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ABSTRACT  Optical frequency standards are some of the best characterized sys-
tems in physics these days. While optical transitions highly charged ions are ex-
cellent candidates for pushing the limits of laser spectroscopy at highest precision
further, they require sophisticated quantum logic schemes to be cooled and inter-
rogated. A novel superconducting quadrupole resonator is characterized to confine
both, HCI and logic beryllium ion in an environment free of external electromag-
netic noise. By utilizing atomic transitions sensitive to magnetic field fluctuations,

the Meissner state of the resonator was investigated.

Furthermore a cryogenic microscope lens with a numerical aperture of 0.4 was de-
veloped for improved state-readout of the Be™ logic ions at a transition wavelength
of 313nm.

ZUSAMMENFASSUNG  Optische Frequenzstandards gehoren heutzutage zu den
am besten charakterisierten Systemen in der Physik. Wahrend optische Ubergénge
in hochgeladenen Ionen ausgezeichnete Kandidaten sind, um die Grenzen der Laser-
spektroskopie mit hochster Prazision weiter zu verschieben, erfordern sie ausgek-
liigelte Quantenschemata, um gekiihlt und untersucht zu werden. Ein neuartiger
supraleitender Quadrupolresonator wurde charakterisiert, um sowohl HCI als auch
logische Beryllium-Ionen in einer Umgebung frei von externem elektromagnetis-
chem Rauschen einzuschlieien. Durch die Nutzung von atomaren Ubergingen, die
empfindlich auf magnetische Feldschwankungen reagieren, wurde der Meissner-

Zustand des Resonators untersucht.

Zudem wurde eine kryogene Mikroskoplinse mit einer numerischen Apertur von
0,4 entwickelt, um das Auslesen des Zustands der Be*-Logik-Ionen bei einer Uber-

gangswellenldnge von 313 nm zu verbessern.
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1 INTRODUCTION

Reality is what kicks back when you
kick it.

Victor J. Stenger

The term “Optics”, derived from the ancient Greek word o7t TIKOG (Optikds), mean-
ing ’pertaining to seeing, concerning vision,” is deeply rooted in the exploration
of vision-related phenomena. This discipline, known as émtkri [Téxvn] (optiké

[téchné]), represents the ‘science of vision.’

Your ability to read this text indicates the optimal functioning of your optical sys-
tem. The electromagnetic waves, whether reflected from a piece of paper or emitted
by the screen in front of you, undergo meticulous modulation through two lenses

and an iris, ultimately projecting onto the retina.

Over the past centuries, extensions have been developed to increase the observed
details and constrast. In addition electrical detectors were developed to quantify the
incoming photons on a focusing plane. The principle of visual detection stands as
one of the most crucial tools in contemporary science and various industries. From
observing celestial bodies in space to examining cells on a microscope slide, detect-
ing obstacles in front of a moving vehicle, etching structures on silicon wavers with
nanometer precision or identifying defects in manufactured products, these pro-
cesses rely on the availability of a sophisticated optical system capable of manip-

ulating photons effectively.

1.1 OPTICS

The first optical elements, such as plano-convex and concave lenses made of quartz,
as well as compound mirrors, date back to antiquity when the laws of reflection were
already well known [1,2]. Working early primitive microscopes and telescopes, how-
ever, could only be described appropriately with small angle relations for a long time
and consisted of a single collection lens and a second concave projection element, fol-

lowing the early description of refraction by Ibn Sahl in the 10th century [3]. Notably,



in 1609, Galileo improved the telescope design of Hans Lipperhey by reducing the
aperture to just 15mm, decreasing the aberrations of this device [4],. During this
period, microscopes with simple focusing mechanisms and magnifications of about
100x also evolved [1]. A formal description of refraction behavior in different me-
dia was experimentally rediscovered in 1621 by Willebrord Snell. Meanwhile, Pierre
de Fermat introduced the principles of least time in 1662, leading to the following

relation :
sinf0; m

(1)

where 0 is the angle of incidence of light on a surface, 0, is the angle of refraction,

sin 92 ny

and n; and n, are the indices of refraction for the respective media. This founda-
tional work paved the way for the construction of lens systems comprising both low
and high dispersion materials that focus light independently of color. Christian Huy-
gen’s published work on a wave theory of light in 1690 gave the first mathematical
description of phenomena which were could not be explained by the at that time
widely accepted ray theory. His work was later expanded by Fresnel around 1800

and today the generalized Huygens-Fresnel principle is of the form
W, b) = i f Bx G, ¥ x,£) W(x, 1) 2)

and renders the propagation of light, including diffraction and interference. More
importantly it is compatible with modern concepts, such as quantum field theory.
Here, the wave function W is modified by the Green'’s function G, acting in an opti-

cal system as the impulse response or pupil function for the wave.

