find the lower
and upper limit of secular frequency, . Parameters for which secular frequency data is
collected are mentioned in table 7.1. To fit the secular frequency versus trap parameters
using equation 2.30, we have considered the all data point simultaneously to fit using
global parameters a, ,, €. New variables are introduced to account for errors in the
probe voltage measurement and dc voltage offset. The values of the fitted parameters
are given in table 7.2 and the errors mentioned are standard deviation in the values of
the fitted parameters. Experimental secular frequencies and best fit corresponding to a

give g, and different a, are shown in figure 7.7.

The observed discrepancy between the simulated value and experimentally derived
values of the quadrupole coefficient can be due to misalignment of the geometry and
change in the position of the outer electrode with respect to the inner electrode. We
attribute the observed change in the quadrupole coefficient to decrease in the distance
between the tips of the outer electrode and the inner electrodes. It is observed in the
simulations that this decrease in the distance increases the quadrupole efficiency as well

higher order terms [116].
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Table 7.1.: Parameters for secular frequency experimental data. According to our simulation,
difference between secular frequency in x and y direction will be very small, so
the parameters for forced oscillation are same in x and y directions are same.

Vpe V) Uinoa V) Vorobe (MV) | Scan Range | Scan Time
(S)
x/z -1 10/4.5 200,250,300 | 0.5-0.9/0.8- | 30
2 MHz
x/z 0 10/5 200,250,300 | 0.4-0.9/1-2 | 30
MHz
x/z 1 10/5 200,250,300 | 0.4-0.8/1-2 | 30
MHz
Z -5 5 200,250,300 | 0.5-1.5 MHz | 30

Table 7.2.: Fitted parameters for forced oscillation case.

as o € DC offset error (V) | probe voltage error
(%)
0.319+0.015 0.002+0.016 0.321 £ 0.131 8

At this point, only the contribution of the quadrupole coefficient is experimentally
determined. It is close to the one designed and agrees with the realized trap. We have
to perform further experiments to determine the effect of surface roughness of the inner
electrodes, patch potential, and the higher-order multipoles. We need to cool the ion
further to determine the heating rate of the ion cooled to the motional ground state.
As we shall see in the following few sections, the Doppler cooling limit and excess

micromotion currently limit us from performing further diagnostics.

7.3 Excess Micromotion Compensation

Micromotion is an inherent property of the motion of the trapped ions in Paul trap.

It can be only decreased by cooling the trapped ion but can not be completely eliminated.

It affects the line shapes of the transition, trapping time, and introduces systematic
shift in the frequency measurement. It will affect the accuracy of the measurement of
the clocks based on trapped ions. If the null points of the rF field in the 3D Paul trap
and stray field due to various sources do not coincide at a single point in the space, it
introduces excess micromotion. The excess micromotion can not be reduced by cooling
because it is driven motion. So, it is imperative to reduce the excess micromotion to
use the trap for high accuracy measurements. To understand the excess micromotion
and its effect, let us consider the Mathieu equation for a trapped charged particle in
1-dimension subjected to uniform static dc field, E;,

d? 0?2 E
d—tlzl +[a+2q cos(Qt)]Tu = dec ) (7.1)
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Solution of equation 7.1 is following:
u(t) = [ug + uy cos(wt + )1+ %cos(ﬂt)], (7.2)

where

Kinetic energy averaged over an rf period will be

2
Exp = %mul(wz + %qzﬂz) + % (%) . (7.3)
Excess micromotion can induce first and second order Doppler effect by altering the
excitation spectrum of the atom. The electric field of the laser beam used to excite the
atom is E,, frequency, w;, phase, ¢; and wave vector, k. All the calculations are done
for 1-dimension and can be extended to 3-dimensions. In the rest frame of the ion, the
electric field of the laser becomes

E(t) = Re{Eyexpliku—iw;t + ¢;]} 7.4)

= Re{E,explik(uy + u/) —iwit + ¢;1}

It can be re-written as

E(t) = Re{Eg explikuo] D J,(B) x expl—icw;t + ¢y +in(Qt +m/2)}, (7.5)

