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Abstract

This thesis mainly concerns itself with the laser setups used for Doppler cooling of
9Be™ ions trapped in a cryogenic linear Paul trap in the Cryogenic Paul Trap Experiment
- Superconducting (abbr.: CryPTEx-SC) at the Max-Planck-Institut fiir Kernphysik in
Heidelberg.

This involved two projects: The characterisation of a new MgQO:PPLN-crystal installed in
the 313 nm sum-frequency stage of the laser setup previously used for Doppler cooling,
and the setting up of a new optical configuration around the Paul trap to allow for more
precise frequency and intensity control of the cooling laser.

The replacement of the nonlinear crystal resulted in no improvement of the generated
sum-frequency power, indicating that the crystal itself was not the main limiting factor
in the power generated, and further investigation is needed.

The new optical setup around the trap enables spectroscopy measurements of trapped
9Bet ions with sub-megahertz precision. A simple frequency-scan up to the resonant
frequency of the cooling transition was carried out to demonstrate this. Measurements
of the resonance curve of a °Bet ion while varying its position in the trap resulted in
the appearance of FM-sidebands caused by the ion’s micromotion outside of the trap
centre. The modulation index was estimated for each displacement of the ion, yielding

approximate values for the characterisation of the trap.



Zusammenfassung

Diese Arbeit beschéftigt sich hauptséchlich mit den Laseraufbauten zur Dopplerkiihlung
von ?BeT-Ionen, die in einer kryogenen linearen Paul-Falle im Cryogenic Paul Trap Expe-
riment - Superconducting (kurz: CryPTEx-SC) am Max-Planck-Institut fiir Kernphysik
in Heidelberg gefangen sind.

Dabei handelte es sich um zwei Projekte: Die Charakterisierung eines neuen MgO:PPLN-
Kristalls, der in der 313-nm-Summenfrequenzstufe des Laseraufbaus installiert wurde, der
zuvor fiir die Dopplerkiihlung verwendet wurde, und die Einrichtung einer neuen optischen
Konfiguration an der Paul-Falle, um eine prézisere Frequenz- und Intensitatssteuerung des
Kiihllasers zu erméglichen.

Der Ersatz des nichtlinearen Kristalls fiithrte zu keiner Verbesserung der erzeugten Sum-
menfrequenzleistung, was darauf hindeutet, dass der Kristall selbst nicht der grofite li-
mitierende Faktor fiir die erzeugte Leistung war und weitere Untersuchungen erforderlich
sind.

Der neue optische Aufbau um die Falle herum erméglicht spektroskopische Messungen von
gefangenen “Bet Ionen mit Megahertz Prizision. Um dies zu demonstrieren, wurde ein
einfacher Frequenz-Scan bis zur Resonanzfrequenz des Kiihliibergangs durchgefiihrt. Mes-
sungen der Resonanzkurve eines “Be™-Ions bei gleichzeitiger Variation seiner Position in
der Falle fiihrten zum Auftreten von FM-Seitenbéndern, die durch die Mikrobewegung des
Tons auflerhalb des Fallenzentrums verursacht wurden. Der Modulationsindex wurde fiir
jede Verschiebung des Ions approximiert, was ungefihre Werte fiir die Charakterisierung
der Falle lieferte.
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1 Introduction

In modern physics, the Standard Model of particle physics describes all known elementary
particles and their strong, weak and electromagnetic interaction. Except for the comparatively
weak gravitational force it describes all fundamental forces. At the heart of this theory
lie a set of fundamental physical constants that are assumed to be universal and cannot
be derived from any other source. In Maxwell’s theory of electromagnetism the vacuum
permittivity g, the speed of light ¢, and the elementary charge e appear in descriptions of
many phenomena. In so-called spin-orbit interaction, where an electron’s atomic energy levels
shift due to electromagnetic interaction between the electron’s magnetic dipole, its orbital
motion, and the electrostatic field of the positively charged nucleus, a particular combination

of these constants appears:

e2

a=——-, 1.1
4dreghe (1.1)

where A is the reduced Planck constant. This value is known as the fine-structure constant.

For reasons of convenience, historically the value of the reciprocal of the fine-structure constant

is often specified. The 2018 CODATA recommended value is given by
o~ = 137.035999084(21).[1] (1.2)

It is dimensionless and, therefore, independent of the system of units used.

In recent years, suggestions have been made that the fine-structure constant may in fact not
be constant throughout time and space [2]. To test this, electron transitions of atoms or ions
that differ in their sensitivity to a change in « over time are measured via laser spectroscopy.
Conclusions can then be drawn as to the variability of o by comparing these frequency meas-
urements. Because of their high accuracy, atomic clocks represent good candidates for such
comparisons.

Optical clocks based on singly charged ions can currently achieve frequency uncertainties of
less than 1079, whereby the limiting factor is the control and calibration of systematic in-
fluences [3] [4]. Therefore, it is desirable to look for new atomic clock candidates that are
inherently more sensitive to a temporal variation of a and less sensitive to external disturb-

ances.

Due to strong relativistic effects, some optical transitions of highly charged ions (HCIs) have
a far higher sensitivity to a variation in « than transitions in neutral atoms or singly charged

ions. Further, HCIs are only weakly polarisable and thus less sensitive to blackbody radiation



as well as external fields [5]. HCIs, therefore, represent very good candidates to investigate

variations in the fine-structure constant, as well as to create high-precision atomic clocks.

To generate the HCIs used in the experiment relevant to this thesis, an electron beam ion
trap (EBIT) is used. Since the ionisation of the innermost, bound electrons requires a lot
of energy, the generated HCIs initially have a high temperature (~ megakelvin). For high-
precision spectroscopy, their temperature must be reduced. Otherwise, Doppler widening
limits the accuracy to about ten orders of magnitude worse than that of singly charged ions
[6]. In order to cool the HCIs, the location of the high-precision spectroscopy and the place
of HCI production must be separated.

This was first achieved in CryPTEx (Cryogenic Paul Trap Experiment) at the Max-Planck-
Institut fiir Kernphysik in Heidelberg (abbr.: MPIK) [7]. The successor to this experiment,
named CryPTEx-IT or CryPTEx-SC (CryPTEx-Superconducting), is the central experiment
dealt with in this thesis. It was set up as described in detail in [§], [9] and [I0]. In general, it
consists of an EBIT for the generation of HCIs, connected via a beamline, in which the ions
are slowed down, to a cryogenic linear Paul trap. Here the HCIs are eventually cooled down
into the millikelvin range. [9][11][12]

Because no fast laser-coolable optical transitions have been found for HCIs, they have to be
sympathetically cooled by another type of ion, in this case Be™ ions [I3]. The laser-cooled
9Be™ ions form a Coulomb crystal at low kinetic energies [I4]. From Coulomb interactions
with this crystal, the HCIs lose kinetic energy and are thus cooled. The cold HCIs can either
be examined directly with fluorescence spectroscopy or through quantum logic [15].

This thesis begins with a section on the theoretical background needed to understand the basic
functionality of the trap and its optical setup. Then a summary of the relevant parts of the
CryPTEx-SC experimental setup is given. The main focus is placed on the characterisation
and improvement of the laser setup used for the cooling of trapped ?Bet ions. This includes
the replacement of the nonlinear crystal used in the sum-frequency stage in one of the 313 nm
laser systems for cooling Be™ ions and an addition to the optical setup to allow more precise
frequency and intensity control of the main cooling laser currently in use in the experiment.

This setup is then tested by doing spectroscopy on a single “Be* ion confined in the trap.



2 Theoretical Background

2.1 The Linear Paul Trap

When charged ions are subjected to electric and magnetic fields, their movement is governed
by the resulting Lorentz-force. An intelligent choice of these fields can lead to the creation of
a potential minimum that confines the ions in 3D-space. According to Earnshaw’s theorem
[16], such a potential minimum cannot be achieved by static electric fields alone. To overcome
this, one might use a superposition of static electric and magnetic fields (e.g. Penning traps),

or, as is the case for the Paul trap, a combination of static and oscillating electric fields.

In linear Paul traps, also known as quadrupole ion traps or radio frequency (rf) traps, ions are
confined axially by a static electric field, and radially by a dynamic electric field oscillating in
the radio frequency (typically a few tens of MHz) domain. The working principles of linear

Paul traps are outlined in this section based mainly on [17], [18], and [9].

