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Chapter 1
Introduction

Doppler laser cooling of atomic neutral and ionic species has during the last two
decades opened a wealth of new research areas and enabled extremely detailed
investigations of atomic physics phenomena. The obvious next step is to cool
molecules to open up both similar and completely new areas within molecular
physics and chemistry. In fact, the detailed control and active manipulation of
the internal as well as external degrees of freedom of molecules would be of
great value for the advance of several research fields. Most fundamentally, un-
precedented high precision spectroscopic data can be obtained for comparison
with quantum chemistry models, for accurate measurements of natural constants
and for metrology purposes [1, 2, 3, 4]. Advances in the control and manipu-
lation of molecules may as well open new quantum information processing im-
plementations [5]. In chemistry, state-prepared molecular targets can also lead
to refined reaction studies, which includes unimolecular reactions with coherent
light fields [6, 7] or quantum-state selected bimolecular reactions [8, 9]. Finally,
the option of having a dense ensemble of identically prepared molecules enables
the realization of new collective phenomena, such as Bose-Einstein condensation
of molecules [10, 11].

However, as opposed to atoms, the lack of closed transitions in most mol-
ecules generally prevents the application of Doppler laser cooling, even though
some schemes exist [12, 13]. Instead, many new approaches to prepare cold neu-
tral or ionic molecules have been developed in the past decade. For neutrals the
advances have, in particular, been relying on developments within the following
approaches: Photoassociation of laser-cooled atoms [14, 15, 16, 17, 18], buffer-gas
cooling of molecules held in magnetic traps [19], deceleration [20], filtering [21]
and trapping [22, 23, 24, 25] of molecules by electrostatic fields, Feshbach reso-
nance generated molecules in degenerate quantum gasses [10, 11], and decelera-
tion of molecules by intense laser pulses [26]. Most recently, molecules produced
by Feshbach resonances have been brought to the vibrational ground state of elec-
tronic molecular potentials by the additional use of stimulated Raman adiabatic
passage schemes [27, 28, 29, 30]. Also recently, photoassociated molecules have
been formed directly in the rovibrational ground state [31] or transferred to the
vibrational ground state through shaped fs-laser pulses [18].

For molecular ions, several techniques have also been developed and refined.
The technique of He buffer gas ion cooling [32] has been extended to molecular
anions [33], and cryogenic cooling together with efficient shielding of the entire
ion trap has brought molecular ions to temperatures below 10 K [32, 34]. Much
progress has been achieved with molecular ions which are sympathetically cooled
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into Coulomb crystals through the Coulomb interaction with laser-cooled atomic
ions [35, 36, 37, 38, 39, 40, 41]. Most recently, the combination of cold neutral and
ionic molecular techniques has made progress in studying cold reactions [42, 43].

Trapped molecular ions offer some very attractive features. Most obviously,
the long storage time ease the experimental complications in many types of exper-
iments and enable studies with very long observation times. Secondly, because
experiments typically takes place under Ultra High Vacuum (UHV) conditions,
internal coherences of the molecular ion is not destroyed by collisions. Addition-
ally, the crystallization of the molecular ions also preserves the coherence, since
the long inter-ion distances prevents efficient coupling of the internal degrees of
freedom. Furthermore, it is possible to work with just a single molecular ion local-
ized within = 1 um at a time. Localization and long storage times make trapped
molecular ions ideal for experiments with focused laser beams, since the position
uncertainty is easily within the waist of the laser beam. At the same time, a single
molecular ion is in many cases the ideal target, as ensemble averaging is avoided,
especially if some kind of quantum state preparation is applied, e.g. laser cooling
of the internal degrees of freedom [44, 45], state preparation by projection mea-
surements [46] or production of the ion in a specific rovibrational state through
REMPI [47].

This work pushes forward the work of cold trapped molecular ions on two
fronts. First we work with a single molecular ion and investigate non-destructive
techniques for high precision identification of single molecular ions, which en-
ables consecutive measurements to be done on the same ion. This technique al-
lows for unprecedented tracking of reaction processes. On the other hand we
demonstrate new techniques for even greater cooling of ensembles of ions. As
opposed to other techniques, the scheme discussed is relatively simple to imple-
ment and additionally leaves the rotationally cooled ion well localized for use for
further experimentation. The possibility of applying the rotational cooling tech-
nique to a single ion is promising for future more fundamental studies.

The layout of the thesis is as follows: In chapter 2 the general experimental
setup is described. That is, a brief tour of the vacuum chamber, a short descrip-
tion of the linear Paul trap, the 1+1 Resonance-Enhanced Multi Photon Ioniza-
tion (REMPI) scheme for ion loading, the Doppler laser cooling scheme and the
imaging system. The ion identification technique, which we have named Sympa-
thetically Cooled Single Ion Mass Spectrometry (SCSI-MS), will be presented and
carefully analyzed in chapter 3. It is based on the resonant excitation of a motional
mode of two-ion crystals in the harmonic trapping potential. Chapter 4 applies
this technique to the study of photofragmentations of aniline (C4HsNH;). This
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demonstrates how one can work with even relatively complex ions, and that it is
feasible to study consecutive reactions with a single ion and in this way gain infor-
mation on individual photofragmentation pathways. In particular we observed
the following 3-step photo-dissociation process with a single ion: C¢HsNH; —
CsHY — CsHi — CG3HJ using this technique again. Measurement of the branch-
ing ratio in the reaction Mg* + HD — MgH* (MgD*) + D (H) is presented in
chapter 5. This experiment illustrates another strength of working with a single
ion at a time; the pure target and high detection efficiency means that only a few
hundred measurements are enough to claim a branching ratio of more than 5 in
favor of MgD* formation over MgH* formation. In chapter 6 the focus is shifted
to many ion Coulomb crystals. A 15-fold increase of the rotational ground state
population of MgH™ ions is achieved with the application of just a single laser.
Finally, chapter 7 is devoted to a brief summary.






Chapter 2
Equipment and Methods

The aim of this chapter is to give a brief introduction to the basic experimental
equipment and methods utilized throughout the rest of this thesis. Since most of
the setup was built prior to this work, detailed descriptions are omitted, but can
be found in the references.

In short, our setup consist of a linear Paul trap (section 2.2) mounted inside
a vacuum chamber (section 2.1). The trap is loaded with either Mg* or Ca* ions
by crossing a skimmed atomic beam with a photoionizing laser beam at the cen-
ter of the trap (section 2.3). The trapped ions are then Doppler laser cooled to
a few mK (section 2.4), where they crystallize and form a Coulomb crystal. The
fluorescent light from the laser cooled atomic ions are imaged onto an camera sys-
tem consisting of an image intensifier and a CCD camera (section 2.5). Examples
of recorded images can be seen in for example figure 3.3 and figure 6.7. Finally,
in section 2.6 we give a very short introduction to trapped and sympathetically
cooled molecular ions.

2.1 Vacuum chamber and attachments

Figure 2.1 shows a picture of the vacuum chamber seen from the outside. A typi-
cal base pressure of 4x 1071 mbar is maintained by a titanium sublimation pump
and a Laybold IZ 270 triode ion getter pump located beneath the chamber table.
The chamber pressure is monitored with a AML UHV Bayard-Alpert ion gauge
or, alternatively, with a PC controlled Spectra Satellite LM502 rest gas analyzer
with a mass range from 1 to 100 u and a resolution of 1 u. Gas can be leaked
into the chamber via a leak valve located beneath the table. Together with the ion
gauge, the leak valve allows us to control the pressure of the leaked-in gas with
a precision better than 1 x 107! mbar. Two small gas containers with attached
Pirani gauges in front of the leak valve are used as temporary reservoirs for gas
and also enable us to prepare rough mixtures of gasses.

On one of the flanges a liquid nitrogen container, which allows us to cool
down part of the chamber, is mounted. This improves the base pressure of the
chamber further, as observed in the rotational cooling experiments described in
chapter 6, but the pressure change is not measurable with the ion gauge.

The inside of the vacuum chamber can be seen in figure 2.2 and most of the
internal equipment will be described in the following sections .
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Figure 2.1 Picture of the vacuum chamber as seen from the outside. Seen in this picture is
the (1) CCD camera to monitor the fluorescence from the laser-cooled ions via a (3) lenssys-
tem and an (2) image-intensifier through a window in a top-flange of the vacuum chamber.
The distance between the lens system and the image-intensifier is ~ 1.5 m. Also seen is (4)
a liquid nitrogen container, (5) the electron gun, (6) the rest-gas analyzer and (7) the ion
gauge. Beneath the table is a leak valve controlled inlet for the admission of various gasses
into the ion-trap region.

2.2 The linear Paul trap

The type of ion trap used in the experiments discussed in this thesis is a so-called
linear RF (Paul) ion trap [48, 49]. A schematic diagram of this ion trap is shown in
figure 2.3 and a photograph of the ion trap is shown in figure 2.4. Like standard
quadrupole mass filters, the ion trap consists of four electrodes with an RF voltage
of the same phase applied to diagonally-opposed electrodes, but with a phase
difference of 180° between the two sets of opposite electrodes. This arrangement
leads to a near-ideal two-dimensional quadrupole field in the plane perpendicular
to the direction defined by the electrodes (that is, the z-direction).
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Figure 2.2 Picture of the linear RF ion trap inside the cylindrical vacuum chamber used in
the experiments. The inner diameter of the chamber is 30 cm. Essential components inside
the chamber are marked by numbers. (1) The linear RF ion trap. (2) The magnesium and
calcium ovens, which are the sources for the atomic beams passing through the center of the
ion trap. (3) Oven shutter. (4) Skimmer plates, used to collimate the effusive beams from the
ovens in order to avoid contamination of the ion-trap electrodes. (5) Electron gun including
deflection plates installed to make an electron beam cross the atomic beams in the center
of the ion trap for ion production. (6) One of two sets of oppositely-positioned window
openings for sending in laser beams for laser cooling of the ions along the main ion-trap
axis (the z-axis) and along an axis perpendicular to the z-axis. (7) A piece of optical fiber
with a diameter of 125 um, which can be translated into the ion-trap center for calibration
of the magnification of the lens system used to image the fluorescence of the laser-cooled
ions. (8) One of two opposed window openings that permit a laser beam to cross the atomic
beams nearly at right angles in the ion-trap center for producing ions by photoionization.

To achieve axial confinement, each electrode is divided into three parts and
a positive DC voltage, U, is applied to the eight end-cap electrodes. The DC volt-
age, however, leads to a radial defocusing force, but by appropriate choices of U,
the RF peak-to-peak voltage, V, and the RF frequency, Q, both axial and radial
confinement can be obtained simultaneously for the given ion-trap dimensions
[50, 51]. In the following subsection a brief quantitative description is given, but
for an in-depth discussion of ion traps, the reader is directed to other resources,
for example Ref. [51].
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Figure 2.3 Sketch of a linear Paul trap. The trap consists of four parallel rods, each sub-
divided into three pieces. Particles are trapped radially by an oscillating E-field applied in
phase on diagonally opposite rods and out of phase to nearest-neighbour rods. Along the
trap axis, z, particles are confined by a static potential applied to the eight end pieces of the
rods.

2.2.1 Theory of the linear Paul trap

The potential along the z-axis is given by

2
.(2) = U, 2.1)

%o
where 7 is a geometrical constant defined by the electrode configuration, U is the
static potential applied to the eight end caps and 2z is the length of the center
piece as defined in figure 2.3. While this DC voltage leads to static confinement
along the z-axis, it gives rise to a defocusing force in the radial plane, as required
by Laplace’s law (V2® = 0). The potential in the radial plane is thus made up of

contributions from both the static DC potential and the RF potential:

ﬂx2+yz_zxz_y2

2 2
2z 2

Dy y(x,y,t) = — cos(Qt). (2.2)
Here V is the peak-to-peak amplitude of the RF voltage, ) is the RF-frequency
and 2ry is the distance between two diagonal rods (see figure 2.3).

From equation (2.1), it is clear that the motion of a single particle along the z-
axis is that of a single harmonic oscillator. The case of two particles will be treated
in chapter 3, while the many ion case is discussed in for example Ref. [52].

Motion in the radial plane is somewhat more complicated. The equation of
motion of a single particle is given by:

#4
dr?

where we have introduced the dimensionless parameters

+ [a, — 2, cos(27)]u = 0, u=x,y, (2.3)
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Figure 2.4 Picture of the actual ion trap used. As a scale, the center part of the electrode
structure (2z9) is 5.4 mmlong.

Qt nenU neV

= — = -4 , = — =2
T o mQ’z3 I v mQ?r?

(2.4)

Here m is the mass of the ion and 7 is the number of elementary charges, e, on
the ion. Equation 2.3 can be recognized as the so-called Mathieu equations [53,
51]. For stable single-ion trajectories to exist, the parameters a, and g, have to lie
within certain stability regions [50]. In general, this motion is complex, but when
gr < 0.4, a single ion not too far from the trap center will experience an effective
harmonic potential,

Pz, 1) = m(w%z2 + a)frz) (2.5)

where w, and w;, are the oscillatory frequencies along the z-axis and in the radial
plane, respectively. They are given by

2nenUi
W, = 5 (2.6)
mz;
1 92 n2e*v?  nenUu
N _ 2.7
Wr=tN g T \/ZmZQng mz} @7)
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From equation (2.5) through (2.7), it is seen that that the radial potential depends
on the mass of the trapped particle, while the axial potential is independent thereof.
This results in a radial separation of ions with different mass, a feature we will uti-
lize in chapter 6 when we estimate the number of trapped ions.

To arrive at equation (2.5), a fast oscillating force at the RF frequency, which
will induce radial ion motion, was neglected. It can, however, be shown that
the amplitude of this fast micromotion will be much smaller than the distance of
the ion to the z-axis, when g, < 0.4 [54]. In the experiments to be presented in
chapter 3, 4 and 5, two ions are aligned on the z-axis and the rapid micromotion
can hence be neglected. In chapter 6, we work with larger Coulomb crystals (see
figure 6.7), but the micromotion is still limited and does not influence our experi-
ment.

2.2.2 Our realization of a Paul trap

A picture of our ion trap can be seen in figure 2.4. The dimensions of the trap are
chosen such that we achieve a nearly perfect radial quadrupole RF field [55] and
a near-harmonic DC field over a few millimeters. The parameters are as follows:
ro = 3.50 mm, zp = 2.70 mm, Zendcap = 20.00 mm, and R = 4.00 mm. Numerical
simulations show that these choices of ion-trap dimensions result in 17 = 0.248.
The peak-to-peak amplitude, V, of the RF field is typically of a few hundred volts
and is coupled resonantly with the ion-trap electrodes at a radial frequency Q =
27t x 3.88 MHz. Together with a typical DC voltage of about 1 V, a potential well
with a depth of ~ 1 eV is created (see equation (2.5)). Since this energy is many
orders of magnitude higher than the thermal energy of the cooled ions and the
thermal energy of the background gas, the storage time of the ions can be hours
or more at a typical vacuum of ~ 107! mbar.

2.3 Loading of atomic ions

To create atomic ions inside the trap, a skimmed atomic beam originating from an
effusive oven is crossed with a photoionizing laser beam at the center of the ion
trap. The photoionization technique is a resonance-enhanced two photon process,
which is advantageous compared to the more usual electron impact ionization
technique; Not only is it element selective, but also isotope selective [56, 57]. Fur-
thermore, this can be carried out using low laser powers and low atomic beam
fluxes because of the efficiency of the process. Therefore, the ovens can be op-
erated at a relatively low temperature and the pressure in the vacuum chamber
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Figure 2.5 (a) Reduced energy level diagram for *°Ca* with ionisation relevant levels. An
absorption of a 272 nm photon excites the atom to the 4p5p ! P; state from which it can either
decay back to the ground state, decay to 4s3d | Dy metastable state or ionise through absorp-
tion of another photon. Likewise, an absorption of a 272 nm photon from the 4s34 ! D state
leads to ionisation. (b) Photo ionisation spectrum for Ca* as a function of ionisation laser
frequency demonstrating the ability to load only the isototpe of interest [57].

rise less than 107! mbar above the base pressure of ca 4 X 107 mbar during ion-
loading. Additionally a crucial advantage of photoionization over electron impact
ionization is that charging of insulating parts near the ion-trapping zone is kept at
a minimum. As we will see in section 3.5.4, the SCSI-MS mass measurement tech-
nique is very sensitive to charging of the ion-trap surroundings and even with the
photoionization technique we have to take care to avoid stray light and reflections
from the ionization beam that causes a similar charging.

2.3.1 Photoionization of calcium

Ionization of Ca atoms is accomplished by a single UV light source at 272 nm as
sketched in figure 2.5 (a). First the atom is excited on the 4s? 1Sy — 4s5p 1Py transi-
tion. With a lifetime of the 4s5p ! P; state of 17-60 ns [58] the atom can decay either
into the ground state or into the 4s3d ' D, state [59], which in turn has a lifetime of
18 ms [60]. Absorption of a second photon from either the 4s5p 1 P; or the 4s3d 1D,
state, now leads to ionization. This scheme is isotope selective due to the isotope
shift on the first transition. Measurements of the photonization rate versus the
frequency of the 272 nm laser can be seen in figure 2.5 (b). This clear show that
the technique indeed is isotope-selective.
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Figure 2.6 (a) Relevant energy levels for 2Mg* ionisation. First the atom absorbs a
285 nm photon, which excites it to the 3s3p 1P; state. A subsequent absorption of either
another 285 nm photon or a 280 nm photon from the laser cooling beam results in ionisa-
tion. (b) Photo ionisation spectrum for Mg* as a function of the detuning of the ionisation
laser frequency relative to the 24MgJr [65].

The laser system for Ca ionization is composed of a Koheras Boostik distrib-
uted feedback (DFB) fiber laser and two consecutive frequency doubling steps [61,
62]. The first doubling step from 1088 nm to 544 nm is performed by a LiNbO3
crystal mounted inside a home-made oven and placed in a bow-tie cavity. The
second doubling step is performed by a BBO crystal placed in another bow-tie
cavity locked by a Hansch-Couillaud locking scheme [63].

2.3.2 Photoionization of magnesium

Mg atoms are resonantly ionized through the 3s2'S; — 3s3s!P; transition at
285 nm as sketched in figure 2.6 (a). From the 3s3s 1P, state, the atom can be
ionized by absorption of a second 285 nm photon, or a 280 nm photon from the
laser cooling beam. In figure 2.6 (b) the isotope selectiveness of the technique is
demonstrated.

The laser system for magnesium ionisation consists of a single mode, tun-
able, cw ring dye laser using either Pyrromethene 556 or Rhodamine 6g dye and
pumped by an Ar* laser. The output at 570 nm from the dye laser is then fre-
quency doubled by a 5 mm long BBO crystal placed in an external bow-tie cavity
[64] similar to the one used for the magnesium experiments.
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2.4 Cooling of the atomic ions

Only a single laser beam propagating in a direction different from the three ma-
jor axes of motion is needed when you Doppler laser-cool [66] a trapped particle
in an harmonic potential well characterized by three different oscillation frequen-
cies. We do, however, use two or three beams in our experiments, as sketched
in e.g. figure 3.1. Two counter-propagating beams are always present along the
z-axis, to balance the cooling force along this axis. This is especially relevant in
the experiments with two-species Coulomb crystals (as presented in chapter 6), to
avoid pushing all the laser-cooled ions down in one end of the crystal, but it also
plays a role in the SCSI-MS technique, where such an asymmetry would lead to a
shift in the trapping frequency (see section 3.5.1). When we do experiments with
only a few ions aligned on the z-axis, an additional beam is used perpendicular
to the trap axis, so that the cooling along the z-axis is decoupled from the cooling
in the radial plane. In experiments with larger Coulomb crystal, this radial beam
is not necessary as the Coulomb interaction between the ions couple the motion
along different axes. In fact, if not very carefully aligned, a radial cooling beam
tends to spin the crystal around the trap axis.

With these two cooling configurations, the laser-cooled ion(s) readily reach a
temperature of ~ 10 mK. At this temperature, the ions are localized to = 1 ym or
less, as seen in e.g. figure 3.3.

2.4.1 Cooling of Ca*

A reduced energy level diagram for calcium is presented in figure 2.7 (a). The
ion is cooled on the 4s 25/, <> 4p 2Py, transition by two or three 397 nm laser
beams with typical intensities of around 0.1 W/cm? in each beam. To avoid optical
pumping into the 3d 2Dj/; level, a single 866 nm repumping beam is sent in along
the trap axis.

The 397 nm light is provided by a frequency doubled Coherent 899 Tita-
nium:Sapphire (Ti:Sa) laser, pumped by a Coherent Verdi V8 laser. The frequency
doubling from 794 nm to 397 nm is done by a 12 mm long LBO crystal in a bow-
tie cavity locked using a Hansch-Couillaud lock [63]. The re-pump laser is a
home-build diode laser, locked to a temperature stabilized reference cavity using
a Pound-Drever-Hall locking scheme [67].
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Figure 2.7 Reduced energy level diagrams of Ca*™ and Mg* with cooling transitions indi-
cated by fat arrows. (a) Ca* ions are are laser cooled on the 4s 28, 12 & 4p 2p, /2 transition
near 397 nm. An additional laser near 866 nm is needed to avoid optical pumping into the
3d 2D3/2 level. (b) Mg* ions are lasercooled on the 3s 25, 2 e 3p 2P3/2 transition near
280 nm.