2.0

1.6

1.2

Secular Frequency (MHz)

0.4

DC Voltage (V)

Fig. 7.7.: Secular frequency of the trap for different trap parameters measured by forced
oscillation method. Discrete data points are experimentally obtained value and
line are best fit for a given g, value and various dc offsets. x and y directions are
degenerate, so we get two very close points on the graph for secular frequencies along
these directions.
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where
ku'(t) = B cos(Qt)

Fourier transform of the equation 7.5 gives [205],

E(w) o< Jo(B)o(w—w;)+J; (6(w — w; + Q) exp(—in/2) + 6 (w — w; — Q) exp(—in/2)).

(7.6)
Excess micromotion, inherent micromotion and secular motion induces 2nd order
Doppler shift [206] given by,

av_ K EZ> (7.7)
vV mc

Here, (K.E.), is average kinetic energy. Using equation 7.3, equation 7.7 can be written

Ay 11 S P 4( QqEq, )2
SV a—— = + o2 b — | ) 7.8
( ) mc2 4mu1(a) 8q ) m \ (2a + q2)Q2 (7.8)

as

Excess micromotion also give gives 2nd-order Stark shift [206] due to non-vanishing

mean square electric field at the position of the ion

(H) = o (E?), (7.9)

v

where o is differential static polarizability of the involved state and (E?) is mean square

electric field at the position of ion.

There are several methods to determine the excess micromotion and compensate

for it. The use of different methods is dependent on the experimental condition like drive

frequency of the trap, 2, and linewidth, y of the state used for the fluorescence detection.

Complete details of these methods are discussed and compared for different conditions
by Berkeland et al. [206] and Keller et al. [10]. In this thesis, the photon-correlation
method is used to detect and compensate for excess micromotion. Here, we will discuss
the theoretical basis of the method briefly, which is discussed in detail by Keller et al.
[10]. This method uses the fact that driven motion has a fixed phase relation to the
trap voltage. It gives rise to the correlation between fluorescence modulation due to
excess micromotion and the trap drive voltage. It is recorded by measuring the time
delay between the arrival of a photon and zero crossing of the RF voltage and when

measured gives a histogram that has the following form
S =8y + AScos(Qt — ¢), (7.10)

where, S, is mean fluorescence, which depends on observation bin size. AS/S, and ¢
gives amplitude and phase of micromotion. Once we know the amplitude and phase of
micromotion, the magnitude of stray fields can be determined in different directions and
can be compensated. To do this, we need to know the angle of the laser beam, which is

sampling the excess micromotion, with respect to the trap axis. In our case, it is difficult
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to determine the angle between the laser beam and the trap axis. So, we aligned two
non parallel beams in the radial plane and a third beam samples axial as well as radial
directions as shown in figure 6.21. The beam on the RF amplifier side is called resonator
beam, the beam on the oven side is called oven beam, and the beam carrying 422 nm
and 397 nm light is called ionization beam. The resonator and the oven beam mostly
samples the radial plane, while the ionization beam sample the radial as well as the
axial plane. We try to minimize the amplitude of the photon correlation signal for each
beam independently by manually changing the voltages on compensation electrodes.
To acquire the correlation data, we use Swabian Instruments Time Tagger 20. It can
directly generate the correlation signal using the start and stop signals. The start signal
is provided by the photon counter and the stop signal is generated using a Schmidt
trigger. The input for the Schmidt trigger is the probe voltage. Our Schmidt trigger is not
generating a stop pulse at either negative or positive zero crossing but it is generating a
stop signal around maximum value of the probe voltage. If we want to find a correlation,
Schmidt trigger should generate the stop signal at a fixed phase in all rf cycles. First, we
measure the photon-correlation signal for each beam to get the modulation amplitude,
AS/S,. The plot for the uncompensated correlation signal is shown in figure 7.8. The
laser and trap parameters for data acquisition for the uncompensated case is mentioned
in table 7.3. The first attempt at compensation is tried at the same laser and trap

parameters as mentioned in table 7.3, and the plot for photon correlation signal is shown

in figure 7.9.

