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Abstract

In this work, the latest developments towards Doppler cooling in a 7T mag-
netic field in the framework of the TRAPSENSOR project are presented. First,
a brief introduction to mass measurements in Penning traps and the goal of the
TRAPSENSOR project are introduced. Then, the dynamics of ions stored in Pen-
ning traps are explained, and Doppler cooling is introduced for the particular
case of ¥ Ca* ions in a 7T magnetic field. The experimental setup is also de-
scribed underlining the modifications carried out in this work and resulting in
the first time-of-flight ion-cyclotron resonance performed with an open-ring Pen-
ning trap. These modifications also pave the way for Doppler cooling. Finally,
the principle of using a laser-cooled ion as detector has been discussed from
measurements carried out with two open-ring ion traps.

Keywords: ion, trap, doppler, cooling, resonance

Resumen

En este trabajo se recogen los tltimos avances hacia el enfriamiento Doppler en
un campo magnético de 7T en el marco del proyecto TRAPSENSOR. En primer
lugar se da una breve introduccién de las medidas de masa en trampas Pen-
ning y el objetivo del proyecto. A continuacion, la dindmica de iones atrapados
en trampas Penning es explicada y se introduce la técnica de Doppler cooling,
prestando atencién a los efectos del campo magnético. El siguiente paso es una
descripcion del setup experimental, junto con las modificaciones implementadas
de cara al enfriamiento Doppler y la optimizacién de varias de sus partes, asi
como la primera resonancia de tiempo de vuelo obtenida en una trampa de anil-
los. Por ultimo, se discuten las ventajas que aporta el uso de un ion enfriado por
laser como detector, comparando medidas en dos trampas de similar geometria.

Palabras clave: ion, trampa, enfriamiento, doppler, resonancia
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Chapter 1
Introduction

Ion traps are very powerful instruments for fundamental research, since a charged
particle can be confined in a small volume in phase-space, allowing for the real-
ization of very accurate experiments. Many branches in physics profit from the
performance of ion traps; two remarkable examples, away from each other, are
quantum information [1, 2, 3], and high-precision measurements of ground-state
properties (e.g. masses) of isolated particles [4, 5, 6, 7].

The most accurate determination of the atomic mass is provided with an ion
trap (Penning trap specifically) and since the mass yields directly the binding
energy in a nuclear system, mass measurements on exotic ions have been used
to test nuclear models in extreme conditions [8], to provide useful data for stellar
nucleosynthesis [9], or to test the Standard Model [10]. The masses of stable or
long-lived particles can be measured with a relative mass uncertainty (dm/m) in
the order of 10~!1, allowing the use these values to test theories and expressions
such as the Einstein’s relationship E = mc? [11], and to determine fundamental
constants such as « [12], among other things.

There are several techniques to perform mass measurements using Penning traps.
The Time-Of-Flight Ion-Cyclotron-Resonance (TOF-ICR) technique, which will be
described in detail in this Master Thesis [13], is a destructive technique that needs
several tens of ions and allows reaching relative mass uncertainties in the order of
10~7. This is widely used with ions produced at accelerators, and although many
relevant results have been obtained with it, it is limited by the ion-production
rate because of the statistics needed for the measurement. The lowest production
rate of an ion reached so far in a Penning-trap experiment is 0.5h~! [14]. A
more recent technique, known as Phase-Imaging Ion-Cyclotron-Resonance (PI-
ICR), makes use of a position-sensitive detector [15] to improve the precision by
a factor of 40 and reduces the time required to make a measurement in a factor
of 25 with respect to the TOF-ICR [16]. This technique has not been applied yet
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to exotic ions and would need around 10 — 20 ions for the measurement.

The technique in use up to date for stable particles is the so-called Induced-
Image-Current (IIC) technique, where the ion’s characteristic frequencies and
thus its mass, are determined from the electric current the ion induces in the
trap’s electrodes [17]. This technique allows reaching the 107! level, but it has

only been demonstrated for ions with low or medium mass-to-charge ratios.

The TRAPSENSOR project at the University of Granada aims at implementing a
new technique for mass measurements [18] to overcome the present limitations
regarding sensitivity (TOF-ICR and PI-ICR), allowing for single ion detection,
and universality (IIC), to make practicable any mass-to-charge ratio. It is based
on a previous proposal by Heinzen and Wineland [19]. A trapped and laser-
cooled #°Ca™ ion will be used as mass detector or sensor ion. The ion of inter-
est, whose mass has to be measured, is trapped in an identical trap, oscillating
with the same axial frequency, and inducing charge in a common electrode, thus
transferring energy resonantly to the sensor ion. The ion of interest is previously
probed with an external time-varying field at a frequency equal to one of its
mass-dependant frequencies, so that its motional energy increases. The energy
transferred to the laser-cooled (sensor) ion will be observed in the optical regime
using its fluorescence photons.

The work presented in this Master Thesis has been devoted to study and de-
velop the instrumentation needed to perform Doppler cooling on the °Ca* ion
in the 7T magnetic field of the Penning trap and to study the feasibility of the
proposed method in this kind of trap, extrapolating from laser-cooling measure-
ments performed in a non-magnetic trap with similar geometry. The Thesis is
organized as follows: A theoretical introduction to Penning traps and laser cool-
ing will be given in Ch. 2, including the essential aspects under study in this
work, i.e., J-mixing, Zeeman splitting, directionality and polarization, particu-
larly focussed on the #°Ca™ ion. In Ch. 3, the experimental setup is presented,
both the Penning-traps beamline and the lasers and optical setup. After build-
ing the open-ring Penning trap with all the elements needed to perform laser
cooling in the 7 T magnetic field, “’Ca™ has been probed with external radiofre-
quency fields. From the measurements carried out so far, some conclusions can
be extracted about this novel laser-based mass-measurement method.



Chapter 2

Methodology

In this chapter, the classical dynamics of an ion in a Penning trap will be ex-
plained, along with several techniques used to manipulate the ion’s motion. The
Doppler cooling technique will be introduced, focussing on the cooling in a 7T
Penning trap and the important issues like J-mixing, Zeeman splitting, and the
discussion about the optimal directions and polarizations for the 12 laser beams
needed for the sensor ion.

2.1 Penning traps

In an ion trap, a restoring force for the charged particle is required, and the sim-
plest and most convenient way to obtain this force is from a harmonic oscillator:

1
V(x,y,z)= 5 (axz + ﬁyz + 'yzz> , (2.1)

where «, B and <y are constants.

In absence of charges, this potential must verify Laplace’s equation; thus,

VIV (x,y,z)=a+B+y=0, 2.2)

which implies that at least, one of the constants must be negative, and thus the
potential has to be repulsive in at least one direction. Therefore trapping is not
possible with only electrostatic potentials.

There are two common ways to circumvent this, the first one is by applying an
AC potential that results in an average "pseudopotential’, attractive in all direc-
tions, and the second one based on the combination of an electrostatic field with
cylindrical symmetry, that is, ¥ = —2a = —28 > 0, and a magnetic field B = B2,

3
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Figure 2.1: Left: sketch showing a longitudinal cut of a hyperbolic Penning trap.
The ring and endcap electrodes are depicted in red and blue, respectively. The
trap has cylindrical symmetry along the axis defined by the magnetic field (thick
green arrow). Right: ion’s motion in a Penning trap (black-solid line). The ion’s
motion is the superposition of the three individual motions: the axial motion
is shown in green, the magnetron motion in blue, and the reduced-cyclotron
motion in red.

strong enough to counteract the repulsive effect of the electrostatic potential in
the radial direction. The devices using AC potentials are known as Paul or RF
traps, while the others are known as Penning traps.