2.4.2 Cooling of Mg*

2Mg* and *Mg" ions are laser-cooled on the 3s 251/, <> 3p 2P, transition (sat-
uration intensity of = 2.5 mW/ mm?). From the 3p 2P3/2 state, the only allowed
decay route is directly back into the ground state 35255, as sketched in figure 2.7
(b). We use linearly polarized light, but circularly would be just as fine as long as
we utilize the 3p2P;), state. Mg™ is slightly more complicated due to hyperfine
splitting of both levels and would need a second repumping laser to avoid optical
pumping into other hyperfine levels.
The laser light is produced by frequency doubling the output of an Ar* pumped

single mode ring dye laser running on Pyrromethene 556 dye at 560 nm. The dou-
bling unit is described in detail in Ref. [68].

2.5 Fluorescence Detection

Images of the laser-cooled ions are recorded by imaging fluorescence onto the sur-
face of an image intensifier that is connected to a CCD camera via a relay lens of
magnification of X1 or x1. The magnification of the lens system that collects the
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light is typically x10, but this can be varied according to experimental needs. The
total magnification for the experiments in chapter 6 is only x4, while the magnifi-
cation in the few ion experiments (chapter 3-5) is as high as x15.

The total photon detection efficiency of the imaging system is about 107* —
1073 and we thus detect 10> — 10* photons per second. To determine positions of
the ions, typically a few hundred detected photons are needed and the camera
integration time has to be of the order of 100 ms. Discussion about the detec-
tion efficiency and resolution with respect to the precision of our experiments are
postponed to section 3.5.6.

Examples of fluorescence images are presented in figure 3.3 (a) for the case of
two atomic ions in the ion trap, in figure 3.3 (b) for an atomic ion together with an
unknown and non-fluorescing ion and in figure 6.7 for one and two-component
crystals with approximately 3000 ions.

2.6 Trapping and cooling of molecular ions

Finally, a few words on molecular ions. The first task is to load the molecular
ions into the trap. Here we basically have four different methods at our disposal,
each with their own pros and cons, but all of them relying on the admittance of
gas into the chamber. The simplest method is to leak in gas and wait for a reac-
tion between a molecule and an already loaded and laser-cooled atomic ion. This
method is used both in chapter 5 and 6, as well as in previous experiments [69, 70].
The drawback is of course the limited number of molecules accessible with this
technique, since the product ion has to contain the laser cooled atomic ion and the
reaction cross section has to be of a certain size. At the cost of an additional laser, it
is also possible to photoionize molecules in the gas directly in the trapping region.
This method can be applied to a wealth of molecules and shares many of the ad-
vantages of photoionization of atomic ions, i.e. it is an efficient load-on-demand
technique, that only charge the insulating parts around the trap minimally. In
chapter 4 this method is used to load aniline ions (C4HsNH}). If a complex mol-
ecular ion is already present in the trap, photodissociation is also a viable way of
preparing fragment ions of interest (also demonstrated in chapter 4). Lastly, it is
possible to ionize molecules by electron impact. This is, however, a rather brute
way of loading ions without much control over which and how many ions are
loaded, and this method was never used in this work.

When one or more molecular ions have been loaded into the trap, they are
sympathetically cooled [71] to temperatures below 100 mK through the Coulomb
interaction with co-trapped laser-cooled atomic ions. This happens on timescales
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ranging from milliseconds if the ions are of roughly the same mass, up to several
seconds when the molecular ion is much heavier than the atomic ion.

As already mentioned, the CCD camera records the emitted light from the
laser-cooling process of the atomic ions. Since the molecular ions do not emit
light, they are “invisible” in the images, but their presence is evident from the
spatial configuration of the atomic ions. In the single ion case, the atomic ion is
displaced from the center of the trap, as seen in figure 3.3, 4.2 and 5.1, and in
the many-ion Coulomb crystal case, ions are separated radially due to the mass
dependence of equation (2.7), see figure 6.7.



Chapter 3
Measuring the mass of a single ion

Since the first mass spectrometry methods was introduced by Thompson, As-
ton and Dempster nearly a century ago [72], it has proved itself a valuable tool
throughout the fields of physics, chemistry and, recently, biology. Admittedly,
many different methods have been developed since that time for different appli-
cations [73]. This chapter is devoted to a new mass measuring method recently
demonstrated in our laboratory [37]. The main advantages of this mass mea-
surement technique is the relatively high precision on single ions and the non-
destructiveness, which implies that the measured ion can be used for further ex-
periments.

In short, we measure the mass of a single trapped and cold atomic or molec-
ular ion by resonantly exciting a motional mode of two-ion system in a harmonic
trapping potential. The advantages of such single ion measurements are mani-
fold. First of all, the single ion case avoids all the difficulties of ensemble aver-
aging and provides a very “clean” experiment. Secondly, since the ion is trapped
and cooled, it is spatially localized to within ~ 1 ym. This renders it possible to
manipulate the ion with focused laser beams. Third, the measurements are car-
ried out under ultra-high vacuum conditions, such that no collisions perturb the
internal state of the molecular ion. In a sense, a single trapped, cold and unper-
turbed molecular ion makes the ideal target for a wealth of investigations.

The chapter is organized as follows. In section 3.1 we will compare our new
technique to other already established techniques. We discuss the additions to
the experimental apparatus needed for this technique in section 3.2. To test the
precision of our technique, some measurement on atomic ions have been made.
They are presented in section 3.4, while the accuracy of our technique and possi-
bilities for improving it are discussed in section 3.5. Results on molecular ions are
postponed to later chapters (4 and 5).

3.1 Single ion mass measurements

In this section we will first take a brief look at existing mass spectrometer tech-
niques which have the ability to measure masses of single ions. After this, we will
introduce our mass measurement technique and discuss some of the pros and
cons over other techniques.
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3.1.1 Common single-ion mass spectrometry techniques

Detection of a single ion is in general fairly easy and can be achieved with almost
100% efficiency with an electron multiplier detector, if the particle is accelerated
to an energy of a few eV. Several traditional mass spectrometers, such as the
quadrupole mass filter (QMF) [74, 75] and the time-of-flight (TOF) instrument
[74,76], utilize this feature to gain single ion sensitivity. The detection mechanism
is, however, destructive.

A non-destructive single ion mass measurement can be achieved with the
more recent technique of Fourier Transform Ion Cyclotron Resonance (FT-ICR)
mass spectrometry [77]. Here the cyclotron frequency of the induced image charge
motion is measured in pick-up plates. From this frequency, the ion mass can be
obtained with a formidable accuracy. Compared to the relative mass resolution
of QMF and TOF mass spectrometers around 42 = 1072 — 107, the FT-ICR tech-
nique reaches an impressive resolution of 2 = 10! [78], where m is the mass of
interest and Am the uncertainty with which it can be determined. The ability to
make spatial and time resolved measurements are however limited.

This imply that QMF and TOF mass spectrometers are usually applied in fast
dynamic experiments where the mass of the particles of interest may change due
to reactions or photofragmentation, while FT-ICR is applied most often in “static”
high precision measurements and slower dynamics situations.

3.1.2 The SCSI-MS technique

In our technique, an unknown (atomic or molecular) ion is trapped together with
a laser-cooled atomic ion. Through the Coulomb interaction, the unknown ion
is sympathetically cooled down to a temperature of a few mK. This results in a
crystallization of the two-ion system, which can be observed by imaging the fluo-
rescence from the laser-cooled ion onto a CCD camera. The fluorescence from the
laser-cooled ion appears as a spot displaced a certain distance from the center of
the trap [see e.g. figure 3.3 (a)]. The mass measurement relies on the determina-
tion of the resonant excitation frequency of one of the two oscillatory modes of this
trapped and crystallized linear two-ions system [79, 80]. These two modes will be
named the center-of-mass (COM) mode and the breathing (BR) mode throughout
this thesis. In the COM mode, the ions move with the same phase, while in the
BR mode, the motions of the ions are out of phase. From the measured frequency,
the mass of the unknown ion can be determined from a simple relation between
the frequency and the relative masses of the two ions. In the following we will
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Figure 3.1 Sketch of the SCSI-MS technique. Shown in the figure are the linear RF ion-
trap electrodes, the cooling laser beams and the CCD camera used to monitor the fluo-
rescence from the laser-cooled atomic ion. An image-intensifier-based shutter that can be
gated phase-locked to a periodic driving force is installed in front of the camera. A driving
force, for excitation of the ion motion along the z-axis, is applied either in the form of a
sinusoidally-varying voltage applied to the end-cap electrodes of the ion trap or through
modulation of the scattering force on the atomic ion by using an electro-optical chopper
(EOC) for intensity modulation.

refer to our technique as Sympathetically Cooled Single Ion Mass Spectrometry
(SCSI-MS).

In figure 3.1 a sketch of the SCSI-MS setup is presented. The two-ion system
is aligned along the trap’s main axis, which we will refer to as the z-axis from now
on. The motion of the two ions can be excited either by a sinusoidally-varying
electric field along the z-axis, which is achieved by adding a modulation voltage
to some of the end-cap electrodes of the trap, or by modulating the cooling inten-
sity of at least one of the cooling laser beams propagating along the z-axis; this
intensity modulation causes a periodically-varying scattering force on the laser
cooled atomic ion. If we, for the moment, ignore the damping exerted by the
cooling lasers, the resonance frequency is most easily determined as the modu-
lation frequency at which the ion motion amplitude is largest. If the integration
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time of the camera is much longer than the period of the oscillation, this is oberse-
ved as a “smearing” of the fluorescence spot [see figure 3.3 (b)]. With this method
one can easily get a mass resolution below 1072 and with optimized parameters,
a mass resolution around 107 is reached. Additionally, it is possible to monitor
the phase of the ion motion relative to the modulation by gating the camera such
that only light emitted at a certain phase of the motion is detected. In this case, a
relative mass resolution around 107 is also achieved.

After the mass measurement has been performed, both the laser cooled atomic
ion and the unknown ion are again translationally cold and well-localized. This
renders the SCSI-MS technique highly relevant to a wealth of future experiments
(see section 3.6).

3.1.3 Advantages and disadvantages of the SCSI-MS technique

In contrast to QMF and TOF mass spectrometer techniques mentioned above,
SCSI-MS offers a non-destructive mass measurment while maintaining the high
spatial and temporal resolution. However, whereas the relative mass resolution
of ~ 107* can compete well with that of QMF and TOF mass spectrometry, it
will probably never be able to challenge that of FT-ICR mass spectrometry. Yet,
our new technique is still highly relevant. Where FT-ICR spectrometers rely on
a cryogenically cooled superconducting solenoid obstructing direct access to the
ions, the SCSI-MS technique is centered around the simple and open Paul trap
structure, that easily integrates laser and molecular beams. Furthermore, com-
mersialization could be possible in the future through the ongoing effort to build
micro-traps (see for example Ref. [81]).

Currently, the SCSI-MS technique is limited in the range of masses that can be
accessed. To achieve stable operating conditions of the two-ion system in the Paul
trap, the mass of the unknown ion should be within the range of = (0.3 — 3)my,
where m; is the mass of the laser-cooled atomic ion. At the present time, only
Mg* and Ca* ions can be trapped and laser-cooled in our laboratory, but with the
implementation of systems for cooling other ions, all singly-charged ions within
the range of 1 to = 600 u should be measurable. The mass range could also be
increased when a general procedure to align two ions along the trap axis of a
Penning trap becomes available. Axial alignment of two laser-cooled Mg* ions
has already been demonstrated in a Penning trap [82]. Another possible way to
increase the mass range could be to work with higher-charge states.
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Most mass spectrometers measure the charge-to-mass ratio, but since the
equilibrium positions of the two ions depend on the charge, both the mass and
the charge are actually measured independently with SCSI-MS.

Also note that, in contrast to standard mass measurement techniques, a strong
Coulomb interaction between the ions is essential, rather than being problemati-
cal. The non-linear nature of the Coulomb interaction can, however, lead to un-
wanted systematic errors in the mass measurement, as discussed in section 3.5.2.

3.2 Experimental realization

Most of the experimental arrangement was already presented in chapter 2, but
two things remain: inducing and detecting the ion motion.

3.2.1 Inducing driven motion of the ions

To determine the common mode resonance frequency, the motion of the two-ion
system is excited by applying a periodic driving force. This can either be achieved
by applying a sinusoidally-varying voltage to some of the end-cap electrodes of
the ion trap or by modulating the radiation pressure force. This can be done by
chopping the intensity of a cooling laser beam propagating along the z-axis with
an electro-optic chopper (EOC) (see figure 3.1). Both methods are utilized in our
laboratory and test mass measurement experiments have shown that, at least at
the level of & ~ 107, the two methods do not lead to any systematic differences.

In both cases, the frequency sweeps are controlled from a home-built pro-
grammable frequency synthesizer. It provides a sinusoidal modulation voltage
output used when exciting the ion motion via the electric force and a TTL output
that controls the electro-optic chopper. The synthesizer is able to step through
a series of frequencies and, thus, able to perform a scan across the expected res-
onance while delivering a trigger signal to the camera to ensure a well-defined
frequency during the acquisition of a single image. In addition, the synthesizer
outputs a short gating pulse with a variable phase delay that can be used to gate
the image intensifier when we do phase measurements (see section 3.2.2.2). The
size of the frequency steps, the time between each step, and the modulation ampli-
tude are adjustable and provide flexibility for the tailoring of scans. Furthermore,
the synthesizer can hold up to 10 predefined scans in its memory, which together
with an option to loop when reaching the end of the last scan, permits repeated
frequency scans of relevant masses with minimum down time. For convenience,



22 EXPERIMENTS WITH COLD TRAPPED MOLECULAR IONS

Modulation addition RF addition
Ry

L T 1.1

j{:C] C2 IC}; C4 C5

L U —Jj L URF—[ L

Figure 3.2 Electrical diagram showing how the modulation voltage is added to the elec-
trode trapping voltages.

|
Ubc Ly : Electrode

|
|
|
|
|
|
mod :
|

settings can be uploaded to the synthesizer from a small LabView program via a
serial port (R5232) interface.

3.2.1.1 Electrical forces

To achieve a sinusoidally-varying driving force along the z-axis, the analog output
from the frequency synthesizer is added as a modulation voltage to two or four
end-cap electrodes of the ion trap (see figure 3.1). The COM mode can be excited
by applying a time-varying homogeneous electric field along the z-axis. This field
can be achieved by modulating the voltage applied to two diagonally-opposed
end-cap electrodes at one end of the ion trap. In order to excite the BR mode, a
time-varying electric field that has a gradient along the z-axis is needed. This situ-
ation can be realized by applying a common modulation voltage simultaneously
to diagonal sets of end-cap electrodes at both ends of the ion trap.

Three potentials are combined in order to achieve the desired degree of con-
trol of the electrode potential; these potentials are (1) a constant DC potential for
axial trapping, (2) a modulation potential of ~ 100 kHz for COM and BR mode
excitation, and (3) an RF potential of ~ 4 MHZz for ion trapping in the radial plane.
As indicated in the diagram shown in figure 3.2, the modulation voltage is added
to the DC voltage before it is combined with the RF voltage and led ultimately to
the ion trap. The L;, C; filter suppresses the modulation voltage on the DC end;
the Ry, C; filter ensures a strong suppression of RF voltage at the DC end while al-
lowing a fraction of the modulation voltage to pass the other way. The adjustable
capacitor, Cs, is used for fine-tuning the RF voltage on the electrode.
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3.2.1.2 Radiation pressure forces

Besides cooling of the atomic ion, the radiation pressure force can also be used to
exert a periodic force on the atomic ion if the intensity of one or both laser-cooling
beams propagating along the z-axis is modulated. The intensity modulation is
achieved by directing the laser cooling beam through an electro-optic modulator
(EOM) followed by a linear polarizer. By appropriate adjustment of the polariza-
tion of the laser beam entering the EOM and the orientation of the polarizer, the
two optical elements can together act as an EOC when the correct voltages are ap-
plied to the EOM. In contrast to the electric driving force, the radiation pressure
force only acts on the laser cooled atomic ion and the same setup can be used to
excite both the COM and the BR mode without any changes to the apparatus.

3.2.2 Detection of the motion of the ions

The detection of the ion motion is done by the image intensifier together with the
CCD camera. The image intesifier can be opperated in either normal mode or in
gated mode, where the gating signal is delivered from the frequency synthesizer
described in section 3.2.1. In normal mode operation, only the amplitude of the
ion motion is recorded. Thus we will use the term “amplitude detection”. In
gated mode, the relative phase between the ion motion and the driving force is
detected as well, and we will denote it as “phase detection” throughout the rest
of this work.

3.22.1 Amplitude detection

The image intensifier is always active in the amplitude method. With typical ex-
posure times of ~ 100 ms and ion resonance frequencies around 100 kHz, the
motion of the ions are integrated over 10* oscillation periods. Examples of images
of a laser cooled #°Ca* ion and an “invisible” 2Mg* ion can be seen in figure 3.3.
In (a), the frequency of the driving force is far from the resonance frequencies, w.
and the ions are well localized in their equilibrium positions (see equation (3.2)).
In (b), on the other hand, the frequency is close to the COM frequency, and the
smearing of the fluorescence as compared to (a), clearly shows that the ions are
excited motionally.

As mentioned in section 3.2.1, the frequency synthesizer delivers a trigger signal
to the camera, ensuring a well-defined frequency in each image. Each image is an-
alyzed automatically in a simple Matlab script in the following way: First the ion
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Figure 3.3 (a) and (b) Images of a laser-cooled “’Ca* ion, co-trapped with sympathetically
cooled 24MgJr ion. In (a) the frequency of the modulation force is far from the resonance
frequencies, w., while in (b), the frequency is near the COM mode resonance frequency of
62.5 kHz. An exposure time of 100 ms was used in both images. (c) and (d) The fluorescence
intensity signal projected onto the z-axis. In (d) the FWHM is indicated with vertical grey
lines. In (c) a fitted parabola used for robust position determination is shown.

Projected signal [a.u.]

Figure 3.4 (Opposite) The position-resolved ion fluorescence for two *Ca* ions along the
ion-trap axis as a function of the drive frequency of the modulation voltage. Each gray scale
contour plot is composed of axial projections of the ion fluorescence intensity in images
recorded during the frequency scans (step size: (a,c) 25 Hz/image, (b,d) 100 Hz/image). (a)
and (c) show an excitation of the COM mode with the image intensifier in normal and gated
modes, respectively, while (b) and (d) show an excitation of the breathing mode (BR) also
with the image intensifier in normal and gated modes, respectively. The dark lines in the
fluorescence track in (a) and (c) are due to shelving of the 40Ca* ion in the non-fluorescing
3d2Ds /2 state [83]. (e and f): Amplitude of the ion motion as a function of the drive fre-
quency. The amplitude is found from (a and b), respectively, as the difference between the
HWHM of the fluorescence signal at a given drive frequency and the HWHM of the non-
excited ion (that is, at a far-off resonant drive frequency). (g and h): In-phase amplitude of
the ion motion as a function of the drive frequency. The in-phase amplitude is found from
(cand d) as the center of the upper ion fluorescence track.
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fluorescence intensity is projected onto the z-axis, as seen in figure 3.3 (d). Then
the FWHM is found by a threshold analysis, as indicated by the grey lines. Finally
the amplitude of the ion motion is determined as half the difference between the
FWHM of the fluorescence signal at a given drive frequency and the FWHM of the
non-excited ion. In this way the frequency-dependent amplitude can be plotted
as seen in in figure 3.4 (e).

Another way of visualizing the data are by stacking together the projected
fluorescence signals to form a contour plot, see e.g. figure 3.4 (a) and (b) where
the frequency is scanned across the COM and BR mode frequencies for two “°Ca*
ions, respectively. The gap in the lower trace in (a) is due to temporary shelving
of the ¥°Ca™ ion in the 3d 2Ds), state.

For many purposes (see e.g. chapter 4 and 5) it is sufficient simply to deter-
mine the modulation frequency where the amplitude is maximal, which for small
damping forces and ions of similar mass, occurs very close to the resonance fre-
quency. The cooling rate coefficient y is typically such that 2~ is ~ 107 - 1072,
which leads to a relative error in the measurement of w. smaller than 107*. A
quick max-amplitude estimate will give an accuracy of ~ 1072.

As we will see in the following sections, however, more precise determina-
tions of the normal frequencies are also possible with the amplitude detection
method. This is achieved by fitting an expression for the amplitude of the laser-
cooled ion as a function of the drive frequency (see equation (3.9) for identical
ions and equation (3.11) for non-identical ions).

3.2.2.2 Phase detection

In the phase detection method, the image intensifier is gated such that the camera
only integrates light emitted in a short time interval at a certain phase with respect
to the driving force. Hence it is the amplitude of the component of the ion motion
which is in-phase with the driving force that is recorded. This in-phase amplitude
of the COM mode has a characteristic dispersive profile, as observed in figure 3.4
(c) and (g), and features a sharp zero-crossing near or at w..

