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Abstract

This thesis reports on experimental and theoretical studies of the sympathetic cooling of
complex molecular ions demonstrating that this general method for cooling atomic and
molecular ions is reliable and efficient.

For this purpose, complex molecular ions and barium ions have been confined si-
multaneously in a linear Paul trap. The complex molecular ions are generated in an
electrospray ionization system and transferred to the trap via a 2 m long octopole ion
guide. These molecular ions are pre-cooled by room temperature helium buffer gas so
that they can be captured by the trap. The atomic barium ions are loaded from a barium
evaporator oven and are laser-cooled by a 493 nm cooling laser and a 650 nm repumping
laser. Due to the mutual Coulomb interaction among these charged particles, the kinetic
energy of the complex molecular ions can be reduced significantly.

In our experiments we have demonstrated the sympathetic cooling of various molecules
(COq, Alexa Fluor 350, glycyrrhetinic acid, cytochrome c¢) covering a wide mass range
from a few tens to 13000 amu. In every case the molecular ions could be cooled down to
millikelvin temperatures.

Photo-chemical reactions of the **Ba™ ions in the (*P; /») excited state with gases such
as Oy, CO,, or NyO, could be observed. If the initial *®*Ba* ion ensemble is cold, the
produced **BaO™ ions are cold as well, with a similar temperature as the laser-cooled
barium ions (a few tens of millikelvin). The back-reaction of **BaO™ ions with neutral
CO to '38Ba™ is possible and was observed in our experiments as well.

A powerful molecular dynamics (MD) simulation program has been developed. With
this program dynamic properties of ion ensembles, such as sympathetic interactions or
heating effects, have been investigated and experimental results have been analyzed to
obtain, for example, ion numbers and temperatures. Additionally, the feasibility of
nondestructive spectroscopy via an optical dipole excitation and the lineshape of ro-
vibrational transitions of 1.4 and 5.1 um have been studied.
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1 Introduction

1.1 Motivation

In the last two decades, an enormous success in the field of laser cooling of neutral
and charged atoms has been achieved [1, 2, 3|. Significant efforts are under way to
cool molecules, since in the new accessible ion temperature regime molecules are very
interesting to be used for performing high-precision spectroscopy, studying molecular
structure and chemical reactions, testing fundamental theories, measuring fundamental
constants [4], and observing quantum mechanical effects. Additionally, there is a variety
of applications in biology and quantum chemistry.

Although laser cooling has proved to be an excellent technique for reducing the tem-
perature of atoms, it can not be directly applied to molecules due to the lack of closed
optical transitions or suitable laser sources [5]. Thus, to cool molecules indirect meth-
ods are used, for example, creating cold few-atom molecules from pre-cooled atoms via
Feshbach resonances or photoassociation [6, 7, 8, 9], cooling pre-existing molecules using
buffer gas [10, 11, 12|, or decelerating dipolar molecules by a time-dependent electric
field [13, 14, 15, 16]. However, these methods are limited to some particular species,
or depend on the internal nature of the particles, or bring in disturbing factors such as
strong magnetic fields. Our challenge is to develop a universal way, which can lead to
high-resolution spectroscopy and is applicable for any molecular species from the sim-
plest molecule H to complex molecules such as proteins and polymers.

We therefore make use of the technique of laser cooling to cool an atomic ion species
to millikelvin temperatures and take these cold ions as coolant to reduce the transla-
tional temperature of the molecular ions, which are simultaneously confined in a radio
frequency (rf) ion trap, to a similar temperature as the laser-cooled ions via the strong
long range mutual Coulomb interactions. This is the so-called sympathetic cooling tech-
nique. It is a powerful tool and can be applied to various types of applications ranging
from mass spectrometry to quantum computing after the first demonstration for ions in
Penning traps [17, 18|.

In the experimental work, different types of molecular ions with masses from a few
hundred to more than ten thousand amu, are demonstrated to be sympathetically cooled
to the millikelvin regime by laser-cooled *®*Ba™ ions (mass 138 amu), which stay in a
crystal state. To generate complex molecular ions without damaging them, a soft ion-
ization method - electrospray ionization (ESI), is used. Thus, an ion guide is developed
to transfer the molecular ions from the ESI system to the Paul trap and a differential
vacuum system is added to make a vacuum transition from atmospherical pressure (EST)
to ultra-high-vacuum (UHV) pressure (Paul trap).

In order to analyze the produced particle ensembles models were developed and im-
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plemented within a simulation program - SOSC. With this program various molecular
dynamics (MD) simulations are performed to explain phenomena observed in the exper-
iment and to better understand the ion systems in the Paul trap.

1.2 Outline

This thesis is organized as follows. In Chapter 2-4, the theoretical background and basic
setup for our project are described. In Chapter 5-8, experimental results of the project
are presented. Efforts on simulations and related results are addressed in Chapter 9-11.
The last chapter (Chapter 12) is summary of this thesis and gives an outlook.

Chapter 2: a brief overview of different types of traps is made and the advantages of
using linear Paul traps are addressed, the geometry and basic theory of the linear Paul
trap are introduced.

Chapter 3: the Doppler laser cooling technique is introduced followed by a detailed
description of the laser-cooling of **Ba™ ions. Another two cooling methods - buffer gas
cooling and sympathetic cooling, which are also used in our project, are described as well.

Chapter 4: our experimental setup mainly consists of vacuum systems, the ion trap,
ion sources, ion detection devices, an octopole ion guide, laser systems, and electronics,

which are discussed.

Chapter 5: the preparation of laser-cooled *®Ba™ ion ensembles is described and some
of their properties are studied.

Chapter 6: chemical reactions of the laser-cooled *¥Ba* ions with some neutral gases
are presented.

Chapter 7: the sympathetic cooling of medium size organic molecular ions (Rhodamine
6G, Rhodamine 101, Alexa Fluor 350, and glycyrrhetinic acid) is described.

Chapter 8: sympathetic cooling of protein molecular ions - cytochrome c, is addressed.

Chapter 9: some basic theories about MD simulation are introduced followed by the
development of cooling and heating models. Then, results on simulation of CCD images,
determination of ion numbers and temperatures for different ion species, micromotion
effects, and ion diffusion are presented.

Chapter 10: the secular excitation spectra are studied via MD simulations.

Chapter 11: investigation of a nondestructive detection method (optical dipole excita~
tion) via MD simulations followed by simulations of the Doppler broadening spectroscopy.

Chapter 12: a summary of the work discussed in this thesis.



2 The linear radiofrequency (rf) trap

In our experiments ions are trapped, cooled and studied in a linear rf trap (Paul trap
or quadrupole rf trap). Thus, it is the key apparatus in our experiment. In this chapter
a concise introduction to this type of trap including the geometry and basic theory is
presented. Since many different trapping techniques have been developed until today,
in the beginning of this chapter a brief overview of other trap types is given and the
advantages of choosing linear Paul traps are shown.

2.1 Trap types

In order to study well the properties of a molecular species, we need to confine the
molecules in a container. If we only focus on a few number of molecules at very low
temperatures and do precise measurements such as molecule-molecule, molecule-atom,
and molecule-radiation interaction, special traps are necessary to isolate them from the
disturbance of surroundings.

Magneto-optical traps (MOT) and optical dipole traps (ODT) have been widely used
in the research of atomic and optical physics, especially, as a cooling and trapping method
in achieving Bose-Einstein condensates [3| or atom optics experiments [19, 20|. However,
those traps only work on atoms with a simple effective two-level electronic structure. On
the other hand through the atom-to-molecule conversion method, ultra-cold neutral di-,
tri-, tetra-atomic neutral molecules can be produced and trapped [21]. Lately, magnetic
traps were built to trap cold paramagnetic neutral particles [14], which are pre-cooled
by buffer gas. However, only a certain fraction of neutral magnetic molecules and atoms
are applicable for this kind of trap. Furthermore, the strong magnetic field is a big
disadvantage for some experiments, e.g. fundamental tests of physics.

Thus, it is better to find a universal way to cool molecules or atoms to the millikelvin
regime or even lower. Fortunately, many atomic ions such as 8Ba®, ‘Be™, *Mg",
W0Hgt, 174yt 40Cat, 88Srt HICdT, ..., can be cooled by lasers to the Doppler limit
and other ion species can be cooled by these cold atomic ions via the long range Coulomb
interaction. So we need a trap to confine ions. However, trapping of a charged particle
cannot be achieved with an electrostatic field alone. The Laplace equation

V20 =0 (2.1)

shows that there is no potential minimum of an electrostatic field in all three dimensions

of space. With the help of a magnetostatic field, an electrostatic field can confine any
kind of ions, which results in the Penning trap, first introduced by Dehmelt in 1961
[23, 24]|. The principle of the Penning trap is shown in Fig. 2.1 [22].

Although by using an electrostatic together with a magnetostatic field it is possible to
confine charged particles in free space, the influence of the magnetostatic field on high
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Figure 2.1: A standard Penning trap consists of an axial magnetic field and an electric
field that provides radial confinement of the charged particle [22].

resolution spectroscopy measurement is a big disadvantage.

An oscillating radiofrequency (rf) field can create a so-called time-averaged harmonic
pseudopotential, which is capable of trapping charged particles. The idea was proposed
by Wolfgang Paul in 1958 [25]. The principle is illustrated in Fig. 2.2 by a mechanical
analogue. If a ball is placed on a saddle as shown in Fig. 2.2(a), it only can stand on
the middle point or oscillate along one symmetric axis, which is energetically unstable
and any small disturbance might make it leave the saddle. However, if the saddle is
rotated with a suitable mass-dependent frequency around the arrow direction, there is
an average force which can keep the ball on the saddle. Fig. 2.2(b) is the illustration of
the created potential well and the ball’s trace, which is shown as the black line. Likewise,
if a saddle-shape electrostatic potential which fulfills Laplace’s law is oscillating with the
right rf frequency, charged particles can be confined as well.

There are two kinds of rf ion traps called Paul traps (or quadrupole ion trap, QIT):
the 3D and the linear Paul trap. The 3D trap generally consists of two hyperbolic
metal electrodes with their foci facing each other and a hyperbolic ring-shaped electrode
halfway between the other two electrodes as shown in Fig. 2.3. Normally, an rf AC field
Vo cos(2t) (Vp is the amplitude and 2 is the angular frequency) is applied to the ring
electrode, while the endcap electrodes are held at rf ground. The applied rf voltage
creates a potential well to confine charged particles.

However, for the 3D Paul trap only the point of the trap center has a zero rf field.
When the ion deviates from the center point, it experiences a time dependent force and
is driven to the trap center back and forth, which is also illustrated on the ball’s trace
in Fig. 2.2(b). For trapping large numbers of ions or several ion species with a higher
mass-to-charge ratio difference, due to the strong Coulomb repelling interaction, they
cannot occupy the central point of the trap. Thus, they experience a large rf driven
motion (micromotion). If this motion becomes too large, it might lead to heating the
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Figure 2.2: Mechanical analog to the rf Paul trap. A ball on the saddle point is in
unstable equilibrium, but if the saddle is rotated with a suitable frequency,
it can be confined on the saddle point. The right image shows the resulting
effective potential well.

AU, +V,cost

Figure 2.3: Typical 3D Paul trap. The left image shows the ion trap from Wolfgang Paul
and the right one the electrode structure.
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Figure 2.4: A standard quadrupole mass filter.

harmonic oscillator normal modes.

For this reason, we focus on another type of ion trap: the linear Paul trap. There
is no rf field along the longitudinal axis (trap axis) of the linear Paul trap gaining the
advantages of reduced space charge effects, an increased ion trapping efficiency and a
much higher ion storage volume [26]. Moreover, its simple structure is convenient for
shining the working lasers and for monitoring and detecting the trapped ions.

2.2 Trap theory of the linear Paul trap

There are linear Paul traps [27| with many kinds of geometries [28, 29, 22, 30|, but
the basic idea is the combination of a quadrupole mass filter plus longitudinal trapping
electrodes. The movement of the ions in the trap can be described by the so-called
Mathieu equations.

2.2.1 Quadrupole mass filter

The quadrupole mass filter consists of four parallel hyperbolically shaped electrodes.
The geometry is shown in Fig. 2.4. When there are no charges in the trap, the potential
distribution V' (z,y, z) is quadratic [31]:

o
V(z,y,z) = p(w + oy’ +72%), (2.2)
0

where @ is the applied electric potential, 7y is the distance from the trap center to the
surface of the electrodes, A\, o, and v are the weight for the coordinates of z, y, and z,
respectively [32]. Typically, the applied potential to the two orthogonal pairs of the trap
electrodes is the combination of an rf potential %Vb cos 2t and a DC potential %Vdc with
opposite phase (see the electric circuit in Fig. 2.4), Hence, ® has the form

1
d = §(Vdc — Vo cos Qt), (2.3)
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VEC

0.5(Va-VocosQlt)

—

-0.5(Vae-VocosQt)

P2

Figure 2.5: Structure of our linear Paul trap.

where Vj is the peak-to-peak amplitude of the rf voltage, and €2 is the angular frequency
of the rf field.

Eq. (2.2) always fulfills the Laplace equation Eq. (2.1). Thus,
5 o
VV(z,y,z2) = ﬁ(”\ + 20 + 27), (2.4)
0

from which we get
A+o+v=0 (2.5)

or ® = 0. When ® # 0, A\, 0, and v cannot have the same sign simultaneously. Conse-
quently, if ions are confined in one dimension, they escape in at least one of the other
two dimensions. In our case of the linear Paul trap, the rf field only confines the ions
in the zy plane, v = 0. Therefore, if we set A to be 1, o is —1. The potential V' at any
point (x,y) in the quadrupole field is [22]:

b Ve — Vo cos QU

V(z,y) = T—g(xg —y?) = 202 (z* = y?). (2.6)

2.2.2 Longitudinal confinement

Confinement of ions in the axial (z) direction is achieved by electrostatic fields applied
to the endcap electrodes. In some linear Paul traps, the endcap electrodes are two pin
or ring electrodes placed at both ends of the mass filter [33]. This kind of trap structure
limits or even blocks the access of laser beams along the axial direction and the loading
of the complex molecular ions from an specific ion source. Therefore, we use another
two sets of quadrupole electrodes as the endcap electrodes, which are shown in Fig. 2.5.

As it is hard to build hyperbolic electrodes, most of the quadrupole electrodes are
replaced by circular rods [34] with radius

r = 1.1478 1. (2.7)

Although the aberration due to the approximation is inevitable, the agreement of the
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Figure 2.6: Electric field distribution due to the electrostatic potential applied on the
endcap electrodes of a linear Paul trap. The difference of the applied electro-
static voltages between the endcap and central electrodes is V... (a) Electric
field distribution along the trap axis. (b) Simulated defocusing effect of the
endcap voltage in the zy plane [35].

potential distribution near the trap center is good enough.

Three electrodes in a line share the same rf potential. Therefore, the whole setup
also can be taken as a quadrupole mass filter being divided into three electrically iso-
lated segments. The difference is that an electrostatic offset voltage is applied to the
eight endcap electrodes, while a lower electrostatic offset voltage is acted on the central
electrodes. The difference of these two voltages is defined as the endcap voltage, V..,
which creates a static trapping potential well as demonstrated in Fig. 2.6(a). In our
experiments, normally, 2 and -5 volts are applied to the endcap and central electrodes,
respectively. Thus, V.. is 7 volts. Through numerical solution via the widely used com-
mercial software SIMION, this electrostatic field distribution in a specific trap along the
axial direction can be approximated to be a harmonic well with the depth of kKV,.. Here
parameter k is a characteristic factor of a specific linear Paul trap and it only depends
on the geometry of the trap. In our case, it is 0.15.

However, the presence of the electrostatic voltage on the endcap electrodes weakens
the confinement of the rf field in the transverse (radial) direction. A related simulation
is done with SIMION and the result is plotted in the Fig. 2.6(b) [35]. Actually, this
defocusing effect is quite small, as will be discussed in the following section.

2.2.3 Mathieu equations

Considering the rf field and the electrostatic field V.. the potential distribution V (x, y, 2, t)
of the trap has the form

Ve — Vo cos Qt
27"3

KVee

V(z,y,z,t) = 52
0

(@* =) + 55 (22" —a* —y%). (2.8)
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Here, 2z, is the length of the central electrodes.

From the above equation we know that the field is uncoupled in the three coordinate
directions, and the forces acting on a charged particle may be determined separately
with

A’z oV (x,y, z,t) Vie — Vocos QU kV.,
F—ma, =m2t - _\m¥:A0 - . (29
e =T @ Ox ( re 22 . (29)
d*y oV (x,y, z,t) Vie — VocosQt KV,
F, =ma, = My = —Qa—y = 72 + 2 Ys (2.10)
d?z oV (z,y, z,t) 26Vec

Rearrangement of Eq. (2.9), Eq. (2.10), and Eq. (2.11) leads to the equations of motion
of a charged positive ion.

dx  Q (Vi —VocosQt KV,
—_— 4+ — — =0 2.12
& 5)e=o (212)
>y Q (Vi —VycosQt KV,
_ X =0 2.13
dt2  m ( 2 + 22 Y ’ (2.13)
A’z 2QkV,.
— =0. 2.14
dt? mzd - (2.14)

Eq. (2.14) directly tells us the axial harmonic frequency w,, which is expressed as

2QKVee
w, = ] QF“'Q . (2.15)
mz3

To simplify Eq. (2.12) and Eq. (2.13), the definition of the dimensionless parameters
is introduced

Qt 4Q V:ic K'V:ac 4@ V;lc KV:?C ZQ%
T = = Pra y Ay = — —5 yd = 4z = —qy =
0

2% T e 22 m? \ ri 22 mriQ?’
(2.16)
Eq. (2.12) and Eq. (2.13) can be written as
d2
£y (ay — 2q, cos27)x = 0, (2.17)
dr?
d*y
2 (ay — 2q, cos21)y = 0. (2.18)

Finally, they become the canonical form of Mathieu’s differential equations.



2 The linear radiofrequency (rf) trap

2.2.3.1 Solution to the Mathieu equations

We rewrite the equations of (2.17) and (2.18) as

A (@, — 2 27\ u =0, u= (2.19)
y wecos2m)u =0, u=ux,y. :
dr? 4 y

In a general case, the complete solution u(7) is given as

u(t) = ae!” Z Con€®™™ 4 e 17 Z Cye 2T, (2.20)

n=—oo n=—oo

where a1 and ay are constants of integration depending on the initial conditions of posi-
tion ug, velocity g, and rf phase 7y, while the (s, coefficients are the factors describing
the amplitudes of ion motion. They depend on the parameters a and ¢ only. g is a
characteristic exponent depending on a and ¢ as well.

2.2.3.2 Stability diagrams

When 7 — oo, the particle’s trajectory u stays finite. Then we take this as a stable
solution. p determines the stability of the solutions of the Mathieu equations. Normally,
1 is expressed as a complex number

T (2.21)

here, £ and 3 are real. If & # 0, one of the factors e™*7 diverges and the trajectory is
unstable. In the case of & = 0, p is a purely imaginary. And if § is not an integer, it
results in periodic and stable trajectories, which are enveloped by the boundaries corre-
sponding to integers of [3.

The stable solutions can be plotted using a, and ¢, as the coordinate axes. Such
graphical representations of stable solutions to the Mathieu equation are called stability
diagrams [32|. Fig. 2.7 gives an example. The characteristic values for these even and
odd numbers divide the plane into regions of stability and instability (the stable area
is shaded). Constructing such diagrams for each of the coordinate axes by plotting the
appropriate a, ¢ pairs, the stable trajectories in 3D are found leading to stable trapping.

Since in the experiment lower voltages can be realized easier, we only consider the
first stable zone, which is found by the characteristic curves of 3, = 0,1 and 3, = 0,1
as shown in Fig. 2.8(a). For simplicity, only the positive first stable zone is shown in
Fig. 2.8(b). This diagram tells us that without the rf voltage (V; = 0) charged parti-
cles can not be trapped and if all the electrostatic voltages on the electrodes are zero
(Ve = Ve = 0) and ¢ parameter is less than 0.908, the particles always stay in the stable

region. This means that only mass-to-charge ratios less than 0.908 T%‘SQ can possibly be
0

trapped radially.
For a quadrupole mass filter, there are no endcap electrodes or V. is set to zero.

Therefore, a, equals to —a, and the (a, ¢)-diagram leads to (Vg., Vp)-diagram through
the relationship of a/q = 2V,./V,. If the ratio of the voltages applied to the central

10



2.2 Trap theory of the linear Paul trap
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Figure 2.7: Mathieu stability diagram in one dimension.
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Figure 2.8: Mathieu stability diagram of the first region in two dimensions (z and y).
(a) The first stable region in x and y dimensions. (b) The positive part of
the shared first stable region in  and y dimensions. For a fixed ratio of V.
to Vj only ions with mass-to-charge ratio between ms and mg are able to be
trapped radially.

electrodes (V./Vp) is fixed, the value of a/q is determined. Then, only the ions whose
q value is in between ¢; and ¢» can be trapped. This means only the ions whose mass-
to-charge ratio is bigger than msy and smaller than mj3 can be trapped radially as shown
in Fig. 2.8(b). By scanning Vj. and V from low to high with a fixed ratio Vj./Vy we
can bring in one mass-to-charge ratio ion species after another into the stability region
and also can only bring in the charged particles we want as we do in the loading of the
complex molecular ions.

11



2 The linear radiofrequency (rf) trap

qx’ Qy

Figure 2.9: Stability diagram of our linear Paul trap at the first region when Vj. is zero.

To trap ions along the axial direction, V.. cannot be zero. When we assume Vy. = 0
(as we always do in our experiment), the a parameter is only determined by V... From
Eq. (2.16) we obtain

A4QK Ve,

mQ2z3

(2.22)

a=a, =a,=
Hence, the stability of the ions is determined by V.. and Vj and its stability diagram
at the lowest region is shown in Fig. 2.9. Since a, and a, are equal and the sign is
negative, the stable region is only in the negative a side [36]. Generally, the a parameter
is quite small in our experiment. When V. is set to be 7 Volts to confine barium ions
longitudinally, the x parameter is 0.15 for our specific trap, and the angular frequency €2
is 2 x 2.5 MHz, the calculated value of a is about 0.000374, which is negligible compared
to the ¢ parameter.

2.2.4 lon trajectories

Since one is typically looking at the stable solutions of the Mathieu equations, as we
discussed in the previous section, p is a purely imaginary and 3 is a value between 0 and
1. Therefore, the Eq. (2.20) can be rewritten as

U(T) = Z anei(QnT+ﬁT)+a2 Z anG_i(2n7+ﬁT). (223)

n=—oo n=—oo

Using Euler’s theorem, we may write this equation alternatively as

u(r)=A Z Coy cos(2n + B)1 +iB Z Con sin(2n + B)7, (2.24)

12



2.2 Trap theory of the linear Paul trap

where A = a1 + a9 and B = a3 — . The motion frequencies are
Q
Wnu =| 20+ Gy | 3 n=0,+1,42,... (2.25)

The lowest-frequency motion, that for which n = 0, is given as wy , = wo, = % 52 and is
known as the ion’s fundamental secular frequency. The higher order frequencies (n>0)
give rise to the micromotion of the trajectory. We see from the above formula, any order
motional frequency can be solved, if the characteristic frequency /3 is determined.

By inserting Eq. (2.24) into the Mathieu equation Eq. (2.19) one obtains a recursion
relation,
Conya + Con—a — Do, Cap = 0, (2.26)

where
a, — (2n + B,)?
Qu '

Simple rearrangements and recursive use of Eq. (2.26) yield continued expressions for

CZna

Dy, = (2.27)

Cop_
Oy = 5 mE (2.28)
2n — Dop_o—-+
Cap,
O2n+2 = Do — 2 1 ) (229)
2n Dopyo—=—
and (32,
1 1
ﬁiz%—%( — + . ) (2.30)
Dy — Do— L Dy — D_o—L
Using Eq. (2.27) to replace the Ds, [37],
2
65 = Qy+ 5 o a2
(Bu+2)* —ay — [P fr—
2
+ - : : (2.31)

2.2.4.1 Secular motion

In principle, with the increase of the order the contribution of the higher order frequency
motion to the energy becomes much smaller and is of little practical significance. (3, and
the coefficients can be extracted by truncating the continued fractions after the desired
accuracy is reached [38]. If (|a,|, ¢?)< 1 (normally, ¢, < 0.4), the fundamental secular
frequency

2
B \fau+ 2, (2.32)

13



2 The linear radiofrequency (rf) trap

and the trajectory is expressed from Eq. (2.24) as
B2
2

u(t) = ACj cos ﬁuth.

+ 1BCy sin (2.33)

A and B are determined by the initial conditions. If we assume that at ¢t = 0, u(0) = 0,
the trajectory has the form

BuSlt
2

u(t) = u(0) cos (2.34)

Thus,
Pult) B2 (a + %)02

which is a typical harmonic oscillation formula. If V,;. = 0, and a, and ¢, are replaced
by the expressions in Eq. (2.16), its frequency, named radial secular frequency, is written

as
QrVee  Q*V§

S 7 2.36
Wr T We =Wy \/ mzd * 2m?2riQ? (2:36)

and the pseudopotential has the form as follows

1 mw? QVf kraVee\ 22+ v = 2?4+ 9?

Ulp ) = L5 2oy 0 firgVec — D, 2.37
(z.9) 2 Q (v ) (4mr§§22 222 r2 rg (2.37)

where D, is the depth of the potential well in the radial direction. Via Eq. (2.15) a
similar treatment in the axial direction yields

D, = KV, (2.38)

which, unlike D,., is independent of the masses and charges of the trapped ions. Then
we are able to write the pseudopotential well of the linear Paul trap as

1 m Q‘/OQ K/‘/ec

_ 2.2 2.2 2 2y 9 9y KV o
V(z,y,2) = 56(%35 +wyy” twzt) = <4mr§Q2 g ) (" +y >+z_§z . (2.39)

2.2.4.2 Micromotion

If the first order (n = %1) is also kept by assuming Cy4 = 0 in Eq. (2.28) and Eq. (2.29),
the characteristic frequency (3 is still approximated as Eq. (2.32). However, the trajectory
has the form

Bullt Gu

5 11— 5 cos(Qt) | . (2.40)

Besides the secular motion as described in Eq. (2.39) the trajectory includes an addi-
tional micromotion term, whose frequency is the rf driven frequency. The maximum
amplitude of the micromotion is 1/2ACyq,, which is ¢, /2 times smaller than the moving
amplitude of the secular motion. Fig. 2.10 shows a trajectory of a barium ion, which
is released at x = 200 um, with different ¢, parameters including the secular motion
and micromotion. The secular frequency is about 100 kHz and the rf frequency is 2.5
MHz. The corresponding ¢ parameters of Fig. 2.10(a) and Fig. 2.10(b) are 0.1 and 0.01,

u(t) = ACy cos

14



2.2 Trap theory of the linear Paul trap
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Figure 2.10: Ion trajectory including secular motion and micromotion with different ¢,
parameters, 0.1 and 0.01 for (a) and (b), respectively.

respectively. The amplitude of micromotion in Fig. 2.10(a) is 20 times smaller than that
of the secular motion, but 10 times higher than that of the micromotion in Fig. 2.10(b),
where the micromotion is hard to be distinguished.

2.2.4.3 Rf heating

Although an ion is confined and driven by the rf field at the frequency €2, no energy is
coupled into its secular motion. However, when electric noise and ion-residual gas colli-
sions kick the ion out of phase with the rf field and produce chaotic motion, the secular
motion of the ion absorbs some kinetic energy from the rf field. This is an irreversible
process. The secular energy cannot be returned to the rf field. In this sense, the ion is
heated up by the rf field. This phenomenon is called rf heating [39, 40, 41].

When more than one ion is trapped simultaneously, most of the ions might be pushed
far away from the rf-free trap axis, which makes the amplitude of the ions’ micromotion
substantial. Together with the ion-ion Coulomb interaction the rf heating effect increases
significantly [42, 43]. This ion coupling is strongly dependent on the trap parameters
and the ion temperature as well as the ion numbers. By choosing appropriate trap
parameters, improving the trap symmetry and loading lower numbers of ions the rf
micromotion can be minimized to decrease the rf heating [44]. One of the most important
advantages of choosing a linear Paul trap is its large trapping volume with a relatively
low rf field. The rf heating effect is very serious at high temperatures and might help
ions to overcome the trapping potential well and escape. In this thesis, I concentrate on
relatively low temperatures, less than 1 K, and simulations about rf heating have been
performed and are discussed in Chapter 9 [45].
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3 Cooling of trapped ions

Generally, at the moment when the ions are captured by the trap, their temperatures
are quite high. Then they gain additional kinetic energy as they move to the trap center,
which has the minimum potential for positive ions. In the meantime, these ions absorb
energy from the rf field (rf heating effect) and via collision processes with residual gas
molecules. They can easily overcome the trap potential wall, whose height was specified
by Eq. (2.37) and Eq. (2.38) (D, ~ 6eV and D, ~ 1 eV for our usual trap settings). In
order to prolong the ion storage time, the kinetic energy of the ions need to be reduced
as much as possible.

Up to now a large variety of cooling techniques has been developed to cool trapped
particles. Temperatures below the Bose-Einstein condensation temperature, at ~40 nK,
were already achieved [46]. However, these methods are mainly applied to atoms. Our
work focuses on the cooling of complex molecular ions. Thus, the cooling schemes must
be available for ions. There are several techniques including laser cooling, resistive cooling
[24, 47|, which is suitable for the Penning trap, collisional cooling [48], and sympathetic
cooling [17]. In our work these three cooling techniques are used.

In this chapter, the first main section is about the laser cooling technique, which is used
cool the atomic barium ions. The large mass-to-charge ratio of barium ions makes the
sympathetic cooling of much heavy complex molecular ions relatively efficient. Due to
the large mass-to-charge ratio of the complex molecular ions, coming from the ion source,
it is hard to capture them before they leave the ion trap. Thus, helium buffer gas is used
to slow them down to improve the capture probability. This buffer gas cooling method
is briefly introduced in the second section. Finally, the decelerated complex molecular
ions and laser cooled barium ions are confined in the trap simultaneously. The barium
ions are continuously cooled to low temperatures by our working lasers (493 nm cooling
laser and 650 nm repumping laser) and the complex molecular ions are cooled via the
Coulomb interaction, sympathetic cooling. It is discussed in the last section.

3.1 Laser cooling

Laser cooling of trapped ions was first proposed in 1975 by D. J. Wineland, H. Dehmelt,
and A. L. Schawlow, T. Hénsch, [49, 50]. In the last two decades, it was widely used
and has played a significant role in atomic physics. However, most scientific reports on
using this technique are concentrated on atomic gases, since the application on ions or
molecules has some limits. The ion species which can be laser cooled, has to have a reso-
nance transition reachable by a continuous-wave (CW) laser and an electronic structure
which allows the ion to be excited from its ground state to an excited state and return
to the ground state with a spontanecous radiation process in a short time. Molecules
usually have many ro-vibrational levels. These levels can have long lifetimes and relax
with radiationless transitions, so it is hard to realize laser cooling. Electronic levels, on
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3 Cooling of trapped ions

:
1

Time (a. u.)

Figure 3.1: Illustration of Doppler cooling. (a) Ions are moving towards a laser beam and
the absorption of the photons gives them recoils which slow them down. The
absorbed energy is released by spontaneous emission. However, the recoils
caused by the emission are counteracted over many cycles. (b) Illustration
of how the secular oscillating motion of a trapped ion is reduced through the
Doppler cooling.

the other hand, are the main reason why we have to cool the molecules in an indirect way.

Ions are confined in a trap by a harmonic potential well with resonance frequencies
wy (u =z, y, or z) (see Eq. (2.39)). In our experiments, the cooling laser is directed
along the z direction. When the atomic ions are at high temperature, the linewidth I' of
the cooling transition is much greater than the ion’s axial motional frequency w,. Red-
shifting the cooling laser and making use of the Doppler effect, the atomic ions can be
cooled efficiently. When the atomic ions are cooled down to less than a few millikelvin,
they are confined to a region of dimension much less than the wavelength of the radiation
and I'" becomes much smaller than w,. Now the ions are in the Lamb-Dicke confinement
regime [51] (see Chapter 11). The first-order Doppler effect disappears and is replaced
by a series of sidebands spaced by the oscillation frequency (= w,). In our experiments,
we only employ the Doppler cooling technique. So the minimum temperature of a pure
barium ion ensemble is limited to a few millikelvin.

3.1.1 Doppler laser cooling

Doppler laser cooling, is based on the Doppler effect in the photon scattering probability
of generating a recoil to retard a moving ion. A graphical illustration is shown in Fig. 3.1.
The scattering of a photon from a laser beam is subject to energy conservation and
momentum conservation. When an ion runs to the right against a monochromatic laser
beam, as shown in Fig. 3.1(a), whose frequency is w; red-detuned from the transition
frequency of the ion at rest wey, due to the Doppler effect the transition frequency is
red-shifted, and at the right velocity the resonance with the laser frequency occurs. In
this case a photon is absorbed and this ion gains a photon momentum hk; = fiwy/c in
the direction of the laser beam. Thus, the ion is decelerated by the recoil. The absorbed
photon is released by the decay through spontaneous emission. However, this emission
is random but spherical symmetric. Thus, if this absorption-emission process repeats
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3.1 Laser cooling

enough times, the recoils from the emissions are counteracted. Finally, the net effect is
that the ion is retarded in a direction opposite to the laser beam propagation. When the
velocity of the ion becomes larger or smaller or the ion moves along the same direction as
the laser beam, the Doppler shifted transition frequency is off resonance with the laser
frequency resulting in low absorption probabilities. The ion can only be decelerated or
accelerated with a much smaller probability. Fig. 3.1(b) demonstrates the process of how
the ion is decelerated. The deceleration occurs at one particular velocity point where the
transition frequency shifts to the resonance with the laser frequency. When the ion is
cooled down below the velocity point, no resonance with the laser frequency can happen.
However, the laser frequency can be tuned a little bit to the blue to continue the ion
cooling procedure.

3.1.1.1 Notation for the atom-laser interaction

In order to deeply understand the Doppler laser cooling process, a quantitative analysis
needs to be done. For simplicity, the atom is assumed to constitute of a closed two-level
system with a stable ground state |g) and an excited state |e), whose lifetime is 7 = 1/T.
The dipole transition frequency between these two levels is we,. Since |g) and |e) are the
atom’s eigenstates, the atomic Hamiltonian has the form

Hatom = 19)(g] + le)(el, (3.1)
and the atomic wavefunction W can be written as a superposition of the two eigenstates
U(r,t) = cq4lg) + cele), (3.2)
where the coefficients ¢, and ¢, in general are complex numbers. |cy|? and |c.|? mean the
probabilities of the atom to be in the ground or excited state, respectively. Their sum is 1.

The electric field Ep(z,t) coming from a laser beam is given by
E;(z,t) = er(2)Eo(2) cos(wpt + krz), (3.3)

where e, is the polarization vector, Ej is the amplitude and the laser frequency is wy.
The laser beam running along the axial direction with the wave vector of k.

The operator of the atomic dipole moment d along the z direction is expressed as

d = de:(le)(g] + [g)(el), (3.4)

where (e|d|g) = de. = (g|d|e). Then the interaction energy operator Hamiltonian H'
between the atom and the laser beam has the form

H = —ed- Ep(z,1) = hQg - cos(wrt + kr2) - (le) {g] + [g)(e]), (3.5)
here, €2, is Rabi-frequency defined as

d
QR = ﬁ@E@(Z)ez - €er, (36)

19



3 Cooling of trapped ions

which determines the interaction strength.

Thus, the time evolution of the atomic wavefunction ¥ is governed by the time-
dependent Schrodinger equation

ov . ~
ih— = (Hutom + H )V. (3.7)
ot
To evaluate the probabilities of states with spontaneous emission of a two-level atom
interacting with a travelling-wave light-field, the coefficients of ¢, and ¢, are used to
form a density matrix

ee e CeCy  CeC
P Pee  Peg | _ 9| (3.8)

*
Pge  Pgg CgCe  CgCy

where the time evolution of the matrix elements is governed by the equations of motion
known as the optical Bloch equations (OBE) [52]:

dpee dp 7/ *  —iAw 1Aw
G = = e = 5 (QRe T ey — Qe pge)
dpge r . Ly —ifw
_di = —(E + 1Aw)pge + §QR6 A “(pee — Pgq)
dpe r . i 1Aw
dtg - _(5 — 1AW) peg — §QR€ A t(pee — Pgg)- (3.9)

The optical Bloch equations can be solved numerically [53, 54|. If the laser frequency
is detuned by Aw from the resonance, in the steady state the population in the excited
state is given by

. /4
AW+ 0%/24+12/4

Therefore, in the steady state the decay rate from the excited state to the ground state,
[pee, is equal to the excitation rate from the ground state to the excited state, which is
called the scattering rate v, photons from the light are scattered by an atom, given by

(3.10)

0% /4 r s
:Fee:l—‘ R = —_—— 311
TR Aw?+Q%/2+T2/4  21+s (3:11)
where 02 /9
i/ (3.12)

§=——"

Aw? +12/4
is the so-called saturation parameter. In the case of Aw = 0, the saturation parameter
becomes

202 I
= — = 3.13
%0 F2 [sat7 ( )
where T3 )
w; 2m°hel’
It = 9 5 S0 (314)

127c? 3N\

is the saturation intensity. So the Rabi-frequency can be expressed by the saturation
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intensity as

1
2[sat.

02 =172 (3.15)

3.1.1.2 Basic theory of Doppler laser cooling

The light force due to the absorption of the photons is equal to the photon momentum
hkp multiplied by the scattering rate v. When the ion is moving against the laser beam
with a velocity v,, the Doppler shift needs to be taken into account with Aw replaced
by Aw + krv, in Eq. (3.11). Finally, the light force is given as

0% /4
(Aw + k,v,)2 4+ Q% /2 +T2/4°

F.(v.) = —hk,T (3.16)

Near v, = 0, this light force can be expanded around v, = 0 and the new expression is

F.(v.) = F.(0) + Bv. + O(vs), (3.17)
with 02 /4 .
F,(0) = —hk; T R = Rk 1
(0) AL+ 0% /24 12/4 o1+ (3.18)
and AwT
8 = hk3— u (3.19)

(s + 12 Aw? + [2/4°

The light force F,(v,) has a constant light pressure force F.(0) and a velocity dependent
friction force, whose damping coefficient is . F,(0) is determined by the properties of
the cooling laser and the linewidth of the transition frequency. It can be counteracted by
using a counter-propagating laser beam with the same frequency and intensity. In our
experiments, we use a running wave beam, since the space at the other end of the trap
is occupied by the octopole ion guide. Therefore, this force is always present, pushing
the laser cooled ion ensemble along the beam direction. Through molecular dynamics
simulations, the magnitude of the light pressure force can be simulated (see Chapter 9).

Fig. 3.2(a) plots the light force expressed in Eq. (3.16) as a function of the ion’s velocity
with different laser intensities when Aw = —I"/2. At near zero velocity the force curve
can be approximated to be linear with the slope 3 as we obtained in Eq. (3.17). If the
ion’s velocity is quite large, leading to a large Doppler shift, the cooling force is relatively
weak. Through a laser detuning further to lower frequencies, the Lorentz shaped force
curve moves away from the origin but towards the optimal cooling to cool the ions much
more efficiently as shown in Fig 3.3. Therefore, via a frequency scan the width of the
ion velocity distribution can be reduced.