The electrical field for radial confinement in a linear Paul trap consists of four hyperbolic

electrodes (see figure [1)). The general static quadrupole potential is quadratic in cartesian

-
Potential ® \

4

\\\\/ :

Figure 1: Left: Sketch of hyperbolic electrodes in a linear Paul trap. Right: Schematic of the
resulting quadrupole field at a fixed point in time. Taken from [I§].

coordinates:
(I)QP(-T7y,Z) = CIDO(a:c2—|—By2 +722) (21)

The parameters «, 3, and 7 are determined by the Laplace equation A®qgp = 0. This leads
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to the constraint
a+pB+7y=0, (2.2)

thus requiring at least one repulsive direction in any static quadrupole field. This is Earn-
shaw’s theorem [16].
Choosing @ = —f and v = 0 leads to a two-dimensional static potential (see fig. |1| right). It

can be written as:

- 2% — 2
q)QP(x7 Y, t) - (I)O(t) T2 ) (23)
0

where 79 is half the distance between two opposite electrodes, and £®(t) the voltage between
them (see fig. [I)).

To confine the ions radially in the x-y plane, the electrode voltages change sign periodically

at angular radio-frequency Qgrp, with amplitude Vy and DC-offset U,.:
(I)o(t) =W COS(QRFt> + U, (2.4)

To confine the ions along the trap (z-) axis, each electrode is segmented into three parts (See
fig. . The outer segments are supplied with an additional DC-voltage Uj., creating a static

electric potential that can be approximated close to its minimum by:
kUZ
q)dc(mayaz) = ?(216 (d$2+ey2 —|—f22) (25)
0

k < 1 is a geometric correction factor that describes how much of the DC-voltage contrib-
utes to the harmonic potential along the trap axis. The parameters d, e, and f are again

constrained by the Laplace equation:
d+e+f=0 (2.6)

Choosing d = e and f = —2d yields the following potential:

kU?%
q)dc(xaya Z) = gc
2z

(2,22 —z? - y2) . (2.7)

The total potential that describes the ions’ motion inside the trap is then the sum of the



2.1 The Linear Paul Trap

z
Udc

z
Udc

Figure 2: Schematic drawing of quadrupole electrodes with additional DC-voltage Uj. on
outer segments for axial confinement. Taken from [9].

dynamic quadrupole potential (eq. [2.3) and the static DC-voltage potential (eq. :

2

2?2 —y?  kUZ
® = (Vo cos(Qgpt) + Uy) " A ngc (2z2 —2? - y2) (2.8)
0 0

The equations of motions can be calculated via
. q
x=——Vo(1), (2.9)

where ¢ is the charge and m the mass of the ion and x = (z,y, z).

This results in:

2 Qrrt Uz
_ __q (%008(2 RF ) + % _ K gc) . (2_10)
m rH rH 225
_ 2 ~ Vocos(Qrrt)  Ur kU, (2.11)
m 7"8 7‘(2) 22(2]
_ 2qrU4 (2.12)
m zg
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By introducing the dimensionless transformation parameters

4q 2U,  rU?Z 8kqU?%
oy = £ 5 ( oy 2dc> o (2.13)
mQge \ 75 25 mziQgp
4qVo
=F— , =0, 2.14
Qey = + mr%Q%{F q- ( )
the equations of motion can be rewritten as solutions of Mathieu’s equation
. Qrr B . B
i+ 2 (ay, — 2qy cos(Qppt))u =0 with w=u=x,y,z. (2.15)

This equation arises often when one considers restoring forces that oscillate in time or space.
[19]

There are, generally speaking, two types of solutions to this equation: stable ones that remain
bounded for ¢t — oo, and unstable ones that diverge. For the confinement of ions in the trap,
only stable solutions are considered. In the axial direction this means the energy of the ions
cannot exceed that of the static electric field kqUj,. The stability of radial confinement results
from the parameters a,, and ¢, ,. [20] The stability diagram for the motion of a single ion

is shown in fig. [3 There are several regions (ay,y, ¢x,y) that produce stable solutions in both

Figure 3: Stability diagram for the radial motion of a single ion as a function of the parameters
a; and g,. The regions of stability for Uj, = 0 and a; = —ay in both z- and y-direction.
Adapted from [20].

x and y. For practical simplicity, only the region closest to the origin (asy,qz4) = (0,0) is
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considered. In this region, the solutions to Mathieu’s equation can be approximated by:

2

Q
RE, g, + L (2.16)

u(t) = ug cos(wyt) (1 + %u COS(QRFt)) , with w, = - 5

The solution separates into a slow secular harmonic oscillation with amplitude u; and an-

gular frequency w,, and a faster oscillation with angular frequency gy, termed intrinsic

micromotion.

Laser cooling can reduce the amplitude u; of the secular motion (see sec. [2.2). Since the
micromotion also scales with u; this also means a reduction in its contribution to the ion’s
motion, although this effect can never be fully eliminated. In addition, along the trap axis, the
intrinsic micromotion should disappear completely, because of its scaling with g, /2 which is
zero for the z-direction (see eq. [2.14]), and the ion’s movement should be governed completely

by its secular motion. In real Paul traps, however, this is not necessarily the case.

Disregarding micromotion, for |a,| < 1 and |g,| < 1 the ion experiences a pseudo-potential

in the form of a harmonic oscillator:

m
QPseudo(l‘a Y, Z) = ?q(w:%'%z + w§y2 + wgz2)' (217)

The secular frequencies can be derived by substituting the parameters a, and ¢, into eq.

2¢2V 1, 2qU,
Wy =] S5 aa5— — swiE (2.18)
Y \/mzréfﬂRF 2777 mrd
2qrU%
w, = 2 de (2.19)
mzd
0
From this the potential depth can be estimated to:
U 1 2 2 qV02 q"iUdzCTg (2 20)
= —mwj T = - :
YT g eyt0 mr¢Q3e 222
1
U, = imwizg = qrUj. (2.21)

An in-depth discussion of excess micromotion in Paul traps can be found in [21] and [22]. A

summary of the main points is given here.

The main possible sources are depositions on the rf-electrodes and asymmetry of the static

potentials for axial confinement. These induce an additional static electric field Epc in the
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trap. Accounting for this, changes eq. to:

Q E
i+ B (4, — 2gy cos(Qppt)) u = 220 (2.22)
4 m
This leads to modified equations of motion:

u(t) = (ug + uy cos(wyt)) (1 + %“ cos(QRpt)> (2.23)

The additional static field causes a shift of the ions by

4qF

u = 47DCu (2.24)

m <au + %’2‘> QRrF

which causes additional micromotion with amplitude g,uo/2 that cannot be reduced by laser

cooling since it’s driven by the rf-field.

A further possible source of excess micromotion is the AC-voltages going to two opposing
electrodes being out of phase by some amount A¢ac. This also leads to further driven

micromotion with amplitude g,70xA¢pc/4, where x is a geometric correction factor.

2.2 Laser Cooling

To reduce the kinetic energy of ions trapped in a Paul trap, various laser cooling methods are
used. The initial cooling is achieved by Doppler-cooling, while sideband cooling can reduce
the temperature even further past the Doppler-limit. This way the ions are brought closer to
the ground state of their secular motion.

The following theoretical descriptions describe the main mechanisms underlying these two

methods. For a more detailed exploration see works such as [23], [24], [25] and [26].

2.2.1 Doppler Cooling

The following will explain the basics of non-relativistic Doppler-cooling of atoms in a radio-
frequency (rf) trap. Since the typical secular frequencies of the trapped ions are much smaller
than the linewidth of the A ~ 313 nm transition of Be™ [9], and all micromotion is ignored,
each absorption-emission cycle can be viewed as instantaneous with respect to the ion’s os-
cillation. To simplify even further, the ions are treated as a two-level energy system with
splitting AF = hw.. Additionally, only the one-dimensional case is dealt with here. For

ions in an rf trap, only one laser is required to cool all motional modes because the trapping
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potential ensures the ion will always be brought back into resonance [27].

Doppler-cooling relies on the transfer of momentum between a photon and an ion during
absorption and emission of the former by the latter. When a photon with wave-vector k = 27“
is absorbed, it imparts its entire momentum p = hk to the absorbing ion. The direction
of photon momentum after spontaneous re-emission is uniformly distributed and therefore
isotropic. Thus, over many absorption-emission cycles, the ion gains a net momentum in the

propagation direction of the photons.