2.1.1 Ion motion in a Penning trap

The potential in a Penning trap such as the one shown in Fig. 2.1a can be written
as

__u 22 2\N_U (o 2
V(x,y,Z)—m<2Z —X —y>—4—d(2)<22 —X —y>, (23)

where dy = /222 + d2. The classical equations of motion of an ion in a Penning
trap read:

s u B . 1 .
= e = e
= 2 oz L ps . qu B .
F:q<E+va>:q(—VV+v><Bz):> j= gy — k= jwly —wet
0
Z:—Z—;z:—wfz

0

(2.4)



where w, = qB/m is the ion’s cyclotron frequency.

The z equation is that of a harmonic oscillator, with frequency

1
w1 [qu

— = ) 2.5
2 27 \| md3 25

The equations in x and y are coupled and to treat them, the variable u = x 4-iy is
defined. The resulting equation, i = wgu /2 — iwci can be solved; the resulting
radial motion is a superposition of two circular motions with frequencies

we w? w2
[ Leq /e Yz 2.
W4 (2 + 1 2) (2.6)

wy is the so-called 'reduced cyclotron frequency’, and w_ is the 'magnetron
frequency’. The motion is purely oscillatory (and therefore bounded) if w. are

real:

w w? w2 w?  w?
wi =5k IC—TZGR:ZC—TZ>O:>wC>\/§wz- (2.7)

The ion’s trajectory is shown in Fig. 2.1b.

It is worth mentioning that the magnetron motion is mass independent, i.e,

u

w- =~ 2842 # f(m) (2.8)

up to the fourth order in w,/w,.. The independency between w_ and the mass
of the trapped ion is used in mass-selective ion cooling [20, 21, 22]. Important
relationships between the frequencies are

We=wy +w_ , (2.9)

for an ideal Penning trap,

w? = w%r +w?+w? (2.10)

known as ‘invariance theorem’, which holds for real Penning traps, i.e., traps
with deviations from the quadrupole electric field or because of magnetic field
misalignments [23], and

We ™~ Wy > w; > w_, (2.11)
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Figure 2.2: Left: evolution of the ion’s trajectory in a Penning trap due to colli-
sions with buffer-gas atoms (black-solid line). The blue line is the initial mag-
netron motion, shown as a reference. Right: configuration of the potentials ap-
plied to a four-fold segmented ring electrode for dipolar excitation (top) and
quadrupolar excitation (bottom). The RF (oscillatory) term on the blue electrodes
has a 180° shift with respect to that of the red ones, as indicated by the minus
sign.

which is a consequence of the usual experimental conditions.

2.1.2 Motion manipulation

In a Penning trap the ion’s motion can be manipulated by applying external
time-varying fields with different polarities and directions, in resonance with any
motional frequency of the ion, or resulting from linear combinations. In addition,
one might use these fields in combination with resistive forces or magnetic-field
gradients.

The techniques utilized in this work will make use of the following physical
effects:

e Buffer gas: when gas is injected into the trap, the ions will collide with
the gas’s atoms, and this originates an average force given by F = —dmd
[13], which decreases the energy, and thus the amplitude, of the reduced-
cyclotron and axial motions. On the other hand, the magnetron amplitude
increases when the energy is reduced (see Fig. 2.2a), due to the unstable
nature of the magnetron’s motion.

e Time-varying dipole and quadrupole fields in the radial direction: the re-
quired geometry and segmentation is shown in Fig. 2.2b. A dipole field

6



Figure 2.3: Left: evolution of the ion’s trajectory when applying a quadrupole
field oscillating at v, (black-solid line). The initial motion (only magnetron, blue
line) is gradually converted to reduced-cyclotron. The red line shows the evolu-
tion of the magnetron amplitude. Right: evolution of the ion’s trajectory when
applying the same quadrupole field in a trap filled with gas. The amplitude
of the magnetron motion decreases because of the conversion, while reduced-
cyclotron amplitude decreases because of collisions with the buffer-gas atoms.
The final effect is centering the ion, provided the damping, and the amplitude
and duration of the quadrupole field are properly set.

oscillating at a characteristic frequency of the ion’s motion originates an
increase of the amplitude of that motion. If the field is quadrupolar, os-
cillating at the cyclotron frequency w, = w4 + w_, the effect is a periodic
energy transfer between the two radial motions, similar to Rabi oscillations
in a two-level system [13] (see Fig. 2.3a).

e Magnetic field gradient: when an ion is extracted from a magnetic field,
the magnetic field gradient causes a force due to the ion’s dipolar magnetic
moment [13]:

T
I

9B
) = F = -5 (2.12)

—v(ﬁ-B’

Z

=
I
ol

Following this equation, higher radial energies will result in a lower time
of flight from the trap center to the detector.

The two techniques of relevance for this work are:

7
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Figure 2.4: Extracted from [13]. Left: conversion of the radial motions as a func-
tion of the amplitude (proportional to ko) and the duration Trr of the quadrupo-
lar field. The solid line represents the evolution of the radial kinetic energy
normalized to the maximum E,/Ey. The dashed and dotted lines are p /pg and
p—/po, which are the reduced-cyclotron and magnetron amplitudes normalized
to the maximum amplitude in the radial plane pg. Right: theoretical line shape
of a cyclotron resonance. The dashed line represents the radial kinetic energy
while the solid one is the resulting time-of-flight if the ins are extracted towards
a micro-channel plate detector. Avrr = vrr — ve.

e The buffer-gas cooling technique [20]: a dipolar field oscillating at w_, fol-
lowed by a quadrupolar field oscillating at w, are applied in a gas-filled
trap. The effect is shown in Fig. 2.2b). This has been thoroughly described
in previous works [21, 22]. This technique has a resolving power that allows
isobaric separation.

e The Ion-Cyclotron-Resonance Time-Of-Flight (TOF-ICR) technique: a dipo-
lar field oscillating at w_, followed by a quadrupolar field oscillating at w,
are applied, in this case, in absence of gas. The application of these fields in
this order results into a large magnetron orbit, followed by the conversion
from magnetron to reduced-cyclotron. Once this is accomplished, the ions
are extracted from the trap. Scanning the frequency of the quadrupolar
tield around w. = qB/m results in the time-of-flight spectrum shown in
Fig. 2.4b).



/\’%‘ Spontaneous
:

Absorption o
emission
AVAVAVAS
(Slightly
red-detuned) Rl b,
QObs.erver

Figure 2.5: Doppler cooling cycle. Since the laser is red-detuned, the photon
absorptions typically take place when the particle moves opposite to the photons
of the laser beam, thus reducing the particle’s momentum. The emitted photons
are collected and used to monitor the process.

2.2 Doppler cooling in a 7T magnetic field

2.2.1 General description and Doppler limit

The Doppler cooling technique was simultaneously proposed in 1975 by T.W.
Héansch and A.L. Schawlow for atoms [24] and by D.J. Wineland and H. Dehmelt
[25] for ions, and realized experimentally for the first time, three years later by
W. Neuhauser et al [26] and by D.J. Wineland et al [27]. With this mechanism it is
possible to reduce the kinetic energy of the trapped ion down to miliKelvin.

Doppler cooling is carried out using an electric dipole transition in the electronic
structure of an ion, i.e., the transition from the electronic ground state |g) to an
excited state |e), as depicted in Fig. 2.5. If a laser is tuned to a frequency wr
slightly below the one of the transition between |g) and |e), represented by wy,
ie., wp = wo+ A and wy > |A|, with A < 0, a photon will be absorbed when
the particle this moves in the opposite direction to the photon, and then will
be reemitted via spontaneous decay. If the process is repeated many times, the
recoil due to the emitted photons will average to zero, whereas the absorption
contribution will not. The absorptions will preferentially transfer momentum
in the opposite direction to the particle’s motion. This results in a reduction of
momentum and kinetic energy.