The damping coefficient 3 depends on the laser detuning which is depicted in Fig. 3.2(b).
The red-detuning corresponding to < 0 leads to the deceleration of the ions’ motion,
whereas the blue detuning results in heating. For each laser red-detuning Aw one al-
ways can find a maximum value of -5 (maximum cooling efficiency). For example, when
Aw = —%F, ~-Bmazr = ihk% with sp = 2. In the low intensity limit, s < 1, the expression
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Figure 3.2: Light force of a running wave. (a) The force is plotted as a function of

the Doppler shift. (b) The damping coefficient [ as a function of the laser
detuning Aw.

of #in Eq. (3.19) is reduced to be

Awl

AT (3.20)

B = hk2s

which shows that the damping coefficient (3 is proportional to the intensity. On the other
hand, when s > 1, 3 becomes reverse proportional to the intensity.

3.1.1.3 Doppler cooling limit

As we discussed above, the realization of the Doppler cooling relies on the randomness
of the spontaneous emission recoils, which makes the ion undergo a random walk in
momentum space. In fact this momentum diffusion has a heating effect on the ion
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Figure 3.3: Light force as a function of the Doppler shift at different red detunings.

motion. For each recoil of a photon emission the velocity change of an ion is Ap/m and
the kinetic energy change is

AE:1m<(V+ ﬂ’)2— V2> = <VAp+ A—]”2>, (3.21)

2 m 2m

where m is the mass of the ion and V is its velocity before the photon emission. Since
the ion velocity and the recoil are uncorrelated, the first term is zero, so

2 21.2
AE = <Ap > _ kL (3.22)

2m 2m

If we also consider the heating from the photon absorption and assume it has the same
contribution, then the total heating rate h is given as

G

h =2AE~y 7. (3.23)
m
When the ion is cooled, the laser cooling rate ¢; decreases linearly (¢; = —%(Eﬁ,

see Eq. (9.26) and Eq. (9.28)). Therefore, the ion cannot be cooled infinitely. When
the cooling rate reaches the heating rate, the ion reaches an equilibrium state and has
minimum temperature, which can be calculated as

h2k? 203 23 3 I}
= (B, = kT = T .24
m v 3m< >l 3m ZkB min ka mins (3 )
22 1) Aw? +T12%/4
ﬁkB 2/-{33 Aw
here the definition of temperature is Fyineric = 3/2kpT. In the case of Aw = —I'/2 and

Q% — 0, the minimum temperature is ;2.
) 2k

This is the minimum temperature, which can be achieved by Doppler cooling. If one
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3 Cooling of trapped ions

iSO 130Ba 132Ba 133Ba 134]_3)a 135Ba 136]_3)a 137]_3)a 138]_3)a
NA | 0.106% | 0.101% | Syn | 2.417% | 6.592% | 7.854% | 11.23% | T1.7%
spin | 0 0 sh 0 2h 0 2h 0

Table 3.1: Stable barium isotopes with their natural abundance (NA) and nuclear spin
[55, 56, 57|

wants to achieve lower temperatures, other cooling techniques such as sideband cooling
are necessary.

This minimum temperature is obtained for a single ion only in the axial direction.
Using the same principle, the ion can be cooled by another two lasers radially. Thus,
to cool a single ion to the minimum temperature in three dimensions, at least three
identical laser systems are necessary. When more than one ion is confined in the trap
simultaneously, after some kinetic energy being extracted by a laser beam along the axial
direction, via the thermalization process a part of the radial kinetic energy redistributes
to the axial direction. With the cooling continuing like this all the ions can be cooled in
all dimensions.

3.1.2 Doppler cooling of ¥*Ba™
3.1.2.1 Barium element

Barium is a silvery white, metallic, alkaline earth metal. Its atomic number is 56 with a
standard atomic weight of 137.327 atomic mass unit (amu). Its first ionization energy is
5.2117 eV. It is a very reactive chemical element; when it is exposed to the air, it oxidizes
easily. Moreover, it is highly reactive with water and alcohol. Normally, barium is kept
under a petroleum-based fluid (such as kerosene) or other suitable oxygen-free liquids
that exclude air. In our lab, we keep it in a vacuum chamber (< 10~ mbar) until we fill
it into the oven; this operation is done in an argon atmosphere.

There are twenty-two isotopes, however, most of them are highly radioactive and have
half-lives in the range of several milliseconds to several minutes. Synthetic radioisotope
133Ba is the only exception, which has a half-life of about 10.51 years. Naturally occur-
ring barium is a mix of seven stable isotopes which are shown in Table 3.1 with their
natural abundance (NA) and a nuclear spin. From Table 3.1 we can see that the odd
barium isotopes have nuclear spin, which causes the hyperfine structure in their ground
and excited states.

As we discussed above the momentum change of an ion experiencing a single exci-
tation followed by spontaneous emission is hky, and the corresponding velocity change
is v, = hkp/M along the axial direction. This is a small amount. Thus, in order to
cool the atom sufficiently, many units of photon momentum on the same ion need to
be accumulated. That means the excitation process needs to be repeatable and the
spontaneous decay process always needs to bring the ion to the ground state. Oth-
erwise, the cycle of the cooling is broken. Therefore the ground state splitting of the
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3.1 Laser cooling

Transition Wavelength A (nm) | Decay rate I'/27 (MHz)
628, 562 Py o 493.4 15.1
625, 3 <562 Py s 455.4 18.8
62Py )y <52 Ds 649.7 5.3
62 Py jp 552Dy 585.4 0.7
62Py )5 52D 5 614.2 5.9
625, 2 552Dy 2051 41079
625, 2 <>52Ds 5 1761.7 510~

Table 3.2: Wavelengths and decay rates of selected **Ba™ transitions [59, 60].

5 2D5/2

5 2D3/2

Figure 3.4: Level scheme for Doppler laser cooling of 3¥Ba™ with wavelengths for the
dipole allowed transitions [61].

odd isotopes due to the hyperfine structure makes them not suitable for the laser cooling.

The isotope shift between **Ba and '*Ba or **Ba and '**Ba at the 625, - 6Py
transition is greater than 100 MHz [58]. Therefore, we use the most abundant barium
138Ba, whose natural abundance is about 72%, to be laser cooled. Other isotopes are
sympathetically cooled.

3.1.2.2 Transitions of *®Ba™

The electron configuration of a singly ionized 3®Ba atom is similar to that of the noble gas
xenon, but with one additional valence electron in the 6s shell ([Xe|6%S]/5). Some main
transitions between its low energy levels and the corresponding wavelengths together
with their decay rates are listed in Table 3.2. The relevant level scheme is shown in
Fig. 3.4(a). It is not a two-level system. When the *®Ba ion is excited from the ground
state to the P state, it might decay to a metastable D-state (lifetimes are 30 s and 40 s,
respectively) first, then decay to the ground state via an electric quadrupole transition.
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3 Cooling of trapped ions

Thus, the laser cooling cycle is broken. However, since the transitions between P and D
are also dipole-allowed, with the help of a repumping laser a closed system is constructed.
We use the transitions of 625 5 - 62 P; /2 and 5% D35 - 62 P} /2, whose transition frequencies
are at 493 nm and 650 nm, respectively, where three energy levels are coupled by two
laser beams as shown in Fig. 3.4(b).

3.1.2.3 Laser cooling of a three-level system

The three-level system is quite similar to the two-level system. We define the ground state
62512 as state [1), the excited 62P;/ and 52Dj /o as state |2) and state |3), respectively.
The decay rate from |2) to |1) is I'y; and the corresponding Rabi-frequency is Qpgoy, so
do I'g3 and Qpos for |2) to |3). Thus, the Hamiltonian is

Hign = 1) (1] + [2)(2] + 3)(3]. (3.26)
and the electric field of Eq. (3.3) becomes
EL(Z, t) = ELQ(Z, t) + ELT(Z, t), (327)

where E;,(z,t) and Ep,(z,t) are the electric field from green and red laser, respectively.
The dipole operator is

d = dye(|2)(1] + |1)(2() + dase-([2) (3] + [3)(2])- (3.28)
The interaction Hamiltonian is expressed as

H' = 1 cos(wrgt + kpgz) (12)(1] + [1)(2]) + A cos(wpt + krrz + 0)(12)(3] + [3)(2])

(3.29)
In classical statistics, the subsystem is no longer in a pure state and must be described
with a density operator p

p=>_ pla)pl. (3.30)

a,b=1,2,3

The time evolution of the density operator is governed by the Liouville equation

dp 7
— =—_[H £ gamn(p). 3.31
The first term corresponds to the Schrédinger equation and the second term £ jqm,(p)
includes the damping terms. By choosing the phases of lasers to be 0 and setting the
zero point of energy at |2) level, the complete Hamiltonian finally is

Awg 921 0
H =h Qo 0 Qo J (3.32)
0 Qgg Awr

where Aw, (= wry, — wa1) and Aw, (= wp, — wos) are the laser detunings of the green
and the red laser, whose frequencies are wry and wy,, respectively.
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3.1 Laser cooling
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Figure 3.5: Resonance fluorescence excitation spectrum of a three level system with dif-
ferent detunings of the 493 nm laser. Here, 29; = 10 MHz, (253 = 5 MHz,
laser linewidth I'z4is 0, I'y; = 15.1 MHz, and I'y3 = 5.3 MHz.

The elements can be described by the coupled optical Bloch equations [62], which can
be solved numerically. The light force on the ion has the form

F(v.) = —hkpgla1paz — hkp,Lazpao. (3.33)

When the detunings of the 493 nm laser and the 650 nm laser are equal, Aw, = Aw,,
which satisfies the condition of a Raman transition between level |1) and level |3), no
photons spontaneously emit from level |2). This effect is a so-called dark resonance.
Fig. 3.5 shows the population in state |2), pas, as a function of the detuning of the 650
nm laser with the detuning of the 493 nm laser at 0, 10, an 20 MHz. At the dark
resonances pgs is zero and

03 03, Q918203

PI= o5 PB= o5 ary PB= o5 a3 Pre=pa=0. (3.34)
05 + Q3 05 + Q3 Q5 + Q35

In this case, the light field has no interaction with the ion and the ion is transparent.

Normally, the laser linewidths are not exactly 0. A finite linewidth results in some
probabilities of exciting the ion to level |2). Therefore, the fluorescence will not vanish
completely.

3.1.2.4 Zeeman splitting

As a matter of fact, the energy levels of a 1¥*Bat, 6281/2, 62P1/2 and 5253/2 as shown in
Fig. (3.4)(b), have eight degenerate substates, which are shown in Fig. (3.6). 625/, and
62Py o are duplicate degeneracy, while 52S3/, is fourfold degeneracy. These degenerate
substates are described by the magnetic quantum number m;. The optical excitations
between these substates depend on the polarization of the lasers. Due to conservation
of the angular momentum, the transitions with m; = £1, i.e. ¢" and o~ transitions,
transfer an additional angular momentum /4. Thus, in a **Ba™ ion only transitions with
m; = 0, m can be excited with linear polarized 493 nm and 650 nm lasers. Populations
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6°S -
1o —
-1/2

Figure 3.6: Level scheme of ¥®Ba™ transitions without an external magnetic field [61].

in states 52535 (with m; = £3/2) are accumulated via the spontaneous decay from the
states of 6251/ (m; = £1/2) following the rule Am; = £1. Finally, the substates of
6P, /2 become empty and the laser cooling process is stopped.

However, this situation can be prevented by implementing a homogenous magnetic
field whose direction is not parallel to the polarization direction of our laser beams. The
applied magnetic field splits up these substate energy levels. This effect is the Zeeman
splitting. The energy change for each substate is

Ezeeman = mjgj,U/B|B‘ (335)
when expressed in frequency
us|B
szeeman - mjgj% =m;g;Hu, (336)

where 5 is is the Bohr magneton. g; is the Landé factor given by

JU+1D)+5(S+1) ~ LL+1)

2J(J +1) (3:37)

g9; =1+

In our case, g; for 6251/2, 62P1/2, and 52D3/2 are 2, %, and %, respectively. All the
information is shown in Fig. (3.7).

If the direction of the applied magnetic field is parallel to the propagation direction of
the laser beams while perpendicular to their polarization (the polarizations of our two
lasers are parallel to each other), the Zeeman splitting happens along the axial direction.
In this case, all the photons seen radially are linear polarized. Therefore, o transitions
as well as 7 transitions can be optical excited. Of course, the dark resonance also splits
and the corresponding positions depend on the ion species and the magnitude of the
applied external magnetic field [63, 64, 65].
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Figure 3.7: Level scheme of *®*Ba™ with Zeeman splitting and the possible transitions
[61].

3.2 Buffer gas cooling

Our complex molecular ions are produced in an electrospray ionization system from
where they are transferred to the ion trap via an octopole ion guide. Normally, their
secular energy is about a few eV after the entrance of the trap for singly charged molec-
ular ions. Ions pass the middle segment of the trap and leave trap through the trap
exit easily. If we raise the endcap voltage at the exit end to stop the escaping, they
bounce and escape from the other end, which is kept at relative low voltage to leak in
the ions (see Fig. 7.2). More details are presented in Chapter 7. Meantime, due to the
rf phase mismatch between the octopole and quadrupole, when the molecular ions leave
the octopole guide and go into the trap, they gain some instantaneous rf energy into the
secular energy, which might kick them out of the trap. Therefore, the complex molecular
ions need to be slowed down in the trap, so that they can be captured.

Buffer gas cooling, which was introduced more than forty years ago [23], is a powerful
tool to realize this goal. It relies on the elastic scattering of the ions on the buffer-gas
molecules transferring a part of their energy to them. Thus, the motion of the ions is
damped until they finally reach thermal equilibrium with the buffer gas. In principle,
this cooling technique is applicable to any ion species, as long as the ion species is able to
remain in the trap after multiple collisions with low energy buffer gas molecules. Finally,
the molecular ions need to be sympathetically cooled by laser cooled ions, for which
ultra-high vacuum conditions are necessary. The buffer gas can be removed in a few
seconds (much shorter than the lifetime of the molecular ions staying in the trap).

At low temperatures (7' < 300 K) the most important ion-neutral interaction arises

from an induced dipole attraction which has a potential ¢ = —5 (-5 )2 [66] for a singly

2
charged ion. Here « is the polarizability of the neutral atom or molecule, e the electron

charge, and r the radial separation. Using classical collision theory one can derive an
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3 Cooling of trapped ions

expression for the ion-neutral collision heating or cooling rate [66] as

3.2.91 ck T, —T,
hcoll - 4 _Bnn\/ (€ ——

)
€0 my + me

(3.38)

and the momentum transfer collision rate

221 e «
elastic — —Npy — 3.39
Velast 1 Eon \/; ( )

where n,, is the particle density of the neutral gas, m,, (m.) and T,, (T,) are the masses
and temperatures of the neutrals (charged particles), u = m,m./(m, + m.) is the re-
duced mass. Fig. (3.8) gives an example of the cooling process of a K™ ion entering
the trap with a kinetic energy of 10 eV, for details, see the work of F. Herfurth [67].

In fact, the collisions between the buffer gas and ions cause rf heating. When the
mass of the molecular ions is greater than that of the buffer gas, the buffer gas cooling
overcomes the rf heating. If their masses are close or the mass of the molecular ions is
smaller, the rf heating becomes very serious. This is the main reason why we use helium
gas as buffer gas. Of course, in our case, the complex molecular ions are relatively heavy,
so nitrogen, argon, krypton and even xenon could be chosen, too.

3.3 Sympathetic cooling

3.3.1 Overview of sympathetic cooling

As we discussed in the Chapter 2, due to the limits of the availability of tunable, narrow-
band laser sources and the fundamental problems such as complicated level structures
(presence of ro-vibrational levels in molecules) or the absence of optical structures (as
in protons and negative atomic ions) [17], only a few ion species can be laser cooled
directly. Furthermore, the laser-cooling process itself strongly perturbs the levels of an
atom or ion so that the precision of measurements is limited. Other cooling techniques
are also limited to certain specific species. However, sympathetic cooling offers a so-
lution to these problems. With this technique two or more ion species are confined in
a trap simultaneously and one atomic ion species is directly cooled by lasers, while the
others (atomic or molecular ions) are cooled via the long-range Coulomb interaction with
the laser cooled ions. Fig. (3.9) gives an illustration of sympathetic cooling. It is very
universal and should be applicable to cool nearly any ion species to the subkelvin regime.

In principle, sympathetic cooling can be realized in either a Penning or a Paul trap.
The first demonstration in a Penning trap was provided in 1980 (isotopes 2Mg™ were
sympathetically cooled by laser cooled ?*Mg™ to about 0.5 K [18]). Experiments using
laser-cooled “Be™ to cool 1%Hg™ [17, 68], laser cooled **Mg™ to cool “Be™ [69], and “°Cd "

to cool diverse isotopes [70|, were performed in Penning traps later.
However, most of the sympathetic cooling experiments are done in Paul traps since

the observation by accident in 1992 [71]|. Generally, in a Paul trap ordered and crystal-
like structures can easily be observed through the fluorescence of the laser cooled ion
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Figure 3.8: Simulation of the cooling process in a linear Paul trap in the presence of
buffer gas. (a) The axial oscillation of a particle as a function of time, (b)
the radial oscillation as a function of time, and (c) the total axial energy as a
function of the axial position (shown together with the axial trap potential).
The kinetic energy of the particle is reduced gradually and finally reaches the
equilibrium state at the trap bottom (minimum trap potential). [67].

species at very low temperatures. The sympathetically cooled ions might occupy some
"lattice" sites that appear dark. If they were not cooled to a temperature close to that
of the laser cooled ion species, the crystal structure, at least near them, would be absent.
In 1992, some dark spots were observed in a laser cooled 2*Mg* ion crystal. Another
important demonstration was that the molecular ions (from the background gas) were
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3 Cooling of trapped ions

Figure 3.9: Illustration of sympathetic cooling. Molecular ions (in red) are loaded into
the trap together with the laser-cooled atomic ions (in blue). The momen-
tum transfer between charged particles is quite effective due to the strong
Coulomb interaction. Thus, the momentum of the molecular ions will be
transferred to the ions that are laser-cooled and then be removed from the
laser cooled species "by the laser" as described in the first section. Thereby
cooling of both species is achieved. In reality, the laser beam is usually wider
than the ion ensemble once it is cold.

first sympathetically cooled by a laser-cooled ?*Mg™ ion crystal in 1996 [72] and the
molecular species were identified. Up to now, a series of atomic ions and molecular
ions with ion numbers from one to several thousand were sympathetically cooled and
studied. In one experiment even 90% ions were sympathetically cooled [35]. Table 3.3
gives an overview of the atomic ions and molecular ions already being sympathetically
cooled in Paul traps [78]. We extended this to complex molecules and we succeeded to
cool the translational temperature of singly-charged Alexa Fluor 350 (Mass 410 amu)
[61] and glycyrrhetinic acid (Mass 471 amu) and highly charged (charges from 12 to 17)
cytochromes ¢ (Mass about 13000 amu) to the millikelvin regime.

3.3.2 Mass dependency of sympathetic cooling

Sympathetic cooling, unlike buffer gas cooling, allows to use laser cooled ions to cool
heavier ones, as well the lighter ones. In order to understand the sympathetic cooling
quantitatively, the mass-to-charge ratio, m/@Q, is used as the characteristic quantity
of an ion species in an ion trap. The sympathetic cooling between two ion species is
characterized by the quotient of their characteristic quantities, x:

e (g> sC : (g> L (340)

In principle, any ion species is able to be sympathetically cooled. However, under spe-
cific parameters, only the ion species whose m /@ lies in the Mathieu stability diagram
are available. The minimum y for the trap parameter reported in Reference [72] is
about 0.54 [79]. Be™ ion species can be used to cool HD', and even protons leading to
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3.3 Sympathetic cooling

Sympathetically cooled atomic ions

Research Group Crystallization achieved fluid state only
Our group (HHU, | HY, DT, 3He™, “Het, N*, O, Ne¥,
Germany) Art, Ar?t Krt, Xet, 135-137Bat

Sympathetically cooled molecular ions

Our group (HHU, | Hy, HD*, Dy, Hi, Di, Hy,DT,
Germany) HD;, BeH", BeD", NeH", NeDT,
Ny, OH*, OF, O,HT, H,OF, ArHJ,
ArDT, CO5, KrH, KrD*, BaOT,
C,Fq, AF350", GA™T, R6G™T, Cyt!?** -

Cyt17+

Aarhus University | MgH™, OF, MgO™, CaO™ [73, 74]

(Denmark)

Hitachi Research NH;, H,Of, H;0T,

Center (Japan) C,HI, COHT, OF
(75, 72|

NIST (U.S.) BeH* [76]

Texas A & M Uni- Cdo [77]

versity (U.S.)

Table 3.3: Cold atomic ions and molecular ions produced by sympathetic cooling [78].

x = 1:9. In our experiments, COJ from residual gas are always loaded with Bat and
sympathetically cooled, in this case, the corresponding x is about 0.29. y =1 : 6 was
achieved through simulations using ?*Mg™ to cool Dy [35] and x = 7.85 was realized
in our experiment (the cyt ¢ protein ions in the 12 charge state were sympathetically
cooled by the laser-cooled **Ba* ions).

When several ion species with the minimum mass-to-charge difference (y = 1) are
confined in a linear Paul trap and cooled to sufficiently low temperatures, all the ions
mix and the momentum transfer between these ion species is most efficient. In most
cases, their mass-to-charge ratios are different, so they are spatially separated (radially)
as shown in Fig. 3.10. The higher the mass-to-charge difference between two ion species,
the further they are located from each other, which leads to a lower sympathetic cooling
efficiency. The separation is determined by the ¢ parameter. Higher mass-to-charge ratio
ion species suffer weaker trap pseudopotential than lighter ones, so lighter ion ensembles
stay more close to the trap axis and repel heavier ones away from the trap axis. The
heavier of the ions, the easily of them to be pushed further away from the trap axis. To
better under stand this, a two-ion-species system is considered, for example, a system
with barium and complex molecular ions. Their mass-to-charge ratios are m;/Q; and
ms/Q2, respectively, with my/Q1 < ms/Qs. The trap confinement force on the heavier
ions is meq®Q?r /8 and the Coulomb repelling force from the lighter ions is approximately
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Figure 3.10: Scheme of the spatial distribution of different ion species and their corre-
sponding effective trap potentials (proportional to ()/m in absence of space
charge effects, i.e. the presence of other species). Lower mass-to-charge
ratio ions experience a stronger pseudopotential.

4”160 % in the case of the distance (the width of the gap) between these two ion species

r, much big comparing to the size of the ion ensemble of the lighter ions. The N lighter
ions are taken as a point charge at the trap center. At equilibrium state, we can obtain

= 3 1 SNQlQQ 3 1 2NQ17’§Q2@ (3 41)
N 471'80 mquQQ N 47'('80 ‘/02 QQ. .

We can see that r is proportional to the cube root of the mass-to-charge ratio of the
heavier ions. This equation also tells us that a larger number of lighter ions can enlarge
the gap width leading to a weaker momentum transfer efficiency. Therefore, if the lighter
ions are the laser-cooled barium ions and the heavier ions are the sympathetically cooled
complex molecular ions, too many barium ions do not means to cool the molecular ions
more efficiently.

In fact, m/@Q of the complex molecular ions confined in our trap can not be more than
1500 amu/e, so the width of the gap between a barium ion ensemble and an ion ensemble
of complex molecular ions is comparable or even much less than the dimensions of the
barium ion ensemble. In this case, r is no longer simply proportional to the cube root of
mo/Qs due to the strong space charge effects. Therefore, we study ion systems via MD
simulations.

Fig. 3.11 shows a simulation of the dependence of the sympathetic cooling efficiency
on the the mass-to-charge ratio. A barium ion ensemble, whose ion number is 500, and
another ion species (mass 200, 400, or 1000 amu) including 100 singly-charged ions are
trapped simultaneously and heated up to 160 mK. When the heating is switched off and
the laser cooling with a cooling rate 3/mp, = 4330 s~ (5 times higher than actual) is
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Figure 3.11: Temperature decay of different sympathetically cooled ion species together
with 500 laser-cooled barium ions cooled by lasers from 160 mK. It is evident
that ions, whose mass is close to that of the laser-cooled *®Ba™ ions, are
sympathetically cooled more efficiently. Heavier ions crystallize at larger
distance from the coolant ions and are cooled less efficiently.

turned on, the barium ion ensemble is laser cooled and the other ion ensemble is sym-
pathetically cooled. When the sympathetically cooled ions are heavier, the gap between
the two ion species becomes larger, and the sympathetic cooling efficiency decreases,
which is represented by smaller temperature decrease. Fig. 3.11 also shows that the
sympathetic cooling efficiency depends on the temperatures of the ion species. With the
temperatures going down the sympathetic cooling efficiencies decrease as well. Thus,
higher temperatures have higher sympathetic cooling efficiencies.

If the mass-to-charge ratio of the species is too large, for example, some thousand amu
or even more (proteins), ions will stay far away from trap axis with a very weak sympa-
thetic cooling efficiency. Moreover, when the ions stay further away from the trap axis,
the rf heating becomes more and more serious. Finally the rf heating rate overcomes the
sympathetic cooling rate and the ions will not be trapped any more. Highly charging
the molecules to decrease the mass-to-charge ratio is one solution to move ions closer to
the axis. This effect is simulated in Fig. 3.12. To be more realistic, in the simulations a
same ion ensemble as above is used, but the mass of the molecular ions is set to be 4000
amu and an additional heating rate kp(37.5 K/s) is applied to both ion species. The
molecular ions here are singly, doubly and fourfold charged, respectively. Since the sym-
pathetic cooling rates are smaller than the heating rate, the molecular ions are heated
up. If we do not consider the potential energy change (see Chapter 9) in the heating
process, via these heating curves the sympathetic cooling rate for each case is achievable.
For example, for the singly charged molecular ions, they stay further away from the trap
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Figure 3.12: The dependence of the sympathetic cooling efficiency on (). The ensembles
including 100 molecular ions with mass 4000 amu and 500 laser-cooled bar-
ium ions initially evolve at about 160 mK. The implemented laser cooling
rate is 3/mp, = 4330 s7! and the heating rates for both ion species are
kp(37.5 K/s). The molecular ions are singly, doubly, and fourfold charged,
respectively. A higher charge state forces the molecular ions closer to the
trap axis and improves sympathetic cooling efficiency.

axis and have a weaker sympathetic cooling efficiency. Their fitted heating rate from the
black curve is kp(28.5 K/s), thus, the corresponding sympathetic cooling rate is about
k(9 K/s) (= external heating rate - actual heating rate). When the molecular ions are
doubly charged, they move towards the laser-cooled barium ions and the corresponding
sympathetic cooling efficiency increases to approximately kp(17.4 K/s). Finally, if the
molecular ions are fourfold charged, sympathetic cooling rate becomes kp(22.5 K/s).

It is also interesting to investigate the relationship between the sympathetic cooling
efficiency and the mass, for constant mass-to-charge ratio. For this case, the gap between
the coolant ions and the molecular ions is similar. Fig. 3.13(a) shows the temperature
changes of different molecular ion species (masses 1000, 2000, and 4000 amu). Since
their charge states are 1, 2, and 4 correspondingly, they have the same mass-to-charge
ratio m/Q). The gap between the barium and the molecular ion species is approximately
constant under these conditions. Accordingly, the obtained sympathetic cooling rates are
kp(16.5 K/s), kp(19.2 K/s), and kp(22.5 K/s). Thus, with a same m/Q the sympathetic
cooling rates can be different, but they depend only weakly with m or @), especially if the
initial heating is considered. Actually, these differences arise from the spatial distribution
of these molecular ions. Under same trap conditions, the molecular ions with a higher
charge state repel each other more strongly and therefore have a broader distribution
(mainly along the axial direction in our trap) leading to a more efficient energy transfer
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Figure 3.13: The dependence of the sympathetic cooling efficiency on the mass m and
charge state ) of the molecular ions for constant mass-to-charge ratio. The
ensembles including 100 molecular ions and 500 laser-cooled barium ions ini-
tially evolve at about 150 and 175 mK, respectively. The implemented laser
cooling rate is 3/mp, = 4330 s~! and the heating rates on both ion species
are kp(37.5 K/s). (a) Temperature evolutions of the molecular ions with
masses 1000, 2000, and 4000 amu and in the corresponding charge states
1, 2, and 4. They have somewhat different sympathetic cooling efficiencies,
which arise from their different spatial distributions. (b) Temperature evo-
lutions of the molecular ions with masses 200 and 800 amu. The charge
states are 1 and 4 correspondingly. Since the charge-to-mass ratio is similar
to that of barium ions, there is only a small gap between the species and
cooling takes place more efficiently. Another two groups (masses 400 and
1600 amu and masses 600 and 2400 amu) are also simulated. Their larger
gaps weaken the sympathetic cooling efficiencies. When m /@) ~ 600 amu/e,
the sympathetic cooling rate almost equals to the heating rate. Here, if the
simulation time is long enough, all the final temperatures of the molecular
ions will approach absolute zero.
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with the barium ions.

However, when m /@ of the molecular ions becomes close to that of the barium ions,
the gap between the molecular ions and the barium ions is small enough to neglect this
spatial distribution effect, as the green and blue curves shown in Fig. 3.13(b). In this
particular simulation, the molecular ion species masses 200 and 800 amu are chosen, but
their mass-to-charge ratios are 200 amu/e. Fig. 3.13(b) shows that their sympathetic
cooling curves are overlapped very well. Here, although the implemented heating rates
on the ions are still k5(37.5 K/s), the sympathetic cooling rates are strong enough to
overcome the external heating rate. The further simulations show that under the specific
trap settings used here when m/@Q ~ 600 amu/e the sympathetic cooling rate and the
external heating rate reach balance at near 200 mK (see the black and red temperature
curves).

On the other hand, when the mass-to-charge ratio of the sympathetically cooled ion
species is smaller than that of the laser cooled ion species, the ion ensemble always sits
inside the laser cooled ion ensemble, so rf heating is low. Thus, when choosing a laser
cooled atomic ion species as an efficient coolant two aspects need to be considered: One
aspect is that the mass-to-charge ratio of the target species should be smaller than that
of coolant. The other aspect, also the most important one, is that the mass-to-charge
ratios of the two species should be as close as possible. Of course, in the experiment some
other factors such as the accessible equipments are also need to be taken into account.
In our group, to cool lighter species such as HDT, the lightest coolant Be* is chosen.
However, for the heavier complex molecular ions, *¥Ba* is quite appropriate as coolant.
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In this chapter the experimental setup used in the experiment is discussed. It mainly
consists of vacuum systems, an ion trap, ion sources, ion detection devices, an octopole
ion guide, laser systems, and electronics. The block diagram of the experimental setup is
shown in Fig.4.1. In the following sections the functions and parameters of each device
will be introduced individually. We first discuss the vacuum system, which consists of a
main vacuum chamber and a differential vacuum system with a pressure transition from
atmospheric pressure to below 5x107!Y mbar. In Sec. 4.2 the linear Paul trap and its
external electrical circuits are described. Then, different ion generation methods used in
our experiment are addressed (Sec. 4.3). Since complex molecular ions are required to
be generated in a universal and soft way, the electrospray ionization method protonates
the complex molecules without fragmentation. However, the ionization process happens
at atmospheric pressure. Thus, the molecular ions need to be transferred to the trap in
a UHV chamber in an opposite way. Sec. 4.4 introduces the octopole ion guide used for
this purpose. The fluorescence of the **Ba™ ions can be detected by a photomultiplier
tube (PMT) or collected to be imaged by an Intensified CCD (ICCD) camera. Ions
from the trap can be collected by a channeltron electron multiplier (CEM). These ion
detection techniques are presented in Sec. 4.5. In the last section, Sec. 4.6, the working
lasers are mentioned briefly. For more details please check the dissertation of Alexander
Ostendorf [61]. Other lasers mentioned in this thesis such as UV lasers (266 nm or 313
nm), are provided by other groups [80, 81].

4.1 Vacuum system

Fig. 4.2 shows the scheme of a partial but central part of the experimental setup. Both
the top and the side views are given. The main vacuum chamber is the centrum, since
the linear Paul trap is located there. Due to the generation of the complex molecular
ions under atmospheric pressure, the ions need to be transferred into the trap. However,
the crystallization of the barium ion ensemble occurs under the working background
pressure at about 5x107'° mbar. Thus, all these components (ESI, differential vacuum
chambers, the octopole ion guide, the ion trap, an electron gun, the barium oven, and
the main chamber) are required to be enclosed in the vacuum chamber.

4.1.1 Main vacuum chamber

Since the pressure in the chamber needs to be less than 5x107° mbar, which is in the
ultra high vacuum range (UHV), it is important that the chamber and the flange com-
ponents are clean. Our main chamber is made of a low carbon grade stainless steel noted
for high purity and hardness, with CF-flanges. All the flange connections are sealed with
oxygen-free high conductivity copper (OFHC) gaskets. It is necessary to use only low-
outgassing and low vapor pressure materials for other components. All materials should
be able to stand the baking at 250°C for removing water and hydrocarbons adsorbed to
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Figure 4.1: Block diagram of the experimental setup.
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Figure 4.2: Scheme of the entire vacuum setup including ESI, the octopole ion guide,
and the main vacuum chamber with the linear Paul trap, an electron gun,
and the barium oven [61].

the walls.

The mechanical design of our main chamber is shown in Fig. 4.3. It is a pipe with 300
mm inner diameter and a 3 mm thick wall. The two ends are 300 CF-flanges. Around
the side wall there are two virtual planes (Layer 1 and Layer 2), each contains 10 CF-
flanges of three types (CF 35, CF 63, and CF 100). As designed the trap center is at the
same height level as Layer 1. The laser beams enter into the chamber from the center
of the right CF 63 flange and leave it from that of the left, opening for the octopole
and connection to the differential vacuum system. Thus, the laser beam is overlapped
with the trap axis. The CF 100 flange in Layer 1 and its opposite CF 63 flange are
occupied by the fluorescence detectors, an ICCD camera and a PMT. Two flanges with
their axes passing through the trap center are used for the barium oven and the electron
gun, which can be used as an optical access for other laser beams. Another four flanges
can be used for the connections of electrical wires. Here, we use one CF 35 flange lo-
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a. Front view b. Top view

c. Cross section along layer 1 d. Cross section alonglayer 2

CF 100

Figure 4.3: Mechanical drawings of the main chamber [61].

cated at the bottom left in Fig. 4.3(c) and another one at the bottom right for the wire
connections of the channeltron and the copper wire coils. The flanges in Layer 2 are
supplements. Flanges of CF 100 and CF 63 are connected to a turbo molecular pump
(Pfeiffer, TMU520) and a restgas analyzer (RGA), respectively. One CF 35 flange is used
as a wire connector between trap and its external electronics. One is employed by a leak
valve. Another one is used by an ion gauge to measure the pressure of the main chamber.

The main chamber is mounted in a hole of an optical table as shown in Fig. 4.2. This
optical table is not only the worktable for coupling the laser beams to the trap but also
a height reference. It becomes much more convenient than taking the trap center as the
height reference due to its enclosure by the chamber.

In order to achieve the (UHV) condition around 5x107'° mbar, a turbo molecular
pump (Pfeiffer, TMU520, 520 L/s) is implemented. The low pressure limit for this kind
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4.1 Vacuum system

of pump is about 5x 107" mbar. When it works, another turbo molecular pump (Pfeiffer,
TMU261, 210 L/s) is required to create a prevacuum, which is 107° mbar. A prevacuum
(~ 8x1073 mbar) for this turbo pump is created by a rotary vane pump. Normally, in
our case, the minimum pressure directly created by these pumps is about 2-3x 10~ mbar
after one week bakeout at around 200 °C. The bottom of the main chamber is connected
with a home-made titanium sublimation pump (three removable hairpin shaped filaments
mounted on low electrical resistance electrodes). After running the titanium sublimation
pump once or twice (each time one filament works at 40 A for about 20 minutes and the
wall of the pump, about 500 cm?, is cooled by water all the time at 12°C), the pressure
of the main chamber is brought down to the working pressure 5x107' mbar. In best
cases, 2x107!% mbar are reachable. The pressure is monitored by an ion gauge. And
the content of the residual gas can be checked via a restgas analyzer (Balzers, QME 112).

Since the main chamber is connected to the atmosphere via the ESI system, even
worse, the ionization process of the complex molecules is realized just before the vacuum,
i.e, water molecules have much higher possibility to enter into the main chamber, the
vacuum degree of the main chamber becomes worse and worse with time. Usually,
another bakeout of the main chamber is better to be done after serval months depending
on the frequency of the loading of the complex molecular ions.

4.1.2 Differential vacuum system

If the main chamber was connected with the ESI system directly, its reachable minimum
pressure would be in the order of 10~ mbar or even worse. With such high background
pressure it would be impossible to cool a barium ion ensemble to the crystalline state by
laser cooling due to the strong heating effect from the collisions with the neutral residual
gas molecules. Thus a differential vacuum system is necessary to offer a pressure transi-
tion from atmospheric pressure to the required working pressure for the laser cooling of
a barium ion ensemble to crystalline state.

The differential vacuum system consists of two connecting tubes (CF 35) and two
differential vacuum chambers (65 mm inner diameters, CF 100), (see Fig. 4.4). A turbo
molecular pump (Pfeiffer, TMU261, 210 L/s) is connected to the differential vacuum
chamber close to the ESI system. Another differential vacuum chamber is connected
with a second turbo molecular pump (Pfeiffer, TMU520, 520 L/s). The prevacuum for
these two turbo molecular pumps is created by a rotary vane pump. The scheme of the
differential vacuum system and the pressure transition are also shown in Fig. 4.2.

Since the ESI system itself has two turbo molecular pumps, normally, the pressure at
the end of the system is about 1x107° mbar. Therefore, the created pressure transition
by the differential vacuum system is from 1x10~° mbar to 5x107° mbar. If the faster
turbo pump for the differential vacuum system is omitted, only 7.5x 10~ mbar minimum
pressure can be reached [61].
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Figure 4.4: Differential chambers. Turbo molecular pumps are mounted under the table.

4.2 lon trap

A stainless steel plate with threaded holes is mounted in the vacuum chamber parallel
to the optical table. The core device is the linear Paul trap, which is mounted in the
center of the plate as shown in Fig. 4.5. The trap center is to be kept in Layer 1, which
is described in the last section and shown in Fig. 4.3. The trap axis is superposed on
the axis of the two opposite CF 63 flanges.

4.2.1 Mechanical design

Our linear Paul trap consists of three quadrupole mass filters in series and two identical
sets work as endcap electrodes (as described in Chapter 2). All the 12 quadrupole
electrodes are circular rods with a diameter of 10 mm. The lengths of the endcap and
middle electrodes are 30 and 20 mm, respectively. Three electrodes from each quadrupole
mass filter form a group longitudinally and are mounted together by a polar holder with
small macor rings keeping them out of contact (gap width 0.5 mm). Each electrodes has
two vent holes, and a thread hole for attaching a wire for electronic connection. The
mechanical design and the alignment of all electrodes are shown in Fig. 4.6. According
to the rule of Eq. (2.7) the distance from the trap axis to the surface of the electrodes is
about 4.36 mm. The distance between the trap center and the base plate is 70 mm.

4.2.2 Electrical power supplies

In order to operate the trap, appropriate power supplies are necessary. An rf power
supply is used to generate the rf voltage to confine the ions radially. For different pur-
poses, other various types of DC power supplies are used, for example, using quadrupole
DC voltages for mass selection, individual small DC voltages on middle electrodes to
correct voltage offsets, and DC voltages on the endcap electrodes giving the longitudinal
confinement of ions. In our case, secular excitation (see Chapter 9) is usually used to
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4.2 Ion trap

Figure 4.5: Main chamber with the linear Paul trap inside [61]. The elements: 1. trap,
2. electron gun, 3. barium evaporator oven, 4. optics, 5. octopole ion guide.

detect the ion species or to remove specific ion species. Thus, an AC power supply with
frequency sweeping from 10 kHz to about 1 MHz is required. The wiring diagram of all
the electronics connected for the trap is shown in Fig. 4.7.