This can be used to cool the ion by detuning the laser frequency w, by a small amount
A = we — wy to a frequency slightly lower than the resonance frequency w.. Due to the
Doppler-effect, the effective detuning in the reference frame of the ion depends on its velocity

V:
b = A —k-v (2.25)

The force on an ion averaged over many absorption-emission cycles is given by the product of
the momentum kick Ap = hk and the rate of cycles. The rate can be derived from the decay

rate I' and the excitation probability pe, to give

dp
LY < F, = hkTpee. 2.26
( dt)a ) (2.26)

The probability to populate the excited state is given by

s/2
= , 2.27
pee 1 + s + (256ffr)2 ( )
where s = 2 ?—E = Iis is the saturation parameter, which can be expressed either in terms

of the on-resonance Rabi frequency {2, or by the ratio of laser intensity I to the saturation

intensity Iy = %%F of the electronic transition [28§].

For small ion velocities, the force can be linearised in v:

s/2
F, ~ hkD’ 1 2.2
45+ @Azt (2:28)
=:Fp
This introduces the drag coefficient
8kA/T'?
/ (2.29)

"1t st (A
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which leads to damping of the ion’s motion if A is negative (red-detuned light).

The cooling limit of this method arises from the statistical nature of light-scattering events.
Even stationary ions (v = 0) continue to absorb and emit photons. Since the emission is
isotropic, the average velocity change is (v) = 0, but the randomness of the process gives rise
to diffusion (v?) # 0. This causes the ion to undergo a random-walk process in momentum

space, similar to Brownian motion, thus limiting the minimum attainable temperature.

For small intensities s < 1, the absorption and emission processes can be viewed as uncor-
related. The minimum ion temperature in thermal equilibrium is reached for A =T'(1+s)/2
and can be estimated to be
hl'v1+ s
Toin = ——(14+ Q). (2.30)
4kp

kg is the Boltzmann constant and ( is a parameter that accounts for the different directionality
of absorption and emission momentum kicks, due to the orientation of the cooling beam.
For electronic dipole transitions it equals ¢ = 2/5[26]. For Be™ the cooling limit is Tp =
302 pK[9].

2.2.2 Resolved Sideband Cooling

To cool the trapped ions beyond the Doppler limit a further laser cooling method must be
applied. The method set to be used in the Paul trap relevant to this thesis is resolved sideband

cooling. An explanation of the main mechanism is given here.

Resolved sideband cooling relies on the fact that the energy states a trapped ion has access to,
result from the coupling of its internal energy state (excited |e) or not |g)) and its motional
state |n) in the harmonic potential of the trap. Transitions at the ion’s resonance frequency
we leave the motional quantum number n unchanged and are termed carrier transitions.
The remaining transitions, that increase or decrease n, are called blue and red sidebands
respectively. These can be excited by detuning the laser frequency by the trap frequency
+wy,.

Cooling of the ion is achieved via the excitation of the red sideband. The excited state is
a sublevel of the higher of the two ground states, which doesn’t spontaneously decay very
quickly. A dissipative step is, therefore, needed to make the cooling irreversible, which can
be achieved by repumping. Once the ion has decayed back into its ground state |g), the
vibrational motion of the ion will have been decreased. This repeats with each absorption-

emission cycle. The ion will thereby have gone from a state |g,n) to a lower energy state

10
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lg,n — 1). Over time this will lead to a cooling of the ion to the ground state of the trap

potential.

2.3 Nonlinear Optics

To generate light of the necessary wavelengths for photo-ionisation and laser cooling of beryl-
lium, both of which are necessary for the work carried out in this thesis (see sec. , often
the light from commercially available longer-wavelength lasers is frequency-doubled and/or
-summed. These are effects of nonlinear optics. This section will explore the most important

aspects of nonlinear optics, based mainly on [29].

Applying an oscillating electric field E, such as the one present in an electromagnetic wave,
to a medium induces a polarisation density P. It arises from permanent or induced dipole
moments p within the dielectric medium: P = 3—5. The relationship between the polarisation
density P and the electric field E is linear for small electric fields: P = ¢gxE, where g is the
vacuum permittivity and y is the electric susceptibility of the medium. Only since the advent
of the laser has light of a high enough intensity been available to reveal nonlinear relationships

between P and E in certain materials.

To avoid unnecessary complications, only the case of monochromatic laser light shining on
an isotropic homogeneous nonlinear medium is considered here. The polarisation density P
and the electric field E are always parallel in this case so a component-wise derivation will
suffice. Since the electric fields present even in focused laser light are still small compared
to the interatomic fields present in the dielectric medium, the nonlinearity is relatively weak.

This allows a second-order Taylor-approximation of the relationship:

P =eoxVE + eox P E? (2.31)
= PL(E) + PxL(E?) (2.32)

where x(" is the electric susceptibility of order n. This way the nonlinear part Py, (E?)
is separated from the linear part Pp(E). The only relevant effects for this thesis, are those

derived from this second-harmonic approximation.

If the electric field is that of a harmonically oscillating electromagnetic wave, the polarisation
density also oscillates. This causes the emission of light, due to the acceleration of charges

within the medium. The intensity of the emitted light is proportional to the time-averaged

11
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square of the emitted electric field. The nonlinear component can be shown to be:

2P 2
INLO(<’8 N > (2.33)
t

ot2
Consider an oscillating electric field E(t) = Epcos(wt), with angular frequency w and amp-
litude Ey, interacting with a nonlinear medium described by eq. The induced polarisation

2.3.1 Second-Harmonic Generation

density is given by:

P~ goxW Egcos(wt) + cox® (Eocos(wt))? (2.34)
= eoxM Eycos(wt) + %EoX(Z)Eg(COS(ZUt) +1) (2.35)
= eoxM Eycos(wt) + %EoX(Q)Eg + %€0X(2)Eg cos(2wt) (2.36)

As expected, the linear part yields polarisation density that leads to the emission of light of
the original frequency w. The nonlinear part yields two terms: A constant component and
a second harmonic with frequency 2w. This leads to the emission of frequency-doubled light

with intensity

2
"y > o<<yE§\2>to<I§ (2.37)
t

The intensity of frequency-doubled light is proportional to the square of the intensity of the

incoming light.

2.3.2 Sum-Frequency Generation

Consider two separate beams of light with frequencies wy and we interacting with a nonlinear

medium. The individual electric fields can be written as

E1 (t) = EO,l COS(wlt), E2 (t) == E(]’Q COS(WQt) (238)
= EreS(t) =E; (t) + EZ(t) (239)

12
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where E,5(t) is total electric field resulting from the superposition of the two light beams.

The induced nonlinear component of the polarisation density is then given by:

Pnr, =~ EOX(Z) {Ep 1 cos(wit) + Ep 2 cos(wgt)}2 (2.40)

(2
= (B B+ Ry cos(unt) + B cos(2unt)

+ Ep1Eo2[ cos((w1 + wa)t) + cos((wr —wa)t) ]} (2.41)

In addition to the two frequency-doubled components, a difference- and sum-frequency term
also appear.
It becomes clear that the frequency-doubling effect is a special case of the more general sum-

frequency generation.

The emitted photons with frequency wq + wy must have energies and momenta equal to the

sum of the values of the incoming photons.

hw1+2 = hwy + g (2.42)
hk1+2 =hki + hke (2.43)

The conservation of momentum requires the two incoming light waves to be in phase. In

reality, this need only be approximately true for the generation of sum-frequency photons.

An additional constraint is that the refractive index n = /1 + x of the medium must remain
constant, in order to fulfill the phase-matching requirement in eq. Since most media

have some dispersion n = n(w), birefringent materials are often used to achieve the required

n(wy) = n(ws). (2.44)

2.4 Optical Resonators

As can be seen in eq. the intensity of frequency-doubled light depends on the square
of the intensity of the incoming light. It is desirable, therefore, to increase the incoming
intensity as much as possible. For this reason optical resonators (also called optical cavities)
are often used. Light confined in the cavity reflects multiple times off an arrangement of
mirrors, producing standing waves for certain resonance frequencies. In cases of constructive
interference, light of a higher intensity compared to the light going into the cavity can be

generated.

In this section, based mainly off [29], the simplest form of such an optical resonator, the Fabry-

13
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Pérot interferometer (see fig. , is discussed. More complicated forms of optical resonators,
such as the bowtie resonator used in the experimental setups relevant for this thesis, rely
on the same principles and serve to improve practical considerations such as easier beam

detection. Assuming ideal mirrors, the requirement for constructive interference for a cavity

L
Eln ) .
Eq
E(I)’ef
E
Eicrans
E,
E;rans

Figure 4: Schematic representation of the Fabry-Pérot resonator. All rays that would be
superimposed in reality are shown separately. The original beam Fjpin is split into a reflected
beam Fyref and a beam Ej that enters the cavity. In the resonator, the latter is reflected
back and forth, whereby it loses intensity with each pass because a part EY" is transmitted
back out of the cavity. Taken from [10].

of length L is

A c
—=n—= =1,2,3,...
n2 n2]/ b n ) 737
c
&Sy =n— 2.45
v=mngr, (2.45)

where v and A are the wavelength and frequency of the light respectively, and c¢ is the speed of
light. This gives a free spectral range of vp = 57. In reality, losses at each reflection decrease
the amplitude of the light waves. If one considers an initial electric field of Fy, after two

passes through the resonator the resulting field can be written as
E\ = r1r9e® E. (2.46)
Losses due to absorption or diffraction are taken into account through the real factors rq, 7y <
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2.4  Optical Resonators

1. Additionally, a phase-shift from the distance 2L travelled and the two reflections occurs.
This is described by the phase-factor e®.