Alongside the study of light propagation, investigations into electricity and mag-
netism were undertaken, culminating in the formulation of Maxwell’s equations

around the 1860s. In their modern form, these equations are expressed as follows

[5]:

)
VxE+8—B:0 V.D-=

- (3)
VXH+E:]. V-B=0

These equations describe the interrelationship between the electric field E and a mag-
netic induction B by electric displacement D, a magnetic vector H and charge densi-

ties p and j.

Depending on the application, modern optical systems are evaluated using all three
frameworks: starting with simple geometric thought experiments to minimize in-
duced aberration errors, evolving into the influence of apertures by propagating
waves through the system, and considering the impact of coatings or surface tex-

tures by numerical simulations involving Maxwell’s equations. Within the scope of
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this thesis, in particular the first two disciplines are used to refine and develop a
microscope system, which collects light, emitted by beryllium ions at an ultraviolet
wavelength of 313nm in a cryogenic experiment. This experiment will be used to

probe for fundamental properties of physics as shown in the next section.

1.2 FREQUENCY STANDARDS BASED ON HIGHLY CHARGED

IONS

Figure 1: Composite image of the Bullet Cluster 1E 0657-56. The optical data was taken
by the Magellan telescope and overlaid by the total mass, calculated through
weak gravitational lensing projections [6]. In pink, X-ray emissions observed by
Chandra are drawn. Credit: X-ray: NASA /CXC/CfA/M.Markevitch et al.; Optical:
NASA /STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA /STScl;
ESO WEFI; Magellan/U.Arizona/D.Clowe et al.

One of the most benchmarked observations today involves two merging galaxies
known as the Bullet Cluster (1E 0657-56), which serves as a unique playground for
physics. The object exhibits emission features from hot baryonic matter both in front
and behind shock waves, weak and strong gravitational lensing effects, and the dy-
namics of matter in a comparably dense space [7-9]. By estimating the mass required
to account for such characteristics, it becomes clear that the observable baryonic mat-

ter, combined with standard gravitational models, is insufficient. This discrepancy
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has led to the exploration of various hypotheses, including modified laws of grav-
ity [10] or additional particles that primarily interact with baryonic matter through
gravity [11]. These hypothetical dark matter particles are not described by the well-
established standard model of particles SM, which consists of quarks, leptons and

bosons interacting with each other in three ways; weak, strong and electromagnetic.

1.2.1  Searches for new physics

For along time, probing the fundamental nature of the universe was limited to exper-
iments involving high energies, like accelerators, or astrophysical observations such
as the cosmic microwave background. Just over the last decades, precision experi-
ments in atomic physics have emerged as a powerful tool for exploring the underly-
ing principles of matter and forces [12-15]. To date, some of the best-characterized
physical properties are optical transitions in atoms, driven by extremely stable lasers,

achieving fractional uncertainties as low as 8 x 1071 [16].

TIME VARIATION OF FUNDAMENTAL CONSTANTS  Atsuch high precision, theories
exploring extension fields of the standard model predict phenomena such as oscilla-
tions or drifts in transition energies that cannot be explained by the SM [13,17]. The

transition frequency v for electronic transitions can be broadly expressed as [18]:
v « cRy, A(Z) F() (4)

where c is the speed of light, R, the Rydberg constant, A(Z) a factor dependent on
the nuclear charge Z, and F(«) depends on the dimensionless, fine-structure constant
a = é?/fic, which governs the interaction strength between electrons and photons
within the standard model [19]. One direct implication of this relationship is the
necessity of an extremely stable reference that is insensitive to « - or a probe that
scales differently with the fine structure constant. This stability is typically achieved
by comparing the transition to another transition in the same or a different atomic
system [20]. The ratio of two reference standards vy, v, with a combined sensitivity
coefficient k, = k, — ky is directly linked to [21]:

A(vifva) _ _ka% (5)

Vv1/Vo o
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Depending on the theoretical framework, variations of a exhibit certain properties.
One widely studied extension of the standard model involves coupling to a scalar

dark matter field, which induces oscillations in the fine-structure constant [11,22]:

at) = a(l +d.pgcos(wt + 0))

\4 2 Pdm (6)
Po & — —
Mg
where pgr, and m,, represent the dark matter energy density and mass, respectively,

and d, « w/k, is the coupling parameter.