For our kind of condition where trap drive frequency is very close to the linewidth,
vy, of the state used for fluorescence detection, AS/S, has better sensitivity around

~ 1.4y [10]. We next attempted to compensate the excess micromotion at detuning
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Fig. 7.8.: Photon correlation signal of an uncompensated ion.
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Table 7.3.: Laser and trap parameters for correlation signal acquisition in uncompensated case.

Q (MHz) 397 nm | Resonator Oven beam | ionization
laser beam  power | power (uw) beam  power
detuning | (uw) (uw)

(MHz)
21 x 18.26 ~ -20 0.53 0.62 1.3
* - N *

1.10
%
t1.05
®
c
o
(1]
o 1.00
1%}
c
Q
a
g 0.95
=]
w

0.90

¢ —— resonator beam
—— oven beam
—— ionization beam
0.85
[) 100 200 300 400 500
Time (ns)

Fig. 7.9.: Photon correlation signal of a compensated ion. AS/S, for resonator, oven and
ionization beams are -.06,-0.06 and 0.03 respectively.

Table 7.4.: Compensation voltage on the different electrodes for the case shown in figure 7.10

oven beam oven img img resonator bottom end cap
-5.35V 55.2V -1.64V -0.17V

of —30 MHz. Results of the compensation are shown in figure 7.10. Powers in the
resonator, oven and ionization beams are 1.1, 2.2 and 1.5 uW respectively. Voltage on
the compensation electrodes are mentioned in table 7.4 for the case shown in figure
7.10. All other compensation electrodes are grounded. It has been observed that the
compensation voltages are varying over time. In particular instance, we have observed
the correlation function in morning around 10:00 AM and it had visibly changed in the
evening around 5:00 PM. We are looking into the possible reasons for deterioration of
the compensation voltage with time. This compensation attempt is also preliminary
in the sense that we are not actively stabilizing the power of the cooling laser used to
collect fluorescence.

After compensating for the dc stray field at the trap center, we were able to trap
the a single for more than 8 hours with cooling beams on. In case of absence of cooling

beam, ion’s hold time was ~ 15 min as shown in figure 7.11
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Fig. 7.10.: Photon correlation signal of a compensated ion. AS/S, for resonator, oven and
ionization beams are .015,0.014 and 0.01 respectively.
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Fig. 7.11.: Ion hold time without cooling laser.

7.4 Temperature of a Single lon and Trapping Life
Time

Temperature of a trapped single ion can be determined using spectral broadening
of the fluorescence observed from S /5 to Py, transition [200]. Spectral signal depends
on the number of atoms in the excited state in the steady state. The steady state
population of the atoms in the excited state is determined by equilibrium between
radiative excitation and relaxation processes like spontaneous emission, collisional

relaxation. The solution of the optical Bloch equation [207] for a 2-level system in the
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non-perturbative approach has the following form

N 07
Ne:—(—lz). (7.11)
2\ A2+Q7+7y2

The above solution is for N atoms, where N, is number of atoms in the excited state, €2, is
the Rabi frequency, y is the natural linewidth of the excited state, and A is detuning of the
laser driving the transition. Qf is directly proportional to the intensity of the laser used to
drive the transition. In the low intensity case, Q% < (A? + y?), lineshape of transition is
Lorentzian with Full Width Half Maximum (FWHM) 2y. At higher intensities, lineshape
of the transition is still Lorentzian but FWHM changes to 24/y2(1 + Q% /v2). It is called
power broadening. So, if we experimentally determine the FWHM for different intensity
of laser and plot the square of FWHM with respect to the power/intensity, we will get a
straight line and intercept of the line on the y-axis will give the natural linewidth of
the spectral line. According to the formalism if the atom has high temperature then
lineshape will not be Lorentzian, so there is an implicit assumption that the atom is cold
enough to not change the lineshape significantly. In this case, we are assuming that the
contribution due to Doppler effect is accounted for in the modified Lorentzian lineshape
and formula for relation between Lorentzian, Gaussian and Voigt lineshape can be used
to determine the Gaussian linewidth, which has information on the temperature of the
trapped ion. To the best of our understanding, the most precise formula for the lineshape