The resulting electric field after n cavity-cycles can be derived iteratively:
E, = (rir2)*e™ E (2.47)

The total electric field in the resonator is then the sum of all superpositions

P o\ g~ To 2.48
o nz:;) <r1r2€ ) 0= 1-— T17’26i§' ( ’ )

giving a total intensity of

1
I x|E]? = max , 2.49
x |E| 1+ (2F/7)2sin®(mv/vr) (2.49)

where the maximum intensity and finesse are given by:

E 2
|Eol = vz (2.50)

Im X 71 .\ -
ax ¢ (1 —ryry)? 1—riry
2.4.1 Hansch-Couillaud Frequency Stabilisation

As can be seen in eq. it is very important that the cavity length L is precisely set to
its appropriate value based on the light-frequency v. To compensate for fluctuations due
to vibration or minimal laser frequency shifts, one of the resonator mirrors is mounted on
a piezo-electric crystal with a proportional integral differential (PID) controller. There are
various stabilisation methods to regulate the position of the mirror, of which only the Hansch-
Couillaud method is relevant to the work presented in this thesis. What follows is a description

of this frequency stabilisation method based on [30].

The general setup is shown in fig. [5} One part of the incoming light beam is reflected at the
coupling mirror before entering the cavity, while the other enters the resonator and passes
through a linear polariser. The incoming light E™ can be broken up into two components:

One polarised parallel to the polarisation axis of the polariser in the cavity

‘i‘n = E™M cos(h), (2.51)
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2.4  Optical Resonators

Polariser
l l Piezo
Resonator
\ I Photodoides
polarizing beam ’

splitter

D

M4 - waveplate

Figure 5: Schematic representation of the structure of the Hansch-Couillaud method. The
originally linearly polarised laser beam passes through a resonator in which there is a po-
lariser. An error signal is generated by the light reflected at the coupling mirror and the
light transmitted from the inside, with which the resonator length is adjusted to the laser
frequency.

and one perpendicular to it
E'" = EMsin(h), (2.52)

where 0 is the angle between the incoming light’s polarisation and the polarisation axis.
The parallel component that enters the cavity passes through the polariser unhindered and

can be described analogously to eq. The reflected parallel component can be written as

2 _ o .
ref __ ziin <7”1 o tl’rl’r2 COS((S) rirs + lSlH((s) ) , (253)

= 1 (1 — 7"17“2)2 + 4riry sin2(5/2)

where t; is the transmittance of the coupling mirror.
The perpendicular component that enters the cavity is completely absorbed by the polariser.

The reflected part is given by
Eref = p B (2.54)

In the resonant case, meaning § = 27n, Eﬁef is real and there exist no phase difference
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2.4  Optical Resonators

between it and Eff. They only differ in the direction of their linear polarisation. If there is
no resonance, then the reflected light will be elliptically polarised which can be viewed as two
circularly polarised components with different amplitudes and rotation directions. As seen in
fig. b, this light passes through a A/4-waveplate that converts the circular components into
two orthogonal linear components. These are then seperated by the polarising beam splitter

and detected by two photodiodes. For an intensity difference of 0, is the cavity in resonance.

Error Signal
(@]

T T T T

-3 -2 -1 0 1 2 3
Relative phase-shift / 21

Figure 6: Error signal of Hansch-Couillaud method against phase-shift. Based on [10].

The precise error signal

27 sin(0)
(1 — 7)24rsin®(6/2)

I} — Iy = I'™2 cos(8) sin(#) (2.55)

is shown in fig. [6] Using this error signal the piezo mirror is adjusted to ensure that the cavity

is constantly in resonance.
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3 Experimental Setup

In this chapter the Cryogenic Paul Trap Experiment - Superconducting (abbr.: CryPTEx-SC)
is explained with a focus on the experimental setup. A complete description is given in [9]

and this will serve as the main reference.

HCI Beryllium
beamline oven

frequency comb

Cryogenic
Paul trap

Figure 7: Overview of the total CryPTEx-SC setup at the Max-Planck Institut fir Kernphysik
in Heidelberg. Taken from [9].

The total setup is given in figure[7] Highly charged ions are produced in an Electron Beam Ion
Trap (abbr.: EBIT) and can be injected into the heart of the trap via a low-energy transfer
beamline. As they are not the focus of this thesis, works such as [31] and [32] are referred to

for further information on EBITs and the beamline.

3.1 The Cryogenic Paul Trap

As shown in [I8] the macromotion of ions trapped in a Paul trap creates a harmonic pseudo-

potential Ppgouqo (see sec. 2.1). By tweaking the trap parameters, the potential depth (eq.
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3.1 The Cryogenic Paul Trap

& [2.21)) can be increased, thus improving confinement. Another characteristic quantity
of rf-resonators is the quality factor (g, which is formally defined as the ratio between the

stored electromagnetic energy U to the dissipated power P4 per cycle of the rf-field:

QU

QOZ?d

(3.1)

The quality factor, therefore, depends on resistive losses in the resonator that need to be
minimised in order to achieve a high voltage amplitude Vj.

In order to achieve the least resistance in the resonator, it is cooled beyond its critical temper-
ature to become superconductive. The resonator used in this experiment is made of niobium
which has a critical temperature of 9.25 K. It is cryogenically cooled further than this to
around 4 K.

A further advantage of this cooling is that, ideally, any eddy currents in the resonator induced
by external magnetic fields don’t ever subside. This shields the trapped ions from external
disturbances like magnetic field noise.

For successful long-term confinement, it is also important to eliminate any collisions between
the ions and any surrounding matter. For this reason a vacuum of < 10719 mbar is required.
This is achievable at cryogenic temperatures since any remaining gas particles will condense
on the walls of the resonator, where they can’t interfere with the ions anymore. [7]

The thermal power emitted by any body with temperature 7T scales with its temperature to
the fourth power: Py, o< T* [33]. To reduce the loss of energy due to black body radiation,
the trap is separated into two temperature stages, one at the desired 4 K and one intermediate
stage at 40 K. This way the innermost stage only experiences thermal radiation with power
o (40K)*, instead of o (300 K)* if it were exposed to the environment at room temperature
Troom ~ 300 K. Each of the four trap electrodes consists of a full cylinder encased in a hollow

one. How this design originates in a two-dimensional LC-circuit is shown in fig. [
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3.1 The Cryogenic Paul Trap

Pulse-tube Trap chamber
cryocooler

= 15" temperature stage

ger

= 204 temperature stage

Temperature sensors

Segment [ Segment 11 Segment 11T

f 2.2m |

Figure 8: Cryogenic setup with first temperature stage at 4 K and second stage at 40 K. Also
shown are eight sensors to monitor the temperature distribution of both stages. Taken from

[9].
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Figure 9: Schematic drawing of realisation of resonator from two-dimensional ideal LC-circuit.
For details see text. Taken from [9].
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3.1 The Cryogenic Paul Trap

In a standard LC-circuit (i) the energy in the circuit is periodically stored in the capacitor
and the magnetic field of the inductance. This remains true for the small inductance of a
single conductor loop (ii). The capacitance can also be increased by adapting the shape of
the capacitor (iii). A cross section of the final geometry of an electrode is shown in (iv).
The final resonator design is then achieved by rotating the cross section (iv) and quadrupling
the number of resonator poles (vi). Note that opposite electrodes are connected to the same
side of the housing to ensure they are always equally charged. In total, this yields a high
capacitance and results in a low resonance frequency of the quadrupole mode, as required for
ion confinement [9].

To produce the required quadrupole field in the centre of the resonator, the electrodes are
pointed along the trap axis (see fig. [10)).

Also shown in fig. [10] are the DC-electrodes for axial confinement and the mirror electrodes

for re-trapping of highly charged ions. See [11] for details.