When the laser light is modulated, the voltage pulse for the gating signal
can be overlapped temporally with the light pulse by detecting the latter with a
photo diode. The adjustment of the detection phase is slightly more difficult when
using the electrode excitation driving force, because the circuit used to couple the
driving voltage to the electrodes leads to a frequency-dependent phase shift of the
signal originating from the frequency synthesizer.
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Again, the analysis of the recorded images is done automatically by a MatLab
script. The value of interest is the z-coordinate of the ion, which can be found with
good accuracy as the maximum of a parabola fitted to the projected fluorescence
intensities close to the center of the ion position [see e.g. figure 3.3 (c)].

3.3 Theory of the driven motion of a two-ion system

Now, lets turn to the theory behind the driven motion of the two-ion system. As
we saw in section 2.2, the potential energy of a single particle close to the center
of the trap is well described by a harmonic potential. Extending this result to two
singly-charged ions aligned along the z-axis, we can write the one-dimensonal
potential as:

2
1 5 e

1
2
(z1,22) 1 2 4dmeplzo — 2|

> > 3.1)

where z; and z; are the positions of the two ions, respectively, « is a spring con-
stant, and € is the permittivity of vacuum. By differentiation the equilibrium
positions of the ions when cooled to low temperatures are easily found to be

Zp = —Zz1 = % for (22 > Zl), with
2\
Az = ( ) (3.2)

2megk

being the equilibrium ion distance.

Now, the strong Coulomb interaction between the ions couples the motion
of these, which gives rise to two axial normal motional modes. Expressing the
spring constant x in terms of the single ion oscillation frequency of the ions

k=mw;  (i=1,2), (3.3)
the eigenfrequencies of these two modes can be found to be [80]

wi:[1+i¢ 1—i+l2]w%, (3.4)
il

where = 72. The solutions @, and w_ correspond to the mode with eigenvec-

tors where the ions move in phase (COM mode) and out of phase (BR mode),
respectively, with mass-dependent amplitudes. These eigenvectors are given by
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1-us1-p+pu* 1
q: =N vl
Vi Vi
where N, is a normalisation constant.

The SCSI-MS technique relies on the mass dependence of the oscillation fre-
quency of the two normal modes expressed in equation (3.4). By measuring ei-
ther w, or w_ as well as w1 (the oscillation frequency of the known laser-cooled
ion species), the mass ratio y and, hence, the mass m;, of an unknown ion species
can be determined. Alternatively, from a measurement of the ratio between w.
and w-_, equation (3.4) gives rise to an equation with solutions ¢ and 1. In this
case, 1 can be determined without measurement of wy, provided that it is known
that either w1 > w, or w1 < wy.

In section 3.2.1, we already described how we try to determine w1, w. , and
w- by resonant excitation of the ion motion through the application of a peri-
odic driving force. The situation is complicated, however, by the always present
damping force caused by the laser-cooling of one (or both) of the ions. Taking this
into account, the equations of motion read

(3.5)

Fpopp,1(21) e? Farive,
5 - — Ty w%zl =- 5+ Y cos(wt) (3.6)
mq 471601’}11(22 - Zl) mi
and
Fpopp2(22) ¢ Fari
gy - —DPPEEY | = - 2+ 2 cos(wt) 3.7)
my 4rtegmy(zo — z1) My

where Fpopp,i denotes the Doppler cooling force applied to ion i and Fayive,i is the
driving force applied to ion i. If the ions are identical, they are both subjected to
cooling and Fpopp,1 = Fpopp,2. For different ions, we assume that only ion 1 is laser-
cooled and Fpopp2 = 0. Similarily, for excitation via laser intensity modulation,
we have either Fyrive1 = Farive for identical ions or Fyrivep = 0 for different ions.
Using end-cap electrode excitation, we choose Fgrive1 = Farive2 for COM mode
excitation and Fyrive1 = —Fdrive2 for BR mode excitation.

Assuming small ion velocities, the Doppler cooling force can be approxi-
mated by a viscous damping force that is proportional to velocity, Fpopp,i = —=m;yizi,
where y; is a constant that depends on the laser wavelength, intensity, detuning,
and the ion mass [66]. The validity of this approximation will be discussed in
section 3.5.1, but in many cases it is a good one.

To uncouple equation (3.6) and (3.7), we assume small velocities and small
excursions from the equilibrium positions. In this case the identical-ion-system
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can be described in terms of normal mode coordinates z, = andz_ = Q_Zzﬂ

for the COM and the BR mode, respectively, by the uncoupled equations of mo-
tion

Zn+21
2

F.
Zi +YZs + wizi = m—‘ cos(wt) (3.8
1

where F. = (Farive2 * Farive1)/2. Each of these equations of motion is that of a
classical driven, damped harmonic oscillator with the solution leading to

F. A
z1(w, t) = = cos(wt + ¢) — TZ
\/Eml\/(a)z - @2)? + y2aw?
A
= 20(w) cos(wt + P) — ?Z (3.9)
where
w2 — w?

cos(¢) = (3.10)

\/(a)z - w?)? +92a?

For ions with different masses, the solution of the equation of motion for the “de-
tector” ion (ion 1) is much more complex [84] and reads as

Fq.
z (Cl), t) — drive,2 [Cos(a)t + (p)(za)g _ a)Z)
F rive, 2
[(Zw% - w?)+ ﬁwﬂ +920?
X 14
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cos(y) = (O~ PFavea + @iFarvenlle” ~ 2af + @’ + wjei]
lw* - 2(? + WHw? + 3wlw? + iy (w3 — w?)w?|
 HFarive2)? (203 - 0?)a? (3.12)
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with w; (i = 1,2) defined through « = m;w
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Near w; and w_ the amplitude of the laser cooled ion motion is enhanced.
The maximal amplitude is shifted a bit by y, which also approximately sets the
width of the resonance. As for identical ions, the in-phase amplitude shows a dis-
persive profile with a zero-crossing at w, and w_ when only the laser-cooled ion
is subjected to a driving force (excitation by laser modulation). For the electrode
excitation method, where both ions are driven, the zero-crossing is offset from w.
or w_ by an amount that, for < lis of the order of (- - L ) This can intuitively
be explained by the perturbance of the phase of the laser Cooled ion motion by the
driven motion of the non-cooled ion. In contrast, when only one ion is driven, the
other ion is “pulled” or “pushed” into phase with the driven ion.

While the amplitude and the in-phase signals for the COM mode are well de-
scribed by this basic theory, the first order expansion of the Coulomb interaction
is not precise enough for the BR mode and a strong asymmetry is observed (see
section 3.4 below). This asymmetry is discussed in section 3.5.2.

3.4 Experimental results

We have performed a series of experiments with atomic ions to test the accuracy
of the SCSI-MS technique. They involve either two laser-cooled *°Ca* ions or
one laser-cooled °Ca* ion trapped together with another Ca* isotope or a Mg*
ion. Experiments with single molecular ions are postponed to separate chapters;
see chapter 4 for experiments that demonstrate trapping and sympathetic cooling
of single more complex ions, namely aniline ions, together with a study of their
consecutive photofragmentation and chapter 5 for a study of the reaction Mg* +
HD — MgD* (MgH*) + H(D), in which we observe a strong isotope effect.

3.4.1 Two calcium ions

When deriving equation (3.8) for identical ions, we did not expand the Coulomb
interaction term. Thus the solution in equation (3.9) is valid for arbitrary ampli-
tudes, and w. can be determined accurately from a fit to the data. This was ver-
ified by recording the amplitude as a function of the drive frequency for a range
of different driving forces. All of the amplitudes could be fitted to equation (3.9)
and, as shown in figure 3.5, the center frequencies near 95.625 kHz are identical
within 20 Hz, thus showing good agreement with the basic theory.

In contrast, equation (3.8) for the BR mode is correct only for small ampli-
tudes. As shownin figure 3.6, even at moderate amplitudes a significant asymme-
try of the amplitude profile is evident. As we discuss in more detail in section 3.5.2,
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Figure 3.5 Measured oscillation frequency for the COM mode of two laser-cooled “°Ca*
ions at different amplitudes. The dotted line indicates the mean value of 95.625 kHz.
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Figure 3.6 Amplitude vs. drive frequency for the BR mode of two laser-cooled “°Ca* ions
at different driving forces. The vertical line indicates the expected BR resonance frequency
assuming no non-linear frequency pulling.

the shape of the amplitude profile is caused by a non-linear response (“frequency-
pulling” [85]) because the oscillation frequency is increasing with the amplitude.
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Figure 3.7 Amplitude vs. drive frequency for the COM mode of one laser-cooled “°Ca*
ion and one **Mg™ ion at different driving forces. The solid lines indicate fits to a model
similar to that developed by Evoy et al. [86]. The fits yield the same resonance frequency
for all of the five scans.

While frequency-pulling is an interesting non-linear phenomenon, in the present
context it leads, unfortunately, to difficulties in making an accurate determination
of the “true” BR mode frequency, that is, the eigenfrequency at small amplitudes.
The expected BR mode frequency in the above measurements, as indicated by
the dashed line in figure 3.6, is almost 1 kHz away from what we would naively
guess from the data.

3.4.2 One calcium and one magnesium ion

In the case of two non-identical ions, the COM mode frequency is also ampli-
tude dependent. To investigate this effect, the amplitude was recorded as a func-
tion of drive frequency for one laser-cooled ’Ca* ion and one *Mg* ion. As
shown in figure 3.7, we only observe a significant asymmetry of the amplitude
profile at large amplitudes. The small asymmetry observed at low amplitudes
can be explained by the slightly asymmetric shape of the amplitude predicted by
equation (3.11); such an asymmetry is predicted also by equation (3.9) where it
can be recognized as being due to the damping coefficient y. The BR mode motion
for two non-identical ions shows an asymmetry similar to that shown in figure 3.6



CHAPTER 3 — MEASURING THE MASS OF A SINGLE ION 33

40Ca+ _ =1-0Ca+
132240 v,=132208+10 Hz

132220 ¢ ;
132200 ¢ ¢ } ¢

132180~

40Ca+ _ 42Ca+
130600 v_=130573+2 Hz

130580
130560
130540-

S 2
+H

Hp-
—R—

Frequency (Hz)

40Ca+ _ 4—‘1-Ca+
129000 ~

128980

128960 1 R R a

128940 -

v_=128964+3 Hz

TiMe cmmm—

Figure 3.8 Reproduced from Ref. [37]. Measured oscillation frequencies for three combi-
nations of Ca* isotopes. The stated resonance frequencies are the statistical averages of the
respective data points [37]. The horizontal position of the data points reflects the time order
of the experiments.

for two identical ions. Figures 3.4 through 3.7 indicate that the “true” COM mode
frequency can be determined more easily and more accurately than the “true” BR
mode frequency. While this statement is generally correct, there may occasionally
be good reasons to make use of the BR mode as is discussed further in section 3.5
[86].

3.4.3 Precision mass measurements of calcium isotopes

Although not part of this PhD work, a few precision mass measurements of cal-
cium isotopes performed in this group are presented here for completeness [37].
The masses of the calcium isotopes **Ca* and **Ca* were measured with reference
to the mass of the **Ca* ion; one of the isotopes was trapped together with a **Ca*
ion and the COM resonance frequency was determined by the phase-detection
method. As a reference, the COM frequency for two “°Ca* ions was determined
also by the phase-detection method. The experimental oscillation frequencies
from a series of measurements are presented in figure 3.8. Using equation (3.4),
mass ratios of o4 = 0.9526(3) and 40744 = 0.9095(3) can be deduced from the
results. Within the uncertainties of 3x 10~ these results are in agreement with the
expected values of 4942 = 0.952441 and 4044 = 0.909174 [87].
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3.5 Accuracy of the SCSI-MS technique

In this section, we will discuss various effects that limit the accuracy of the SCSI-
MS technique.

3.5.1 Laser-cooling force

A main ingredient in the SCSI-MS technique, is Doppler laser-cooling which serves
several purposes. First, it acts as a damping force that cools the atomic ion directly,
and the unknown atomic or molecular ion indirectly through the Coulomb inter-
action in the two-ion system. Secondly, the fluorescence photons are used in the
detection process. Third, as described in section 3.2.1.2, it can be used to induce
the common motion of the ions by modulating the intensity.

It does, however, also introduce some complications. To understand the
broadening and shift of resonances, we approximated the Doppler cooling force
by a frictional force characterized by a friction (or cooling) rate I in section 3.3.
This approximation is only valid when the velocity of the cooled ion is much
smaller than the absolute value of the detuning of the laser cooling light, 0|, di-
vided by the wavenumber, k = Z, of the light driving the cooling transition [66].

Typical excitation amplitudes in our experiments are around 10 ym, which
for resonance frequencies w; = 27 X 100 kHz, lead to a ion velocity of * 6 m/s. In
the experiments of section 3.4.2 with a laser cooled *’Ca* ion and a **Mg?* ion, the
needed cooling rate, y, along the z-axis was as low as 2r X 100 Hz when applying
a strong radial cooling. To achieve this, the cooling laser was detuned approxi-
mately 10 transition linewidths away from resonance, that is 6 * —10I', where I is
the cooling transition linewidth. Such a detuning can readily be applied and us-
ing the above relation we get a maximum velocity of vmax = 80 m/s. Since this is
much greater than the ion velocity, the frictional force approximation can be met
readily.

For the results presented in section 3.4.1, however, the laser detuning was
only 1-2 T, and so the frictional force approximation was fulfilled over only a part
of the ion trajectory. But since the y dependence of the amplitude is weak for
Y < w,, the measured oscillation frequency was essentially independent of the
maximum amplitudes. Using a larger laser detuning, we expect the relative shift
in the resonance frequencies due to the non-linear friction force to be smaller than
1075.

Yet another laser-cooling related effect exists for measurements with non-
identical ions. An intensity imbalance of the counter propagating beams will
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cause a constant force, which will push the laser-cooled ion away from its equilib-
rium position. Furthermore, such an imbalance will shift the mass-dependent trap
frequency used in equation (3.3) [84]. If we (very conservatively) assume a 10%
intensity imbalance, the relative frequency shift is at most 1 x 10~ for the COM
mode motion of a **Ca* ion trapped together with an ion that is up to three times
lighter or heavier and typical parameter of w; = 27 x 100 kHz, y = 2t x 100 Hz,
6 = —T. For the BR mode, the shift is much higher but less than 4 x 10™. By
minimizing the difference between the resonance frequencies for the two possible
ion configurations (that is, with the laser-cooled ion located either to the left or
to the right of the ion-trap center), the intensity imbalance effect can probably be
reduced to a level of < 107°.

3.5.2 Non-linearity in the Coulomb interaction

In section 3.3, we assumed the oscillation amplitude to be small compared to
the inter-ion equilibrium distance, such that the Coulomb interaction was well-
described by a second order expansion. This was needed to arrive at the solu-
tions in equation (3.4) and (3.9), but is obviously not always valid. In fact, for
large changes in the ion—ion distance, additional terms in the Coulomb expansion
are needed. They lead to an anharmonic interaction and cause the amplitude-
dependent oscillation frequency behavior seen in figure 3.6.

In the simplest case, namely the COM mode excitation of identical ions, the
ions move in the same direction and with the same amplitude, corresponding to a
normalized eigenvector of (1,1)/2 [79, 80] [see equation (3.5)]. Thus, the ion-ion
distance is always equal to the equilibrium distance and the Coulomb interaction
energy is then just a constant term in the potential and does not give rise to an
amplitude-dependent oscillation frequency. Indeed, figure 3.5 above shows that
the oscillation frequency is independent of amplitude. For the BR mode, however,
the ions move in opposite directions, corresponding to an eigenvector of (1, -1)/2,
and the inter-ion separation is in general different from the equilibrium distance.
Hence, the higher-order terms of the Coulomb expansion causes an amplitude
dependent shift of the oscillation frequency, when the amplitudes amounts to a
significant fraction of the equilibrium distance, as seen in figure 3.6.

In the case of different ions, the two coordinates of the eigenvector of the
COM mode generally have a different magnitude. Thus, even for COM mode
excitation, the inter-ion distance changes and higher-order terms of the Coulomb
interaction give rise to amplitude-dependent shifts of the oscillation frequency.
The mass dependence of the eigenvectors is given by equation (3.5). In figure 3.9



36 EXPERIMENTS WITH COLD TRAPPED MOLECULAR IONS

6 T T T ) T ) ! ) ' )
: — Center-of-mass mode
---- Breathing mode
S 4t |
~
S
|
2 e 1
0 \l\l 1 L L L L L

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Mass ratio

Figure 3.9 The ratio between the difference of the eigenvector coordinates and the ampli-
tude of coordinate 1 for the laser-cooled ion as a function of mass ratio, ii. The larger relative
difference for the breathing mode leads to a larger amplitude dependence of the oscillation
frequency.

we plot the change in ion distance relative to the amplitude of observed laser-
cooled ion as a function of the mass ratio p for both the COM and BR modes,
that is, we plot the quantity |go — 41//|9:1]. Obviously, the change in ion distance
is much smaller for the COM mode than for the BR mode and, consequently, the
COM mode oscillation frequency is much less amplitude dependent than the BR
mode frequency is. In the identical ion limit of u — 1, the amplitude dependence
vanishes completely for the COM mode.

Turning to real world numbers, the equilibrium distance, Az, equals 26.0 ym for
two ¥Ca* ions in a harmonic potential with w, = 27 x 100 kHz, while typically
applied amplitudes in the experiments described in section 3.4 are about 5 um.
This implies that in our case, it is necessary to consider higher-order terms for the
BR mode and, in some cases, also for the COM mode for two different ions. This
effect could be reduced, but not eliminated, if much smaller amplitudes could
be detected by using a state-of-the-art imaging system with almost diffraction-
limited resolution of ~ 1 um; however, the cost of additional experimental com-
plexity must be considered, since lenses will have to be mounted inside the vac-
uum chamber [88].

Because the resonance frequency depends non-linearly on the amplitude, the
frequency dependence of the driven ion motion becomes non-linear. This effect
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is seen most clearly in figure 3.4 (b) and (d) and in figure 3.6. Following the am-
plitude from the low-frequency side in figure 3.6, the amplitude continues to rise
even after the “true” small-amplitude resonance frequency has been passed. This
behavior is an example of frequency pulling where the effective resonance fre-
quency gets shifted to higher values due to the increased amplitude. Jumps be-
tween large and small amplitudes appear around the point where the drive fre-
quency is so far from the small-amplitude resonance frequency that the driving
force is able, only marginally, to sustain non-linear oscillations (see e.g. the dotted
line in figure 3.6).

In figure 3.6, the small-amplitude BR mode resonance frequency is indicated
by a dashed line. It is found on the low frequency side of the resonance structure
and a “trained eye” may be able to estimate this frequency within ~ 1 kHz from
a series of scans with varied driving force, such as are presented in figure 3.6.
For the COM mode excitation of systems of two different ions, such non-linear
effects at 5 um amplitude are not seen; only for very large amplitudes the effect
of an amplitude-dependent oscillation frequency can be observed, as shown in
figure 3.7.

To sum up, the BR mode oscillation frequency is strongly perturbed by higher-
order terms in the Coulomb interaction at practically applied amplitudes of ~
5 pm, while the shift of the COM mode frequency is much smaller. Although the
amplitude dependent shift in the BR mode excitation prevents very accurate mass
measurements, a measurement of this frequency can be useful in some situations,
as we will discuss further in section 3.5.7. For excitations of the COM mode with
amplitudes around 5 um, the relative shift in resonance frequency is typically 10~
or less, and for ions of almost the same mass, the shift is particularly small.

3.5.3 Ion trap imperfections

Another assumption made in section 3.3 was the perfect harmonic trapping po-
tential. Unfortunately reality often deviates from the ideal case, so in this section
we will take a look at various unavoidable effects that compromise this assump-
tion. First, we consider higher order terms in the trapping potential due to non-
ideal electrode shapes or small misalignment of the electrodes. Second, we take
a look at imperfections in the trapping fields, e.g. when the ions move slightly
off-axis or difficulties in controlling the electrode voltages. Finally, the effect of
residual magnetic fields is discussed.
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3.5.3.1 Anharmonicity

In reality, a harmonic term alone is not enough to describe the trapping field.
Odd terms (z, z°, etc.) arise when the symmetry of the trap is broken. This could
be caused by small misalignments and imperfections of the electrodes, by sur-
rounding conductive or dielectric elements or by contact potentials [89] due to
deposited material on the electrodes. Higher order even terms (z*, z°, etc.) arise
from non-ideally shaped electrodes, which are chosen for practical reasons.

The linear term, z, does not change the oscillation frequency, but only the ion
equilibrium positions. Higher order terms, however, will change the oscillation
frequency. To estimate the nth order effect, we integrate the equations of motion

-2
for two particles in a trapping potential of mw?z> [1 + (Zio)n ] The oscillation pe-

riod is then determined from a Fourier transform of the trajectories. This has been
done for n = 3 and n = 4, with z; set to half the length of the center electrodes
(2.7 mm) and, for both cases, the relative oscillation frequency shift is less than
107° for amplitudes up to 5 um and less than 10 for amplitudes up to 20 ym.
Furthermore, the choice of zj is a worst-case scenario; higher order terms are sig-
nificantly smaller and for appropriately chosen length of the center electrodes, the
4th order term disappears completely [84]. Thus, we expect anharmonic effects to
cause a relative shift in oscillation frequency less than 107.