Precision clock transition measurements enable exclusion of certain dark matter
candidates and comparison to previous observations from equivalence principle
tests [23] or clock networks [24]. Atomic systems with optical transition pairs that
are robust against external noise and possess exceptionally long lifetimes are partic-
ularly promising for these studies. Such systems enable low instabilities o o {/v/Nt
and high accuracies Av/v, where C is a scaling factor related to clock transition prop-
erties such as the transition frequency vy, linewidth 6vy and measurement methods,
and 7 is the integrated interrogation time multiplied by N, the number of atoms ob-

served.

These characteristics are essential for detecting weak couplings at higher oscillation
frequencies. Additionally, transitions with high sensitivity coefficients k, of oppo-
site signs are required to increase the likelihood of finding evidence on new physics.

These requirements are well met by transitions in multiply ionized matter, known

Bohr radius Z1
Polarizability Z™4
Electronic gross structure ~ Z2
Fine structure Z4
Hyperfine splitting 73
QED effects Z4

2nd order Stark effects ~ Z7*

Table 1: Scaling laws for atomic properties of hydrogen-like ions [19].

as highly charged ions (HCI) [19]. Table 1 summarizes the scaling laws for the
isoelectronic sequence of hydrogen and shall serve as an orientation for these sys-
tems. While the Bohr radius of the electron is shrinking due to the increased nuclear

charge, the electron density function overlaps more and more with the core, such

7
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that it dominates the influence on a driven transition. Thus energy shifts due to elec-
tric or magnetic fields are suppressed, scaling with high exponents, Z™3 to Z™. De-
tailed discussions for non-hydrogen-like systems are presented in [19,25,26]. Due to
the long lived hyperfine transitions of high-Z hydrogen-like HCI, while by acknowl-
edging the implied challenges in their preparation and recombination likelihood,
they were first considered as potential candidates for quantum computing appli-
cations by coherent state manipulation. The well separated energy levels allow for
long coherence times due to suppressed off-resonant spontaneous scattering [27,28].

Since hyperfine transition frequencies are proportional to
s & € R A(Z) La?F(@) 7)

where ¢; = u;/uN is the gyromagnetic ratio, uy the nuclear magneton, y; the nu-
clear magnetic moment and u = mp/p, is the proton-to-electron mass ratio [18],
which is considered as a probe of strong and weak interaction coupling and thus
can be utilized as further test of new physics [17], HCI were initially proposed to
push the upper limit of a variation obtained by cesium microwave transitions fur-
ther to higher accuracies [29]. To overcome the requirement for high energies driv-
ing the electronic transitions in highly charged ions, the field of research got more
and more focused on intermediate ionization levels involving a change in the elec-
tron orbital order system from Madelung- to Coulomb ordering, inducing a level
crossing [26, 30-32]. In recent years, one species has gained significant attention
for measuring variations in the fine structure constant: the proposed clock transi-
tions in Cf!* and Cf!”*, which obtain opposite sign sensitivities |Ak,| = 100, sig-
nificantly higher than those of singly charged ions, which typically range within
k; = £(1-2) [33,34]. Furthermore, developments in new light sources enable research
on metastable transitions in the extreme ultraviolet regime and access to frequency

standards at even lower uncertainties [19,35-37].

ISOTOPE SHIFTS AND SEARCHES FOR FIFTH FORCES  Another approach to prob-
ing beyond-standard model physics is the analysis of isotope shifts in atomic sys-
tems, which can test hypothetical fifth-force couplings to the nucleus [38]. Transition
lines within a single isotope form a vector space that can be analyzed to identify non-
linear contributions in isotope shifts [39]. Recent work has constrained the parame-
ter space for light boson couplings by combining transitions in highly charged and
singly ionized calcium isotopes [40]. High-precision spectroscopy of HCI extends
this parameter space, leveraging their sensitivity to ionization grade. Since current
evidence points to nonlinear effects induced by deformed nuclei [40, 41], systems

with symmetries at magic Z numbers are now being investigated [42].
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1.3 COLD HIGHLY CHARGED IONS