Inner cylindrical
electrodes

Pointed quadrupole
electrodes

DC electrodes

Mirror electrodes

Figure 10: Resonator setup with all relevant electrodes. Adapted from [10].
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3.2 Imaging System and PMT

3.2 Imaging System and PMT

The imaging system shown in fig. [11] was developed in [34]. A stack of lenses is fixed directly
on top of the 4 K cryogenic stage of the trap to prevent misalignment during cooling. It
gathers the light from the centre of the trap with an efficiency of up to 3.45% and focuses it
onto an aperture between the two cryogenic stages. An aspheric lens at 40 K refocuses the
light onto the detection system at room temperature.

A beam splitter separates the collected light and sends half of it to an EMCCD (electronic mul-
tiplying charge coupled device) camera and the other half to a photomultiplier tube (PMT).
The CCD camera is useful for direct imaging of the Coulomb crystals in the ion trap, because
it provides spatial analysis information. The PMT has a better time resolution and is used

for measurements of the ions’ movements in the trap for this reason.

Asphere

40K Aperture
4K
RF ion trap
Lens stack

Figure 11: Model of the cryogenic parts of the imaging system. Fluorescence photons from
the trap centre are collected by a lens stack and focused onto an aperture in between the two
cryogenic stages. The asphere at 40 K refocuses the light onto the detection system at room
temperature. Taken with adjustments from [9].
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3.3 Optical Setup

3.3 Optical Setup

The trap centre has a total of fifteen optical access ports. These can be seen in fig. [[2] The

Cooling Laser and
Repumper

HCI

Photoionisation
Laser

Beryllium Atomic
Beam

Figure 12: Cross section though the Paul trap centre with all optical access ports. Adapted

from [10].

atomic beryllium beam (see sec. overlaps with the photo-ionisation laser (see sec.
at an angle of 90° to avoid Doppler-shifts. Additionally, the cooling laser and repumper-laser
(see sec. overlap at an angle of 30° to ensure cooling of all axial and radial modes of ions
in the trap. Highly charged ions (HCIs), produced in an EBIT are directed into the trap
centre along the trap axis.

Currently the CryPTEx-SC experiment is located on the second floor of the experimental hall
at Max-Planck-Institut fiir Kernphysik (MPIK). This includes the trap itself, a Toptica 313

nm laser currently used for Doppler cooling and repumping Be™, the HCI beamline, and the
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3.4 Production of °Be™ ions

beryllium oven. Only the photo-ionisation laser is located in a different room directly beneath
the main experiment on the first floor. The UV-light from the photo-ionisation laser is guided
over a distance of about 8 m to the optical table of CryPTEx-SC through free space, due to
unavailability of sufficiently long UV fibres. The beam pointing is actively stabilised using a
commercial stabilisation system set up in [9] and [I0]. Also on the ground floor is a second
313 nm laser system, previously used for Doppler cooling Be™ ions. When in use, its light was
also guided up to the trap through free space. While not currently in use, it will in future be
used for Doppler cooling of ions in the trap when the Toptica laser will be used for resolved
sideband cooling (see sec. [2.2.2)).

As it stands, however, only the Toptica laser is used for Doppler cooling. Through a combina-
tion of acousto-optic modulators (AOMs) a part (around 20%) of its light is frequency-shifted
by 1.25 GHz to act as the repumper-laser (see sec. .

3.4 Production of °Be™ ions

For the production of ?Be™ ions for confinement in the cryogenic ion trap used in the
CryPTEx-SC experiment, an atomic beam of neutral Be atoms is first produced in an oven
which is then directed towards the centre of the trap and ionised through resonance-enhanced
two-photon ionisation. This section will explain each of these steps with a focus on the

photo-ionisation laser used in the experiment.

3.4.1 The Beryllium Oven

The oven used to create a thermal beam of neutral beryllium atoms was adapted in [9] from
[12] and [35]. Full description can be found in those works.

Several strips of beryllium are kept in an AlsOgs crucible held in place by a tungsten heating
coil. Heating of the Tungsten coil to around 1250 K causes the evaporation of the beryllium.
A system of many long thin tubes then collimates the beam and directs it towards the trap
centre. A well collimated beam is important for efficient ionisation, since it maximises the
number of atoms addressed by the laser. Another aim is to avoid beryllium build-up on the

trap electrodes, which could alter the electric field and cause excess micromotion.
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3.4 Production of °Be™ ions

3.4.2 TIonisation of Be Atoms

A
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A
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2p Py Y

235 nm
28180

Figure 13: Reduced electronic level structure of Be (not to scale). Taken from [9].

The energy required to ionise “Be from its ground state is 9.32eV, which corresponds to a
wavelength of 133nm [36]. Such short wavelengths are difficult to achieve practically, so a
two-step ionisation process is the preferred option. For this, a 235 nm laser is used to excite
the beryllium from its ground state 2s'Sy, to its lowest-lying excited state 2p'P; via a dipole-
allowed transition with a lifetime of 1.8 ns (see fig.

[36]. This excited state has an ionisation threshold of 307 nm, so the absorption of a

further 235 nm photon suffices to ionise the atom.

3.4.3 The Photo-Ionisation Laser

For the generation of 235 nm light, required for the ionisation of ?Be atoms, the light from a
commercially available Toptica diode laser at wavelength 940 nm is frequency doubled twice
using second harmonic generation (see sec. . In the first SHG-stage, the 940 nm light
is frequency doubled to 470 nm inside an enhancement cavity using a PPKTP (periodically
poled potassium titanyl phosphate) crystal. The subsequent second stage is realised using

cavity-enhanced frequency doubling inside a beta barium borate (BBO) crystal. The full
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3.5 Cooling of °Be™ ions

laser setup is described in [12], [35], and [10].

3.5 Cooling of ?Be™ ions

Ionised ?Be™ only has one valence electron whose lowest energy state is still at much higher
energies than those of the core electrons. This means the core electrons cannot be excited
using optical wavelengths and the ion can be treated as a quasi-one-electron system. The

relevant transitions can be seen in fig.

E 2p -
A . 3/2 : _F O,Iil?; T [/2n=19.4 MHz
[1522p'] < 2p 197 GHz I i
\_ 12y i
F=1,2| I |
I
°Be* .
I
g 313nm | | | Repumper
| I
I
I
F=1 |1
°S1/2 H )
[152281] -=m-—— fes * 1,25 GHz
“F= \

Figure 14: Simplified energy level structure of “Bet containing the relevant states for laser
cooling. Taken from [10]

The nuclear spin of beryllium causes a hyperfine splitting of the ground state 2S; /2 into two
levels F = 1, F = 2 separated by 1.25 GHz [37]. The valence electron is excited from the
%Sy /9(F = 2) ground state to the *Pg 5 state with laser-light tuned to 313.133 nm [36]. It
then decays into one of the two ground states. Due to the comparatively small line width of
the cooling laser (< 100 kHz), those ions that decay into the 281/2(}7 = 1) ground state aren’t
excited again and cannot be cooled any further. For this reason, a so-called repumper-laser
is used that drives the 25, p(F=1)— 2P, /2 transition and brings those ions back into the
cooling cycle. It is detuned relative to the cooling laser by the hyperfine splitting difference
1.25 GHz.

26



LC

T T T T T T T T T T Telescope  solator
Frequency summation stage S1 it Isolator

-
¢ _1051nm
]

I
| "
! { \ s Beam position
: ; N /|2 - ' * detector
iBeam PPLN : _
'dump pg,  crystal |So|atorTe'?5°°?e: 1550nm :
: -(}/,a_?_‘_:} WS I— s125M2 /4 Lens ; Zeroth order
I e 1 "
Lehs /LHZ:
| 626nm ! v ol v rrst To Paul trap
———————————————————————————————————————— - To repumper Glan-Taylor order
L Motorised polarizer
lambda-half plate S10
H Glan-Taylor U
polarizer
AOM
[g:l o 200MH2 BS
- To wavemeter ~— HILF h} 29
Telescope Fipe Guide Telescope |+ First order
L I :']_7‘
N2 He. i

Power stabilisation
control loop - Second
stage

S2

Power stabilisation
control loop - First stage

Figure 15: Optical setup of 313 nm cooling laser. Mirrors are marked with S in order. Photodiodes are PD, Wollaston-Prisms
WP, polarising beam splitters PST, dichroic mirrors DS, and beam samplers with BS. Adapted from [10].
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4 Overhaul and Characterisation of Sum-Frequency Stage of

Cooling Laser

4.1 Characterisation of Old PPLN-Crystal and Frequency-Doubling Stage

The optical setup of the cooling laser is given in fig. The light from two fibre lasers of
wavelengths 1051 nm and 1550 nm is first frequency-summed using a PPLN (periodically
poled lithium niobate) crystal (see . Then the summed 626 nm light is cavity-enhanced
frequency-doubled using a BBO (beta barium borate) crystal resulting in the desired 313 nm
UV-light for cooling.