Experimentally, this is supported by the results from section 3.4.1, where the
COM mode of two %Ca* was excited. Because the ions are identical, the non-
linearity of the Coulomb interaction does not alter the oscillation frequency, so
an amplitude dependent shift must be attributed to either the laser cooling, as
discussed in section 3.5.1, or the anharmonicity. In the mentioned experiment,
the measured COM frequencies around 95.625 kHz differed by less than 20 Hz at
amplitudes between 15 and 35 um. Thus, we can ignore anharmonic effects, at
least at the level of 2 X 107*. Anharmonicity of the trap should also give rise to
frequency-pulling effects, but this was not observed.

3.5.3.2 Trapping field imperfections

So far, we have assumed that everything takes place along the z-axis and hence
treated the motion of the ions in one dimension only. In reality, the trapping po-
tential is harmonic in all three dimensions, 3m(w} + @} + @?), and thus causes a
total of six normal modes in the case of two ions [90]. Besides the already de-
scribed COM and BR modes along the z-axis, there are also two purely radial

modes and two mixed modes, that involve both radial and axial motion. At small
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amplitudes, the modes are normal and can be treated separately. However, the
trapping potential could contain terms which couple the axial and radial coordi-
nates, e.g. xz or yz, leading to a change in the axial frequencies when the two
ions are not confined to the z-axis. The ions are aligned on the z-axis by choosing
trapping voltages such that w,, > @, but the finite ion temperature of ~ 5 mK,
is enough to move the ions up to 1 um off-axis. The situation is worsen by radial
heating of off-axis ions caused by micromotion, which can be transfered into the
axial motion by coupling terms as well as mode mixing.

Another unwanted effect is spurious RF fields, that can lead to an additional
confining potential along the ion-trap axis (for example, due to slightly different
RF amplitudes on the 12 electrodes). The RF voltages can be matched to within
one percent, by adjusting the individual capacitive loads of the electrodes (see
figure 3.2), such that micromotion along the z-axis is minimal. In this case, g, =

eV~ 0.004 for a trapped “’Ca* ion with typically applied voltages of 400 V at

mQZzé

Q = 271X 4 MHz. The corresponding secular frequency is wXF = % ~ 2nx6 kHz
which should be added in quadrature to the DC induced axial trap frequency to
obtain the total axial trap frequency. Thus the relative shift is about 2 X 107 for
axial frequencies around 27 x 100 kHz, where we normally operate. This small
change of axial frequency will directly influence a mass measurement through
equation (3.4), but for ions with masses close to the laser-cooled ion mass, the
relative error is correspondingly small, e.g. ~ 107%.

The last effect to be considered here, is drift of the DC voltage supply. Since
the axial frequency depends directly on the end-cap voltage, U, through equations
(2.6) and (2.5), the stability is obviously very important. From the data presented
in figure 3.11, where the axial frequency was measured continuously for 15 min-
utes, we see a relative drift below 107 for our home-made DC supply. This slow
drift is non-critical for many experiments, since a reference measurement can typ-
ically be made within a short time interval before or after the mass measurement.

3.5.3.3 Residual magnetic fields

Besides coupling terms in the trapping potential, residual magnetic fields with
a component in the radial plane, will also couple the radial and axial motions
of the ions. To estimate the effect of the cyclotron motion of the ion resonance
frequencies, we consider the simple single ion situation. The equations of motions
are:
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f+wiz—-wi=0 (3.13)

P+ w’r—wsz=0 (3.14)

with w, and w, being the axial and radial ion-trap oscillation frequencies, respec-
tively, and with w. being the cyclotron frequency. If the cyclotron frequency is
smaller than both the axial and radial trap frequencies, as well as the difference
between these frequencies, that is, w. < w, and w. < w, and w, < |w; — w,|, then
the modified axial frequency w?, is given by

2
1 w;

W, w; + 2. (3.15)
If for example the magnetic field of the Earth is not compensated for, the magnetic
field of ~ 1 G, leads to a cyclotron frequency of = 2rt X 100 Hz. Compared to the
trap frequencies of ~ 21 X 100 kHz, this causes relative frequency shifts of only
107°. Similar results can be found for w... In practice, the amplitude of the residual
magnetic field can easily be reduced to 0.1 G, causing relative shifts less than 1075.

3.5.4 Ionloading

Loading of atomic ions into the trap may introduce two undesirable effects, namely
contamination of the ion-trap electrodes by neutral atoms from the effusive atomic
beam (see section 2.3) causing contact potentials [89] and charging of insulating
parts close to the ion-trapping region through photoelectron emission due to stray
UV light. We have investigated these effects by a series of single Ca* ion oscil-
lation frequency measurements, where the UV beam and the atomic beam was
blocked and unblocked by mechanical shutters respectively. The results can be
seen in figure 3.10. In (left), the UV photoionization beam is permanently blocked
while the atomic beam is blocked (white background) and unblocked (grey back-
ground), but no evidence of a systematic effect due to the atomic beam flux is
observed. In (right), however, where the UV photoionization beam is blocked
and unblocked while keeping the atomic beam blocked, a drastic effect is seen.
After a rapid initial rise of the ion resonance frequency of more than a 100 Hz,
the charging effect seems to reach a steady state after some time. The “problem-
atic” UV light is probably either weak reflections from the exit window (in spite
of its anti-reflection coating at 272 nm) or weak halo-like structures surrounding
the main ionization beam. When the source is identified, its effect can probably
be reduced dramatically by proper beam shaping and positioning.
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Figure 3.10 Relative shift of the measured ion-trap frequency in a series of scans for a sin-
gle 0Ca* ion. For each scan, the shift is defined as w/wp — 1, where w is the trap frequency
measured in the scan and wy = 27 X 95.51kHz is the frequency measured in the first scan of
part (left). (left) A series of scans where the neutral calcium beam is blocked (white back-
ground columns) and unblocked (gray background columns) sequentially. (right) Trap fre-
quency measurements where the UV photoionization beam is blocked (white background
columns) and unblocked (gray background columns) sequentially. The change of trap fre-
quency when the UV beam is “on” is most likely due to charging of insulating parts near
the ion-trap region.

This charging effect is not limited to calcium, but will most likely also be ob-
served for other ions that could be used in SCSI-MS technique. Photoionization of
berylium, magnesium and mercury requires UV light at 235, 285 and 185 nm, re-
spectively, while laser cooling of said ions involve UV light at 313, 280 and 194 nm.
In the special case of calcium, photoionization could be realized by two lasers at
the wavelengths 423 nm and 390 nm [91], which would probably reduce the prob-
lem significantly. A more general, but also more complex, solution would be to
use an ion-trap with multiple tapping zones, e.g. a “loading” zone and an “exper-
imental” zone [92].

3.5.5 Background gas

Background gas is present at all times, either just residual gas or reactant gas used
in reaction studies. This gas manifests itself by ion-neutral collisions between the
cold atomic and molecular ions, which in some cases leaves the ions with suffi-
cient kinetic energy to move away from ion-trap axis. In the recorded images, this
is observed as a sudden disappearance of fluorescence. The trap depth is, how-
ever, = 1 eV deep and the ion is typically not expelled from the pseudo-potential,
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but rather re-aligned once again on the z-axis due to the continuous laser-cooling;
i.e. the fluorescence resumes after some time.

The frequency of these events depends of course on the gas pressure. In our
setup we operate with a base pressure of ~ 107! mbar, which only causes col-
lisions once in several minutes. In reaction studies, where we typically apply a
gas pressure of up to 10~ — 1078 mbar to get convenient reaction rates, this oc-
curs more often, but frequency scans are still possible in spite of these ion-heating
events. At much higher pressure, however, the analysis of the recorded images
becomes unfeasible due to the amount of images with “hot” ions.

It can also be speculated whether close or distant collisions may introduce an
additional damping effect, shifting the resonance frequency. This does not seem
to be the case, since no shift has been observed when measuring the oscillation
frequency of two *°Ca* ions at pressures up to 10 times higher than the base pres-
sure.

Finally, we have investigated a more indirect effect from the introduction of
reactant gas, namely contact potentials caused by contamination of ion-trap elec-
trodes. Leaking in O, gas at pressure of ~ 1077 mbar for a few minutes caused the
COM mode frequency of two *°Ca* ions to shift at the level of 1 x 10, Between
the measurements, however, new ions were loaded, so this shift may as well be
attributed to the loading procedure described in section 3.5.4.

3.5.6 Photon detection

In the following two subsections, we will discuss the limitations imposed by the
imaging system. First we take a look at the spatial resolution, which is important
because we want to monitor small motional energy excitations. After that, the
achievable signal-to-noise ratio is analyzed with a view to estimating the uncer-
tainty on the frequency determination.

3.5.6.1 Spatial resolution

The total resolution of our setup is limited by the spatial resolution of the imaging
system itself (see section 2.5) as well as the finite ion temperature that results in
the ions moving around. These ion excursions scale as w;* for a fixed temperature
and from a simple experimental point of view, w, should be chosen such that the
thermal excursions of the ion are roughly the same size as the spot size resolution
of the imaging system. In this way, better image resolution allows for a higher
trap frequency and thus a more precise oscillation frequency measurement, since
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the resonance is narrower. However, for a particular experimental arrangement,
the effect of the non-linearity in the Coulomb interaction (see section 3.5.2) must
be taken into account when choosing w,.

The ion displacements of a “’Ca* ion is less than 2 um at a temperature of
5 mK and an ion-trap frequency of 27t X 100 kHz, while the spot size resolution of
our imaging system is about 3 ym HWHM.

3.5.6.2 Scattering rate and collection efficiency

The resonance frequencies are determined from projections of the pixel values
onto the z-axis as seen in figure 3.3. A set of these projections taken at different
drive frequencies is visualized as grey scale contour plots in figure 3.4 (a to d).
These z-projected pixel values are the signal, S, we analyze and they are directly
related to the number of collected photons, which is proportional to the photon
scattering rate, the collection efficiency and the CCD exposure time, which we
denote Texp. The precision at which the resonance frequencies can be determined
are limited by the signal-to-noise ratio, S/N, that is, the signal divided by the
standard deviation. To determine w, with a precision of Aw, the uncertainty of
the measured amplitude must be less than the variation of the amplitude over the
frequency interval Aw, as plotted in figure 3.4 (e to h). In both the phase and the
amplitude method, the uncertainty on the amplitude, A, is of the order of A/(S/N),
but since the phase method features a drastic zero-crossing, this requirement is
more easily met, than for the amplitude method.

In a bit more detail, the variation of the amplitude over Aw in the phase
method is given by Aw times the slope of the signal, which is given by ~ Ag/y,
where A is the maximal amplitude and y is the damping due to the Doppler
cooling. Hence Aw =~ y/(S¢/Ng) o« Te‘)}p, where the subscript ‘g’ indicates the
signal-to-noise ratio when the image intensifier is gated. Likewise for the ampli-
tude method, where the variation of the amplitude over Aw is given by Aw? times
the curvature, ~ Ay/ )/2, from which it follows that Aw = y/ VS/N o T;}Ifz.

The running average and the corresponding statistical uncertainty for a se-
ries of measurements of the COM mode frequency for two “°Ca* ions are shown
in figure 3.11 (a) and (b) for the amplitude method and the phase method respec-
tively. The statistical uncertainty of # 2 Hz is in reasonable agreement with the
above estimates of Aw. The limiting value is reached with fewer phase-method
measurements than amplitude-method measurements, but in approximately the
same measurement time, since the amplitude method scans are approximately
five times faster than the phase method scans.
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Figure 3.11 Running average and statistical uncertainties of the COM mode frequency
for two ¥°Ca* ions obtained with the amplitude method (left) and with the phase method
(right). For the amplitude method, the CCD exposure time was 100 ms and S/N =~ 17, while
for the phase method the exposure time was 500 ms and S¢/Ng ~ 6. y is 21t X 113 Hz in
both cases, yielding Aw ~ 271 X 27 Hz for the amplitude method and Aw is = 2m X 19 Hz
for the phase method. These values are in reasonable agreement with the statistical uncer-
tainty of about 21t X 7 Hz for both methods. The total measurement times for the amplitude
measurements and the phase measurements were 13 minutes and 23 minutes, respectively.

While deriving the estimates of Aw, we tacitly assumed that the width of the
resonance was given by y alone, which is indeed the case in our experiment.. If,
however, the inverse exposure time is of the order of y or smaller, the width of
the resonance has an additional contribution. In the extreme case of y < 1/Teyp,
it is found that Aw « Te_fgz for the amplitude method and Aw o Te‘xzp for the phase
method.

3.5.7 Reference measurements

As described in section 3.3, the mass of an unknown ion can be determined from
measurements of either the COM mode frequency and a reference frequency w;,
or from measurements of both the COM mode frequency, w., and the BR mode
frequency, w_, by using equation (3.4). Which set of frequencies to use depends
on the specific use of the SCSI-MS technique, as well as the uncertainty on the
mass derived from the frequency measurements.

In chapter 5 we describe a reaction experiment where two laser-cooled ions
are trapped and one of them reacts to form an unknown molecular ion. In this
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Figure 3.12 The ratio between the relative uncertainty on the unknown ion mass and the
relative uncertainty of the frequency measurement (Aw/w = Aw1 /w1 = Aws/ws = Aw-]w-)
as a function of mass ratio j. The two curves represent only COM mode measurements
(One reference measurement of w7 and one measurement of w,) and combined COM and
BR mode measurements, respectively.

case a reference measurement of w1 can be made sequentially again and again
with the two laser-cooled ions until a reaction occurs. Because w; is measured
shortly before w,, a slow drift in w; due to for example a changing DC voltage,
has negligible influence. Similarly, in experiments where a single laser-cooled ion
is trapped and a second unknown ion is loaded, e.g. a fragment of a complex mol-
ecular ion as in chapter 4 [40] or a super-heavy ion species [93, 94, 95], a reference
measurement of w; can be made with the single ion prior to the loading event.

Slow drift of the DC voltage could become an issue in longer reaction se-
quences as, for example in bi-molecular reactions as described in Ref. [96], or
photoreactions as described in chapter 4, or a combination thereof, where it would
compromise the mass measurements for the different reaction steps. If the drift
is linear, it can of course be corrected by measuring the reference frequency both
before and after the reaction sequence, provided that the necessary loading of a
reference ion after the reaction sequence does not give rise to significant shifts of
the ion-trap frequency.

The problem of DC drift can be completely eliminated by measuring the
COM and BR mode frequencies, since these can always be measured within a
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short time interval. However, the uncertainty in the BR mode frequency deter-
mination due to the strong amplitude dependence cause a reduced precision on
the mass measurement. In combination, the two measurements should enable ac-
curate mass measurements over long time scales even in the presence of a small
drift of the ion-trap frequency.

Another advantage of the self-referenced measurement of w, and w- over the
mass determination from w; and wy, is that it is unaffected by any additional po-
tential induced by a RF field along the ion trap axis as described in section 3.5.3.2.

The uncertainties on the measured frequencies, either w; and w, or w, and
w-, translate to an uncertainty on the mass m;, of the unknown ion determined
from equation (3.4). The relative uncertainty depends on the chosen reference
measurement as well as the mass ratio y, as shown in figure 3.12. For a mass ratio
larger than 1.25, it appears to be advantageous to determine the mass from w,
and w_, however, the difficulties in making a precise determination of w_ are suf-
ficiently severe that a mass measurement based on w; and w, is generally prefer-
able, provided that error sources, which are more severe for mass measurements
based on w; and w,, for example, drift of the ion-trap frequency and RF-induced
secular potentials, are sufficiently small.

3.5.8 Choice of parameters

In light of the previous subsections, we here summarise the choices that has to be
made when using SCSI-MS.

To reduce the amplitude dependent frequency shift as much as possible, it
is advantageous to measure small amplitudes for both the COM mode and the
BR mode. The cooling force along the z-axis should be kept weak, such that the
broadening due to the damping term is small. At the same time, a strong radial
cooling force is beneficial, since it keeps the ions cold and aligned, while ensuring
a good signal-to-noise ratio in the images. In the optimal setup, the detunings of
the axial and radial cooling beams should be independent, but as we have seen,
individual control of the beam intensities at a fixed detuning can be a satisfactory
compromise.

The frequency of the ion trap plays several roles. On one hand a high relative
precision (w./Aw) and a small ion spot width requires a large ion-trap frequency;
on the other hand amplitude-dependent frequency shifts are reduced for a large
equilibrium ion distance, that is, for a small trap frequency. With our relatively
poor image resolution of ~ 3 ym FWHM, a trap frequencies of w. = 2nx 100 kHz
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and y ~ 21 X 100 Hz is a convenient set of parameters that enables accurate mass
determination at the level of 107,

Both the amplitude method and the phase method has advantages and dis-
advantages. As discussed in section 3.5.6, the phase method enables more accu-
rate frequency determinations due to the sharp zero crossing, but at the cost of
increased measurement time. The amplitude method is much faster, but the pro-
file of the amplitude is not so sharp. With the present error sources at the 107*
level, the amplitude method is superior due to the shorter measurement time, but
ultimately the phase method would be the most accurate.

3.6 Conclusion

In this chapter, we have presented a mass spectrometric technique that relies
on the measurement of the normal mode frequencies of strongly-coupled two-
ion systems. The strongly-coupled regime is reached by sympathetic cooling of
the ion of interest (the unknown ion) through the Coulomb interaction with a
simultaneously-trapped and laser-cooled atomic ion.

Even without optimizing our current setup for SCSI-MS, we have obtained
a relative mass resolution of ~ 107# (see section 3.4). Based on the discussion in
section 3.5 of the various effects that can limit the mass resolution, there seems to
be room for improvement in the measurement accuracy by a factor of 10-100 and,
hence, mass measurement with an accuracy of %” ~ 107 — 107° should be within
reach. In this respect, the main error sources to be minimized are charging effects
during loading of ions (section 3.5.4) and imperfections in the RF-field configura-
tion (see section 3.5.3.2). By a modest optimization of our current experimental
arrangement, we expect to be able to achieve a relative mass measurement accu-
racy of < 107%, and thus be able to discriminate between various mass doublets
(for example, *MgH* and ®Mg"™).

The technique is inherently a single ion mass spectrometric technique, uti-
lizing a non-destructive detection step. This latter feature of the SCSI-MS tech-
nique is suitable particularly for monitoring mass changes by, for example, ei-
ther photofragmentation, as we will see in chapter 4, or multiple-step reactions.
The single ion aspect of such studies enables one not only to obtain an ensemble-
averaged result, but presents the opportunity for comparing individual ion “his-
tories”. In particular, in experiments that involve complex molecular ions with
complex internal structures, such individual ion “histories” may be essential for
the identification of important processes.
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As mentioned briefly also in section 3.5.7, the SCSI-MS technique may possi-
bly find applications in the studies involving exotic ions, such as super- heavy
element ions [93] or rare isotope elements, because the technique can lead to
quantitative results using only a relative small number of ions as is illustrated
in chapter 5.



Chapter 4

Consecutive photodissociation of a single
complex molecular ion

Photodissociation of molecules is a process of utmost importance. In nature it
plays and important role for the physics and chemistry of, e.g., planetary atmos-
pheres [97] and interstellar clouds [98].

In the laboratory photodissociation is a versatile tool which is used to probe
molecular structure and dynamics [99], but also as a pathway to create otherwise
not easily accessible neutral molecules [100, 101] in the gas phase, as well as, some
specific molecular anions [102] and various positively charged radicals [103]

Charged photofragments can generally both be identified and counted by
the use of different types of mass spectrometers ranging from time-of-flight (TOF)
[74, 76], quadrupole [74, 75] to cyclotrons [77, 104]. If, however, the molecular ion
disintegrate inso smaller fragments through a series of consecutive dissociation
steps when exposed to light, the individual steps in the photodissociation chains
are difficult to identify with the use of the above mass spectrometers, since ex-
periments typically involve larger ensembels of ions [105, 106]. This problem is
non-existent if it is possible to work with a single ion at a time and determine its
composition in a non-destructive measurement.

4.1 Application of SCSI-MS to consecutive photodissociations

In chapter 3, we saw how a single molecular ion trapped and sympathetically
cooled by a laser-cooled atomic ion, could be identified by exciting the center-of-
mass (COM) mode of the two-ion system. Since the SCSI-MS technique is non-
destructive, it can be applied repeatedly to follow changes in the molecular ion
mass, thus allowing detailed studies of the time evolution of light-induced con-
secutive fragmentation at time scales from milliseconds up to several hours. The
temporal accuracy is currently limited to 0.1 s by the fluorescence light collec-
tion efficiency of the imaging lens system, but the technique can rather simply be
improved to become an order of magnitude faster. Another interesting feature
of live monitoring of the molecular ion mass is that it facilitates a viable way of
probabilistically preparing a wealth of single molecular ions through consecutive
fragmentations, by simply blocking the dissociation light when the desired frag-
ment is produced.

In this chapter we use the aniline ion as our guinea pig and show how the
sequential breakage into lighter fragments caused by irradiation of a combination
of CW light at 397 nm and nanosecond pulsed light at 294 nm, can be monitored
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Figure 4.1 Sketch of the experimental setup. Seen in the sketch is the linear Paul trap, three
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generator.

z

non-destructively on time scales up to several minutes. Among the variety of ions
produced and identified, the lightest species, robust against further photodissoci-
ation, is found to be c-C3HJ (cyclopropenylium).

