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SUMMARY

This thesis presents the results of my graduate work which has con-
centrated on applying laser-cooling techniques to molecular ions, specifically
CaH™ and BH™ ions for the study of their rovibronic spectroscopy. The goal
of my research has been to control external and internal degrees of freedom
of these two ions. Each of these molecules is spectroscopically appealing in
its own right. For starters, CaH™ has been identified as a potential system
for the test for the time variation of fundamental constants, and it’s also
been speculated to be in space. BHT has a nearly diagonal Franck-Condon
structure, and could be directly laser-cooled using only a few lasers. This
structure makes it a good candidate for the cooling of internal molecular
degrees of freedom.

Each of the experiments described in this review involves the trapping and
laser-cooling of ions. We cool the molecular ions sympathetically with laser-
cooled Ca™. The probing techniques used to collect data are mainly: laser
induced fluorescence, mass spectrometry, and resonance-enhanced multi-
photon dissociation (REMPD). We have demonstrated the ground state sym-
pathetic cooling of CaH™ ion to less than 16 uK, and we have used to REMPD
to measure for the first time four vibronic transitions in CaH™ ions. To-

gether, these results are important for future quantum logic experiments on

xx1



this molecule.

Furthermore, we have also made some progress towards trapping and
cooling BH™ ions by first trapping Bt ions with Ca™ ions. We use the
motional resonance method to detect the B ions, which can be reacted with
H atoms to produce the molecular ions. Following the measurement of the
vibronic spectrum of CaH™', we have narrowed the linewidth of the laser

source to resolve rotational lines.
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CHAPTER I

INTRODUCTION

In 1928, while looking at the afterglow of nitrogen gas, G. Herzberg took
the first spectrum of a molecular ion N using an electric discharge [1, 2].
Several other emission spectra of molecular ions such as O and CO* [2]
were identified soon after. The initial motive for these measurements had
been the possible presence of molecular ions in the interstellar medium and
their contribution to the overall chemistry in this region of space, especially
the notoriously fast ion-neutral molecule chemical reactions [2]. During this
early period of molecular spectroscopy, the low density of molecular ions
combined with their short storage times made laboratory measurements of
their spectra particularly difficult. Many notable techniques including flash
discharges, molecular ion beam spectroscopy, and ion traps emerged as a
solution to these problems [2, 3, 4].

Another lifelong challenge posed to molecular spectroscopy is the Doppler
shifts and low resolution found in molecular spectra. These barriers become
more problematic when it comes to identifying diffuse interstellar bands of
molecular ions. The high motional temperature of molecular ions is the main

cause of Doppler shifts and broadening. Various cooling methods have been



developed over the past century to address this issue. Early cooling tech-
niques for molecular ions employed liquid nitrogen[5] and noble gas matrices
6] as refrigerants and later included buffer gas cooling[7]. Most recently laser
cooling methods which have proven to be the fastest and to reach the coldest
temperatures. [8].

This thesis presents the combination of various techniques introduced
above and previously used in quantum computation experiments with atomic
ions to sympathetically cool CaH™ ions to their motional ground state and
measure their vibronic spectrum for the first time. Additionally, it includes
the new results on the trapping and sympathetic cooling of boron and boron

cluster ions.

1.1 Ion traps

Following the first invention of the Penning trap in 1936 [9] and of the rf
quadrupole mass filter in 1953 [10], ion traps quickly became a powerful
tool in atomic and molecular physics experiments. The first experiments
on trapped molecular ions were performed by H. G. Dehmelt and coworkers
on the storage of millions of Hf molecules in a radiofrequency (rf) trap
for several seconds [11]. They achieved three-dimensional trapping of ions
using an electric field in which the ions undergo a force proportional to its
displacement from the center of the trap. The trap used in these experiments
consisted of two hyperbolic disc electrodes separated by 25 mm and held in

a cylindrical tantalum mesh electrode. The basic operation principle of this



trap is the same as that of Paul traps used in the experiments reported in this
thesis. A thorough explanation of ion trapping concepts will be presented in
the next chapter.

Dehmlet’s experiments on trapping molecular and atomic ions opened
new doors for molecular spectroscopy. Mahan and coworkers dedicated their
work to laser-induced fluorescence spectroscopy of various trapped molecular
ions such as Nj , CH*, CD*, CO*, BrCN*, and 1,3,5-trifluorobenzene cation
[12, 13, 14]. These experiments also measured radiative lifetimes of various
transitions in those molecules. Fluorescence spectroscopy, however, suffered
a great disadvantage: Doppler shifts and broadening caused by the high
temperature of trapped ions.

Perhaps one of the most notable advantages of ion trapping experiments
has been the ability to co-trap multiple species in the same trap. This prop-
erty has allowed the indirect cooling of molecular ions to near absolute zero
temperatures through their Coulombic interaction with laser-cooled atomic
ions. As a result, Doppler-free single molecular ion spectroscopy has become
feasible despite the intrinsic difficulty of direct laser-cooling techniques on

most molecular ions.

1.2 Laser cooling and sympathetic cooling

The notion that the elimination of first and second-order Doppler shifts was
necessary for high resolution spectroscopy drove the development of powerful

cooling techniques in the 1970s. Various groups launched new experimental



and theoretical studies on different cooling methods. In 1978, Neuhauser et
al. [15] and Wineland et al. [16] reported the laser-cooling of trapped Ba™
ions and Mg™ ions, respectively. The first implementation of the trapping
of a localized single Ba™ ion followed suit in 1980 in the Dehmelt group
[17]. Multiple experiments subsequently achieved the laser-cooling of other
atomic ions including the cooling of a single ion to the motional ground state
[18, 19, 20, 21, 22].

Laser-cooling of ions relies on the damping force experienced by an ion
upon the absorption-emission cycle of photons. The implementation of laser-
cooling experiments therefore depends on the internal structure of the ion to
be cooled. Factors such as the presence of closed transitions, the availability
of laser sources, and the linewidth of the transitions determine whether or
not an ion is amenable to cooling. Atomic ions are generally the easiest to
cool while most molecular ions lack the necessary internal closed transitions.
As a result, Doppler-free spectroscopy of molecular ions requires an indirect
cooling technique known as sympathetic cooling.

The first sympathetic cooling experiment used laser-cooled Be™ ions to
cool Hg* ions through Coulombic collisions. They reached temperatures be-
low 1K [23]. Other atomic ions have also been sympathetically cooled by
atomic coolants [24, 25]. The sympathetic cooling trapped ions to mK tem-
peratures where the ions are nearly still, and their separation is much larger
than their spatial wavepacket leads to the formation of ordered structures

otherwise known as Coulomb crystals [26].
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The crystallization of molecular ions is a relatively recent milestone.
Baba and Waki demonstrated the non-destructive detection of various
sympathetically-cooled molecular ions including H;O", OF , NH}, and CoH;
27, 28] using refrigerant Mg™ atoms. Drewsen and coworkers were the first to
crystallize translationally cold MgH™ ions by sympathetically cooling them

with laser-cooled Mg™ ions [29, 30].

1.3 A new age of molecular spectroscopy

1.3.1 New goals

Cooling methods combined with ion trapping techniques have created a new
age of molecular spectroscopy, indeed. The initial motives behind the spec-
troscopy of molecular ions such as their identification in the interstellar
medium and the study of ion-neutral chemical reactions have now become
more attainable than ever.

Cryogenic buffer gas cooling of trapped ions have recently helped to un-
ravel various mysteries in molecular ion spectroscopy. For instance, new
spectroscopic measurements on trapped bucky ball ions (C{,) were used to
confirm their presence in space [31], a nearly century old mystery for astro-
chemists. In addition, the elusive structure of CHZ [32] has been recently
profiled using measurements of rovibrational lines on the molecule.

For experiments involving laser-cooling and ion trapping techniques, a
new level of control of internal quantum state as well as high precision spec-

troscopy have been created. Reactions between laser-cooled atomic ions and



neutral molecules have been investigated and could further explain the mech-
anism of ion-neutral reactions taking place in the interstellar medium. The
observed reactions have produced various molecular ions such as BeH™ [33],
CaH™ [34], CaO™ [35], and MgH™ [29].

Furthermore, the high precision and low noise spectroscopy afforded by
trapped and laser-cooled molecular ions make them promising candidates for
measuring the time variation of fundamental physical constants such as the
electron-to-proton mass ratio [36, 37]. This constant is dependent upon the
rotational and vibrational transitions of molecules according to the following

equations:

Vpot ™~ me/:uROCH (1>

Vyib ™~ V/ me/,U/Rom (2>

where R is the Rydberg energy and p is the reduced mass [38, 39]. Rovi-
brational spectroscopy of crystallized molecular ions was first implemented
on HD" ions in 2006 [40], and many other molecular ions were investigated
thereafter [41, 42].

High precision spectroscopy of molecular ions can also allow the deter-
mination of the electron electric dipole moment (eEDM) [43]. In the quest
to search for the eEDM, molecular ions such as HfF* and ThF* are sought
after. The molecules possess many important advantages including their low
magnetic moment that makes them less sensitive to the magnetic field [44],

their large internal electric fields that increase eEDM sensitivity [45, 46], and



long coherence times for high precision spectroscopy [43]. The measurement
of the eEDM is necessary for the test of time-reversal violation [47] and for

probing physics beyond the Standard Model [48].
1.3.2 New spectroscopy methods

Within the past decade, various new experimental and theoretical meth-
ods have revolutionized molecular spectroscopy. The most remarkable re-
sults were shown on atomic ions using techniques designed for atomic clocks
and quantum information experiments [49, 50]. The precision achieved with
quantum logic spectroscopy experiments [51, 52, 53] is very desirable for
molecular ion spectroscopy in order to achieve the goals mentioned above.
Quantum logic spectroscopy and similar approaches [54, 55, 56, 57, 58] re-
quire measuring the change in motional energy by observing the control ion
fluorescence after the target ion has been excited. Its implementation on
molecular ions requires molecular ions prepared in their motional ground
state as well as in a specific internal state. There has been tremendous
progress on both fronts. Our group has shown the sympathetic sideband
cooling of both axial modes of CaH™ to their motional ground state. A sim-
ilar experiment was later done by Wan et al. [59]. Furthermore, Wolf et al.
recently demonstrated non-destructive rovibronic state detection on a single
MgH™ ion prepared in its ground state [60].

Moreover, precision spectroscopy requires molecular ions with internal de-

grees of freedom prepared in specific states. For specific molecular ions, this



may be achievable by direct laser cooling [61, 62], as has been the case for
neutral molecules [63, 64], but for most molecular ions a combination of cool-
ing methods is required. The internal degrees of freedom have been controlled
using state-selective photoionization [65], optical pumping [66, 67, 68], buffer
gas cooling [69], and sympathetic cooling with laser-cooled neutral atoms
[70]. Optical pumping methods have shown the highest cooling efficiency,
but they require preliminary knowledge of specific transitions in molecular
ions.

For CaH™, the biggest challenge for internal quantum state control is the
lack of experimental spectroscopic data. We have recently measured for the
first time vibronic transitions in CaH™ using resonance enhanced multiphoton
dissociation (REMPD), the same technique that was used to produce new
vibrational overtones measurements in this molecule by our group [42].

The cooling of internal states of molecular ions is also limited by the
rich rovibrational structure which increases the number of repumping lasers
required for direct Doppler cooling and fluorescence detection. BH™ is one
of the few ions that has been identified to have internal structures suited
for Doppler cooling with few lasers [62]. We have shown the trapping of BT
and boron cluster ions produced using laser ablation methods. Our current
results are vital to the future spectroscopy on boron clusters and the trapping
of BH" ions using ablation of NaBH, salts.

Overall, all the challenges to the realization of high precision spectroscopy



of molecular ions can be addressed by the ability to cool to the lowest quan-
tum limit both external and internal degrees of freedom. The former has been
achieved and there is still some work to be done to reach the latter. Both
issues have been the focus of my graduate work, and the results presented
in this thesis are an important part of a new prospect for high precision and

low noise molecular spectroscopy.

1.4 Organization of thesis

The rest of the thesis is organized as follows. Chapter 2 covers background on
cooling and trapping techniques. Chapter 3 gives details on the experimental
methods used to gather all the data. Chapter 4 describes our results on three-
mode sideband cooling of a single Ca™ ion. Chapter 5 reports sympathetic
sideband cooling of CaH™ to the motional ground state. Chapter 6 describes
our newly measured vibronic transitions in CaH™. Chapter 7 presents our
results on the trapping and cooling of boron ions, and Chapter 8 summarizes

the work and discusses current and future experiments.



CHAPTER II

ION TRAPPING AND LASER COOLING

2.1 Ion trapping

Charged particles can be confined in on an axis or a point in space when
moving in a parabolic potential which behaves quadratically in cartesian

coordinates for an electric quadrupole field [71]:
o = %(aaﬂ + By +vz%) (3)
- T2 Yy ,.)/ .