The sum-frequency stage begins with the light from each of the two lasers passing through an
isolator to avoid any reflections returning into the lasers. After this they each pass through
A/2-plates and telescopes to adjust their polarisation and beam shape. The two beams are
then combined in the dichroic mirror DS1 (see and, after one last lens, enter the 40 mm
long PPLN-crystal. The crystal is mounted in an oven that heats it to around 193.2°C for
optimal phase-matching. The 626 nm wavelength light is then separated from the difference-
frequency and original frequency components (see sec. by a further dichroic mirror DS2.
The power of the resulting light is plotted against the products of the incoming infrared laser

powers in fig. Also shown is the conversion efficiency per unit length, defined as

P626nm

1= ProtsnmPissomml (4.1)
where | = 40mm is the total length of the crystal. The mean efficiency over the range
shown in fig. is nppLy = (2.25 £ 0.05) %/Wem. This value compares well with previous
measurements with the same crystal in [10], although it is still markedly lower than the
expected value of (2.7+0.1) %/Wecm [38]. This was the main motivation for the replacement
of this PPLN-crystal with a new MgO:PPLN-crystal which was done in thesis.

Once the red 626 nm visible light leaves the sum-frequency stage it passes through a motor-
ised A/2-plate, which compensates for (slow) power drifts, and a Glan-Taylor-polariser, which
ensures a very pure polarisation (see [10] for details). To monitor the frequency a part of the
light is coupled into a wavemeter.

The light then enters the cavity enhanced frequency-doubling stage using Héansch-Couillaud
frequency stabilisation (see sec.[2.4.1). The last mirror (labelled S6 in fig. is only trans-
parent for the doubled 313 nm light which is then directed towards the trap.

The conversion efficiency 714 per unit length of the frequency-doubling stage is defined intuit-
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4.1 Characterisation of Old PPLN-Crystal and Frequency-Doubling Stage

Conversion Efficiency of Sum-Frequency Stage with Old PPLN-Crystal 20
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Figure 16: Power Pgognm against products Pig15nm X P1550nm and resulting conversion efficiency
per unit length n of the sum-frequency stage with old PPLN-crystal.

ively as

P313nm (4 2)

d = .
7 P626nml

Plotting the frequency-doubled power against the incoming 626 nm power yields the quadratic
progression predicted in eq. (see fig. .
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Figure 17: Power P313,m against incoming Pgognm and resulting conversion efficiency per unit
length nq of the double-frequency stage. The doubled power follows a roughly quadratic
progression shown in grey.

4.2 Installation and Characterisation of new MgO:PPLN-Crystal

As mentioned, the conversion efficiency of the PPLN-crystal in the sum-frequency stage of
the cooling laser has been noticeably lower than the expected value based on reports by other
groups ever since it was installed [38][13]. This motivated a replacement of the crystal with a
new MgO-doped PPLN-crystal from Covesion Ltd. The addition of MgO to lithium niobate
significantly increases the optical and photorefractive resistance of the crystal while preserving
its high nonlinear coefficient. The expected conversion efficiency is, therefore, not much higher
than that of the old PPLN-crystal at around ~3 %/Wcm averaged over the entire power range
of the fibre lasers [39]. The hope was that the previous crystal had some defect not present
in the new doped crystal.

The old crystal was easily removed from the oven and the new one placed in its stead. After
aligning it with the beam, a few mW of sum-frequency light was generated again. Then
the temperature of the oven was varied and the 626 nm power optimised this way. A new

optimum of 190.6 °C was determined.

The sum-frequency power was further optimised by adjusting the telescope, the overlap of
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4.2 Installation and Characterisation of new MgO:PPLN-Crystal

the two infrared beams, and the position of the crystal itself. The crystal is mounted in a
multi-axis stage that enables precise adjustment of its position and orientation. The sum-
frequency power was measured for various power products of the infrared lasers and the

efficiency calculated at each step according to eq. .1} The results are shown in fig. [I§] Due to
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Figure 18: Power Pgognm against products Pio15um X P1550nm and resulting conversion efficiency
1 per unit length of the sum-frequency stage with new MgO:PPLN-crystal. Note that the 626
nm power was not optimised at each new power combination on the infrared lasers.

a lack of safety goggles capable of sustaining the maximum output power of the infrared lasers
(up to around 4 W), optimising the 626 nm power at each new power step was impractical. As
this also wasn’t done in previous measurements with the old crystal both in fig. |16{ and [10],
this measurement was initially done without it. The sum-frequency power was maximised
once at a high power and then no further adjustments were made to the optical setup for
the rest of the measurement. No dramatic effect on the progression was expected. However,
as can clearly be seen in fig. the conversion efficiency begins to drop noticeably at lower

powers, in contrast to fig. [I6] where it remained nigh constant for all powers.

Thus another measurement was made, this time at each power combination on the fibre lasers,
the telescope, the overlap of the two infrared beams, and the position of the crystal were
adjusted to maximise the sum-frequency power. Precautions were taken to minimise ocular

exposure to the laser light at high powers and two safety goggles were worn simultaneously to
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4.2 Installation and Characterisation of new MgO:PPLN-Crystal

further reduce the risk of damage to the eyes. These new measurements are shown in fig.

Clearly, the anomalous drop-off at lower input power is no longer present and the progression

Conversion Efficiency of MgO:PPLN-Crystal (Optimised at each step)
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Figure 19: Power Pgognm against products Pio15um X P1550nm and resulting conversion efficiency
1 per unit length of the sum-frequency stage with new MgO:PPLN-crystal. Here, the 626 nm
power was optimised at each new power combination on the infrared lasers.

more closely resembles the previous measurements with the old crystal. Why this optimisation
at each step had no such drastic effect on the progression with the old PPLN-crystal is not
clear. The MgO-doping affects the thermal properties of the crystal which perhaps increases

thermal absorption effects.

The average conversion efficiency nuvgo-ppLn = (2.26 & 0.05) %/Wem is almost exactly the
same as the value for the previous PPLN-crystal. At higher powers thermal effects decrease
the efficiency of the crystal. These effects can be compensated somewhat by adjusting the
position of the crystal, as was seen in fig. however, it may be that one of the fibre lasers
contributes more to these effects than the other. To investigate this further, the 626 nm output
power was measured for many different combinations of fibre laser powers. For all previous
measurements the powers of the fibre lasers were roughly equal for each step. Measuring
many different combinations allows for the creation of a 2D-data map. A contour plot is
shown in fig. In general, constant fibre laser power products produce roughly constant

sum-frequency power, regardless of combination. This indicates an approximately constant
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Figure 20: Contour plot of Pgognm against various combinations of Pigisnm and Pis50nm. Also
shown are lines of constant product Pig15nm X P15500m-

conversion efficiency across all powers. This was expected based on fig.

Repeating the measurement, this time in smaller increments focused on the high power range,
yields the 626 nm power distribution shown in fig. As expected the sum-frequency power
increases with the products of fibre laser powers. Interestingly, the highest 626 nm power
is generated when the 1550 nm power is at its highest but the 1051 nm power is slightly
below its maximum. This would suggest that the 1051 nm light contributes more to thermal
losses within the crystal than the 1550 nm light, which contradicts previous findings in [39].
However, not shown in the plot are the errors of the Psognm measurements. Taking them into

account, no statistically significant difference between the two values is found.
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4.2 Installation and Characterisation of new MgO:PPLN-Crystal

Heatmap of Psasnm Against Combinations (P1p1snm. P1ssonm)
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Figure 21: Heatmap of Pgsognm against high-power combinations of Pjg150m and Pis50nm

All in all, the replacement of the old PPLN- with the new MgO:PPLN-crystal yielded no
improvement of the 626 nm light power created through sum-frequency generation. The
present results suggest that the nonlinear crystal itself is not limiting the generated laser
power. Other parameters of the laser setup that could be investigated to improve the power
are beam-shaping of the fibre laser beams and an investigation of the quality of the optical

elements.
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5 Precise Frequency and Intensity Control of Cooling Laser

At the current time, Doppler cooling (and repumping) of Be*t ions is done using a Toptica
laser (TA-FHG pro), which is intended to be used later to produce the sideband cooling
beams. Spectroscopy measurements of trapped Be™ ions can help in characterising the su-
perconducting Paul trap. Up to this point the frequency of the cooling and repumper laser
was controlled by a wavemeter (High-Finesse WS Ultimate 30 UV). This method is limited in
precision by the wavemeter software. Additionally, this method doesn’t allow for complicated
frequency variations which would enable many new spectroscopic measurements of trapped
Be™ ions. For these reasons, the optical setup of the cooling laser was expanded to allow for
frequency- and intensity-control with sub-MHz accuracy through regulation of the frequency
and amplitudes of a AOM in double-pass configuration. The wavemeter precision/calibration
remains important but the main advantage of the additional AOM is the possibility of fast
frequency shifts with (sub-)MHz precision, in addition to frequency-control of the diode laser

piezo.