4.2.2.1 Rf power supply

The rf voltage is required to confine the charged particles in the linear Paul trap (see
Sec. 2.2 of Chapter 2). In our trap, the three mass filters share one rf voltage. The
longitudinal confinement is realized by the difference of the DC potentials between the
endcap electrodes and the middle electrodes.

The sine rf voltage is initially generated by a function generator (Agilent, 33220A).
The low-amplitude rf signal is amplified by a 25 W rf power amplifier (Amplifier Re-
search) and sent to a transformer to be resonantly enhanced. The resonant frequency
and amplitude of this circuit are determined by the diameter and the number of windings
of the coils and the trap capacities. In our case, the resonant frequency is 2.5 MHz and
the maximum output amplitude is about 500 V. Out of the resonance, the maximum
amplitude decreases and the rf voltage on the trap is no longer proportional to the signal
amplitude behind the rf function generator.

The transformer has a ferrite ring and is housed in an aluminium box, which keeps
other sensitive instruments in the lab, such as the laser-locking circuits, out of the rf
radiation. The printed circuit board is located in another housing, which is at ground.
In order to reduce capacitances associated with cable length, this box is mounted above
the vacuum feedthroughs directly.
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Figure 4.7: Block diagram of the trap power electronics [61].

Generator

The rf voltages on the trap electrodes are displayed on an oscilloscope have the fol-
lowing calibration: 1 V on the oscilloscope and gives 100 V to the trap. Through the
comparison with some experimental results, this calibration drifts within approximately
5%. More precise calibration for a specific case can be done via a measurement of the
secular resonance frequency of a pure barium ion ensemble.

4.2.2.2 DC power supply

The quadrupole DC voltage (Vg = 0...20V), as shown in Fig. 4.7, is implemented to all
electrodes symmetrically increasing the potential of the one half of electrodes by V,./2
and lowering the other half by —Vj./2. By varying this voltage, ion species change their
position in the stability diagram (see Sec. 2.2 of Chapter 2). Thus, some ion species
can be moved to an instability area and kicked out from the trap. This is an additional
mass selection option. In our experiments, we normally remove unwanted ion species via
strong excitation of their resonance frequencies or by lowering the rf voltage whereupon
the trap depth decreases and ions of a high mass-to-charge ratio escape first. Hereby V.
is always set to be zero in our experiments.

Due to electrostatic charges or contact potentials on the electrode surfaces the electri-

cal field in the trap can drift. The position of an ion ensembles would shift accordingly.
A DC power supply offers individual correction voltages (-24 V...24 V) to each middle
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electrodes. On the other hand, with the help of this DC power supply we can easily
control the position of ion ensembles radially to better understand their properties and
mutual interactions.

Another DC power supply is used for the endcap electrodes. Not each electrode has
an individual DC potential as the middle the electrodes do, but four electrodes at one
trap end share one DC potential. This DC power supply helps to confine the ions in the
axial direction and by varying the potentials the ion ensembles can be pushed to the left
or right side.

Besides the rf power supply and several other DC power supplies, we have another
AC power supply, whose oscillation frequency, from 10 kHz to 1 MHz, covers the secular
frequencies of our interested ion species. This AC voltage is used to modulate the rf
amplitude on the two top central electrodes. By a frequency sweep in a certain range
with an appropriate amplitude, the ion species, whose secular resonance frequency is
within this range, can be excited. For this, an AC signal with a few millivolts or several
volts is generated by a function generator (Agilent, 33220A) and attenuated to some
millivolts or even a few micro-volts.

4.2.3 Magpnetic field

As discussed in Chapter 3, in order to cool *¥Ba* ions by lasers, a weak magnetic field is
required to generate the Zeeman splitting of the energy levels of the ions. This magnetic
field is generated by two coils, which are mounted on the two trap holders as shown in
Fig. 4.6. The mean diameter of the 56 windings of the two coils is about 87.5 mm. A
current I passing through the coils results in a magnetic field B along the trap axis. B
(in the unit of Gauss) near the trap center is expressed as

2
B = 10*uoNI- R =3.92 x I, (4.1)
V/R? + (d/2)?

here p is magnetic permeability of vacuum and N is the number of windings. R and
d are the diameter of the two coils and their distance, respectively. In our case, the
current [ is set be 1.5 A. Thus, the magnetic field in the trap center is about 5.87 Gauss.
Therefore, the corresponding energy change for each substate is given by Eq. (3.36), for
example, the energy change of the two substates of the ground state 625 /5 is £8.2 MHz.

4.3 lon sources

In this section we introduce three different techniques, which are used in our experiment,
for the production of ions to be trapped and cooled.

4.3.1 Barium ion source

The barium ions are produced in an UHV suitable electron beam evaporator. Fig. 4.8
shows the wiring diagram of the barium oven. Solid barium metal is filled in a tungsten
crucible, to which a high voltage of 2 kV is applied. In front of the crucible there is a
tungsten filament. When the filament is ignited, electrons are emitted and accelerated
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Figure 4.8: Wiring diagram of the barium oven.

by the positive high voltage on the crucible to hit the barium sample. Barium atoms are
evaporated from the sample and some of them are singly ionized. These barium ions are
pushed away from the crucible and guided to the trap by a metal tube, which is mounted
behind the filament and points to the trap center.

There are three disadvantages of using this technique. One is the low ionization co-
efficient. Small fractions of the evaporated barium atoms are ionized and many barium
ions are lost on the way to the trap. Another disadvantage is that in the ionization
process not only the barium atoms but also some residual gas such as CO,, are charged
and trapped. The presence of the sympathetically cooled ions slows down the barium
cooling process and even prevents the barium ion ensemble from crystallization. The
third disadvantage is that when the barium ions approach the trap, it can be acceler-
ated by the rf voltage. The gained kinetic energy might be several hundred eV. Thus,
some ions escape before being captured and some hit the trap electrodes being absorbed.

Comparing to the case of being charged by a electron gun or photoionization, this
method is more convenient to operate and the loading of the barium ions is more con-
trollable and efficient.

4.3.2 lons from background gas

An electron gun is mounted orthogonally to the barium oven. Produced electrons with
energies between 50 and 1500 eV are focused to the trap center. Normally, the diameter
of the electron beam is a few mm and the beam current is about 100 pA. Behind the
trap there is a phosphor plate. The electron beam is stopped by this plate generating
fluorescence, which can be used to check the characteristic of the electron gun.

If neutral atoms or molecules collide with electrons there, they can be ionized. Gas
phase molecules or atoms can be easily injected into the main chamber through a leak
valve. Usually, the vacuum pressure arising to 10~% mbar is enough to generate a suffi-
cient number of charged gas molecular ions in a few seconds. By closing the leak valve,
most types of the residual neutral molecules can be pumped away in a short time.

4.3.3 Complex molecular ion source - ESI

The main goal of our experiment is to sympathetically cool big molecular ions (masses
from hundreds to tens of thousands amu). Typically, these are biomolecules such as
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dyes, amino acid, proteins and peptides, and exist as the form of solid or dissolved in a
suitable solvent. An appropriate way needs to be found to charge and transfer them into
the gas phase without damaging their molecular structures and characteristic properties.

Traditionally, to charge molecules, besides the method of electron impact (EI) ioniza-
tion, photon impact ionization [82] and chemical ionization (CI) are options. However,
in most cases, due to the relatively strong delivered external energy and the complexities
of the molecules, they can be fragmented easily.

Thus, several other techniques such as secondary ion mass spectrometry (SIMS) [83],
field ionization (FI) [84], fission fragment ionization (also called plasma desorption ioniza-
tion mass spectrometry, PDMS) [85, 86|, and matrix-assisted laser desorption /ionization
(MALDI) [87] have been developed to avoid fragmentation. Due to individual disadvan-
tages of each method for our experiment, we finally decide for the widely used electro-
spray ionization (ESI) method.

4.3.3.1 Principles of ESI

In the electrospray ionization process, the target compound is dissolved in a solvent,
which is usually much more volatile than the target sample. The solution is pushed
through a small metal capillary by a syringe, which is driven by a motor. Since a posi-
tive high voltage is applied to the capillary, in order to balance the electric field between
the capillary and the surface of the solution, positive charges are pushed to the tip and
negative charges are dragged back. A so-called Taylor cone is formed at the end of the
capillary. Droplets are ejected from this cone and collide with air forming an aerosol.
A neutral sheath gas such as nitrogen is used to nebulize the droplets and evaporate
the neutral solvent. The capillary behind the needle is heated to evaporate the solvent.
As the solvent evaporates, the volume of droplets becomes smaller and smaller. Thus,
the charge density of the droplets becomes higher and higher. At a critical volume, the
charge repulsive force breaks it into some smaller droplets. This phenomenon is the
so-called Coulomb fission. The process repeats until the molecules of the target sample
are free of solvent and become a single ion. The principle is also shown in Fig. 4.9.
In fact, the exact mechanism of the process is still in debate [88]. The development of
electrospray ionization for the analysis of biological macromolecules was rewarded [89]
with the Nobel Prize in Chemistry to John Bennett Fenn in 2002.

Actually, the final singly charged ions are quasi-molecular ions protonated by adding
a proton, a hydrogen ion, and denoted [M+H|T, or sodium adducts (|[M+Na|"), or
the proton is removed ([M-H|7). More complex ions are normally multi-protonated
(IM-+NH]""). In our case, only the protonated ions are selected. Usually, to charge the
target molecules, acids are added to the solution.

4.3.3.2 Advantages of ESI

Why from our point of view is the ESI in combination with a mass spectrometer
(ESI/MS) our best choice? Because the ESI/MS has some advantages:

e ESI is applicable to both small and large complex molecules with a mass higher
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Figure 4.9: Principle of the electrospray ionization (ESI).

than 20.000 amu.
e ESI is a soft ionization method preserving the molecule structure.
e Commercial ESI sources with an integrated mass spectrometer are available.

e Impurities of the target molecular ions can be removed before loading them into
the trap.

e The target sample is easily replaced by changing the solution.

e ESI allows producing highly charged ions and molecular ions of a certain charge
number can be selected instantly.

4.3.3.3 Structure of ESI

In our experiment, the commercial ESI/MS system Finnigan SSQ700 is used. The cen-
tral part is shown in Fig. 4.10. The solution in a syringe is pumped by a motor (Harvard
Apparatus, model 22) passing through an fused-silica capillary (50 pm inner diameter
and 190 pm outer diameter) and the high voltage needle to form an aerosol under the
atmospheric pressure with the help of a nitrogen sheath gas at a pressure of 5 bar. The
infusion rate of the solution is usually 5 or 20 pul'min~'. Behind the needle (15 mm)
there is a heated capillary (inner diameter 250 pum) at a temperature of 200...400°C.
A rotary vane pump is connected to the cell wit the capillary lowering the pressure to
about 1 mbar. When the molecular ions leave the capillary, they are transferred into the
quadrupole mass filter by a short octopole ion guide, below which there is a turbo pump
to generate a lower pressure - in the order of 1072 mbar. The quadruple mass filter
selects the molecular ions with a chosen mass-to-charge ratio. Behind the mass filter
there is a big cell with another turbo pump. The pressure in this area is in the order
of 107° mbar, which is acceptable for an ion counting device (channeltron, discussed in
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Figure 4.10: Central part of ESI/MS. The elements: 1. needle, 2. tube to a rotary vane
pump, 3. heated capillary, 4. octopole ion guide, 5. turbo molecular pump,
6. quadrupole mass filter.

Sec. 4.5).

In principle, all the parameters of this ESI/MS system such as voltages for different
elements, temperature, air flux and solution pumping speed, can be set, monitored, and
modified by a host computer.

4.3.3.4 Mass spectra

Fig. 4.11 shows a mass spectrum obtained in our ESI/MS system. The solution is a
mixture of peptide MRFA (methionine-arginine-phenylalanine-alanine, mass 523.7 amu)
and horse skeletal muscle myoglobin with a concentration of 20 and 5 pmol-ul™!, respec-
tively. The solvent is a 50 : 50 methanol /water solution containing 0.5% acetic acid. This
solution is usually used for a routine calibration of the system. There are two mass peaks
at 524 and 263 amu/e corresponding to singly and doubly charged MRFA, respectively.
In the higher mass range, a series of mass peaks are from the highly charged myoglobin.
Since the mass of myoglobin is 16955 amu, from the peak positions the number of at-
tached protons can be found. In Fig. 4.11 the corresponding charge numbers from 14 to
25 are distinguishable. No fragments are shown in this figure.

4.3.3.5 lon flux

The ion flux or the charging efficiency for different ion species varies depending on the
molecular species, concentration of the molecule and acid in the solution, and ESI settings
parameters such as the needle voltage, sheath gas flux, and capillary temperature. Taking
MRFA as an example, under an optimal setting a flux of more than 100 thousand ions
per second is possible behind the quadrupole mass filter. In principle, the ion flux itself
is not so important, since the extension of the loading time or an increase the buffer gas
pressure can compensate the low flux, but higher fluxes make it easy for us to control
the loading of the molecular ions in the experiment.
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Figure 4.11: Mass spectrum of a mixture of MRFA and myoglobin.

4.4 Transport of complex molecular ions

To realize the pressure transition from the atmospherical pressure to about 5x107°
mbar, a differential vacuum system is implemented resulting in a big gap between the
ion source and the linear Paul trap. Therefore, an ion guide is required to transfer the
molecular ions from the ion source to the trap. In Chapter 2, the ion confinement of a
quadrupole in the radial direction was discussed. Here, we use another rf ion guide - an
octopole, which is widely used for guiding slow ions.

4.4.1 Theoretical background of octopoles

For N > 2, the rf potentials %(Vdc — Vhcos Q) and —%(Vdc — VpcosQt) are applied to
adjacent electrodes as in case of the quadruple. The x and y motions are no longer
decoupled. The pseudopotential is given by [90]

o NQ(VW/2)? v s 1,

\IJQN('T’) = WT + 5‘/(167" Ccos ny, (42)
here 7 = r/ro. 2N is the number of electrodes, for example, N = 4 for an octopole.
(7, @) represents the plane polar coordinates. In the case of V. = 0, the second term
vanishes. When N = 2, the pseudopotential is consistent with the form of quadrupole
(Eq. (2.37) with V. = 0).

Fig. 4.12 shows the normalized pseudopotentials of quadrupole and octopole as a func-
tion of the distance from the centerline with V. = 0 (plotted according to Eq.4.2). The
octopole has a flatter pseudopotential near the octopole axis and a steeper one close to
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Figure 4.12: Pseudopotential of quadrupole (N = 2) and octopole (N = 4) obtained
from Eq. (4.2).

the electrodes, which helps to minimize the ion loss.

The adiabaticity parameter 7 (see Gerlich-review) [90] is given as

Vo/2) -
n=2N(N — 1)21(9—(’2/7?# 2, (4.3)

and the reduced amplitude of micromotion, @ = a/rq, has the form

NQ(%/2) ?N—l

(22 (—cos(n — 1)p,sin(n — 1)p). (4.4)

a=
For an octopole, n < 0.3 is the stability condition extracted from numerical simulations
[90].

4.4.2 Structure of the octopole

One end of our octopole (just behind the mass filter) is shown in Fig. 4.13. The whole
octopole is about 1900 mm long, passing through the entire differential vacuum system.
Since the other end of the octopole is plugged about 10 mm into the trap to improve the
capturing efficiency of the molecular ions, the outer diameter of the octopole should be
less than 2ry of the trap. Furthermore, a small diameter of the octopole decreases the
inner cross-section of the air passage (also the passage for the complex molecular ions)
benefiting the pressure transition. The octopole in our setup is designed to have 5.52
mm inner diameter and 8.69 mm outer diameter. The diameter of the electrodes is 1.58
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4.4 Transport of complex molecular ions

Figure 4.13: End part of the octopole together with the mass filter.

mm. Each of the two four-electrode groups is assembled by metal rings with an interval
of 200 mm. Macor rings are used to keep the two electrode groups apart and also act as
holders for the octopole. Some of these macor rings fit with the vacuum tube very well
only leaving the inner cross-section of the octopole open.

In fact, an octopole has several additional advantages. One is the multi-pole structure
that helps shielding the disturbance of external fields more efficiently. Another one is
the multi-pole structure which makes such a long setup to be mechanically more robust.
Furthermore, the symmetry of the octopole field is relatively insensitive to deviations
from the ideal arrangement of electrodes.

4.4.3 Octopole parameters

Ions can be transferred by this octopole guide only when the stability condition n < 0.3
is satisfied and the potential well of the octopole is deep enough. From Eq. (4.3) we
can see that n is proportional to the magnitude of the applied voltage and inversely
proportional to the square of the frequency. For a specific voltage a higher frequency is
helpful to reduce the n value.

For our setup a rf generator has been developed as shown in Fig. 4.14. Frequencies
between 2.8 MHz and 3.7 MHz are available. The voltage is tunable from 0 to 600V
(peak-to-peak). The DC voltage is set to be zero normally. However, we have an
additional DC offset, from 0 to -30 V, applied to all eight electrodes for the acceleration
of ions along the guide to improve the transfer efficiency. In most cases, the rf voltage
is set to be 240 V at 3.3 MHz with -27 V DC offset. With this set of parameters,
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Figure 4.14: Rf generator for the octopole ion guide.
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Figure 4.15: Mass spectrum of myoglobin behind the long octopole ion guide.

the stability condition is satisfied for the ions in our range of interest and an ion flux
greater than thousand ions per second is always obtainable with the mass-to-charge ratio
between a few hundred to about a thousand amu/e. Fig. 4.15 shows an example of the
mass spectrum of myoglobin (here the deviation of the peak position is from the ESI
system, which requires to be calibrated). In doing this mass spectrum a detector is set
behind the long octopole ion guide. This spectrum shows that the octopole can transfer
the ions efficiently.
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4.5 Ion detection

4.5 lon detection

Ions can be detected and counted by a channeltron electron multiplier (CEM) directly.
Using laser cooling there is a by-product - the fluorescence, which can be detected by a
photomultiplier tube (PMT). When the laser-cooled ion ensemble is cooled to liquid or
crystal state, it can be imaged by a CCD camera as well.

These detection method enable us to obtain a lot of information such as ion numbers of
each ion species (in combination with simulations) and even dynamics of the ion cluster.
With the help of other techniques such as secular excitation and molecular dynamics
simulations, more properties can be studied.

45.1 CEM

When a positive ion leaves the octopole or is extracted from the ion trap, it is accelerated
by an extraction plate (a hole in the center as the ion passage), which is mounted under
the central trap electrodes and operates with a negative high voltage (about -1.5 kV).
When an ion strikes the inner side of the CEM, electrons are created and multiplied.
Finally, the electron flux pulse is sent to the electronics as the signal to be amplified,
discriminated, and converted to TTL pulses, which are counted by counting electronics
and recorded using a LabView program. The voltage applied on the CEM is about 3 kV.
Thus, a CEM can be used to count the ion number or the ion flux.

Additionally, the destructive method can also be used to get the information about
the temperatures and ion species of an ion system qualitatively. The velocity of ions has
a distribution, especially, at high temperatures the distribution is quite broad. When do
a extraction by lowering the rf voltage gradually (means lowering potential depth (see
Eq. (2.37))), the hotter and heavier ions escape from the ion trap first, so different ion
species should be distinguishable in an ion extraction spectrum and the peak width for
each ion species indicates its temperature. Actually, the mass spectrum done through
this method is not expected to have a very high resolution for the determination of the
temperatures of ion ensembles and their mass-to-charge ratios.

4.5.2 CCD

In our experiment, barium ions scatter 493 nm light. The emitted photons passing
through a gap of two adjacent central trap electrodes are collected by a lens with a
short focal length (50 mm) and focused into the ICCD camera (Andor iStar, DH734) by
another lens, which focal length is 400 mm. The first lens is mounted inside the vacuum
chamber with the distance of its focal length from the trap center as shown in Fig. 4.16.
Thus, the magnification factor is about 8. The ICCD camera has a 1024 x 1024 pixel
CCD with a pixel size of 13 um x 13 pm. The achieved resolution is about 1.6 ym. Since
the typical Wigner-Seitz radius of our barium crystals is about 20 pm, it is possible to
resolve individual ions in the small crystals and the shell structures in the large crystals.

In order to determine the size of the barium ion ensemble from the CCD images pre-

cisely, a microscope slide with a scale is mounted in the trap center. The imaged scale is
shown in Fig. 4.17. The minimum scale (10 pm) is discriminable. Thus, the resolution
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trap window =400 mm CCD camera
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Figure 4.16: Imaging scheme of the CCD camera.

Figure 4.17: Calibration image. The length of the scale is 1 mm and the corresponding
pixels in a CCD image are about 980. The minimum scale 10 pm is shown
very clearly. Here, the scale is placed in the trap center.

of such system is much better than 10 um (theoretical value is 1.6 pum). The scaling
factor is 100 pixels in a CCD image corresponding to about 104 pm.

To improve the quantum efficiency of the ICCD camera, it runs at a temperature of
-20°C. The integrating time is usually set be to 2 s. Additionally, at the optical entrance
of the ICCD camera a narrowband 493 nm light-passing filter is mounted to block the
repumping laser light and other background light.

Since the fluorescence light (scattered 493 nm light) is collected from the side of the
trap and the CCD camera is placed 90° with respect to the trap axis, all the CCD images
from the experiments in this thesis are the projection of the intensity of the fluorescence
light onto the horizontal x — z plane.

453 PMT

The fluorescence light can also be detected by a PMT. In our setup a PMT is installed
outside of the main chamber. A lens with 50 mm focal length is mounted at the side
of trap opposite to the lens for CCD camera to collect the fluorescence light. Then the
collimated light beam passes a window and is focused into an aperture by another lens
(f = 100mm). Behind an aperture the PMT is mounted. There is also a narrow gap
filter for 493 nm set in front of the PMT.

The individual photons generate electron pulses, which are amplified and sent to a
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Figure 4.18: Setup of the Nd:YAG laser and its frequency stabilization system [61].

discriminator, after then, converted to TTL pulses. The pulses are counted by a counting
electronics as done for the signal from the CEM. The magnitude of the counting is the
indication of the ion number and the laser cooling efficiency. With the help of the
fluorescence intensity, the optimal detunings of the working lasers can easily be found.
The PMT is also used for the non-destructive secular excitation method to identify the
ion species (see Chapter 10).

4.6 Laser system

As mentioned in the last chapter, a cooling laser (493 nm) and a repumping laser (650
nm) are required for the laser cooling of *®*Ba™ ions. Here, an overview of their setups
is given. Details are described in the thesis of Alexander Ostendorf [61].

Unlike a normal laser system, a laser for laser cooling needs to satisfy several condi-
tions: First of all, sufficient and constant output power is necessary. The most important
point is that the laser frequency should be well-stabilized for a long time (> 2 hours)
and tunable in a small range (> some hundred MHz). Furthermore, the laser linewidth
needs to be narrower than 1 MHz.

The block diagram of the whole laser system is shown in Fig. 4.1. The 650 nm laser is
generated directly by a semiconductor laser diode. However, the 493 nm laser is obtained
by sum-frequency generation (SFG) of 1064 and 920 nm laser beams, which are generated
by a Nd:YAG laser and a semiconductor laser diode, respectively. Moreover, to stabilize
the two laser diodes two ring cavities (transfer cavities) are used. The lengths of these
cavities are stabilized to the 1064 nm laser. Thus, the Nd:YAG laser is the master laser.

The setup of the Nd:YAG laser is shown in Fig. 4.18(a). Its seed is delivered by a Non-
Planar Ring Oscillator (NPRO) master laser. It is amplified in a cavity (two Nd:YAG
crystals are end-pumped by 808 nm lasers). The final amplified output power is about 12-
14 W. This laser is frequency stabilized using a hyperfine transition in molecular iodine
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Figure 4.19: Scheme of the optical setup for the frequency stabilization of the 650 nm
laser.

at 532 nm. Therefore, a portion of the 1064 nm laser (= 1 W) is used to be frequency
doubled (SHG) achieving about 18 mW output power at 532 nm. The main portion of
the 532 nm laser beam, modulated by an electro-optic modulator (EOM), doubly passes
the iodine cell, which is kept at 0°C and 4 Pa gas pressure obtaining about 300 kHz
effective linewidth. Another small portion of 532 nm laser beam works as a probe beam.
The signal from the photodetector is sent to the electronics to stabilize the frequency
of the seed laser through the Pound-Drever-Hall stabilization method [91, 92, 93]. The
optical setup for the frequency stabilization of the 1064 nm laser is shown in Fig. 4.18(b).

4.6.1 The 650 nm laser - repumping laser

The laser diode used in our experiment is a commercial one (Sacher, TEC-100-645-10).
It is an External Cavity Diode Laser (ECDL) in Littrow configuration and is designed
for the applications, which require a high output power as well as a low linewidth. Its
central wavelength is about 645 nm with maximum 12 mW output power. The maxi-
mum output power after the grating is about 8 mW at the wavelength of 649.94 nm. The
beam is linearly polarized and its profile is elliptical (ratio = 1 : 4), which is corrected
by a anamorphic prism pair to the ratio of 1 : 1.5.

The scheme of the optical setup for the 650 nm laser is shown in Fig.4.19. The original
beam is divided into three parts. The main beam is guided to the trap and one of the
other two is delivered to a wavemeter via optical fibers. The last one is sent to a transfer
cavity, whose cavity length is stabilized to the 1064 nm laser (a small portion, about 200
pW, is used). The transmission power of the 650 nm laser from the coupling mirror is
monitored by a photodiode. The detected signal is sent to the controller to identify the
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Figure 4.20: Optical setup for the generation of the 493 nm cooling laser radiation.

frequency drift and a corresponding feedback will be sent to the laser diode to recover the
frequency. This technique is well known as the Pound-Drever-Hall stabilization method.

When the length of the cavity and the 650 nm laser frequency are locked, an acousto-
optical modulator (AOM) can be used to shift the frequency of 1064 nm laser beam to
the transfer cavity. Subsequently, the length of cavity is adjusted accordingly resulting
in a shift of the frequency of the stabilized diode laser. The maximum shift for our 650
nm laser is about 200 MHz.

The frequency stabilization for to 920 nm diode laser has an identical setup. The
AOM is independent from that for the frequency stabilization of the 650 nm laser. The
maximum tuning range for the 920 nm laser is about 150 MHz.

4.6.2 The 493 nm laser - cooling laser

Semiconductor laser diodes at 493 nm are still not available. Thus, this cooling laser is
obtained on the principle of nonlinear frequency conversion, via sum-frequency genera-
tion (SFG) of a Nd:YAG laser and a 920 nm laser diode (Toptica, DL100) in a nonlinear
crystal (PPKTP). The optical setup is shown in Fig. 4.20. The output power of the
laser diode is about 100 mW at a wavelength of 920 nm. The main portion of the power
(about 80%) is used for the SFG. The left portion is sent to the wavemeter and the
transfer cavity. The power of the 1064 nm laser delivered to the SFG cavity is about
10 W. To maximize the 493 nm output, the cavity is resonant for 920 nm, but not for
1064 nm. The length of this cavity is locked to the 920 nm laser. Finally, about 50 mW
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Figure 4.21: Long-time frequency stability of the diode lasers, which are stabilized to
the transfer cavity. (a) The central wavelength is 649.869494 nm. (b) The
central wavelength is 920.18688 nm [61].
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Figure 4.22: Intensity stability of the cooling laser (a) and the repumping laser (b) [61].

output power of 493 nm laser can be achieved.
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4.6.3 Laser stabilization

All the lasers mentioned here are frequency stabilized. The seed of the 1064 nm laser
is generated by using a NPRO (company: Innolight). This monolithic design of the
laser cavity helps to achieve stability. The long-time stability (> 1 hour) for the iodine
stabilization is expected to be less than 100 kHz.

The frequency stabilities of the diode lasers in several hours under the stabilization of
transfer cavities are shown in Fig. 4.21. The frequency drift is about 2 MHz for the 650
nm laser and 10 MHz for the 920 nm laser, respectively.

Besides the frequency stability of the lasers, a good intensity stability over a long
period of time is also necessary. The intensity fluctuations of the cooling laser and the
repumping laser are shown in Fig. 4.22. The relative laser power fluctuation for the 493
nm laser is about £0.02 and £0.005 for the 650 nm laser. In the frequency locked cases,
the noise is much smaller.
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5 Preparation and properties of laser-cooled barium
Coulomb crystals

Laser cooling of barium ion ensembles is the prerequisite for the sympathetic cooling
of other ion ensembles. In the beginning of this chapter the experimental procedure
for the preparation of pure barium ion crystals is explained (Sec. 5.1). The effects of
laser detunings and trap parameters are addressed in Sec. 5.2 and Sec. 5.3, respectively.
Aspects such as the secular frequencies (see Chapter. 2), the spatial distribution, and
the lifetime of barium ion ensembles are discussed in Sec. 5.4, Sec. 5.5, and Sec. 5.6,
respectively.

5.1 Preparation of barium Coulomb crystals

To laser cool a barium ion ensemble, a 493 nm cooling laser and a 650 nm repumping
laser are required. They need to be linearly polarized and overlapped passing through
the trap center along the trap axis. Moreover, they are tuned to the wavelengths up to
several hundred MHz below the atomic resonances for the optical Doppler cooling on the
625’1/2 — 62P1/2 and 62P1/2 — 52D3/2 transitions to realize the laser cooling. The laser
detunings are set with the assistance of a wavemeter (Burleigh, WA-1500).

Subsequently, the barium oven (electron beam evaporator) is switched on. Then, bar-
ium ions are generated and pass the trap as described in the last chapter. Due to the
presence of the cooling lasers, the barium ions passing through the laser beam lose ki-
netic energy so that they are captured in the trap. This barium ion loading procedure
is simple but effective.

Typically, light molecular ions (most of them are CO,™" ions) are generated by the
heated filament during the ion loading procedure as well. These charged particles reduce
cooling efficiency of the barium ion ensembles. Therefore, in order to get a pure cold
barium crystal, it is necessary to get rid of these pollutant ions from the ion trap.

Since charged particles with different mass-to-charge ratios have different secular fre-
quencies, they can be selectively excited by an additional excitation force running at
these frequencies. If the force is strong enough, the selected ions can be removed from
the trap (the principle is explained in Chapter 10). Usually, in our case, the secular
frequency of a barium ion ensemble is about 105 kHz. Thus, a frequency sweep from
120 kHz to 1 MHz for 10 s with an amplitude of 100 — 300 mV can eject the light ions
efficiently. If necessary, another frequency sweep from 100 kHz to 50 kHz can be used to
remove some possible heavier molecular ions such as BaO™. Normally, after experiencing
one or two sweeps the barium ion ensemble is quite pure.

Fig. 5.1 shows an example of the preparation of a pure cold barium Coulomb crystal.
After loading the barium ions, the ion ensemble stays in the cloud state (gas or liquid
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Figure 5.1: Preparation of a pure cold barium ion crystal. (a) Ion cloud after the loading
of barium ions. Since the cooling lasers are not optimized, the barium ion
ensemble stays at the cloud state. In most cases, due to the disturbance
of the light molecular ions the barium ion ensembles cannot be cooled to
the crystal state even with optimal laser detunings. (b) The barium ion
ensemble is crystallized with the light ions under optimal laser detunings.
(¢) Only barium ions are left in the trap after the cleaning of the light ions.
The ion crystal becomes colder.

state, no long range-order structure) as shown in Fig. 5.1(a). Then the cooling lasers are
tuned to optimize the laser cooling rate resulting in a further cooling of the barium ion
ensemble. Fig. 5.1(b) shows that the barium ensemble is crystalized (long-range order).
However, due to the presence of the impurity ions the barium Coulomb crystal cannot
be cooled down further. If the impurity ions are removed via a cleaning process, the
Coulomb crystal becomes much colder with the optimal laser detunings (see Fig. 5.1(c)).
At the left end even single ions are distinguishable. In most cases, when the fraction of
impurity ions is relatively high, the barium ion ensemble cannot be crystallized before
cleaning. On the other hand, if we want to study the effect of these impurity ions, it is
better to clean them first and then load them in a controllable way.

Here, a barium ion ensemble is denoted as pure here when all impurity ions have been
removed and there are only 1**Ba™ and the isotope ions left (see Chapter 3). Due to their
close masses, it is impossible to remove the isotopes without losing a significant num-
ber of 1¥¥Ba™ ions using the secular excitation cleaning method. Since the isotopes are
not laser-cooled, they do not no fluoresce. Thus, they are invisible in the CCD images.
Because the laser-cooled **Ba™ ions experience a light pressure force (see Eq. (3.17)),
when the cooling lasers come from the right side, they are pushed to the left. As a result,
the isotopes stay at the right side forming a dark area in the CCD images. However,
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they can be studied via molecular dynamics simulations (see Chapter 9).

Actually, it is impossible to load an exact number of the barium ions to the trap,
but the size of the ion ensemble is roughly proportional to the loading time and the
loading current. Under same loading conditions the loaded ion number varies within
10 — 20%. The right laser detunings can help improve the loading efficiency greatly.
For the sympathetic cooling of the complex molecular ions the ratio of the ion numbers
of the barium and molecular ions rather than the precise number of the barium ions is
critical in our experiments. If the ion number of a ¥®*Ba® ion ensemble is too small,
it cannot cool the molecular ions efficiently, while if too many, the complex molecular
ions are pushed further away from the barium ion ensemble lowering the sympathetic
cooling efficiency and being harder for the detection of the molecular ions via the secular
excitation technique. Thus, we usually attempt to load different barium ion ensembles
times until finding a favorite size. Fig. 5.2 shows some cold barium Coulomb crystals
with different barium ion numbers.

5.2 Laser detuning

As discussed in Chapter 3, a red detuning of the 493 nm cooling and 650 nm repumping
laser is necessary to achieve the laser cooling of the **Ba™ ion ensemble. Otherwise,
it can even lead to heating. In the loading process of the barium ions, without lasers,
barium ions can also be captured by the energy dissipation through the collisions with

residual gas. The energy dissipation of the barium ions increases greatly in the presence
of the red detuned (100 — 300 MHz) lasers.

Due to the three-level scheme of the barium ion, the effect of dark resonances (see
Chapter 3) on the laser cooling needs to be taken into account. Fig. 5.3 shows the
fluorescence intensity at different detunings of the 493 nm laser as a function of the
detuning of the 650 nm laser [61]. It is evident that the fluorescence intensity decreases
at the dark resonance. Due to the natural linewidth and the saturation broadening
this resonance is significantly broadened, so the individual dark resonances of sub-levels
arising from the Zeeman splitting cannot be resolved. Among the 6 plotted curves
(corresponding to the detuning of the 493 nm laser of -65 MHz, -43 MHz, -21.5 MHz,
0 MHz, 65 MHz, and 109 MHz) the one at -21.5 MHz has a maximum intensity peak.
Thus, the optimal cooling efficiency is expected to be achieved around a 20 MHz red
detuning of the 493 nm laser (in this specific measurement for each laser a randomly
chosen frequency is taken as the reference point).

5.3 Secular frequency

Ions are confined in the trap by the harmonic potential well created by the rf voltage
(radially) and the DC endcap voltage (axially) as discussed in Chapter 2. The charac-
teristic secular frequencies are given by Eq. (2.36) and Eq. (2.15), respectively, and they
can be detected via secular excitation with a relative small amplitude.
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Figure 5.2: Barium ion crystals with different ion number (from 5 to more than 2000
ions). The temperatures of these ion crystals are less than 40 mK.

5.3.1 Radial secular excitation

It is possible to excite the ions radially by applying an AC electric field. In the experi-
ment, this electric field can be applied to the trap electrodes via a modulation of the rf
field or to an additional electrode such as a foil with a few hundred pm thickness located
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Figure 5.3: Effect of the dark resonances on the fluorescence [61].

in a gap between two adjacent trap electrodes. A metal plate with its edge parallel to
the trap axis is another option, but much higher excitation voltages are necessary to
penetrate the rf field of the trap. In our setup, the AC voltage is applied on the two top
middle trap electrodes. High excitation voltage (above 100 mV) can kick the selected
ion species out of the trap, while small excitation voltage (around 1 mV) is used to heat
up a particular ion species. Fig. 5.4 gives an example of a secular excitation spectrum
of a pure barium ion ensemble, whose calculated secular frequency is about 119 kHz.
The frequency is scanned from 80 to 150 kHz with an amplitude of 0.6 mV. The fluo-
rescence intensity drops dramatically when the excitation frequency is near the resonant
frequency of the barium ion ensemble. After sweeping over the resonance frequency the
heating is small and the ion ensemble cools down again, as shown by the recovery of
the fluorescence intensity. More details about the secular excitation are described in
Chapter 10.

5.3.2 Axial secular excitation

The axial secular motion can also be excited by an applied external AC electric field
as in the radial direction. Due to the presence of the light pressure force the barium
ion ensemble can be excited by an intensity modulation of the 493 nm laser as well.
The axial direction has four advantages for the implementation of the optical excitation
comparing with the excitation in the radial direction.

e The shape of the potential well is shallow. A relatively small force can lead to a
big ion position shift.
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Figure 5.4: Measured fluorescence intensity of a barium ion crystal as a function of the
excitation frequency.

e The potential well is created by a DC endcap voltage. So there is no micromotion
on the ion motion in the axial direction.

e The ion ensemble usually has a prolate shape. More laser-cooled ions are covered
by the laser beams, since the laser beams shine along the axial direction.

e Jons are laser cooled in axial direction. The ion ensemble can be crystalized again
more easily after being melted.

Fig. 5.5 shows an axial excitation spectrum. In this measurement the endcap voltage is
about 9 V. With a x parameter of 0.15 in our case the calculated axial secular frequency
for a single barium ion is about 21.9 kHz. Both lasers are locked at their optimal laser
cooling frequencies and their intensities are 800 pW and 525 uW, respectively. The
intensity of the 493 nm laser is modulated by an AOM with the frequency sweep from
15 to 30 kHz and the modulation depth is about 80%. The duration for one scan is
30 s. The spectrum shows a dip at about 22.5 kHz, which is quite close to the calculated
value. Actually, the optical excitation only acts on the laser-cooled *®Ba™ ions. Barium
isotopes and other sympathetically cooled ions (if have) are disturbed less strongly. This
determines that the optical excitation has a faster response time offering more precise
measurements.

5.4 Trap parameters

Several properties of ion ensembles confined in a specific trap such as the structure, the rf
heating rate, the cooling efficiency |94], and others, are determined by the trap voltages.
With the optimal trap parameters, ion ensembles even with several thousand barium
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Figure 5.5: Measured fluorescence intensity of a barium ion ensemble during an intensity
modulation of the 493 nm laser with the frequency being scanned from 15 to
30 kHz in 30 seconds.

ions can be laser cooled to a few millikelvin in our trap as shown in Fig. 5.2. From their
CCD images temperatures of barium ion ensembles, as well as the ion numbers, can be
obtained using molecular dynamics simulations. We will address this issue in Chapter 9.

5.4.1 lon confinement

Fig. 5.6 shows the shape and structure changes of a cold barium Coulomb crystal at
different rf and endcap voltages. In order to see the shape change clearly, the barium
isotopes are removed by secular excitation (here we started with a big barium ion ensem-
ble as the removal of the isotopes causes a loss of a significant number of *®Ba™ ions).
It is obvious that a higher endcap voltage squeezes the crystals longitudinally, while a
higher rf voltage results in a higher radial confinement squeezing the crystal radially.