relation [208] is the following:

fv ~0.5346f, +4/0.2166f2 + f2, (7.12)

where fy, f;,andf; are FWHM of Voigt, Lorentzian and Gaussian distribution. Powers

for which data are taken are 0.22,0.35,0.78,0.95,1.32,2,3.35,16.56, 23.4,49, 65.3,92,128.5

uW. The detuning versus fluorescence for all data is fitted to half Lorentzian shape to
determine the FWHM. The plot for normalized fluorescence versus detuning for 0.22uW
laser power is shown in figure 7.12. Finally the FWHM square versus laser power is
fitted to find the intercept. For executing the fit, the fitted data points have assigned
weight inversely proportional to power. This process reduces the effect of systematic
shifts due to higher powers. The intercept on the y’2 axis is used to find the f, which is

converted into ion’s temperature using following relation

T =

2 rwHM \*
mc( , (7.13)

kg \ vy24/21n(2)
where m is the mass of the atom, c is the speed of light, kj is Boltzmann’s constant, v,

is resonant transition frequency. The fit and the data points for the FWHM square versus

power is shown in figure 7.13 and the derived temperature of the ion is &~ 34 mK.
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Fig. 7.12.: Normalized fluorescence rate versus laser detuning for a single trapped ion. Laser
power for data; is 0.22uW and for the data, is 65.3 uW.
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Fig. 7.13.: Weighted fit and data points for different laser powers. x-axis is scaled laser power
because we measure the power outside the vacuum chamber. The value of intercept
on the y’? is ~ 801.

7.5 Lifetime of Metastable State

The lifetime measurement of a metastable state is one of the precision measure-
ments performed on a single trapped ion. It is determined by performing statistical
analysis for the dark periods associated with the quantum jumps. The lifetime of a
metastable state gets affected by laser frequencies close to the neighboring transitions

from the metastable state, collision with background gas, and RF heating. Metastable
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Fig. 7.14.: Fitted function and experimental data for lifetime determination of metastable state
D5/2 .

Table 7.5.: Lifetime of Ds,, state reported in previous experiments

Knoop et al | Ritter et al | Block et al |Barton et al
[209] [210] [211] [203]

Lifetime 994+38msV | 969 %21 ms 1100 £ 18 ms 1168 £ 7 ms

states are also important from the point of view of optical frequency standard. Life-
time measurement of the metastable state helps to identify and control the effects that
may reduce the lifetime and contribute to the broadening of the clock transition. In
the past, there are several experimental reports where the lifetime of D/, state has
been determined [203, 209-211], where the assessment of the systematic errors has
improved with time. This is the reason why we quote lifetime of the D5/, to be ~ 1.16 s.
Experimentally determined lifetime by Knoop et al., Ritter et al., Block et al., and Barton
et al. is quoted in table 7.5. In our case, the lifetime measurement of a single trapped
ion is a preliminary exercise without taking account of the systematic effects. Since we
do not have the complete gauge of the systematic errors like change in lifetime due to
RF heating, and level coupling due to 866nm and 850 nm lasers, this measurement is

very preliminary.

Data acquisition: Initially, the 397nm and 866nm lasers are on for ion cooling.
Energy diagram of “°Ca™ is shown in figure 7.3. The 850nm laser is unblocked to observe
quantum jumps. Initially, when only 397nm and 866nm lasers are on, ion decaying to
the D5/, level is going to the P; /5 level, and it is continuously in the cooling cycle. Once
we unblock the 850nm laser, ion decaying to the D5/, level can go to the P/, and the
P53 5. lon going to the P, level can decay back to the S, ), and Ds 5. Once the ion decays

7.5 Lifetime of Metastable State
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to the Ds 5, it is out of the cooling cycle and becomes dark. It decays to the ground state
by spontaneous emission and comes back to the cooling cycle again. The probability
of finding the ion in the Ds/, state at time t is exp(—t /7). Ion’s fluorescence statistics
shown here is collected for 2 hours using a single photon PMT binned in intervals of 10

ms.