4.2 Experimental procedure

Apart from a pulsed UV laser beam crossing the center of the trapping region or-
thogonal to the trap axis (see figure 4.1), the experimental setup was already de-
scribed in chapter 2 and 3. This pulsed laser is used for resonance-enhanced two-
photon ionization (R2PI) of aniline via the Sy — 54 08 transition near 294 nm [107].
The pulsed UV laser beam (20 Hz repetition rate, 5 ns FWHM pulse length, peak
intensity of 107 W/cm?) is generated by frequency doubling of the output from
a Nd:YAG' pumped Lambda Physik Scanmate 2 dye laser by an external KDP
crystal. After traveling ~ 30 m to the trap, the laser beam is focused to a spot size
of # 100 um in the center of the trap. Since the laser is only used for loading of
single ions, the pointing stability is not problem.

1 Spectra Phsics, Quanta Ray Pro 270-20
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Figure 4.2 CCD images of a laser-cooled *°Ca* ion. (a) A single *°Ca* ion is trapped. (b)
One *°Ca* ion and one non-fluorescing molecular ion. Notice the displacement of the °Ca*
ion due to the Coulomb interaction between the two trapped ions. (c) As (b), but with the
center-of-mass mode of the two-ion system resonantly excited. The fluorescence from the
40Ca* jon appears axially smeared out due to the long CCD exposure time. The white scale
bar in all three images corresponds to 25 ym.

The experiment proceeds as follows. First a single “*Ca* ion is loaded into the
trap and laser-cooled as described in section 2.3 and 2.4 [see figure 4.2 (a)]. Next,
a gas of aniline is leaked into the vacuum chamber at a pressure of ~ 10~ mbar
which is about an order of magnitude higher than the background pressure in the
trap region. Then a single aniline ion is produced through resonance-enhanced
two-photon ionization (R2PI) via the Sy — S 0) transition by applying the pulsed
laser.

After ~ 10 s of sympathetic cooling, the non-fluorescing molecular ion be-
comes part of a two-ion Coulomb crystal. Due to a larger mass difference be-
tween the laser-cooled atomic ion and the sympathetically cooled molecular ion,
this cooling period is considerably longer than the tens of milliseconds required
to cool the MgH* and MgD™ ions in chapter 5. That indeed a single ion is loaded
is observed indirectly through the change in the position of the fluorescing *’Ca*
ion in the camera images [see figure 4.2 (b)]. At this stage, the 294 nm photoion-
izing laser is shut off, but the cooling laser beams remain present. A repeated
series of non-destructive mass-scans is initiated around the masses expected to be
produced in photodissociation of the positively charged aniline ion by the pulsed
ionization light (294 nm) or the continuously present cooling light (397 nm). In
figure 4.2 (c), one clearly observes how the resonantly excited motion of the two-
ion system results in an axial smearing of the fluorescence from the **Ca* ion on
the CCD camera when it is exposed for 100 ms. As discussed in detail in chapter 3,
the mass of the non-fluorescent ion can now be deduced from the measured reso-
nance frequency.

4.3 Photodissociation of aniline and its fragments

As mentioned in the previous section, aniline ions are produced through a R2PI
process, a technique which has previously been applied successfully to aniline
using light in the same wavelength range as here [108, 109, 110]. However, due
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Figure 4.3 Energy level scheme with indication of the ground state energies of several rele-
vant molecular ions relative to the ground state of neutral aniline. The dashed (solid) arrows
indicate some of the photodissociation paths observed in the experiments due to the pres-
ence of light at 294 nm (397 nm). The lengths of the arrows correspond to photon energies.

to the relatively long period between when an aniline ion is formed until it is
sympathetically cooled and “detected” in our images, the ion is actually exposed
to = 200 pulses after the formation. In figure 4.3 the ground state energies of the
most abundant photofragments in the experiments are plotted together with the
indication of possible single (two) photon dissociation (ionization) processes and
it is evident that these addiational pulses of 294 nm laser light (dashed arrows)
can lead to formation of a CsH{ or a lighter mass ion through dissociation even
when the C6H5NH£r ion is formed in the vibrational ground state.

From previously reported photoionization experiments we expect that the
probability of photofragmentation should be a few percent per pulse with the
~ 107 W/cm? peak intensity of the 294 nm pulses [110, 111]. Furthermore, the
C6H5NH£r ion is not necessarily left in the vibrational ground state when pro-
duced through R2PI using light at 294 nm. Indeed, supplementing measurements
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Figure 4.4 Molecular ion mass spectrum. The height of the bars indicates how often a
specific ion mass was detected in a series of experiments.

of the R2PI process, employing photoelectron spectroscopy and a supersonic mol-
ecular beam, showed that with the same pulsed laser tuned to 294 nm, more than
60% of the ions will be produced in a vibrational state from where formation of
a CsH{ ion is energetically allowed through absorption of a single 397 nm pho-
ton [112]. For a room temperature aniline gas as used in the present trap experi-
ments, the fraction of vibrationally excited CsHsNH; ions may be even higher. A
CE,H5NH2+ ion formed in the ground state can, however, not be dissociated by a
single 397 nm photon.

4.3.1 Aniline massspectrum

In figure 4.4, a plot of the frequency at which a specific molecular ion mass has
been detected during a series of 77 “loading” experiments. In view of the previous
discussion of the dissociation channels, the very low amount of CsHsNH; ions in
this mass spectrum compared to previous experiments [108, 109, 110], is hardly
surprising. As discussed above, most CsHsNH; ions are simply dissociatied by
absorption of a photon from either the 397 nm beams or from the 294 nm beam
before the latter is turned off.
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Figure 4.5 Three recorded time sequences of the photodissociation of CsH{ by a single
397 nm photon.

4.3.2 Consecutive photofragmentations

After the initial loading, and possible dissociation, we keep scanning across differ-
ent mass resonances repeatedly. At this stage only the 397 nm light is present, but
as is evident from figure 4.3, dissociation of vibrational excited CsHsNH;, CsH]
and CsH{ is energetically allowed by absorption of a single photon. In figure 4.5
examples of observed single-step photodissoiation of CsH; are presented, but
consecutive photofragmentations are also possible. For example in figure 4.6, an
event where the three ions CsH;, CsHZ and C3H were consecutively produced
from the parent aniline ion is presented. Sometimes a C3HJ ion was detected di-
rectly after a C5Hg ion, but it may be that in such experiments, a C5H;r was formed
but not detected before further dissociation. Yet in other experiments single CsH;
or CsH? ions have been observed to be rather stable against photodissociation
by 397 nm light (lifetime: > 100 s). In some rare cases we do observe a single
CsH5NH; ion surviving not only the initial ionization and sympathetic cooling
phase (= 10 s) but also a very long time interval (> 100 s) with the 397 nm CW
light present.

4.3.3 Determination of the C3HJ structure

The most stable photofragment ion produced is the C3H; ion which was never
observed to photodissociate due to the 397 nm light over timescales of ~ 1000 s.
The C3HJ ion is known to exist in two possible low-energy isomers: The ground
state cyclic molecule, cyclopropenylium, and a much more reactive and slightly
excited linear molecule, propagylium [113]. In order to determine if the structure
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Figure 4.6 A consecutive photodissociation sequence observed in an experiment. The
dashed (solid) wriggly arrows represent 294 nm (397 nm) photons responsible for the frag-
mentations.

of C3Hj is either “linear” or cyclic, we performed a series of experiments where
the C3HJ ions were exposed to C;D; molecules at a partial pressure of ~ 1.3 x
10® mbar.

C3H; +CoDy — C3H2D+ + C,HD (Ll)

— C3HD; + CyH, (b)
The “linear” configuration has a high cross section for substitution reactions lead-
ing to the formation of C3H,D* or C3HD;J [114]. Since none of these ions were

detected in a total reaction time of ~ 5000 s distributed over 10 trials, we conclude
that essentially only the cyclic c-C3HJ ions are formed.
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4.4 Conclusion

In conclusion, we have seen that from a vapor of neutral aniline, any of the ions
CsH5NH;, CsH{, CsHZ and ¢-C3HJ can be prepared in a probabilistic but certain
way. These ions could serve as a starting point for reaction studies of relevance
to for example astrochemistry [115, 116] and soot production [117]. In both cases
C3Hj is a step towards the production of bigger carbon chains.

A wealth of different ions could be prepared in a similar fashion, and be-
cause of the open experimental arrangement, many different light sources could
be implemented, e.g., lasers, free electron lasers and synchrotron radiation. To cir-
cumvent the problem of photofragmentation by the laser cooling light, one would
either have to spatially address only the atomic coolant ion by, e.g., introducing a
single tightly focused cooling laser beam propagating at a 45 ° angle with respect
to the trap axis or alternatively apply a laser cooling scheme involving only red
and infrared light as recently demonstrated [118].

We have also demonstrated how the non-destructiveness of the SCSI-MS
technique allow us to study very slow photofragmentation processes under con-
tinuous light exposure and to investigate step-wise photodissociation of molec-
ular ions when exposed to a series of laser pulses. Complementary, one could
imagine how the SCSI-MS technique could be used to monitor the build-up of
complex molecules through consecutive reaction processes.



Chapter 5

Probing Isotope Effects in Chemical Reac-
tions Using Single Ions

The outcome of chemical reactions is often influenced by isotope effects. This is
clearly observed in the chemical composition of interstellar clouds [119], as well
as in laboratory experiments. Already when the first chemical lasers were devel-
oped, isotope effects was studied in order to understand the population inversion
mechanism and to identify the laser transitions [120, 121]. In that case it was sub-
stitution reactions of the type F + HD and Cl + HD that was studied. These studies
together with studies of the F + D, reaction strongly stimulated the whole field of
reactive scattering [122]. Especially the resonance effects observed in the F + H»
reaction and isotopic analogs [123] have been subject to numerous experimental
and theoretical studies finally resulting in a much improved understanding of this
benchmark reaction [122, 124].

In another series of experiments, reactions between a beam of ground state
atomic ions and H,, HD and D, have been studied. Strong isotope effects have
been observed and, e.g., in reactions between alkaline earth ions (X*) and HD,
it was found that XD* formation is preferred for some alkaline earth ions, while
XH?* formation is preferred for others [125, 126].

Within the last few years, new techniques have emerged for ion-neutral reac-
tion studies, e.g., of cold reactive collisions [42], single ion reactions [37] as well as
reaction dynamics by applying crossed molecular beam imaging [34]. These tech-
niques open up new possibilities in the field of ion-neutral reactive scattering.

5.1 Reaction between Mg" ions and molecular hydrogen

In this chapter, we investigate isotope effects in reactions of single Mg* ions
with the isotopologues of molecular hydrogen, a model system for ion—neutral
reactions. More precisely, we consider reactions at thermal energies with Mg™*
in the 3p 2P/, excited state (excitation energy of 4.4 eV). Because of the simple
internal structure of the reaction partners, the studied reactions represent a simple
test case for reaction dynamics on an excited potential-energy surface.

To probe the outcome of the reaction, we use the SCSI-MS technique de-
scribed in chapter 3. With an efficiency of almost 100% in detecting reaction
events, only about 250 reactions is needed to determine the branching ratio be-
tween the reactions
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Mg*(3p2Ps2) + HD —» MgD* +H  (a)
— MgH" +D (b)

which was found to be larger than 5 in favor of MgD* formation.
From further 70 experiments involving other molecular hydrogen isotopo-
logues,

Mg (Bp?P3) + Hy » MgH  +H  (¢)
Mg*(3p2Ps2) + D2 —» MgD* + D (d)

the probability of forming a molecular ion from an intermediate reaction complex
(MgH;3, MgHD™ or MgDy) have been found to be equally likely.

5.2 Experimental procedure

Throughout the experiment HD, H, or D, gas is leaked into the trap chamber
such that a steady-state pressure of about 1.3 x 10~° mbar is reached. Two **Mg*
ions are loaded into the trap and laser cooled as described in section 2.4. Reac-
tions between 2°Mg* ions in the 3s ground state and thermally excited hydrogen
molecules is not energetically allowed, so reactions exclusively take place with
2Mg* ions exited to the 3p2P;), state in the laser cooling process [35]. The reac-
tion product stays trapped, since the acquired kinetic energy is much lower than
the trap depth of about 1 eV. Within tens of milliseconds, the formed molecular
ion is sympathetically cooled through the Coulomb interaction with the remain-
ing laser cooled *Mg™ ion and a two-ion Coulomb crystal is formed. Although
the molecular ion does not emit light, its presence is evident from the fact that
the remaining laser cooled *Mg™ ion is located at one of the two initial Mg™* ion
positions (see figure 5.1). As described in detail in chapter 3, the mass of the mol-
ecular ion species can now be determined by applying the SCSI-MS technique. In
this study we excite the center-of-mass (COM) mode of the cold two ion system,
but since we do not need the high precision of chapter 3 to differ between mass
26, 27 and 28, we do not trace out the complete amplitude versus drive frequency
graph. Asis evident from figure 5.1, the excitation is easily observed by the eye, as
a smearing out of the fluorescence light from the 2°Mg* ion, when the parameters
are chosen wisely (modulation voltage, laser cooling friction, exposure time, etc.)
The smearing along the z-axis is due to the long exposure time (100 ms) compared
to the COM mode oscillation period (typically 10 us).
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26Mg+ ZSMg+ 2GMg+ 26M9H+ 26M9+ 26MgD+

Figure 51 CCD images of two-ion Coulomb crystals with modulation applied at v, v27,
and vyg for identification of 2MgH™* and 2MgD* ions. The dashed vertical lines indicate
the position of the trap center along the z-axis.

To allow for small drifts during the experiment, the frequency synthesizer de-
scribed in section 3.2.1 steps through a 100 Hz narrow frequency interval around
v, where v, is the COM mode eigenfrequency for on *Mg* and one singly
charged ion of mass m, and at each step a CCD image is recorded. Such images
are shown in figure 5.1 for one *Mg* ion trapped simultaneously with another
2Mg* ion, a 2MgH* ion and a 2MgD" ion while modulation frequencies of vy,
vp7 and vpg are applied successively. Modulation frequencies around vys, V27, V26,
va5 and 14 are applied repeatedly from the moment where two 2°Mg* ions are
loaded until one 2Mg* ion has reacted and the molecular ion identified. The
scan around vy, ensures that everything is calibrated, while the scans around vy4
and vy5 check for charge exchange collisions as in Ref. [57] for calcium. Produc-
tion of *Mg* ions through charge exchange collisions was only observed in two
cases out of more than 400 measurements, but even so, we chose to work with the
less abundant *Mg* ion two avoid any confusion in distinguishing **MgH™* and
2#MgD" ions from ®Mg* and **Mg" ions. The Mg*+ H,/HD/D; reaction rate is
less than one per minute at the applied molecular gas pressure (1.3 X 10~° mbar),
which means that the above identification procedure can in general be applied be-
fore both of the initially loaded atomic ions have reacted. After a reaction product
has been identified the trap is emptied, two new *Mg"* ions are loaded and the
experiment repeated.
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5.3 Two-step model of the reaction process

Because of an unavoidable background pressure of H; in our vacuum chamber,
it is not possible to study reaction (a)/(b) and (d) alone. To take this background
pressure into account and understand quantitatively the branching ratio between
reactions () and (b), as well as the molecule formation probability between reac-
tions (a) + (b), (c) and (d), we model the reactions as two-step processes. In the
first step the neutral molecule is assumed to be captured by the 2*Mg* ion at long
range to form a MgHD*, MgH} or MgD; collision complex and, in the second
step, a stable MgH*or MgD*ion is formed from this complex at short range.

The capture cross-section for the first step is for the present collision energies
well approximated by the Langevin capture cross section ¢ = (e/2€9)+/ct/(uv?)
[127], where a is the polarizability of the neutral molecule, u is the reduced mass,
and v is the relative velocity in the center-of-mass system. Since the polarizability
of HD, H, and D, is equal within 1% [128], in our model we assume a to be
identical for HD, H, and D,. Because of the low ion oscillation frequencies in the
trap, the reduced masses are not significantly different from the free-free reaction
cases. The two-step model is valid since the capture range in the first step is of the
order of (5/m)'/? ~ 6 A which is much larger than the extension of the hydrogen
molecule and the Mg™ ion as well as the de Broglie wavelength relevant for the
reaction. If the probability for molecule formation in the second step is denoted
by 7, the molecular ion formation rate is then given by

I' = pexcnvon (5.1)

where pey is the 2Mg* excitation probability and 7 is the neutral molecule den-
sity. Using that density is proportional to pressure, P, we find that
I'=K ﬂ, (5.2)
Vit
_ PexceVa

where K = SeokT is just a proportionality constant equal for reactions (a), (b), (c)
and (d). Thus we get

NMgD* _ ngD* KPHDnﬁ]gDJr/ V[JHD

Nmgr+ Tmgn+  KPy, Uﬁzgw //um, + KP HDT]ﬁg}F //BHD

_ (nﬁg]:y- /TlﬁngJr)(PHD/PHz) (53)

Vi /i, + (g /My )Pro /P
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for reactions with HD and H, molecules, and

D
Nmgpr — Tmgpr KPp, Mo+ / VD,

NMgH* - I—|MgH‘r B KPHZUﬁZgI_F/ﬂ[JHZ

D>
_ P D, nMgD+ HH,

H:
H, T]MZgH" D,

(5.4)

for reaction with D, and H, molecules. Here n}%. is the efficiency of M* (MgH*or
MgD*) formation after reaction with M’ (HD, H, or D»). Equation 5.3 approaches
the branching ratio nMgD+ / nMgH+ for large values of Pyp/Py,, i-e., when the vast
majority of MgH* molecules are produced from reactions with HD rather than
H,. Both expressions are independent of pex. and of the absolute partial pres-
sures, which greatly reduces systematic errors. The relative partial pressures are
measured with a rest gas analyzer and for all values of the ratios Pyp/Pn, and
Pp, /Py, we estimate its systematic uncertainty to be less than 25%.

5.3.1 Reactions with HD

To determine both nMgD+/ nMgH+ and nMgH+ we measure the number of

I
gH*
2MgD* ions, Nygp+, and *MgH™ ions, Nygp+, formed at four different ratios of
the partial pressure of HD and Hy, Pyp/Ph,. The obtained results are presented in
figure 5.2 and show an increase of MgD*formation with increased HD pressure.

Fitting equation (5.3) to the data results in nﬁ]gjw / r]MgH+ 0.73 + 0.17 and

Mgt/ nMgH+ 0.067p¢- From these parameters the branching ratio . /My,
can be determined. Taking the statistical uncertainties into account, we find that
the branching ratio is unbound from above and has a lower limit of 5, thus demon—
strating a dramatic intramolecular isotope effect. In addition, the (nﬁ]gjD+ +nﬁ]g3H+) / nMgH+
ratio is consistent with unity which indicates that the probability of forming a mol-

ecular ion is equally large from either of the two complexes MgH7 or MgHD™.

5.3.2 Reactions with H, and D,

In a second series of measurements we studied reactions between *Mg™ and a
mixture of 43 + 2% H, and 57 + 2% D, gas. We observed the production of
40 MgH"* ions and 25 MgD™* ions which yields a ratio of 2.1 + 0.6 between the
MgH™* and MgD™ reaction rate coefficients. Using equation (5.4) it follows that

nMZgHJnMgW =15+04.
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Figure 5.2 The ratio between the number of formed 2°MgD* and 2°MgH™ ions vs the rel-
ative pressure of HD and Hy. From left to right the data points correspond to Nygp+ = 17,

21, 33, and 32 and NMgH+ = 75, 45, 14, and 10. The error bars represent statistical un-
certainties. A fit of equation (5.3) to the data results in qﬁgm / qﬁzg e = 073 £0.17 and
nﬁg}H / nﬁzgm = 0.06f8:(])2 (solid line). The dashed line represents equation (5.3) in the ab-

sence of isotope effects, i.e., with qﬁé’m / T’M; = nﬁ';w / 17M;H+ =0.5.
5.3.3 Substitution reactions

Substitution reactions between a 2?MgH* or 2°MgD* ion and a Hy, HD or D, mol-
ecule could potentially give rise to a systematic error. Such reactions were, how-
ever, only observed on two occasions (one MgH*+ D, — MgD*+ HD, one MgD*+
H, — MgH*+ HD) in a period of more than 20 minutes and hence they do not
give rise to systematic errors on the results presented here.

5.4 Discussion

The most striking of the above results is the strong intramolecular isotope effect
in reactions (a) and (b). This finding cannot be explained by a simple statistical
model based on an assumption of an equal probability for populating energeti-
cally accessible states of 2MgH* and 2MgD*". This assumption only gives rise

to nﬁg]y / nﬁgw ~ 2 [R. Wester, private communication] and basically reflects the
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3%A°(27A)
Mg'(3p)+HD

Mg'(3s)+HD
CJC,) C

Reaction coordinate

Figure 5.3 Sketch of relevant potential surfaces in Cs; symmetry for the Mg* + HD reaction
proceeding by insertion of Mg* into the HD bond on the 22A’ potential surface, followed
by Mg*-D or Mg*-H bond formation. On the left-hand side the Cy, symmetry labels in
parentheses are valid for the analogous reaction with H, or D; [130, 131].

smaller level spacing in the MgD"rovibrational levels (see e.g. Ref. [129, sec-
tion III 2 (g)]). Therefore we attribute the observed isotope effect to a dynamical
mechanism. In the ion beam experiments of Ref. [125] a similar isotope effect has
been observed in reactions between ground state Mg* ions and HD molecules at
center-of-mass energies up to 11 eV.