For the purpose of reducing the rf heating (see Chapter 2) it is more favorable that
the ions stay as close to the trap axis as possible. Thus, a lower endcap voltage is always
helpful to reduce the size of the crystal radially, since the same amount of the ions oc-
cupies a larger space along the axial direction (see the comparison between Fig. 5.6(b)
and Fig. 5.6(c)).

Comparing between Fig. 5.6(a) and Fig. 5.6(b), as well as Fig. 5.6(d) and Fig. 5.6(e)
shows that a higher rf voltage has the same effect of pushing the ions closer to the trap
axis. On the other hand, the increased rf voltage raises the heating effect. When a
barium ion ensemble in the cloud state cannot be cooled to the crystal state, lowering
the rf voltage reduces the rf heating and can lead to crystallization. After the ion
crystallization process the rf voltage can be switched to the previous level without melting
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Figure 5.6: Shapes of barium Coulomb crystals at different trap voltages.

the Coulomb crystal, since rf heating is much lower at low temperatures. This operating
approach is often used to cool down ion ensembles containing sympathetically cooled
complex ion species because they have a stronger rf heating effect (complex molecular
ions stay further away from the trap axis). However, since the harmonic pseudopotential
well is much shallower for a large mass-to-charge ratio ion species, a lowering of the rf
voltage to some extent might cause the loss of such a heavy species.

5.4.2 Compensation voltages

To minimize the rf micromotion of an ion ensemble, the symmetrization of the DC volt-
ages on the four central electrodes is another important issue. Each time loading barium
ions, the trap electrodes are coated with neutral barium atoms gradually resulting in
contact potentials. They push the ion ensembles away from the trap center so that the
rf micromotion increases. This effect is very sensitive, for example, in usual case a volt-
age drift of 40 mV DC on one middle electrode might shift a barium ion ensemble from
the trap axis by 10 pm.

For a pure ion ensemble, the voltage drifts within 100 mV cannot be observed via the

CCD images, since the asymmetry of the Coulomb crystal itself is not evident. However,
for multi-species ion ensembles, a few mV drift can cause an obvious asymmetry in the
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5.5 Spatial distribution

Figure 5.7: An asymmetric barium Coulomb crystal.

CCD images of the laser-cooled ion crystal, because heavier ions have a shallower trap
potential well and they are more sensitive to a voltage drift. Fig. 5.7 shows a CCD image
of a barium ion ensemble with a few mV DC offset on one middle electrode. In this case,
138Ba™ ions and barium isotopes are confined in the trap simultanecously. The laser-cooled
138Bat ions are a little bit heavier than the isotopes, thus, with a voltage drift they move
further away from the trap axis. The edge shape in the right side of the Coulomb crystal
shown in Fig. 5.7 tells us that the 3¥Ba™ ions move further downwards and the isotopes
finally stay in the top right corner. This is caused by a positive offset voltage on a top
middle electrode or a negative one on a lower middle electrode. Therefore, this drift
voltage can be compensated by an additional power supply, discussed in Chapter 4.

5.5 Spatial distribution

The spatial distribution of an ion ensemble is determined by the ion number, the tem-
perature, and the trap parameters. Ion ensembles in our trap are normally prolate, since
the radial confinement is stronger than the axial one (the axial confining frequency is
around 20 kHz and the radial one is around 100 kHz, higher frequency corresponds to a
steeper potential well). When only a few barium ions stay in the trap, they form a linear
"pearl" chain at low temperature (< 100 mK) or a string at higher temperature along
the trap axis. After adding more ions a shell structure appears as shown in Fig. 5.2.

5.5.1 Axial spatial distribution

To investigate the longitudinal distribution, a linear barium chain is shown in Fig. 5.8(a).
All the ions (Note that: in all the CCD images or the simulated images of ion crystals
single ion points are not real ions but places of high spatial probability) in this chain
are distinguishable from each other. The rf voltage in this case is 440 V, which results
in a radial secular frequency of about 115 kHz. In order to obtain such a chain, the
endcap voltage is lowered to 2 V (corresponding to an axial secular frequency of about
10.3 kHz). A simulation of this ion ensemble is done and a simulated image at 60 mK
is shown as Fig. 5.8(b). According to the symmetry of the chain another 3 isotopes are
located at the dark area on the right side. Therefore, this linear chain includes 30 barium
ions and its total length is about 660 pm. However, the 30 barium ions are not aligned
homogenously. Tons near the trap center gain strong Coulomb repulsive forces from both
sides, which push ions close to each other, whilst the ions close to the ends are pushed
away from the trap center resulting in the distance between two adjacent ions becoming
bigger and bigger, as plotted in Fig. 5.8(c). The minimum distance is about 19 pm for
the ions located in the middle of the chain, while the two end ions are about 37 um away
from their closest ions.
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Figure 5.8: A barium ion chain with 27 **Ba™ ions and 3 isotopes. (a) CCD image
from the experiment. (b) Simulated image with the isotopes shown in red.
(c) Distance between two adjacent ions, obtained from the simulation (the
positions the ions are represented by their z-coordinates at absolute zero,
since this ion string is quite cold and its expansion is negligible).

The ions in this chain are vibrating with a small amplitude around their equilibrium
position in the crystal lattices (see Chapter 9). Actually, due to the collisions with the
background gas or some electric noises, the ions can exchange their positions sometimes.
In presence of the isotopes this phenomenon can be observed as jumps of the dark lattice
sites. When the temperature of this barium ion ensemble becomes higher and higher,
the possibility of ion diffusion increases and the single-ion resolvable chain starts to be
washed out.

5.5.2 Radial spatial distribution

For studying the ion’s radial spatial distribution, we consider for simplicity a spherical
crystal, by increasing the endcap voltage to 20 V and lowering the rf voltage to 150.5
V (wy = wy = w, = 30.6 kHz). At these trap parameters, the ion distributions of a
barium ion ensemble containing 550 ions at different temperatures are plotted, as shown
in Fig. 5.9. Here, the ion number included in a shell with finite thickness is plotted as
a function of the shell diameter. The ion density as a function of the distance from the
trap center is plotted in Fig. 5.9(b). At low temperatures of 1 mK and 10 mK the barium
ion ensemble has a clear shell structure (5 shells). At 1 mK all the ions are limited in
each shell and ion diffusion is forbidden. At 10 mK diffusion is possible. At 100 mK the
structure is almost washed out and the spatial distribution is quite homogenous. The
outermost shell always has the highest contrast and is the last one to fade out, which
is shown in many CCD images, since the ions in this shell are only pushed away from
the trap center by the inner ions as the two ions locating at both ends of the string
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Figure 5.9: Ton distribution of a spherically shaped barium ion ensemble containing 550
ions. (a) Number of ions found at concentric shells with an appointed thick-
ness. (b) Ion density as a function of the distance from the trap center (ion
number divided by the shell’s volume).

shown in Fig. 5.8. At 200 mK the structure is washed out completely. Another point
we can obtain from these images is that even at relatively high temperatures (200 mK)
the transition between the ion ensemble and vacuum is very sharp [95]. The simulation
results agree with the works done by Dubin and Schiffer [96, 97].

5.6 Lifetime of ion ensembles

The lifetime of barium ion ensembles confined in the trap is quite long (up to several
hours), if the lasers are locked. Of course, the ion ensemble loses ions all the times due
to collisions, charge exchanges, and chemical reactions with neutral residual background
gas molecules. Thus, with an improvement of the vacuum and a reduction of the content
of specific gases such as HyO, O, and CO,, the lifetime of barium ion ensembles can be
extended. In our case, a barium ion ensemble is tested. After loading the barium ions,
the cooling lasers are optimized and locked. The barium ion crystal is monitored by
the ICCD camera for about 20 minutes. No obvious changes are found on the Coulomb
crystal [61].
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6 Chemical reactions of 1**Ba™

6.1 Introduction

Gas-phase ion-neutral reactions at low temperatures usually occur in interstellar clouds.
Via the sympathetic cooling method cold ions can be generated. This offers us a good
stage to study the reactions in laboratories, so in the last few years this topic gained
more and more interest. In our trap, chemical reactions between laser-cooled barium
ions and neutral gas molecules.

In our experiments, when the trap parameters keep constant and the cooling lasers are
locked, sometimes shape variations of the barium ion crystals on a time scale of minutes
can be observed. Fig. 6.1(a) shows a CCD image of a pure barium crystal. With time,
the outer area of the crystal close to the isotopes is flattened gradually - the CCD im-
ages after 6 min and 11 min are shown in Fig. 6.1(b) and Fig. 6.1(c), respectively. The
obvious crystal deformation is quite serious.

Through the comparison of the crystals in Fig. 6.1(a), Fig. 6.1(b), and Fig. 6.1(c) we
can conclude that although some '3¥Ba™ ions are lost, the total ion number is almost
the same, since the structure and the position of the remaining **Ba* ion ensemble
on the left side does not change. Thus, the lost ¥®Ba™ ions are replaced by a same
amount of heavier ions (mainly **BaO™ ions), which are the products of chemical reac-
tions between *®Ba’ ions and residual background gas molecules. Therefore, to find out
which kinds of molecules react with the laser-cooled *¥Ba™ ions it is helpful to reduce
the number of possible reaction channels. One advantage, however, is that through the
chemical reactions very large translationally cold molecular ion ensembles (comparable
to the laser-cooled barium ion ensemble) can be created.

If we do the experiment in another way, following the preparation of a similar sized
pure barium crystal and taking a CCD image in the crystal state, the lasers are blocked
for about 10 minutes. Subsequently, we unblock in the lasers and recrystallize the bar-
ium ion ensemble. A new CCD image is taken to compare with the former one. No
obvious deformation appears. Thus, the possible chemical reactions only occur when
the barium ions are in the excited states 62P; /2 and 52D5 /2. Therefore, this is a photo
chemical reaction, which makes use of the energies carried by the cooling lasers, 2.5 eV
and 1.9 eV for 493 nm and 650 nm, respectively. Via MD simulations the ion number
of each ion species can be fitted according to the CCD images (the determination of
the ion numbers for different ion ensembles is discussed in Chapter 9). In any case the
obtained ion number of barium isotopes is always almost constant. Since barium iso-
topes are not excited by our cooling lasers, it confirms that it is a photo chemical reaction.

Considering the main components of the residual gas shown in Fig. 6.2, the possible
chemical reaction of the crystalized 3®Ba* ions with neutral species such as CO,, He,
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6 Chemical reactions of 38 Ba™

Figure 6.1: Change of shape of a barium crystal as a function of time due to the chemical
reactions (see the areas in the dashed boxes).
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Figure 6.2: Residual gas mass spectrum in the main chamber at 5x107!° mbar.
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Figure 6.3: Secular excitation spectra scanned from 50 to 100 kHz in forward and back-
ward directions.

O,, Hy, Ny, and N,O, are investigated in the following sections. The product of the
chemical reaction, BaO™, is also used to study the back-reaction with CO. Here, we
do not study the chemical reaction of barium ions with HyO, since it is difficult to be
removed from the vacuum chamber after experiments due to its high desorption energy
at low pressure leading to in a worse vacuum degree.

Since the mass of the reaction product is quite close to that of the barium ions, the ion
mass cannot be identified via ion extraction due to the poor resolution of this method.
The secular excitation method also has this limit to distinguish between the reaction
product. The problem is that the fluorescence intensity of the barium ion ensemble is
very sensitive to the excitation near its resonance frequency. Hence a low excitation
voltage (below 1 V) is enough to excite the barium ions. If the barium ion ensemble is
excited indirectly by the reaction products, a much higher excitation voltage is necessary
to resonantly excite the reaction products. However, since the resonance frequency of
the barium ion ensemble is very close to that of the reaction products, a frequency sweep
for the detection of the reaction products always covers the resonance frequency of the
barium ions. The high excitation voltage easily melts the barium ion crystal. After
sweeping over the resonance frequency ion ensembles are still too hot. It will take a
longer time (few seconds) to recover the crystal. Thus, if we monitor the intensity of the
fluorescence, a dip on the fluorescence curve is replaced by a step.

Fig. 6.3 shows an example. Here, the CCD image of the ion ensemble is shown in the
inset in Fig. 6.3. In a frequency sweep from 50 to 100 kHz and a reverse one with an
amplitude of 800 ©V the barium crystal starts to melt at about 67 kHz and 75 kHz,
respectively. The calculated secular frequencies for barium ions and BaO™ ions are 65.6
kHz and 74.3 kHz, respectively. Although the resolution of the secular excitation method
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6 Chemical reactions of 138 Ba*t

for determining the reaction product species is not so precise, it still can identify BaO™
as the product of the chemical reaction. Whether there are any other products, mass
between barium and barium oxide, or not is not clear.

6.2 Investigation of chemical reactions with He, N5, and H, gases

Helium (He) gas is normally leaked into the main chamber as a buffer gas to decelerate
the molecular ions coming from the ESI ion source. He is a least reactive element and
its atoms are easily pumped away. We showed that the barium ions do not react with
neutral He atoms by producing a pure barium Coulomb crystal and leaking in helium gas
increasing the pressure in the main chamber from 2x1071% to 4x10~° mbar. The time
evolution of the crystal is monitored for 38.5 min. Fig. 6.4 shows selected CCD images,
which are listed by time. By comparing with Fig. 6.1, it is evident that the deformation
of the barium ion crystal has almost the same rate as in the case without leaking in the
helium gas. Thus, we have shown that the helium atoms do not chemically react with
barium ions.

In the same way we showed that barium ions do not react with neutral nitrogen atoms.
The time evolution of a pure crystal is monitored for about 22 min as shown in Fig. 6.5.
Although the nitrogen gas rises the pressure of the main chamber from 2x107!° mbar
to 4x107? mbar, the total amount of other residual gas molecules do not change. The
chemical reaction rate looks the same as in the case with He. Therefore, nitrogen gas
is also nonreactive with the barium ions in the ground state and even 6P /5 or 52Dj s
excited state.

From the mass spectrum of the residual gas shown in Fig. 6.2 we can obtain that
hydrogen is another main component in the residual gas. For hydrogen we observed a
slow reaction with the barium ions. Following the preparation of a pure barium crystal,
hydrogen gas is leaked in at a pressure of 8x 10~ mbar. The time evolution of the crystal
is shown in Fig. 6.6. Since the shape deformation in the outmost layers looks a little bit
faster than the case of leaking in Ny or He, the loss rate of **Bat ions is higher. Thus,
the chemical reaction of *¥Ba*t ions with hydrogen gas does happen and the product
ions are ¥¥BaH™. After 15 min a higher flux of hydrogen gas is leaked into the main
chamber to increase the pressure to 4x10~® mbar. Due to the relative higher background
pressure, the barium Coulomb crystal becomes hotter and its CCD images are blurred.
Nevertheless, the change of the outmost layers speeds up. This chemical reaction is an
endothermic process with a reaction enthalpy of +2.1 eV. The chemical reaction is given
by

Ba' + H, — BaH" 4+ H, (6.1)

and is possible because the *®*Ba™ ions have an energy of 2.5 eV in the excited state.
However, due to the small cross section of Hy, this reaction happens very slowly. The
chemical reaction rate of the barium ions with hydrogen gas at a normal working pressure

should be very small. Hence, the shape deformation in our case is mainly caused by other
neutral gases such as CO,, O5, and H5O, as shown in the following chapters.
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38.5 min

Figure 6.4: Time evolution of a barium ion crystal with He gas at a pressure of 4x107?
mbar.

81



6 Chemical reactions of 38 Ba™

Figure 6.5: Time evolution of a barium ion crystal with Ny gas at a pressure of 4x107?
mbar.
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17.5 min

22.5 min

Figure 6.6: Time evolution of a barium ion crystal with H, gas at a pressure of 8x 1079
mbar (from 0 to 15 min) and 4x10~® mbar (from 15 min to 27.5 min).

6.3 Chemical reaction with O,

None of the gases introduced so far leads to reactions with laser-cooled barium ions
acutely. In this section we study the reaction between laser-cooled barium ions and
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6 Chemical reactions of 38 Ba™

Figure 6.7: Time evolution of a barium ion crystal with O, gas at a pressure of 8x107°
mbar. ¥¥Ba™ ions are replaced by the **BaO* ions gradually due to the
chemical reaction with O, gas.

neutral room-temperature oxygen molecules. The time evolution of the crystal is shown
in Fig. 6.7. It is evident that the chemical reaction rate is faster. The chemical reaction
is

B33Ba™ + 0, — ¥ Ba0” + O. (6.2)

The ion number of each ion ensemble can be simulated for each CCD image. Therefore,
the rate of the chemical reaction can be extracted. In our case, the ion numbers for
138Bat, barium isotopes, and **BaO* ions at 0, 4, 10, 18, 26, and 36 min are simulated
and shown Fig. 6.8. The black dots are the simulated ion numbers of the **Ba™ ion
ensemble and the hollow dots are ones of the 3®BaO* ion ensemble. The ion number
of the barium isotopic ion ensemble is almost constant. Initially, the pure barium ion
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Figure 6.8: Time evolution of the ion numbers of the 1¥*Ba® and *®*BaO™ ion ensembles.
138Bat ions react with O, gas and generate the same amount of ¥¥BaO™ ions.

crystal has about 600 *¥Ba* ions and 100 isotopic ions. After leaking in the oxygen
the ion number of ¥ Ba™ ions decreases and the ion number of the chemical reaction
product ¥¥BaO™ increases correspondingly. After 36 min the 3¥Ba* ion ensemble only
has 150 ions. The number of the 3¥Ba™ ions decreases exponentially with a coefficient of
1/to = 0.067 min~! (fitting the dotted curve shown in Fig. 6.8 with a function of Age="/%).

However, the chemical reaction shown in Eq. 6.2 is endothermic by 1 eV [98]. The
138Ba™ ions in the ground state do not react with oxygen gas molecules. Thus, the
chemical reaction only happens when the ¥*Ba™ stays at the excited states, which have
an energy of 2.5 eV and 1.9 eV compared to the ground state. To verify that only ex-
cited ¥8Bat ions react, following the preparation of a pure barium crystal as shown in
Fig. 6.9(a), the cooling laser and the repumping laser are blocked for 15 min with oxygen
gas at the pressure of 8x10~? mbar in the main chamber. Subsequently, the leak valve
is shut off so that the oxygen gas is pumped away. Finally, the lasers are unblocked re-
sulting in the recrystallization of the barium ion ensemble as shown in Fig. 6.9(b). The
two crystals look the same. This proves that the chemical reaction only occurs when the
138Ba™ ions stays in the excited state, and the isotopes do not join the chemical reaction.

With the two cooling lasers, the **Ba* ions are excited to the 62P; /2 and 52 D5 /2 levels.
In order to know which excited state dominates this chemical reaction, we just repeat
the experiment, but only the repumping laser is blocked. Thus, the ions at the ground
state are excited to the level of 62P; /5 and then decay to the 52Ds )y state. They stay
on this level for some time. Finally, they decay to the ground state and are re-excited.
So most of the ions are at the 52Dy, level. The final results are shown in Fig. 6.10(a)
and Fig. 6.10(b) accordingly. The chemical reaction rate is negligible in the case of

85



6 Chemical reactions of 38 Ba™

Figure 6.9: Investigation of the effect of the cooling lasers on the chemical reaction of
138Ba™ ions with Oy. After producing the barium ion crystal shown in (a)
the cooling lasers are blocked for 15 min. Then we unblock the cooling lasers
and recrystallize the barium ion ensemble as shown in (b). No obvious shape
deformation is found. That means only the *®Ba™ ions in the excited state
join the chemical reactions.

Figure 6.10: Investigation of the role of the cooling lasers on the chemical reaction of
138Bat ions with O,. Chemical reactions happen with a low reaction rate.
(a) A pure barium crystal. (b) The barium crystal after exposure to oxygen
gas at 8x107? mbar for 15 min without the repumping laser. (c¢) After the
cleaning of **BaO™ ions once. (d) After the cleaning of *®*BaO™ ions once
more.

86



6.4 Chemical reaction with CO,

both lasers being unblocked even with the oxygen pressure doubled. Therefore, the main
chemical reaction occurs with the **Ba* ions at the 62P; /2 excited state

B8Bat (2P, )y) + 0y — ¥BaO" + 0. (6.3)

Fig. 6.10(c) and Fig. 6.10(d) are CCD images after cleaning the '*¥BaO™ ions once
and twice, respectively, via a secular excitation from 50 to 97 kHz with 200 mV AC
amplitude. The trap voltage is about 400 V. After the cleaning, the ion cluster becomes
a pure barium ion crystal again with a smaller dimensions.

6.4 Chemical reaction with CO,

Another important issue is to test chemical reactions with neutral carbon dioxide COq
molecules, since its content in the residual gas is quite high (see Fig. 6.2). As well as
for O, we could observe reactions of the excited **Ba’ ions with CO, gas. After the
preparation of a pure barium crystal COs gas at room temperature is leaked into the
main chamber rising the pressure to 4x10~? mbar and the time evolution of the crystal
is recorded. Fig. 6.11 shows some CCD images of this barium crystal as a function of
time. Neutral CO, molecules react with 1**Ba™ ions. Comparison between Fig. 6.11 and
Fig. 6.7 shows that the chemical reaction of a barium ion ensemble with 4x10~° mbar
CO, gas and 8x 1072 mbar O, roughly have the same reaction rate.

In this specific experiment, the original barium crystal contains about 450 **Ba™ ions
and 120 barium isotopic ions. The ion number of *¥Ba™ ions decreases to about 260 with
CO; gas for 9 min and the ion number of the chemical reaction product BaO™ rises from
0 to 190, while the ion number of the barium isotopes is constant. The time evolution
of the ion numbers for each ion species is obtained by fitting CCD images at some time
points and the results are shown in Fig. 6.12. The number of the *®Ba* ions decreases
exponentially with a coefficient of Ay = 0.06 min~! (fitting the ), which is quite close to
the case of oxygen gas at 8x10~? mbar.

A longer reaction time of more than one hour is chosen in this case. Finally, only
about 20 ¥®Ba™ ions are left but they are still quite cold, since the crystal structure
is still distinguishable. All the other ions (about 430 BaO™ ions and 120 isotopic ions)
are sympathetically cooled by this low number of 20 laser-cooled '**Ba® ions. The
arrangement of these three ion species in the last CCD image is simulated and shown in
Fig. 6.13(c). Fig. 6.13(a) is the CCD image taken in the experiment and Fig. 6.13(b) is
the simulation image of Fig. 6.13(a). The corresponding temperature of the **Ba* ion
ensemble is about 25 mK.

As the reaction of barium ions and neutral CO5 molecules is endothermic with a reac-
tion enthalpy of several eV [99, 100], the reaction should only occur with excited barium
ions. Here, the same type of test is made as the case of oxygen. A pure barium crystal
is prepared as shown in Fig. 6.14(a) followed by leaking in CO, gas to 4x10~Y mbar
without the cooling lasers for 16 min. Subsequently, the CO, gas is pumped away and
the cooling lasers are unblocked. The recrystallized barium ion ensemble is shown as
Fig. 6.14(b). No big change occurs on this crystal as we expected - only the excited
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6 Chemical reactions of 38 Ba™

Figure 6.11: Time evolution of a barium ion crystal in presence of CO, gas at a pressure
of 4x107Y mbar.

barium ions participate in the chemical reaction. Then, with this crystal state we leak
in COy gas to 4x107? mbar for 5 min, the crystal is deformed quickly as shown in
Fig. 6.14(c).

Now we repeat the experiment and block the repumping laser after loading a pure
barium crystal and then leak CO5 gas for 15 min into the vacuum chamber. In this case,
most of the ions are in the 52Dy /s excited state. The final recrystallized barium crystal
is shown in Fig. 6.15. Obviously the chemical reactions are not that fast. This means
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Figure 6.12: Time evolution of the ion numbers for all ion species with CO, gas at a
pressure of 4x10~Y mbar.

1080 um

Figure 6.13: Simulation of the ion crystal of Fig. 6.11 after 66 min with CO, gas at a
pressure of 4x 107 mbar. This ion ensemble contains 20 **Ba*, 120 barium
isotopes, and 430 3¥BaO™" ions. The temperature of each ion species used
here is 25 mK. (a) CCD image from the experiment. (b) Simulated CCD
image in order to fit (a). (c) Simulated image with all ion species identified
with different colors.

89



6 Chemical reactions of 38 Ba™

Figure 6.14: Chemical reactions between ground-state barium ions and neutral CO, gas.
(a) A prepared pure barium crystal. (b) The recrystallized barium ion
ensemble after leaking in CO, for 16 min without the cooling lasers. (c¢) The
deformation of the barium crystal after leaking in CO4 for 5 min with the
cooling lasers on.

Figure 6.15: Chemical reactions between the barium ions in the 52Dj /2 excited state and
neutral CO, gas.

the ¥*Ba™ ions at the 5Dj5 excited state are not as reactive with the neutral CO, gas
as the oxygen.

Thus, the photo-chemical reaction equation has the form
38Bat (2P, j5) + CO; — ¥ Ba0" + CO. (6.4)

We conclude that the shape deformation of the barium crystal is due to the photo-
chemical reactions of the *¥Ba* ions with the residual neutral oxygen and CO, gas.
Since the content of CO4 is much higher than oxygen in the residual background gas, the
chemical reaction is mainly dominated by the CO5 gas. The trapped reaction products
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6.5 Chemical reaction with NoO

are B8BaOt ions.

6.5 Chemical reaction with N,O

Here, we also study the chemical reactions between 3¥Ba* ions and neutral N,O gas,
since this reaction should be exothermic by -4.9 eV and should occur even with barium
ions in the ground state. After the preparation of a pure barium ion crystal neutral NoO
gas is leaked into the main chamber at a pressure of 4x10~Y mbar. The time evolution
of the barium crystal is recorded as a movie and frames with the time interval of 10.5 s
are selected and sorted by time, as shown in Fig. 6.16. It is evident that the chemical
reaction is quite fast and the chemical reaction rate is much higher than in the case of Oq
and CO,. The ion numbers for each ion ensemble at selected moments are simulated and
plotted in Fig. 6.17. Since the original barium crystal has not been cleaned sufficiently ,
there are some lighter ions (CO3 ) and BaO™ ions. Through the simulations we conclude
that the ion numbers of the barium isotopes and COy are both about 20 and roughly
stay constant all the time (see the green and red triangle plots). The number of the
138Ba* ion ensemble decreases exponentially in the same way as the BaO™ ion number
increases shown as black and blue curve, respectively.

Since the BaO™ ions are quite cold and do not increase the temperature of the **Ba™
ion ensemble, the intensity of the fluorescence should be proportional to the number of
138Ba™ ions. When leaking in NoO gas, the intensity of fluorescence is recorded using a
PMT. The result is shown as the black curve in Fig. 6.18. The intensity of the fluorescence
decreases exponentially as expected. The bend of the curve near the end mainly arises
from the temperature rise, since with time more ions need to be sympathetically cooled
and less barium ions can be laser cooled. We also compare this curve with our simulated
ion numbers we obtained from the CCD images (circles in Fig. 6.18). These two curves
agree very well.

6.6 Back-reaction with CO

One product of the photo-chemical reaction of the *¥Ba* ion with CO, gas is neutral
CO. This reaction is reversible and the back-reaction is an exothermic process,

33Ba0” + CO — *Ba’ + C0, — 1.42 V. (6.5)

In principle, this process can be tested in our experiment. First, we make a barium
crystal and leak in COy gas for a while. The barium crystal finally has the shape as
shown in Fig. 6.19(a). Then, we pump the CO, gas away followed by leaking in CO
gas at 1x107% mbar for about 10 min. In this time, the intensity of the fluorescence
is recorded as shown in Fig. 6.20. The reverse reaction is observed, since the barium
crystal becomes bigger and the intensity of the barium fluorescence increases. Finally,
the chemical reactions reach a balance state. No more *8Ba’ ions are released from
133BaO* and the intensity of the fluorescence keeps constant. The CCD image at the
equilibrium state is shown in Fig. 6.19(b). In principle, since the concentration of CO
is much higher than that of other background gases, almost all the **¥BaO™ ions should
vanish and recover as as '**Ba™ ions. Fig. 6.19(b) shows that there are still many "**BaO™"
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6 Chemical reactions of 38 Ba™

Figure 6.16: Time evolution of a barium ion crystal in the presence of NoO gas at a
pressure of 4x107° mbar. The time interval between two adjacent CCD
images is 10.5 s, thus, the final CCD image was taken about 3.5 min after
leaking in N,O gas. Initially, there are about 540 laser-cooled **Ba™ ions
and 70 sympathetically cooled ions (20 barium isotopes, 20 CO3 ions and
30 13¥BaO™ ions), but in the final state only approximately 45 '*¥*Ba™ ions
are left and the number of the sympathetically cooled ions increases to 565
(the increment is only from the ¥¥BaO™ ions)
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Figure 6.17: Time evolution of the ion numbers for each ion ensemble in the presence of
N,O gas at a pressure of 4x 10~ mbar, obtained through a MD analysis of
the CCD images.
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Figure 6.18: Time evolution of the intensity of the barium fluorescence in the presence
of NyO gas at a pressure of 4x10~Y mbar. The circles are the simulated ion

numbers from CCD images.
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6 Chemical reactions of 38 Ba™

Figure 6.19: Investigation of the back-reaction of ¥*BaO™ with CO gas at a pressure of
1x107® mbar. (a) CCD image of a barium ion crystal together with the
product of the chemical reactions between the ¥*Ba™ ions and CO, gas.
(b) CCD image of the ion ensemble after leaking in CO gas for 10 min.
Obviously, 1*¥Ba™ ion ensemble becomes bigger, so some 3¥Ba* ions are
released from *¥BaO™ ions. The white dotted lines are only used to help
to compare the size change of the **Ba™ ion crystal.
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Figure 6.20: Time evolution of the intensity of the barium fluorescence in the presence
of CO gas at the pressure of 1x107® mbar. The intensity of fluorescence
indicates the number of **Ba* ions.

left. The possible explanation is that the local CO5 concentration is high (the released
CO, molecules react with other 1*®*Ba* ions actively before leaving the crystal space) or
the 1*BaO™ ions are not the only product of the chemical reaction of the **Ba* ions
with the background gas molecules, or both.
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7 Sympathetic cooling of medium sized organic
molecular ions

In our apparatus, cold pure barium ion crystals have been produced and sympathetic
cooling of light molecular ions, such as CO™, OF , Ar™ [61], as well as of heavier molec-
ular ions such as BaO™, has been achieved. In this chapter, the sympathetic cooling of
medium sized molecular ions (masses from 400 amu to 500 amu) is presented.

In the first section the loading process for complex molecular ions is introduced. As an
example the loading of rhodamine 6G molecular ions is discussed. However, rhodamine
6G, as well as rhodamine 101, ions are not compatible with our cooling laser wavelengths.
This will be explained in Sec. 7.2. In Sec. 7.3 and Sec. 7.4 the sympathetic cooling of
Alexa Fluor 350 and glycyrrhetinic acid ions are described, respectively.

7.1 Loading of molecular ions

Molecular ions are charged by the ESI system and transferred to the trap through a 1.9
m long octopole (see Chapter. 4). In order to let most of the molecular ions enter the
trap, the potential barrier is removed by lowering the endcap voltage at the trap entrance
(the trap side close to the octopole is denoted as the entrance and the other side is called
the exit side). Accordingly, the potential of the middle electrodes needs to be lower to
create a potential well in axial direction. Fig. 7.1 shows the ion flux of rhodamine 6G
detected by the channeltron beneath the trap as a function of the endcap voltage at the
trap entrance. When the voltage is lower than -4 V, most rhodamine 6G molecular ions
can leave the octopole ion guide and enter the trap, while when it is above 3 V most
of the ions are blocked. Thus, usually, the endcap voltage at the trap entrance is set to
be -2.5 V during the loading of the complex molecular ions and the DC offset voltage of
middle electrodes is kept at -5 V all the time.

If the endcap voltage at the trap exit is equal to or even lower than that at the trap
entrance, the molecular ions pass through the middle segment of the trap and leave the
trap through the trap exit. However, if it is higher than that at the trap entrance, some
molecular ions can be stopped, but they will be pushed back and escape from the trap
entrance. Therefore, helium is used as a buffer gas to decelerate the molecular ions and
accumulate them in the tap (the cooling principle of the buffer gas cooling is described
in Chapter 3). The principle of the ion loading with buffer gas is shown in Fig. 7.2.
Typically, the endcap voltage at the trap exit end is set be to 2 V.

The DC offset of the octopole is set to about -27 V to shorten the time of passing the
octopole for the molecular ions to improve the ion transfer efficiency. Thus, the molecu-
lar ions gain 27@Q) eV (@ is the charge number of the molecular ions) kinetic energy along
the trap axial direction. -2.5 V for the endcap voltage at the entrance is a good setting
to let the main portion of the molecular ions enter the trap, as well to slow the ions down
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Figure 7.1: Ion flux as a function of the endcap voltage at the trap entrance using rho-
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Figure 7.2: Principle of ion loading with the help of buffer gas. The buffer gas decelerate
some molecular ions so much that they can be captured by the ion trap [61].

sufficiently before they enter the trap. This makes it possible to trap the molecular ions

at an acceptable buffer gas pressure.

As a routine procedure, after the loading of molecular ions, we stop leaking in the
helium buffer gas and lift up the endcap voltage at the entrance to the same value as
at the exit end. The residual helium buffer gas is pumped away in less than a minute.
Whether the molecular ions are trapped or not can be checked by an ion extraction.
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Figure 7.3: Ton extraction spectra of rhodamine 6G molecular ion ensembles loaded at
different buffer gas pressures.

The number of loaded molecular ions depends on the buffer gas pressure and the
loading time. Fig. 7.3 shows the ion extraction spectra of rhodamine 6G ion ensembles
loaded at different buffer gas pressures. Due to the low resolution of the ion extraction
technique we need an ion ensemble to be a reference to check the mass-to-charge ratio
of the target ion ensemble. Here, we use a laser-cooled barium ion ensemble. Fig. 7.4 is
the ion extraction spectrum. The peak position for the light ions is at an rf voltage of
about 100 V. The peak for the molecular ions in Fig. 7.11 is at around 270 V. Thus, the
molecular ions are much heavier than the barium ions. They should be rhodamine 6G
molecular ions.

The ion flux of rhodamine 6G ions is about 10000 counts per second and the loading
time is about 1 min in Fig. 7.3. Obviously, the trapping efficiency in this case is quite low
(less than 1% rhodamine 6G molecular ions are trapped). Actually, since the octopole
and the trap have different rf fields, the coupling between these two multi-pole setups is
very critical for the trapping efficiency in the experiment. In this case, with a low buffer
gas pressure (less than 5x107° mbar) only a few complex molecular ions are trapped.
However, at 2x10~% mbar we can capture more than 1000 rhodamine 6G ions, which is
enough for our experiments. In principle, a higher buffer gas pressure always increases
the ion loading efficiency. However, too high buffer gas pressures require a much longer
time to achieve ultra-high-vacuum conditions again. Thus, normally, we prefer to leak
in the helium buffer gas to less than 1x10~* mbar.

The loading time is another parameter that allows controlling the number of molecular
ions loaded. Fig. 7.5 shows ion extraction spectra of rhodamine 6G ion ensembles for
different loading times (1, 2, and 4 min) with a helium buffer gas pressure at 2.5x10~*
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250

200

150

Counts

100

50

0 50 100 150 200 250 300 350 400
Rf voltage (V)

Figure 7.4: An ion extraction spectrum of a laser-cooled pure barium ion ensemble. The
peak is narrow due to its low temperature.
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Figure 7.5: Ton extraction spectra of rhodamine 6G molecular ions after different loading
times.
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7.2 Photofragmentation of Rhodamine ions
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Figure 7.6: Absorption spectra of Rhodamine 6G (full curve) and Rhodamine 101 in solu-
tion and their molecular structures [101]. The vertical line is the wavelength
of the ¥¥Ba* cooling laser.

mbar each time. The counted ion numbers of rhodamine 6G are 400, 1300, and 4700
accordingly.

Thus, by choosing the appropriate loading time and buffer gas pressure enough molec-
ular ions can be captured by the trap. The loaded number of the molecular ions never-
theless is not repeatable varying by £80%.

7.2 Photofragmentation of Rhodamine ions

Rhodamine 6G is a widely used laser dye and its maximum absorption is approximately
at 530 nm. The absorption spectrum is shown in Fig. 7.6. Its molecular weight is 479
amu and its molecular formula is CysH3;NoO3Cl.  In the solution negatively charged
chlorine and the positively charged CogHz N,OF exist separately. With our electrospray
apparatus this positively charged molecule can be transferred to our Paul trap. More-
over, we have succeeded in trapping the rhodamine 6G molecular ions and simultaneous
trapping of rhodamine 6G and barium ions is shown in the following: After loading the
rhodamine 6G ions, barium ions are loaded without the lasers. Its ion extraction spec-
trum is shown in Fig. 7.7. The far separated two main peaks indicate that the rhodamine
6G molecular ions stay in the trap with the barium ions simultaneously.

But unfortunately the rhodamine 6G ions photodissociate in the cooling laser light, so
that they cannot be sympathetically cooled by laser cooled barium ions. Fig. 7.8 shows
a comparison of two ion extraction spectra with and without the 493 nm cooling laser
(the 650 nm laser is always unblocked). The extracted ions loaded with the cooling laser
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Figure 7.7: An ion extraction spectrum of an ensemble of Rhodamine 6G molecular ions
(right peak) and barium ions (left peak).
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Figure 7.8: Ton extraction spectra of rhodamine 6G ion ensembles with and without
exposure to the cooling laser. Since lower rf voltages stand for the ions with
lower mass-to-charge ratios, the ions stored with the 493 nm cooling laser on
are fragmented.
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7.3 Sympathetic cooling of Alexa Fluor 350 ions
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Figure 7.9: Ion extraction spectra of Rhodamine 101 ion ensembles with and without
exposure to the cooling laser.

(red histogram) produce a peak in the lower rf voltage range. Since lower rf voltages
correspond to ions with lower mass-to-charge ratios, this is the proof for a fragmentation
of the rhodamine 6G ions by the cooling laser light.

Normally, if rhodamine 6G molecules dissolved in a solution absorb photons and are
excited, they relax by emitting photons and via collisions. Unlike in a solvent, rhodamine
6G molecular ions in a vacuum are quite unstable in the presence of the 493 nm cool-
ing laser as they cannot dissipate their energy via collisions. Since the average binding
energy of a C-C bond is 3.6 eV and a C-N bond is 3.0 eV, the photon energies of the
cooling lasers of 2.5 and 1.9 eV are not large enough to break up the bonds directly.
Anyway, a rhodamine 6G molecular ion can absorb several photons and transfer the
energy to vibrational energy via internal energy conversion. Shining the cooling lasers
continuously increases the internal energy beyond the dissociation energy, whilst for the
case in a solution the internal energy can be dissipated efficiently via the interaction with
the other molecules.

Rhodamine 101 has a similar chemical structure and absorption spectrum as shown in
Fig. 7.6. Similar to R6G we found for R101 ions that they are also photo fragmented by

the 493 nm cooling laser. The ion extraction spectra with (red histogram) and without
(green histogram) the cooling laser are shown in Fig. 7.9.