For the charged particle to be trapped at a potential null, the Laplacian

condition (AP = 0) has to be satisfied which means:
a+pB+v=0 (4)

The solution to the equation above yields at least two dimensions having
different signs of potential. This configuration makes it impossible for ions
to be stably trapped solely with static fields because while they can oscillate
harmonically along one axis, their energy will increase exponentially in one
of the other dimensions leading to ion loss. This restriction can be addressed
by using an oscillating field (®, = U+ V coswt) in the z and y dimensions in
which case the equations of motion are governed by Matthieu’s differential
equations:

d2

i + (a +2gcos28)x =0, (5)
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d2
d_gg — (a4 2qcos2&)y =0, (6)

where the ¢ and a factors are shown below:

. 4QU . 2QV ' (7)

2002 2002
mroQnpe mro$dne

The variable () is the charge of the ion while V is the RF amplitude, and
U is the DC bias applied to the RF electrodes. The RF frequency also called
trap frequency is denoted Qgp; m is the mass of the ion, and rq is the trap
radius.

The values of the a and ¢ parameters determine the conditions in which
ions can travel along the z-axis in stable motion, and further confinement
along the z-axis can be achieved with an additional static field. Therefore,
by tuning the RF potential V and the DC bias U, the ions can be mass-
filtered in the trap. In our experiments, no DC bias is applied to the RF
electrodes (a = 0) so as to permit the trapping of wide range of masses. A

stability diagram is shown in figure 2.

2.2 Doppler cooling

In 1978, Neuhauser et al. [15] detected the resonance fluorescence of a few
tens of Ba™ ions in a rf quadrupole ion trap. The same year, Wineland et
al.[16] implemented a similar experiment on the Doppler cooling of Mg?* ions
confined in a Penning trap reaching mK temperatures. The basics of Doppler
cooling can be described using a semi-classical picture that treats the ions

trapped in a rf quadrupole trap as harmonic oscillators unaffected by the
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fast-driven motion of the RF field also called micromotion. In this case, the
velocity of the ion (v = v, coswt) changes on a much shorter timescale than
the absorption-emission cycle of photons by the ions (w < I') [73]. For an
ion oscillating in the trap at room temperature, the absorption of a photon
induces a momentum kick on the ion while the averaged momentum transfer
for the emission process is zero. As a result, the ion experiences a continuous
drag a long the wave vector of the laser beam which effectively lowers the
ion’s velocity.

The radiation force induced on the ion can be expressed as follows:
F = BkTpe, (8)

where I' is the linewidth of the transition, and p.. is the absorption proba-
bility given by:
B s/2

1+s+ (2(5eff/F)2’

Pec (9)

where s is the saturation parameter dependent upon the the Rabi frequency
(Q2) of the transition. The d.5f = § — k- v parameter is the effective detuning
from the transition resonance. It combines the detuning of the laser from the
transition wavelength, 6 = v — v, and the Doppler shift, —k-v. The damping
force experienced by the ion is maximized at d.;f = I'/2, and the lowest
achievable temperature through Doppler cooling is given in the following
equation [74]:

Tp = hl'/2 (10)
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In case of substantial micromotion where the ion is not not located at the
pseudopotential minimum, a combination of DC potentials can be used to
bring it back to the RF null. Details on compensation of excess micromotion

are presented in section 15.

2.3 Sideband Cooling
The Hamiltonian of an ion interacting with laser radiation can be written as:
H=H,+ H', (11)

where H, is the unperturbed Hamiltonian of the ion which can be written

as:
P2 mw?z?

Hy = ——
"7 9m 9

+ %huiaz. (12)
In equation 12, the first two terms describing the kinetic and potential ener-
gies can be rewritten using raising and lowering operators (Hamiltonian for a
harmonic oscillator), and the third term represents the energy of an internal
state of an atom. For a two-level state system of an atom with energy levels

la) and |b), H, can be expressed as follows [75]:

H, = hw(aa’ + %) + %(|a><a|hua + |b)(b|hvy), (13)

where w is the secular frequency of the ion in the trap, and a and a' are
the lowering and raising operators respectively. The part of the Hamiltonian

describing the ion-laser interaction can be expressed as:
H = hQO_x(ei(ka:—uLt) + e—i(kx—z@t)% (14>
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where 0 = pFE/h is the Rabi frequency of the transition, and o, =
o+ ol = |a)(b| + |b)(a| is the transition operator. By taking into account
the time evolution of the internal states, we can use the interaction picture

generated by H, to write the interaction Hamiltonian as:
H[ — eiHOt/hH/e_iHOt/h. (15)

The propagator in the above equation can take the form:
Us = (e~ ™"[a)(al + e""|b) (b]) (e~ (" +2) (16)

upon using the eigendecomposition of the H, matrix (f(A) = Qf(A)Q™),
where A is a diagonal matrix). By combining the last three equations we can

express H; as:
Hy = hQ(e™(@@'2)) (e a) (al + e™*[b) (b]) x
(et ety o () (B] -+ [B)al) (e a){a] + e~ [b) (b]) (e M),
(17)
The equation above yields:

HI _ hQ(eihw(aaT-&—%))(eikace—i(u+l/L)t|a> <b| + e—ikme—iAut|a> <b|+
(18)

efikxei(u+uL)t‘b> <a’ + eikxeiAut‘@ <a’>(67ihw(aaf+%)>7
where v = v, — 1, is the transition frequency and Av = v —vy, is the detuning
of the laser from the transition resonance frequency. The terms in e!®+ve)t

oscillate too fast and can be neglected (rotating wave approximation), and

the expression for H; then becomes:
H; = hQ(eihw(aaT—i-%))(e—ikze—iAyto_ + eikmeiAyto_T)(e—ihw(aaf—i-%))' (19>
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We can also express k -z in terms of the raising and lowering operators using
the following equation:

k-x=mn(a+al), (20)

where n = k4/ % is the Lamb-Dicke parameter, which is a measure of the
spatial extension of the ground-state oscillator wavefunction.
The propagator (e’m“(““f*%)) only acts on the spatial component of the

perturbation Hamiltonian, and it can be shown that:

(eihw(aaT—&—%))eikm(e—iM(aaT+%)) — ein(ae*i“’t-i-aTei“t) ) (21)

By combining equations 19 and 21, the final form of the interaction Hamil-

tonian can be written as:

. —iwt T oiwt i ; —iwt T oiwt ;
HI — (6 in(ae +a'e )6 zAutO_ + em(ae +a'e )ezAutO,T) (22>

At the Doppler cooling limit, the spatial component of the ion’s final
motional state is usually much shorter than the wavelength of the laser. The
ion has therefore reached the Lamb-Dicke regime where n << 1. Here, a
Taylor series of the right hand side of equation 21 truncated at the first

order is appropriate:

einloe™ ™ Hale™) = 1t in(ae™™ + afe™") + O(n?). (23)

Both terms of the interaction Hamiltonian in equation 22 include transi-
tions that change the electronic state of the ion and transitions that change its

motional state. Those transitions that change the motional state correspond
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to sidebands which are the result of the modulation of the laser frequency
by the motion of the ion. In the Lamb-Dicke regime ( n < 1), the excitation
on the red sidebands (RSB) and blue sidebands (BSB) is weaker compared
to the carrier excitation, and their Rabi frequencies can be approximated by
[58]:

Qrsp = n/n, (24)
and

Qpsp =nQvn + 1, (25)

In case where sidebands can be resolved (I' < w), it is possible to choose
a detuning that makes only one sideband is resonant. Therefore, one can
simply excite the red secular sideband continuously in order to lower the
motional state of the ion. Upon excitation, the ion will occupy a higher
electronic state, but a lower motional state, and the emission process on
the carrier transition is the most probable in the Lamb-Dicke regime. In
principle, every absorption-emission cycle reduces the motional state of the
ion by one, and multiple repeated cycles can effectively prepare the ion in its
motional ground state [73].

The final temperature after cooling can also be determined using various
methods, but this review only focuses on two techniques that were employed

in our experiments:

e The mean motional state of the ion can be determined based on ex-

citation probabilities of the red and blue sidebands. In this case, the

16



ion’s ground state population (pg) can be estimated by the ratio of the

sideband peak heights [18]:

PRSB

po=1-— (26)

PBSB

We rely on this technique only after sideband cooling when the ion is
mostly in the motional ground state since it would otherwise result in

high uncertainties in the determined temperature.

To evaluate the temperature after Doppler cooling, one can also make
use of the fact that carrier Rabi frequencies slightly vary with the mean
motional state of the ion. By exciting on the carrier transition with
varying pulse length at constant laser intensity, the excited state pop-
ulation (p.) oscillates in time, and damped oscillations for longer exci-

tation times are observed due to high motional energy [58]:

pe= 51— 3 puncos(@(1 —n))}. (27)

2.4 Sympathetic cooling

For non-fluorescent ions, we can take advantage of their Coulomb interaction

with laser-cooled atomic ions to crystallize them [24]. When co-trapped with

laser-cooled atomic ions, the non-fluorescent species can be sympathetically

cooled to reach the Doppler limit. The cooling efficiency depends on the

rate of interaction and the efficiency € of energy exchange per interaction
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between the laser-cooled species and the non-fluorescent ions [27]. The energy
exchange rate can be expressed as follows:

4r

T

(28)

where r is the ratio of masses of the refrigerant and the laser-cooled ions. The
rate of crystallization of dark ions also depends on their initiial temperature,
and the time it takes to sympathetically cool an initially hot ion can be

approximated as [76]:
me B 427

(29)

Teool =

24my, B’ wy,’
where m, and my, are the masses of the cold and hot ion respectively, E; is
the initial temperature of the hot ion, F¢ is the Coulomb energy between
the two ions, and wy is the secular frequency of the hot ion. The above
equation shows how the method of ion loading into the trap matters when it
comes to crystallization time. For experiments that rely on laser vaporization
techniques, the extremely high initial temperature of the ablation plume can
make it difficult to load ions into the trap. Thus, certain experiments have
precooled the ablated ions with buffer gas before sympathetically cooling
them with laser-cooled ions [77].

For sideband cooling experiments, the secular sidebands of a Coulomb
crystal are shifted from the normal modes of a single ion; therefore, the
appropriate detuning the corresponding normal mode has to be made for
efficient sideband cooling. Further details on sympathetic sideband cooling

are discussed in Chapter 5 of this thesis.
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Figure 1: A stability diagram for a linear rf trap is shown. The dark gray
region corresponds to stable trapping parameters in the x and y directions.
The plot is generated by numerically solving the Matthieu equation using
Hill’s method documented in Ref. [72]. For our experiments we keep the a
parameter at 0 for the trapping and more stability of a wide range of ion
masses. The diagram also shows our current parameters for trapping Ca™
and B* ions. Our ability to stably hold Ca™ ions at such a low Mathieu ¢
value indicates that the residual Mathieu a value is vanishingly small.
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Figure 2: Stability plots for various ion species trapped in our experiments.
The trapping region for each ion is under the curve. The plot is generated by
numerically solving the Matthieu equation using Hill’s method documented
in Ref. [72]. The lighter ions have smaller trapping regions than heavier
ones.
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Figure 3: Linear Paul trap with diagonally opposed RF and DC wedge-
shaped electrodes and 2 mm diameter. The ions are confined in the x — y
plane (transerverse plane of the trap) by a RF voltage and along the z-axis
(trap axis) by a DC voltage. The DC segments can also be used for further
motion and position control of the ions in the trap.

Figure 4: A 4°Ca™ ion pair on a CCD camera is shown.
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Figure 5: Frequency scan of the Sy/5 (m; = -1/2)—D5/, (m; = -5/2) in
10Ca™ showing the carrier (v), the axial sidebands (w,) and radial sidebands
(w, and wy). The cross-peaks (w, —w, ) are also observed.
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CHAPTER III

EXPERIMENTAL METHODS

Two different experimental setups have produced the data presented in this
document. My graduate work has included rebuilding and improving a setup
that has been previously described in detail in reference [78]. The other setup
was slightly modified to fit the experimental needs and the data collection

described in Chapter 5 and it has since been completely rebuilt.

3.1 The Khanyile setup
3.1.1 The Urabe trap

For sympathetic sideband cooling results, we used the Urabe trap, a five-
segment linear Paul trap with » = 0.5 mm previously used for sympathetic
heating spectroscopy experiments [54] and described in detail in [79]. The
RF voltage with an amplitude of 122 V oscillated at 14.426 MHz and resulted
in a secular frequency of 1.419 MHz in the x-direction and 1.475 MHz in the
y-direction for *°Ca* and a Matthieu ¢ of 0.29. All DC voltages were applied
through a low pass filter to reduce the RF pickup on the DC electrodes. We
measured an axial frequency of 568 kHz for *°Ca™ with slightly unbalanced
DC voltages to align the axial RF and DC electric field nulls.

The Urabe trap has some technical advantages. Its small radius allowed
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Figure 6: A schematic of the Urabe trap is shown. The DC electrodes include
three segments that are used for axial confinement of ions and compensation
for excess micromotion [79].

strong confinement of ions with low voltages, and low Matthieu ¢ necessary

for high cooling efficiency are attainable. This trap, however, is slightly asym-

metric which made compensation of excess micromotion a bit challenging.
3.1.2 Vacuum system

The Urabe trap is housed in a 4.5" spherical octagon vacuum chamber with
six windows used for optical access and electrical connections. The pressure
inside the chamber was kept at less than 1x107'! Torr using a Duniway
50L/s ion pump (DSD-050-5125-M) and a Ti sublimation pump (Gamma

Vaccum 360819). An additional mechanical pump was used for differential
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pumping to further reduce collisions of the trapped ions with background

gas.