This intuitive description of Doppler cooling is supported by a rigorous theoret-
ical treatment; it is possible to prove that the variation of kinetic energy is given
by [28]

E. = (Fo) = Fox <02> , (2.13)

where « has the same sign as the detuning of the laser, A = w; — wp, and F; is

9



the averaged radiation pressure. Thus, there is cooling (E. < 0) if A < 0, which
corresponds to a red-detuned laser.

Some heating of the ion occurs due to the reemission of the photons. The equi-
librium between cooling and heating dictates the equilibrium temperature [28],

hlv/1+s

Ec+Eh:0:>Tmin: 4kB

(1+¢), (2.14)
where kp is the Boltzmann’s constant, ¢ is a geometrical factor which takes into
account the spontaneous emission pattern of the particle and s is the saturation
parameter, s = I /Iy, where [ is the laser’s intensity and I, the so-called saturation
intensity.

This technique can be applied to cool! the axial and reduced-cyclotron motions.
The magnetron motion, however, is heated, because the amplitude increases
when magnetron energy is extracted. Cooling of this motion can be achieved
in two ways [29]:

e Using a laser beam with non-uniform intensity profile: if the laser is offset
from the trap center, pointing in the same direction as the magnetron mo-
tion, an intensity gradient along the radial direction appears (see Fig. 2.6),
and more photons will be absorbed in the region where the particle moves
away from the laser beam, increasing the magnetron motional energy, and
therefore decreasing the amplitude. The reduced-cyclotron motion is cooled
normally, as the whole reduced cyclotron orbit is within the laser beam.
This method has a severe disadvantage: the laser offset and its spot size
limit the minimum magnetron orbit that can be achieved.

e Coupling between the radial motions: coupling the magnetron and reduced-
cyclotron motion using a oscillating quadrupole field in the presence of the
laser beam has a similar effect as the combination of the same quadrupole
excitation and buffer gas (see Fig. 2.3b). The magnetron amplitude is re-
duced because of the conversion, while the reduced-cyclotron amplitude is
reduced because of the Doppler cooling.

Axial and radial motions can also be coupled using a quadrupole field, albeit
with a different geometry (see e.g. [21]), so the axial motion can be also cooled
without an axial laser beam.

Doppler cooling of *Ca™ (the ion of interest in this work) requires more than one
laser beam. This is because its electronic structure, accessible with commercial

!In this context, cooling a particular motion means reducing its amplitude.
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Figure 2.6: A laser beam offset from the center results in an intensity gradient
along the radial direction. If the intensity is bigger where the ion moves away
from the laser, the magnetron motion will be cooled.

diode lasers, has two metastable levels between the ground (S;,;) and excited
(P1/) states, D3/, and D5/, (see Fig. 2.7). If these levels are populated by spon-
taneous decay, the cooling cycle is interrupted; thus, optical pumping is required
to depopulate the levels and resume the cooling process. Although the decay
Py /5 — Ds; is strongly forbidden, it can take place in the presence of magnetic
fields [30] (see Sec. 2.2.2).

2.2.2 J-mixing and Zeeman splitting

The presence of a magnetic field causes a splitting of the energy levels of an
atomic system and a mixing of the states with different | number. Both effects
are of importance for Doppler cooling in Penning traps, and will be addressed
in this section.

The electric-dipole moment matrix element M = <D5 /2 ‘j -E ‘ Py /2> is zero. How-
ever, a magnetic field will cause a J-mixing effect [30]. The matrix element is then

M’ = (D4, |d-E| Pl,,) = ({Dsal +ep (Dajal) d- E(IPrya) +ep |P3 ) =
2€D<D3/2)5'E’P1/2>+€p<D5/2)j'E’P3/2> ’ (215)

where a term in epep has been neglected. The coefficients ep and ep are given
by [30]

<D3/2 ‘ﬁ : E‘ D5/z> <P3/2 ‘ﬁ : E’ P1/2> 216
€p = €p = .
EDs/z - EDs/z E1’1/2 - EPl/Z

from first-order perturbation theory. The two matrix elements in Eq. 2.15 are

11
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Figure 2.7: Electronic structure of “°Ca™ and Zeeman splitting. The black lines
are the electronic levels in the absence of magnetic field and the yellow ones are
the sublevels that appear due to Zeeman splitting. The blue line indicates the
transition utilized for Doppler cooling, while the red ones indicate transitions
that are also needed if the cooling process is interrupted when the D states are
spontaneously populated (see text). The energies are not scaled.

non-zero, resulting in a branching ratio [30]

P (Pl/Z — 51/2)

~42x1077B2T 2. 2.17
P (Py/» — Ds5) @17)

Under the conditions of the experiment performed by D.R. Crick et al [30] (B =
1T), this branching ratio leads to a 70% extinction of the ion’s fluorescence, be-
cause the D5/, state is very long-lived (~ 1s). In the present case (B = 7T),
the effect should be even more pronounced; thus, pumping the Ds,, level is
mandatory to perform Doppler cooling.

The magnetic field also causes energy splitting. It can be shown [31] that, for
40Ca™, magnetic fields well over ~ 10T can be considered as being in the so-
called weak field regime. In this regime, the energy correction due to Zeeman
effect is given by [32]

AE = yBg]m]B, (218)

(+D=I(+1)+s(s+1)
' 2j(j+1) . .
mj is the z component of the total angular momentum and B is the magnetic

where g; = 141

is the Landé g-factor, yp is the Bohr magneton,

field intensity. As Eq. 2.18 is mj-dependent, each degenerate level splits in 2j + 1
sublevels, as shown in Fig. 2.7. The light frequency required to drive a transition

12



L1, Ji,mp1) = |La, Jo,mpp) is

o E2—E1 (E3 +AEy) — (E{ + AEy) _ ES—E§’+AE2—AE1 _
12 h h I I
B
=W % (g2mp2 —gnmp) = vo+ K (gpmp —gnmp) , (2.19)

where K = 97.974GHz (for B = 7T), E? and EJ are the unperturbed energies,
and vy is the frequency of the transition in absence of magnetic field. Eq. (2.19)
will be used for the transitions” frequencies calculation, using the corresponding
Vo obtained from the Paul trap experiment [35].

There are multiple possible choices to allow pumping all the 10 metastable 2D3 /,
and D5 /2 sublevels, as well as access to the cooling transition from the two 25, /2
sublevels. However, not all of them are experimentally feasible in the laboratory
at the University of Granada, due to limitations in the number of lasers. There
are enough 397 nm and 866 nm lasers in the laboratory to address each S;,, and
D3/, sublevel separately, but there are only two 854nm lasers. The frequencies
for the rest of the 854 nm transitions can be obtained from sidebands using an
Electro-Optical Modulator (EOM) [33], but they must be grouped in two triplets of
equidistant frequencies. Taking this and other considerations regarding polariza-
tion and directionality (see Sec. 2.2.3) into account, the scheme shown in Fig. 2.8
is designed. Thus, the frequencies to address the cooling transition are

2
’251/2, —1/2> — ‘2131/2, —1/2> =V =vp— §K = 755.157429 THz (2.20a)
2
‘251/2, +1/2> — ‘2P1/2, ~|—1/2> =v=vg+ gK = 755.288061 THz (2.20b)
for radial access? and
4
‘251/2, —1/2> — ‘2P1/2, +1/2> =v=1+ gK = 755.353377THz  (2.21a)

4
‘251/2, +1/2> — (2131/2, —1/2> = v=vy— ;K=755092113THz  (221b)

for axial access. vy = 755.222745 THz is the frequency of the cooling transition in
the absence of magnetic field.