7.3 Sympathetic cooling of Alexa Fluor 350 ions

To avoid photofragmentation by the 493 nm cooling laser and the 650 nm repumping
laser, the complex molecular ion species needs to have a low absorption at the wave-
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Figure 7.10: Absorption spectrum of Alexa Fluor 350 and its molecular structure.

lengths of our cooling lasers. The dye molecule Alexa Fluor 350 fulfills this requirement.
Its strong absorption region is in the UV range as shown in Fig. 7.10 and it can emit
blue fluorescence light (observed in solution) when excited by a UV laser.

Alexa Fluor 350 (sometimes denoted as AF) is a dye molecule commonly used for
fluorescent labelling in biological research. The compound is water soluble. It has the
molecular formula CigH14N2OgS, its structure is shown in Fig 7.10, and its molecular
weight is about 410 amu. In our experiment, the compound is dissolved in a 50 :
50 mixture of methanol and water at a concentration of 250 pmol-ml~. The volatile
methanol is helpful for the electrospray ionization process (it helps to reduce the volume
of the charged droplets emitted from the needle of the ESI). Formic acid is added at
1.25% concentration to protonate the Alexa Fluor 350 molecules. Typically, the ion flux
of the Alexa Fluor 350 is little bit higher than 100 counts per second. A few hundred
Alexa Fluor 350 complex molecular ions can be captured in 4 min with helium buffer
gas at a pressure of 1x10~* mbar.

In order to prove the photostability of the Alexa Fluor 350 molecular ions in the vac-
uum situation, we loaded Alexa Fluor 350 ions to the trap twice. First, after the loading,
the molecular ions are left in the trap for 4 min without any exposition to the cooling
lasers, followed by an ion extraction. In the second loading, the lasers are unblocked for
the same time following the loading of the molecular ions and an ion extraction is done.
Comparing these ion extraction spectra shows that both spectra have the same peak
position, at about 170 V of rf voltage, as shown in Fig. 7.11. There is no indication of
fragmentation. So the Alexa Fluor 350 ions under the vacuum environment are stable
against photodissociation by the 493 and 650 nm lasers.
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Figure 7.11: Ion extraction spectra of Alexa Fluor 350 ion ensembles with and without
exposition to our lasers.

Simultaneous trapping of Alexa Fluor 350 and barium ions is the basic condition for
sympathetic cooling of the Alexa Fluor 350 ions. We used the following procedure: After
loading the Alexa Fluor 350 ions for 4 min at 1x10~* mbar helium buffer gas pressure,
the leak valve is shut off and in a few minutes the background pressure returns to about
5x 1071 mbar. Then, the barium ions are loaded. In the whole process the cooling lasers
are blocked. An ion extraction is done on the final ion ensemble shown as the red his-
togram in Fig. 7.12. Three different ion species are distinguishable in this ion ensemble:
light ions such as COj, barium ions, and Alexa Fluor 350 ions. The broadness of the
peaks indicates that all ions are quite hot (see Chapter 4).

Therefore, the ion extraction is also a tool to determine the ion temperatures qual-
itatively. This we show for an ion ensemble of Alexa Fluor 350 and barium ions. We
repeat the loading procedure, but in this time the lasers are directed into the trap all
the time. Before the ion extraction, light ions are cleaned away followed by a detuning
of the lasers to obtain the maximum fluorescence intensity of the **Ba™ ion ensemble,
which corresponds to the a high cooling rate. Although the barium ion ensemble is not
crystallized, it is already cooled to far below the room temperature (below 1 K as found
through simulations). The Alexa Fluor 350 molecular ions are sympathetically cooled
through the Coulomb interaction with the barium ions. The ion exaction for this ion
ensemble is shown in Fig. 7.12 (green histogram). In this case, the ion peak for the light
ions is negligible. The two other peaks are much narrower. This means that not only
the barium ions but also the Alexa Fluor 350 ions are cooled. This is the first evidence
of the sympathetic cooling of complex molecular ions.

Another indication of the lower thermal energy of the two species is that the maximum
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Figure 7.12: Ion extraction spectra of ion ensembles containing barium and Alexa Fluor
350 ions with and without laser cooling. When the barium ion species is
laser cooled, all the other ion species present in the trap are sympathetically
cooled. The temperatures are reflected by the widths of the peaks.

peak positions move to lower rf voltages, since at low temperature the ion density at a
low velocity becomes higher. Nevertheless, the shift of the peak position for the Alexa
Fluor 350 ions looks quite large. This is mainly due to the reduction of the size of the
barium ion ensemble. Since the Alexa Fluor 350 molecular ions are much heavier than
the barium ions, they stay outside the barium ion ensemble. The ion ensemble shown
in red contains more barium ions, which pushes the Alexa Fluor 350 ions further away
from the trap axis and in the ion extraction process the Alexa Fluor 350 ions are pushed
out of the ion trap earlier, when ramping down the rf voltage during the ion extraction
process.

Although the Alexa Fluor 350 ions were sympathetically cooled by a laser-cooled bar-
ium ion ensemble, the whole ion ensemble was still quite hot, since the barium ion
ensemble was not crystallized. The barium ion ensemble is sympathetically heated by
the Alexa Fluor 350 molecular ions. In principle, reducing the ion number of Alexa
Fluor 350 results in less sympathetic heating. This has been shown experimentally. A
new loading of the Alexa Fluor 350 molecular ions is performed, but the loading time is
shortened from 4 min to 6 s. In this case, the ensemble of barium and Alexa Fluor 350
ions can be crystallized, as shown in Fig. 7.13(a). This particular two-species ensemble
was trapped and cooled for 4 minutes, but this time could be as long as an hour.

The destructive ion extraction method can tell us the mass of the molecular ions only
roughly due to its poor resolution. Thus, to determine the mass the molecular ions
more precisely the nondestructive method of secular excitation with a small amplitude,
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7.3 Sympathetic cooling of Alexa Fluor 350 ions

Figure 7.13: CCD images taken from the experiment and their simulated images. (a)(b)
Barium ions together with Alexa Fluor 350 molecular ions. (c)(d) Alexa
Fluor 350 molecular ions were already removed from the trap.
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Figure 7.14: Radial secular excitation spectra of an ion cluster containing barium ions
and Alexa Fluor 350 complex molecular ions.

is commonly used. Radial resonances were observed at 102 kHz (for direct Ba exci-
tation) and at around 33 kHz (see Fig. 7.14). The latter value implies a mass of the
trapped molecules of 418 + 11 amu, consistent with the value expected for Alexa Fluor
350. The excitation amplitude used here heated the ensemble so strongly that the crys-
tal melted (represented in the step downwards of the recorded fluorescence intensity).
When scanning from high to low frequency this permitted the measurement of the single
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Figure 7.15: Ion extraction spectrum of the barium ion ensemble and partial extraction
spectrum of the Alexa Fluor 350 ion ensemble for the calibration of the ion
number of each species.

particle secular frequency as opposed to the (shifted) frequency of a strongly coupled
two-component crystal [102].

However, the ion extraction can be used to count the ion number of each ion species (if
they have a significant large mass difference). For the ion ensemble shown in Fig. 7.13(a),
we first do a partial extraction by reducing the rf amplitude from 400 V to 150 V, which is
actually still above the extraction rf voltage for the barium ion ensemble. The partial ion
extraction spectrum of Alexa Fluor 350 ions is plotted as a green histogram in Fig. 7.15.
The counts covering the peak are summed up as the counted Alexa Fluor 350 molecular
ions. It is 60.

The rf voltage is turned back to 400 V directly following the ion extraction. The re-
maining crystal only contains barium ions, its CCD image is shown in Fig. 7.13(c).
Since the sympathetic heating from the Alexa Fluor 350 molecular ion ensemble is
gone, the barium crystal becomes colder, showing a clearer structure than the crys-
tal in Fig. 7.13(a).

Finally, a full ion extraction is performed by lowering the rf voltage from 400 to 0
V. The barium crystal is ejected from the trap and the ions are counted (see the red
histogram in Fig. 7.15). In total 318 barium ions were counted. Thus, the ratio of
the ion numbers of the Alexa Fluor 350 ion ensemble to the barium ion ensemble is
approximately 1 : 5.3, assuming both ion species having the same detection efficiency
(independent of ion mass). The narrow peak for the Alexa Fluor 350 ions indicates this
ion ensemble is sympathetically cooled.
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7.3 Sympathetic cooling of Alexa Fluor 350 ions

In fact, the extraction efficiency is not 100%, i.e. the above absolute numbers are not
equal to the numbers of ions originally trapped. Thus, we need to obtain the counting
efficiency. Through a molecular dynamics simulation, it is found that the barium ion
crystal shown in Fig. 7.13(c) contains 770 £ 20 **Ba™ ions and 410+ 20 barium isotopes
(when doing a partial extraction for the heavier molecular ion, due to the strong changes
of the voltages the barium ion ensemble might loose a small portion of ions.). From this
real barium ion number of the crystal shown in Fig. 7.13(c), we obtain that the detection
efficiency is about 30% and the ion number of the Alexa Fluor 350 ion ensemble can be
derived to be 200 + 20 with the ratio of 1 : 5.3 derived before. Subsequently, the barium
ion number of the ensemble shown in Fig. 7.13(a) can be determined via MD simulation
as well: 830 4 20 ¥**Bat ions and 420 4 20 barium isotopes. It is evident that in the
partial ion extraction process a small fraction (5.6%) of the barium ions are lost.

The determination of the Alexa Fluor 350 ions’ temperature works as follows: The
temperature of the 3¥Ba® ions can be determined by simulating a consistent image
directly. Fig. 7.13(b) and Fig. 7.13(d) are the simulated images for Fig. 7.13(a) and
Fig. 7.13(c), respectively. And their corresponding temperatures are 28 and 35 mK, re-
spectively. The temperature determination for other ion ensembles depends on the laser
cooling rate of the 1*®Ba* ions. Theoretically, the laser cooling rate for a barium system
is about 3/mp, = 760 s~ (see Chapter 9). Nonoptimal laser polarizations with respect
to the magnetic field and the presence of micromotion may lead to less efficient cooling.
If we consider a stronger cooling, 3/mp, = 870 s™!, the determined temperatures are
higher than the actual ones. Thus, these simulated temperatures are taken to be upper
limit temperatures.

Since the barium isotopes are similar in mass and near-axis location to the 8Ba™
ions, we always assume them having the same heating rate as the 1**Ba* ions (see Chap-
ter 9). Therefore, in the case of 3/mp, = 870 s~!, an intrinsic heating rate of kz(10.4
K/s) per barium ion is needed to obtain the image shown in Fig. 7.13(d). Since the
crystal dimensions and its temperature in Fig. 7.13(b) are similar to those of the crystal
in Fig. 7.13(d), the cooling and intrinsic heating rates of the barium ion ensemble are
reasonably assumed to be the same. Thus, the temperature difference of the two **Ba*
ion crystals is assumed to be caused by the sympathetic heating of the Alexa Fluor 350
ions. To heat the '*¥Ba' ion ensemble from 28 to 35 mK, a heating rate of kz(18.5
K/s) for each Alexa Fluor 350 ion is required. And the corresponding temperature of
the Alexa Fluor 350 ion ensemble is 138 mK. On the other hand, if we repeat the simu-
lations with 3/mg, = 760 s™!, the heating rate for the barium ions and the Alexa Fluor
350 molecular ions are kp(6.6 K/s) and kp(10.6 K/s), respectively. The corresponding
temperature of the Alexa Fluor 350 ions is found to be 88 mK. Thus, we find an upper
limit of the secular temperature for the Alexa Fluor 350 ions of 138 mK. More details
about the principle of the temperature determination via MD simulation method are
given in Chapter 9.

The finally determined ion ensemble containing barium and Alexa Fluor 350 ions is
shown as a simulated image in Fig. 7.16. The Alexa Fluor 350 molecular ions stay around
the barium crystal as shown in green. The whole ion cluster is about 1.7 mm long and
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7 Sympathetic cooling of medium sized organic molecular ions

Figure 7.16: Simulated Coulomb crystal containing 830 **Ba™, 420 barium isotopes, and
200 Alexa Fluor 350 ions. Their temperatures are approximately 35 mK, 57
mK, and 138 mK, respectively. Here, the ion ensemble is shown in a radial
(left) and axial view (right).
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Figure 7.17: Mass spectrum of GA obtained in our ESI system.

150 pm wide. The temperatures of the ion ensembles of *8Ba™, barium isotopes, and
Alex Fluor 350 are 35 mK, 57 mK, and 138 mK, respectively.

This is the first time such big complex molecular ions have been cooled down to
the millikelvin regime. The sympathetic cooling technique is proven to be reliable and
efficient for cooling medium weight molecular ions.

7.4 Sympathetic cooling of glycyrrhetinic acid ions

For our further investigations we were looking for a molecule which can be loaded eas-
ier and which is cheaper and easier to handle. Glycyrrhetinic acid (GA) is the second
medium mass compound that was sympathetically cooled in our linear Paul trap. Its
molecular formula is C3pHy0,4, and its molecular weight is 470.74 amu. Fig. 7.17 (in-
set) shows its molecular structure. This compound is dissolved in a 50 : 50 mixture of
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Figure 7.18: Ion extraction spectra of GA™ molecular ions with and without exposure to
the lasers (without barium ions). The small peaks are fragments generated
during the loading procedure by collisions of the GA™ ions with buffer gas
atoms. The GA™ ions are stable in the presence of the cooling laser light as
no additional fragments appear(red histogram).

acetonitrile and water solution at a concentration of 10 pmol/ul. Formic acid is added
at the concentration of 0.01%. Its mass spectrum from 420 amu/e to 500 amu/e taken
by our ESI system is shown in Fig. 7.17. There is a strong peak for the singly charged
GA molecules.

We checked the photostability for GA™ ions in the same way as rhodamine 6G, rho-
damine 101 and Alexa Fluor 350 (see Fig. 7.18). Therefore, they can be sympathetically
cooled by barium ion ensembles.

In contrast to the other complex molecular ions investigated before, there is another
smaller peak on each ion extraction spectrum of a GA™ ion ensemble after loading. These
ions are fragments generated in the loading procedure by collisions of the GA™ ions with
buffer gas atoms. The GA™ ions are stable in the presence of the cooling laser light as
no additional fragments (red histogram). However, they are much lighter than the GA™
ions, but their masses are quite close to the barium ions. Thus, it is necessary to remove
them from the trap before loading the barium ions via the secular excitation cleaning
technique. Fig. 7.19 shows an ion extraction spectrum of GA™ molecular ions after such
a cleaning procedure (a frequency scan from 50 to 500 kHz at 120 mV). This spectrum
indicates that only GA™ ions are left in the trap.

The easiest way to check if an ion species is sympathetically cooled is the comparison
of two ion extractions of a cooled and a non-cooled ensemble as shown above. Therefore,
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Figure 7.19: Ton extraction spectrum of a GA™ molecular ion ensemble after removal of
the fragments, created during loading.
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Figure 7.20: Ton extraction spectra with the ions in different states. The peak widths
indicate the temperature of each ion species.

after loading GA™ ions barium ions are loaded with the cooling lasers on. By tuning
the lasers to the right wavelengths the barium ions are laser-cooled and the molecular
ions are simultaneously sympathetically cooled. We perform this procedure twice and
their ion extraction spectra are shown in Fig. 7.20. The red spectrum is the case without
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Figure 7.21: Secular excitation spectra with and without GA™ molecular ions. The dip
on the fluorescence curve is a strong evidence of the presence of the GA™
ions. After the removal of the GA™ ions, the fluorescence dip does not
appear.

cleaning the light ions, which are introduced in the loading of the barium ions. Due to
the disturbance of the light ions the barium ion ensemble can only be cooled down to
a cloud state. Thus, all the ion species are still relatively hot (the broad widths of the
peaks are the evidence). In the case of the green spectrum, most of the lighter mass ions
are removed via a secular excitation cleaning process. The barium ion ensemble is finally
crystallized as shown in the inset. The temperature of each ion ensemble is reduced now
and is reflected in the width of its corresponding ion extraction peak.

To determine the mass-to-charge ratio of the sympathetically cooled molecular ions
more accurately, a secular excitation scan with a small amplitude is applied. The fre-
quency is swept from 50 to 10 kHz with an amplitude of 2.3 mV. The intensity of the
barium fluorescence is recorded during the frequency scan and shown as the red curve
in Fig. 7.21. The dip position of this curve is consistent with the calculated secular
frequency for a single GA™ ion (23 kHz). To prove that this dip is caused by the GA™
ions, a partial ion extraction spectrum on this ion ensemble is done to remove the GA™
ions (the spectrum is shown in Fig. 7.21 (inset)). Hereby, the presence of the heavy
molecular ions is confirmed. Then, the same frequency scan acts on this pure barium ion
ensemble, shown as the black curve in Fig. 7.21. The GA dip does not appear as expected.

It is evident that the GA™ ions are sympathetically cooled. However, the peak width
of the ion extraction spectrum only indicates the temperature qualitatively. How cold
the molecular ions still needs to be determined. To obtain the temperature quantita-
tively, MD simulations need to be performed. As in the case of Alexa Flour 350, two
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7 Sympathetic cooling of medium sized organic molecular ions

Figure 7.22: CCD images taken from the experiment and their simulated images.
(a) CCD image of a barium ion crystal with GA™ molecular ions. (b) Sim-
ulated image to fit the CCD image shown in (a). (¢) CCD image after the
GA™ ions removed. (d) Simulated image to fit the CCD image shown in

().

CCD images of a crystalline barium ion ensemble before and after removing the GA™
complex molecular ions are required.

Two such CCD images are shown in Fig. 7.22(a) and (c). Since these two CCD images
are much clearer and have higher contrast than the CCD images of Fig. 7.13(a) and
Fig. 7.13(c), the ion number of each ion ensemble can be determined directly through
the MD simulations (see Chapter 9) with a higher accuracy. The partial ion extraction
process for the determination of the ion numbers can be omitted here. The barium ion
ensemble in Fig. 7.22(a) contains 270 + 10 *®Ba™ ions and 80 + 10 barium isotopes
together with 1543 light ions, assumed to be COJ, embedded in the barium ion crystal.
Additionally, there are 75+ 10 BaO™ ions (product of the chemical reactions described in
Chapter 6) and 1050 £+ 20 GA™ complex molecular ions stay around the barium crystal.
Up to now, our simulation program can only run four ion species at once. Therefore, in
the simulation for Fig. 7.22(a) the light ions are replaced by the barium isotopes. The
error can be neglected due to the low ion numbers. The simulated ¥*Ba* ion crystal
for Fig. 7.22(a) is shown in Fig. 7.22(b). The crystal is at about 36 mK. The barium
ion ensemble in Fig. 7.22(c) contains 210 + 10 **Ba™ ions and 80 £ 10 barium isotopes
together with 15 + 3 light ions and 75 #+ 10 BaO™ ions. Its simulated image is shown in
Fig. 7.22(d). This crystal is at about 16 mK.

Once the ion numbers of all ion species have been determined, the upper temperature
limit of the GA™ molecular ion ensemble can in principle be simulated. However, in
our case, either of the ion ensembles has at least four ion species. We have not enough
information to determine the heating rate of each ion species. Using the MD simulation
method to determine the heating rate of a sympathetically cooled ion species, the heating
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7.4 Sympathetic cooling of glycyrrhetinic acid ions

.

Figure 7.23: Simulated images with all ion species before and after removing the GA™
ions. (a) Barium ion ensemble together with GA™ molecular ions. (b)
Endview of the ion crystal shown in (a). (¢) Ion crystal after removing the
GA™ ions.

Figure 7.24: Photodissociation of GA™ complex molecular ions. Initially, the GA™ ions
are located around the barium ion ensemble. When some GA™ molecular
ions are photodissociated, the low mass-to-charge ratio fragments move to
the center of the barium crystal and accumulate owe to their smaller mass-
to-charge ratio than that of the barium ions.

rates of the other species need to be known and two CCD images with and without this
ion species need to be available. Due to the small mass difference between the BaO™
and the barium ions and the low number of the light ions we assume that all the ion
species except the GA™ ions have the same heating rate.
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7 Sympathetic cooling of medium sized organic molecular ions

We fix the laser cooling rate 3/mg, to be 870 s™! to obtain an upper limit temperature
(see the temperature determination of the Alexa Fluor 350 ions). To get an image as
Fig. 7.22(d), a heating rate of kg(7.5 K/s) is necessary for all low-mass ion species. In
order to obtain an image as Fig. 7.22(b), the heating rate for the GA™ ions is required
to be kp(5.4 K/s). The final upper limit temperature of the GA™ ions is found to be
72 mK. The simulated images with all ion species are shown in Fig. 7.23. The length of
the barium ion crystal with GA™ ions is about 1.5 mm. The ratio of the ion numbers
of sympathetically cooled GA™ ions to the laser cooled barium ions is approximately 4:1.

GA™ ions have a strong absorption peak near 254 nm, which can be excited by a 266
nm laser. When they stay in a vacuum environment, they might be photodissociated
similar to the rhodamine 6G and 101 molecular ions, which are sensitive to our 493 nm
cooling laser. To show that the GA™ ions are stable under UV exposition we prepared
a cold Ba®/GA™ ion ensemble. A 266 nm laser is directed to the ions and a dark core
appears at the right end of the CCD image. As time goes on, this dark core grows more
and more as shown in Fig. 7.24. Finally, it passes through the whole barium crystal.
This indicates that the cold GA™' molecular ions are destroyed by the 266 nm laser light.
Currently in our group experiments are performed to determine the UV dissociation rate
for cold GA™ ions.
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8 Sympathetic cooling of proteins

We have discussed the sympathetic cooling of light and two medium weight ion species
(411 and 471 amu) in the last two chapters. In this chapter we discuss the sympathetic
cooling of a much heavier molecular ion species, cytochrome ¢, with a mass of about
12000 amu.

8.1 Protein molecule - cytochrome c

Since multiply charged cytochrome ¢ (cyt ¢) molecular ions have been successfully pro-
duced by ESI and transferred to a Paul trap [103|, we choose this kind of protein to be
sympathetically cooled and to demonstrate the full potential of our apparatus. Cyt c
is a small heme protein containing a single polypeptide chain and a single heme group,
which is covalently attached to Cys'# and Cys'?. Unlike other cytochromes, it is a soluble
protein. Its primary structure consists of a chain of 100 amino acids and its molecular
weight is about 12377 amu. The molecular structure is shown in Fig. 8.1.

Cyt ¢ from horse heart used in our experiment is purchased from Sigma-Aldrich.
The compound is dissolved in a 50 : 50 mixture of water and methanol solution at
concentration of 10 pmol-ul™! containing 0.5% or 2% acetic acid. The molecules are
multiply pronated. Mass spectra from our system are shown in Fig. 8.2 with 0.5% and
2% concentration of acetic acid. The acetic acid helps to charge the molecules, higher
concentration leading to a higher charge-to-mass ratio. Here we find a maximum in the
charge state +12 for a concentration of 0.5 % and in the charge state +15 for 2 %. Thus,

G
CH, HC—S—CH~ |

—CH,

—CH-S —CH.—

Figure 8.1: Molecular structure of cyt ¢ with heme (net structure) [104].
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Figure 8.2: Mass spectra of cyt ¢ obtained using our ESI system with 0.5% (a) and 2%
concentrations of acetic acid (b).

via the control of the concentration of the acetic acid, maximum ion flux of the cyt c at
a different state can be realized. If we use the solution with 2% concentration of acetic
acid, cyt ¢ ions in the charge state +17 (cyt17, the cyt ¢ protein ions in the charge state
+N are denoted by cytN) can be generated with a sufficiently high ion flux.
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Figure 8.3: Ton extraction spectra of the cyt ¢ ions with and without the removal of the
loading fragments.

8.2 Loading of cyt c molecular ions

The mass and charge state of the cyt ¢ ions used in our experiment is different from
the singly charged Alexa Fluor 350 and GA molecular ions. However, to load the cyt ¢
protein ions to our trap, except the increase of the needle high voltage of the ESI system,
all the parameters for the ion generation and transport are the same as in the case of
Alexa Fluor 350 or GA. An ion flux of approximately 1000 counts per second can be de-
tected behind the octopole ion guide. During loading the cyt ¢ protein ions, the endcap
voltage at the entrance end is modified to -3 V and the other end is set to be 2.5 V. The
helium buffer gas pressure leaked into the main chamber is about 1 x 10~* mbar. Due to
the lower depth of the pseudopotential well for a higher mass-to-charge ratio ion species
the rf voltage during the loading time needs to be turned to its maximum value of 500 V.

A typical loading procedure for the cyt ¢ ions works as follows: After loading the
cyt ¢ molecular ions with the parameters mentioned above, the endcap voltage at the
entrance end is raised up to the same level as on the exit end and the leak valve is closed
to remove the buffer gas. At the same time the rf voltage is lowered down to about 400
V to reduce the rf heating.

The loading result can be checked via an ion extraction. The red histogram in Fig. 8.3
shows such an ion extraction spectrum of an ensemble of cyt17 ions. It shows two clear
peaks. Since the starting voltage of the ion extraction is 400 V, the center of the main
peak is at about 220 V rf voltage, which is much higher than the normal position for
the barium ion ensemble (at about 100 V). This means the mass-to-charge ratio of the
molecular ions at the main peak is much higher than that of the the singly charged
barium ion. The peak at about 220 V should corresponds to the cyt17 ions.

117



8 Sympathetic cooling of proteins

120 + —
100 I 0 min
B 1 min
] Bl 5 min
80 — —
'9 4
5
o 60_' -
O -
‘ \II _
20 — | “ —
Illi-.l-l I-=-lll'.ll.l_l-=l I
0
0 50 100 150 200 250 400

Rf voltage (V)

Figure 8.4: Ion extraction spectra of cyt17 ion ensembles with different exposure times
to the 493 nm cooling laser only. No fragments are found in the spectra.

During loading, fragments are also captured by the trap (see the red histogram in
the lower rf voltage range of Fig. 8.3). Those fragments can easily be removed through
the secular excitation method. The green histogram in Fig. 8.3 is the ion extraction
spectrum of another cyt17 ion ensemble after removal of the fragments. The ion peaks
in the low voltage range disappears.

It is also necessary to check whether the cyt ¢ ions are also sensitive to our lasers or
not. Fortunately, we found that they are photostable in the cooling lasers. After loading
the cyt17 ions and the removal of the fragments, the 493 nm cooling laser is directed to
the ion trap for 1 min. Then, an ion extraction is done. This experiment is repeated
but with a longer time (5 min) of cooling laser exposition. The ion extraction spectra
are shown in Fig. 8.4. The case without any laser exposure is also plotted, as the red
histogram in Fig. 8.4. We found no evidence for photofragmentation of the cyt17 ions
by the 493 nm cooling laser. In the case when both lasers are directed on the ions for
one and two minutes, we find that the cyt17 ions are also not fragmented by the 650 nm
repumping laser. The results are shown in Fig. 8.5.

Therefore, cyt c is a suitable candidate for the demonstration of sympathetic cooling
of very heavy molecular ions.

8.3 Sympathetic cooling of cytl7 protein ions

Cyt17 protein ions are sympathetically cooled in our experiment. In this section, our
routine procedure to prepare sympathetically cooled cyt ¢ ions is addressed and diverse
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Figure 8.5: Ton extraction spectra of the cyt17 ions with different exposure times to both
493 nm and 650 nm lasers. Ions are photostable in the lasers.

evidences of the existence of the cooling cyt17 protein ions are presented.

8.3.1 Simultaneous trapping of cyt1l7 and barium ions

To realize our final goal, one prerequisite is to prepare an ion ensemble containing cyt
¢ and barium ions simultaneously in the trap. First, we load cyt17 ions followed by
loading barium ions in the usual way with the lasers being blocked. In principle, the
two ion species are confined in the ion trap simultaneously. To prove this we do an ion
extraction of this ion ensemble, the spectrum is shown in Fig. 8.6. Except for the peaks
of the barium and cyt17 ion species, there is a strong peak near 50 V. This is due to
COJF ions, which are always loaded together with the barium ions. As said before, they
can be removed by the secular excitation cleaning method. Actually, another secular
excitation cleaning process is performed to remove heavier molecular ions such as the
products of the chemical reactions of barium and the fragments of the cyt ¢ ions. The
ion extraction spectrum after cleaning is shown in Fig. 8.7. It is evident that the light
molecular ions are mostly removed. Since the cooling lasers are blocked all the time in
this case, the barium ion ensemble is very hot. Thus, the other ion species are also hot
as represented in the broadness of the ion extraction peaks.

8.3.2 Evidences of the sympathetic cooling of cytl7 ions

Since the cooling laser and the repumping laser do not photodissociate the cytochrome
c ions, all the ions can be loaded with the cooling lasers and the loading efficiency can
be improved, as discussed in Chapter 5. When the **Ba* ions are laser-cooled, all other
ions present in the trap are sympathetically cooled simultaneously.
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Figure 8.6: Ton extraction spectrum of an ion ensemble consisting of the cyt17 and bar-
ium ions, as well as light ions loaded with the barium ions. Here, since all
the processes are done without the cooling lasers, the peaks are very wide
indicating the ions are hot.
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Figure 8.7: Ton extraction spectrum of an ion ensemble consisting of the cyt17 and barium
ions after cleaning of the light molecular ions. The CO4 peak is much smaller
than that shown in Fig. 8.6. Here, the cooling lasers are blocked all the time.
Thus, the ions are quite hot.
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Figure 8.8: Ton extraction spectrum of of a laser-cooled ion ensemble consisting of cyt17
and barium ions. Compared to the spectra in Fig. 8.6 and Fig. 8.7 the peaks
are much narrower.

8.3.2.1 lon extraction

Fig. 8.8 shows an ion extraction spectrum of an ion ensemble consisting of barium and
cyt17 ions, which was prepared as described above, but the lasers are unblocked. After
the loading of all ions the cooling lasers are fine tuned to achieve the maximum cooling
efficiency. Although the barium ion ensemble is not crystallized due to the large number
of cyt ¢ ions, both ion species are much colder than in the case without laser cooling.
Comparing with the ion extraction spectrum in Fig. 8.6 or Fig. 8.7 the narrower peaks
offer a strong evidence for the realization of the sympathetic cooling of the cyt c ions.

8.3.2.2 Visible evidence

If one loads an appropriately low number of cyt ¢ ions, the barium ions can sufficiently
cool down the whole ion ensemble to the crystalline state, which can be imaged by our
ICCD camera. The cyt ¢ protein ions stay further away from the trap axis and squeeze
the barium ion ensemble making it thinner radially and longer longitudinally. Fig. 8.9(a)
is a CCD image of barium ion ensemble surrounded by cyt17 ions. Subsequently, a strong
frequency sweep from 90 to 5 kHz with an amplitude of 150 mV is performed to remove
the cyt ¢ ions. Since the secular frequency of the barium ions is about 100 kHz, the cyt c
ions are kicked out from the trap without loss of the barium ions. Fig. 8.9(b) shows the
CCD image after cleaning. This barium ion crystal is roughly 50% shorter than the one
with the cyt17 ions and has three layers instead of the one-shell structure. Since all the
trap parameters are the same all the time, the shape and structure changes only arises
from the absence of the cyt17 ions.
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Figure 8.9: CCD images of ¥®Ba™ ion crystals. (a) Together with cyt17 ions. (b) After
cyt17 ions have been removed via a secular excitation.

Comparing these two CCD images one finds that the barium ion ensemble is much
colder after the removal of the protein ions (the barium ion crystal in Fig. 8.9(b) has a
clearer structure). This is another indication of the previous presence of the cyt ¢ protein
ions in the ion trap.

8.3.2.3 Secular excitation

Another method to detect the cyt c ions is a secular excitation with a small amplitude.
An ion ensemble, whose CCD image is shown in Fig. 8.10(a), is excited periodically
between 5 and 20 kHz with an amplitude of 3 mV, the repetition frequency being 0.2
Hz. The fluorescence intensity of the *®Ba ion ensemble is recorded and shown as in
Fig. 8.10(b). A main fluorescence dip in each scanning period is observed. The main
dip is split into two separate dips at about 11.5 and 16.5 kHz due to space charge effects
(discussed in Chapter 10). A partial ion extraction is done to remove the cyt17 ions by
lowering the rf voltage from 350 V to 165 V. If we continue the frequency scan, no ob-
vious repeatable peaks appear on the fluorescence curve any more (see the green curve).
All the frequency scans are operated with 350 V rf voltage. The calculated frequency
for a single cyt17 ion here is about 16.3 kHz, which locates between the two dips.

The periodic frequency scan near the resonant frequency of the barium ions is also
performed to calibrate the rf voltage. The scanning range is from 90 to 100 kHz with
an amplitude of 1 mV and a repetition frequency of 0.1 Hz. The fluorescence curve is
shown in Fig. 8.10(c). The resonance frequency is at about 90 kHz, which corresponds
to an rf voltage of 346 V (the rf voltage displayed in the oscilloscope is about 322 V).

8.4 Temperature determination via MD simulations

Using the MD simulations the temperature of the sympathetically cooled cyt c ions can
determined as done for the Alexa Fluor 350 and GA ions. As usual, two CCD images
before and after removing the heavy molecular ions are required. In this case, the two
CCD images are shown as Fig. 8.11(a) and Fig. 8.11(b), respectively. This CCD image is
taken with an rf voltage of 350 V and an endcap voltage of 6.8 V. A partial ion extraction
is performed by lowering the rf voltage from 350 V to 175 V to remove the cyt17 ions.
The partial ion extraction spectrum and the final full ion extraction spectrum are show
in Fig. 8.12.
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Figure 8.10: Spectra of a periodic secular excitation to detect the presence of cyt17 ions.
(a) CCD image of the ion ensemble being scanned. (b) Spectra before
(black) and after (green) the removal of the cytl7 ions. (c) Spectrum for
the barium ions recorded for calibration with the known Ba™ frequency.
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8 Sympathetic cooling of proteins

Figure 8.11: Temperature determination of cyt17 ions via molecular dynamics simula-
tions. (a) CCD image of a '**Ba* ion ensemble with cyt17 around. (b) Sim-
ulated image to fit the CCD image of (a). (¢) CCD image after the removal
of the cyt17 ions. (d) Simulated image to fit the CCD image of (c).
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Figure 8.12: A partial (green) and a full ion extraction spectrum (red) for the determi-
nation of the ratio of the barium and the cyt17 ion numbers. The signal-
to-noise ratio for the cyt17 ions is very low (see the green spectrum)

Usually, the barium ion number of a crystal is obtained through simulations, while
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Figure 8.13: Simulated image with all ion species (both sideview and endview are shown
here). This ensemble consists of 175 ¥¥Ba' ions, 160 barium isotopes, and
46 cyt17 ions. The temperatures are about 43, 70, and 570 mK, respectively.

the determination of the ion number of heavy molecular ions requires the ion extraction
spectra (described in Chapter 7). However, as only ion ensembles of low ion numbers can
be crystallized in this case, the number of the cyt17 ions is so low that the signal-to-noise
ratio in the corresponding ion extractions is very low (see the green partial ion extraction
spectrum in Fig. 8.12). Thus, the error bar for the number determination of the cyt c
protein ions is beyond 50%.

Since the cyt ¢ protein ions used here are multiply charged, the Coulomb interaction
between the cyt ¢ ions and the barium ions is very strong. This means that the shape
of the barium ion ensemble is very sensitive to the cyt17 ion number. Therefore, from
the shape of the barium Coulomb crystal in Fig. 8.11(a), we can accurately fit the ion
number of the cyt17 ions to 46 + 3. Thus, the error is significantly lessened to 7%. The
barium ion crystals in Fig. 8.11(a) and Fig. 8.11(c) contain 335410 (175410 '*¥Ba™ and
160 £ 10 barium isotopes) and 240 & 10 (145 4 10 ¥*®*Ba™ and 85 & 10 barium isotopes)
barium ions, respectively.

To determine an upper limit for the temperature of the cyt17 ions in the ion ensemble
shown in Fig. 8.11(a), a simulation is performed with the laser cooling rate for **Ba™
ions set to 870 s~!. Since the *®Ba™ ions in Fig. 8.11(c) are at about 15 mK, the heating
rate for each barium ion is determined to be kg(8.3 K/s), the simulated image for the
138Bat ion ensemble in Fig. 8.11(c) is shown as Fig. 8.11(d). Then we compensate lost
barium ions and assign the obtained heating rate to all barium ions. 46 cyt ¢ protein ions
in the 17 charge state are added to the ion trap. A heating rate of kg(57 K/s) for the
protein ions is required to get a simulated image of the *®Ba* ion ensemble consistent
with the experimental one shown in Fig. 8.11(a). The corresponding temperatures are
43,70, and 570 mK for the **Ba™, barium isotopes, and cyt17 ions, respectively. The cyt
¢ protein ions at this temperature together with the barium ions are shown in Fig. 8.13.
This is the first time protein molecular ions have been cooled to millikelvin temperatures
by sympathetic cooling.

In the simulated image (Fig. 8.11(b)) the '**Ba™ ion ensemble looks sharply squeezed,
whereas the experimental image is more smooth. This is due to the strong background,
which wash out details. Additionally, in the experiment, the electric noise results in
a low-amplitude motion of normal modes. With a long integration time for the CCD
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Figure 8.14: Secular frequency scanning spectrum for the detection of the cyt ¢ protein
ions in the 12 charge state. The red ramp represents the frequency scan.

images (in our case it is 2 s), the motion of normal modes is included in the CCD images
and makes them look more blurred and, thus, warmer. However, in the simulation the
integration time is only a few ms to 40 ms. Another factor inducing the blur of the
CCD images is rare but strong collisions with residual gas rising the activity of local ion
diffusions. Moreover, rf micromotion is another important factor described in Chapter 9.

8.5 Sympathetic cooling of cytl2 ions

As shown in Fig. 8.2, cyt c ions in other charge states can be selected and transferred to
our ion trap. However, due to a limited maximum rf voltage of an trap, the cyt ¢ ions
in charge states lower than +12 cannot be captured. Thus, in principle, the protein ions
in the charge state between +12 and +17 can be trapped and sympathetically cooled.
Here, we give an example of the sympathetic cooling of cyt12 ions .

We repeat the ion loading process already used for the cyt17 ions. The only difference
is that the mass filter was set for the cyt12 ions to pass. After loading cyt12 and barium
ions, the lasers are tuned to make the ion ensembles as cold as possible. To detect the
cyt12 ions, a periodic secular frequency sweep is performed. The frequency sweeps from
5 to 65 kHz, the obtained spectrum is shown in Fig. 8.14. The resonance dip of the cyt12
ions always occurs at about 14 kHz, which is close the calculated value of 13 kHz. Here,
in each period of the secular excitation only one main peak appears, which is different
from the case of the protein ions in the 17 charge state. The reasonable explanation
is that due to the higher mass-to-charge ratio the ions in the 12 charge state are more
easily pushed further away from the trap axis (for an ion ensemble containing 200 barium
ions and 10 cyt ¢ ions, the gap widths between the two ion species are 72 and 89 um,
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8.5 Sympathetic cooling of cyt12 ions

respectively, for cyt17 and cyt12 ions) having smaller interactions with the barium ions
resulting in a weak secular frequency coupling.
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9 Molecular dynamics simulations

In Sec. 9.1 of this chapter a brief introduction to molecular dynamics simulations is
given. In Sec. 9.2 the ion’s equations of motion and the algorithms are described in
detail. In MD simulations, time scales such as time step, thermalization time, deter-
mine the computation time and the accuracy of the results. Thus, in Sec. 9.3 the time
scales for the barium experiment as well as the beryllium experiment are shown. The
initialization of ion ensembles in the trap is discussed in Sec. 9.4 and a heating model
is presented in Sec. 9.5. In Sec. 9.6 we explain how to reproduce experimental CCD
images and in Sec. 9.7 how to determine the temperatures and numbers of laser-cooled
and sympathetically cooled ions. It is studied in Sec. 9.8 how to improve the sympathetic
cooling efficiency. Simulations of ion ensembles in the rf field are done in Sec. 9.9, and
the results are compared with those obtained in the pseudopotential case. In the last
section, Sec. 9.9, ion diffusion in different situations is investigated. Since in our lab
there are two specific linear Paul traps - one for barium ions and another for beryllium
ions, all the simulations in this thesis are not limited to one particular case.