3.2 The improved Goeders setup

The rest of the experiments were carried out using the Goeder’s trap also
described in further details in [78]. The setup surrounding this trap was
improved upon from its initial version discussed in [80]. No changes, however,
were made to the trap itself. The improvements made to the setup had several

goals to achieve:
e Greater number of accessible viewports for lasers,

e Shielding DC connections from RF pickups for more efficient compen-

sation of micromotion
e Improved computerized control of experiments

e Jon loading using ablation of calcium and boron targets
3.2.1 The Goeder’s trap

The Goeder’s trap is an eleven-segment ion trap with a relatively large radius
(r = 1 mm), which makes it more suited for trapping large Coulomb crystals.
Each segment is 3 mm in width and spaced by 0.5 mm from the next. The
whole trap is extends 86 mm in length. This trap is also equipped with two

compensation rods mounted along the axis of the trap. The electrode blades
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Figure 7: The Goeders ion trap mounted on a steel plate that connects it to
the chamber is shown. The RF and DC electrodes are wedge-shaped and have
a curvature radius of 0.5 mm. The trap structure is held together by four
Macor rods. The small screws visible on each electrode hold them firm onto
the Macor rods. The compensation rods are diagonally opposed and span the
whole length of the trap. The top one is used for compensation for excess
micromotion while the bottom one is grounded. A reversed configuration
would also work. The voltages are applied on these rods are in the range of
50 V in magnitude and are relatively high because of the shielding caused by
the RF electrodes.

are mounted to two stainless steel frames by four Macor rods as shown in

Figure 7.
3.2.1.1 RF electronics

The trapping RF signal is generated by a function generator (BK Precision
4087) and amplified by a RF amplifier (Bruker BLAX300RS), which couples

the voltage signal into a helical resonator. The helical resonator filters out
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harmonics and matches the impedance. For the experiments described in this
thesis, RF voltage oscillates at 19.35 MHz, a frequency high enough for low
Matthieu ¢ values (lower than 0.1) necessary for trapping boron and boron
hydride ions.

The amplified voltage from the resonator is applied to the RF electrodes of
the trap through two-pin copper feedthroughs (Kurt J Lesker EFT0123053).
A pair of 20 gauge Kapton insulated high-voltage wires (Accu-Glass 112716)

connects the feedthroughs to the RF electrodes of the trap.

3.2.1.2 DC electronics

A new DC voltage system was built to allow computer-controlled voltage
adjustment, and future automated compensation for micromotion. The DC
potentials for all eleven electrodes are controlled by a Labview program and
converted to analog signals via a digital to analog converter (DAC) board
(Analog Devices EVAL-AD5370). The converted signal is amplified by a
25-channel amplifier to meet the voltage needs up to 70V per channel. The
DC voltage goes through a low-pass filter board connected directly to the
chamber. A DB-25 connector (Accu-Glass 100460) bridges the filter board
and the vacuum system through Kapton-insulated wires (25 AWG, Accu-
Glass 100761), which send voltage waveforms to all 22 DC electrodes of the
trap.

The RF voltage used for motional resonance experiments is capacitively

coupled to the middle top DC electrode of the trap. An injection board for
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Figure 8: Schematic representation of the waveform applied on each elec-
trode of the Goeders trap. Voltages on electrodes 5 and 7 confine the ions
axially in the trap center and are of different magnitudes due to the asym-
metry of the trap. Outer electrodes are used to avoid additional trapping
regions. We use low confinement voltages particularly for experiments involv-
ing large Coulomb crystals. The middle electrodes are used for compensation
for excess micromotion.

this signal bypasses the filter board and sends the signal generated by a direct
digital synthesizer (DDS) (Analog Devices AD9959) and amplified by a low
noise RF amplifier (Mini Circuits TTA-1000-1RS).

3.2.2 Vacuum system

The vacuum system for this setup consists of a larger (8") vaccuum chamber
(Kimball Physics MCF800-SphOct-G2C8) with eight windows used for op-

tical input and electrical connections. Five of the six side viewports ( Kurt
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Female socket contact

Kapton-insulated wire

Figure 9: A view of inside the chamber through one of the viewports shows
various electrical connections. Female socket contacts were crimped onto
Kapton-insulated wires and connected to each trap electrode. The calcium
oven is also shown with barrel connectors used to hold the oven and connect it
to electrical feedthroughs. The oven consists of a thin stainless steel tube 0.1
in in diameter with 0.002 in thick walls that is crimped on one end and filled
with elemental calcium metal through the other end. One wire is wrapped
on the open end and the other wire crimped on the closed end. This type
of oven provided good collimation of the neutral calcium flux and required
lower current.
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Lesker VPZL-275) as well the top glass (Kurt Lesker VPZIL-800) are Kodial
glass reserved mainly for UV /Visible photon transmission. The other side
viewport made of CaFy was reserved for future IR laser input. The main
chamber sits on a 4.5" five-way cross (Kurt J. Lesker C5-0450). One end
of the cross connects to a 55L/s diode ion pump (Varian 9191320), and an
other end holds the feedthroughs used for DC connections. The rest of the
cross is connected to two 2.75" nipples holding a titanium sublimation pump
(Gamma Vaccum 360819) and an ion gauge (Duniway [-NUDE-F).

An additional mechanical pump is used for differential pumping when hy-
drogen gas is added to the chamber. While the ion pump is always running,
the titanium sublimmation pump is only occasionally turned on to decrease
the pressure of background gas molecules especially when collision-induced
heating on trapped ions surges. Furthermore, the use of the titanium sub-
limation pump is kept at a minimum to maximize its lifetime. Pressures of

1x1071° Torr are typical in this system.
3.2.3 Fluorescence detection and ion imaging

For this setup the photon detection system consists of a home-made lens stack
for photon collection, a CCD camera for imaging (Princeton Instruments
Cascade 1K), and photomultiplier tube for photon counting ( Hamamatsu
H7360-02 PMT). The 397 nm photons from Ca' ions go through a narrow
band filter to reduce background. The lens stack with a numerical aperture

of 0.25 is mounted 5 mm from the top viewport of the chamber and collects
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Figure 10: The chamber assembly is shown. The main chamber sits on
a five way cross that also holds the ion pump, the DC feedthroughs, the
titanium sublimation pump, the all-metal valve, and the ion gauge. Kodial
glass side viewports used for laser input and additional feedthroughs are
connected to the main chamber. The manual leak valve used for as a gas
inlet is also shown. The titanium sublimation pump is used occasionally to
reduce excess background gas, and the ion pump is kept on all the time to
maintain UHV pressures of around 1x107' Torr. It is connected to a dual
ion pump controller which also registers the pressure inside the chamber.
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the fluorescence of the trapped ions. The ions’ fluorescence is then focused
onto an iris used to reduce background scatter. Due to limited vertical space,
we use a mirror before the iris to reflect the fluorescence horizontally. An
additional lens located at 37 mm from the iris is used for further magnification
and forms the image of the ions onto the camera. A large fraction of the
fluorescence (70 %) goes to the PMT after the beam splitter.

The photon detection system is one of the components of the setup that
was modified from the previous setup described in [78]. The major changes
include the horizontal configuration, additional relay lens, and swappable
filter mount. The previous system had to be taken apart to replace filters,
and there was no easy control on the amount of light transmitted. The 2-D
adjustable iris was added to allow the viewing of either large crystals or a

single ion with very low background.

3.3 Computer control

All the experiments described in this thesis required some level of automa-
tion using a computer for fast data collection and analysis. One computer
was used to control a direct digital synthesizer (DDS) used to generate an
oscillating voltage. The AC signal from the DDS controls acoustic-optical
modulators (AOM) that switch various laser beams. The DDS is switched
by a field-programmable gate array (FPGA) board. This board is also re-

sponsible for the timing of experiments and counting fluorescence.
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Figure 11: A schematic shows the fluorescence detection setup. The ions lo-
cated in trap center emit photons that are collected by the lens stack mounted
5 mm above the top window of the chamber. The lens stack firstly forms the
image onto the iris and a f = 30 mm lens sends the fluorescence to the PMT
and CCD camera through a 397 nm filter.
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Figure 12: The laser system used for ionization of Ca and the laser cooling
of Cat ions is shown. Each laser beam is transported to the experiments
using an optical fiber.

3.4 Lasers

Our laser system consists of lasers used to ionize neutral Ca and to cool
40Cat ions, a HeNe laser used as a frequency reference, a Ti-Sapphire laser
(Coherent Mira 900) used for the spectroscopy of CaH™ ions, and a frequency-
tripled YAG laser (Continuum minilite IT) used for ablation loading.

All the lasers used for the ionization and the cooling of Ca™ ions are
external-cavity diode lasers (ECDLs) preferred for their narrow linewidths
and lower cost. Doppler cooling lasers and the 854 nm laser used for sideband
cooling are frequency-stabilized to a scanning cavity stabilized by the He-
Ne laser. For more details on this cavity system, the reader is referred to

reference [79]. The laser is system is shown in figure 12.
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For the 729 nm laser, a high finesse cavity is used to narrow the laser
linewidth necessary for resolved sideband measurements. The laser is locked
to the cavity using a Pound Drever Hall (PDH) scheme. The finesse of this
cavity is around 100,000, and the linewidth of the laser is lowered to less than
1 kHz. A Toptica Fast Analog Circuit (FALC) sends feedback to the laser for
frequency adjustments. We have also acquired an EagleYard tapered ampli-
fier (TA)( Eagle Yard EYP-TPA-0735-00500-3006-CMT03-0000) to generate
more 729 nm power. The TA has its own temperature (Thorlabs TED 200
C) and current (Thorlabs LDC 240 C) controllers, and it is kept at 19.5 °C
for optimal power output.

The temperature control system of this diode was built based on a design
from the Kuzmich Lab. The diode is held by a Thorlabs cage plate which
is mounted to an aluminum base. A thermoelectric cooler (TEC) connected
to the temperature controller stabilizes the temperature of the diode, and
is also connected to an aluminum heatsink. A fan is mounted on the top
of the heat sink to avoid overheating. The temperature is measured using
a thermistor which is also connected to the temperature controller. The
operational current is 1.5 A, but lower currents are preferable to maximize
the lifetime of the diode. High powers are necessary to induce stimulated
emission in the device and thus provide amplification, so our TA is seeded
with 20 mW of power, and it is able to output 500 mW. However, the TA
high output power can generate optical feedback into the master laser and

destabilize the lock. To avoid this problem, we used a Conoptics Model 716
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Figure 13: The setup used for the spectroscopy of CaH™ ions and the trap-
ping and detection of BT ions is shown. The optics around the chamber
combine and steer the beams onto the axial and radial axes of the trap. The
helical resonator is used as an amplifier and filter for the RF voltage used
to trap ions. The Helmholtz coil on top of the chamber generates a mag-
netic field of a few Gauss used to split the Zeeman levels in Ca™. We use
the manual leak valve (Kurt J. Lesker VZLVM267) to add hydrogen to the
chamber.
double isolator with 60 dB of isolation. An additional isolator is used to
protect the TA from back reflections.

For laser ablation experiments, we used a 355 nm nanosecond YAG laser
(Continuum Minilite II) is focused onto the target through one of the axial

viewports. Our Ti-Sapphire laser is frequency-doubled using a 0.1 mm thick

Foctek BBO crystal for the spectroscopy of CaH™ ions.
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3.5 Trapping of Ca’ ions and compensation of excess
micromotion

3.5.1 Vaporization of neutral Ca and beam alignment

The trapping of single atomic ions requires the sublimation of Ca metal
using a stainless steel oven described in the previous section. Neutral Ca
vapor can be detected by looking at the fluorescence of Ca atoms excited by
a 423 nm laser. Initially, the laser beams used for ionization and ion cooling
are coaligned both along the trap axis and at 45° from the trap axis. To align
the beams to the trap center, they are moved both vertically and horizontally
to the edges of the trap or chamber viewports and fixed at the intersection
of the two directions. This method is effective of 3D traps and requires the
beams to be aligned on a distant wall.

After the initial alignment process, the search of neutral Ca fluorescence
follows. The crossing point of the axial and radial beams detected on the
camera should be very close to the trap center. At this point, the search for

ions can begin.
3.5.2 Compensation for excess micromotion

The cooling efficiency of trapped ions can be substantially reduced the ion’s
excessive motion when it’s synchronized with the RF oscillation of the trap.
Various stray fields in the trap, trap asymmetries, and any phase between
between RF signals applied on trap electrodes can push the ion from the

pseudopotential minimum. Stray electric fields are usually the result of the
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Figure 14: The neutral Ca fluorescence induced by the 423 nm laser is
shown. The Ca oven is run hotter than normal to observe enough fluores-
cence. Initially, the two beams are aligned to the trap center by moving them
vertically and horizontally and finding middle points. The camera is aligned
to where the two beam cross, and the trapping of ions can follow.
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photoelectric field on the trap electrodes especially when they have been
coated with calcium, which has a relatively low work function. This effect
can be observed when UV photons used for ionization or ion cooling hit the
trap. In addition, imperfections in trap symmetries can tilt the potential
thus shifting the minimum from the expected point. Phase shifts between
RF voltages on trap electrodes are also a source stray fields that cause excess
micromotion. These shifts can result from a difference in thickness or lengths
of the two trap wires or in electrode size.