5.1 Adding a Double-Pass AOM to the Cooling Laser Optical Setup

A schematic drawing of the optical setup on the cooling laser table is shown in fig. The
setup is based on [40]. The light from the laser first passes through a \/2-waveplate which
controls the fraction of the total beam power that is diverted by the polarising beam splitter
to be frequency-shifted by 1.25 GHz for repumping. The light for Doppler cooling is then
diverted by three mirrors and passes through a Keplerian telescope which decreases the beam
diameter and couples the light into a newly-installed AOM (Gooch & Housego 3200-1210).
Another lens after the AOM collimates the resulting diffraction pattern and an adjustable
slit blocks all orders except for the desired +1st-order maximum, which is blue-shifted by the
frequency of the sound wave in the AOM of about 200 MHz. A triangular prism reflects this
beam back through the AOM at the same angle as the original beam had entered it from the
other side. Only the +1st-order maximum of this second diffraction pattern is allowed to pass
over a half-mirror and go towards the trap. This beam will now be blue-shifted by twice the

frequency of the acoustic wave in the AOM.

Next to the trap there are additional optics before the beams enter the vacuum chamber,
which include an AOM (IntraAction ASM-2102B5) in single-pass configuration used for power
stabilisation that originally isolated the +1-order and blue-shifted it by 200 MHz. To com-
pensate for the frequency-shift from the double-pass AOM setup, the alignment was changed
so that this AOM isolates the -1st-order and red-shifts by 200 MHz instead. By applying a
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5.1 Adding a Double-Pass AOM to the Cooling Laser Optical Setup

frequency of 200 MHz to the double-pass AOM, the altered frequency-shifts all cancel out

and the Doppler cooling works exactly as before.

The main benefit of the double-pass AOM setup versus a single-pass configuration, is that
in the former the diffraction angle of the first order maximum ideally does not change with
the frequency. This way the frequency of the light can be varied without the alignment of
the entire optical setup going awry. Additionally, the double-pass setup allows for a greater
bandwidth over which precise frequency modulation is possible. This explains the need for
the addition of a new AOM, since there already was an AOM installed for the cooling laser,

however this one is not in double-pass configuration, so not well-suited for frequency scans.
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Figure 22: Schematic of new double-pass 200MHz-AOM optical setup for precise frequency
control of 313 nm cooling laser. The light is diverted and collimated into the AOM. The
+1st order maximum is isolated and reflected back through the AOM. The +1st order of this
second diffraction is then directed towards the trap. In reality, the triangular prism is oriented
such as to displace the beam vertically, not horizontally as shown.

An effect that had to be compensated for was the 1st order diffraction efficiency changing

depending on the frequency sent to the double-pass AOM. To solve this, the amplitude of
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5.2 Improving the Stability of the Wavemeter with Reinstated Rb-Laser

the rf-signal sent to the second cooling laser AOM next to the trap was varied to precisely
compensate. A measurement of the background signal during a frequency-scan of width 50
MHz with no ions present in the trap was made, measuring the count rate due to scattered
light from the laser. Then the appropriate amplitude values of the rf-drive for the second
200 MHz AOM that compensated for the fluctuations were determined and stored. For each
subsequent frequency-scan the amplitude of this rf-signal was set to compensate the change

in diffraction efficiency of the double-passed AOM and keep the final light intensity constant.

In the final setup, both cooling and repumper beams pass through two AOMs, one of which
is in double-pass configuration. The rf-signals for all four AOMs are generated by DDS
synthesizers of an ARTIQ system [41], then amplified and sent to the AOMs. This enables

independent precise frequency and intensity control of both cooling and repumping lasers.

5.2 Improving the Stability of the Wavemeter with Reinstated Rb-Laser

The new double-pass AOM setup described in sec. [p| enables precise spectroscopy measure-
ments of trapped Be™ ions using the signal from the PMT. A measurement of the resonance
curve of a single trapped ?Be™ ion by frequency-scanning over a range of approximately 140
MHz was devised as a first measurement. This involved programming the ARTIQ system to
vary that varied the rf-frequency sent to the double-pass AOM from 180 to 230 MHz. Using
the wavemeter to change the frequency of laser, allows frequency-scans over a larger total

range.

Initial measurements showed a drift in the signal over time. This indicates a change in the
wavelength of the light emitted by the laser itself. The wavemeter value had been calibrated
for the last years with a helium-neon laser (Thorlabs HRS015) which was suspected of being
too unstable to be used as a calibration value. To investigate this further, the wavelength of
the HeNe-laser was measured continuously with the wavemeter for eight hours. The result
can be seen in fig. The progression seems to be a superposition of an oscillation with
amplitude around 1 MHz, and a slower drift towards higher frequencies. Another calibration
source available is a Rb-locked diode laser at 780 nm [42], which was re-activated for this work
and its light sent to the wavemeter. Its frequency was also measured by the wavemeter over
the same period of time. See fig. [24] for the progression. Clearly the Rb-laser is much more
stable. The slow drift seems the same as the HeNe’s drift during that time which indicates
that it most likely originates in the wavemeter itself and not in the lasers. No clear oscillation
is visible as was the case for the HeNe-laser. To quantify the noise-like fluctuation, the data is

partitioned into smaller chunks and the mean value calculated for each, thus giving a stepwise
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5.2 Improving the Stability of the Wavemeter with Reinstated Rb-Laser
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Figure 23: Frequency of helium-neon laser as measured by the wavemeter over 8 hours.

mean along the progression. Subtracting this mean from the measurements and plotting the
remaining data in a histogram yields an approximately Gaussian distribution centred around
0 with a standard deviation of around 0.1 MHz (see fig. , which is comparable to the
long-term absolute frequency stability of the Rb-laser determined previously [42] and might

represent the performance limit of the wavemeter.. This is markedly lower than the 1 MHz
oscillations of the HeNe-laser.

+3.842292428 Frequency of Rb-Laser Over Time with Mean Values

Freguency (MHz)
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Figure 24: Frequency of rubidium-laser as measured by the wavemeter over 8 hours. Also
shown is the mean value for each smaller chunk of the data.
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5.2 Improving the Stability of the Wavemeter with Reinstated Rb-Laser

Histogram of Short-Time Fluctuations of Rb-laser Frequency
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Figure 25: Histogram of short-time fluctuations of Rb-laser frequency as measured by the
wavemeter during an 8 hour period.

Because of this, the Rb-laser was used as the calibration laser for the wavemeter. This reduced
the random variation between repeated measurements of the same region and stabilised the
absolute frequencies of the cooling and repump light at the 100 kHz level. Since all measure-

ments could be carried out over no more than an hour,

Another improvement implemented in the course of this work was changing the optical fibre
connecting the four-channel multiplexer to the wavemeter itself from a multimode fibre to
a single-mode fibre (Thorlabs SM600). This fibre works well for all wavelengths currently
measured by the wavemeter. Replacing the multimode fibre lead to a clear increase in the
stability of the wavelength determination (see fig. and was already implemented during
the measurements presented in fig. [23
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion
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Figure 26: Wavelength as measured by the wavevemeter of Rb-Laser before (blue) and after
(orange) the multimode fibre connecting the multiplexer to the wavemeter was replaced with
a single-mode fibre.

5.3 Spectroscopy Measurements of a Single Trapped °Be™ Ion

Although the power stabilisation method described in the previous section should have elimin-
ated all AOM frequency-dependent intensity changes, some residual signal was still measured

(see fig. . Its origin is unclear. Nevertheless, all measurements were corrected by it.

Background-only scans show fluorescence variation unrelated to ion
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Figure 27: Background signal measured as a function of the double-pass AOM frequency with
no ion present in the trap.