9.1 Introduction

One of the routine tools in the theoretical study of a many-body system is the method
of molecular dynamics (MD) [105, 106, 107| simulations. This is a multidisciplinary
method. Its laws and theories stem from mathematics, physics, and chemistry, and it
employs algorithms from computer science and information theory. Now it is widely used
in physics, chemistry, biology, and material science. This computational method gives
direct numerical solutions of the equations of motion of particles and calculates their
time dependent behaviors, which allow to check models, offer insights to the experimen-
talists, assist in the interpretation of new results, predict the properties of the dynamics
and other complicated phenomena that cannot be found out in other ways. Moreover,
they reveal hidden details behind the experimental measurements. They act as a bridge
between microscopic length and time scales and the macroscopic world of the laboratory,
and between theory and experiment.

The molecular dynamics simulation method was first introduced by Alder and Wain-
wright in the 1950’s [108, 109]. And the first molecular dynamics simulation of a realistic
system was done by Rahman and Stillinger in 1971 [110]. This simulation technique needs
extensive numerical calculations because of the approximate and step-by-step procedure.
With the help of the rapid development of the computer technology, the application of
this method on neutral particles in liquid or solid state [111] was extended to non-neutral
plasmas. For liquids or solids, considering the interactions with a few neighbors is suf-
ficient, but for plasmas, because of the long range Coulomb interaction, the interaction
of each other particle needs to be counted in. Thus, the computational effort increases
greatly. Today, simulations with a few thousand non-neutral particles on a normal per-
sonal computer are realistic. In the case the particle number is more than ten thousand,
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the simulations need to run on parallel computer systems.

9.2 Basic approach

9.2.1 Equations of motion and forces

In order to perform MD simulations, the definition of a potential energy function is
required. The aim of the simulations is to study the properties of a particle ensemble
under the interactions of forces, which are usually derived from the potential energy. In
our case, as described in Chapter 2, ions are confined in a linear Paul trap by electric
fields, but repel each other due to the mutual long-range Coulomb interaction. The
laser-cooled ions are slowed down or heated up by the laser light force introduced in
Chapter 3. Additionally, ions in a UHV chamber experience some unquantifiable forces
such as casual collisions with residual gas or the noise of electric fields. Therefore, the
force acting on the ions is the combination of the trap potential force F;"*?, the Coulomb
interaction force FE°™ due to all other ions, a stochastic force F5'"s%¢ and the laser
light F1***". Thus, the classical equations of motion (Newton’s equations) can be written
as

mlr = Fi(Tl, e TNLC+NSC7 V1, ... ’UNLc+NSC7t)
_ Irr;rap + F?oulomb+ Ip;tochastic+ l;liaser’ (91)
where ¢ = 1,..., Nye + Ngo (Npe and Nge are the numbers of the laser-cooled and

sympathetically cooled ions, respectively), so there are 3(Nc + Ng¢) particle coordi-
nates totally. m; and r; are the mass and position vector of particle 7, respectively.
Fi(r1,... TN, o+ Nges V1, - - - UN, o +Nse» ) 18 the force acting on particle ¢ and depends on
the positions and velocities of all other ions, and the time .

The trapping potential force FEW’ can have two forms, the pseudopotential force or
the rf potential force. In this thesis, in most of the simulations we consider the pseu-
dopotential energy which has the expression of Eq. (2.39) (rf micromotion is averaged
out). Only in a small part of our simulations micromotion is taken into accounted in
order to do compare with the case of the pseudopotential.

The Coulomb force FE°“™ is the repulsive force from all other confined ions and has
the form

I;Coulomb Z QJ rl] (92)

where r;; is the distance between ion ¢ and j. ;5 is the unit vector. g¢ is the permittivity
of free space.

The stochastic force Fft”h“tic can not be expressed by a simple formula due to the

uncertainty of the actions on trapped ions. This force will heat up an ion ensemble. We
may consider this force as one kind of heating source and a model to describe this effect
is introduced in Sec. 9.5.
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9.2.2 Algorithms

The standard method to numerically solve an ordinary differential equation such as
Eq. (9.1) is the finite differential approach. The idea is to give the particles’ positions
ri(t), velocities v;(t), and accelerations a;(t) at time ¢ and from these to calculate the
positions, velocities, and accelerations at time t + At.

If the classical trajectory is continuous, an estimate of the positions, velocities and
accelerations at time t + At can be obtained by Taylor expansions in time t. We take a
general function f(¢) as an example. Its Taylor expansion is:

ae; (3) t
fE+AL) = f(t)+ f(t)AL+ f2—<')(At)2 + fg—,()(At)3 e (9.3)
from which one obtains the forward differential algorithm
oy S+ AL — f(2)
the error © is given by
" (3)
- fz@AH / 3,@) (A 4+ . (9.5)

When At is small, © is dominated by the first term, which is proportional to At.

If we subtract Eq. (9.3) with At replaced by At/2 from the same equation with At
replaced by —At/2, all even powers of At vanish.

At At . 2fGN(t) At .  2fO(t) At
Jt+5) =1t = 5) + [(OAt+ = (7)3 + (5 °+ (9.6)
Now the error © is given by
AIQ) o)
0 = T(AIS)2 + M(Azﬁ)4 +--- (9.7)

If At is small, then © is dominated by the first term, which is proportional to (At)?
(much smaller than At). This means that the slope of a curve between two points is
better approximated by that at the midpoint than at either end point.

9.2.3 The leapfrog algorithm

The idea mentioned above is used to solve the particles” Newton’s equations of motion
and to obtain:

r(t + At) = r(t) + v(t + %)At (9.8)
v(t + %) =t — %) + a(t)At (9.9)
F;(t)

(9.10)
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Figure 9.1: Leapfrog Verlet algorithm

If r(t) and v(t+ At/2) are known, the position at t+2At, t+3At, ... can be derived step
by step, as well as the velocity v(t). Thus, r and v leapfrog over each other as shown in
the Fig. 9.1 [112, 113, 114].

Since the approximate error of r(t + At) — r(t) is proportional to (At)? in each inte-
gration time At (see Eq. (9.6)), after a finite computation time (integration steps times
At ), the overall error is proportional to (At)?, which is in the same order as the second
order Runge-Kutta method [115, 116].

9.2.4 The velocity Verlet algorithm

The leapfrog shown in Eq. (9.8) starts with v(t + At/2). However, we only have the
initial velocity v(t). The simplest solution to get v(t + At/2) is doing a single half step
revolution by v(t + At/2) = v(t) + aAt/2. This is not a midpoint method with an error
of (At)?. Fortunately, we only use this once, it does not increase the order of the whole
error by one order. Usually, to characterize a particle at time ¢/, (r(t'), v(t')) are used
instead of (7(t'), v(t' + At)) or (r(t'), v(t' — At)). Thus, v(t') is taken as the mean of
two adjacent mid-step velocities [117]

oft') — %[(U(t’ AN+ olt — ZAD) (9.11)

The algorithm for determining the position and velocity at the same moment in the
way mentioned above is called velocity Verlet or position Verlet algorithm. It can be
written as

oft + %At) —ot) + %a(t)At (9.12)

r(t+ AL) = 7(t) + v(t + %At)At (9.13)

ot + AL) = ot + %At) + %a(t + %At)At (9.14)

N r(t + %At) —r(t) + %v(t)At (9.15)
ot + At) = o(t) + alt + %At)At (9.16)
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r(t + At) = r(t + %At) + %v(t + At)At (9.17)

The most important advantage of the leapfrog algorithm is its simplicity at second
order of accuracy. Additionally, it is time reversal invariant; the particle’s trajectory
forward in time is overlapped with that backward.

9.3 Time scales

With a specific computational power to simulate a certain number of particles, the time
interval for each integration step (integration time or time step, At) and the computa-
tion time need to be well chosen in order to ensure minimum computation steps with
an acceptable accuracy. Since the equations of motion are solved on a step-by-step ba-
sis, the time step should be sufficiently small to avoid discretization errors (i.e. much
smaller than the period of the fastest motional process in the system). However, if At
is too small, the number of computation steps for a finite computation time (inversely
proportional to At) increases greatly. This means it will cost a much longer time for a
computer to do the simulation. Additionally, a small At increases the roundoff error.

Generally, the time scale of the macromotion (secular motion) period of ions in our
experiment (using **Ba™ as the coolant to cool heavier complex molecular ions) is in
the order of 10 us, and for that of their micromotion (rf driving field) it is in the order
of 100 ns. Tens to hundreds computation steps for one oscillation period are acceptable
in order to simulate ensembles in the millikelvin temperature regime. For example, for a
138Ba™ ion ensemble with the secular oscillation frequency at 100 kHz at a temperature
of 20 mK;, if we set At to 400 ns, a secular oscillation containing 25 computation steps
(see Fig. 9.2) is accurate enough to represent the secular motion of the ion ensemble. In
a higher temperature regime, ions move faster and the moving distance in each time step
is accordingly bigger, which sometimes results in a serious acceleration fluctuation and
gives the ion ensemble a high kinetic energy, which breaks the law of energy conservation.
Thus, at high temperatures a smaller time step should be applied. For the same reason,
lighter ions such as Be™, at 20 mK, have a much higher average velocity than heavier
ions, such as ¥¥Ba* ions. Therefore, 25 computation steps per period are not enough.
Normally, the secular oscillation frequency for “Bet ion our trap is approximately 250
kHz. We set the time step to 50 ns at 20 mK, thus, it is about 80 computation steps for
each oscillation period.

We should also have some idea of the time scale for an ion cluster reaching its equilib-
rium state to help us to choose an appropriate simulation time. Actually, this time scale
varies depending on the initial temperatures, ion densities, and mass difference of the
ion ensembles. When all ion species included in the ion cluster have close masses, due
to the strong Coulomb interaction it reaches an equilibrium state within microseconds.
Fig. 9.3 shows a simulation of the thermalization process. The broken thermal states are
recovered in about 14 us. When the mass difference between two ion species is big, they
are far away from each other resulting in a weak mutual interaction. Thus, a longer time
is necessary for such a system to reach the equilibrium state. In our case, simulation /
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Figure 9.2: A barium ion oscillates in a linear Paul trap with a trap secular frequency
of 100 kHz, the time step of 400 ns is small enough to describe the ion’s
trajectory smoothly.

cooling times of several ms are normal.

9.4 Initial conditions

As mentioned in Sec. 9.2, in order to obtain the positions and velocities of particles at
any moment, we need to know their initial positions and velocities. So before running
the simulations an initialization has to be done. Since the velocity distribution of par-
ticles in any direction at a certain temperature is a Gaussian distribution, the standard
way is to assign a value from a Gaussian random generator as the velocity of a particle.
However, the initialization of the positions depends on the temperature of the particle
system. At high temperatures, the spatial distribution of a particle system is also a
Gaussian distribution, so that the positions can be initialized in the same way as the
velocities. At very low temperatures, particles are arranged in shells but move (diffuse)
randomly over the surface of the shells. This can be characterized "as a crystal in the
direction perpendicular to the shells and as a liquid on the shells" [118]. At even lower
temperatures, diffusion decreases and an ordered structure forms on the shells [119], so
the ensemble is no longer following the Gaussian distribution and the positions cannot
be assigned directly. Generally, we can set the initial positions and velocities at a higher
temperature with the Gaussian distribution, then let the particle system evolve for a
long time, which can be some thousand oscillation periods, including friction. The ther-
mal kinetic energy will be dissipated gradually, and the temperature of the ensemble
decreases. Via the control of the magnitude of the friction force we can stop the system
at any target temperature (no matter if it is in liquid or crystal state).

In principle, this method can be simplified. One initializes each ion at a random po-
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Figure 9.3: Simulation of a thermalization process. A barium ion ensemble containing
1000 ions is in the ion trap. Its averaged kinetic energies in the x and axial
(z) directions are equal as shown in red and black. At time point 1 the
velocities in x direction are set to be 0. Due to the Coulomb interaction, the
kinetic energy is redistributed in all directions. The time of the redistribution
process is quite short, about 14 us. We repeat this in the axial direction at
time point 2. The thermalization time is similar.

sition with zero velocity (or a random value) in a limited spatial region, i.e. in the trap
area. Then we let the ensemble evolve with a frictional force for a long time. This ini-
tialization process is very similar to the loading of the barium ions into the ion trap with
our cooling lasers in the experiment. This method is suitable for a system with a large
number of ions. Otherwise, a strong random motion in normal modes is usually induced
due to the insufficient samples (the initial ion distribution is hard to be homogenous).
This complicates the study of the dynamics properties such as CCD image simulations
and temperature determination of ensembles.

Moreover, in the process of laser cooling the ion ensemble from a high temperature to
a very low temperature, some ions are mainly sympathetically cooled (the laser cooling
rate depends on the average temperature of the ion ensemble; at a low average tempera-
ture, a few hot ions mainly dissipate their energy through the Coulomb interaction with
the cold ions). Some ms computation time for them is probably needed to reach the
thermal equilibrium state.

To avoid these difficulties we set the ions in their minimum potential energy state with
zero velocities (temperature at absolute zero with the ground potential energy) [120, 96],
then start to heat this ultracold ion crystal to a target temperature based on the fact
that the cooling and heating processes are time reversible (in the simulations cooling is
simulated by a viscous force, not by photon recoil processes). An ion crystal with the
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Figure 9.4: Axial velocity distributions of three barium ion ensembles with 1000 ions at
10, 100, and 1000 mK after have been heated up from absolute zero. They
have distributions that are Gaussian.

ground potential energy at 7' = 0 is realized in the simulation as follows: (1) only assign
the coordinates to each ion; (2) move one ion to a testing position (o + A, o can be
x, y, and z) and calculate the potential energy of the ion ensemble (trap potential plus
Coulomb potential among ions) to compare with the potential before moving. If it is
smaller, the coordinate of this ion is updated by this new position and double the dis-
tance offset Aa. Otherwise, we move the ion to (« — Aa) and make a new comparison.
If the energy is smaller, the coordinate of this ion is assigned as the new testing position
and double the distance offset. If the result is still bigger, we keep this ion at the original
position and replace Aa by Aa/2. (3) switch to another ion and repeat the calculations.

This model is checked in Fig. 9.4. In the beginning, 1000 **Ba* ions are set to
the ground potential energy state without any kinetic energy, then the ion ensemble
is heated up (see Sec. 9.5.2). The velocity distribution in axial direction at different
temperatures are recorded. They have perfect Gaussian distributions, which shows that
this initialization approach works very well.

9.5 Simulation models

In this section, the possible heating sources are studied and a model for the heating
effects is presented. The laser cooling model is also presented here.
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9.5.1 Heating effects

In order to characterize the temperature of an ion crystal one has to distinguish between
the energy contributions of the micromotion and of the secular motion. The secular
energy, where the micromotion oscillation is averaged out, can be taken as an indication
of the temperature of the ion crystal, since it arises from the disordered motion of the
interacting ions in the time-averaged trap potential. In contrast, the micromotion con-
tribution to the total energy arises from a driven motion, which is limited to the radial
direction in the linear ion traps considered here.

The root-mean-square (rms) velocity of one particular ion, (vi™*)? = %Z;}:l vZ, is
a measure of the kinetic energy averaged over one rf period. a = x,y, 2 denotes the
directions, j and J are the time step number and the number of time steps in one rf
period, respectively. The secular velocity is defined by averaging over one rf period,

_ 1 J
Vi = 7 Zj:l Via-

Fig. 9.5 shows these two quantities for a large ensemble of ions containing a single
species. The curves are averages over single-period histograms. The secular velocities v
show a Gaussian distribution corresponding to that of a gas in thermal equilibrium, and
the variances of the axial and radial velocities are equal. Thus a secular temperature of
an ion ensemble can be introduced as

N
2 1
B =T. = 2 02 02 1
s Bree = Toee = gm D ((0h) + () + (81)), (9.13)

7

where (...) denotes an average over many rf periods and N is the total ion number.

The time-averaged micromotion energy can be defined as the difference between the
time-averaged total energy

Fuw = 5o Z o) (0P + (), (919

and the secular energy E,... Unlike in the case of ion strings on the trap axis (where
micromotion would be zero), in large ensembles at mK temperatures considered here,
the total energy is a few orders larger than the secular energy, as a comparison of the
histograms in Fig. 9.5(b) indicates. Thus, the micromotion energy can be approximated
by the total energy Eq. 9.19.

The micromotion leads to rf heating (see Chapter 2). Fig. 9.6 shows how the secular
temperature of an ion ensemble rises due to rf heating only. In this simulation, where
micromotion is included, an ensemble of 1250 **Ba* ions was set to Ty.. = 600 mK, then
all cooling and heating sources were switched off and the ensemble was left evolving. As
rf heating rises with temperature [94], the temperature increase is slow in the beginning,
with an rf heating rate d7s../dt = kp(2.93 K/s) at 600 mK, and much faster at higher
temperatures, with a rate of ~ kp(39.29 K/s) at 10 K. In our experiments, the ion en-
sembles are generally in the crystal state at temperatures from 5 to 100 mK with small
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Figure 9.5: Velocity distributions for an ion ensemble containing 1250 3®Ba* ions at
Tsee = 13 mK. The rf averaged and rms velocity distributions are shown for
(a) the axial and (b) a radial direction. The simulation included micromotion.

g parameters (=~ 0.11) and low ion numbers (less than 3000 ions). Under these condi-
tions, the simulations show that rf heating rates are almost negligible (< k(1 K/s)) [45].

However, trap imperfections as a result of rf phase shifts or stray fields can lead to
an increased rf heating [44]. To obtain an upper limit of this effect, we implemented an
additional rf phase shift of 0.1 rad between neighboring electrodes and a DC offset of 5
V in z-direction applied to the central electrodes in our simulations (see [121, 100] for
details on our linear Paul traps). An ensemble of 1250 *¥Ba™ ions was set to T, =
36.5 mK, and then let evolve with cooling and heating sources switched off. As Fig. 9.7
shows, the rf heating rate is very low (=~ kp(0.00234 K/s)) in this typical temperature
regime, even in the case of a strongly imperfect trap.
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Figure 9.6: Rf heating. After the laser cooling is switched off (at ¢ = 0) the secular
energy of an ion ensemble (1250 *¥Ba™ ions, ¢ = 0.119) rises in a nonlinear
fashion from ~ 600 mK to ~ 17 K in about 0.2 s purely due to rf heating.

I T I T I T I T I

0.0397 coooo |inear fit T
2
~" 0.038 1 -
A
32
>
2 0.0374 .
()
% [ ) [ ] [ ] [ ] [ ] [ ] o [ ) [ ] { ] [ ] [ ] [ ]
o
S 0.036 -
C
=
—_
©
S 0.0354 i
(&)
(]
%)

0.034 -} -

I T I T I T I T I
0.000 0.005 0.010 0.015 0.020
Time (s)

Figure 9.7: Rf heating in an imperfect trap. The simulation includes an additional rf
phase shift of 0.1 rad between neighboring electrodes and a DC offset of
5 V in z-direction applied to the central electrodes. The plot shows the
temperature of an ion ensemble (1250 3¥Ba™ ions, ¢ = 0.083) in absence of
laser cooling and other heating. A linear fit (open circles) yields a heating
rate of ~ kp(0.00234 K/s), which is so small that it can be neglected.

139



9 Molecular dynamics simulations

T T T T T T T T T — 0.020
o 35-
] <
N 30+ @
<] 0015 &
& 254 <
o 5
e 20 4 =
S 7 0010 &
© S
5 197 &
5 &
g 107 0.005 &
T 1 2
S 5 M/J ¥
(0]
-
¥ o4 0.000

0.00 0.05 0.10 0.15 0.20
Time (ms)

Figure 9.8: Ton-neutral head-on collision. After its collision with a neutral helium atom
a barium ion gradually transfers its gained kinetic energy (left scale) to the
whole ion ensemble, whereupon the kinetic energy per ion (right scale) in-
creases. The simulation was performed without micromotion.

Another heating source which can be substantial also at low temperatures are col-
lisions with residual gas molecules. From Eq. (3.38) we know that when the ions are
hotter than the room temperature (7},), they can be cooled by the neutral gas, otherwise,
they are heated. In a background gas of Ny at 300 K and a pressure of 1 x 1072 mbar
the average 3®Bat N elastic collision rate is Yejastic ~ 0.017 s71. In each collision the
average energy transfer is ~ kp (128 K), leading to a heating rate h.,; = kp(2.2 K/s),
which increases linearly with the residual gas pressure.

Finally, electric noise on the electrodes can also lead to heating. It is hard to be
formulated but its effect considered to be quite weak. [122, 123].

9.5.2 Modelling of heating effects

Consider the case of an ion colliding with a residual gas atom or molecule. The velocity
magnitude change Av can exceed 100 m/s. This is so strong that the ion leaves the ion
crystal and moves in the whole trap volume. Each time the ion passes through the ion
cluster, it transfers some energy to it, with the energy loss rate being the lower, the faster
the ion is [124]. Fig. 9.8 shows the kinetic energies of an ensemble of 1249 barium ions
(initially at zero temperature) and of a single ion after the latter has suffered a head-on
collision along the z-direction with a helium atom of %kB(i%OO K) kinetic energy. The
colliding barium ion suddenly gains a large velocity (76.8 m/s) and starts to oscillate in
the trap. Its kinetic energy is periodically transformed into potential energy and back.
It gradually leaks to other ions until the whole ensemble reaches an equilibrium state
with increased potential and kinetic energies per ion (see Fig. 9.11). In final equilibrium
state, the total kinetic energy of the ion ensemble is about %k3(15 K), which is approxi-
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Figure 9.9: Ton-neutral head-on collision in the case of included micromotion. After its
collision with a neutral helium atom a barium ion gradually transfers its
gained kinetic energy (left scale) to the whole ion ensemble, whereupon the
kinetic energy per ion (right scale) increases.

mately the same as the potential increase. Thus, the final overall energy is about %kB(?)S
K), which is consistent with the original kinetic energy of the ion which experienced the
collision, %k3(32.6 K). For a typical crystal, as considered here, the thermalization time
is 7 ~ 0.2 ms, which is much longer than the value (&~ 14 us ) mentioned in Sec. 9.3. The
difference arises from the fact that in the present case the colliding barium ion spends
most time staying quite far away from the remaining ions and therefore the return to
equilibrium takes longer.

A similar result is obtained when the rf micromotion is included. In this simulation,
the colliding barium ion, near the trap axis, initially gains a velocity of 76.8 m/s as
above. However, due to the presence of the rf driven motion the rf heating effect is
activated, especially, on this kicked barium ion, which is quite hot. In the final equilib-
rium state, the secular temperature of the ions is about 16.3 mK, thus, the total gained
secular energy in this collision process is about ng (42.6 K) (secular kinetic energy plus
potential energy, which is almost the same amount as the secular kinetic energy), which
is evident bigger than the transferred energy directly from the colliding helium atom.
The difference energy, %I{;B(Qﬁ K), came from the rf field, i.e. rf heating occurred.

Another similar simulation is done as well. In this case, the colliding ion is moved to
the outmost layer and stays near the x axis. When the ion reaches the point farthermost
away from the trap center, a head-on collision occurs with a helium atom along the
x-direction. The following thermalization process is shown in Fig. 9.9. The final gained
energy is about 3kp(44.6 K), thus, the rf heating is about 2/kp(12 K). Therefore, in the
experiments a barium ion ensemble can not be cooled to the Doppler cooling limit. At
least, the collisions of barium ions with background neutral gas and the corresponding
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rf heating keep the barium ion ensemble at a few millikelvin.

The collision heating of an ensemble of NV ions will be essentially continuous if the time
between two collisions in the whole ensemble, 1/N~¢qstic, is smaller than the thermaliza-
tion time 7, i.e. for ion numbers N > 1/(VeasticT). For a typical value of Yeastic = 0.02
s~1, this condition is fulfilled for N > 250000 ions. Thus, much smaller ensembles can
appear significantly colder in a single CCD image than the actual time-averaged tem-
perature, if the CCD exposure time is less than 1/(N7easic). With a typical exposure
time of 2 s this is the case for N < 25 ions. Indeed, our experience is that small clusters
show a lower temperature (as found from the CCD images) than larger ones.

Ion ensembles considered here are usually large (N > 2000) and the CCD camera ex-
posure times are long enough, so that collision heating due to the relatively rare collision
events (as well as other heating processes) can be implemented by a more continuous
heating in the simulations. Choosing more frequent velocity kicks with appropriately
low velocity kick magnitudes, computing time can be saved because equilibrium states
are reached much faster (within a few ms of simulated time).

Thus, we consider a model in which each ion experiences a velocity kick wy at each
integration step with a fixed magnitude in a random direction. It is described by the
function

'wk(t) = Ul,g'ltl)k(t). (920)

Here, v; is a constant velocity kick magnitude that in general may differ from species to
species [, wy(t) is a unit vector whose direction is chosen randomly for each ion at each
integration step. The average change in kinetic energy per ion for a particular species [
from one integration step (duration At) to the next is, in absence of any forces,

(AB) = 10 (t + At) — 6(1))

= 5 Qo) we(t) + wi (1)) = S (wi (1)), (9.21)

since the ion velocities and the velocity kicks are uncorrelated. The kinetic energy
increase rate per ion (heating rate) is therefore

AE) 1
<Atl> = gmuviy/At. (9.22)

hy =

In a more general approach, at each integration step N ions of each species are
randomly chosen and given random velocity kicks. Then, the heating rate is

1 N, ic
hy = —my R T2 AL (9.23)

2 l,total ’

Here, Nj ot is the total number of ions of species [, and the v, are the v, from Eq.
(9.22) chosen in such a way that h; is equal to hey.
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Figure 9.10: Heating with velocity kicks. A specific heating rate was realized with differ-
ent velocity kick frequencies Ny gicr/( Ny 1otar At) by adjusting kick magnitudes
accordingly (open circles and squares). The filled circles and squares show
the temperature evolution in presence of micromotion.

Thus, a given heating rate can be implemented in different ways - by frequent kicks
with small velocity kick amplitudes v; o or by rare ones with large amplitudes. Fig. 9.10
illustrates this. Here, an ensemble of 1250 barium ions was set to 0 K and then let evolve
without any cooling and with a heating rate h = kg(11.95 K/s). In the first case (open
circles) all ions were kicked after each time step (At = 500 ns) with kick magnitude
vp = 2.68 x 1072 m/s and in the second case (open squares) just one ion (N = 1)
was kicked per time step, with an appropriately higher magnitude vy = 0.949 m/s. As
expected, in both cases the rate of increase of the kinetic energy per ion is the same. Addi-
tionally, these simulations were performed including micromotion in the time-dependent
trap potential V (z,vy,z,t) (see Eq. (9.2)), but using the same kick parameters (filled
circles and squares). We find the same heating rate. This is due to the fact that the
implemented kicks change the velocities of the ions (several m/s, see Fig. 9.5) only by
small amounts, and thus preserve the phase of their micromotion. Thus, rf-heating is
negligible for secular temperatures < 1 K. Note that in the simulation velocity kicks of
constant magnitude have been used, and not a Maxwellian distribution.

The heating rate used in Fig. 9.10 clearly does not lead to a linear increase of the kinetic
energy per ion, as expected from Eq. (9.23). This is due to the fact that the definition
considers an equilibrium state of heating and cooling effects, whereas Fig. 9.10 shows a
dynamic process with heating only. Here, the rising temperature leads to an increase
of the ion ensemble’s volume whereupon the potential energy of the ensemble increases
non-linearly. Due to energy conservation it is the total energy of the ensemble which in-
creases linearly with time when applying a certain heating rate. Both the kinetic energy
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Figure 9.11: Energy distribution. The total energy per ion (black) increases linearly
according to the implemented heating rate in the velocity kick model (mi-
cromotion not included). However, the kinetic (grey) and the potential
(light grey) energy grow nonlinearly due to a growth of the ion ensemble’s
volume.

and the potential energy increase nonlinearly. This is shown in Fig. 9.11 for an ensemble
of 1250 barium ions heated with h = kg(11.95 K/s) without any cooling. The grey curve
shows the nonlinear change of the kinetic energy, and the light grey curve the one of
the potential energy. Here, the ground potential energy (the mutual Coulomb energy of
the ions at zero temperature plus their trap potential energy), kp(70.75 K), was set as
reference energy. The black curve is the total energy change due to the velocity kicks.
It is linear with a slope of kg(11.6 K/s), which agrees well with the applied heating rate h.

The appropriateness of the kick model can also be verified by comparing theoretical
collision heating rates with those extracted from experimental data via simulations.

Experimentally, CCD images of an ensemble of 1¥®*Ba* ions at different Ny pressures
were taken. Assuming a realistic cooling rate 3 = 2 x 10722 kg/s (see Sec. 9.7.4), at each
pressure we fitted the heating rate that yields the best agreement of simulated and ex-
perimental image. Fig. 9.12 shows these experimental values (circles) together with the
collision heating rate h.y (black line) for 1¥¥*Ba' ions and N, molecules, rising linearly
with the Ny pressure. Here, T,, — T, (see Eq. (3.38)) was set to 300 K. For pressures
above 1 x 107 mbar, the experimental values agree well with the theoretical heating rate
given by Eq. (3.38), with an, = 4me(1.76 x 10724 cm?) (au, is molecular polarizability
of Ny gas).

The agreement is not complete at the lowest pressures. To a lesser extent, this could
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Figure 9.12: Collision heating. The black curve shows the theoretical collision heating
rates for collisions of ¥®*Ba*t ions and N, molecules, the circles show the
heating rates extracted from the experiment.

be due to the finite spatial resolution of our imaging system, which naturally leads
to blurring of the crystal. However, we believe that other heating sources besides the
considered rf and collision heating are present, such as electric field noise and possibly
additional collision heating due to ion micromotion. As we cannot quantify them, they
are not implemented in our simulations directly, but their effect can be included in the
velocity kick model as a pressure-independent contribution to vy.

9.5.3 Cooling model

As laser cooling force Fli“s” we consider a linear viscous damping force plus a constant
light pressure force F1***" (see Eq. (3.17))

F* = —Byiry + FY, (9.24)

here we rewrite § as —f3 to ensure that it is positive in the red detuning of the cooling
laser.

The light pressure force Fﬁp pushes the laser-cooled ion ensemble in the laser beam
direction and gives a spatial offset from the potential well center. The cooling force
reduces the velocity magnitude of the laser-cooled ions, so the kinetic energy change rate
per ion is

1 1 1
AE; = gmv} (L + At) = gmy; () = 5mav (1)

i [

. (9.25)

my; my;

2
<5At> _25At
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Figure 9.13: Simulation of viscous cooling of an ion ensemble. 1250 barium ions are
cooled by only one laser beam along the trap axis (8 = 2 x 10722 kg/s, no
heating applied, micromotion not included). The kinetic energy is effectively
reduced in all dimensions.

Because the friction coefficient 3 is very small (Bpa, ~ 72h/A? ~ 4 x 1072 kg/s
for transitions at optical wavelengths A [125]), the first term in the parenthesis can be
neglected. Thus, the kinetic energy decrease rate per ion ("cooling rate") of a species [
is

o= <AAE;> _ —%ﬂlémwf(t)) — -2y (9.26)

The temperature of the ion species [, T}, is obtained from %k;BTl = (E),, where (E), is
the time- and ensemble-averaged kinetic energy. The temperature decrease rate of an
ion ensemble [ is

- (9.27)

This holds when the cooling is along all three spatial directions simultaneously. If the
ion ensemble is cooled by only one laser beam along the axial direction z, then in the
expression for ¢ in Eq. (9.10) v; is to be replaced by v; ., and E; by E; .. Thus, the
temperature reduction rate should be divided by 3 to get

dT; 20

— =———T;. 9.28
dt 3ml l ( )

Indeed, cooling with only one laser beam is sufficient to reduce the secular motion
of the ions in all dimensions, because their mutual Coulomb interaction leads to a fast
thermalization. This is also conventionally implemented in experiments. To demonstrate
the effect of the damping, Fig. 9.13 shows an ensemble of 1250 barium ions cooled with
a friction coefficient § = 2 x 10722 kg/s along the axial direction without applying any
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Figure 9.14: Diffusion in an ion crystal. In this axial view of a time-averaged ion crystal
at 6 mK the trajectory of a single ion is shown in green. During the "ex-
posure time" of 5 ms the ion traveled about 5.3 mm. In this simulation, no
heating and cooling was applied.

heating. The secular kinetic energy per ion in radial (z or y) and axial (z) direction
decreases by two orders of magnitude within less than 10 ms. As the radial secular
motion is reduced indirectly, its decrease is slightly slower than that of the axial secular
motion which is most obvious in the mK regime, since the thermalization time becomes
longer at lower temperatures.

9.6 Simulation of CCD images

When taking CCD images of laser-cooled ion ensembles our typical exposure times are
in the order of 0.5 to 2 s. During that time the ions’ trajectories span several meters due
to their residual secular kinetic energy (see Fig. 9.14). As a result, the images appear
blurred and can be considered as probability density plots, rather than as images of
individual particles.

To reproduce these CCD images by simulations, the positions of all ions for every
time step of the simulation are projected to a plane perpendicular to the desired line of
sight. (In our setups, the line of sight is radial, i.e. perpendicular to the z-axis and at 45°
to the z- and y-axis.) A density plot of this plane corresponds to a CCD image observed.

A completely realistic simulation of the CCD images would require simulation times

as long as the exposure times and a more accurate implementation of the ions’ collisions
with the background gas, i.e. rare and strong collisions (compare Sec. 9.5.2), leading to
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long computing times. With our more continuous velocity kick model equilibrium states
are reached after simulated times of a few ms and the experimental CCD images can be
reproduced with good agreement. The reason for this is the CCD exposure time, which
is much longer than the thermalization time, and the short inter-site diffusion time for
the temperatures considered here.

In contrast to the experiment, simulations can also visualize ions which are not laser-
cooled and therefore do not fluoresce. Fig. 7.16 shows a multi-species ion crystal consist-
ing of 830 laser-cooled **Ba™ ions, 420 singly charged barium isotopes (m = 137 amu),
and 200 singly protonated Alexa Fluor 350 molecules (m = 410 amu). Because the ra-
dial confinement for ions with a higher mass-to-charge ratio is weaker, the heavier Alexa
Fluor 350 ions are located around the *®Ba’ ions, as shown in the axial view on the
right-hand side of Fig. 7.16. The lighter barium isotope ions would arrange inside the
138Bat crystal and form a core (see Fig. 9.20 for the much lighter CO,™" ions), but as the
mass difference is small and the light pressure pushes the **Ba™ ions to the left, they
arrange on the right side of the crystal and only slightly leak into the *®Ba™ crystal.

9.7 lon number and temperature determination

9.7.1 Determination of ion numbers

Shape and structure of an ion crystal are determined by the trap potentials applied, the
number of ions, the ion species, the light pressure force, and the temperatures. Ion num-
bers and temperatures can be obtained from comparison of experimental and simulated
images of the ion crystals.

Firstly, the number of the trapped ions are determined. For ion crystals consisting of
laser-cooled ions only the procedure is as follows: As the magnification of the imaging
system is known (100 pixels in a CCD image corresponds to about 104 pm), one just
needs to adjust the number of ions until the simulated crystal has the same dimensions
as the observed one. Here (mK regime), the volume of the crystal is not significantly
influenced by the temperature of the ions. Therefore, the ion number can be fit without
considering the temperature.

For ion crystals containing sympathetically cooled ion species in addition, the deter-
mination of ion numbers is more complicated. Ions with higher mass-to-charge ratios
arrange around the laser-cooled ion ensemble and therefore modify its shape. If the
species is known and the mass-to-charge ratio is still close to that of the laser-cooled
ions, one can find its number by reproducing the observed deformation. However, for
a species with a much higher mass-to-charge ratio, the deformation induced is not suf-
ficient (see Fig. 7.13 and Fig. 9.20). A reliable determination of the ion numbers is by
extraction from the trap and counting [126], but this is a destructive method. As ions
with a lower mass-to-charge ratio are located inside the laser-cooled ensemble and form
a core, their number can be determined, in a non-destructive manner, from the size of
the core.

In both cases it is essential to consider the light pressure force which shifts the laser-
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Figure 9.15: CCD image of a typical laser-cooled “Be* ion crystal in a linear Paul trap
containing sympathetically cooled molecular hydrogen ions. The cooling
laser propagates to the right, the crystal is at Ti.. &~ 6 mK and consists of
435410 *Bet and 7 Hy ions.

cooled ions out of the trap center and causes strong asymmetries. For example, the

Experiment i )

agreement j i . . ’ »435Be”

+425Be "

oers |1 1 15

Figure 9.16: Determination of ion numbers. The experimental image of a beryllium ion
crystal is compared with simulated images with different ion numbers. The
best fit is achieved for a number of 435 ?Be™ ions and 7 Hy at the left side.

too short

beryllium ion crystal shown in Fig. 9.15 contains Hj ions that are located on the left side
of the crystal, because the beryllium ions are shifted to the right. To determine the ion
numbers in this crystal we simulated crystals with different ion numbers and compared
them with the experimental CCD image (see Fig. 9.16). The best fit is achieved for
435+ 10 °Bet and 7 HJ ions, when a light pressure force of 8 x 1072! N is assumed.

9.7.2 Sympathetic heating and cooling

If other ion species are confined in the trap simultaneously with laser-cooled ions, they
can be sympathetically (indirectly) heated or cooled via their mutual long-range Coulomb
interaction.

To quantify this interaction, Fig. 9.17 shows a simulation of the various forces acting on

the multi-species ion ensemble from Fig. 7.16. Initially, all species were set to a (secular)
temperature of 0 K and in the spatial configuration of the lowest potential energy. Then
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Figure 9.17: Sympathetic heating and cooling in a multi-species ion ensemble. The ion
composition is the same as in Fig. 7.16. After all species were set to a secular
temperature of 0 K, heating is implemented only for the !*¥Ba™ ions starting
at t = 0 s, and the other ions are sympathetically heated. At t = 0.04 s
the laser cooling of 1¥*Bat is added, and the **Ba*t temperature decreases.
The ¥8Ba™ ions now sympathetically cool the other ions, and the ensemble
reaches an equilibrium state at nonzero temperature. Finally at t = 0.1 s,
heating is also turned on for the barium isotopes and the Alexa Fluor 350
ions, which increases the temperatures of all species until they reach the
equilibrium state.

a heating rate of hizsp, = kp(11.55 K/s) is applied to the 1*®*Ba™ ions. Their temperature
increases (black curve), and due to the sympathetic interaction the temperatures of the
other two ion species increase as well. Because the mass-to-charge ratio of the barium
isotope ions is very close to that of the *®Ba™ ions, these two species couple very well
and the energy transfer efficiency is high. Thus, the temperature of the barium isotope
ions (grey curve) closely follows that of the *¥Ba™ ions. However, for the Alexa Fluor
350 ions the coupling to the ¥*Ba™ ions is lower due to their larger radial separation
caused by the significant mass-to-charge ratio difference. So, their temperature increase
is weaker (light grey curve). After 40 ms the laser cooling is switched on with a friction
coefficient 3 = 2 x 10722 kg/s. As the cooling of the 3®Ba™ ions is higher than the
heating hi3s_pa, their temperature starts to decrease. When their temperature becomes
lower than that of the other species, these start to be cooled sympathetically until all
species reach an equilibrium state with nearly equal temperatures. At ¢t = 100 ms,
realistic conditions are established by switching on the heating for the barium isotopes
and the Alexa Fluor 350 ions (with heating rates of kp(11.47 K/s) and kp(25.14 K/s),
respectively). Their temperatures increase above the ¥®Ba' temperature, which in turn
causes a sympathetic heating of the *®Ba* ions. Finally, the whole ensemble reaches
an equilibrium state with stable, but species-dependent temperatures, i.e. temperature
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Simulations

5mK

Experiment

Figure 9.18: Temperature determination of laser-cooled ions. A series of simulated ion
crystals at different temperatures is compared to the experimental CCD
image (bottom, same as Fig. 9.15). The best agreement is achieved for a
temperature of about 6 mK.

gradients are present.