In our experiments, these phase differences are minimized by choosing the
same length for RF wires and by shielding both the wires and the electrodes
from coating by calcium metal. To detect and eliminate excess micromotion,

we employ two methods that are usually iterated.
3.5.2.1 The averaged-ion position technique

This method uses the image of the ion to monitor its position as the RF
amplitude is changed. The direction in which the ions need to be moved to
reach the RF null corresponds to the direction they move upon increase of
the RF amplitude. A DC voltage applied to a center electrode of the trap is
used to move ions in the appropriate direction for micromotion compensation.
The compensation voltage is tuned until the ions remain still on the camera
when the RF potential amplitude is changed. This technique is rather coarse

and needs to be combined with the photon correlation technique.
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3.5.2.2  The photon correlation technique

Excessive micromotion happens when the ion’s motion synchronizes with the
trap RF field which engenders large Doppler shifts that can be detected on
the PMT signal. When the ion is not located in the trap center in one of
the radial directions, it unevenly experiences an oscillating force induced by
the oscillating field which pushes it back and forth in the direction of the
cooling beam. This motion induces Doppler shifts, and if the PMT counting
is synchronized with the RF drive, the correlation between the fluorescence
level and the RF field direction can be detected. By applying a DC voltage
on the top compensation rod, the ion can be pushed towards the center
to minimize the unevenness in fluorescence. The micromotion can also be
detected by looking at the phase between the RF signal and the arrival of
the photons on the PMT. A constant phase is a sign of high micromotion
while a highly-varying phase is indicative of a well-compensated trap. The
fluorescence modulation method is also applicable to the elimination of excess
micromotion in the axial direction of the trap [81]. Figure 15 shows the
photon correlation data from the PMT when different voltages are applied
to the top compensation rod of the trap.

Elimination of excess micromotion using the methods outlined above is
required for daily operation and is achievable for long chains of ions, an ad-
vantage afforded by linear Paul traps. For the Goeders trap, little daily vari-

ation in compensation voltages has been observed, and this property makes
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Figure 15: The fluorescence signal is recorded as a function of photon arrival
time. The PMT data is sampled by a 300 MHz clock synchronized by the RF
signal. (a) One can observe unevenness in fluorescence which indicates that
there is correlation between the photon arrival time and the RF oscillation.
(b) The trap is compensated and there is no correlation between photon
arrival time and RF oscillation. (c) As the voltage is decreased past the
compensation point, a phase change occurs, and there is correlation between
photon arrival time and RF oscillation again. The slow drop-off at the longest
times is caused by the fact that the clock speed is at the limit of the FPGA
clock.
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it a reliable system for both high precision experiments requiring sideband

cooling, as well as experiments involving large Coulomb crystals.
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CHAPTER IV

THREE-MODE SIDEBAND COOLING OF A
SINGLE “Ca’ ION

As previously mentioned, direct laser cooling methods are difficult to imple-
ment on molecular ions due to their lack of closed transitions. As a result,
most molecular species require sympathetic cooling to reach temperatures
where precise spectroscopy methods can be done. For CaH™, the most ef-
ficient refrigerant ion is *°Ca™ because the Coulombic interaction is strong
due to mass similarities. We therefore implemented the ground state cooling
of all three modes of motion of a single “°Ca’ ion as a step towards the
sympathetic sideband cooling of CaH™.

The system used for this experiment is outlined in reference [78] and is
similar in many ways to the setup described in the previous Chapter. Both
Doppler cooling lasers (397 nm and 866 nm) were co-aligned with the photo-
ionization lasers as well as the 854 nm laser used to deshelve the ion during
sideband cooling. The 729 nm laser beam used for sideband cooling was sent
into the trap at a 45° angle from the trap axis. A magnetic field of of a few
Gauss perpendicular to the axis and the 729 nm polarization was used to

split the Zeeman levels.
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Figure 16: A diagram shows the transitions used to Doppler cool and side-
band cool Ca,.. Doppler cooling is achieved by using the 397 nm laser and the
866 nm laser to repump the D3/, metastable state. Sideband cooling takes
place on the quadrupole 729 nm transition and uses an 854 nm repumper to
bring the ion back into the ground state.
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4.1 State detection

The electronic state of the ion was detected based on the fluorescence of the
ion. Once excited to the metastable Dj /5 state, the ion becomes dark and can
be distinguished from its ground state by using the histogram shown in figure
17. Low fluorescence counts indicate that the ion is not being excited from
the ground electronic state by the 397 nm cooling laser. The population
of the D5/, state was measured as the number of dark events (below the
bright ion fluorescence threshold) registered out of 200 measurements. The
ambiguity between bright and dark events was further reduced by multiplying

the fluorescence counts of consecutive measurements.

4.2 Optimization of Doppler cooling

To efficiently cool all the the ion’s normal modes, we optimized Doppler
cooling by varying the 397 nm cooling power and frequency. Optimal Doppler
cooling was at relatively low powers and at frequencies 11 MHz detuned
from resonance. A 729 nm scan on the carrier transition shows Rabi flops or
population oscillations between the two electronic states as the interaction
time is varied. To evaluate our Doppler cooling efficiency, the Rabi scan was
fitted to the following equation [58] which approximated the thermal state

pp(t) of the ion:

1 cos(29t)(1 — x cos(2Qptn?)) + x sin(2Q0t) sin(2Qtn?)
n+1 1 + 22 — 2z cos(2Q0tn?)

),
(30)
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where () is the Rabi frequency, x is the ion’s displacement and 7 is the final

number of quanta after Doppler cooling.
4.3 Spin polarization

We used the 4S;,,— 3Ds/2 to sideband cool the ion. With the Zeeman
levels lifted, the ion needed to be prepared in one of the spin states of the
electronic ground state before initiation of the cooling process. Excitation
on the Sy/5 (m; = +1/2)—D5/, (m; = -3/2) transition prepared the ion in
the Si)p (m; = -1/2) Zeeman state. During this process, the 729 nm laser
shelved the ion for a few us into the D5/ (m; = -3/2) metastable state, and
then the 854 nm was used to deshelve the ion. The cycle was repeated a few

times to reach a > 99% population in the Sy, (m; = -1/2) Zeeman state.

4.4 Sideband cooling

The sideband cooling scheme proceeded by first Doppler cooling the ion for
500 ps with the 397 nm laser detuned 10 MHz from resonance and then
continuously exciting with the 729 nm laser on the axial or radial sidebands
for 2.4 ms with the 854 nm laser on. Each cooling cycle was preceded by a
spin polarization phase, which was alternated with the cooling and repeated
every 40 us. After cooling, the two-ion crystal was probed with the same
technique used to measure motional sidebands. The average motional quanta
after cooling is determined through the ratio of the heights of the red and
blue sidebands [18].
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We achieved a mean motional state of @, = 0.046 £ 0.02 (T,=11.2 £
0.003 uK ) in the axial direction , and 7y =0.33 £ 0.092 (T,=79.4 £+ 2.3 uK)
as well m, =0.32 £ 0.025 (T, =77.0 £ 5.8 uK ) for the radial directions. The
less efficient cooling observed in the radial direction could be due to excess
micromotion. This experiment was carried out using the Goeder’s trap before
the setup was rebuilt. At the time of this data collection, compensation for
excess micromotion became unusually difficult due to a phase between the
two RF electrodes [81]. The potential cause of this phase was the coating of
one of the RF wires by the Ca oven, and this problem was one of the reasons

the setup had to be rebuilt and modified.
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Figure 17: A histogram shows the fluorescence distribution of a bright ion
and a dark ion. Below a given threshold the ion is considered excited to the
Dj/, state (shelved).
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Figure 18: A Rabi scan on the 4S; ,— 3Dy, transition carrier fitted to equation
30 is shown. In this scan, Doppler cooling reaches 13 quanta which is low enough

to initiate sideband cooling.
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Figure 19: Optical pumping into the Sy, (m; = 41/2) spin state is shown.
In this figure, 5 excitation cycles on the S;j (m; = +1/2)—Ds/ (m; =
-3/2) transition are enough to fully prepare the ion in the desired spin state.
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Figure 20: Measurement of the Sy, (m; = -1/2)—Ds/p (m; = -5/2) first-
order sidebands for the “°Ca* ion by electron shelving. Red and blue side-
bands are fit to a Gaussian of the same width but variable amplitude. Com-
parison of sideband heights yields an average mode occupation of 7, = 0.046
+ 0.02 (T,=11.2 £ 0.003 pK) for the axial mode and 7, =0.33 £ 0.092
(T,=79.4 £ 2.3 uK) as well as m, =0.32 £ 0.025 (T,=77.0 £ 5.8 uK) for

the radial modes.
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CHAPTER V

SYMPATHETIC SIDEBAND COOLING OF CaH™

This chapter is based on the following article:

R. Rugango, J. E. Goeders, T. H. Dixon, J. M. Gray, N. Khanyile, G.
Shu, R. J. Clark, and K. R. Brown, New. J. Phys. 17, 03009 (2015).

With the ground state cooling of a single Ca™ implemented, sympathetic
sideband cooling of molecular ion motion to the ground state is one step
closer. The Urabe trap had to be used for this experiment because of the

faster reaction between Ca® and Hy that were observed with this setup.

5.1 Trapping of the Coulomb crystal and normal
mode measurement
Initially, we trap two 4°Ca™ ions and H, gas is leaked into the vacuum cham-
ber using a manual leak valve (Kurt J. Lesker VZLVMO967) (figure 29a). The
reaction between °Cat and H, is photo-activated by exciting the “°Ca™ ion
from its 45/, ground state to the 4P/, state [34]. A reaction with one of
the atomic ions occurs typically five min after the addition of Hy gas at pres-
sures around 5x 1077 Pa. After the reaction , the newly formed dark CaH*
molecule is sympathetically cooled through its Coulombic interaction with

the remaining “°Ca* ion.
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Figure 21: The experimental setup including the vacuum chamber and the
trap is shown. The magnetic field of 1.4 Gauss is perpendicular to the trap
axis and the direction of the lasers. DC connections include compensation
voltages, endcap voltages, and oven current.
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Figure 22: (a) One “°Ca™ reacts with H, to make “°CaH™ which is not
fluorescent. (b) The experiment sequence begins by Doppler cooling the
two-ion crystal followed by optical pumping and sideband cooling cycles.
After sideband cooling, we perform electron shelving measurements on the
motional sidebands and detect the atomic state.

The motional modes of the Coulomb crystal are precisely measured by
exciting the 45, /,—3D5/, quadrupole transition with the 729 nm laser and
counting the number of electron shelving events [82]. With the 729 nm laser
aligned in the axial direction, only the axial motional modes of the crystal
can be detected. These modes correspond to a harmonic movement of the
two ions in phase, also called the center of mass mode (COM), and out of
phase, the breathing mode (BM).

The secular frequencies of the two-ion crystal are related to the axial
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motional frequency of a *°Ca* ion by
vi=[(1+p) £ V1—p+pr, (31)

where the v_ and v, correspond to the COM and BM respectively, 1 is
the secular frequency for a single ion, and p is the ratio of the mass of the
reference atomic ion to the mass of the second ion. This relationship can be
used to determine the mass of the molecular ion [30, 78] and deviations from
this relationship can be used to measure stray electric fields [49, 78]. The
measured COM frequency is 563 + 4 kHz while the BM frequency is 976 +
1 kHz. This is in good agreement with the expected values of 564 kHz and

978 kHz and inconsistent with other possible molecular species.

5.2 Sideband cooling

The sideband cooling scheme is similar to the one used on a single ion. The
729 nm excitation alternates between the red first order COM and BM side-
bands for 6 ms with the 854 nm laser on. During the cooling process, the
ion crystal occasionally suffers from collisions with residual background gas.
Collisions during the sideband cooling procedure will melt the crystal and
result in temperatures far above the Doppler cooling limit. Cooling lasers
close to resonance may not completely bring the crystal back to tempera-
tures near the Doppler limit within the normal cooling period. Collision
events are detected by observing below normal fluorescence during the reg-

ular Doppler cooling stage. After detection of a collision, a short frequency
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Figure 23: Measurement of the Sy, (m; = -1/2)—Ds/y (m; = -5/2) first-
order axial sidebands for the 4°Ca*- 4°CaH* crystal by electron shelving.
Red and blue sidebands are fit to a Gaussian of the same width but variable
amplitude. The hollow circles correspond to the Doppler cooling results, and
the full circles are the sideband cooling data. Comparison of sideband heights
yields an average mode occupation of ncom = 0.09 + 0.04 for the center of
mass mode and ngy = 0.06 £ 0.03 for the breathing mode.

chirped Doppler cooling pulse is applied that recrystallizes the ion chain and
achieves the desired initial temperature for performing sideband cooling. We
discard the electron shelving data recorded coincident with the collision event
from out final data set.

The experiment starts by optimizing the ground state cooling of a single

atomic ion. After Doppler cooling, the sidebands are approximately the
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same height. The temperature is measured to be 7' = 0.75 mK using the
carrier Rabi oscillation decoherence method [58, 83|, which is close to the
Doppler cooling limit of 7' = 0.53 mK. Sideband cooling is performed on the
axial mode and M,y. = 0.1 is typically achieved as measured by the peak
height comparison method [18]. Ground state cooling of the motion in three
dimensions was not achieved due to an unusually high radial heating rate.
We were only able to cool to Tiagia = 1 corresponding to 30% population
in the ground state. This could be due to residual micromotion or stronger
coupling between the fluctuating electric fields and the radial direction.
Our molecular ion results are presented in Fig. 23. After sideband cool-
ing, we observe that the red peak height is greatly suppressed relative to the
blue peak height. Peak height comparison reveals ncoy = 0.09 £ 0.04 and
nem = 0.06 = 0.03. To determine the temperature, we match the expected
occupation of the oscillator as a function of temperature with the measured
occupation. We find Toomy = 12.6 + 0.02 uK and Tgy = 18.5 £ 0.01 ukK,
which is more than a factor of 3 below the Doppler cooling limit. The pre-
sented data is typical and similar results were seen even when imperfect

compensation resulted in a shifted breathing mode frequency [49, 78].