In figure 5.3 we sketch the potential surfaces involved in the reaction. The
analogous potential surfaces for MgD; was explored in a photofragmentation
study [132], where MgD* ion formation was observed when a laser was red de-
tuned with respect to the atomic 32S;/,-32P) transition, (corresponding to the
transition from the Mg*(3s) + D, asymptote to the red of the Mg*(3p) + D, as-
ymptote in figure 5.3). From the observed MgD™* spectrum it was argued that
MgD* is formed by direct and fast reactions on the 1 2B, surface in Cy, geometry
through a bondstretch mechanism as well as from the 12B; state, possibly through
a coupling to the 12B, state. On the 12B, potential surface the Mg* ion becomes
inserted in the D, bond such that the D-D bond is stretched and eventually broken
and a Mg -D bond is formed [132, 130]. Furthermore, no dissociation into Mg*(3s)
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+ D, was observed in that study. In our two-step model this corresponds to the
values of nﬁngH nf/fgm and (Tﬂgw + nﬁ]g)w) being close to unity, which indeed is
in good agreement with the Mg + Hj reaction rate measured in a previous study
[35, 69].

The above mentioned photofragmentation study indicate that the Mg*+ HD
reaction discussed in this chapter proceeds via the 224, surface through a bond-
stretch mechanism that eventually favors the formation of MgD*. However, a full
understanding of the transition from a MgHD™" complex to a potential surface fa-
voring the MgD* + H asymptote rather than the MgH™ + D asymptote requires a
detailed theoretical study. Here it might be necessary to consider the details of the
conical intersection which arises from the crossing of the 124, and 224, potential
surfaces, since non-adiabatic couplings at the conical intersection could give rise
to a preference of the MgD™* channel over the MgH* channel. Our results suggest
that the observed isotope effect arise through a dynamic mechanism in the exit
channel of the reaction. The same mechanism could be responsible for the isotope
effect observed in reactions with ground state Mg* ions in Ref. [125] where it was
suggested that thermodynamic threshold effects in the entrance channel could
lead to a preference of MgD* production. The distribution over rovibrational lev-
els in the formed molecular ion has not been investigated in the present study and
it may contribute further information on dynamical effects in the exit channel, as
found in studies of the analogous reactions between excited state neutral Mg [133,
134] as well as Na [135] and HD.

5.5 Conlusion

In the reactions between Mg in the 3p2P;), excited state and HD molecules at
thermal energies it was found that the formation of MgD* was more than 5 times
more likely than the formation of MgH*. Furthermore, reactions with H, and
D, showed that the molecular ion formation efficiencies after capture of a HD,
Hy, or D, molecule are equal within statistical uncertainties and consistent with
unity. This agrees well with previous experiments on photofragmentation of
MgD; [132].

In conclusion, we have demonstrated that the branching ratios and relative
reactions rates in ion-neutral reactions can be determined by observing only a
feq hundred single reactions. Studies of exootic or rare reactions, e.g., chemistry
of superheavy elements, would benefit greatly from this low number of needed
reactions [93, 94, 95].
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This experiments also demonstrate the prospects for similar single molecu-
lar ion studies using, e.g., state prepared molecular ions [44, 45], more complex
molecular ions [39, 40], or molecular ions of astrophysical relevance [136, 33].






Chapter 6
Rotational cooling of molecular ions

The versatility of sympathetic cooling of molecular ions has been demonstrated
in the previous chapter. However, due to the long distances between ions in a
Coulomb crystal, sympathetic cooling does not alter the internal degrees of free-
dom [137]. While several schemes to achieve ground state cooling exists, in this
chapter we demonstrate one which is relatively simple to implement, leaves the
cold molecular ions well localized and has the potential to work on a single mole-
cular ion. With MgH™ as our favourite test molecular ion, we show how an almost
15-fold increase in the rotational ground state population can be obtained through
a simple optical pumping scheme [44, 45]. The resulting ground state population
of 37 +2% is equivalent to that of a thermal distribution at 21 +2 K, which implies
that cold molecular ion experiments can now be performed at cryogenic temper-
atures in room temperature experimental setups.

The chapter is organized as follows. In section 6.1, the basics of the rotational
cooling scheme will be presented including a description of the light source to be
applied for the cooling of MgH™*. Next, in section 6.2, the basic experimental pro-
cedure is presented. To probe the population in different rotational states, the
molecular ions are state selectively dissociated in either a one- or two-color 1+1
Resonance Enhanced Multi-Photon Dissociation (REMPD) scheme. Results from
the one color dissociation scheme is presented in section 6.3, which is immedi-
ately followed by the results from the two color scheme in section 6.4. Finally, in
section 6.5, the results presented are summed up.

6.1 Rotational cooling of molecular ions

As already mentioned, the typical storage time of trapped molecular ions is hours.
Hence, internal equilibrium with the blackbody radiation (BBR) field can easily
be reached for polar molecular ions. Because of the large spacing between the
vibrational energy levels in light diatomic molecular ions, almost all of the pop-
ulation will be in the vibrational ground state at room temperature. For example
for MgH™" ions, more than 99.9% of the population is in the vibrational ground
state. However, the spacing between rotational levels are much smaller, and the
300 K BBR field populates a significant number of rotational states. Even for a
light diatomic molecular ion such as MgH*, with a large rotational constant of
B = 9 K for low lying vibrational levels in the electronic ground state, more than
ten rotational levels is populated by more than a few percent (see e.g. the grey
bars in figure 6.2 (a)). This is thus the starting point for further cooling.
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Before discussing the cooling scheme that we have implemented, lets take
a short look at some of the alternatives. A well known method is that of buffer
gas cooling with Helium, which can significantly reduce the rotational tempera-
ture [32]. However, this is achieved at the cost of an increased translational tem-
perature, due to collisions with the buffer gas. In principle this could be circum-
vented by laser-cooling the neutral buffer gas, but charge-exchange processes will
likely neutralize the molecular ions as observed in the case of MgH"-Rb [138].
Buffer gas cooling is also ruled out, if the research objective relies on long term
internal state coherences of the cold molecular ions.

Another well known and general way of reducing the rotational temperature
is to alter the blackbody radiation field by cryogenic cooling as well as efficient
shielding of the entire ion trap. In this way internal temperatures below 10 K can
be reached [32, 34], however, optical access to the trapped ions is limited by the
shielding. Furthermore, a significant part of the population of heavier molecular
ions like CaO* or BaO* [37, 139] would still remain in higher rotational states.

Cooling by optical techniques seems less straightforward due to the many,
unevenly spaced rotational states. Nevertheless, rotational cooling by optical
pumping can be obtained, as first proposed by Bahns et al in [12], by chirping
the frequency of a laser through specific P-branch transition frequencies. More
recently, vibrational cooling by a spectrally shaped fs-laser pulse was demon-
strated [18]. The same method can in principle be applied for rotational cooling
if the ground rotational state can be spectrally resolved by the spectral shaping
device and vibrational heating avoided.

The cooling scheme that we have implemented, was proposed by Vogelius
et al [44, 45, 46]. Here optical pumping to the rotational ground state is obtained
by driving only a single or two dipole allowed transitions while taking advantage
of the blackbody radiation field to redistribute population among the rotational
levels. Numerical simulations show that starting from an initial thermal distribu-
tion at 300 K more than 70% of the population can be cooled to the ground state
for MgH™* ions (using the so-called Raman scheme), and for ArH* even about
90% can be obtained (using the so-called direct scheme based on dipole allowed
transitions within the X 'X* ground state potential). The generality of this optical
pumping technique was demonstrated in [45] by extending the scheme from X
electronic ground states, as for MgH* and ArH*, to molecules having a 2y, 3%
or 21 ground state. From an experimental point of view the proposed scheme is
attractive since it requires only a few commercially available laser sources. In the
following a particularly simple scheme which requires just a single infrared cw
laser source is discussed.
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Figure 6.1 Simplified scheme for rotational cooling of MgH*. A laser drives the [v =0, ] =
2) —|v = 1,] = 1) transition which leads to optical pumping towards the [v = 0, ] = 0) state.
In combination with blackbody radiation driven transitions, rotational cooling is obtained.

6.1.1 Simplified scheme for cooling of MgH*

As a first implementation of this technique, we focus on an experimentally simple
case involving only a single infrared cw laser. This laser optically pumps popu-
lation from [v = 0,] = 2) to |v = 0,] = 0) via the |[v = 1,] = 1) state, as sketched
in figure 6.1. Together with the BBR field, which simultanously redistributes the
population between the rotational levels, the optimal pumping not only empties
v =0, ] = 2), but also higher lying levels.

In the following two subsections, we will first take a look at a theoretical
model of the cooling scheme and then give a description of the experimental cool-
ing laser setup.
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6.1.1.1 Numerical modelling of the cooling scheme

We model the population dynamics by propagating a set of coupled rate equa-
tions, each describing the change in population of a given state via Einstein coef-
ficients and frequency-specific radiation intensities. E.g. the population in state i
changes as

dp, i-1 M
T ZAifPi + Z Ajipj
=0 j=i1

i-1 i-1
= ) W(wij)Bijpi + Z W(wij)Bjip;
j=0 j=0

M M
- Z W(wij)Bijpi + Z W(wij)Bjip; (6.1)

j=i+l j=i+l

where p; is the population of state i, M is the total number of states, A;; and B;;
are the Einstein coefficients describing spontanous and stimulated transitions be-
tween state i and j, and W(w;) is the radiative energy density at the resonant
transition frequency @ = w;j between states i and ;.

Equations (6.1) can be expressed more conviniently by the matrix equation
v _ KD (6.2)
dt '
where the coupling matrix is given by K = A + W o B (the o-operator denotes

the Hadamard product) and {7 is a vector holding the populations in each state:

ﬁ = [PO/ plr v /PM] (63)

The solution to equation (6.2) is simply:

plt) = exp(Kt)p(0) (6.4)

The effect of the cooling laser is included by changing the two entries in the cou-
pling matrix that hold the transition rates for [v = 0,/ =2) - [v =1,] = 1) and
[v=1,] =1) - [v = 0,] = 2). These rates are chosen to be large enough that the
transition saturates.

The Einstein coefficients are determined theoretically in the following way.
First, the electronic ground state potential and the permanent dipole moment
function is evaluated with Gaussian [140] with a coupled cluster single, double
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Figure 6.2 (a) Calculated steady state populations at 300 K and after cooling. (b) Temporal
evolution of the lowest rotational states for the cooling scheme illustrated in figure 6.1.

and triple excitation (CCSDT) approach on a 6-311++G basis set. Next, rovibra-

tional eigenfunctions are found by solving the Schrédinger equation using the

Numerov method via the program Level 8.0 [141] and finally Einstein A coeffi-

cients, A;;, are found from these wavefunctions and the permanent dipole mo-

ment:

a),3,|D,~|

ij"=n

= —, 6.5

U 3gicdeghn (65)

where |D;j| is the transition dipole moment between the states and g; is the degen-
eracy of state i. The corresponding Einstein B coefficients are given by

3

Bij= 4
4hvl.].

(6.6)
Bi= £, (67)
j
where v;j = w;j/2m is the frequency difference between state i and state j, and
gi = 2] + 1 1is the degeneracy of the state i with rotational quantum number J.

In figure 6.2 the steady state populations and the time evolution of the low-
est | states are presented. The steady state ground state population of 64% is not
much lower than the ~ 70% obtained by applying an additional laser source [44]
or an incoherent radiation source [45]. Steady state is reached in about one minute,
a period much shorter than the storage time of cold molecular ions (several hours)
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and a few times shorter than the average time between collisions with residual gas
which we estimate to be 200 s per ion.

6.1.1.2 Infrared diode laser system for cooling of MgH™"

To implement the above described cooling scheme we need a tunable laser source
capable of saturating the [v = 0,] = 2) - |v = 1,] = 1) transition in MgH* at
1608.96 + 0.05 cm™! (corresponding to a wavelength of 6.2 um) [142]. We have
chosen to use a PbSe based lead salt diode laser from Laser Components, but
other alternatives exist; E.g. an optical parametric oscillator system or a quantum
cascade laser could fulfill the criteria. These systems are, however, either more ex-
pensive or lack continuous coverage of the part of the infrared spectrum relevant
for rotational cooling of other molecular ions than MgH™ [45].

The lead salt diode laser setup is sketched in figure 6.3. The laser itself is
housed inside a liquid nitrogen dewar together with a heating element, which is
used to control the temperature. Right after exiting through a BaF, window, the
laser beam is collimated by an off-axis parabolic mirror. Further beam shaping
is performed by a telescope and a cylindrical lens (not shown in figure 6.3), such
that FWHM of the beam profile measures 3.2 mm horizontally and 0.9 mm verti-
cally in the center of the trap. Inside the ion trap the total power is 200 pW, which
is sufficient to saturate the [v = 0,] = 2) — |[v = 1,] = 1) transition for all orien-
tations of the molecule, when the polarization of the laser is scrambled on a time
scale faster than the lifetime of the |[v = 1, ] = 1) level. In the experiments, the po-
larization of the laser is constantly rotated at a rate of 4 Hz. The linewidth of the
laser is assumed to be ~ 20 MHz [143]. The laser does not affect other transitions
within the 0-1 band, since these are far away [142].

To guide the infrared beam, we overlap it with a HeNe laser beam, as also
shown in figure 6.3. Besides guiding, this HeNe beam is also used to calibrate a
monochromator, which can perform coarse measurements of the infrared beam
with a precision of about 2 cm™'. In order to obtain a more accurate absolute fre-
quency reference, an ammonia filled cell (6 cm long filled with ~ 25 mbar NHj3
and equipped with CaF, windows) is employed for absorption spectroscopy. Pre-
cise relative frequency measurements are achieved by a solid Germanium etalon
with a free-sprectral-range of 0.048632(10) cm™! for a laser frequency within 20 cm™! of
1609 cm™ and a temperature in the range 18-22°C. In all experiments, an ac-
coupled Mercury-Cadmium-Telluride detector (Judson J15D with PA-101 pre-amplifier)
is utilized.
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Figure 6.3 Setup of the lead salt diode laser system. Details of the various components are
given in the text. The diode laser and the HeNe laser beam are overlapped but displaced
here for clarity. The gas cell and the etalon (not transmitting for the HeNe laser) are re-
movable. OAP: off-axis parabolic mirror, CM: concave spherical mirror, SL: spherical lens.
Planar mirrors are indicated as rectangles, dashed lines indicate flip mounted mirrors.

In figure 6.4 the calibration procedure is outlined via different recorded spec-
tra. Figure 6.4 (a) shows the transmission spectrum of the Ge etalon, when the
diode laser frequency is scanned by modulation of the injection current. The
same scan range is used in (b), where the detector signal is shown when the
ammonia cell is inserted in the beam path (lower trace) and when it is removed
(upper trace). The broad line (about 0.2 cm™! wide) present in both spectra near
1609.45 cm™! is due to absorption in water present in the air along the 1.9 m long
beam path from the laser to the detector. In (c), the upper trace is subtracted
from the lower one, which almost eliminates the water line, as well as the back-
ground slope due to the current dependent output power of the laser. The three
~ 0.02 cm~! wide ammonia lines are now the only features left. All linewidths
are dominated by collision broadening, as the Doppler broadening is only 5 x
10~% cm™! and the laser linewidth is expected to be even smaller, about 6x10~* cm™! [143]).
The lines in figure 6.4 (c) can be identified by a coarse frequency measurement
with the monochromator together with an evaluation of the frequency spacing be-
tween the lines marked A, B and C, as well as the water line. The lines are due to
transitions at 1609.06116 cm™! (A), 1609.46570 cm™! (B) and 1609.50671 cm™! (C),
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Figure 6.4 Spectra obtained with the lead salt diode laser setup shown in figure 6.3. (a)
Transmission spectrum of the Ge etalon. (b) Transmission spectrum of the ammonia cell
(lower trace) and detector signal with the cell removed from the beam path (upper trace)
showing a water absorption line near 1609.45 cm™!. The latter trace is displaced by 1V for
clarity. (c) Difference between the lower and upper traces in (b). The three lines marked by
A, B and C are ammonia absorption lines. The vertical dashed line indicates the frequency
of interest for rotational cooling of MgH™*.

respectively [144]. The absolute frequency scale is constructed by first fixing the
scale to 1609.06116 cm™at the center of line A and then scaling the frequency axis
according to the etalon spectrum in figure 6.4 (a). It is now simple to scan the laser
around the desired frequency of 1608.96 + 0.05 cm™! [142] to perform the cooling
experiments.
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6.2 Photodissociation spectroscopy of cold molecular ions

In order to determine the rotational state distribution for the vibrational ground
state of the X!Z* electronic ground state of MgH™, the molecules are state se-
lectively dissociated with a 1+1 Resonance Enhanced Multi-Photon Dissociation
(REMPD) technique. The two photons can either be the same color or different,
and both methods will be presented below. In short, all such measurements con-
sist of four steps:

1. Mg* ions are loaded into the trap and laser-cooled, as described in chapter 2.

2. H; is introduced to form MgH™ molecular ions through reactions between
Mg* and H; (section 6.2.2).

3. The MgH™ ions are left to equilibrate with the blackbody radiation field for at
least 60 s. At this point, either the laser is applied, in which case the waiting
period is extended to 120 s or a control experiment is performed (section 6.2.3).

4. By applying one or two pulsed lasers the MgH™ ions are dissociated in a ro-
tational state selective two-photon dissociation process. Since the dissociation
products, Mg and H", are both lost from the trap, the loss number of molecular
ions equals the number of dissociated molecules (section 6.2.4).

The rest of this section is dedicated to describing the common steps of the
two photodissociation methods, while the detailed description of the methods
and their results will be given in individual sections later on.

6.2.1 Trapping and laser cooling of Mg* ions

Apart from the additional pulsed dissociation laser beam(s) and the PbSe laser
beam, the setup is identical to the one used previously. In contrast, however, to
the previous experiments, we have chosen to work with many ions at a time, to
increase the signal. When the ions are Doppler laser cooled to a temperature of
~ 10 mK they form an ordered structure, a so-called Coulomb crystal. The total
magnification of the imaging system is x4.0 and chosen such that Coulomb crys-
tals of several thousand ions are fully contained within the imaging region. An
example of a projection image of such a cylindrically symmetric crystal is pre-
sented in figure 6.7 (Image I). The ions are observed in real time, so the loading of
2*Mg* ions can easily be terminated by blocking the photoionization laser beam,
once the Coulomb crystal has the desired size. The sudden termination of the
loading process can be seen in region 1 on the graph in figure 6.7. Subsequently a
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rotatable mechanical shutter is turned to block the atomic beam in order to avoid
impact with the trapped ions.

6.2.2 Production of translationally cold MgH" ions

As in chapter 4, MgH" ions are formed by leaking H, gas into the trap chamber
(base pressure 4.0x 1071° mbar) through a leak-valve such that a steady-state pres-
sure of 2.0 X 10~ mbar is maintained. Reactions between Mg* ions in the ground
state and thermally excited hydrogen molecules are not energetically allowed, but
during the laser cooling process, Mg* ions are excited to the 3p2P;), state, from
which reactions can take place. Since the scattering rate depends on the detun-
ing of the cooling laser, this provides us a knob with which the reaction rate can
be controlled. As also mentioned in section 5.2, the formed molecular ions stay
trapped, since the trap depth of about 1 eV is higher than the acquired kinetic
energy. The molecular ions interact with the remaining laser cooled Mg* ions
through the Coulomb interaction and are sympathetically cooled to a tempera-
ture below 100 mK within a fraction of a second. As seen in Image Il in figure 6.7,
the heavier molecular ions separate radially outside the lighter Mg* ions due to
the mass-dependence of the radial trapping potential given by equation (2.7). Af-
ter one to two mintues the desired number of 2*MgH™ ions has been formed and
the reaction process is terminated by red-detuning the cooling laser ~ 200 MHz
and closing the leak valve. This is clearly visible in the graph in figure 6.7 at the
transition between region 2 and 3.

6.2.3 Equilibration and manipulation of the rotational state distribution

The 2#MgH* ions are formed in a range of rovibrational states in X!Z* or other
electronic potentials. With rates of ~ 20 s™! the molecular ions decay towards
v = 0, while the rotational equilibration of the v = 0 level is reached within one
minute (see section 6.3.3). Thus a waiting period of one minute is introduced
between the loading of the molecular ions and the probing of the population.
If the cooling laser is applied we wait an additional minute, to make sure that
the steady state population is reached (see figure 6.2 and figure 6.13). In this pe-
riod, the ion numbers remain constant as can be seen in region 3 on the graph in
figure 6.7 and the ongoing pumping of the H; gas leave us with a pressure of less
than 4.7 X 1071° mbar by the end of period 3. The total rate of collisions after the
waiting period is consequently not much higher than at the base pressure of the
vacuum chamber
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Figure 6.5 Schemes for resonance-enhanced two-photon dissociation of MgH*. (Left) Both
the first and second step is done with UV photons near 281 nm from the same pulse. Be-
cause the second step is relatively slow, a big fraction of the molecular ions spontaneously
decays back into various rotational and vibrational levels of the electronic ground state.
(Right) In the two color scheme, the second step is performed with a photon from an intense
266 nm pulse. The resulting high dissociation probability prevents spontaneous decay to
happen before the molecule is dissociated and at the same time allow to operate with much
lower 281 nm intensities, thus avoiding powerbroadening of the first transition.