For the final measurement, the fluorescence from a single trapped Be™ ion was measured with
the PMT while varying the frequency of the Doppler cooling beam, keeping the frequency

of the repumper beam and both laser intensities constant. The results are shown in fig.
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion

The intensities of both the cooling and repumper beams were set close to saturation
intensity for the corresponding transition. In the centre of the trap micromotion is minimal
(see sec. , hence no micromotion sidebands are visible. The progression shows a slow climb
followed by a sudden drop. Since laser cooling of the ion is only possible if the cooling light
is detuned to below the ion’s resonance frequency (see sec. , only half of the resonance
peak can be measured using a simple frequency-scan. The sudden drop-off occurs when the
cooling laser reaches the resonance frequency of the “Bet transition and begins heating the
ion. Additionally, since the ion is cooled with varying efficiency, its temperature could change
at each frequency step. This means that each data point actually represents a point on a
different function each with its own temperature-dependent width. This makes a quantitative

analysis of the line-shape difficult.

Nevertheless, the rf-frequencies sent to the double-pass AOM were converted into absolute
frequency shown in fig. 28] Because the frequency scan range possible with the double-pass
AOM was limited to about 100 MHz (with a 50 MHz change in the rf-frequency), two scan
ranges were combined with a different initial frequency of the Toptica laser as controlled by
the wavemeter. Here, the overlay of the two scan regions can be seen quite clearly. The scan
at lower frequencies has a slightly lower intensity, causing a slight mismatch in the overlay.
This is most likely caused by the fact that for each frequency-scan, only the cooling laser
frequency is varied. Changing the output frequency of the laser using the wavemeter in order
to change the scanning region, also changes the repumper wavelength and fluorescence rate.
An attempt was made to rectify this by manually finding the rf-frequency sent to the repumper
AOM that compensated for the shift by the wavemeter. This improved the overlay problems
but did not completely eliminate them, as can be seen in fig. Further measurements
were made for different y-displacements (lab-vertical) from the trap axis (see fig. .
The displacement was achieved by adjusting the voltages on the eight DC-electrodes for axial
confinement. Because of its micromotion, the ion sees frequency-modulated laser light. Since
the micromotional oscillations of the ion is at considerably higher frequencies compared to
the lifetime of the of the 2S; 2(F =2) — 2p, /2 transition, frequency-modulation-sidebands
separated by the trap frequency ()gp appear in the effective spectrum, whereby their amplitude
is described by Bessel functions of the first kind as a function of the sideband number and
the modulation index [21I} 22]. As can be seen in fig. [31| and , the further the ion is from
the centre of the trap, the higher the order of visible sideband modes, and the lower the peak
at the resonance frequency becomes. The sidebands are seperated by approximately 34 MHz
which is the rf-frequency g of the quadrupole field in the trap. Hence, this is also the
expected frequency of the ion’s micromotion outside of the trap centre, confirming that these
are indeed FM-sidebands.
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion

Be+ ion spectrum against cooling laser frequency offset at y-Displacement -0,3
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Figure 28: Resonance curve for 23, 2(F =2) — 2p, /2 transition of a Bet-ion in the centre
of the trap with the resonance frequency marked in red. The colour gradient shows the order
in which the measurements were made beginning with the earliest in green.

Shown in fig. are the squares of Bessel functions of the first kind .J,,(8)? for integer or-

ders n = 0,1,2,3,4. This represents the amplitude of the FM-sidebands. With this, the

modulation indices can be estimated for each y-displacement.
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion

Squares of Bessel functions J,(8)2, for integer ordersn=0,1,2,3,4
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Figure 29: Squares of Bessel functions of the first kind .J,,(3)? for integer orders n = 0, 1,2, 3, 4,
representing the amplitude of FM-sidebands.

For a y-displacement of -0.1 V, the second order sideband dominates with a smaller third
order peak also visible. This suggest a modulation index 3.5 < 8 < 4.0.

For a y-displacement of -0.2 V| the first order sideband dominates with a smaller second order
peak also visible. This suggest a modulation index 2.0 < 8 < 2.5.

For a y-displacement of -0.4 V, the first and zeroth order sidebands dominate, suggesting a
modulation index 1.0 < 8 < 2.0.

For a y-displacement of -0.5 V, the third order sideband clearly dominates, suggesting a
modulation index slightly larger than 4.

A displacement value of -0.3 V was determined to correspond to the ion being in the centre of
the trap, a fact confirmed by the absence of micromotional sidebands in the resonance curve
measured here (see fig. [30).

In general, this shows an approximately linear progression of the modulation index with the
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion

displacement from the trap centre. The values can be compared with other methods for
determining the micromotion, for example, rf-photon correlation [22]. Therefore, they indeed

contribute to the characterisation of micromotion in the superconducting trap.

With this new setup, the power and frequency of the cooling- and repumping-lasers can be
controlled completely independently. This paves the way for more complex spectral analysis
measurements of trapped “Be™.
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Figure 30: Resonance curve for 281/2(F =2) — 2P3/2 transition of a Be™-ion in the centre
of the trap with the resonance frequency marked in red. In blue are the locations of the first
three sideband-modes causes by micromotion. As micromotion is minimal in the centre of the
trap, no sidebands are visible here. Their locations were derived from following measurements
(see fig. . The resonance frequency was determined using the sideband locations as
only half the peak is visible.
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion

Be+ ion spectrum against cooling laser frequency offset at y-Displacement -0,1
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Figure 31: Resonance curve for 281/2(F =2) — 2P3/2 transition of a BeT-ion with two
separate y-displacements above the trap centre and the resonance frequency marked in red.
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5.3 Spectroscopy Measurements of a Single Trapped Be™ Ion

22000 Be+ ion spectrum against cooling laser frequency offset at y-Displacement -0,4

42000

40000

38000

PMT counts

38000

34000

160 180 200 220 240 260 280 300 320
rf-frequency to AOM (MHz)

22000 Be+ ion spectrum against cooling laser frequency offset at y-Displacement -0,5

42000

40000

38000

PMT counts

38000

34000

160 180 200 220 240 260 280 300 320
rf-frequency to AOM (MHz)

Figure 32: Resonance curve for 2S; p(F = 2) — 2P3/2 transition of a BeT-ion with two
separate y-displacements below the trap centre and the resonance frequency marked in red.
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6 Conclusion and Outlook

The aims of the work carried out in this thesis were to install and characterise the new
MgO:PPLN-crystal in the 313 nm sum-frequency stage of the laser setup previously used for
Doppler cooling of trapped “Bet ions, as well as adjusting the optical setup around the trap
to allow for more precise frequency and intensity control of the laser setup currently used for
the cooling of ions in the CryPTEx-SC Paul trap.

The sum-frequency-stage of the previously used 313 nm cooling laser was characterised before
and after the nonlinear crystal was replaced. No change output power was measured. This
shows that the crystal itself is not limiting the generated laser power. Other parameters of
the laser setup need to be investigated and perhaps all mirrors and lenses replaced to rule
out imperfections in the optical elements causing the low power output. Independent of the
achieved power, further steps to take this laser system into operation again for Doppler cooling
Be™ ions are optimising the final frequency doubling cavity to generate 313 nm light and
leading this light to the upstairs experiment. This could be implemented as previously done,
by sending the 313 nm light upstairs through free space utilising beam pointing stabilisation,
or by sending the 626 nm light upstairs first through an optical fibre and frequency doubling
it closer to the experiment to allow easier overlapping of Doppler cooling beams with sideband

cooling beams to be delivered to the same vacuum window.

Also during this work, the 313 nm Doppler cooling laser system was expanded by a new
double-pass AOM. An absolute frequency accuracy of about 0.1 MHz was made possible by
the reinstating of the Rb-cell as a reference and improvement of the wavemeter’s functionality.
This enables spectroscopy measurements of trapped Bet ions with sub-megahertz precision.
Measurements of the resonance curve of a “Be’ ion while varying its position in the trap
resulted in the appearance of FM-sidebands caused by the ion’s micromotion outside of the
trap centre.

In addition to the simple frequency scans that demonstrate that the AOM setup works, this
also allows for more complex spectroscopy. For example, interleaved pump-probe to keep the
temperature of the Be™ constant and allow measurement of the whole spectrum, not just half,
is a good candidate for the next measurement. In principle, one has complete and independent
control over the power and frequency of the cooling- and repumper-lasers.

A further point to investigate regarding spectroscopy measurements with the new setup is
the cause of the remaining frequency-dependent change in cooling laser power. Furthermore,
additional measurements at different powers and repumper-frequencies may shed light on the
effect of the repumper-laser settings on the fluorescence rate and help eliminate the scan-region

overlay issues. Also, a new PMT setup for a better signal-noise ratio could be implemented.
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