2Notation: [2T1L;,m;)
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Figure 2.8: Left: transitions to pump the 2Ds,, level. Two 854nm lasers are set
to the frequencies obtained from the energy difference between the sub-levels
marked by the thick-solid arrows. The frequencies for the rest of the transitions,
marked with light-dashed arrows, are the red and blue sidebands, generated
after the carriers are passed through an EOM. Center: transitions to pump the
2Dj; level. Each frequency is generated independently by one diode laser. Right:
transitions for Doppler cooling. Two schemes are shown, depending whether the
laser beam is in the axial or radial direction. In all cases, red and blue arrows
correspond to transitions with Am = +1 (¢*-type transitions), respectively. The
transitions where Am = 0 (7r-type transitions) are represented by green arrows.

The frequencies of the lasers to pump the D3, sublevels are

1
‘2D3/2/ —3/2> — ]2P1 /2, —1 /2> = v =19+ %K — 346.085221 THz  (2.22a)

11
‘2D3/2f —1/2> — ‘2191 Y +1/2> = v =+ 5K = 346072158 THz  (2.220)

11
‘2D3/2,+1/2> — ‘2191 /2, —1/2> = v =1+ K = 345928462 THz  (222¢)

13
’2D3/2, +3/2> - ]2P1/z, +1 /2> = v =1+ K = 345915399 THz, (2.22d)

where vy = 346.000310 THz.

Finally, the frequencies of the lasers to pump the 2Ds,, sublevels are

)2D5/z, —5/2> - )ZPg/z, —3/2> = v =1y+K=2350960850THz  (2.23a)

17
‘2D5/2, —3/2> > ‘2133/2, —1/2> = v =10+ 5K =350.973913THz  (2.23b)

19
‘2D5/2I —1/2> — ‘2133/2, +1/2> = v =10+ 2K =350.986976 THz  (2.23¢)
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-1
’2D5/2,+1/2> - ]2P3/2, —1/2> = v =1+ 1—591< = 350.738776 THz (2.23d)

17
‘2D5/2, +3/2> — ‘2P3/2, +1 /2> = v =1+ =K = 350751839 THz (223¢)

‘2D5/2, +5/2> — ‘2P3/2, +3/2> = v =1y — K =350.764902THz,  (2.23f)

where vy = 350.862876 THz. These can be grouped in two triplets (Egs. 2.23a-
2.23c and Egs. 2.23d-2.23f, respectively). Thus, the laser frequencies (the cen-
ter of each triplet) are given by Egs. 2.23b and 2.23d, and the sidebands are at

+13.063 GHz.

2.2.3 Polarization and orientation of the laser beams

Given that the magnetic field axis acts as a quantization axis, defining a priv-
ileged direction in space, it is important to know the optimal directions and
polarizations to drive the desired transitions. The optimum direction and polar-
ization to stimulate a transition is identical to the directionality and polarization
of the photons emitted through spontaneous decay [31]. Thus, determinating the
optimal parameters it is sufficient to characterize the spontaneous emission of
the ion.

The emission patterns, i.e., intensity of light emitted at a given angle a with
respect to the direction of the magnetic field B, are the same as those of a classical
oscillating dipole (for electric dipole transitions) [31], and are shown in Fig. 2.9a.
No light is emitted with Am; = 0 along the magnetic field axis (x = 0/ 180°).
This justifies the choice of cooling transitions for axial and radial access; in both
cases, the probability to induce the transition (related to the intensity of emitted
light in that direction) has been maximized.

The polarization of a photon can be entirely described with a point in the Poincaré
sphere (which is similar to the Bloch sphere). The sphere is shown in Fig. 2.9b.
In this parametrization, |¢) = cosB|]) + ¢V sin B |<+), i.e, B gives the relative
amplitude between both types of polarized light and -y the phase. The optimal
polarization for a given angle « between the laser beam and the magnetic field B
is given, under this parametrization, by

e 7-type transitions (Am; = 0): B = 0 (light linearly polarized along the
magnetic field axis)

e o-type transitions (Amj; = £1): = arctan (@) For ¢ transitions, the

optimal v is v = 90° if 0 < a« < 7/2, and v = 270° otherwise. For o~
transitions, the behavior is the opposite.
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Figure 2.9: Left: radiation emission patterns for 7-type (Am; = 0) transition (top)
and o*-type (Am j = %1) transition (bottom). « is the angle between the laser
beam and the magnetic field. Right: Poincaré sphere (taken from [31]).

It is interesting to study the limiting cases for ¢ transitions:

o a = (, 180° (axial access): B = 45° (circularly polarized light).

e a = 90° (radial access): p = 90° (linearly polarized light perpendicular to
the magnetic field).

Thus, the optimal polarization for each laser is:

e For radial access: linear polarization, along the magnetic field axis for 7-
type transitions (cooling lasers) and perpendicular to the magnetic field for
o*-type transitions (pumping lasers).

e For axial access: circular polarization for all laser beams. The left/right
handedness depends on whether the transitions is ¢ or ¢~ and « equals 0
or 180°.

16



Chapter 3
Experimental setup and results

This chapter is devoted to describe the experimental setup and to present the
results obtained so far with a novel open-ring Penning trap. This is the first
Penning trap of this kind that has been built. The setup for laser cooling in
the 7T magnetic field and the optical system to collect the fluorescence photons,
implemented within this work, will be also described and characterized for the
measurements. Finally, Doppler cooling of the axial motion will be addressed,
using the results obtained with a radiofrequency trap. The outcomes can be
projected directly to the studies with a Penning trap, since the axial motion does
not depend on the magnetic field.

3.1 The Penning-traps beamline

The TRAPSENSOR facility is comprised of an open-ring Paul trap [35], which
is used as test bench, a Penning-traps beamline, a laser system based on diode
lasers, a Ti:Sa laser, a frequency comb and a cold-head system to cool down
via helium compression to 4K. The Penning-traps beamline, where the work
presented here was carried out, is shown in Fig. 3.1. It is comprises several

elements:

o A versatile laser-desorption ion source that provides the ions for the Penning-
trap experiments. The ions are created when a 532-nm laser pulse hits a
metallic sample. The energy of the pulses (up to 200m)]) is focused in a
small spot of the sample, originating a plasma. The singly-charged ions in
the plasma are extracted using electrostatic fields.

Although only 40Cat ions are used in this work, samples of Re, Au, Os
and other metals have also been used [21]. A sample of **Ca was recently
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provided by GSI (Darmstadt, Germany) and will be used in future experi-

ments.

e Transfer section: the ions are transported from the ion source to the Penning
traps using Einzel lenses and electrostatic steerers, which are numbered
correlatively starting from the ion source. The Einzel lenses are hollow
cylinders with an inner diameter of 48 mm and gaps of ~ 8 mm. Three
Einzel lenses, with the central one at a given potential and the other two at
ground, give rise to a net effect of focusing the ion beam. The steerers are
made up of four independent plates; applying a negative potential to one of
them results in an attractive force that steers the ion beam. A modification
on the transfer section was done throughout this work (see the orange-
framed inset in Fig. 3.1 and Sec. 3.1.1).

e 7T magnet and traps: the superconducting magnet (Agilent 7T/160MM
AS) houses a CF100 to CF160 vacuum tube, inside of which, the Penning
traps are placed:

— Preparation Penning Trap (PPT): this is a trap made of a stack of elec-
trodes with cylindrical geometry (see the blue-framed inset in Fig. 3.1),
which was designed and characterized with the laser desorption ion
source in a previous work [21]. In the work presented here, the PPT
was used to cool and purify the ¥ Ca™ ion beam, using the buffer-
cooling technique described earlier in this work (see Sec. 2.1.2). The
buffer gas is helium, as its low mass enhances the energy transfer by
collisions. This trap delivers the ions of interest for experiments in
similar conditions as any other PPT in a radioactive beam facility.