Data analysis: First, we need to set a threshold fluorescence value on the collected
data to classify a bin as dark or bright. The threshold level is set to sp,;o4./5, where
Sprighe 1S the averaged fluorescence of the bright level. The threshold level is decided by
looking at the raw data. There is a threshold on the number of continuous dark bins to
classify it as a dark state, and it is 5. The whole data is binned in the histogram of bin
size 50 ms. It is fitted using an exponential decay function, F(t) = Aexp(—t/7). The
fitted function and histogram data are shown in figure 7.14. The determined lifetime

from the fitted function is 966 £+ 60 ms. The error reported here is fitting error.

The lifetime numbers reported by us is in good agreement with Knoop et al. [209]
and Ritter et al. [210]. In these measurements, they have accounted for some systematic
effect. The agreement of the numbers reported by us without taking care of systematic
effects shows that our trap is performing as per requirement. In this measurement, we
are not blocking the 850nm laser once the ion goes to the dark state. The effect of the
866nm laser, collision with background gas and RF heating is not taken care of. We can
extend this measurement for multiple ion case to figure out the effect of presence of
another ion on quantum jumps statistics in a two ion system. The lifetime measurement

experiment is still under process and will be reported in detail in the future.

7.6 RF Heating and Cloud to Coulomb Crystal
Transition

For a single trapped ion, time dependent potential generates a time averaged
conservative confining potential. This is not always true for more than one ion system in
Paul traps. In the cloud phase, Coulomb interaction between the ions pumps energy into
the ion cloud. This is known as RF heating. The mechanisms of energy pumping is similar
to the one discussed in chapter 2 for the ion-atom system. It has been experimentally
and numerically observed that for small ion clouds, RF heating increases with the
trap voltage [30, 149, 212-214]. RF heating rate is negligible for ion crystals due
to decoupling of micromotion and secular motion in a fully compensated trap [ 145,
213-215]. Understanding of RF heating and optimal laser cooling parameters for fast
recrystallization are essential for the experiments where ion crystals are used for different

operations and measurements.
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Fig. 7.15.: Cloud to crystal transition of 4 ions for different trapping voltages.

One component plasmas are characterized by the Coulomb parameter, I'. It is
defined as
Q2
=—, (7.14)
47T60aWS kB T

where a5 is the Weigner-Seitz radius defined by (%”noagvs) =1, ng is the particle

number density and kg is Boltzmann’s constant. I is the ratio of the electrostatic energy of
the neighboring charges to the thermal energy kz T. It has been numerically established
that I' > 174 corresponds to crystalline phase [216, 217]. When the frequency of the
cooling laser is swept from the red side of the transition to the resonance, a kink is
observed in the fluorescence of the trapped ion cloud. The kink is characteristic of the
transition to the crystal phase from the cloud. Cooling must overcome RF heating to
achieve crystallization. The force due to cooling laser is proportional to —(526—4217),
where § is the detuning of the cooling beam, and ¥ is velocity of the ion. This expression
is for the case when the ion’s velocity is anti-parallel to the cooling beam’s propagation
direction. The cooling force is maximum at y/2. It has been observed that as the
trapping voltage increases, cloud to crystal transition point shifts towards the resonance
frequency and beyond a certain trapping voltage, crystallization is never observed [30,
149]. We also observe a similar kind of feature in the phase transition point as the
trapping voltage is increased. The cloud fluorescence signal with respect to the detuning

of the cooling laser is shown in figure 7.15.

It has been predicted by Weiss et al. that the lifetime of metastable state during
cloud to crystal transition follows power law, 7, ~ (k — KC)_c, where 1, is average
lifetime of metastable cloud, k is damping constant, x, is critical damping constant and

exponent { depends on a and q parameters of the trap and independent of the number

7.6 RF Heating and Cloud to Coulomb Crystal Transition
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of ions present in the system. In the future, we plan to perform experiments to verify

the power law.