5.3 Sideband cooling results

The sideband cooling results are an important step towards the implemen-

tation of quantum logic spectroscopy [51] or photon-recoil spectroscopy [57].
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These techniques are limited by trap heating which acts as unwanted back-
ground that could mask the signal. For our current experiment, we measure
a single ion background heating rate of 0.1 quanta/ms comparable with other
experiments in similar scale traps [84]. The heating rate of the atomic and
molecular ion on the center of mass mode was 0.3 quanta/ms. If this mode
is used for spectroscopy, the heating rate provides an idea of how quickly the

molecular ion must absorb or scatter photons to have a detectable signal.

5.4 Summary

We have shown sympathetic sideband cooling of *°CaH* co-trapped with a
40Cat ion. We achieve <16 uK translational temperature for a molecular
ion by demonstrating the sideband cooling of both axial modesThe similar
masses of °CaH* and “°Ca®™ maximizes the sympathetic cooling efficiency
[24]. However, this method is general and can be extended to any combina-
tion of two ions with p between 0.2 and 5 [85]. As an example of the range of
the technique, the sympathetic ground state cooling of an amino acid (57-186
amu) by Ca™ or small peptides containing up to ten amino acids by Yb™ is
possible.

The sideband cooling of molecules enables the high precision spectroscopy
of molecular ions required for tests of fundamental physics. Our experiments
make possible the measurement of rovibrational lines of “°CaH™* to search
for time variation in the ratio of the mass of the electron to the mass of the

proton [36]. For these experiments, only a single, well-cooled normal mode is
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required, and our observation of the near ground-state cooling of both axial

modes of motion is more than sufficient.
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CHAPTER VI

VIBRONIC SPECTROSCOPY OF CaH"

This Chapter is based on the following article:

R. Rugango, A. T. Calvin, S. S. Janardan, G. Shu, and K. R. Brown,
ChemPhysChem 17 (2016).

The large rotational constants of diatomic hydrides [66, 67, 68, 69] which
slows blackbody rethermalization after rotational cooling combined with
the availability of atomic coolants of similar masses make these molecular
ions particularly well-suited to high precision spectroscopy measurements.
Homonuclear diatomic molecular ions allow almost complete decoupling from
blackbody radiation and are also a promising route towards tests of funda-
mental constants [86, 87, 88].

The detection of neutral CaH radicals in sun spots [89] suggests possible
solar presence of CaH*. However, the spectroscopy vital to the detection
of this molecular ion has been absent in contrast to other neutral metal
hydrides. Short storage times and weak absorption and dispersion signals
[90] pose intrinsic challenges to molecular beam spectroscopy, a limitation
that has contributed to the lack of experimental data on CaH'. Within
the last few decades, new trapping and laser-cooling techniques have made

it possible to generate metal hydride ions with quantum state-controlled
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chemical reactions between laser-cooled trapped atomic ions and molecular
hydrogen [29, 34, 91]. These techniques have created a new opportunity for
the spectroscopy of CaH™ with the observation of a dissociative electronic
transition [92] and ground state vibrational overtones [42].

Apart from being of astronomical interest, CaH™ has much potential as
a candidate for testing the time variation of fundamental physical constants.
Vibrational and rotational transitions in molecules have different dependen-
cies on the electron-to-proton mass ratio, \/m and m./m,,, respectively
8, 38, 39]. By comparing these transitions within one system, many sys-
tematic errors can be canceled. It has been previously proposed that the
uncertainty in rovibrational frequency measurement in CaH™ is on the order
of the predicted astronomical time variation of m./m, [93].

Despite the lack of experimental data, CaH™ spectroscopy has been the
subject of many previous theoretical studies. Ab initio calcuations of vibra-
tional dipole moments of metal hydrides [94] by Abe et al., and subsequent
calcuations of potential energy curves of the electronic ground and excited
states of the CaH™ [36, 95] have offered theoretical guidance for our experi-
ments. We report our measurement of the 1'3 — 2! vibronic transitions

by resonance enhanced dissociation between 370 nm and 421 nm.

61



6.1 Resonance enhanced multi-photon dissociation
(REMPD) of CaH" ions

The setup used in this experiment was described in section 3.2. Photoioniza-
tion of sublimed neutral Ca allows the trapping of a few hundred Ca™ ions.
Addition of Hy gas to the vacuum chamber through a manual leak valve
promotes the formation of CaH™ through photo-activated reactions between
Ca™ and Hy. Upon addition of hydrogen gas, the pressure in the cham-
ber goes from 1.2x107! Torr to around 3x107® Torr. At these pressures,
decrease in fluorescence on the photomultiplier tube (PMT) (Hamamatsu
H7360-02) accompanied by the darkening of a large part of the Coulomb
crystal on the CCD camera (Princeton Instruments Cascade 1K) indicates
50 to 100 reactions within a few minutes. The molecular ions are excited
using a frequency-doubled Ti:sapphire laser. We achieve a 10% efficiency in
laser power after doubling the IR beam through a 0.1 mm thick Foctek BBO
crystal. The doubled beam enters along the trap axis, and dissociation of
the molecular ions is detected by the increase in fluorescence, as well as the
reappearing of the bright Ca™ ions . Figure 24 outlines the transitions used
for Doppler cooling Ca* ions.

The frequency-doubled Ti:sapphire is tuned between 370 and 421 nm.
Theoretical calculations predicted [36, 95] that the 1Y — 2% transition
would occur in this range, Figure 24. The bandwidth of pulses is measured

for different wavelengths by an Ocean Optics spectrometer (model HR2000+)
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Figure 24: The three lowest '3 potential energy curves for CaH™' are shown
[36]. We measure vibrational lines using resonance enhanced dissociation.
The first photon excites the molecules on the 1'Y¥ — 2'3 transition. A
second photon could then dissociate the ion. The atomic asymptotes of the
plotted molecular potentials lead to Ca*t in different electronic states and
H in the ground state. A simplified Ca™ energy level diagram shows the
states involved in Doppler cooling and how they correspond to the limits of
the molecular states (energy not to scale) . The 397 nm laser is the main
Doppler cooling laser and the 866 nm laser repumps the metastable D/
state.

and corresponds to a pulse length of 300 fs. The power is maintained at 20
mW for all wavelengths.

We measured the spectrum by repeatedly exciting the ions for 4 ms before
detecting the fluorescence on the PMT for 2 ms as shown in Figure 25. The
photon count is recorded as a function of time and the data is fit to a first

order reaction rate equation to deduce the dissociation rate:

Ay = Ay — (Asg — Ag)e TV, (32)
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Figure 25: a) Coulomb crystal containing a few hundred Ca™ ions react with
H, to make 50 to 100 CaH™ ions. The reaction is indicated by the darkening
of the left side of the crystal. The asymmetry seen in the Coulomb crystal
is due to the 397 nm radiation pressure on Ca™ ions. b) The pulse sequence
used to dissociate the molecular ions is shown. The Doppler cooling lasers
remain on to avoid ion heating and losses. An AOM switches the dissociation
beam.

where A; is the fluorescence at time t, A, is the steady-state fluorescence
after dissociation, I'(A) is the wavelength dependent rate, and Ay is the initial
fluorescence. An acoustic-optical modulator (AOM) switches the excitation
beam on and off, but the wavelength is scanned manually. Figure 26 shows

example fluoresecence data for two different excitation wavelengths.

6.2 The vibronic spectrum

The spectrum acquired is based on the dissociation rate and we measured the
four vibronic transitions shown in Figure 27. Every single point is an average

of five measurements. These rates are repeatable for every wavelength with
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Figure 26: The measured fluorescence recovery curves for excitation at 395.5
nm and 397 nm are shown. The data is fit with a single exponential (Equa-
tion 32) and the fluorescence is normalized to the steady-state fluorescence
parameter, A, from the fit.
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Table 1: Comparison of experimentally measured vibronic transition fre-
quences, 1 'X(v = 0) — 2 '3(v'), and theoretical calculations. Experi-
mental peaks were assigned based on agreement with theoretical predictions.
With this assignment, the transition to v = 0 was not measured and the

experimental value is extrapolated from the measured peaks ( Equation 36)
/

v Voo
CASPT2 [96] CPP-CI [97] Experiment

0 23887 23826 (23828)

1 24674 24594 24624 £ 13

2 25449 25330 25399 £ 19

3 26206 26067 26156 £+ 14

4 26942 26782 26891 + 6

low standard deviation between experiments as shown in the plot. To avoid
variations in raw fluorescence data, we preferred using larger crystals than
ion chains with the dissociation beam aligned along the axis of the trap for
more homogeneous dissociation across the crystal.

Future single-molecule experiments could be performed in the same fash-
ion as in Ref. [42]. For these experiments a single molecular ion would be
cooled using one or two atomic ions. The dissociation laser would be ap-
plied and the time to dissociation measured. An average dissociation rate
for each excitation wavelength is determined by collecting statistics from a
series of single molecular ion experiments. The rate of data collection is
slow compared to the large crystal approach used in this paper, but the high
signal-noise ratio of the single molecular ion experiment can be advantageous
for measuring slow dissociation rates.

We assigned peaks based on theoretical predictions in the literature using
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Figure 27: The dissociation rate as a function of excitation wavelength. The
error bars are standard deviations over the five measurements. A model that
assumes the dissociation rate is limited by the absorption of the first photon
is used to plot the theoretical curves and to find the experimental fit. The
theory model is based on CASPT2 [31] but all peaks are red shifted by a

constant 50 cm™!.

67



a complete-active-space approach (CASPT2) [96] and a core pseudopotential
- configuration interaction approach (CCP-CI) [97]. The CASPT?2 transi-
tion frequencies are blue-shifted and the CCP-PI transition frequencies are
red-shifted relative to the data, Table 1. The CASPT?2 predicted transition
frequencies differed from the measured transition frequencies by a consis-
tent ~ 50 cm ™!, which is well within the expected theoretical error based
on differences between the calculated asymptotes and the measured atomic
spectra of &~ 100 cm™! [98]. The difference between the CPP-CI transitions
and the measured transitions was less consistent and varied between 30 and
110 em~!. Using this assignment, the 13, v = 0 — 2%,/ = 0 transition
was not observed. The experimental peaks showed the expected asymmetry

for a system with a smaller rotational constant in the excited state.

6.2.1 Theoretical model for estimation of experimental parame-
ters

In order to determine the bare vibrational frequency, we modeled our pre-
dicted spectra assuming the ion starts in the ground electronic and vibra-
tional state, but a thermal distribution of rotational states. We truncate the
rotational states at J = 15 which is expected to only have a population of
0.003% at room temperature. We then calculate the excitation rate using
Einstein B coefficients and the spectral density of the doubled Ti:Sapphire.
The molecular ion is assumed to instantaneously dissociate after it is excited

to the 2 'Y state.
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The rate is calculated as the sum of individual rotational absorption rates

multiplied by the thermal probability of being in that state:

T(A) = Y Bow.r(Np(0,.]) (33)
'

where B is the Einstein stimulated absorption coefficient when the laser is at
wavelength A and p(0, J) is the probability of being in the ground vibrational
state with the rotational state J assuming a Boltzmann distribution. The

Einstein B coefficient is given by:

[/\(f) A:):,O

Bogwsr N == g

(34)

where I,(f) is the intensity of laser at frequency F', f is the transition fre-
quency from 1'¥,0 = 0,J — 2'%,0/,J', and A, o is the Einstein A
coefficient. Each Einstein A is calculated as:

1673S(J,J")

g, (3)

Ay gro,0 =

where J is the ground state rotational quantum number, S(J, J') is Honl-
London factor for a rotational transition J — J’, and p is the transition
dipole moment.

The data for the laser profile was determined by measurement and fitting
to a Gaussian profile commonly used to describe femtosecond laser pulses
(99, 100]. The fitting yielded a full width at half maximum of 180 4+ 10

cm~!. The maximum laser intensity for the calculation was left as a free

69



parameter to scale the theory to the data. The scaled intensity accounted
for uncertainties in the laser beam shape at the ion crystal and the theoretical
transition dipole moments. The rotational constants for the excited vibronic
levels were calculated using the LEVELS8.2 program [101] and the potential
energy surfaces of Ref. [96]. All other constants were provided by [96].
Initially, nearly all molecular ions are in the vibronic ground state which
means only the v = 0 vibrational state is needed for calculations.

Figure 27 shows the expected theoretical plots for the CASPT2 with a 50
cm ! red shift. One observes quantitative agreement with the experiemntal
peak positions and almost quantitative agreement with the peak heights with
the notable exception of the v' = 0 state. Our hypothesis is that this is due
to the second part of the dissociation process which needs to be further
investigated.