9.7.3 Temperature determination of laser-cooled ions

In order to determine the temperature of the laser-cooled ions, a series of ion crystals at
different temperatures is simulated and visually compared with the experimental CCD
image. Due to scattered light and the limited resolution of our imaging system the exper-
imental CCD images look blurred. Thus, the crystals appear warmer than they actually
are. There are, however, details in the crystal structure, which are used to find the clos-
est temperature. In Fig. 9.18, for example, the experimental image of a beryllium crystal
(lowermost image) shows two concentric ellipsoidal shells with a string in the middle.
The string displays discrete spots which are, comparing with the simulated images above,
only visible for temperatures lower than 8 mK. But, these spots are not as distinct as
in the simulated image at 5 mK. Thus, the best fit is achieved for a temperature of 6 mK.

As discussed above, these discrete spots usually do not correspond to single or indi-
vidual ions, but to a high probability density for ions at a certain location during the
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Figure 9.19: Probability density of ion trajectories within particular slices (zo — Az, zg +
Az) of the crystal. (a) for the right end spot and (b) image mode of (a). (c)
for the two neighboring spots of the beryllium crystal in Fig. 9.15 (Ts. = 6
mK). (d) image mode of (c). The simulation time is 200000 time steps of
90 ns.

exposure time, except for special sites and very low temperature.

In contrast to the experiment, in the simulations one can image ion crystals from any
direction and with arbitrary magnification. Even specific sites of the crystals can be
studied in detail. For example, Fig. 9.19(a) shows the spatial radial distribution of the
spot at the right end of the beryllium crystal shown in Fig. 9.15. The spatial distribution
has a Gaussian shape and a full width at half maximum of 6 ym. Fig. 9.19(b) shows
the spatial distribution of the neighboring two spots. They cannot be ascribed to two
ions, but to an average of three ions moving diffusively and due to residual rotation of
the crystal around the z-axis.
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isotopes

Figure 9.20: Temperature determination of sympathetically cooled ions. If a higher laser
cooling rate is used in the simulations (b), the heating rate of the laser-cooled
ions was increased so as to keep the same temperature in (a) and the heating
rate of the sympathetically cooled ions was increased as well. Finally, one
obtains higher temperatures for the sympathetically cooled species (green)
than in (a) (the GA' molecular ions have a broader distribution).

9.7.4 Temperature determination of sympathetically cooled ions

The temperature of sympathetically cooled ions cannot be determined as described
above, because they do not fluoresce and are therefore invisible to the CCD camera.
In order to find their temperature, two CCD images are required. One is taken when
the laser-cooled and the sympathetically cooled ions are trapped together, the other is
taken when there are only the laser-cooled ions, i.e. before loading or after extracting
the sympathetically cooled ions. The temperature of both ion ensembles is different,
as the heating rate h,. of the sympathetically cooled ions acts as an additional heating
source for all ions. By simulating the CCD image of the pure laser-cooled ion ensemble
its heating rate h;. is found. In the simulation of the whole ensemble h;. is kept constant
for the laser-cooled species. Then, the heating rate h,. for the sympathetically cooled
species is varied in order to heat the laser-cooled ion ensemble to the observed temper-
ature. When the right parameters are found, the temperature of the sympathetically
cooled ions can be obtained from the simulation data.

In principle, a specific temperature of a laser-cooled ion ensemble can be achieved with
a continuous set of pairs of appropriate laser-cooling and heating rates. The simulated
temperature of the sympathetically cooled ion ensemble strongly depends on the actual
laser cooling rate. When a higher laser cooling rate is applied, the heating rates for all
involved species need to be increased in order to keep the temperature of the laser-cooled
ion ensemble constant at the observed level. However, this leads to a higher tempera-
ture of the sympathetically cooled ions as illustrated in the following example: Fig. 9.20
shows a four-species ion crystal consisting of 700 laser-cooled barium ions (blue, 138
amu), 300 barium isotope ions (red, 137 amu), 100 COJ ions (pink, 44 amu), and 200

153



9 Molecular dynamics simulations

singly protonated glycyrrhetinic acid molecules (denoted as GA™, green, 470 amu). In
case (a), the friction coefficient 3 is set to 1 x 1072? kg/s. To keep the crystal at 20
mK, the corresponding heating rate for barium ions and isotopes is ~ kp(5.94 K/s).
After loading the GA™ ions, we set their heating rate to &~ kp(8.25 K/s), which heats
the barium ion ensemble to 25.6 mK. The temperature of the GA™ ion ensemble in this
equilibrium state is &~ 130 mK. In case (b), a higher friction coefficient 3 = 4 x 107*? kg /s
is set. To heat the barium ion ensemble to the same 20 mK and 25.6 mK values, higher
heating rates are required: ~ kp(23.9 K/s) for the barium ions and ~ kp(33.6 K/s)
for the GA™ ions. Here, the final equilibrium temperature of the GA™ ions ensemble is
~ 300 mK.

Thus, in order to obtain a concrete temperature value for the sympathetically cooled
ion ensemble, the friction coefficient needs to be determined independently. From laser

cooling theory
hk? . Op.
b= 22; > oA,

A, (9.29)

The wavenumbers k; and partial decay rates I'; for the laser transitions are constants,
whilst the change in the excited state population p, with laser detunings A; is calculated
from 8-level Bloch equations using our measured laser saturation parameters and detun-
ings [127]. The value for *®*Ba™ in our experiments was determined to ~ 1.75 x 1072
kg /s in good agreement with [128].

9.8 Advanced cooling of complex molecular ions

Sympathetic cooling in a Paul trap is most efficient for species with similar mass-to-
charge ratio, as their radial separation is small.

In one of our experiments, we used laser-cooled *®Ba™ ions to sympathetically cool
complex molecular ions with masses of several hundred amu produced with an electro-
spray ion source [89]. Here, the efficiency of sympathetic cooling is relatively low due
to the high radial separation of the ion species and the difference between the temper-
atures of the species is substantial, as discussed above. A possibility to enhance the
sympathetic cooling is the reduction of the mass-to-charge ratio difference, which can be
realized by using multiply protonated molecules from the electrospray ionization source.
Another option is to raise the trap voltage so as to increase the radial confinement of all
ions. However, higher trap voltages also cause a higher rf heating [94, 100]. Yet another
possibility is a reduction of the total ion number, in order to reduce the repulsive forces
between the ion species.

A different approach is to add a (sympathetically cooled) intermediate species layer
between the laser-cooled and the sympathetically cooled ions, see Fig. 9.21. This layer
acts as a "conducting layer" and helps to transfer the energy from the sympathetically
cooled ions of interest to the laser-cooled ions. Such ions of intermediate mass may
be loaded into the trap deliberately or they may be produced by photodissociation of
the molecular ions. Fig. 9.22 shows an example for the sympathetic cooling process, in
which 200 Alexa Fluor 350 ions are sympathetically cooled by 1250 ¥*Ba™ ions — with
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isotopes

intermediate layer
=

Figure 9.21: Sympathetic cooling in presence of an intermediate layer. The images show
a multi-species ion ensemble consisting of barium ions (blue, 138 amu),
Alexa Fluor 350 ions (green, 410 amu) and barium isotope ions (red, 137
amu) — (a) without and (b) with an intermediate species layer (pink, 200
amu), which helps to cool the Alexa Fluor 350 ions more efficiently.
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Figure 9.22: Sympathetic cooling with an intermediate layer. With an additional inter-
mediate ion species (compare Fig. 9.21(b)) the sympathetic cooling of the
Alexa Fluor 350 ions is much faster (grey) than without (black). Note that
in this case no heating was applied to the Alexa Fluor 350 ions and they
would consequently reach the same temperature with or without interme-
diate layer.
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and without intermediate layer. Initially, the barium ions are kept at very low tempera-
ture (< 3 mK) by applying a high cooling rate (8 = 200 x 107?? kg/s), while the Alexa
Fluor 350 ions are kept at about 490 mK. Then, the heating for the Alexa Fluor 350 ions
is turned off and their temperature decreases due to sympathetic cooling. It takes about
40.6 ms to cool them to ~ 8 mK, but only 8.8 ms when 50 ions with an intermediate
mass (200 amu) are added. Thus, the sympathetic cooling rate can be substantially
increased.

Under realistic conditions (heating effects present), the final temperature of the sym-
pathetically cooled ions can be significantly lower with the intermediate species layer.
For the case shown in Fig. 9.21, 200 Alexa Fluor 350 ions are sympathetically cooled by
830 3¥Ba™ ions. With an intermediate layer (50 ions, 200 amu), the final temperature
of the Alexa Fluor 350 ions is reduced from ~ 114 mK to ~ 58 mK (see Fig. 9.21(b)).

9.9 Micromotion effect

Our simulations are a useful tool for the interpretation of experiments with sympathet-
ically cooled molecules. For the determination of ion numbers and temperatures or the
simulation of ion crystal structures and secular excitation spectra it is not necessary to
include the micromotion in the simulations. To save computing time we solve Newton’s
equations of motion in the pseudopotential approximation. However, there are some
aspects related to micromotion, which cannot be neglected and are considered in the
following.

An aspect of relevance for high-resolution spectroscopy is a possible direct coupling of
radial micromotion to the axial direction which would lead to the appearance of motional
sidebands in the spectrum and thus a loss of spectral resolution. To study this effect, a
barium ion from a cold ion ensemble (830 3¥Ba™ ions, 420 barium isotope ions, and 200
Alexa Fluor 350 ions) was randomly selected and its axial position z(t), one component
of the radial position z(t), and its axial velocity v,(t) were recorded (see Fig. 9.23). The
solid curve z(t) clearly shows the slow radial secular oscillation (=~ 40 kHz) with the
superimposed fast micromotion at the rf driving frequency of 2.5 MHz (see inset). There
is no apparent rf oscillation in the axial motion z(¢) (dashed curve) and the axial velocity
v,(t) (dotted curve). Thus, we find that under the typical conditions considered here
(small ¢ parameter, as evidenced by the small amplitude of the micromotion compared
to the average radial distance), the micromotion in radial direction does not couple to
the axial direction. Nevertheless, at much higher secular temperature, the micromotion
causes an increase of the secular energy of both radial and axial motions. The only pos-
sibility for an energy transfer of micromotion to the axial motion is an indirect coupling
via rf heated ions which distribute their kinetic energy to the axial direction through the
thermalization process.

Finally, we have studied the influence of the micromotion on the simulated images.
Fig. 9.24 compares structural details of an ion ensemble consisting of 500 **Ba™ ions
at Tsee = 12 mK in the pseudopotential approximation (c, e and g) and including the
micromotion (a, b, d and f).
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Figure 9.23: Micromotion of an individual ion within an ensemble. In a simulation in-
cluding micromotion the z-component of the motion clearly shows the fast
micromotion (solid curve, the inset is a magnification). The z-component
of the motion and the velocity (dashed and dotted curve) do not show any
effect of micromotion. The secular temperature of the barium ion ensemble
was ~ 30 mK.

If the ions are close to the z- or y-axis, their micromotion is parallel to the correspond-
ing axis. This is shown in (d) for a simulated time which is long enough to reproduce
the experimental images, and - just for demonstration - in (f) for an unrealistic, much
shorter simulated time where this effect is more obvious. The ions’ motional amplitude
is the larger, the further away they are from the trap center (z-axis). Image (a) is taken
along the x-axis, so the center is dominated by ions moving perpendicularly to the image
plane without a visible effect. The outer two shells are dominated by ions moving up and
down in the image plane, so they appear blurred. However, the relevant radial line of
sight for the CCD camera is between the electrodes as shown in (b). Here, the blurring
is weaker and homogeneous (compare with image (d)).

In general, the images from simulations including micromotion appear more blurred
than those from simulations in the pseudopotential. But due to the limited resolution
of our imaging systems, this weak effect is not visible in our CCD images. It is an
open question whether a higher resolution imaging system could resolve the micromotion
details.

9.10 lon diffusion

In Fig. 9.14 we showed a trajectory of a barium ion. Although that barium crystal is
evolving at a very low temperature of about 6 mK, this trajectory tells us that each ion
does not stay at a specific lattice point all the time. They diffuse randomly. It is evident
that the activity of a ion diffusion depends on the temperature of the ion species, since
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Figure 9.24: Micromotion in simulated images. Here, sections from simulated images of a
cold ensemble consisting of 500 barium ions are shown - simulated including
micromotion (a, b, d and f) and in the pseudopotential approximation (c,
e and g). (d) - (g) show sections of axial views, (a) - (c) sections of radial
views, while (a) is a view along the z-axis and (b) and (c) correspond to
the line of sight of the CCD camera (at 45° to the z- and y-axis). In fact,
as the pseudopotential is radially symmetric, (c¢) shows the view along any
angle perpendicular to the axial direction. (f) and (g) show the same as
(d) and (e) but for a 20 times shorter simulated time of 0.5 ms in order to
highlight the different nature of images from simulations with and without
micromotion.

the crystal structure washes out with the temperature increase. Here, we consider the
relationship with the crystal structure. As a first case, we consider 200 Be* ions and
30 HD* ions in the trap. Here, the HD™ ions stay along the trap axis in a line and
the beryllium ions sit around the HD™ string. This ion system is heated to about 48
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Figure 9.25: z coordinates of 30 HD™ ions as a function of time. The image at the right
side is the simulated image of the ion ensemble containing 200 “Be™ ions
and 30 HD™ ions at about 48 mK. These 30 HD™ ions align as a string. The
trajectories show that although the HD™ ions are quite active, they stay in
order and no ions exchange there positions.

mK slowly. Then the z coordinate of each HD™ ion is monitored for more than 5 ms
as shown in Fig. 9.25. Although sometimes the ions drift a lot (in groups, and by more
than the next-neighbor distance), no position exchange happens. As a second case, we
add another 30 HD™ ions into the ion trap and let the ion system evolve at 8.5 mK.
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Figure 9.26: z coordinates of 60 HD™ ions as a function of time. The image at the right
side is the simulated image of the ion ensemble containing 200 *Be™ ions
and 60 HD™ ions at about 8.5 mK. Some parts of the HD™ ion ensemble
have a two-layer structure, where the position exchange among ions occur.
The ions that exchanged their positions are marked by black dots on the
left side.

The z coordinate of each HD* ion is shown in Fig. 9.26. Some parts of the HD" ion
ensemble have a two-layer structure (see the left image in Fig. 9.25). Tons at these parts
have a high possibility of exchanging positions. However, the ions at the end of the ion
ensemble do not fluctuate too much. They are very stable. This is also indicated in
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Figure 9.27: Barium ion diffusions due to the collisions with residual gas observed ex-
perimentally. Since the ion chain is colder than 50 mK, ions should move
around their crystal lattice spots. Here, jumps of a dark crystal lattice spot
(occupied by a non-fluorescing barium isotope ion) are observed. In (a) the
framed lattice is weaker than others. The explanation is that in the inte-
gration time of our ICCD camera (2 s) this lattice was occupied by one or
two or even more different laser-cooled ions temporally.

many of our CCD images - these single spots are always the last ones to be washed out,
when the temperature increases.

Usually, in simulations we only model mild velocity kicks as a heating source, these
kicks are not strong enough to make position exchanges among ions at very low tem-
peratures. However, the collisions of the ions with the residual gas molecules are very
strong and the ions can gain enough energy to make position exchanges occasionally. In
the experiment, in a cold barium chain these position exchanges have been observed by
jumps of dark lattice spots (barium isotopes) as shown in Fig. 9.27. In a background gas
of Ny at the pressure of 1 x 107 mbar, the collision rate for this ion ensemble is about
0.153 s~!. Without collisions at such a low temperature (less than 50 mK) the kinetic
energies of these barium ions are not high enough to exchange positions. They should
move around their crystal lattice spots.

9.11 Conclusion

In this chapter, basic approach of molecular dynamics simulation is briefly introduced.
Time scales and trap settings fitting our linear Paul traps (one is for barium experiment
and the other one is for beryllium experiment) are represented. Heating and cooling
models, as well as the initialization of ion ensembles, are described. In our simulations,
Newton’s equations of motion for all trapped ions are solved for the exact rf trap po-
tential as well as in the rf averaged pseudopotential approximation to investigate the
influence of rf micromotion. It shows that rf micromotion does not change the simu-
lated (long time exposure) images of ion crystals and does not lead to strong rf heating
effects for ion crystals at secular temperatures below 100 mK. Thus, simulations in the
pseudopotential approximation with their much shorter computing times can be used to
reproduce and interpret experimental data.
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Several applications of our simulation model are shown. It can be used to extract tem-
peratures and numbers of laser-cooled and sympathetically cooled ions from experimental
CCD images of ion crystals. It also allows detailed studies of the sympathetic cooling
process which helps to understand and improve our experimental work. Furthermore,
ion diffusions are studied here as well.
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10 Simulation of secular excitation spectra

10.1 Introduction

The motion of individual, isolated ions in a linear Paul trap is characterized by two
secular frequencies, an axial and a radial frequency, as expressed in Eq. (2.15) and
(2.36). Therefore, the ions can be excited resonantly at either of these two frequencies
[129, 130, 131, 132, 37|. This excitation is done electrically and the easiest way is to use
an external electrode with a sine voltage applied to it. In most cases, the electric circuit
is connected to the electrodes in the same way as the rf circuit, and the excitation is
then a quadrupole excitation [130]. On the other hand, when only two electrodes are
connected, the excitation is a dipole excitation. The axial electrical excitation in linear
Paul trap is always a dipole excitation with a voltage applied to the endcap electrodes
at one end and another one with an opposite phase to the other end. In this chapter, in
all the simulations a dipole excitation is assumed, which is close to our experiment (the
amplitude of the rf voltage on the two middle top electrodes is modulated).

Actually, this problem is just concerned with the driven oscillator such as LC' circuits.
The equation of motions has the form

mi + mw? = QVerternae™' = Foe™", (10.1)

here m and @) are the mass and charge of an ion, respectively. V. ierna is the amplitude
of the excitation voltage. QV.zierna is denoted by Fp. w is the excitation frequency. The
solution for this equation can be found in many physics books and the amplitude of the
oscillation in steady state is given here as

Fo

’W . (10.2)

Ty —

Confined ions gain significant energy from the excitation field at resonance condi-
tions. Either a long excitation time or a high excitation amplitude can cause a loss of
ions (ions can be kicked out of the trap and most of them are lost on the electrodes).
When the ions are excited at frequencies away from resonance, they oscillate with a low
amplitude, which is determined by the amplitude of the excitation and its frequency.
To demonstrate this, a simulation is performed with an ion ensemble containing 1000
barium ions, which was excited at its resonance frequency (about 100 kHz) and at two
other frequencies (98 and 95 kHz) in the z-direction, as shown in Fig. 10.1(b), (c), and
(d). This ion ensemble is initially released from a start point (0, 200 um, 0) at rest.
Thus, the restoring force towards the trap center makes it oscillate harmonically like a
pendulum along the y-direction with the radial secular frequency of w,. The trajectory
of the center-of-mass is plotted in Fig. 10.1(a). No oscillation occurs in the z-direction
and the oscillations along the z- and y-directions are independent. In the simulation
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Figure 10.1: Center-of-mass positions of a barium ion ensemble with different radial ex-
citation frequencies. (a) The ion ensemble oscillates freely in y-direction
with the radial secular frequency. (b) The ion ensemble is excited in -
direction at its resonance frequency (the radial secular frequency, 100 kHz).
(c) Excited in z-direction at 98 kHz. (d) Excited in z-direction at 95 kHz.
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10.1 Introduction

when this ion ensemble is excited at its resonance frequency (100 kHz) with about 10
mV excitation voltage along the x-direction, its oscillation amplitude in z-direction in-
creases linearly, as shown in Fig. 10.1(b). The bigger the offset from the resonance
frequency, the more smaller oscillation amplitude. Meantime the oscillation along the
y-direction is the same as shown in Fig. 10.1(a). If we excite the ion ensemble at 98 or 95
kHz, it stays relatively undisturbed in the trap as shown in Fig. 10.1(c), and (d)). The
beats in Fig. 10.1(c), and (d)) arise from the initial conditions (the position and velocity).

Thus, by controlling of the parameters of the excitation this technique can be used in
many aspects [37]. In our case, we are interested in two main aspects.

e Removal of the unwanted ion species. For example, as described in the Chapter 5,
6, 7, and 8, when the barium ions are loaded from the oven, some light ions like
COj3 are trapped as well. Since these ions keep the barium ions hot, they need
to be removed. This is done with a secular excitation with the frequency sweep
covering the resonance frequencies of the light ions only. The amplitude of the
excitation field is a few hundred mV at least, while the frequency scanning time is
a few seconds.

e Identification of the ion species. The excitation by a frequency sweep covering a
broad range with a low excitation amplitude can strongly heat up the ion species
at their resonance frequencies in a short time. The laser-cooled ion ensemble can
be heated directly at its own resonance frequency. When other ion ensembles
are heated up at their own resonance frequencies, a part of the gained energy is
transferred to the laser-cooled ion species via the Coulomb interaction. Therefore,
the secular excitation at any resonance secular frequency of the ion species in the
trap can rise the temperature of the laser-cooled ion species, which results in a
Doppler shift. The reduction of the laser cooling efficiency is represented by a drop
of the laser-induced fluorescence intensity. When the excitation frequency is swept
over the resonance frequency, the gained energy is extracted by the cooling lasers
again and the intensity of fluorescence returns to the previous level. Therefore, if
the intensity of the fluorescence is monitored, dips occur on the fluorescence curve,
consistent with the resonance frequency of each ion species. Fig. 5.4 shows a secular
excitation spectrum of a cold pure barium ion ensemble. If the ion ensembles
become too hot, due to the excitation, the Doppler shift of the laser-cooled ions
will be far away from the cooling laser frequency: the Doppler broadenings of a
barium ion ensemble at 10 mK are about 3.7 and 2.8 MHz at the wavelengths
of 493 and 650 nm, respectively, while at a temperature of 10 K the broadenings
increase to 117.2 and 88.9 MHz correspondingly. Then, the ion ensemble will stay
hot or will be cooled down again very slowly, since the excitation frequency is out
of the resonance. In this case, a step or a broad dip occur on the fluorescence
intensity curve.

Actually, in the experiment the monitored rf voltage is not the exact value acting
on the trap electrodes, so it needs to be calibrated. Since the secular frequency
of a pure barium ion ensemble should be close to the calculated value for a single
barium ion, the experimental value can be used to calibrate the rf voltage.

In this chapter, we only focus on the second aspect.
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10.2 Model for the secular excitation

All the ion species in the ion trap have their own secular frequencies (see Eq. (2.15) and
(2.36)). However, in the presence of other ions, the characteristic frequencies are shifted
and broadened due to the strong space charge effects. Thus, it is necessary to simulate
their characteristic secular frequencies in a specific ion system. A simple way to simulate
the coupled secular frequencies is to give a small disturbance to an equilibrium ion system
and to record the trajectory of the system. The trajectory includes the information
about the secular frequencies of all ion species, which can be extracted via a fast Fourier
transformation (FFT). The disturbance can be realized through a displacement of the
ion ensemble by several um in the radial or axial direction (the direction depends on
which kind of spectrum we study) or by applying an additional small force (by an AC or
DC voltage) to the ions for a short period of time. In order to speed up the computation
of the FFT spectrum (using the base-2 logarithm), a power of two computation time
steps is used. In our case, we usually record 32768 data points. Fig. 10.2 shows an
example. Each peak corresponds to a resonance frequency or a coupling frequency. The
details of Fig. 10.2 will be explained in the following section.

10.3 Space charge effects

Generally, for an ion ensemble, we take the motional frequency of a single ion in a
harmonic trap as the resonance frequency. Actually, when there are more than one ion
in the ion trap, beside the harmonic trap potential, each ion is affected by the Coulomb
potential from all others. This is called space charge effect. A large ion crystal has a
bigger volume and the space charge effects are strong. Thus, the pseudopotential well
for particle i (Eq. (2.39)) is modified

2
v;
m2rg

KV, i
($2+y2)+—(222—$2—y2)+ Q

10.3
222 ( )

¢i(l‘7 Y, Z) =

The secular frequency on a specific ion depends on the instantaneous position of the
ion. For huge ion systems, many ions are pushed further away from the trap center,
so the external trap potentials acting on these particles are no longer treated as perfect
harmonic. In this case, the space charge effects are very important. In our experiments,
only ion systems with less than 3000 ions are studied. The nonharmonic terms of the
trap potential near the trap center are negligible. For cold, tiny, and single-species ion
crystals, the couplings among these ions are very strong, thus, they move like a rigid
body under a external field, so the calculated secular frequency for only one ion can still
be taken as the resonance frequency of the whole crystal.

The model becomes much more complicated in the case of multi-component ion sys-
tems [133]. Normally, ion species with different mass-to-charge ratios are spatially
strongly separated from each other, their motional modes are coupled, and the cou-
pling strength depends on the temperature of the ion systems (and thus on its state:
gas, fluid or crystalline)|134].
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Figure 10.2: Simulated radial secular excitation spectra. For equal trap parameters
(q(**®Ba™t) = 0.091) different crystal compositions were considered: (a) only
138Bat ions, (b) ¥¥Ba™ ions and isotopes, (c) **Ba™ ions, isotopes and GA™
molecular ions. In (¢) v, indicates the calculated single-ion frequency for a
GA™ ion and v, the experimentally determined value.
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10.3.1 Weak coupling

In the high temperature regime (in the gas state) ions have a Gaussian spatial distribu-
tion. Thus, the force on one ion from all other ions is approximated by the interaction
of the ion with a mean space charge field derived from a Gaussian charge density p(R)
field [135]. The corresponding electrostatic potential is

L p(R) 5y
ry,2) = | — L dPR, 10.4
p(z,y, 2) /4MO‘R_R’ (10.4)

where R is the distance from the trap center. The shape of the distribution is determined
by the trap potential 1) given by Eq. 2.39. In an equilibrium state, the charge density is

approximated by
p(R) = Qn(R) = Qnge~ @VRI/KT (10.5)

where ng is the peak ion density for the cloud containing N ions and can be written as

=N 2w, 10.
no (27rkT> wiw, (10.6)

When the charge density is in a low range (ny < 10® ions-cm™3), this approximation is
accurate enough. Normally, space charge effects cause a resonance frequency red-shift.
More details and examples are described in Ref. [135].

Qualitatively, the presence of other ions fills the bottom of the harmonic well and
makes it shallower resulting in red-shift of the resonance frequency. The weak coupling
is also studied in another experiment in our group which uses laser-cooled beryllium ions
as the coolant [133].

10.3.2 Strong coupling

In our work, in most cases, all ion species are cooled down to a crystalline state, and
our main goal is to investigate the properties of the sympathetically cooled ion species.
Thus, our simulations focus on the strong coupling between the laser-cooled barium ions
and sympathetically cooled complex molecular ions.

At low temperatures these ion species are spatially separated forming a concentric
structure: heavier complex molecular ion species are located outside, as shown in the
image of Fig. 9.20. The coupling of the ion species becomes very strong (a small oscil-
lation of one ion species will drive all other species). The trap potential for each ion
species is also strongly modified leading to large resonance frequency shifts. In this sub-
section the potential deformations are analyzed and the modifications on the resonance
frequencies are described.

1D potential deformation

In a simplified picture, the potential change can be illustrated by comparing the ideal
harmonic pseudopotential with the one modified by the space charge of the trapped ions.
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10.3 Space charge effects

In Fig. 10.3, for example, a cold ion crystal containing 1200 **Ba™ ions and 500 GA™
molecular ions are considered. The effect of the GA™ ions on the barium ion ensemble
is shown in Fig. 10.3(a). The shape of the potential well is almost unchanged. There
is only an offset to higher potential energies which does not influence the barium ions’
secular frequency too much. However, as shown in Fig. 10.3(b), the presence of the
barium ions causes a drastic change of the potential well for GA™ ions. The harmonic
pseudopotential is modified to a double well potential. These potential wells are steeper,
so that the GA™ ions have a higher secular frequency. To quantify this, we performed
fits with harmonic functions to the wells. The asymmetric double wells can be described
by the functions y = 11.5- 1078(z — 160)* + 0.006 and y = 6.3 - 107%(x — 160)* + 0.006
for the outer part, while the potential for a single trapped GA™ ion in absence of ¥*Ba*
is described by y = 3.9 - 107822, Thus, the radial frequency of a GA™ ion can be up
to \/11.5/3.9 = 1.7 times higher than the one calculated with the single-ion formula,
Eq. (2.15) and (2.36).

2D potential deformation

Now we consider the 2-dimensional case of the GA™ ion ensemble (the same crystal as
discussed in Fig. 10.3). Fig. 10.4(a) shows the modified trap potential well in the zy-
plane, intersecting with the trap center. Supposing the AC excitation field is along the
x-direction, a GA™ ion located at a different place has a different modified potential well
along the z-direction. The farther away from the z-axis, it is the lower the potential well
is. For the GA™ ions near the y-axis, no potential well exists, and on the other hand, the
original potential well even becomes flatter resulting in the secular frequency being lower
than the calculated value. Consequently, the calculated secular frequency splits into two
broad frequency groups (see Fig. 10.6(c)), which are observed in our experiment. The
modified potential well along the zz-plane is shown in Fig. 10.4(b).

Simulated secular frequency spectra are shown in Fig. 10.2 for different ion crystals
with the same trap settings (¢(*®*Ba®)=0.091) as a example. For a pure '**Ba™ ion
crystal (Fig. 10.2(a)) the simulated frequency vy, = 79.3 kHz is consistent with the
calculated single-ion frequency v, = 79.2 kHz. In comparison, the spectrum of a crys-
tal consisting of '**Ba™ ions and isotopes (Fig. 10.2(b)) is not much different because
the ion masses are quite similar. However, due to the coupling of the ions’ oscillation
modes there are additional small peaks beside the main peak, which is slightly shifted
to a higher frequency of 77.5 kHz. Fig. 10.2(c) shows the excitation spectrum of an
ion crystal containing barium ions with isotopes and GA™ ions. The experimentally
determined secular frequency of the GA™ ions v,,, = 29.3 + 1.3 kHz differs substantially
from the single-ion frequency v, = 22.4 kHz, but is consistent with the simulated value
Veim = 32.2 kHz. The difference may be due to the dependency of the experimental
frequency on the excitation amplitude in the experiment and the ion numbers.

The small additional peaks around 10 kHz in Fig. 10.2(c) are the resonance frequencies
of the GA™ ions further away from the z-axis. With our simplified excitation model, we
cannot characterize in detail these additional coupling modes. This could be done by
performing simulations with an additional homogeneous field oscillating at the respective
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Figure 10.3: Space charge effects and trap potentials. Here, we consider a cold ion crystal
containing 1200 **Ba* ions and 500 GA™ molecular ions. (a) Potential wells
for a single barium ion in the ideal harmonic trap potential (dashed curve)
and influenced by the space charge of heavier GA™ ions (solid curve). (b)
Potential well for a single GA™ ion in the ideal harmonic trap potential
(dashed curve) and double well potential caused by the barium ions (solid
curve). Superimposed is an axial view of the considered ion crystal.
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D

N

Figure 10.4: Modified 2-dimensional potential well for a GA™ ion ensemble in the pres-
ence of 1000 barium ions and 500 GA™ ions. (a) view is in the zy-plane.
(b) View is in the zz-plane.

mode frequency found above and analyzing the amplitudes and phases of the forced
oscillations of the individual species.

Effects of ion number

When the trap parameters are fixed, ion numbers determine the space charge distribu-
tion. Changing the number of one ion species the positions and shapes of all the ion
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Figure 10.5: Secular frequencies of barium and GA™ ion ensembles with a different num-
ber of the GA™ ions. The ion number change leads to a modification of the
potential, which is reflected in the shifts of the resonance frequency of each
ion species.

species will be modified, and their resonance frequencies change accordingly. This can
be shown in simulations. For example, if an ion ensemble containing 1000 barium ions is
prepared (the radial resonance frequency is at 79.22 kHz), different numbers of heavier
GA™ molecular ions are added to the trap. More GA™ ions means that the force squeez-
ing the barium ion ensemble is larger and correspondingly its potential well becomes
steeper. As a result the resonance frequency of the barium ion ensemble becomes higher.
When 1200 GA™ ions are added, the resonance frequency of the barium ion ensemble
shifts to 80.64 kHz. On the other hand, the radial shrinking of the barium ion ensemble
results in the GA™ ions moving to the trap axis, which leads to a lower resonance fre-
quency of the GA™ ion ensemble. The shift is about 3.5 kHz (from 33.80 kHz to 30.29
kHz along with the GA™ ion number from 5 to 1200 ions). The changes of the resonance
frequencies as a function of the GA™ ion number are shown in Fig. 10.5. It seems that
the shift becomes weaker with increase of the GA™ ion number. This is due to the fact
that it becomes more and more difficult to squeeze the barium ion ensemble.

Effects of symmetry

For an ideal trap if all the middle electrodes have perfect rf potential, the effective
trap potential is radially harmonic with axial symmetry and the crystallized ion species
arrange in concentric shells around the symmetry axis. In the experiment electrostatic
potentials on different electrodes might drift or are set to be different from zero on
purpose. In this case, the axial symmetry is broken and the ion species with higher
mass-to-charge ratios are displaced stronger. Thus, the ion spatial distribution is changed
leading to the change of the secular excitation spectrum. To demonstrate this we use
the ion ensemble shown in Fig. 10.2, but an additional DC voltage of 0.25 V is applied
to one middle electrode. The laser-cooled barium ions and the sympathetically cooled
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Figure 10.6: Secular frequencies of barium and GA™ ions in an asymmetric trap. A DC
voltage is applied to displace the ion ensembles from the trap center and
separates them more strongly. The excitation direction is taken to be the
same as that of the displacement. Since all the GA™ ions share a similar
potential well along the excitation direction, the low resonance frequencies
vanish. The two ion species are located further away leading to a weakening
of space charge effects and the main resonance frequency of the GA™ ions
becomes lower comparing to Fig. 10.2.

GAT ions are displaced from the trap center. The GA™ ions have a larger displacement
and are more compact compared to the symmetric case. Thus, the barium ion ensemble
is no longer surrounded by the GA™ ions (see the inset of Fig. 10.6). A simulation of the
secular frequency spectrum of this ion ensemble is performed by giving a small position
offset along the direction of the ion displacement. Since all the GA™ ions almost share
the same potential well, the low frequencies for the GA™ ions (see Fig. 10.2(c)) vanish,
as expected (see Fig. 10.6). The fact that the two ion species stay away from each other
leads to a weakening of their coupling. Therefore, the main resonance frequency of the
GA™ ions moves close to the calculated value (22.4 kHz).

10.4 Alternative model for the secular excitation

The model for the simulation of the secular excitation spectra used above has some
disadvantages. From Eq. (2.6) we know that the applied excitation voltage is also not
homogenous, but the above model assumes the excitation field being homogenous. Thus,
for a pure ion ensemble, no matter how big or how hot it is, the simulated resonance
frequencies are always the same. The collective oscillates as a rigid body. Moreover,
in multi-species cases, after giving a position offset for one or all ion species, the eigen-
oscillation of each species is damped by other species. Thus, the secular oscillation
energy transfers to the thermal energy in a short time leading to a poor resolution in the
spectrum, so most of the simulations are done with small disturbances and the ensembles
are set to very low temperatures (less 1 mK) to improve the resolution.
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Figure 10.7: Simulated secular excitation spectra of an ion ensemble containing 400 bar-
ium ions and different numbers of cyt17 ions. Due to space charge effects
the resonance frequency of the cyt17 ions is split. The space charge effects
depend on the number of ions, and the resonance frequency of each ion
species changes accordingly.

Normally, in experiment the frequency sweep time is several seconds, which is too
long for the simulations. However, sometimes it is worth to do simulations in this way
to obtain more realistic spectra. To realize this goal, the parameters in the simulations
were changed as follows to shorten the computing time: a higher excitation amplitude is
implemented to shorten the scan time, and the laser cooling rate is increased to keep all
ions in the trap. Moreover, only the interesting frequency range is simulated. If we use
an ion ensemble consisting of barium ions and the cyt17 ions (cytochrome ¢ molecules
in the 17 charge state and a mass of about 12400 amu, for details see Chapter 8) as an
example, the interesting frequency range is from 5 to 30 kHz (usually the rf voltage is
about 400 V and the ¢-factor is approximately 0.11 for the barium ions; the calculated
radial secular frequency for a single cyt17 ion is about 17 kHz, but due to space charge
effects the resonance frequency split, thus, the frequency range from 5 to 30 kHz is chosen
to include all possible resonance frequencies.). The frequency step is 500 Hz and at each
frequency 25000 computing steps are integrated to let the ion ensemble reach an equilib-
rium state. The temperature of the barium ion ensemble is recorded vs. time instead of
the fluorescence intensity as in the experiment. The time step for this case is 400 ns, so
the total computing time is 500 ms. For a small ion system, for example, 500 ions, about
10 hours are necessary for a usual PC (2-GHz AMD Dual-Core Processor, 1-Gb memory).

Fig. 10.7 shows the simulated secular excitation spectra of an ion ensemble containing
400 barium ions and different numbers of cyt17 ions (0, 10, 20, 30, 40, and 50). The
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Figure 10.8: Simulated secular excitation spectra of an asymmetric ion ensemble con-
taining 400 barium ions and 50 cyt17 ions excited along the same direction,
but with different equilibrium positions. Due to the space charge effects
the excitation spectra are different. The small figures show simplified cross-
sectional views of the ion ensemble, with red indicating the location of the
cyt17 ions and black the barium ions.

laser cooling rate used here is 1750 s~! and the excitation voltage is 30 mV. For a pure

barium ion ensemble, when it is excited radially, there are no peaks between 5 to 30
kHz. Therefore, the peaks are attributed to the presence of cyt ¢ protein ions. Here this
frequency splits into two peaks consistent with the analysis in Sec. 10.3. When more
cyt ¢ ions are added to the ion trap, the two peaks move closer. This means the barium
ion ensemble is squeezed and its induced potential well modification becomes smaller. A
similar result was already shown in Fig. 10.5.