— Measurement Penning Trap (MPT): the second trap has a novel geom-
etry (open-ring geometry) and will be described in detail in Sec. 3.1.2.

e TOF section: the ions extracted from the traps are transported towards a
detector by means of several Einzel lenses.. The Einzel lenses are connected
to a potential divider, so only one potential has to be set in this section; for
all the measurements presented in this work, V; ror = —20V.

The detector (TOPAG MCP 25-10) is made of two micro-channel plates in
chevron configuration, to which a negative potential is applied; usually, this
potential is Vj,; = —2200V.

The timings used to perform a TOF-ICR measurement with this setup are shown
in Fig.3.2. From the laser shot, that serves as trigger, the *°Ca* ions take typically
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Figure 3.2: Timings used to perform a TOF-ICR measurement. The trigger of
the full cycle starts when a small fraction of the laser beam is detected with a
photodiode. The ions take ~ 115 us to reach the PPT, where a cooling resonance
[21] is used to cool and filter them. They are then transferred to the MPT, with a
time of flight between traps of ~ 45 us. The ion signals recorded with the MCP
detector at the end of the beamline are shown in transmission, after the PPT and
after the MPT, on the right side. From top to bottom, the acquisition is triggered
with the laser pulse, the extraction from the PPT and the extraction from the

MPT, respectively.
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~ 115 us to reach the PPT. Once they are cooled (see Ref. [21] for details), they
are transfered to the MPT. The time of flight between traps for *°Ca* ions is
~ 45pus. Once they are trapped in the MPT, the TOF-ICR technique is applied
(see Sec. 2.1.2).

3.1.1 Modifications to the setup and commissioning

Several modifications have carried out in the Penning-traps beamline and in the
lasers system as previous steps towards Doppler cooling. They will be analyzed

in this section.

New Einzel lenses

The first modification carried out was to replace the connection system for the
PPT, to facilitate the positioning of the full traps tower inside the magnet bore.
There are in total 63 connections in the magnet. The vacuum cross housing the
connection plugs was replaced by a standard 6-way CF100 vacuum cross made
of 316LN, that accounts for 43 of the 63 connections. This in turn forced the
modification of the last Einzel lenses in the transfer section and the inclusion of
a new one (see the orange-framed inset in Fig. 3.1). The new and the modified
Einzel lenses were designed during this work.

An important part of this work was the alignment of the traps with respect to
the magnetic field axis when the new open-ring trap was coupled. This was also
followed by the optimization of the transfer section.

Magnetic field alignment

Misalignment of the magnetic field with the electrostatic potential of the traps
can cause shifts in the trapped ion’s observable frequencies [23] and ion losses
due to collisions with the electrodes, as the ions tend to follow the magnetic field
lines.

The vacuum tube that contains the traps with respect to the magnetic field, can
be oriented in the magnet bore using the support structure shown in Fig. 3.3a.
Turning the screws (depicted in red) moves the supports (in blue), which, in
turn, move the frame (depicted in black) of the vacuum tube housing the traps.
Assuming that it is possible to measure the displacement of the structure along
the screws with 1.0(5) mm precision, the tube’s position and its angle can be
shifted in 0.34(17) mm and 0.036(18)° steps, respectively (in both vertical and
horizontal directions).
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Figure 3.3: Left: technical drawing showing a front view of the system utilized to
fix and align the vacuum tube housing the trap with the magnetic field. There is
lateral or vertical displacement of the end of the tube depending on whether the
supports move in the same or opposite directions. Center: movement of the tube
as a whole. If both ends move in the same direction, a displacement is achieved;
if they move in opposite directions, the angle is modified. Right: Sketch of the
alignment setup using electrons emitted from a filament, depicted in red. The
electron current is monitored at several locations, colored in blue.

The alignment setup is shown in Fig. 3.3c. An electron-emitting filament, shown
in red, is fixed to the vacuum tube so that the emitted electrons, once collimated,
are parallel to the walls. The filament is driven with an AC current, causing the
electron emission, and is floated to a potential V' that defines the electron’s kinetic
energy. The current that goes through the DC potential source (I; in Fig. 3.3b) is
the total electron current emitted by the filament.

A plate with a 1 mm hole is placed at the other side of the magnet, and a Faraday
cup is fixed behind it. These points, together with the first electrode of the MPT,
called EC2, are used to pick up the current.

The alignment procedure consists of measuring the current at the places to
pickup the current by scanning the position and angle of the tube in order to
obtain the maximal current in the Faraday cup; this will indicate that the traps
are optimally aligned. Two common ammeters and a picoammeter (Keithley
6285) are used for this purpose. One of the ammeters is used to continuously
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Figure 3.4: Results of the measurements carried out to align the traps with the
magnetic field. Upper part: The red circles and blue squares represent the current
registered in the plate and EC2, respectively. Lower part: current measured in
the Faraday cup. The horizontal and vertical displacements are relative to the
geometrical center of the superconducting magnet.

monitor the total emission current from the filament. The remaining ammeter
and the picoammeter are used to measure the currents at the different places.

The picoammeter is more sensitive, so it can measure smaller currents.

The results from the alignment are shown in Fig. 3.4. Current ratios are plot-
ted instead of absolute currents, because all currents are normalized to the total
emission current, and are thus free of fluctuations. The resulting optimal param-
eters are a height and lateral displacement of —0.68(17) mm and —6.12(17) mm,
respectively, and vertical and horizontal angles of —0.217(18)° and 0.072(18)°,
respectively.

Transfer line optimization

Once the new Einzel lenses were installed and the magnet was realigned, it was
necessary to optimize the potentials in the transfer section. The number of ions
detected at the end of the beamline in transmission (no trapping) is measured as
a function of the potentials applied to the lenses. The potentials applied to the
steerers are also optimized.
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Figure 3.5: Stability of the ion source. The red circles are the average of 25 shots,
and the black line is an exponential fit meant to guide the eyes.

A measurement of the number of ions vs. time is shown in Fig. 3.5. It is clear
that over long periods of time the number of counts behaves like an exponential.
This is presumably due to instabilities of the laser power. Each measurement
averaged enough laser shots.. The results for the most significant elements are
presented in Fig. 3.6.

The optimized potentials are:

Vii=—150V Viz=Vis= V7= Viis=0V Vig=—-25V Vjj; = —50V

Vigs = —100V Ve = +2.5V Veiy = —25V Ve = +2.5V Vepy = —2.5V

Vacuum system

Doppler cooling experiments need much better vacuum conditions than those of
the experiments carried out previously in the PT beamline [21, 22], so further
modifications had to be implemented in the beamline in order to reach lower
pressures.