HCI naturally occur only in extreme environments such stellar interiors, because
their existence requires ionization energies of several hundred to thousand electron
volts. As a consequence, the production of HCI at highest charge states in Earth-
bound experiments often employed particle accelerators [43,44] or tokamaks [45],
enabling quantum electrodynamics tests on bound state electrons in hydrogen-like
ions. More compact devices, such as electron beam ion sources (EBIS) [46,47] or
traps (EBIT) [48,49], achieve high charge states by using a compressed electron
beam to ionize atoms through electron impact until the binding energy of the remain-
ing electrons exceeds the electron beam kinetic energy. While these instruments per-
form exceptionally, the hot plasma produced inside an EBIT is limiting the directly
achievable resolution dramatically to Av/v ~ 1077 [50-52] due to Doppler shifts.
Although successful approaches for extracting HCI have been developed over the
last decades in Penning traps, which involve storing and thermalizing the ions to
cryogenic temperatures for mass measurements at highest precisions [53-56] even
allowing for laser spectroscopy in the order of Av/v ~ 107, the first Paul trap ex-
periment which stored a HCI was reported in 2015 [57-59]. This breakthrough has
laid the fundamental groundwork for high-precision spectroscopy of HCI, making it
competitive with modern frequency standard experiments. In contrast to a Penning
trap holding a strong magnetic field [60], confinement of charged particles in three
dimension can be achieved by superimposing an oscillating quadrupole radiofre-
quency and a static electric field in a Paul trap [61-63]. By driving a fast, closed
cycle transition of a stored ion with a laser field, it can be cooled down to a temper-
ature that is only limited by the recoil momentum of the scattered photons [64,65],
thus first- as well as second-order Doppler shifts are highly suppressed [66]. These
cold ions, trapped in a harmonic potential, can be dressed by a different light field
and further cooled to the ground state of motion |0),, by removing discrete quanta
from the system while applying anti-Stokes Raman schemes [67,68]. For a two ion
crystal with ions marked as 1 and 2, that state |[¥) can be described by

W) =1 Lnl0)ml L)z

By a sequence of pulses the internal state | |); is coupled to the motional state inside
the shared quantum harmonic oscillator. This allows for a transfer of the first ion
state to the second logic ion. Such a scheme is called quantum logic spectroscopy
[69] and allows a direct readout of atomic species, such as HCI which do not fea-
ture a fast closed cycle transition to be utilized as frequency standards, by coupling
them to well suited alkali-like ions. Furthermore, this scheme is independent of the

spectroscopy ion and considered versatile [70]. Quantum logic spectroscopy based

9
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measurements recently improved the hyperfine M1 transition accuracy in boron-like

argon with an absolute frequency of

V®Ar®Y) = 679216 462 397 957.43(11)Hz

which was a remarkable seven orders of magnitude improvement [71].
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1.4 THESIS OUTLINE

To enable quantum logic spectroscopy on highly charged ions in a environment with
strongly suppressed noise and probe fundamental physics in the low energy, high
precision regime, recently a new type of ion trap with superconducting quadrupole
resonator was commissioned [72,73]. As so called logic ion, singly charged beryl-
lium is utilized, allowing for co-trapping of a wide range of HCI species. After an
introduction chapter on the relevant theory (Chapter 2), this experiment is reviewed

(Chapter 3) and the properties of the resonator discussed (Chapter 4).

Quantum logic spectroscopy requires the discrimination of a qubit state, which, dur-
ing the probe time, only scatters a few dozens photons on a detector. To maximize
the number of detections, an optics system with a large collecting solid angle is re-
quired. The second part will therefore focus on methods of photon collection in this
cryogenic environment. Firstly, concepts for observation of multi-ion species are pre-
sented, then the discussion is shifted onto the development of a monochromatic
imaging system working at cryogenic temperatures. For this an opto-mechanical so-

lution is presented.

1"
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21 LEVEL STRUCTURE OF 9

BE"

Beryllium ions feature a simple level scheme with two closed shell and a single va-
lence electron. For production of singly charged beryllium, the photo-ionization en-
ergy is 9.32eV [74], corresponding to a single photon with a wavelength of 133 nm.
Since this wavelength is in the deep ultra violet regime and hard to generate, more
suitable techniques have been developed, involving two-photon ionization processes

with continuous wave lasers producing light at 235 nm.