Simulations using this model have also been performed for asymmetric traps. As an
example, 400 barium ions and 50 cyt17 ions are trapped simultaneously and a constant
DC offset of 175 mV is applied on the z-, y-, and xy-directions, respectively. The ions
are excited along the z-direction, with an amplitude of 30 mV. The simulation results
are shown in Fig. 10.8. Compared to the red curve shown in Fig. 10.7, the excitation
spectrum is completely different due to the change of the spatial charge distribution.
The black curve represents the temperature change as a function of the excitation fre-
quency when the excitation is performed along the direction of the ion displacement.
The perpendicular case is shown in red. In this case, the peaks stay in a lower frequency
region. When the direction of the ion displacement is at a 45° degree angle with the
excitation direction, the main peak is close to the peak for the parallel case (cyt17 ions
are driven towards the barium ions back and forth, thus, the barium ions are heated up
easier). This confirms that for a multi-species ion system at low temperatures due to
the space charge effects, the heavy ions at different positions have different resonance
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frequencies, which leads to the split in the secular excitation spectra or frequency shifts.
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11 Simulation of nondestructive state-selective
detection and spectroscopy

Secular excitation can be used to study ro-vibrational spectroscopy via (1+41") resonance-
enhanced multi-photon dissociation (REMPD) [136, 137]. Since detection is based on the
method of secular ion excitation by an external AC electric field, in experiment when a
target ion species is excited, all other species are excited as well with different amplitudes.
This lowers the signal-to-noise ratio of the measurements. Moreover, in some cases, a
strong excitation voltage is necessary to obtain a resolvable signal. Subsequently, the
ion ensemble is heated to a much higher temperature regime (the ion crystal is melted
to a liquid or a gaseous state). Thus, the measured results do not reflect the original
ion system and cannot reach a precise measurement. The most important aspect is that
REMPD is a destructive measurement. This means in the experiment the ions have to
be reloaded periodically.

On the other hand, a strongly focused laser beam, far-detuned from the resonance of
a microscopic dielectric object as small as an atom, can generate an optical dipole force
(optical tweezer) [138, 139], which has the ability to manipulate this microscopic object
and has been widely used in atomic physics for optical dipole traps. This approach is
also used with trapped ions but only in connection with quantum logic experiments in
atomic ions [140]. In principle, its application can be extended to cold molecular ions. It
is possible to be used to resonantly excite sympathetically cooled molecular ions, where
the relevant transitions are ro-vibrational transitions. For this purpose, the behavior of
cold ion plasmas experiencing a time varying dipole force were simulated in order to in-
vestigate the feasibility of the application of the nondestructive optical dipole excitation
to spectroscopy. It should be suitable for complex molecular ions as well. Since the mass
of a HD™ ion is relatively small, it can be excited more easily. Here, we use HD™ ions
as an example.

HD™ molecular ions have been sympathetically cooled down to tens of mK, which
is useful for high resolution spectroscopy [137]. Since the HD™ molecule is one of the
simplest molecular ions, containing just a single electron, the precise measurement of its
vibrational transition frequencies will ultimately allow to

1. test theoretical methods of precision calculation of molecular levels;

2. establish a new system allowing to measure QED effects / test QED theory in
molecules;

3. determine the ratio of electron-to-proton mass in a novel way and with potentially
higher precision than with alternative methods;

4. measure nuclear properties such as quadrupole moments;

5. test the time-independence of nuclear mass ratios.
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Figure 11.1: Simplified depiction of spectroscopy using nondestructive rotational state
detection. (a) principle of internal molecular state detection via the intensity
modulation of a single laser beam. A molecular ion is trapped. The intensity
modulation of the laser beam exerts a periodic force on the molecular ion
only if it is in the appropriate internal (rotational-vibrational) state and the
dipole excitation is resonant thus avoiding decay from |e,) to other levels.
Some portion of kinetic energy will transfer to other ions such as laser-cooled
ions, which can be detected via the fluorescence produced by a near-resonant
laser (not shown). (b) Internal molecular state detection via the modulation
of a standing wave. (c) The detection can also be applied to an ensemble
of molecular ions distributed among different rotational levels (the sizes of
the black circles indicate the relative population in the rotational levels).

The basic idea of the optical dipole excitation is that by modulating the intensity of a
focused laser beam the optical dipole force is periodically changed. With a appropriate
modulation frequency the HDT can be resonantly excited as illustrated in Fig. 11.1(a).
For this purpose, the laser beam has to be split into two counterpropagating beams pro-
ducing a running standing wave, as shown in Fig. 11.1(b). The optical dipole force can
be modulated via beam intensity modulation or frequency offset of one individual beam.
In fact, only the trap motion of those HD™ molecular ions in a particular ro-vibration
level can be resonantly excited. Due to the strong Coulomb interaction, the coherent
motion of the molecular ions will be converted into other internal trap energies such as
thermal energy, and transfer a portion of them to the laser-cooled Be* ions, which leads
to a change of the fluorescence intensity, i.e. an atomic photonic signal proportional to
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11.1 Optical dipole potential

the number of the molecular ions in a particular ro-vibrational state is produced. Thus,
the relative population in the rotational levels can be obtained nondestructively.

The ratio of the populations of a particular ro-vibrational level before and after de-
pletion can be measured as well. Fig. 11.1(c) gives an example. Step 1: The optical fre-
quency of the excitation laser beam is tuned off-resonantly to a particular ro-vibrational
transition (gs| — (es| in the electronic ground state of the molecular ion. The number
of ions in the level (g | is measured nondestructively. Step 2: A transition is induced by
resonant irradiation. The ions in the level (g,| can be excited to the level (es| and decay
to other ground sub-levels leading to the reduction of the population of the ions in the
state (gs|. Step 3: The new population is measured nondestructively. The ratio of final
to initial population is a measure of the spectroscopic excitation efficiency. This cycle is
repeated for different resonant frequencies, yielding a spectrum. In practice, the upper
level for the dipole excitation force and the upper level for the spectroscopy transition
may be different.

Therefore, this nondestructive method can be used for precision spectroscopy, with
possible rotational resolution: the dependence of the force on the detuning ensures this.
The spacing between neighboring ro-vibrational transitions is at least 600 GHz. Since
the dipole force is inversely proportional to the laser detuning A (see Eq. 11.13), the
atomic fluorescence signal resulting from the HD™ ions in other rotational states is at
least 600 times weaker.

In the following sections the optical dipole force is described (in Sec. 11.1) and the
simulation of the effects of the optical dipole excitations by a single laser beam and a
running standing wave are presented (in Sec. 11.2).

Another issue, the simulations of the linewidths for the spectroscopy of a string HD™
ion ensemble in a crystal state, is discussed in Sec. 11.5. Both axial and radial directions
are simulated as well as the case of excess micromotion along the axial direction.

11.1 Optical dipole potential

In order to study the optical dipole excitation via MD simulations, the optical dipole
potential resulting from the interaction between the ions and the laser far detuned from a
particular transition frequency needs to be modeled. According to Ref. [141] the optical
dipole potential between the ground and excited states Uy, is expressed as

3mc? r T
Udip(xa Y, Z) = - (

2w3 \ A

)I(:c,y, z), (11.1)

+
A w + wo
which is determined by the dipole matrix element d,

w3d?

= —. 11.2
3meghc? ( )

Here, w is the frequency of the excitation laser and A = w — wy is the detuning of this
laser from the particular transition frequency of the molecular ion wy. I' is the natural
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11 Simulation of nondestructive state-selective detection and spectroscopy

linewidth of the transition, which usually is much smaller than A (the natural linewidth
for the v = 2, J = 0 level is about 5 Hz, while A would conveniently be chosen to be
about 100 MHz). The term I'/(w+wyp) is much smaller than I'/A, so it can be neglected.
€o and ¢ are the vacuum permittivity and speed of light, respectively, and their product
is denoted by 1/R,... Thus, the optical dipole potential is final given as

d2 Rvac

2hA

Udip(xayvz) = I(:E7y7 Z)v (113)

For a Gaussian beam, the amplitude of the driving electric field of the laser wave
Ey(z,y, z) can be expressed by the intensity of the beam:

21(z,y, 2)

€oC

Eo(z,y,2) = = /21 (,y, 2) Ruge. (11.4)

The total squared electric field of two counterpropagating laser beams along the z-
direction with the same polarization direction is given as

E2
E2 (I7yaz7 t) - O(J:’y? Z)

- [cos(kz — wopit) + cos(—k2z — wopit + wWyunt)]?,  (11.5)
where k is the wavenumber of the excitation laser. we, and w;,, are the angular frequency
of the laser beams and the angular frequency difference between the two individual
beams, respectively. The power of these two beams are equal and they come from one
beam, but Ey(z,y, z) is the electric field of the original beam, so a factor 1/2 is induced
in Eq. (11.5). Fast terms in the expansion of this equation with w,, can be averaged
out (Wept > Wyyn). Then, Eq. (11.5) can be simplified as

1

Efum(ac, y,z,t) = Eg(:v,y, 2) cos? (kz — iwmnt> . (11.6)

If the minimum waist of the laser beam wy is located at z = 0 and the laser beam
propagates along the axial direction, the beam waist at z is

/ 22 )\2

Thus, the distribution of the beam intensity is given by

2P 2 2
I(z,y,2) = ——exp (—296 +y ) , (11.8)

2 2
Tw? w?

where P is the beam power. When the beam propagates along an arbitrary direction,
the intensity distribution Eq. (11.8) and the square of the electric field of a standing
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11.2  Simulations of the optical excitation with different beam configurations

wave Eq. (11.6) are rewritten as:

/ _ 2P (yk, — zky)* + (zk, — xk,)* + (zk, — yk.)?
(@.9,2) = — S arhyha &P | 2 2 N(hpathyy+h.2)’ ’
ﬂ-wO + ﬂw% wo + 7r2w(2)
(11.9)
and
1
E?, (z,y,2,t) = Ei(z,y,2) cos? {(k’x:v + kyy + k.2)k — éwmnt} : (11.10)

here, k = (ky, ky, k,) is the propagation direction of the laser beam, while k¥ = w/c.
Therefore, the optical dipole potential arising from a single beam or two counterpropa-
gating beams can be expressed as

U ) PRyoed? cos?(winoat] cos?[(kpx + kyy + ko2)k — Swrunt]
srw\Ly Y, - X
ne RA [muf 4 Elbzthyhes)

2
7T’ll)0

(yk, — zky)* + (zky — xk.)? + (xky, — yk.)?

9 A2 (kpxtkyy+ksz)2
Wo + 7r2w(2)

exp | —2 (11.11)

P is the total power (power of the single laser beam or power of both beams together).
In this equation a possible additional intensity modulation of the laser beams, with the
angular frequency of wy,,q, is also included. Thus, the molecular ions can be excited
in two ways: intensity modulation or frequency detuning of one individual beam in the
standing wave. When cos? [(k,x + kyy + k.2)k — “=221] is replaced by 1, we obtain the
case of the single beam.

From Eq. (11.11) the optical dipole force acting on the molecular ion in z-, y-, and
z-directions can be derived as —a%%, —a%%, and —8%%, respectively.

To obtain a strong dipole force, sufficient laser power and large dipole matrix elements
are necessary. A mW-power source on the Av = 1 transition at 5.5 pym would be ideal.
Quantum cascade lasers may in the near future provide such power levels. Alternatively,
we can consider the overtone transition Av = 2. For example, the transition between the
levels (v =0,J = 0) and (v = 2, J = 1) has the wavelength 2.65 ym and this is obtainable
via OPO techniques. The dipole matrix element d for this particular transition is about
0.011 Debye [142|. The expected power is higher than 100 mW and with 200 MHz
detuning, useful dipole forces can be achieved, as will be shown below.

11.2 Simulations of the optical excitation with different beam
configurations

11.2.1 Modulated single beam case

When a single laser beam propagates along the trap axis and is strongly focused (min-
imum waist is 30 pum), the gradient of the intensity leads to the dipole force. Fig. 11.2
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Figure 11.2: Single-beam optical dipole potential Us.,(0,0,2) — U (0,0,0) and trap
potential near the trap center. The excitation laser at 2.65 pym with 100
mW power runs along the trap axis and its focus is at the trap center. The
minimum waist 1s 30 pm.

shows the dipole potential near the trap center along the axial direction, as well as the
trap potential. Here, the focus point of the laser beam is in the trap center and the trap
parameters chosen here are typical for our trap: 380 V rf voltage, 14.2 MHz rf frequency,
1 V endcap voltage, and x = 0.192. The optical dipole potential is serval orders smaller
than the trap potential.

Although this optical dipole potential is smaller than the trap potential, it still can
resonantly excite the HD™ ions efficiently. To demonstrate this effect, an HD™ ion is in
the trap center, initially at rest, and a single excitation laser beam is directed onto the
ion along the trap axis. The beam waist is set about 900 ym away from the trap center
to achieve a dipole force. Via intensity modulation of the laser beam with w,,,q = %wz
(w, is the axial resonance frequency of the HD* ion, 27(40.38 kHz) for 1 V endcap
trap voltage) the ion is excited resonantly. In our simulations the depth of the modu-
lation is always 1. The z-trajectory is plotted in Fig. 11.3. The oscillation amplitude
increases linearly and was confirmed also for larger . Thus, the kinetic energy increases
quadratically with time. The maximum kinetic energy along the z-direction is about

kp(0.0007 mK) after 1 ms, and kp(7 mK) after 100 ms.

However, when more ions are added to the trap, due to the strong Coulomb interaction
the ions can not be resonantly excited any more. Fig. 11.4 gives an example. 600 Be™
and 200 HD™ at zero temperature are prepared in the trap and no laser cooling is applied
to the Be* ions. Then, the laser beam is added and its intensity is modulated with
27(20.19 kHz) (% w.). No matter whether the beam has an offset from the trap center or
not the temperature of the HD™ ion ensemble does not increase significantly. Simulations
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Figure 11.3: Optical dipole force excitation of a single HD™ ion, which initially is at the
trap center, by modulating the intensity of a 2.65 um laser, whose focus
point is 900 pm away from the trap center. The laser power used here is
100 mW. The oscillation amplitude of the ion increases linearly with time,
and its kinetic energy increases quadratically with time.
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Figure 11.4: Optical excitation of an ensemble of HD™ ions (200 HD™ together with 600
9Be™ ions). The case of focus of the laser beam at the trap center and 1
mm away along the trap axis are simulated. The temperature of the HD*
ion ensemble does not increase significantly.
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Figure 11.5: Optical dipole potential Uy, (0,0, z) and trap potential near the trap center.
The optical dipole potential approximately has a cosine form and its ampli-
tude is quite small comparing to the trap potential, but larger compared to
single beam.

with higher modulation frequencies (10w, and 100w,) show similar results. Thus, the
intensity modulation of a single laser beam can not resonantly excite an ion ensemble.

11.2.2 Standing-wave case

Another option is to use a standing wave. Since the force is the negative gradient of
the potential in the standing wave configuration, it is much larger than that in a single
running wave. When the standing wave propagates along the trap axis and has the
minimum waist (30 pm) at the trap center, the corresponding optical dipole potential is
shown as the dashed curve in Fig. 11.5. The cosine form dipole potential is much larger
than the case of a single beam. In principle, the dipole potential can be modulated
by intensity or frequency. In the following, both the simulations with the modulation
intensity and frequency detuning of one individual beam are studied.

11.2.2.1 Intensity modulation

Firstly, the simulations with the intensity modulation are performed on an HD™ ion
ensemble containing 200 HD™ ions with the cooling force switched on. This ion ensemble
is surrounded by 600 Be™. The trap parameters are kept the same as above and the
modulation frequency wy,oq is %wz. Since the dipole force is proportional to the power
of the laser beam, we set the power to be 1 W to amplify the resonance process. The
simulated result is shown as the black curve in Fig. 11.6. Due to the Coulomb interaction
the actual resonance frequency for each HD™ ion is no longer w,, but is shifted towards
higher frequencies. Although the HD™ ion ensemble is heated up, the process is very
slow. The heating rate is about kp(0.248 K/s). Thus, the temperature change is too
small to be observed in experiment. So simulations with higher modulation frequencies
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Figure 11.6: Optical dipole excitation of the HD™ ion species in an ion ensemble con-
sisting of 600 ?Be™ and 200 HD* ions for different frequencies of intensity
modulation w,,,q. The ion ensemble is initially at nearly absolute zero or 6
mK;, without any cooling and heating effects. When the modulated standing
wave is switched on, the temperatures of the HD™ ions are recorded. For
Wimod Set 10 50w,, 100 w,, or 200 w,, the fitted heating rates are kp(2.1 K/s),
kp(2.667 K/s), and kp(0.998 K/s), respectively. In the case of wpeq = sw:,
the heating rate from the dipole excitation is negligible.

50w, 100 w,, and 200 w, are performed, as shown in Fig. 11.6 as well. The fitted heating
rates are kp(2.1 K/s), kp(2.667 K/s), and kp(0.998 K/s), respectively. The optimal
modulation frequency for the highest heating rate should be found in further simulations
in the future. Due to the strong Coulomb interaction when the HD™ ions are heated,
the °Be™ ions are also heated to a similar temperature. Therefore, the gained kinetic
energy of the HD™ ion ensemble is approximately 1/8 of the actual energy generated in
the optical dipole excitation process (1/8 for the potential energy increase of the HD™
ion ensemble (see Fig. 9.11), the remaining 3/8 + 3/8 are are transferred to the “Be™ ion
ensemble).

11.2.2.2 Frequency detuning of one individual beam

Simulations with the frequency detuning of one individual beam of the standing wave
are also performed. We use the same ion ensemble as for the intensity modulation. The
ion ensemble is initially evolving at 6 mK without any cooling and heating sources. Then
the running standing wave is applied on the HD™ ions with the frequency offset of one
individual beam (wyy;,). The temperature of the HD™ ions is recorded. The simulation
results with w,., = w., 10w,, 50w,, and 100w, are plotted in Fig. 11.7. When the
HD™ ions are heated, the “Be™ ions are sympathetically heated to a similar temperature
due to the fast thermalization process (see Chapter 9). To demonstrate this effect, the
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Figure 11.7: Optical dipole excitation of the HD™ ion species via frequency detuning of
one individual laser beam of the standing wave by w,.,. The ion ensemble
(600 °Be™ and 200 HD™ ions) is initially evolving at 6 mK without any
cooling and heating effects.For frequency offsets of w,, 10w., 50w., and
100 w,, respectively, the temperature evolutions of the HD™ ion ensemble
are recorded.

temperature change of the “Be* ions in the case of w,,, = 50 w, is recorded as well and
shown as the yellow curve in Fig. 11.7. It almost overlaps with the green curve, which

is the temperature evolving curve of the HD* ions at the same modulation frequency
(Wrun = 50 w,).

Since the temperature increase due to the excitation is close to linear in time, the
heating rates were again fitted as indicated in Fig. 11.8. The heating rate rises approxi-
mately linearly with the increase of the frequency offset w,.,,. If we consider the energy
absorption of the “Be* ions as well, the heating rate from the optical dipole excitation
is about kp(22.1x8 K/s). Here, 1 W total power for the two laser beams is used. Nor-
mally, a power of 100 mW is realistic. Thus, this heating rate is larger compared to the
background rate we found under typical experiment conditions.

The relationship between the heating rate and the wavelength of the excitation laser
is also investigated here. In the simulations the same ion ensemble as above (200 HD™
and 600 Be™ at 6 mK without any heating and cooling) is prepared and evolves with 1,
2, 2.65, 4, and 5 um wavelengths of the excitation laser, respectively. The dipole matrix
element is kept constant. The first three wavelength values correspond roughly to the
fifth, third, second vibrational overtone, the last to the fundamental transition. The tem-
peratures of the HD™ ion ensemble as a function of time are plotted in Fig. 11.9(a) and
the (linearly) fitted heating rate for each curve is shown in Fig. 11.9(b) as the function
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Figure 11.8: Fitted heating rates of the optical dipole excitation with different modu-
lation frequencies (from the temperature curves shown in Fig. 11.7). The
heating rate is approximately proportional to the modulation frequency.
The line is a guide for the eye.

of the wavelength of the excitation laser . It appears that the heating rate decreases
exponentially with the rising of \. The explanation is that a smaller wavelength cor-
responds to a higher number of potential antinodes for the running standing wave in
a finite length leading to a higher potential force, which is the minus derivative of the
dipole potential). Since the dipole matrix element decrease with decreasing A, one has
to consider the combined effect. For example, in going from the A = 1.1 um overtone
transition in HD™ ions to the A = 1.8 pum overtone transition, d? increases by approxi-
mately a factor of 80, thus offsetting the wavelength effect.

For comparison, simulations with different beam waists and endcap voltages are per-
formed, as shown in Fig. 11.10. Here, the initial ion ensemble is evolving at close to
absolute zero. The frequency offset of one individual beam is 20 w,. Note that a differ-
ent endcap voltage corresponds to a different axial secular frequency w,. As mentioned
above when V.. = 1 V, w, is about 34.4 kHz, while it is about 70 kHz with V,. = 3
V. The comparison between the black and red or the blue and green curves shows that
although the modulation frequency is approximately doubled for V.. = 3 V, the heating
rates do not change too much. The reason is that when we lift up the endcap voltage and
correspondingly increase the laser detuning wy.,,, the oscillation frequencies of the HD™
ions at their lattices are increased as well. A bigger waist lowers the intensity gradient of
the laser beams resulting in a smaller heating rate. Fig. 11.10 shows the results obtained,
confirming the expectations.
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ion ensemble with different A. (b) Fitted heating rate for each heating
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Figure 11.10: Optical dipole excitation of HD™ ions in an ion ensemble consisting of 600
9Be™ and 200 HD™ ions, via frequency detuning of one individual laser
beam by w,.,,,. The ion ensemble is initially evolving at absolute zero with-
out any cooling and heating effects. The excitations with different mini-
mum beam waists and endcap voltages are performed with the frequency
modulation of w,,, = 20w,. The increase of the endcap voltage can not
improve the heating rate due to the rising of the axial trap potential. The
increase of the minimum beam waist leads to the lowering of the heating
rate.

11.3 Conclusion of the optical dipole excitation

In this chapter, the optical dipole force is described and simulated. The resonance
excitation of a single HD™ ion by the optical dipole force of a single laser beam via
intensity modulation is studied. The oscillation amplitude of this ion increases linearly.
However, the following simulations show that an HD™ ion ensemble (200 HD™ ions
with 600 “Be™ ions outside) cannot be effectively excited due to the strong Coulomb
interactions. Thus, we consider the standing wave, which can offer a larger optical
dipole force. The optical excitations of the HD™ ion ensemble via intensity modulation
and frequency detuning of one individual beam are simulated. In both cases, the ion
ensemble can be well excited. The simulations with different parameters such as the
endcap voltage and the excitation laser wavelength are also performed.
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11 Simulation of nondestructive state-selective detection and spectroscopy

11.4 Simulation of HD™" vibrational spectroscopy

In the MD simulations, the trajectory of each ion confined in a linear Paul trap can be
monitored. This offers a way to investigate the line broadening of an ion ensemble at
each possible transition via summing the power spectrum (PS) of the calculated FFT
(fast Fourier transform) of each ion [143]. If ions are irradiated by a monochromatic
laser beam of frequency wy (transition frequency) propagating along the z-direction, the
electric field of this laser beam is given by

E(z;,t) = Egeil) = Eyetkzilt)—iwot, (11.12)

Here, z;(t) is the trajectory of ion i and k is the wavelength of the laser beam. The
frequency spectrum of this field is obtainable by a FFT

E(w)oc/ e~ woteik=(t) gy (11.13)

o0

The line profile will be proportional to the square of its magnitude. In this section
we demonstrate this method by using HD* ion ensembles as examples. The transition
wavelengths used here are 1.4 pm (ro-vibrational transition v = 0 — v = 4 for HD"
ions) and 5.1 pm (the transition v = 0 — v = 1 is about 5.5 pm).

The HD™ ion ensembles can be sympathetically cooled down to a few ten mK regime.
At these temperatures the confinement of the HD* ions might be in the Lamb-Dicke
regime (the region to which the particle confinement is much smaller than the optical
wavelength), especially for the transition wavelength of 5.1 ym. The harmonic motions
of the HD™ ions can be distinguished. In this case, in the frame of the ions, the laser
field is modulated. The phase of the electric field in the ion frame is modified by

gbz(t) = kZz’O cos(wt) + k:zz(t) - Wot. (1114)

Except for the random thermal motion z;(¢), ion i has harmonic oscillation with frequency
w and amplitude z;o. Therefore, the line profile for an ion ensemble can be expressed as

Z ‘FFT{EOGWJHQ . Z ‘/oo e—iwoteik:[z,-o cos(wt)—&-zi(t)]dt

p>

7
7

2

+oo 2

Z in Jn(kZZO) / ei(nwfwo)teikzi(t) dt

(11.15)

n=—oo

where J,, is the nth Bessel function. Instead of a single, Doppler broadening spectrum,
the spectrum takes the form of a series of discrete resonances, each having a width equal
to the Doppler broadened width, which are separated by the frequency of harmonic mo-
tion w. They are the motional sidebands and their amplitudes are proportional to the
Bessel functions J,,(kzp). Thus, simulations at different temperatures are performed.
The ion ensemble used in our simulations includes 30 HD* ions and 200 ?Be* ions. The
q parameter for HD™ ions is 0.165 and the endcap voltage is 3 V. In this case the HD™
ions are aligned as a string along the axis direction, so that they have different trap
potentials along the axial and radial directions. Hence, simulations in both directions
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11.4 Simulation of HD" vibrational spectroscopy

are performed. Actually, in the experiment, axial micromotion of about 300 nm peak-
to-peak amplitude was observed, so that simulations including the rf micromotion are
performed as well.

Firstly, the spectrum of the HD™ ion ensemble was simulated along the axial direction.
An ion ensemble is prepared initially and let evolve at 16 mK. The z-coordinates of each
HD™ ion are recorded for 1.33 ms (time step is 5 ns). Subsequently, the FFT of exp(ikz;)
is used to obtain the power spectrum of each HD™ ion at the wavelengths of 1.4 or 5.1
pm. Finally, the 30 power spectra are added up, as shown in Fig. 11.11(a) and (b), which
are the spectra corresponding to the wavelengths of 1.4 and 5.1 pm, respectively. They
have the Gaussian shape and their Gaussian fits are shown as circles with about 10.9 and
2.95 MHz linewidths (FWHM), respectively. Actually, the Doppler shift in frequency of
the thermal motion of a particle can be directly derived as

me?

mc*(f — fo)?
27T]€3ng

P(f)df = ST

exp [— ] df, (11.16)

here, P(f)df is the fraction of particles with frequency component f to f + df. c is
the speed of light, T is the temperature, kg is the Boltzmann constant and m the mass
of the particle. fy is the central transition frequency. Eq. 11.16 is a typical Gaussian
equation. Thus, the FWHM of the distribution is

8kpT1n2
mc?

Afrwam = fo- (11.17)
If one knows the temperature of an ion ensemble, the width of the Doppler broadened
spectrum is obtained. In our case, the HD™ ion ensemble is at 16 mK. The calculated
linewidth is about 11.2 and 3.07 MHz for the laser wavelengths of 1.4 and 5.1 pm, re-
spectively. They are consistent with the simulated values.

The simulations for a lower temperature (1.75 mK) are performed as well and the
results are shown in Fig. 11.11(c) and (d). Due to the decrease of the temperature the
Doppler broadening becomes smaller, which is reflected in the narrowing of the linewidth
of the spectra. Fig. 11.11(c) shows that the linewidth for the transition wavelength of
1.4 pm is reduced from 9.21 MHz at 16 mK to 3.39 MHz. Since at 1.75 mK the oscillation
amplitude of the HD™ is smaller than the 5.1 pum, the HD* ions are in the Lamb-Dicke
regime. Thus, the spectrum for the 5.1 ym wavelength is no longer a simple Gaussian
profile as shown in Fig. 11.11(d).

The HD™ ions aligned as a string have different trap potentials along the axial and
radial directions. Thus, simulations of the ion ensemble at 6.8 mK along the z-direction
are also performed, as shown in Fig. 11.12(a) and (b). The Doppler broadening for the
wavelength of 1.4 um is similar then for the axial cases having a Gaussian shape with a
linewidth of about 7.46 MHz (see Fig. 11.12(a)). Since in z-direction the ion potential
is much larger than the axial one (the radial secular frequency for an HDT is about 822
kHz, while the axial secular frequency is about 121 kHz.), the radial oscillation ampli-
tude of each HD* ion is smaller. Therefore, at 6.8 mK the confinement of the HD™ ions
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Figure 11.11: Simulated spectrum of the Doppler broadening of an HD™ ion ensemble
along the axial direction at 16 and 1.75 mK (the spectroscopy laser is along
the axial direction). The Doppler broadening of the spectrum is a function
of the laser wavelength. (a) Spectrum at the wavelength of 1.4 pm. The
fitted linewidth of the Doppler broadening ~ 10.9 MHz (b) Spectrum at
the wavelength of 5.1 pm. The fitted linewidth is about 2.95 MHz. (c)
Spectrum at the wavelength of 1.4 um. The circle curve is the Gaussian
fit, from which we obtain that the linewidth of the Doppler broadenings is
about 3.39 MHz. The linewidth becomes smaller due to the decrease of the
temperature. (d) Spectrum at the wavelength of 5.1 um. The confinement
of the HD™ ions in the Lamb-Dicke regime, the spectrum is no longer a
simple Gaussian profile.
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Simulated Doppler broadening of an HD™ ion ensemble in z-direction
(radial direction) at 6.8 and 28.2 mK. (a) Spectrum at the wavelength of
1.4 pm. The circles represent the Gaussian fit, from which we obtain that
the linewidths of the Doppler broadened spectrum is about 7.46 MHz. (b)
Spectrum at the wavelength of 5.1 um. Due to the confinement of the HD™
ions in the Lamb-Dicke regime, the spectrum shows obvious sidebands. (c)
Spectrum at the wavelength of 1.4 ym. The circles are the Gaussian fit,
from which we obtain a Doppler broadening of approximately 15.04 MHz,
which is almost double compared to the case of 6.8 mK. (d) Spectrum at
the wavelength of 5.1 um. The discrete sideband structure starts to be
washed out.
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11 Simulation of nondestructive state-selective detection and spectroscopy

in z-direction is already in the Lamb-Dicke regime for the wavelength of 5.1 ym. Apart
from the peak around 0, there are two strong sidebands at about 735 kHz (due to the
space charge effect the actual secular frequency is different from the calculated one for a
single ion) and other higher-order sidebands as shown in Fig. 11.12(b). Comparing this
spectrum to that in Fig. 11.11(d), the sidebands are much clearer. The reason is that due
to the string structure in the radial direction all the HD" ions share a similar confining
potential (trap potential plus the Coulomb interaction with the Be* ions), while in the
axial direction (except for the endcap trap potential) the interactions among the HD*
ions are very strong (ions stay more close), leading to different confining potentials for
each HD™ ion. Thus, the sidebands in the radial direction are enhanced but in the axial
direction they are washed out.

Fig. 11.12(c) and (d) show the simulations of the spectroscopy in z-direction at
28.2 mK. As expected the Doppler broadening is wider for the wavelength of 1.4 pm
(see Fig. 11.12(c)) and the discrete peak structure for the wavelength of 5.1 pym (see
Fig. 11.12(d)) is washed out and starts to have to a Gaussian profile.

In the experiment, due to the imperfect construction of the linear Paul trap, the rf
micromotion might arise from phase differences between the rf fields on different elec-
trodes (central and endcap electrodes). According to measurements in experiment, a
300 nm peak-to-peak amplitude rf micromotion for HD" ions can occur. Therefore, it
is necessary to study the influence of this effect on the spectroscopy. To study this ef-
fect, in our simulations an additional rf field with 27 x14.2 MHz angular frequency is
applied in axial direction to excite the HD™ ions with about 300 nm peak-to-peak am-
plitude. The resulting spectra for the wavelengths of 1.4 and 5.1 pm at 6 mK are shown
in Fig. 11.13(a) and (b), respectively. Due to the strong rf micromotion, the middle
peak in Fig. 11.13(a) is covered by the sidebands. The overall linewidth is larger than
the reported value (40 MHz) in Ref. [137]. In fact, in the simulations we can see that
the second order and even third order sidebands make a significant contribution to the
linewidth broadening. This was not evidently shown in the experiment. Thus, we can
say that 300 nm peak-to-peak rf motion is an overestimated value. The rf motion along
the trap axial direction is probably weaker.

The Gaussian fit for each peak in Fig. 11.13(b) shows that the linewidth is about
1.96 MHz. For a temperature of the ion ensemble of 48 mK, the spectra are shown in
Fig. 11.13(c) and (d). The discrete peak structure shown in Fig. 11.13(a) is washed out
in Fig. 11.13(c) and the peaks in Fig. 11.13(d) become broader (the Gaussian fits give
the linewidth about 5.3 MHz).

11.5 Conclusion of the simulations of the spectroscopy

In this section the Doppler broadening of an HD™ vibrational spectrum at transition
wavelengths of 1.4 and 5.1 um are investigated via MD simulations and the results were
compared with calculated values. They are consistent. Simulations at different temper-
atures along axial and radial directions were also performed. At low temperatures, HD™
ions are confined in the Lamb-Dicke regime, thus, sidebands in the spectra were observed.
In the Lamb-Dicke regime first order Doppler effects can be reduced significantly leading
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Figure 11.13: Simulated Doppler broadening of an HD™ ion ensemble in the axial direc-
tion at 6 and 48 mK with an additional axial rf field. (a) Spectrum at the
wavelength of 1.4 pum and the temperature of 6 mK. (b) Spectrum at the
wavelength of 5.1 ym and the temperature of 6 mK. The Gaussian fit for
each peak shows that the Doppler broadening is 1.96 MHz. (c¢) Spectrum
at the wavelength of 1.4 ym at 48 mK. The discrete sideband structure
is washed out. (d) Spectrum at the wavelength of 5.1 ym at 48 mK. The
Gaussian fit for each peak shows that the Doppler broadening is about 5.3
MHz.
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to high precision spectroscopies. A case with an rf voltage along the trap direction was
studied as well. Due to the strong rf amplitude, with the transition wavelength of 1.4 ym
the higher order sidebands are very obvious at 6 mK and make a significant contribution
to the broadening of the spectrum at a higher temperature (48 mK). Thus, lowering the
temperatures of ion ensembles and reducing the magnitude of the rf micromotion are
very helpful for obtaining high resolution spectroscopies.
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This thesis presents the work on the production and sympathetic cooling of complex
molecular ions.

In this work a universal cooling method - sympathetic cooling, was used to cool molec-
ular ions. In order to cool a variety of molecular ions more efficiently, the laser-cooled
atomic ions needs to be well chosen. Thus, laser-cooled beryllium ions (mass 9 amu) are
used to cool low mass molecular ions (masses from 1 to 200 amu) and barium ions to
cool heavy molecular ions (masses from 32 to more than 20000 amu). Experimentally,
this work only focused on the barium case. An important part of this work is the partial
development of the experimental setup, which was described in Chapter 4. The prepa-
ration of pure, cold, and different-sized laser-cooled **Ba* ion ensembles was described
in Chapter 5. Their properties such as secular frequencies, ion spatial distribution and
lifetime, together with the effects of laser detunings and trap parameters were discussed
as well.

In Chapter 6 chemical reactions of the Ba™ ions with different neutral gases such as
He, Ny, Hy, Oy, CO5 and N,O, at room temperature were investigated. We found that
Hy, Oy, CO5 and NyO molecules can react with ¥®Ba® jons. Chemical reaction are
not observed when leaking in O5 or COy gas without the 650 nm laser or without both
cooling lasers. Thus, chemical reactions of the *¥Ba™* ions with Oy and CO, molecules
are photo-chemical reactions and only occur when the *®*Bat ions are excited to the
P /2 state. Since the reaction cross section with Hy is small, the main products of the
chemical reactions of the 1¥®*Ba* ions with residual background gas of the main vacuum
chamber are 1¥*BaO* ions.

If chemical reactions occur at a very low temperature of the Ba™ ions (the initial Ba™
ion ensemble is crystallized), the products of the chemical reactions remain cold even for
a large ratio of the numbers of sympathetically cooled (produced) molecular ions and
laser-cooled ¥8Ba™ ions. For example, a cold barium ion ensemble containing 450 1**Ba™
ions and 120 isotopes at approximately 7 mK was prepared in the trap. After leaking in
CO4 gas for more than one hour, only about 20 3¥Ba* ions were left as coolants and 430
138Bat ions were converted to sympathetically cooled **BaO™ ions. In this case, only
3.5% of the ions are laser-cooled, 96.5% are sympathetically cooled, but all the ions are
still quite cold (the CCD image of the **Ba™ ion ensemble showed that the temperature
was at about 25 mK).

The back-reaction with CO was also studied in Chapter 6. The back-reaction of **Ba*
ions from *¥*BaO* ions was observed via the change of the size of the **Ba* ion ensem-
ble and the increase of the fluorescence intensity at 493 nm.

In Chapter 7 and 8 sympathetic cooling of medium size organic molecular ions (Alexa
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Fluor 350 and GA™ ions) and mass 12300 amu molecular ions (17 and 12 fold charged
protein molecular ions - cytochrome ¢, cyt). Via MD simulations, we determined an
upper limit for the temperatures of the molecular ion ensembles, which are 138, 72, and
570 mK, respectively. This proves that sympathetic cooling is a reliable technique to
cool complex molecular ions to the sub-Kelvin regime. The transfer of the molecular
ions to the gas phase and the loading of the ions to the ion trap is described in these
chapters as well. We also made a step towards photodissociation spectroscopy of the
GA™ molecular ions.

In Chapter 9 our MD simulation models were introduced. A MD simulation program
was developed. With this program, CCD images can be simulated, which offers a way
to determine the ion numbers and temperatures of different ion species. Ion dynamics,
such as micromotion and ion diffusion, were also studied via MD simulations.

Due to space charge effects the secular radial frequency of an ion ensemble shifts, es-
pecially, in multi-species ion ensembles. Thus, in Chapter 10, the changes of the secular
frequencies of the ion ensembles in a 2-species ion system were analyzed. Two different
models were developed, separately, to simulate the secular frequencies. Each one has its
own advantages and disadvantages.

In Chapter 11 the feasibility of nondestructive detection via optical dipole excitation
was studied using the MD simulations. Molecular ions can be resonantly excited by a
laser beam at the wavelength far-detuned from one of their ro-vibrational transitions.
Although a single HD" ion could be excited by intensity modulation of a focused laser
beam at the wavelength of 2.65 pum, an HD™ ion ensemble containing many ions (200
HD™ ions and 600 Be™ ions) was no longer excited efficiently, due to strong Coulomb
interactions. Thus, excitation via a running standing wave, which can offer a larger opti-
cal dipole force, was studied. The optical excitations of an ion ensemble via the intensity
modulation of both and frequency detuning of one individual beam were simulated. In
both cases, the ion ensemble can be excited well, for example, in the conditions of 1
V endcap voltage and 1 W laser power, a heating rate of approximately kg(177 K/s)
was achieved when the HD™ ion ensemble was excited via the frequency detuning of
one individual beam by 100w,. The simulations with different parameters such as the
endcap voltage and the excitation laser wavelength were also performed. The increase
of the endcap voltage from 1 to 3 V did not improve the excitation efficiency evidently,
while the increase of the wavelength of the excitation laser reduced the heating rate (in
the simulations the according increase of the dipole matrix element was not considered).

The lineshapes of ro-vibrational transitions in HD' molecular ions at the transition
wavelengths of 1.4 and 5.1 um were also studied via MD simulations. The results were
compared with calculated values and were found to be consistent with them. Simulations
at different temperatures along axial and radial directions were also performed. At 1.75
and 6.8 mK in the axial and radial directions HD™ ions were already in the Lamb-
Dicke regime, respectively, thus, sidebands in the spectra were observed for wavelength
< 5.1 pum. In this regime, high precision spectroscopy appears possible. A case with
an rf voltage (arising from the movement of the “Be™ ions with a 300 nm peak-to-peak
amplitude) along the trap direction was performed and compared to measured results in
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an experiment showing that the rf peak-to-peak amplitude in the experiment should be
less than 30 nm. Simulations also told us that high rf micromotion worsens the resolution
of spectroscopies.
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