In addition to the two existing 8001/s turbo-molecular pumps, another 4001/s
turbo-molecular pump was added (see Fig. 3.1) to improve the vacuum condi-
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Figure 3.6: Optimization of the transfer section. The number of ion counts, rep-
resented by red-solid circles, are normalized to the maximum. Only the results
from the optimization of the most significant elements of the transfer section
(first and last Einzel lens and steerers) are shown. The black lines serve to guide
the eyes.

tions when the PPT is operated with buffer gas. The ion pump in the TOF section,
with a pumping speed of 3001/s, was exchanged by one with 6001/s. This pump
is placed close to the MPT, where Doppler cooling will take place.

3.1.2 The open-ring Penning trap

The MPT used in this work has a novel geometry compared to any other one
used before, and it was tested for the first time in Granada within this work.
The trap is formed of two sets of concentric rings, centered on the beam axis
(magnetic field direction). This geometry has many advantages, the main ones

being:

e It is possible to trap ions created outside of the trap, as long as they are
injected along the symmetry axis. This is also possible in cylindrical ge-
ometries, such as the PPT used in this work, but it is not possible in other

geometries.
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a) b)

Figure 3.7: Left: Cut of the original open-ring trap [34, 35] showing the electrodes
in orange and the support structure in gray. Right: Cut of the open-ring trap
scaled down by a factor of 2 and with an additional electrode. The electrodes
are colored in orange, brown (four-fold segmented) and red (additional one),
and the isolating pieces in blue. Some distances are quoted as a reference, with
dimensions in mm. The symmetry axis of the two traps is in the vertical direction.

e It offers optical access through the full radial plane. This is not possible in
cylindrical traps, where holes must be made in the electrodes in order to
allow radial access of lasers and fluorescence collection, resulting in electric
tield imperfections that have to be corrected.

The open-ring trap used in this work is a factor of two scale-down version of a
previously existing one operated as a Paul trap (see Fig. 3.7a), designed originally
for experiments on B — v correlation [34], and where laser-cooling of a single
40Ca™ ion has been demonstrated [35]. The new trap is shown in Fig. 3.7b. There
is an additional electrode (depicted in red) to be used for coupling the ion to
an external circuit and also to test in an intermediate step the system before the
final geometry was decided [36]. In the final setup, the current induced by the
trapped ion in this electrode will be used to excite a different ion confined in a
twin trap that has a common electrode with the first one [18].

3.2 The laser-beams setup and the optical system

In this section, the optical setup designed and implemented in order to perform
Doppler cooling in the 7T magnetic field will be described, in particular, both
the laser setup and the optical system built to collect the fluorescence photons

from a laser-cooled ion.
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3.2.1 Generation, stabilization and transport of the 12 laser beams

There are eight External Cavity Diode Lasers (ECDL) in Litrow configuration [37]
used for Doppler cooling in the magnetic field within the TRAPSENSOR project:

e 3 x 397nm diode lasers to drive the cooling transitions, and are usually
referred to as ‘blue’ lasers. One of them is reserved for the Paul trap exper-

iment.

e 4 x 866nm diode lasers to drive the 2D3 /, pumping transition, one for each
sublevel, and are usually referred to as ‘red” lasers.

e 2 x 854nm diode lasers to drive the 2Ds,, pumping transition. Since one
needs six for the 2D5 /2 sublevels, an EOM is used to generate sidebands
(see Sec. 2.2.2). These are also referred to as ‘red” lasers.

e A He-Ne laser used for wavelength calibration.

The relevant elements comprising the laser setup for cooling are shown in Fig. 3.8.
All the diode lasers emit linearly polarized radiation in a given direction. A
beamsplitter behind the laser head reflects only 10% of the laser power (90/10
BS), which is introduced into an optical fiber that transports the laser light to a
wavelength meter using a mechanical switch. The wavemeter is calibrated with
the 632-nm transition from a HeNe laser. The measurements of the wavelengths
are compared sequentially with a given value, and the deviations are corrected
sending an electronic signal to a piezo which acts on the grating of each laser cav-
ity, thus modifying the frequencies accordingly. The control is a closed-loop PID
regulation system and the software was developed as part of a different Master
Thesis, where it is described in detail [38].

The largest fraction of the laser power (90%) is used for the experiment. The
orientation of the polarization of the laser beams is tuned with a half-wave plate.
One blue laser is polarized horizontally and the other vertically before they are
coupled into polarization maintaining optical fibers. Both are combined in a
Polarizing Beam Splitter (PBS) built in in cube with three fiber couplers (2 IN
and 1 OUT).

In the red lasers’ case, a A/2 plate is also placed behind the 90/10 BS. The 866 nm
lasers are combined in pairs of the same polarization using a 50/50 BS and then
introduced into optical fiber. Both beams can then be combined in a fiber PBS.

The 854 nm lasers, on the other hand, are combined in a PBS after the A /2 plates
and feed an Electro Optical Modulator (EOM) via an optical fiber. This device
has been studied and characterized for a driving field of 40 GHz in a previous
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frequencies are given with respect to the transition frequency in absence of mag-
netic field (vp).

Master Thesis [33]. In the EOM, when laser radiation at a given frequency v
is introduced and radio-frequency field at vrr is applied, sidebands at v 4= nvgr
appear. The power of the radiation at the input frequency (carrier) and at the side-
bands depends on the radio-frequency’s amplitude according to the Bessel func-
tions. An example is shown in Fig. 3.9; radiation of two different wavelengths is
introduced in the EOM, and sidebands are generated. Choosing adequately the
lasers” frequency and with suitable radiofrequency (see Sec. 2.2.2), the carriers
and first sidebands have enough power to drive the six pumping transitions for
the 2D5 , level.

The 866 nm and 854 nm beams are combined into an optical fiber BS if the ra-
dial access scheme is used (see Fig. 3.8) and introduced in vacuum. Two fiber
couplers with specific lenses, one for each fiber, allow the transition from in-fiber
propagation to free propagation and the focussing with the desired spot size in
the center of the trap. The two beams are then combined using a dichroic mirror,
and directed towards the trap’s center. Figure 3.10 shows the in-vacuum laser
system for radial access.

If axial access is needed, the 866 nm and 854 nm beams are transported in sep-
arated optical fibers. Three fiber couplers are used to extract the laser radiation
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Figure 3.10: Picture of the open-ring Penning trap with details for laser access
and fluorescence detection. The laser access and optical systems have been
built within this Thesis. The laser beams are coupled through CF16 vacuum
feedthroughs to special optical fibers designed to operate under ultra-high vac-
uum conditions and in high magnetic fields. The red and blue laser beams are
combined in a dichroic mirror, they are reflected once to pass the trap through
the center and again in another mirror to direct the beam the outside. The flu-
orescence emitted within a certain solid angle is diverted 90 degrees into the
optical system and collimated to the EMCCD camera.

from the blue and red fibers outside the vacuum. The 866 nm and 854 nm beams
are combined using a special filter that results in much less power loss than a
regular BS. They are then combined with the blue beam using a dichroic mirror
and introduced in the axial direction directly through a viewport, without using
any optical fiber (see Fig. 3.8).

The axial access scheme is problematic, because the MCP detector interrupts
the laser path. There are two possible solutions: a suitable electrostatic field can
bend the ion’s trajectory after they are extracted from the traps, so they no longer
follow the laser’s path. Other solution is to place the detector in a mobile frame.
The second approach is much simpler and has been chosen for simplicity. The
modifications are under way.