To find our experimental fit, we set the rotational constants to the theoret-
ical values and allow the vibrational transition frequency and dipole matrix
element (which controls the peak height) to vary. The nonlinear regression
was done by applying Nelder-Mead Minimization Algorithm [102] to the x?
value using a C++ library [103]. This yields our experimentally determined

transition frequencies (Table 1).
6.2.2 Experimental spectroscopic constants

From our experimental calculation, we determine the anharmonicity constant

(wez,) of the molecular ion in the 2'3 state. We fitted both the theoretical
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vibronic frequencies and our measured spectra to the following equation to

determine w.z. as shown in Figure 28:

Voo = Vo + U-)e’U/ - Wexevl(vl + 1)7 <36>

where E(n) is the total vibronic energy, and vq is the energy of the v = 0 —
v = 0 transition; and w, is the harmonic constant for the 2'3 state. The
theoretical vibronic frequencies used in the fit are from Ref. [96] . Table 2
shows our calculated value for the w.x. and how it compares to the CASPT2
theoretical results. The fit in Figure 28 yielded a value of 10.0 & 0.2 cm™!
for the anharmonicity constant, which is similar to the deduced theoretical
prediction of 8.6 & 0.3 cm~!. The harmonic constant turned out to be 815.8
+ 1.3 ecm™!; comparable to the theoretical value of 807 & 1.7 cm™!. This
value also matches the most recent calculations by Aymar and Dulieu [95].
Furthermore, the fit in Figure 28 predicts the 1y frequency to be 23828 +
1.2 cm~! but we did not observe a signal at this frequency.

Our results are a step closer to the the implementation of rotational
cooling on CaH* as well as quantum logic spectroscopy on rovibrational

transitions in the molecule.

6.3 Summary

We have measured the vibronic spectrum of the 1'¥ — 23 transition
in CaH™' using resonance enhanced dissociation. The observed peaks were

assigned based on previous calculations, which are a reasonable match to

71



2_7x104; -~ Experimental data ]
I — Experimental fit
® Theory data

- I — Theory fit 1
E:, 26x10° ]
>
2
Q
o o ]
o 2.5%10°- |
2 r ]
K
[}
(4 I

2.4x10* i

2.3x10* o e

I— =

1 2 3 4
Vibrational quantum number

Figure 28: Theoretical and experimental values for w.z. and w, for the the
213 state of CaH™' were calculated by fitting the plotted transition energies
for 1 '¥(v = 0) — 2 'S(v'). The ab initio theoretical energies are taken
from Ref. [96].

Table 2: Table comparing the experimental and theoretical values of the
anharmonicity constant as well as the harmonic constant for the 2'Y state
of CaH™ based on fitting Equation 36 to the first five states. The uncer-
tainties are the errors from the fit. We observe good agreement between the
experimental and theoretical values for all the constants.
Constant Experiment CASPT2 [96]
Wele 10.0 £ 0.2 cm™! 8.6 & 0.3 cm™!
We 8158 £ 1.3 ecm™t 807 & 1.8 cm™!
Voo 23828 £ 1.2 cm™! 23886 4= 1.2 cm ™!

72



the measured results for both the energy spacing between peaks and the
expected widths. Our own theoretical modeling of the relative peak intensi-
ties agrees with the experimental results with the notable exception of the
v =0 — v/ =0 transition. We attribute this discrepancy to the inaccuracy
of theoretical methods.

KH is isoelectronic to CaH™ and the lowest vibrational states of the 2'%
state have not been observed by absorption or fluorescence due to small
transition moments [104, 105, 106]. These missing vibrational peaks initially
resulted in a misassignment of the vibrational levels. The correct assignment
required measuring the KD spectra and comparing the experimentally de-
rived potential energy surfaces for KH and KD [104, 106]. We measured the
vibronic spectrum of CaD™ (section 8.1), which allowed us to revise our peak
assignments for CaH™.

Experimental and theoretical studies on possible dissociation pathways
from the 2! state could shed more light on relative peak intensities. One
theory is the dissociation process involves excitation to the 2 state followed
by photon emission back to an excited vibrational 1'Y state before photodis-
sociation. Alternatively, the dissociation could be due to predissociation [107]
from the 23 state to the 1'Y state, but we expect this rate to be slower than
fluorescence. In order to unravel these possible pathways, one can look for
laser-induced fluourescence when driving these vibronic transitions and also
design experiments to measure the electronic state of the dissociated Ca™.

We also extended our measurement technique to observe rovibronic lines
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in CaH* by narrowing the spectrum of our laser source (section 8.2). The
measurement of rotational lines is vital for testing the preparation of the
molecular ions in their rotational ground state using optical pumping meth-
ods. This internal state control, combined with our previous realization of the
ground state cooling of axial modes of molecular motion [108], will facilitate
the implementation of quantum logic spectroscopy on CaH™. In addition,
our experimental method can be used to measure the rovibronic spectrum of
other alkali-earth monohydride ions with the appropriate laser-cooling ion,
as well as the deuterated forms of these molecules.

Regarding state preparation, some optical pumping schemes for rotational
cooling will require a good knowledge of the rovibrational spectrum for the
ground electronic state. By using a 142’ resonance enhanced multi-photon
dissociation scheme, it is possible to measure the fundamental rovibrational
transitions in the 1'Y state by sweeping the frequency of the first photon from
a 6.9 um laser. The second photon would excite to one of the 2! vibrational
states, and the third photon would dissociate the molecules [37, 109]. An IR
laser source with a wide tuning frequency would enable the measurement of

multiple overtones as well.
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CHAPTER VII

TRAPPING AND SYMPATHETIC COOLING OF
BORON IONS

This Chapter is based on the following article:

R. Rugango, M. Sinhal, G. Shu, and K. R. Brown, arXiv:1609.09521
[physics.atom-ph] (2016).

Boron atomic ions, with their Be -like electronic structure, are a potential
candidate for a high precision atomic clock [110] with a predicted blackbody
uncertainty close to 1 x 107!% at room temperature [111]. Directly laser-
cooling B* is challenging due to the required short wavelengths to drive
the transitions. A BT ion clock could be built using another laser-cooled
atomic ion for both cooling and readout following the success of the Al* clock
[51, 52, 53] . The four-electron closed-shell electronic structure of BT ions
also makes them good candidates as sensors for the analysis of astrophysical
plasmas [112]. Boron clusters and boron-hydrides are also of wide interest
due to the importance of B in materials fabrication [113, 114]. B ions
have been previously loaded into ion traps using ablation of a boron target
[115, 116, 117] and we use this method to load B,, ions into a trap containing
laser-cooled Ca™ ions.

Here we present the sympathetic cooling and trapping of B, By, and BJ
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by Ca™ ions. The B ions are produced by ablating a target of pure elemental
B and the ions are identified by modulating the fluorescence through resonant
excitation of the motion. Peaks compatible with boron hydride ions are also
occasionally observed, but not reliably produced. In the next section we
describe our production and characterization techniques. In section 7.2 we
discuss our observations and the relative occurrence of different ion species.

Finally we conclude with some remarks on future experiments.

7.1 Loading and detection of boron ions

The experimental setup is the same as the one in the previous Chapter. We
typically use a RF voltage of 198 V oscillating at 19.35 MHz to confine ions
radially. At this frequency, low Matthieu q values for both stable ''BT (gp+
= 0.23) and °Ca™ (gg,+ = 0.064) ions are achieved. These trap parameters
result in a radial secular frequency of 0.44 MHz for Ca™. The trap voltage is
varied between 148 V and 198 V corresponding to secular frequencies of 0.33
to 0.44 MHz. The Mathieu a parameter is estimated to be <0.001 for Ca™.

The Ca™ ions are loaded by photoionizing neutral, thermally-evaporated
Ca with 423 nm and 379 nm lasers or by ablating a Ca target using a 355
nm nanosecond YAG laser (Continuum minilite II) [118]. The boron ions
are subsequently trapped by ablating the target mounted next to the Ca
target. We monitor the power of the YAG to avoid too many hot boron ions
that would destabilize the already trapped Ca™ crystal. We maintain the

power around 6 mW corresponding to 6 mJ/pulse for fast loading of boron
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ions and to prevent loss of the Ca™ crystal. A CCD camera (Princeton
Instruments Cascade 1K) and a photomultiplier tube (Hamamatsu H7360-
02) are used to image and count the fluorescence of the Ca™ ions. The Ca™
ions sympathetically cool the B ions and facilitate their trapping.

The dark boron ions are detected using the motional resonance coupling
method [8, 119] by applying an oscillating voltage on the top center elec-
trode of the trap and observing changes in the fluorescence as function of
the oscillation frequency. The radial motion of a single ion scales as the
charge to mass ratio, J/m, and in a crystal ions of different mass form
bands near the bare resonance frequency. This method has been used to ob-
serve many sympathetically-cooled species such as HD™ [120], BeH™ [33], C{,
[121], CeHsNHy [122], Zn™, #Ca™, and Ga™ [25]. Typical shifts in terms of
A(Q/M) of up to 25 % due to both Coulombic interaction and around 10 %
due to stray-fields mixing modes [123] have been observed. To minimize these
shifts, we compensate for stray fields using the time-average average position
and the fluorescence modulation techniques [81, 124] and weakly confine the
ions in the axial direction to reduce the strength of the Coulomb interaction.
In addition, compensation for excess electric fields reduces heating due to

driven RF motion, known as micromotion.

7.2 Results and Discussion

Our reference for mass determination is a single *°Ca* ion with a secular

frequency set between 0.33 MHz and 0.44 MHz. Initial ablation of Ca™ yields
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Figure 29: The experimental setup including the main vacuum chamber and
the trap is shown. The The 355 nm YAG minilite II is focused on B target is
mounted right next to the Ca target about 40 cm from the trap center. The
cooling beams (397 nm and 866 nm)used to Doppler cool the ions enter the
trap axially and radially.

a motional frequency spectrum with a single band at the expected location
with a width of 3 kHz for a typical applied excitation voltage of 0.35 V.
Ablation of the B target then introduces extra peaks into the spectrum. An
example of motional frequency spectra before and after ablating the boron
target are shown in Fig. 30. We consistently see two weak peaks and a strong
peak with a shoulder. These features are consistent with °B*, UB* By , and
Bi. The secular frequencies that we measure after trapping boron species
are within 10 % of the expected values. Since the frequency spacing scales
as AM /M M, for singly charged ions, the resolution is better for lighter ions

and prevents us from distinguishing isotopically distinct molecular ions.

The mass of the trapped ions determines their stability in the trap as well
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Figure 30: Ton crystals containing about 200 Ca™ ions with their corre-
sponding motional resonance scans before and after ablation of the boron
target. The boron species are located towards the center of the crystal due
to a lower mass-to-charge ratio, and the secular frequencies for different ions
are inversely proportional to their m/qg. The vertical bar are the predicted
secular frequencies for each ion. One can observe that the peak positions are
within 10% of their predicted values. In this figure, we,+ is set to 0.44 MHz
and qg+=0.23
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Table 3: A table showing the trapping of different ion species by ablation and
their occurrence for 10 consecutive loading events. The last column shows
how many times a species is observed out of ten motional resonance scans
on different crystals. The peak observed between 13.6 and 14.6 amu has not
been identified but could correspond to BH . The BT isotope appears less
frequently and its peak is usually shorter than that of 1'B*. The shifts from
the predicted peak positions are due to Coulombic interactions between the

ions.

Assignment Predicted (MHz) Actual (MHz) Mass range (amu) Occurence
o+ 1.48 1.40 10.2 - 11.0 6
up+ 1.34 1.28 11.0 - 12.3 10

B 0.67 0.62 21.1 - 27.9 8
By 0.45 0.45 30.8 - 37.9 10
Ca™ 0.37 0.37 38.0 - 42.2 10
Unknown - 1.05 13.4-14.9 1
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as sympathetic cooling efficiency. Consequently, those with masses similar to
that of “°Ca*t are the most stable. Fig 30 shows typical motional resonance
scans before and after loading boron species. We observe a strong signal
from B3 due to its mass similarity with Ca™. Furthermore, previous studies
on B have also shown it to be a relatively stable cluster compared to its
lighter counterpart (B3) [115]. We are also occasionally able to detect both
isotopes of boron as shown in Fig. 30, but we are unable to resolve or detect
the clusters based on both isotopes.

To determine the reliability of the ablation method for producing different
B species, we performed 10 consecutive experiments where a new Ca™ ion
crystal of 200-300 ions was loaded before the boron target was ablated. The
resulting mass excitation spectrum are shown in Fig. 31 and the summary
of detected species is presented in Table. 3. We have found the atomic and
molecular boron ions are consistently loaded. In addition an unassigned peak
that could correspond to BHJ [125, 126] was observed. The B¥ isotope is
loaded less frequently but at a rate higher than its natural abundance. Such
isotope enrichment in ablation plumes has been previously noted for boron
targets and other species like titanium, zinc, copper, and gallium [127, 128].