7.7 Observation of lon Crystals

Since the observation of Coulomb crystals in the 3D Paul traps [30, 149], its
application in studying different kinds of systems has increased rapidly. Apart from
the quantum computation, simulation [ 19-22, 69-75] and precision spectroscopy [2—
4, 76] ion crystals are ideal for study of non linear dynamics [218-221] due to non
linear nature of the Coulomb interaction between the charged particles, topological
defect formation and their dependence on the trap parameters, impurities [31, 222],
statistical physics and thermodynamics like thermal diffusion of impurities, quantum

heat transport, nano-friction etc. [31, 223-226].

Coulomb crystals have been studied extensively in the linear Paul trap [31, 223-
227]. Still there are very few experiments [30, 149, 212] where crystal morphologies for
multiple ions are studied in the 3D Paul traps. The 3D Paul traps are more fundamental
in the sense that only a and g parameters are required to control the trap stiffness in all
three directions, but in the linear Paul trap, three parameters are required, one in the
axial direction and two in the radial direction. So the 3D Paul trap is the ideal system
to study the effectiveness of pseudo potential derived in the chapter 2. Ursekar et al.
[228] has numerically shown that the pseudo potential derived using the first-order
approximation is not always valid. It fails to predict crystal morphologies for multiple
ions and their transition points correctly in the a —q space. Inadequacy of the first order
pseudo potential has been first shown by Dantan et al. [229]. The work for derivation
of improved pseudo potential for 3 and 4 ions is extended by Ursekar et al. [228] and
predicted crystal morphologies and their transition points in a — q space which has not

been reported experimentally yet.

These crystal configurations provide an ideal platform to test our 3D Paul trap,
verify the validity of improved pseudo potential approximation, and observe the predicted
crystal morphology for 3 and 4 ions. In our case, at present, we can not go above q, > 0.4

but still can observe the predicted morphology for g, < 0.4.

Orientation of the crystal depends on the balance between the Coulomb forces
acting between the ions and the force due to trapping field on the individual ions. In case
of 2 ions, initially, ions will be aligned along the weakest axis in a line (rod geometry).
In our case, w, ~ w,, so the ion will be aligned along a line in the radial plane as
shown in figure 7.16a. Since we can image only y = 0 plane and ions can be oriented at

any polar angle in the radial plane due to degeneracy, we are not able to resolve the
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(a) (b)

(c) (d)

Fig. 7.16.: Image of 2 ion crystal, RF voltage applied to the trap is ~ 310 V and the RF drive
frequency is 27 x 18.63 MHz. (a) Rod configuration, ions are aligned along a line
in the radial plane, dc offset is 0 V (b) pop out phase, dc offset is —9 V. (¢) pop out
configuration, dc offset is —10 V. (d) Rod phase, aligned along z—axis, dc offset is
—13V.

ions. Because of degeneracy and radiation force due to the cooling laser, they can be
continuously rotating in the radial plane. As we start increasing the dc offset applied
to trap in negative, radial axes will start becoming strong and the axial axis will start
becoming weak. At a certain dc offset, one of the ions will pop out from the radial plane
to the z-direction as shown in figure 7.16b and 7.16c. Further changing of the dc offset
in the same direction will make the z-axis weakest and the ions will align along it in rod

geometry (figure 7.16d). Nomenclature for the morphologies is taken from Ursekar et

7.7 Observation of lon Crystals
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(a) (b)

(c) (d)

Fig. 7.17.: Image of 3 ion crystal, RF voltage applied to the trap is ~ 250 V and the RF drive
frequency is 27t x 18.63 MHz. (a) Rod configuration, ions are aligned along a line
in the radial plane, dc offset is 0 V (b) planar configuration, dc offset is —6 V. (c)
pop out phase, dc offset is —7 V. (d) Rod configuration, aligned along z—axis, dc
voltage in this case is —12 V.

al. [228].