6.2.4 Rotational state selective photodissociation of MgH* molecular ions

Finally, the population in each rotational level is probed by the following rota-
tional state selective 1+1 REMPD technique. The scheme for photodissociating
MgH* ions in the X!E*(v = 0, ]) state is illustrated in figure 6.5. In the resonant
first step the molecular ion is excited by a pulsed ns-laser to the AT state on a
P- or R-line of the 0-0 band near 281 nm [142]. In the second step the molecular
ion is excited to a continuum state of the C'L* potential, either by a photon from
the same pulse as the first step [figure 6.5 (a)] or by a photon from a temporar-
ily overlapping pulsed beam at 266 nm in the case of two color photodissociation
[figure 6.5 (b)]. The pros and cons of the one and two color dissociation schemes
will be discussed in section 6.2.4.1.

From the continuum state of the C!Z* potential, the MgH" ion rapidly dis-
sociates to a neutral Mg atom and a proton. Neither of these particles are bound
in the trap, so the lost number of molecular ions in the trap equals the number
of dissociated molecular ions. When all MgH* ions have been dissociated, a Mg*
Coulomb crystal much smaller than the original one is left behind (see Image III
in figure 6.7). A small amount of non-fluorescing ions heavier than **Mg" re-
mains. These ions are either Mg* or 2Mg* ions formed by charge-exchange
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reactions’ between Mg atoms and 24Mg+, or unknown molecular ions, most likely
N3, formed by ionization of residual gas molecules by the pulsed laser. The rate
at which such “dark” ions are loaded into the trap is lowered when the liquid
nitrogen container mentioned in section 2.1 is utilized, since particles from the
residual gas “sticks” to the cold surface, resulting in a lower pressure.

6.2.4.1 One versus two color photodissociation

In the one color dissociation scheme, the laser frequency is tuned around 281 nm to
address one of the rotational states in the first step. The dissociation rate for the
second step is essentially independent of the laser frequency within this range and
can be described by T'4iss = @lpeak, where the proportionality constant, a, is of the
order of 1 s'W™lem? and Ipeqx is the peak intensity of the pulse [145]. To lower
the effect of power-broadening in the first step, which compromises our spectral
resolution, the intensity of the laser is kept below ~ 2x10° W/cm? near the center
of the pulse. This, however, cause the dissociation rate from the A state to be of the
order of 10° s7!, and thus much smaller than the rate of spontaneous decay from
the A to the X state, which is about 2 x 108 s7!. Consequently, the spontaneous
decay back to the rovibrational states in the electronic ground state dominates the
dissociation, leading to a distribution of population in the rotational states which
is expected to be different from the equilibrium distribution prior to the pulsed
laser. The situation is further complicated by transitions from neighbouring lev-
els that, due to interaction with the blackbody radiation, will start to fill up the
level that was already probed by the pulsed laser. Due to these redistribution
processes, the dissociation rate measured when the ns-laser is tuned to be on res-
onance with a specific P- or R-line is not directly proportional to the steady state
population of the initial X'X*(v = 0, ]) state and numerical modeling is necessary
to fully account for the many processes (as in Ref. [137, 145]).

This is where we turn to two color photodissociation. If a second pulsed laser
beam which drives the dissociative A—C transition while being far-off resonant
with all X-A transitions is introduced, the A—-C dissociation rate can be increased
so much that it dominates the spontaneous decay, and the need for numerical
modelling is eliminated. The cost of this manoeuvre is the experimental compli-
cation of the additional laser beam. The relative high intensity of the 266 nm light
cause two potential problems. First, the rate at which residual gas is ionized and

Similar reactions have previously been exploited with calcium ions [57]. See also section 5.2, where
the charge-exchange reaction rate is shown to be low.
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Figure 6.6 Setup of the pulsed laser system. Initially 1064 nm light from a Nd:YAG laser
is frequency doubled by an internal KDP crystal. The resulting 532 nm light beam is then
split into two beams by a 50-50 beam splitter. One beam is further frequency doubled before
going to the trap chamber via a delay line. Control of the 266 nm intensity is provided
by a A/2 plate right before the doubling step. The other beam is used to pump a dye laser
(Rhodamine 6G). This laser is calibrated to Ne lines via an opto galvanic spectroscopy setup.
The output of the laser is frequency doubled in a BBO crystal resulting in a 281 nm beam.
This beam is further split in two, where on is used for power monitoring and the other goes
to the trap. Fine grained control of the intensity of the beam is achieved by a A/2 plate and
a polarizing beam splitter. On the other side of the chamber, two fast photodiodes is used
to monitor the single pulses.

trapped is increased. This could potentially compromise the final volume deter-
mination of the remaining MgH™ ions, but since only very few pulses are needed,
the amount of ionized “dark” atoms or molecules was observed to be negligible.
Furthermore, the data can easily be corrected for this effect, simply by measuring
the number of unwanted ions loaded per pulse. Secondly, the intensity is high
enough to dissociate MgH™ ions off-resonantly. However, this dissociation rate
can be measured, and the data corrected. In the results presented in section 6.4
the typical two photon off-resonant dissociation of the pulsed laser was typically
responsible for the dissociation of ~ 1% of the molecular ions.

6.2.4.2 Photo-dissociation lasers

The pulsed laser setup is sketched in figure 6.6. First we have a 10 Hz 10 ns Nd:YAG
laser which is frequency doubled by an internal KDP crystal. This doubled output
is split in a 50-50 beam-splitter, where one beam is used to pump a Sirah Cobra
Stretch dye laser with Rhodamine 6G laser dye, while the other beam goes to a
KDP crystal where it is doubled to 266 nm.

The beam from the dye laser is further frequency doubled by a built-in fre-
quency doubling unit, which consists of a BBO crystal in an oven and a horizontal
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walk-off compensation and results in pulses with a duration of 9 ns FWHM. The
walk-off compensation ensures that the beam is displaced by less than 50 ym in
the horizontal plane in the trap center when the fundamental wavelength is scanned
over the relevant range of 560-562 nm, while the drift of the beam position is lim-
ited to 100 um over several hours. Shortly after the output port of the dye laser,
the beam is further split in two, where one beam passes to the trap, while the
other is used for power monitoring. The 281 nm beam going to the trap has a
peak intensity of ~ 2 X 10°® W/cm?, which can be turned further down by a 1/2
plate and a PBS. In the trap center the dimensions of the beam are 0.7 mm FWHM
horizontally and 1.5 mm FWHM vertically. The dye laser is calibrated to lines in
Ne by optogalvanic spectroscopy using a hollow cathode lamp. The linewidth of
the fundamental dye laser output is less than 0.08

The 266 nm beam is spatially filtered by a 5 mm pin-hole to minimize inten-
sity fluctuations in the spatial profile of the beam. This happens at the cost of
reduced intensity at the trap center, where we are currently limited to peak in-
tensities of ~ 2 X 107 W/cm? with a beam size of 1 mm FWHM both horizontally
and vertically. After the filtering, the beam is lead through a delay line, such
that pulses arrive 3 ns before the pulses from the 281 nm dye laser beam at the
trap center. The rationale behind this is to have the 266 nm pulse present when
the population in the A state is maximal which, according to simulations (see
section 6.3.3) happens a short time before the maximum of the 281 nm pulse. For
further discussion of this, see section 6.3.4 as well as Ref. [146].

6.2.5 Crystal volume determination

To determine the number of dissociated molecular ions, the molecular ions left
in the Coulomb crystal is counted in the following way. Because of the mass
dependence of the radial trap frequency (see equation (2.7)), ions with different
mass separate radially with heavier ions on the outside of the crystal. The inner
component has a cylindrical structure, whereas the edge of the outer component
maintains its spheroidal shape [147]. The spheroidal shape of this prolate two-
component crystal is essentially identical to that of a one-component crystal of the
heavier ion species [147]. Since the mass difference between the two ion species
in our case is small, the aspect ratio for a one-component MgH™* crystal is well
approximated by that of a Mg™* crystal. This implies that the aspect ratio of our
two-component crystal is nearly equal to the aspect ratio of the initially pure Mg*
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crystal before H, gas is leaked into the trap chamber’. Furthermore the aspect
ratio is independent on the crystal size.

The volume analysis now proceeds as follows. From the first few images
of the pure Mg* crystal, the aspect ratio is determined as the ratio between the
longest uninterrupted row and column of pixels with values above a chosen thresh-
old. The total crystal volume can now be found at all times (that is, for both one-
and two-component crystals) by measuring the half-length of the crystal and ap-
plying the equation for the volume of a spheroid

V= %nRzL = %nazﬁ, (6.8)
where R and L is the transverse and conjugate radii, respectively, and @ = R/L is
the aspect ratio.

The volume of the inner core of fluorescent ions, V, is found by dividing an
image like figure 6.7 Image Il into slices with a width of one pixel. The radius, and
hence the volume, of each disk is found by a threshold analysis and then summed
up.

Finally, the volume of the outer component of non-fluorescent ions, V, is
determined as the difference of the total crystal volume, V and the volume of
fluorescent ions, Vy, that is, Vs = V — V. Here we neglect the radial separation
between the two components, which is a good approximation for ions of similar
mass [147].

To convert the volume measurements from units of a cubic-pixel to a physi-
cal volume we calibrate the numbers with the known magnification of 4.0 of our
imaging system and the pixel size of 9.9 ym X 9.9 um. In order to determine the
number of Mg* and MgH" ions, the volume occupied by each species is found
from the images and multiplied by the ion density

_ ZSOMCL)E
In all experiments in this chapter, the densities are held fixed at 10.2 X 10* mm~
and 9.8 x 10* mm™ for Mg* and MgH" ions respectively. Notice that the con-

version from cubic-pixels to ion numbers does not influence the dissociation rates
fitted in section 6.3 or the relative drops measured in section 6.4. The volume

(6.9)

3

In the case of ions with a larger relative mass difference the aspect ratio for a heavy (non-fluorescing)
species should be calculated from the aspect ratio of a one-component crystal of the lighter fluorescing
species using equation (5) in [148].



82 EXPERIMENTS WITH COLD TRAPPED MOLECULAR IONS

1 2 3 4
T T T M T T T y
2s00f M : ]
AN ;
[N .
@ 2000F[ N\ : 1
5 {0\ Fluorescing ions
= . J PRI TTRRTIFI . !
‘S 1500+ : : f et
= | . . .
@ [ : :
-g 1000 | . Aoy 4
( . /e .
S [ A
Z s0f o/ :\, Non-fluorescing |
WA RN ions
WA Do
0 L L Lo AL T e T
0 1 2 13 4 5 6 7 8 9
1 1 Time [min] 1

Figure 6.7 Number of Mg* and MgH™" ions during the experimental procedure. The re-
gions 1-4 correspond to the processes loading, molecule formation, equilibration and disso-
ciation as described in section 2.3 and section 6.2.2 - 6.2.4, respectively. The images I, Il and
IIT are snapshots of the Coulomb crystals at the times indicated on the graph. The horizontal
direction corresponds to the z-axis of the trap.

determination is, however, compromised by other non-fluorescent ions as men-
tioned in section 6.2.4. The effect of these is accounted for in the data analysis

For a more detailed discussion of crystal volume determination methods,
consult Ref. [149].

6.3 One-color photodissociation

In this section some of the results achieved with the one color dissociation scheme
are presented. The experimental procedure is summarized in figure 6.7. First ions
are loaded into the trap (region 1), then H, gas is leaked in and MgH™ ions are
formed (region 2). After the equilibration time (region 3), the molecular ions are
dissociated by continuously applying the pulsed 281 nm laser (region 4). The rate
at which molecular ions are dissociated, gives us information on the population
in the probed level.

6.3.1 Determination of the dissociation rate of MgH* molecules

It turns out that the decay of the number of MgH™" ions is well described by a
biexponential decay. The rapidly decaying component corresponds to dissocia-
tion of MgH* found in the X'E*(v = 0,]) state at the beginning of the dissoci-
ation process. The slowly decaying component is also due to dissociation from
the X1L*(v = 0,]) state, but of MgH* ions which are either found in other states
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at the time when the dissociation laser is applied or MgH* ions transferred to
other states, via excitation to the A state followed by spontaneous decay, and
then transferred back to the X!Z*(v = 0,]) state. The rate for transfer back to
the X1Z*(v = 0,]) state is effectively limited by the rate for pure rotational tran-
sitions within the X!£*(v = 0) rotational levels. This process is responsible for
the low dissociation rate, which typically leads to periods of a few minutes for
the dissociation of all MgH* ions in a crystal as seen in figure 6.7, region 4. Due
to ionization of residual gas molecules by the pulsed laser, we also need a linear
term, that describes the loading of these unwanted ions. Thus, the molecular ion
trace in region 4 is fitted with the following expression:

Npe(t) = Nee ™+ Nge ™ + Tit, (6.10)

where I'; and I’ are the dissociation rates corresponding to the rapidly and slowly
decaying components, respectively, N; and N, are constants, and I’j is the ioniza-
tion rate of residual gas molecules.

Unfortunately, the intensity of the pulsed ns-laser has to be kept so low that
the rapidly decaying component is hardly distinguishable; hence only I is con-
sidered below.

6.3.2 MgH*dissociation spectrum

Following the experimental procedure described in sections 6.2.2 to 6.2.4 the dis-
sociation rate I's can now be determined while varying various parameters, such
as the ns-laser pulse energy and frequency as well as the frequency and intensity
of the PbSe diode laser. In order to determine if the PbSe diode laser cause any
change in the rotational distribution, it is of interest to evaluate the dissociation
rate from low lying rotational levels in the vibrational ground state of the X state.
In figure 6.8 the recorded spectrum of I's with and without the lead salt diode
laser is shown. Without applying the cooling laser, the R(3), R(4) and R(5) lines
are clearly seen, and a slight asymmetry of the R(5) line reveal the presence of the
P(1) line. The R(0) line is not visible and the R(1) line is unresolved from the R(2)
line due to power broadening. When the cooling laser is applied, the spectrum
clearly changes. R(5) is smaller, while the R(0) fills up the gap between R(4) and
R(3). To understand the spectrum, however, numerical simulation of the entire
spectrum had to be performed. This is done in the next section and enable us to
give a more precise evaluation of the rotational distribution.
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Figure 6.8 Dissociation spectrum of 2MgH* with (bottom) and without (top) applying
the cooling laser. The grey circles is the measured rates, which have been corrected for a
small variation in the dye laser power across the wavenumber range by a linear normal-
ization to the dissociation rate at the R(4) line. The wavenumber is determined from the
fundamental wavelength of the dye laser. A slight deviation between the observed and the
predicted resonance frequencies due to the limited wavelength reproducibility of the dye
laser and calibration precision was corrected for by shifting the axis by 1.6 cm™'. The solid
black line shows the spectrum according to the simulations described in section 6.3.3. The
contribution of the different transitions to the simulated dissociation rate is indicated by
dotted/dashed lines. There is a distinct difference between the two spectra, indicating that
the cooling laser do have an effect of the population distribution. According to the simula-
tions, the effect is huge on the population of the rotational ground state (dotted line), which
is not immediately obvious from the measured rates, due to the broadness of the R(0) line.
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6.3.3 Numerical simulation of the spectrum

In order to understand the spectrum presented in figure 6.8, numerical simula-
tions including the photoexcitation via the X—A transition, photodissociation via
the A-C transition induced by the pulsed laser, spontaneous decay A—X, rovibra-
tional redistribution in the ground state potential due to the BBR field, as well
as a possible coupling between rovibrational levels due to sympathetic cooling
through long distance collisions with the laser cooled ions have been carried out
(see figure 6.9 (a) for an overview of the different levels and the coupling between
them).

A full quantum mechanical treatment of the system, taking into account a
basis set consisting of all rotational sub-states and laser light induced coherences,
would give the best description, but would require impractically long computing
times. As a consequence, we have chosen to simulate the dynamics of the mole-
cules internal states by extending the model presented in section 6.1.1.1 to include
levels from both the X, A and C electronic state. The population vector now reads
asp = [px(v =0.5,] = 0..19),pa(v = 0,] = 0..19), pc, | and contains the populations
of rovibrational levels |v, |) of the corresponding states X, A and dissociative con-
tinuum states in C. Its temporal evolution is governed by the coupling matrix
K (t) through the matrix equation 'Z,—’Z = K(t)f(t). To avoid numerical integration
of this system of equations, which is computationally expensive, the time line is
split into intervals small enough that the rates in the entries of K () can be consid-
ered constant in each interval. As indicated in figure 6.9 (b), the coupling matrix
changes only during the ns-laser pulse, and the long period between pulses can be
treated as a single time step. Consequently, the temporal evolution of the system
can be found through the solutions of the linear ordinary differential equations
for each interval:

dp

i Kip(t) = pltia) = exp(Ki(tia — B))p(t), (6.11)
with the total solution being:
N-1 M
pav) = [H exp(K i(fie1 — ti))l 7(0), (6.12)
i=0

where N is the number of intervals and M is the number of pulses. The various
coupling rates in K are determined in the following subsections. Since the dis-
sociation rate from C is much faster than spontaneous decay back to A or X, pc
represents the amount of dissociated MgH™ ions.
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Figure 6.9 (a) Reduced level diagram of MgH* showing transitions and typical timescales.
Full arrows: transitions induced by the pulsed laser, i.e. photoexcitation from the electronic
ground state X to the excited level A and photodissociation from the excited state A to the
dissociative state C. Dashed arrows: spontaneous decay from A to rovibrational levels in
X. Dotted arrows: rovibrational redistribution within the electronic ground state X due to
interactions with a 300 KBBR field. (b) In the simulation, the timeline is split into N intervals,
each one small enough that the coupling rates can be considered constant in each interval.

6.3.3.1 Photoexcitation X — A

As a starting point for our approximation of the photoexcitation rate, we first con-
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sider the Rabi oscillations induced between two levels [v = 0, /)y and [v = 0, J")a by
the pulsed laser in the dipole approximation as described in, for example, [150].
In order to calculate the Rabi frequency, we need the matrix element {(¢:|d -
r|¢o), where d dipole moment operator, and phiy and ¢, are the initial and final
states. Ignoring spin-related effects, a simple diatomic molecule can be modelled
as a idealized vibrating symmetric top, in which case it can be described by the
quantum numbers |ev]KM), where e is the electronic quantum number, v is the
vibrational quantum number, | is the rotational quantum number, M is magnetic
quantum number and K is the projection of the angular momentum along the
molecular symmetry axis [129]. The matrix element in this case reduces to [151]:

Ke2v2J2KaMale - rleror iKiMi)P = S5 (JaMa; J1Mi)
x ST (LKy; [1Ky)
X 5" (e2v2; €101)
x Keaalldlles 1) (6.13)

Here the geometric factor contains the information about molecular orientation in
the laboratory frame and is expressible as the square of a Wigner 3j symbol [152]

R
geom 2 1
: = 14
S; (JaMy; JiMh) (_M2 ; M1) , (6.14)
where g is the polarization of the light field. In our case the Honl-London factor
is simply given by SH:(J; + 1;J;) = J1 + 1 and S"(J; — 1;J1) = J; for R and P type
transitions, respectively [153].
The Rabi frequency is now given by

SEC(AQ; X0)SHL(]; | £ 1)Sseom(JM; | + 1M
Xyt = Lixa/SFE( )SHE(T ]; ) (M; ] + +q)E(t),

where x4 is the transition dipole moment between X and A, and E(t) is the elec-
tric field amplitude of the pulsed laser at time ¢. The generalized Rabi frequency

is written as
Qpraa(t) = (xje1(h)? + A%,Gﬂ,

where Ajj.1 is the detuning of the pulsed laser frequency with respect to the tran-
sition frequency between the two levels. Since the Rabi oscillation period is much
shorter than the pulse length, the Rabi oscillations (which cannot be described
by rate equations) are modelled by introducing coupling rates for absorption and
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emission which give rise to a steady state population equal to the time averaged

population of the Rabi oscillations. It is natural to assume coupling rates of the or-

der of the generalized Rabi frequency, (2, times the peak-to-peak amplitude of the
2

JJ1

Rabi oscillation , since with this assumption population transfers take place

JJ£1
on the same time scale as one Rabi oscillation. To reach the desired steady state

population, the absorption rate is scaled with a coefficient

2
Q],]tl

22, + A

Cija1 = ,
T+ 1)

and the emission rate by 1 — C. The entries in the coupling matrix K are then
given by

2 2
abs X],]ﬂQ],]il

T =
v, ;v J£1 2 2 ’
Z(QUil + A”ﬂ)

and

2 2 2
ren Xy +287,4)

Jv JxL T
o) Z(Q%]ﬂ + A;Jﬂ)

7

for absorption and emission, respectively.