We have observed that the detected peaks change dynamically with time.
First, we have observed that the 'B* ions are stable at both gg+ = 0.23
and gg+ = 0.18. Shorter lifetimes for BT ions are occasionally observed
when collisions with background gas surge. A titanium sublimation pump

is used to lower the rate of those collisions. Second, although we normally
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observe the shoulder feature that we associate with By directly after ablation,
it occasionally grows in at longer times (Fig. 32). We have not seen a
correlation between the growth of this shoulder and loss of signal in other
peaks. One possible explanation could include dissociation or ionization of
B, ions that are hidden by the Ca™ transition or charge exchange of Ca®t
with background gases. A complete understanding of the process requires
improved /M resolution in this region. Finally, we also occasionally see
a broadening of the BT peak that could represent BH" (Fig. 32). Out
of hundreds of loading events, we have only observed such a peak twice.
Increasing Hy pressure up to 1x 1077 Torr did not yield additional BH*.
BH™ has an internal structure that is potentially suitable for Doppler
cooling with a few lasers [62], but its gas phase production has been limited
by the high melting point of elemental B [129] and the high activation energies
needed for reactions [130]. Also, unlike other metal hydrides ions which can
be produced from photoactivated reactions between laser cooled atomic ions
and Hy [29, 33, 34], BT has not been laser cooled yet. Previous methods of
BH™ production in the gas phase relied on hazardous precursors such as BoHg
[131] and BF3 [130]. An alternate method has been used to generate neutral
BH molecules [132] from reactions between laser ablated atoms and Hs. In
this process, atoms are excited to higher electronic states where collision
reactions with Hy are energetically favorable [132, 133]. At the Hy pressures

tested here, we were unable to reliably generate BH™.
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Figure 31: Motional excitation scans are depicted for 10 consecutive exper-
iments. For each experiment, a new Ca™ crystals is loaded and the B target
is ablated 10 times. On the y-axis the plots are offset from each other by
0.1 units. The features corresponding to B and "B* are observed in every
scan. The difference in peak heights between different scans stems from the
fact that ablation does not allow control over the amount of dark ions loaded
in each crystal.
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Figure 32: The motional excitation can change with trapping time. As seen
in a) and b), the shoulder feature that we associate with BJ can appear a
long time after ablation. This could be either due to dissociation of B} whose
presence is hidden by the Ca™ line or charge exchange with background gas.
The shoulder off the ''BT peak in a) 1884compatible with BH™ but the feature
has a short lifetime and is rare. The features corresponding to B* and Bj
are observed to be relatively stable over thirty minutes.



7.3  Summary

We have demonstrated the trapping and sympathetically cooling of B ions
by laser ablation. We confirm their presence non-destructively using the mo-
tional resonance coupling method. We have also generated various molecular
ions (Bj, and B3 ). Our findings provide new opportunities for experiments
on a BT ion-based atomic clock. With the help of theoretical predictions
[134, 135], these crystals could be used to explore the spectroscopy of the
cluster ions.

The sensitivity and resolution of our measurement method can be en-
hanced by addition of a time-of-flight mass spectrometer (TOF) to our sys-
tem [136]. The TOF would provide a quantitative measure of the number
and types of trapped ions. This will be critical for understanding the trap
dynamics that we have observed.

The lifetime and sympathetic cooling of BT within Ca™ crystals suggest
that this system will be good for performing high-precision spectroscopy of
BH* as the next steps towards direct Doppler cooling of BH* ions. The
report of neutral AIH from laser vaporization of LiAlH, [137] suggests that
ablation of NaBH, will result in neutral BH that can then be photoionized
[131]. In this case, ionized species generated from laser ablation would be

kept out of the trap using an electric field outside the trap.
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CHAPTER VIII

CONCLUSIONS, CURRENT AND FUTURE
PROJECTS

This thesis presents different experimental results geared towards high pre-
cision rovibrational spectroscopy of molecular ions. First, we have demon-
strated the cooling of all three normal modes of a single Ca® to uK tem-
peratures. Our sideband cooling of the refrigerant atomic ion allowed us to
move forward to the ground state cooling of a molecular ion. In addition, the
quality of sideband cooling in the radial directions can help us to fine-tune
our compensation for excess micromotion. Secondly, we achieved the ground
state cooling of CaH™ to the coldest temperature ever recorded for molecu-
lar ion motion. This result is important for doing quantum logic or photon
recoil spectroscopy of molecular ions. Next, we showed the first-ever mea-
sured vibronic transitions in CaH™ in an effort to provide some preliminary
frequencies for our future spectroscopic endeavors. Our results, combined
with our sideband cooling results, make photon recoil spectroscopy on CaH™
much more feasible. In addition to our work on CaH™, we have demonstrated
some progress towards trapping and laser-cooling BH™ ions by first trapping
and sympathetically cooling B* ions. Boron cluster ions which have also

been produced as side-products. Our current results have permitted us to

86



complete a few other projects and anticipate other experiments in the future.

8.1 Vibronic spectroscopy of CaD" ions and peak re-
assignment for CaH"

The vibronic spectrum of CaH™' ions shown in Chapter 6 leaves an unan-
swered question of why the v’ = 0 peak was unobserved as predicted by
theoretical calculations. One of the plausible explanations to this discrep-
ancy between theory and experiment is missassignment due to inaccuracy in
theoretical predictions of the potential energy curves. Although unexpected
for such a small molecule, a similar trend has been previously oberved with
isoelectronic KH. The vibronic spectra of KH were initially missassigned and
were corrected only after vibronic spectroscopy of KD molecules [104].

For this reason, we have measured vibronic lines in CaD™ to determine
the correct vibronic numbering of the 1'3 — 2'Y in CaH*/CaH™ ions.
We use the same scheme outlined in fig. 25 to measure dissociation rates.
The results we got point to an initial misnumbering of the vibronic lines in
Chapter 6 thus confirming that the v = 0 had been detected by our method.
In figure 33, the old peak assignment resulted in two different shifts between
experiments and theory for CaH™ and CaD" molecular ions. For CaH™

1

spectra, the experimental spectrum is 50 cm™" red-shifted from theoretical

spectra while the experimental CaD™ spectra are blue-shifted by 100 cm™!
from theoretical calculations. By blue-shifting both experimental spectra by

687 cm~!, we observe a good match with theorical spectra on both fronts.
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Figure 33: Plot used to assign vibronic peaks in both CaH* and CaD™ ions.
The red plot is the theoretical spectra adjusted to fit both CaH' and CaD™
vibronic experimental data . The blue plot is the experimental fit. The 687
cm ™! shift on the theoretical spectra matches both experimental spectra and
is consistent with a reassignment of the vibronic peaks.

This result suggests renumbering our previous peak assignment by lowering

every quantum number by one.

8.2 Measurement of rovibronic transitions in CaH"

Our results on the vibrational spectrum of CaH™* are unable to resolve ro-
tational transitions because of the broad linewidth of the frequency-doubled
Ti-Sapphire beam (~ 180 cm™!). The linewidth of pulsed lasers can be nar-

rowed by means of pulse shaping techniques.
8.2.1 Pulse shaping techniques

Multiple techniques have been at the forefront of pulse narrowing in the
last few decades. Initial applications of pulse shaping methods were first

demonstrated for picosecond pulses by Froehly using a dispersive grating
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pair for spatial filtering [138]. A non-dispersive apparatus was later used on
femtosecond lasers by Weiner et al. achieving a resolution of higher than
1000 [139]. Higher resolution have been reported using spatial light modula-
tors (SLM) [140]. The spectrally narrow waveform is generated by spatially
clipping the spatially dispersed frequency spectrum of the pulsed laser. A
diffraction grating spatially separates the individual frequency components
of the incident beam by angle and focuses them on diffraction limited spots
on a convex lens. This lens performs a Fourier transform from angular sep-
aration to spatial dispersion. At this point, amplitude and phase masks (or
narrow slit) manipulate or select different Fourier optical components before
a second lens (preferably of the same focal lens as the first one) and another
grating recombines all the frequencies into a collimated beam. This technique
is called Fourier transform femtosecond pulse shaping and is currently being
used in our lab to gather rovibronic spectra of CaH'. Our experiment is
slightly modified from the above description in that it only uses one grating
(Thorlabs GH25 with 3600 lines/mm), one cylindrical lens (f = 500 mm),
and an additional mirror positioned behind a 76 pm slit.

The frequency spectrum of the outgoing beam is measured using an Ocean
optics spectrometer mentioned in Chapter 6, but with limited resolution (
around 1 nm). To measure the frequency of the pulse shaped beam more pre-
cisely, we use a calibration curve which shows the change in center frequency
on the spectrometer as the position of the slit is moved horizontally in the

direction perpendicular to the beam. The calibration data points are fitted
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to linear function which is used for calculating the frequency of the beam at

a given slit position.
8.2.2 Rovibronic lines using REMPD

This experimental scheme is very similar to the one described in fig. 25. The
pulse shaped laser beam dissociates the CaH™ ions for 80 ms, and the change
in fluorescence is repeatedly measured and fitted to equation 32. The longer
dissociation time is required to compensate for the loss of power after pulse
shaping. Typical powers of 100 W are used for these measurements. The
frequency is changed to address different rotational lines by changing the slit

position horizontally along the cross-section of the beam.
8.2.3 The rovibronic spectrum

We assign experimental rotational lines based on theoretical peak positions

generated using the following equation:
F(J) = B,J(J+1)— D,[J(J +1)]? (37)

where F'(J) is the rotational energy of a given rotational state, B, and D,
are the rotational constant and the distortion constant of the vibronic state
respectively. The theoretical molecular constants were calculated using the
LEVELS.2 program [101]. To find experimental molecular constants we used
the Nelder-Mead Minimization Algorithm [102] to the x? value (difference
between theoretical and experimental rovibronic peak positions) using a C++

library [103].
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Figure 34: A schematic shows a simplified apparatus for pulse-shaping. An
incident pulsed beam with a Gaussian frequency profile is diffracted by a
grating, and a cylindrical lens focuses the individual Fourier components
onto a slit or mask. A mirror behind the slit reflects the beam back through
the lens to the grating, which recombines the frequency components of pulse
shaped beam. The position of the slit is moved horizontally along the cross-
section of the beam to select narrow frequency components.
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Figure 35: Rovibronic lines within the v’= 0, 1, 2, 3 vibronic transi-
tions shown with the vibronic spectrum of CaH". The rovibronic spectrum
matches well the envelope of the vibronic spectrum.

Our analysis shows good agreement on peak positions between theory
and experiment. The molecular constants for the ground and first excited
states are shown in table 4. Also, the deduced experimental rotational are
a good match to theoretical values. We, however, observe large variations
in distortion constants and an increase in rotational constant from v’=3
to v'=4. This reversed trend might be due to distortions in the potential
energy curves of CaH™ previously predicted in isoelectronic KH [106]. The
discrepancy between our results and theory on distortion constants might
also be a result of limited resolution or uncertainty in the frequency of the

measured rovibronic lines.
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Figure 36: Assignment of rovibronic lines within the v’ = 0, 1, 2, 3 vibronic

transitions. The percent error is calculated as error

and is small for all measured lines.

_ |experiment—theory| % 100

experiment

Table 4: Rotational and distortion constants for vibrational states in 1'%
and 2'Y electronic states. They are determined using a Nelder-Mead Mini-
mization Algorithm [102] to the x* value (difference between theoretical and
experimental rovibronic peak positions) using a C++ library [103]. Large
variations in deduced distortion constants are observed.

Electronic Vibrational

B, (theory)

B, (experiment)

D, (theory)

D, (experiment)

1's v=20
2'y v=20
v=1
v=2
v=3

4.71
3.05
2.94
2.88
2.80

4.65 + 0.0012
3.31 £ 0.0033
3.23 £ 0.0041
2.76 £ 0.0026
2.79 £ 0.0022

0.00020
0.00018
0.00017
0.00017
0.00018

0.0018 & 5.03 x107°
0.0016 £ 1.45 x 1078
0.0016 £ 1.45 x 1078
0.00019 #+ 7.03 x 1077
0.00050 + 4.65x 1078
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8.2.4 Quantum heating rovibronic spectroscopy

The current rovibronic spectroscopy results on CaH™ are a good starting
point for high precision spectroscopy. The REMPD technique has a major
downside of being destructive. Thus, every step of the measurement process
requires reassociation to reform molecular ions which makes the experiment
much slower. This drawback can be alleviated by doing non-destructive
spectroscopy with a much smaller sample of ions.

Quantum heating spectrocopy, also called photon recoil spectroscopy, in-
directly measures the strength of a transition in a sympathetically-cooled ion
by detecting the induced heating on the refrigerant ion. The induced heating
on the Coulomb crystal is maximized when the frequency of the absorbed
photon is one FWHM blue-detuned with respect to the transition resonace
frequency. For an optimal signal to noise ratio, the Coulomb crystal is cooled
to the motional ground state as outlined in Chapter 5. We have observed
that the breathing mode of the Ca™-CaH™ has a much lower heating rate,
which would substantially reduce noise in our measurement.

The spectroscopy scheme would begin by sympathetically sideband cool-
ing the breathing mode of the Coulomb crystal and measuring the temper-
ature using the ratio of red to blue sidebands. A pulse-shaped frequency-
doubled Ti-Sapphire beam would then excite the molecule for a few ms,
and a 729 nm red sideband pulse (RSB) would excite the Ca™ ion to the

metastable D5/, state. The probability of shelving the logic ion reflects the
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probability of exciting the molecular ion with the spectroscopy laser which
can be measured by deshelving the ion with a 854 pulse and counting the
number of 393 nm emitted photons. The change in the number of emitted
photons as a function of spectroscopy laser frequency would yield the rovi-
bronic peak, which would be adjusted by half its FWHM to get the real
resonance frequency. The excitation frequency could be selected to match
any of the rovibronic lines measured with REMPD, but it is more beneficial
to start with strongest transitions.