For the three ion crystal case, initially the ion is aligned along a line, rod configu-
ration (figure 7.18a). As we start increasing the dc offset in negative direction, one ion
pops out of the line but remains in radial plane as shown in figure 7.18b. Image of all
three ions are not clear in this case but the spread of the ion image has decreased along
x-axis but the spread is unchanged along the z-axis, it confirms that all three ions are in

the plane. Further increase of the dc offset in the negative direction makes z-axis weaker
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(a) (b)

(c) (d)

Fig. 7.18.: Image of 3 ion crystal, RF voltage applied to the trap is ~ 250 V and the RF drive
frequency is 27t x 18.63 MHz. (a) Rod configuration, ions are aligned along a line
in the radial plane, dc offset is 0 V (b) planar configuration, dc offset is —6 V. (c)
pop out phase, dc offset is —7 V. (d) Rod configuration, aligned along z—axis, dc
voltage in this case is —12 V.

and two ions are along the z-axis and third one is in the radial plane (figure 7.18c).

There is another orientation predicted by Ursekar et al. [228] between the planar and

pop out configuration, where the ion is not along any of the defined axes in the image.

Currently, due to positioning of high resolution imaging system we can not verify this
phase. Beyond a certain dc offset z-axis becomes the weakest axis and ions align along

the z-axis in rod shape (figure 7.18d).

For the 4-ion case, initially the ions are along a line in the radial plane, rod

7.7 Observation of lon Crystals
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(c) (d)

Fig. 7.19.: Image of 4 ion crystal, RF voltage applied to the trap is ~ 225 V and the RF drive
frequency is 27t x 18.63 MHz. (a) Rod phase, ions are aligned along a line in the
radial plane, dc offset is 0 V (b) pop out configuration, dc offset is —7 V. (¢) Zig-zag
configuration, dc offset is —8.4 V. (d) Rod configuration, aligned along z—axis, dc
voltage in this case is —9 V.

geometry (figure 7.19a). As we increase the dc offset in the negative direction, planar
and tilt configurations come, these configuration are not resolved in our image (figure
7.20a and 7.20b). Then comes the pop out geometry (figure 7.19b) where ions are
mostly aligned along the z-axis and a few are popped in the radial direction. After this
zig-zag configuration (figure 7.19c) comes. Beyond a certain dc offset all ions align

along the z-axis, rod geometry.

Observation of different crystal morphologies is just one part of the predictions
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(a) (b)

Fig. 7.20.: Image of 4 ion crystal, RF voltage applied to the trap is ~ 225 V and the RF drive
frequency is 27t x 18.63 MHz. (a) A possible tilt phase configuration, ions are aligned
along a line in the radial plane, dc offset is —4.4 V (b) A possible configuration, dc
offset is —6 V. Due to imaging limitations, these phases can not be identified to a
particular tilt phase.

made by Ursekar et al. [228]. Classification of the transition boundaries between two
configuration not completed yet due to the limitations of the imaging system and voltage

applied to the trap. This is ongoing work.

7.8 Conclusion

Our experiments shows that we are very close to the initially designed trap. The
trap and other parts are working according to our expectations. In order to proceed
towards elimination of the systematic effects, we need to do better compensation of
excess micromotion as well as resolved sideband cooling of the ion to the motional
ground state of the potential. At this point, this trap can be used for study of ion crystal
morphology, life time of cloud to crystal transition states, and RF heating in crystals and

cloud.

7.8 Conclusion
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Summary and Future Prospects

8.1 Summary

We started with the idea of setting up a new experiment which can be used for
precision spectroscopy, study of Coulomb crystals, and ion-atom interaction. This kind
of experimental setup requires a trap geometry suitable for the above mentioned goal, a
source to load ions, the laser system for creation and cooling of ions, and a detection
system. The complete experimental setup design has been divided into smaller and

independent experiments for the ease of building, characterization and integration.