Since the laser light is linearly polarized, the selection rule Am; = 0 prevents
the probing of the sublevels m; = | and mj; = —] on P(]) transitions. To account for
this inzt]hge simulations, the dissociation rate on P(j) transitions are scaled by the

factor TR

6.3.3.2 Photodissociation A — C

As mentioned in section 6.2.4.1, numerical calculations based on a wavepacket
approach [145] show that, within the wavelength range of 560-563 nm, the dis-
sociation rate is almost independent of both the pulsed laser frequency and the
rovibrational state in A, while it depends linearly on the laser intensity. That is,

Tgiss = al peaks

where [ is the intensity of the pulsed laser and a is of the order of 1 s7! W~ cm?.
Due to the limited accuracy of the calculation, « is taken as a free parameter in the
fit to the observed dissociation spectrum.
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6.3.3.3 Spontaneous decay A — X
From the mean lifetime, 74, of the excited state, the rate of spontaneous decay
from [v, [)a toi|¢’, | + 1)x is approximated by

S* (v, ") ST, £ 1)
@ ST+ + ST -1

Tojor a1 =

where SF¢(v,v") is the Franck-Condon overlap between the two vibrational levels
and SHL(J,J £+ 1) is the Honl-London factor. The lifetime has been calculated to
be 74 = 4.4 ns [145], while Franck-Condon factors derived from molecular spec-
troscopy are tabulated in [142]. Since more than 99.9 % of the population decays
back into the v = 0...5 levels of the X state, in the simulations the vibrational
distribution has been truncated above v = 5.

6.3.3.4 Rovibrational redistribution in X due to BBR

The rovibrational redistribution in the electronic ground state due to blackbody
radiation is modeled in the same way as the previously described cooling simula-
tions in section 6.1.1.1.

From the Einstein coefficients, coupling rates are found by assuming a 300 K
BBR background, W(w;;), using

rv,];v',]il = A‘l),];‘l)’,]il + Bv,];v’,]rl W(a)v,];v’,]il)

6.3.4 Interpretation of spectrum

To match the simulated spectrum to the experimentally recorded spectrum shown
in figure 6.8 two parameters are varied. First, the pulsed laser intensity is adjusted
to match the observed widths of the various transitions. Second, the dissociation
proportionality constant, «, is adjusted to match the observed dissociation rate.
Overall, the spectrum fits well, but there is a discrepancy on the R(5) line, that is
not easily explained.

To visualize what is happening, the amount of molecules dissociating through
the different transitions is indicated by the dashed and dotted lines. This reveals
a much bigger difference between the two spectra than directly seen. The con-
tribution from the R(0) is negligible in the spectra recorded with the uncooled
population distribution, while it is prominent in the spectrum from the cooled
population distribution. Because of the broadness of this line, however, this is not
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immediately apparent from the experimentally observable result. The above spec-
tra was simulated with full cooling, e.g. 64% of the population in the ground state.
As we will see in the next section, this is actually not the case. If we modify the
Einstein coefficients in the same way as we argue in section 6.4.2, the simulated
cold spectrum still fits very well, even though this corresponds to only 37% on the
population in the ground state. Unfortunately, this also implies that this probing
scheme is not very sensitive to changes in the population of the [v = 0, ] = 0) state.
An interesting feature of both the recorded and the simulated spectra is the
drop in dissociation rate when the pulsed laser in on resonance with the transi-
tions. This is observed on all R-lines from | = 3 to 8. With the laser on resonance,
the first part of the pulse is sufficiently intense to saturate the X — A transition,
but the intensity is still so low that spontaneous decay back into various vibra-
tional levels of X greatly dominates over dissociation via the C state. If the laser
is off resonant, population is not transfered efficiently to the A state until later
in the pulse, where the A — C dissociation rate has also increased. Ideally, the
dissociation pulse should arrive 3 ns before the excitation pulse, such that it has
maximum when the population transfer in the first step is maximal. Here, the
steps are however performed by the same pulse and the temporal overlap is not
optimal with respect to the number of dissociated molecules. A similar effect was
observed in Ref. [146], with a molecular beam crossing a cw laser beam.

6.4 Two-color photodissociation

Figure 6.10 shows the experimental procedure for the two color photodissocia-
tion scheme. As in the one color scheme, Mg™ ions are first loaded into the trap
(region 1). Then molecular ions are formed and equilibrated with the BBR field,
and optionally manipulated by the cooling laser (region 2 and 3). Finally, in the
two color scheme, the MgH™ ions are state-selectively dissociated by simultane-
ously applying a single 281 nm pulse and a single 266 nm pulse. As shown in
figure 6.10 this results in a sudden loss of molecular ions. The height of the step is
proportional to the population of the particular rotational state being addressed.
The pulse energies are 5 uJ and 1 m] for the 281 nm and the 266 nm pulses,
respectively, which is enough to dissociate more than 90% of the MgH™* ions in the
rotational state addressed by the tunable 281 nm laser. The off-resonant contribu-
tion from other levels is found to less than 2%. Only the R(1) and R(2) transitions
are so closely spaced, that resolving them is problematic. The populations of the
v =0,] =1)and |v = 0,] = 2) states can, however, easily be probed on the P(1)

and P(2) transitions, but must in this case be corrected by a factor of 2—;} as only
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Figure 6.10 Number of Mg* and MgH" ions during the experimental procedure. The re-
gions 1-4 correspond to the processes loading, molecule formation, equilibration and dis-
sociation as described in section 2.3 and section 6.2.2 — 6.2.4, respectively. The images I, II,
III and IIII are snapshots of the Coulomb crystals at the times indicated on the graph. The
horizontal direction corresponds to the z-axis of the trap.

some sublevels are probed as described in section 6.3.3.1. The combination of
essentially perfect rotational level selectivity and close to 100% dissociation prob-
ability in a single REMPD event provides a direct measure of the rotational state
distribution at any chosen instant.

To test that both the 281 nm and the 266 nm is saturated, both pulse powers
have been varied individually, while probing the population of the [v = 0, ] = 0)
state when the cooling laser was applied. In both cases the variation in dissocia-
tion efficiency was almost constant around the range of the power used.

6.4.1 Rotational distribution

With the above procedure the rotational population distribution can now be probed
with and without the cooling laser present. The result, which has been corrected
for off-resonant dissociation by the 266 nm light, is presented in figure 6.11. First
note the excellent agreement between the uncooled distribution and that of a ther-
mal distribution. This demonstrates the validity of our probing scheme. A further
confirmation is the fact that the total population in the different levels summed
up to about 90% of the total number of the ions, with an uncertainty of only = 5%.
Some of the the 5% may in fact reside in higher non-probed states.

The cooled distribution shows a pronounced accumulation of population in
the two lowest rotational states, with 37 +2% in the |[v = 0, ] = 0) state and 17 2%
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Figure 6.11 Deduced rotational state distributions obtained by the two color 1+1 REMPD
scheme. The grey bars indicate the distribution without applying the cooling laser and the
black bars indicates the distribution after a cooling period of 2 min. All levels except for the
[v =0,] = 1) and the [v = 0, ] = 2), which are not spectroscopically resolvable, where probed
on their R-transitions. Instead the [v = 0,] = 1) and |[v = 0,] = 2) states were dissociated
through the P-transition and multiplied by a factor of 3 and 5/3, respectively, to correct
for non-probed sub-levels. All bars are averaged over typically 15 measurements and the
shaded areas indicates the standard deviation.

in the |[v = 0,] = 1) state. The rest of the population is distributed over the |v =
0,] > 2) levels, with at most 6% in a single level. The amount of population in the
rotational ground state is equivalent to that of a 21 + 2 K thermal population. The
simulated value of 64% is, however, not reached. This discrepancy cannot easily
be explained. Experimentally, we have tested that the cooling transition really is
saturated, as seen in figure 6.12. By varying the pressure in the vacuum chamber,
we have checked that collisions with background gas particles does not have an
influence. Various possible heating sources have been turned off, e.g. ceiling light,
atomic ovens, ion gauge, without any observable effect in the cooled [v = 0, ] = 0)
population, but these heating test was performed with the one color scheme and
should be repeated with the two color scheme. However, any heating should also
be visible in the uncooled population distribution. The good agreement in this
distribution, bounds any heating rate to 0.03 s™!; a heating rate that would only
reduce the [v = 0,] = 0) population to 57%, according to model simulations. A
potential reason for the observed difference between the measurements and the
modeled values is errors in the calculated values of the transition rates.



CHAPTER 6 — ROTATIONAL COOLING OF MOLECULAR IONS 93

0.4 T T T T T T T T T T
p :
03 .
c
TR
g ¢
o
0.1} .
K
0.0 1 . 1 . 1 . 1 . 1 .
0 10 20 30 40 50

PbSe power [W]

Figure 6.12 Population in the [v = 0,] = 0) ground state as a function of the cooling laser
intensity. The [v = 0,] = 2) —|v = 1,] = 1) transition is seen to saturate, but not with big a
margin. All other measurements in this chapter was made with maximum intensity.

6.4.2 Temporal evolution of the population

Not only can we probe the steady state population distributions, but also the tem-
poral evolution of the population in different levels. In figure 6.13 the observed
population in [v = 0,] = 0) is plotted as a function of the cooling time. The re-
sults have the same shape as the theory presented in figure 6.2, however, there
is a large descrepancy in the final steady state population as already seen in the
previous section.

However, if we start out with the cooled distribution from figure 6.11 and let
the ions equililbrate with the BBR field again, we clearly see that the timescale for
heating is not correct (solid line in figure 6.14). As we have already ruled out any
additional heating sources, since these would alter the uncooled equilibrium dis-
tribution as well, which does not seem to be the case, this again suggest that our
model, or the input parameters to the model is not correct. The correct timescale
for the heating of the molecular ions can be achieved if all the Einstein coefficients
in the vibrational ground state are multiplied by a factor of two. If we furthermore
multiply the rates between vibrational levels with a factor of 0.22, the simulation
agrees very well with the time evoultion of the population for both the heating
and cooling scenario (dashed lines in figure 6.13 and figure 6.14).
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Figure 6.13 Temporal evolution of the population in the [v = 0,] = 0) state during laser
cooling. The population saturates after ca one minute. The dashed line is a theoretical
calculation, where the Einstein coefficients has been modified according to the discussion in
section 6.4.2.

The simulated steady state distribution when we modify the Einstein coeffi-
cients is presented in figure 6.15. Although not a perfect fit, they are suggestive
that this may be the right approach.

To test this experimentally, one could deplete a given [v=0, ] ) state and mea-
sure how fast the population flows back into this state. If this was done for the
lowest 10 rotational state, the Einstein coefficients could be experimentally veri-
fied.

6.5 Conclusion and outlook

In conclusion, we have demonstrated a very efficient technique for determining
the rotational population distribution of MgH™ ions via a two color 1+1 REMPD
scheme. We have used this technique to experimentally demonstrate significant
laser cooling of the molecular ions towards their rotational ground state with only
a single optical pumping field. The percentage of molecules in the ground state
could be further improved, by subsequently applying some sort of filtering. We
could, for example, remove all the molecules in the [v = 0, | = 1) state by applying
a single 266 + 281 nm pulse. In this case 45% of the molecular ions left would be in
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Figure 6.14 The temporal evolution of the population in the [v = 0, ] = 0) state in the time
after the cooling laser has been blocked. The solid line is the simulated behaviour with the
Einstein coefficients from section 6.1.1.1, while the dashed line is a simulation with modified
Einstein coefficients as discussed in section 6.4.2.
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Figure 6.15 Simulation of the cooled population distribution where the Einstein coeffi-
cients in the vibrational ground state has been multiplied by 2 and the intervibrational rates
have been multiplied by 0.22.
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the |[v = 0,] = 0) ground state. It should be straightforward to extend the cooling
scheme by applying additional laser sources and incoherent radiation fields [46]
either to speed up the cooling rate, to increase population the ground state or to
prepare the molecular ions in other states [154, 155].

Both the rotational cooling schemes and the detection scheme may further-
more be applied to single molecular ions [37, 41] and possibly even to appropri-
ately chosen complex molecular ions [39, 40]. In the latter case, since the rovi-
brational modes are typically coupled, relatively efficient rovibrational cooling
schemes may be feasible by addressing only a single or a few rovibrational tran-
sitions.



Chapter 7
Summary

In this thesis we have presented a mass spectrometric technique, SCSI-MS, that
relies on the measurement of the normal mode frequencies of strongly-coupled
two-ion systems. The strongly-coupled regime is reached by sympathetic cooling
of the ion of interest (the unknown ion) through the Coulomb interaction with
a simultaneously-trapped and laser-cooled atomic ion. Even without optimiz-
ing the current setup for SCSI-MS, we have obtained a relative mass resolution of
~ 107 The technique is inherently a single ion mass spectrometric technique, uti-
lizing a non-destructive detection step. This latter feature was utilized in a study
of the photofragmentation pathways of aniline. The single ion aspect of such
studies enables one not only to obtain an ensemble-averaged result, but instead
presents the opportunity for comparing individual ion histories. Complemen-
tary, one could imagine how the SCSI-MS technique could be used to monitor the
build-up of complex molecules through consecutive reaction processes.

Other attractive features of SCSI-MS due to the single ion aspect, include
a very high reaction detection efficiency of almost 100% and an extremely pure
target, since ensemble averaging is avoided. Hence only about 250 reactions re-
actions between Mg™ in the 3p2P;), excited state and HD molecules at thermal
energies was enough to claim a branching ratio of more than 5 in favor of forming
MgD* to MgH*. Potentially, chemistry studies of exotic reactions including e.g.
superheavy elements, could benefit greatly from this technique.

In the last part of the thesis we turned our focus to the internal states of the
molecular ions. We showed how the internal degrees of freedom of the ions are in
general in equilibrium with the BBR field of 300 K. Then we went on and altered
the rotational population distribution by implementing a simple optical pumping
cooling scheme involving only a single cw laser. In this way a 15 fold increase
of the population in the rotational ground state was achieved. The final popula-
tion of 37% corresponds to that of a Boltzmann distribution at a temperature of
21 K, suggesting that cold molecular ion experiments can now be performed at
cryogenic temperatures in a room temperature experimental setup. Several im-
provements of the cooling scheme are already proposed, including subsequent
filtering (e.g. removal of the [v = 0, ] = 1) state population) or the implementation
of lamps and additional lasers to speed up the cooling process or achieve other
population distributions. The cooling scheme may furthermore be applied to sin-
gle molecular ions and possibly even to appropriately chosen complex molecular
ions.
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Appendix A
The Ca™ ion

A.1 Abundance of Ca-isotopes

Isotope  Abundance [156]

40 96.941 %
42 0.647 %
43 0.135 %
44 2.086 %
46 0.004 %
48 0.187 %

A.2 Cooling transitions in “’Ca*

40Ca+
Aot rapp,, ] [157] 396.8469
g™, ap, , Inm] [157] 396.9591
Nyp, nessazpy, ] [157] 866.214
A sgap, , nm] [157] 866.252
4p 2Py, Radiative lifetime [ns][158] 7.07
3d D5, Radiative lifetime [s] [157] 0.77

45251y © 4p2Py); Line width [MHz] 27t x 22.5







B.1 Atomic data for neutral magnesium

Appendix B
The Mg™ ion

241\/[g 251\/[g 26Mg
Abundance [%] [156] 78.992 10.003 11.005
Atomic mass [u] 23.985042  24.985837  25.982594
Nuclear spin 0 5/2 0
(air)
/\(352150<—>)353p1131 [nm] [157] 285.21261 - -
vacuum
Ao Sy3s3p 1P [nm] [157] 285.29642 - -
3s3p 1Py Radiative lifetime [ns] [159] 2.0 - -
35218y © 3s3p 1Py Line width [MHz][157] 27 X 80 - -
35215, « 3s3p 1 P; Isotope shift [GHz] [160] - 0.73 1.41
B.2 Cooling transitions in *Mg*
24Mg+
(air)
/\55251/2(_))3}721,3/2 [nm] [157] 279.5528
vacuum
/\35251/2%?2133/2 [nm] [157] 279.6352
3p2P;), Radiative lifetime [ns] [161] 3.810
35251y © 3p2P;), Line width [MHz] 27t x 41.773







Appendix C
The MgH™ ion

C.1 Transitions in the MgH" ion

Transition =~ Wavenumber = Wavelength  Frequency

[em™] [um] [THz]
Ro(0) 12.59 794.53 0.378
Ro(1) 25.16 397.54 0.755
Ro(2) 37.82 264.43 1.135
Ro(3) 50.19 199.23 1.506
Ro(4) 62.85 159.12 1.885
Ro(5) 75.22 132.95 2.256
Ro(6) 87.66 114.07 2.630
Ro(7) 99.95 100.05 2.999
Ro(8) 112.30 89.05 3.369
Ro(9) 124.45 80.35 3.734

Table C.1 Transitions within the vibrational ground state of the electronic ground state of
MgH* [142].

Transition =~ Wavenumber = Wavelength  Frequency

[em™!] [um] [THz]
P1(5) 1568.03 6377.45 47.041
Pi(4) 1582.06 6320.89 47.462
P1(3) 1595.56 6267.41 47.867
P1(2) 1608.96 6215.19 48.269
Pi(1) 1621.77 6166.11 48.653
R1(0) 1646.70 6072.74 49.401
Ri(1) 1658.53 6029.44 49.756
Ri(2) 1670.07 5987.79 50.102
Ri(3) 1681.07 5948.61 50.432
Ri1(4) 1691.86 5910.67 50.756

Table C.2 Transitions going from v = 0 to v = 1 in the electronic ground state of

MgH™ [142]. The P;(2) transition is used for the cooling scheme in chapter 6.
g & p
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Transition =~ Wavenumber = Wavelength  Frequency

[em!] [um] [THz]
P4(10) 5938.82 1683.84 178.165
P4(9) 5964.78 1676.51 178.943
P4(8) 5989.34 1669.63 179.680
P4(7) 6012.34 1663.25 180.370
P4(6) 6034.08 1657.25 181.022
P4(5) 6054.20 1651.75 181.626
P4(4) 6073.00 1646.63 182.190
P4(3) 6090.02 1642.03 182.701
P4(2) 6105.73 1637.80 183.172
P4(1) 6119.81 1634.04 183.594
R4(0) 6143.47 1627.74 184.304
Ry(1) 6153.00 1625.22 184.590
Ry(2) 6161.01 1623.11 184.830
R4(3) 6167.24 1621.47 185.017
R4(4) 6172.14 1620.18 185.164

Table C.3 Transitions going from v = 0 to v = 4 in the electronic ground state of

MgH™* [142]. A InP diode laser that covers the wavelength range 1620-1675 nm is currently
under construction in the laboratory. With this new laser, further manipulations of the pop-
ulation distribution becomes possible [155].



C.2 Einstein A coefficients
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[0, Dini | Av= 0 -1 2 -3 -4
v | J | Al=1 1 -1 1 -1 -1 -1
0
1 0.002
2 0.022
3 0.078
0| 4 0.191
5 0.381
6 0.665
7 1.062
8 1.589
0 20.565
1 7.886 | 12.773 0.002
2 10.141 | 10.705 0.019
3 11.636 9.490 0.068
1| 4 12.914 8.586 0.167
5 14.123 7.843 0.333
6 15.323 7.203 0.581
7 16.541 6.637 0.927
8 17.793 6.129 1.387
0 2.804 46.551
1 0.843 1.959 | 17.651 | 29.081 0.002
2 0.955 1.842 | 22,575 | 24519 0.016
3 0.962 1.828 | 25.765 | 21.870 0.059
2 | 4 0.934 1.846 | 28446 | 19.910 0.144
5 0.890 1.877 | 30953 | 18.303 0.287
6 0.837 1915 | 33418 | 16.917 0.502

Table C.4.a Einstein A coefficient for transitions within the electronical ground state of
MgH™ as calculated by Level [141]. See section 6.1.1.1 for more information on the calcula-

tion details.
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7 0.780 1.956 | 35902 | 15.690 0.801
8 0.720 1.997 | 38439 | 14.585 1.197
0 0.679 6.296 76.854
1 0.217 0.461 1.860 4430 | 28.871 | 48240 0.001
2 0.255 0.423 2.087 4191 | 36.758 | 40.866 0.014
3 0.267 0.410 2.079 4181 | 41.766 | 36.628 0.050
4 0.271 0.405 1.993 4244 | 45910 | 33.509 0.123
5 0.270 0.404 1.872 4336 | 49.742 | 30.957 0.245
6 0.268 0.405 1.734 4441 | 53.474 | 28755 0.428
7 0.264 0.408 1.586 4551 | 57.209 | 26.800 0.682
8 0.259 0.410 1.435 4661 | 61.001 | 25.037 1.020
0 0.050 2.655 8.667 109.560
1 0.016 0.034 0.849 1.805 2.496 6.163 | 40.846 69.034 | 0.001
2 0.019 0.031 0.996 1.656 2.757 5.887 | 51.807 58.706 | 0.012
3 0.020 0.030 1.043 1.605 2.698 5922 | 58.644 52.819 | 0.042
4 0.020 0.029 1.056 1.588 2.535 6.055 | 64.220 48505 | 0.104
5 0.020 0.029 1.053 1.586 2327 6.227 | 69.320 44979 | 0.206
6 0.020 0.029 1.042 1.591 2.098 6.413 | 74.245 41936 | 0.359
7 0.020 0.029 1.025 1.600 1.861 6.604 | 79.138 39.231 | 0573
8 0.020 0.029 1.004 1.612 1.622 6.791 | 84.073 36.783 | 0.856

Table C.4.b Einstein A coefficient for transitions within the electronical ground state of
MgH™ as calculated by Level [141]. See section 6.1.1.1 for more information on the calcula-

tion details.
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