One could worry about the dissociation of the molecular ion by the spec-
troscopy laser or the 397 nm laser used to cool the atomic ions during the
experiment, but this problem can be addressed by using moderate laser pow-
ers for both lasers and short excitation times. Furthermore, the dissociation
rate observed for rovibronic lines are slower than the proposed timescale
for this experiment. Another problem is the observed asymmetry of the fre-
quency profile of the pulse-shaped beam. Given that the frequency resolution
is limited by the width of the laser is what limits the resolution, the measured
peak would not be symmetric, and the adjustment to find the real resonance
frequency could be erroneous. As a result, it is more beneficial to use a cw
laser, which would also increase the resolution.

The sensitivity of this method heavily depends on the number of pho-
tons absorbed by the molecule. For most molecular ions, the lack of closed
transitions does not permit fast absorption-emission cycles with few lasers.

Consequently, the induced heating on the logic ion (atomic coolant) has to
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come from a single photon absorption by the molecule because multiple pho-
ton absorption-emission cycles demand waiting times up to tens of seconds.
These long time gaps would lead to a gain of hundreds of quanta in motional
energy that would compromise the signal to noise ratio of the measurement.
The probability of motional excitation on the logic ion after exciting the

spectroscopy transition in the molecule can be approximated as [57]:

pe ~ 1 —exp(—N2n?), (38)

where N, represents the number of absorbed photons, and 7 is the Lamb-
Dicke parameter expressed in equation 20. For our sideband cooling exper-
iments, typical values for 1 are on the order of 0.1 which correspond to a
probability of 0.01 for motionally exciting the logic ion. This signal would be
hardly detectable, and without rotational cooling, a more sensitive method
such as quantum logic spectroscopy [51] or a similar approach using coherent

motion state detection [56] would be needed.
8.2.5 Quantum heating using an optical dipole force

The estimated natural linewidth for the rovibronic transitions that we mea-
sured is around 3 MHz, and quantum logic spectroscopy is only applicable
to transitions much narrower than that. This limitation is due to the fact
that during quantum logic spectroscopy, excitation on the spectroscopy ion

takes place on the resolved blue sideband. To get around this problem, a
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recent technique used an optical dipole force from two off-resonant counter-
propagating beams. This approach was used both on an atomic ion Al*[56]
and most recently on a MgH™ molecular ion [60]. Tt is based on Stark-shifted
transitions that prevent photon scattering and thus avoid the relaxation of
the ion into the wrong rovibrational state. The gradient of the Stark effect
induces a force that depends on the detuning from the transition resonance.

Using a two-level electronic system of a molecular ion, the Stark shift
resulting from the interaction between the molecule and the laser can be

derived using second-order perturbation theory and is given by [141]:
g l?w

2(w? — v?)’

JE = (39)

where E is the magnitude of the electric field of the laser, p4. represents the
transition dipole moment, w is the resonance frequency of the transition be-
tween the ground state |g) and the excited state |e), and v is the frequency of
the laser. The spatial derivative of the induced Stark effect generates a static
force that can increase the motion of the ion. Coherent motional excitation
can be achieved by using two counter-propagating beams of sligthly different
wavelengths v; and 15 and wavevectors k; and ko . These two beams form a
standing wave that travels along the z direction whose resulting electric field

resembles [142]:

E, = Ecos(%(yl + o)t) cos(%z - %(Ayt)). (40)

The term with difference in wavelength Av = vy — vy creates an additional

oscillation of the force. If Av is resonant with the motional frequency of the
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ion coherent motional excitation can happen. The resulting oscillating force

can be expressed as:

cos%%z — %t)) (41)

HoelPw
(w? = v?)

To perform non-destructive rovibronic state detection on CaH™ using an

F=-V(E) = —V(

optical dipole force, we can use a scheme similar to the procedure outlined
in the previous section. One of the beams used to excite the spectroscopy
ion can be frequency-controlled using an AOM. To reduce unwanted heating
on the atomic ion, the 1'¥, v = 0 — 2%, v = 4 vibronic transition should
be used for a detuning close to 50 THz from the atomic cooling transition.
The rovibronic spectrum would correspond to the change in Rabi frequency
as the detuning of the spectroscopy laser is changed. The Rabi frequency
for each detuning frequency can be deduced by fitting equation 30 to the
variation of sideband strength ratio as a function of interaction time between

the Coulomb crystal and the optical dipole force.

8.2.6 Rotational cooling of CaH™ ions

As previously mentioned, the implementation of quantum logic spectroscopy
on molecular ions is hampered by the inability to control the rotational state
of the ion especially after photon scattering processes. This barrier can be
alleviated by the rotational cooling techniques using either rovibronic or rovi-
brational transitions in the ground electronic state.

One cooling scheme would need preliminary rovibrational spectroscopy in

the ground electronic state. This can be achieved using a broadband source
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within the wavelength range of 6.9 um to excite the molecules on the funda-
mental vibrational transitions. State detection would use a REMPD-based
approach through 1+1 photon excitation from the first excited vibrational
state. Upon measuring the first few rovibrational transitions, one of them
would suffice for rotational state preparation of similar efficienciency as pre-
viously shown in other molecules [66, 67].

The cooling process would start by exciting the molecular ions on the
v=0,J =2 — v=1,J =1 transition and then dissociating the molecular
ions from the v = 0, J = 0 state after a wait time of several seconds to allow

relaxation. Figure 37 shows the rotational cooling scheme.

8.3 Spectroscopy on BH"

8.3.1 Production of BH' molecular ions

Our attempt to produce BHT ions by reacting ablated boron ions with Hy-
drogen gas, a technique previously used to produce BH molecules [132], has
not been successful. An alternative method is to react Bt ions with H atoms.
Hydrogen atoms would be produced by thermally dissociating molecular hy-
drogen in a hot tungsten capillary tube [143]. Such hydrogen atom sources
are commercially available and compatible with our experimental setup. Al-
though producing molecular ions in this manner would be fast and efficient it
is a more costly method and makes the generation and trapping of pure sam-

ples of ions challenging. One way to get around this problem is to produce
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3'2

Figure 37: A diagram shows the simplified structure that will be used for
rotational cooling (not to scale). The ions are excited on thev =0, J =2 —
v =1,J =1 transition using a 6.9 um laser. The vibrational relaxation puts
the ions either in the v = 0,J = 2 state or the v = 0,.JJ = 0 state, but the
v =0,J = 2 gets ultimately depleted because of continuous excitation. Its
depletion instigates rotational decay from higher rotational states, and the
repeated process puts nearly all the population in the ground rovibrational
state. The two 408 nm detection photons are used to measure the population
in the v = 0, J = 0 state before and after rotational cooling. Bluer vibronic
transitions can also be used for detection.
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BH neutrals and photoionize them using a 2+1’ resonance enhanced multi-
photon ionization (REMPI) scheme. The first two 433 nm photons can be
generated from a diode laser or a frequency-doubled Ti-Sapphire laser and
the third photon would come from a 300 nm UV diode lamp. There are no
strict frequency requirements on the third photon as long as it is shorter than
310 nm.

To produce BH neutral molecules various methods can be employed.
First, one can ablate a piece of NaBH, to generate the neutral molecules.
This approach is promising since a similar experiment has generated AIH
molecules by ablating AlH, [137]. Another technique that has also been used
to make AIH molecules [144] can be applied to the production of BH neutral
molecules. This technique uses ablation of the elemental target (in this case
B) while high pressure Hydrogen gas is being pulsed on the target. Such a
system demands an additional chamber separated by a skimmer to isolate the
high pressure gas from the main chamber. In addition, differential pumping
would also avoid pressure compromises in the main vacuum vessel.

In case none of the above methods succeeds, we can resort to a more
popular method which produces the neutral molecules via photolysis of dib-
orane gas using a 193 nm beam from an excimer. This way of producing BH
molecules has been replicated in multiple experiments [131, 145] but is not

preferable due to the safety hazards diborane gas poses [146].
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8.3.2 Laser induced fluorescence

As previously mentioned BH™ fits the profile of a few other molecules that
have been directly laser-cooled [63, 64, 147]. The vibronic structure that all
these molecules possess allows for closed rovibronic transitions. This property
exhibited mostly by atomic particles is fundamental to a high signal to noise
ratio in fluorescence detection. A molecule with closed transitions will scatter
many detectable photons before decaying to a dark rovibrational state.

For BH™, in addition to the main pump 379 nm laser one can expect two
repumper lasers to fully close the X?¥, v =0,K =1 — A%I[,v=0,K =1
rovibronic transitions. The first repumper (417 nm) would excite from the
X2¥,v =1, K = 1 state, and the second would be a 4 pm laser to address
parity flips in the X2%, v = 0 state. Two EOMSs can cover spin states within
the first two vibrational states in the ground electronic state. We predict the
spin splittings to be 0.81(13) GHz and 0.72(13) GHz for v = 0 and v = 1
respectively. Alternatively, two frequency-doubled Ti:Sapphire beams with
a frequency bandwidth of a few THz can replace the EOMs.

The branching to higher vibrational states is very small, and they may
not need to be repumped. The main cooling beam as well as the repumper
laser can be supplied using ECDLs that have already been setup. The IR
beam will be generated by a an optical parametric oscillator (OPO) system
(Aculight model 2400) pumped by a fiber laser at 1064 nm (NKT Photonics

Koheras AdjustiK Y10) and amplified using an optical parametric amplifier
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Figure 38: A scheme for the laser induced fluorescence of BH™ ions is shown.
The main cooling laser is the 379 nm which would continuously excite the
ions on the X?¥, v = 0,K =1 — A%[l,v = 0, K = 1. The initial K =1
rotational state is judiciously chosen to avoid rotational branching. The 417
nm laser repumps the v = 1 state and the 4 ym laser repopulates the K =1
in case there is decay to any of the even parity states from v = 1. The 4
pm laser frequency will also need the same modulation as the 379 nm. This

scheme would also result in rotational cooling.
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(OPA) (IPG Photonics YAR 10K-1064-LP-SF).

With the above laser configuration, we expect 10%/s to be scattered per
ion [62]. Given the photon collection efficiency of 0.1 % for our current setup,
the number of photons detected per ion will be around 10. With careful
alignment of the 379 nm beam through the trap to avoid background scatter,
this number would be barely above the noise level. We can enhance the
fluorescence signal by using a large crystal of molecular ions sympathetically
cooled by Ca™ ions. A crystal or cloud containing 100 BH* ions would be
easily detectable on the PMT and visible on the CCD camera. The signal
can be enhanced by two orders of magnitude by using two frequency-doubled
femtosecond lasers for both the 379 nm and 417 nm beams.

Without initial rotational state preparation in K = 1, the number of pho-
tons scattered would be reduced by a factor of six considering the population
of the state as shown in figure 39. In case femtosecond lasers are used, we
can achieve over 90 % of the population in K = 0 in a few ms by exciting
from the K = 2 state [68]. A two-photon excitation using the IR laser and
the 417 nm followed by relaxation from the A state would subsequently shift
nearly all the population into the K = 1 state.

The detection of fluorescence from BH™ molecules is essential for the real-
ization of non-destructive molecular spectroscopy. Diagonal Franck-Condon
factors of BH'T molecules make them promising candidates for photon recoil
spectroscopy experiments. They are expected to scatter around 70 photons

before they spontaneously decay to a higher vibrational state. With this
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0.251

Population at 300 K

Figure 39: The rotational population distribution at 300 K in the X%, v =0
state is shown. The quantum number K is the total angular momentum not
including the spin of the electron. The population for every state is calculated
using a Boltzmann distribution function. The large rotational constant (B) of
the BH' molecule pushes the poluation distribution to the low-lying states.
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many photons scattered, it becomes possible to detect motional excitation
on the logic ion upon probing the molecular ion with the spectroscopy laser.

This thesis has focused on various projects that will lead to the realiza-
tion of quantum logic spectroscopy of molecular ions. Achieving the kind
of precision offered by QLS measurements will certainly impact various ar-
eas of science in chemistry and physics. Apart from providing some answers
to various questions of cosmology, high precision laser-cooled molecular ions
will also enable the implementation of other sophisticated techniques such
as blackbody thermometry in atomic ion optical clocks [148]. In addition,
the localization and isolation of laser cooled-molecular ions could allow the
realization of structural determination experiments using few-tightly-focused
femtosecond X-ray lasers thus reducing the interaction time and avoiding any
modification of sample molecules [149]. These experiments would improve
the structural study of biological molecules. In summary, the applications
of laser-cooled molecular ions are set to impact many areas of science in the

future.
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APPENDIX A

ELECTRONIC AND VIBRATIONAL LIFETIMES
OF BH*
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Figure 40: The vibrational and electronic transition lifetimes of the BH™
molecule are shown. The lifetimes of the X-A vibronic transitions are denoted
by 7 and the vibrational lifetimes in the X state by 7’ [62].
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APPENDIX B

CIRCUIT BOARDS DIAGRAMS
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Figure 41: The amplifier board used for DC voltages on the improved Goed-
ers setup is shown.
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Figure 42: The schematic of the amplifier board used for DC voltages on

the improved Goeders setup is shown.
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Figure 43: The board used for injecting the RF voltage for motional reso-
nance experiments is shown.
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Figure 44: The schematic of the board used for injecting the RF voltage for
motional resonance experiments is shown.
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