For precision spectroscopy, miniaturized linear Paul traps and the end cap type
trap are most preferable geometries. To decide that which kind of trap is more suitable
for ion-atom collision experiments, a numerical study is performed to calculate the effect
of trapping potential on the energy of the ion-atom system. It was found that for a given
set of trap parameters and similar initial conditions for the ion-atom system, energy
gain to the ion-atom system is minimum in an 8-pole trap. The numerical simulation is
performed for the end cap type trap discussed in the thesis, 4-pole, 6-pole and 8-pole
traps. Given the same trap parameters, the 8-pole trap is favourable from the energy
gain point of view, but it does not provide a stiff potential to achieve confinement of
the trapped ions near the trap center. In this scenario, cooling of ions to a much lower
temperature (below mK) is required to confine the particle at the trap center and observe
Coulomb crystal in the case of multiple ions. The Doppler cooling limit of calcium ion
is 0.5 mK. So, higher order pole traps (above 4-pole) are not suitable for studying
interaction of a localized ion with a cloud of atoms. Among the quadrupolar traps, we
choose the end cap trap because of better optical access, a promising candidate for
optical frequency standards, and possibility of integration with cold atom system to

study interactions in the near future.

After deciding on the trap geometry, we started the trap design process. The trap
design process begins with fixing the trap geometry and the gap between the electrodes

to optimize the quadrupole coefficient and minimize the higher-order pole contributions.

Once the gap between the trap electrodes is fixed, design, building, and characterization

of atomic source start. The gap between the inner electrodes, in our case, is 1 mm. We
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build and characterize an atomic source which has FWHM divergence of ~ 0.96 mm
at the trap center, flow rate, ~ 1.5 x 10° atoms s~ !. Signal of calcium isotopes *>Ca
and **Ca is also present in the beam coming out of the oven. At the front of the trap
design process, the next task was selecting insulators, machining, and aligning the trap
assembly. The final trap geometry is very close to the one designed. Results of machining

and alignment analysis are shown in chapter 5.

During the trap design process, vacuum chamber, vacuum windows, ions pumps,
drive circuit to provide high RF voltage to the trap and other accessories suitable for
our kind of experiment are fixed. The aligned trap and the oven are mounted inside
the vacuum chamber, and the complete experimental setup was prepared for the baking
process to achieve UHV. The final pressure in our system is 1.3 x 107'? mbar.

Characterization of the trap starts with the loading of an ion cloud, it helps us
to test that all parts of the setup are working. Ions are loaded with complete control
over their number in the trap. Control of the ion loading process is very important
for all the experiments performed with this trap. The forced oscillation method is
used to determine the secular frequency of the trap at a given operating parameters.
Using the relation between secular frequencies with trap parameters, the quadrupole
coefficient, a,  is determined. The value of the simulated a, , coefficient is 0.283 and
the experimentally determined value of a; o is 0.319. In the initial experiments, lifetime
measurement of metastable state D5/, is performed, and Coulomb crystals for multiple
ions are observed. According to our understanding, this is the first time that crystal
morphologies for multiple ions have been experimentally reported. Predictions of exotic
ion crystals for 3 and 4 have been made by Ursekar et al. [228]. We have observed the
geometries predicted by Ursekar et al [228]. We are in the process of determining the
morphologies of the imaged ion crystals through a combination of optical imaging and
numerical analysis. Initial experimental results suggest the trap is very close to the one
designed. Hence, it can be used for the proposed experiments at the start of the thesis,

with further characterization depending on the experimental requirements.

8.2 Future Prospect

This trap has been designed with the idea of using it for trapped ion optical fre-
quency standards in the future. The trapped ion frequency standard is a very long project
that requires a well-characterized and reliable ion trap setup. However, this is a good
start in terms of success in ion trapping and characterization of a, , coefficient. Hence,
experiments with this trap geometry can be continued to figure out the contribution
of higher-order multipoles, ion heating rate due to interaction with the environment,

excess micromotion minimization and its effect on 2nd-order Doppler shift, and the

Chapter 8 Summary and Future Prospects



effect of patch potential in the long run.

At this point, this system is suitable for studying ion crystal morphologies, the
validity of adiabatic approximation of pseudopotential, RF heating, statistics of quantum
jumps in interacting multiparticle systems, and precision measurement of the lifetime
of metastable states and atomic clock operations. A few of these are ongoing. For the
study of ion-atom interaction, this system needs to be integrated with a trapped atom
system.

8.2 Future Prospect
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Trap Mounting Accessories
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Fig. B.1.: Macor spacer present behind the ss plate. It is used to isolate the screws for electrical
connection from the ss plate.
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