3.2.2 The image collection system

The ion’s fluorescence is extracted radially, as shown in Fig. 3.8, independently
of the laser setup chosen. A mirror is placed at 45° with respect to the axial axis
to direct the fluorescence along the axial direction in parallel with the magnetic
tield, and then a set of lenses are placed to minimize losses; they are shown in
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Figure 3.11: Sketch of the optical system to collimate the fluorescence photons
from the laser-cooled ions.Top: Part of the system inside vacuum, which is com-
prised of 6 lenses, 3 of 1/2” diameter and 3 of 1” shown in red, and a mirror,
shown in blue. The blue circles are the ion cloud and its image through the
6 lenses. Bottom: Part of the system outside vacuum, comprised of one lens
(50 mm focal distance), an interference filter, and adjustable zoom lens 1 — 14X
(MVL12X12Z from Thorlabs, with the accessories MVL20A and MVLCMC) and
and EMCCD camera (ANDOR iXon Ultra 888). The blue dot is the ion cloud
image through the vacuum and the f’ = 50 mm lenses.

Fig. 3.11 (a part of the system is also shown in Fig. 3.10).

The aerial part of the optical system was designed during this work. First, the
position of an object placed in the trap’s center is calculated using the thin-lens
approximation,

/ /
eI G 3.1)

s s f y s
where s is the distance from the object to the lens, s’ is the distance from the
image to the lens, y the object size, i’ the image size, f’ the focal distance of the
lens and B’ the so-called ’lateral magnification’. The sign convention given in
Ref. [39] is used. This results in an image 212.5mm left of the last in-vacuum

lens, with a magnification g’ = —2.5.

The commercial optical system that is attached to the camera has a working
distance of 82mm, but the minimum possible distance from the image to the
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Figure 3.12: Picture of the open-ring trap obtained with the optical system de-
signed in this work. The electrodes are illuminated by the laser light reflected in
one of the mirrors surrounding the trap. The distance d marked in the picture is
the distance between the electrodes.

optical system is 212.5 4 287.75 ~ 500 mm; thus, additional elements must be
used in order to obtain an image. The experimental approach is to place a lens
with f/ = 50mm at 303 mm from the vacuum lenses’ image, that is, at 15.37 mm
from the viewport at the end of the vacuum chamber. This results in an image
55.37mm to the right of that lens, with a global magnification p’ = 0.2685. At-
taching the lens to the camera and its optical system with a tube with variable
length allows correcting the lens’ position, and in this way the possible deviations
from the calculations.

Using this system with the minimum magnification allowed by the commercial
optical system (0.58x) and introducing the red laser beams, the image shown in
Fig. 3.12 is obtained. Measuring the distance of the gap observed, one obtains
d = 50(12) px = 0.67(17) mm (13 um pixel size). Taking into account the global
magnification (8} = 0.2685 - 0.58 ~ 0.1557), results in a gap d’ = 4.2(1.0) mm,
consistent with the distance between electrodes shown in Fig. 3.7b. Thus, one
can conclude that the optical system meets the requirements to detect the fluo-
rescence from ion clouds in the center of the trap. Since the system can provide
a magnification of 12x (a ~ 24 fold gain), it should be possible to observe the
fluorescence from a single laser-cooled ion.

In the configuration adopted for the detection of the fluorescence photons from
a *'Ca™ ion, an interference filter is placed to get only the 397 nm photons from
the cooled ion.
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3.3 Experimental results

3.3.1 Characterization of the open-ring trap

The open-ring Penning trap has been used for the first time during this work,
so it had to be commissioned and characterized. The potentials applied to the
rings have to be determined. In principle, a pontential is applied only to two
rings (four, taking into account the symmetry of the trap along the radial plane).
The other two (four), innermost and outermost rings, remain grounded during
the potential’s calculation. These potentials are crucial to fix the axial frequency
vy = w; /27 = 100 kHz while reducing the anharmonicities to the lowest possible
level. This method was described in a PhD thesis [21]. After the potential in the
axial direction is close to harmonic, an offset is added to all the electrodes in
order to optimize the ion transport between the PPT and the MPT; this does not
distort the potential shape.

Together with the DC potential, the segmented electrodes are used to apply a
dipolar field at the magnetron frequency. A dipolar field is also applied between
opposite electrodes in the axial direction at v,. The number of detected ions
versus the excitation’s frequency is studied. If the frequency is close to the ion’s
eigenfrequency, the associated ion’s amplitude increases. If the strength and
duration of the amplitude of the field are adequate, the ions are lost from the
trap.

The results from the application of dipolar fields at v, and v_ are shown in
Fig. 3.13. In the magnetron case, a reduction of the time-of-flight of the ion due to
the force appearing when the ions leave the magnetic field (see Sec. 2.1.2) is also
observed, as predicted from theory. This allows for a more precise determination
of the magnetron frequency. The Gaussian fits shown in Fig. 3.13 result in v, =
102.42(15) kHz with ¢, = 3.2kHz and v_ = 3000(20) Hz with 0 = 208 Hz.

3.3.2 Time-of-flight resonances

The most important measurement carried out in the Penning trap is the time-of-
flight resonance. As explained in the previous chapter, the magnetron motion is
converted to reduced-cyclotron. In order to achieve full conversion from one to
the other, the amplitude and duration of the quadrupole excitation have to be
fixed properly, but these cannot be found until the cyclotron frequency is known.

In order to find the cyclotron frequency, the time-of-flight resonances were ob-
tained as described in Fig. 3.2; the results are shown in Fig. 3.14. When the
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Figure 3.13: Left: determination of the axial frequency of °Ca™ in the new trap.
The red circles are ion counts and the black line is a gaussian fit. Right: determi-
nation of the magnetron frequency. The red circles are ion counts, and the blue
squares are the average time of flight. The black line is a gaussian fit to the TOF
data points.

amplitude and duration of the excitation are not properly set the conversion is
not complete, yielding deviations from the expected time-of-flight spectrum [13],
although the spectrum’s envelope must remain centered at v.. One can obtain
the central frequency by fitting the envelope (a Lorentzian function provides a
better result compared to a Gaussian). Calculating the weighted average of the
central frequencies resulting from each of the fits:

Vsomv,, = 2.68938994(47) MHz  vig0my,, = 2.6893947(11) MHz
Viosmy,, = 2.68938361(78) MHz  vsgomy,, = 2.6893966(18) MHz =
Vioomv,, = 2.6893916(31) MHz  vsgomy,,, = 2.6893933(17) MHz

2
Ve = % — 2.68939166 MHz
= d i (3.2)
Ave = 1/\/ % [1/ (av)?] = 036 Hz

one obtains v, = 2.68939166(36) MHz.

The cyclotron frequency obtained at this stage can be used to calibrate the mag-
netic field. Using the last available data for physical constants [40] and atomic
masses [41],
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Figure 3.14: Time-of-flight spectra spectra for different amplitudes and
Lorentzian fit to the envelopes. The width of the envelope increases with the
amplitude making the sidebands more visible.

B = "0car , _ "0Cat gy, o T0C T ey 1y 6.99874706(94) T, (3.3)

q q q

where the binding energy of the last electron of the °Ca atom was not taken
into account because the correction it introduces, éB = 1.15nT, is below the
uncertainty. This magnetic field value can be used to measure masses of other
ion species.

Fixing v, an amplitude scan with a pulse duration of 25ms is performed. The
result is shown in Fig. 3.15a. Maxima and minima in the time-of-flight appear,
which correspond an ion with full magnetron and full reduced-cyclotron mo-
tion, respectively. Choosing the minimum with more data points around, the
spectrum shown in red in Fig. 3.15b is obtained. The result is only symmetric
for this small duration of the excitation pulse. Furthermore, in the present stage
of performance, the difference between maxima and minima in the time-of-flight
signal, decreases for longer excitation times. We attribute this to the background
pressure, which has not yet reach an optimal value. This pressure regime does
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Figure 3.15: Left: amplitude scan with a pulse duration of 25 ms. The oscillation
in the time-of-flight (red circles) is due to the periodic conversion from mag-
netron (maxima) to reduced-cyclotron motion (minima) when a quadrupole field
at v, is applied. The black-solid line serves to guide the eyes. Right: TOF reso-
nance for a quadrupolar excitation of 472mVp, amplitude and 25 ms duration.
One can see clearly the side bands. The line serves again to guide the eye.

not allow to perform laser cooling in the open-ring Penning trap at present. Work
is currently on-going to overcome this.

3.3.3 The Quantum Sensor approach

With the TOF-ICR technique, it is possible to measure the mass from the determi-
nation of v, with a precision of 107-10~8. Using the Quantum Sensor approach,
one would measure each of the motional frequencies, v, v— and v,, separately.
Once they are determined, the cyclotron frequency, and thus the ion’s mass, can
be obtained using the invariance theorem (Eq. 2.10).

In the Quantum Sensor approach one uses the laser-cooled ion as detector, al-
though many of the steps in the measurement procedure are like those described
previously. However, in this approach, all of the motions are monitored non-
destructively through the axial motion of the ¥’Ca™ ion. The steps for a mea-
surement are:

1. Cool the #°Ca™ sensor ion to the Doppler limit. The ion of interest is cooled
sympathetically by coupling it to the laser-cooled ion.
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Figure 3.16: Left: fluorescence photons emitted by an ion and collected with the
optical system during 75ms. The lasers are switched off to stop the cooling, and
the EMCCD camera is triggered when the cooling is resumed. Right: same pro-
cedure but applying an axial dipole oscillating field during the time the cooling
is stopped.

2. Apply a dipole oscillating field, with a fixed amplitude and duration, to the
ion of interest, in order to excite the desired motional frequency (v, v; or
v_).

3. If the excitation is performed on the magnetron or reduced-cyclotron mo-
tion, apply a 7-pulse in order to convert it to the axial motion.

4. Enable the communication between the ions by making equal their axial
oscillation frequencies. The axial energy will be transferred from the ion of
interest to the sensor ion.

5. Stop the energy transfer and resume the cooling, observing the energy
gained by the sensor ion through the fluorescence photons.

The method is similar to the so-called “Doppler recooling” technique, which is
used to determinate the heating rate of a trapped ion by measuring the energy it
gains during a given time without cooling [42].

The sensitivity of a laser-cooled ion as a sensor in the TRAPSENSOR project is
currently under study (see e.g. Ref. [43]). Studying the fluorescence’s distribu-
tion of a single ion when a dipole oscillating field is applied, in particular, the
standard deviation of the fluorescence in the axial direction, ¢, can be used to
determine the axial frequency. o, is related to the kinetic energy of the particle.
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Figure 3.17: Comparison of the axial frequency determination using the micro-
channel plate detector at the end of the beamline (data points in blue) and the
fluorescence photons (data points in red). The fluorescence method results in
o = 92 Hz, while the results from the previous section yield ¢ = 3.2kHz

Using the virial theorem for a quantum harmonic oscillator!,

(Ky = (V) = %mwz <zz> = %mwza_f = (K) x 02, (34)

where K is the kinetic energy and V the potential energy. Thus, studying o
as a function of the dipole field’s oscillation frequency, one can study the en-
ergy gained, which will be maximal when it matches the ion’s axial frequency.
Fig. 3.16a and b show the ion’s image without and with dipole excitation, re-
spectively. The fluorescence distribution in z (vertical direction) spreads when
the excitation is applied.

Since the axial motion does not depend on the magnetic field, the situation is
comparable to an RF trap. Comparing the determination of the axial frequency
shown in the previous section, with the latest results obtained with the fluores-
cence method (see Fig. 3.17) in the Paul trap, it is immediately understood why
the Quantum Sensor approach is so promising. There is an enormous improve-
ment in sensitivity: while a dipolar field with 600 mVp, amplitude was used in
the micro-channel plate approach, only 1mVy, is needed to obtain the results
shown in Fig. 3.17. The difference is more pronounced when taking into ac-
count that the RF trap’s size doubles that of the Penning trap. The sensitivity

1A more rigorous proof can be given considering thermal states, but this is considered outside
the present Thesis’ scope.
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improvement is accompanied by a much better linewith, better resolving power
and better accuracy.
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Chapter 4
Conclusions and outlook

In this work, the most recent developments towards Doppler cooling in a 7T
magnetic field have been presented. An open-ring Penning trap has been in-
tegrated into the Penning-traps beamline and has been tested for the first time
achieving a time-of-flight resonance, which is a first step towards high-precision
mass measurements. Prior to these measurements, it was necessary to study the
way laser-cooling can be practicable in the 7T field, since this is the first time in
the world laser cooling will be carried out in such a high magnetic field. After de-
ciding the electronic transitions to be used, and thus designing the laser system,
the optical access for the lasers has been implemented using ultra-high vacuum
optical fibers. Note that the pressure regime to accomplish laser cooling must be
below 10~? mbar. The open-ring trap, coupled to a laser-desorption ion source,
a transfer section and a preparation Penning trap [21] located upstream, and a
time-of-flight section located downstream, in front of the micro-channel plate
detector, has been aligned with the magnetic field with unprecedented accuracy.

The characteristic frequencies of the °Ca™ ion in the 7 T Penning trap have been
determined as well as the cyclotron frequency, using the TOF-ICR technique. To
get all these measurements done, it is necessary to apply all the manipulation
techniques described in this work. At present, the time-of-flight measurement
is limited to very short excitation times due to the vacuum conditions. This
limits the accuracy that can be reached, so in this work the v, measurement has
been used to determine the magnetic field using a more precise mass value for
the ¥ Ca™. By measuring v, for a few hours, the uncertainty due to magnetic
field fluctuations can be studied. With respect to the vacuum improvements, it is
crucial to reduce the gas flow from the preparation trap to the measurement trap.
This implies the use of other cooling mechanisms, i.e., electron cooling, and/or
introducing new pumps. Both modifications are currently under way.

During the course of this work, a lot of insight about the particulars of Doppler
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cooling in the 7T magnetic field was obtained. Specifically, the polarizations
required for each of the two schemes, radial and axial, were deduced, and the
corresponding laser frequencies were calculated. The laser beams had to be com-
bined outside and inside the vacuum, and this was done also within this work.
The six 854nm frequencies needed, due to the J-mixing, are obtained from two
lasers passed through an EOM driven in the microwave regime. All the lasers are
stabilized [44] and meet the requirements for Doppler cooling. The optical sys-
tem to collect the fluorescence photons was also designed and built. The optical
path inside vacuum is about 1.5m, and it was possible to obtain a picture of the
trap region when introducing laser light through the fibers. It was confirmed that
the size of the image is consistent with the trap size and the knowledge of the op-
tical system. This is very important, as experience shows that an optical system
performing adequately is essential to carry out Doppler cooling experiments.

The next step will be obtaining a fluorescence signal in the magnetic field. For
this, we are improving the vacuum conditions, which is a very slow process. At
the end and since everything will be detected through the axial motion, a proof
of principle of the proposed measurement method has been shown from mea-
surements obtained with an open-ring Paul trap, where single ion sensitivity was
reached in 2015 [35]. The expected improvement in sensitivity is clearly shown
by applying a resonant dipole field and can be directly projected to the Penning
trap, since the axial motion is independent of the magnetic field. As described
and already implemented, the situation in the Penning trap will require 12 fre-
quencies, due to the non-degeneracy of the levels involved in the process, and
specific polarizations.
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