The S/, ground state is subdivided into the hyperfine levels with |S;», F, mr), where
the F = 1 to F = 2 transition is about 1.25 GHz allowing for driving it with mi-
crowaves. The first excited electronic state | Py, F, mp) is accessible by ultraviolet light
at a wavelength of 313.197 nm followed by the |P/, F, mp) at 313.13 nm. Thus, both
levels are separated by 197 GHz. Since the transition from Sy, 2, +2) to [P35, 3, £3) is
a closed cycle transition under circularly polarized light (6" or ¢7), it is suitable for
Doppler cooling the ions. However, due to imperfections in the polarization prepa-
ration of the light source and magnetic field inhomogeneities, linear polarization
of the light is always present at a small fraction. Therefore, a repumper laser is em-
ployed to populate the cooling transition again. To align the ion quantization axis, a
Helmholtz-like static magnetic field is applied along the laser axis. In a weak mag-
netic field, the Zeeman components are no longer degenerate, and the energy levels

split according to
AEz = gripBmg (8)
with the Landé factor given by the quantum numbers

_ FF+D)+JJ+1)-I1+1) FF+1)-JJ+1)+II+1)
8F =8 2F(F +1) T8 2PE+1)

9)

The fine structure levels are illustrated in Figure 2. For a static magnetic field of
100 T, the ground state frequency splitting is presented in Table 2 with corrected
factors [75]. Thus, at a center frequency of 1247.916 MHz, the transition from |S;,1, +1)
to |S1p, 2, +2) for the qubit is expected in such a field. Furthermore, a shift of 6v(B) =
|B| X (=20 Hz/nT) is anticipated for this transition. Consequently, the qubit can be uti-
lized as a quantum sensor to probe the characteristic magnetic field environment in

the trap.
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Figure 2: (Frequency splittings are not to scale) Relevant level schemes of Be* for Doppler
cooling and microwave excitation. In green the repumping levels, purple cooling

and state readout and green the microwave qubit transitions of the 25, , are high-
lighted.

Table 2: Calculated Zeeman shifts of the Be* Sy, ground state hyperfine splitting at a static
magnetic field of 100 uT in MHz. The center frequency is 1250.0176(7) MHz [75].

My -2 -1 0 1 2
F=1 0.7010 | 0.0016 | -0.6987
F=2 | -1.4021 | -0.7023 | -0.0016 | 0.6998 | 1.4021
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Figure 3: Collection efficiency of a dipole transition in dependence of the numerical aper-
ture NA = nsin(0’). A lens with NA = 0.36 obtains a collection efficiency of
2.6%, while for NA = 0.4 the efficiency is 3.3%. On average, this corresponds to
298 ph/200ps and 397 Ph/200 ps for a transition rate of I'/2 = 56 x 10° Ph/s, respec-
tively.

2.1.1  Dipole emission of Be™

For the driven Sy, 2, +2) to | P/, 3, £3) dipole transition, the emission characteristics

defined by the normalized probability amplitude [76]
dP(r 3 1+ cos?(0

e 1o

With the differential solid angle 4Q and angle 0 between the quantization axis and

the emission direction. For application purposes, the quantity is integrated over

the numerical aperture NA = nsin(0’) with n defined as the refraction index of

a medium. For a circular aperture orthogonal to the quantization axis one finds

tan(®) = Vtan?(6’) — tan?(0 — 71/2) such that

71/2+NA f‘I’ 3 1+COS (9) sin(6)d6dP (11)

n2-NA Y- 8T

The integrated values are shown in Figure 3.

2.2 QUADRUPOLE ION TRAPS

Linear quadrupole traps, commonly referred as Paul traps [61], are one of the corner-
stones in the study of cold charged particles, since they allow a stable confinement in
a well controlled environment. In modern experiments, the storage time is only lim-
ited by the vacuum quality, realizing measurement times of weeks to months. Such
exceptional timescales enable interrogation times of atomic transitions with lasers

resulting in the most precise frequency measurements achieved to date.

15
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Figure 4: a) Hyperbolic electrode configuration with electrodes at the end of each RF blade.
On the electrodes a DC potential Upc is applied. rq describes the distance between
trap center and electrodes and 2z, the separation of the DC. b)-d) Qualitative plot
of the radial, RF-driven potential described in Equation 14. b) saddle potential at

a given time f = 0; c) saddle potential at ¢ = 7/Qgg; d) time averaged effective

2

pseudo-potential. In addition, the equipotential lines x? — y? = const are projected

onto the x-y plane. An exemplary ion trajectory in the potential is shown including

a low frequent secular and a high frequency micromotion.

2.2.1  The linear radio-frequency ion trap

Long, non-destructive confinement can be achieved by either utilizing static electric-
in combination with a strong magnetic field, or dynamic electric fields. The potential

® for latter can in general be written as
q)(x,y,z):ax2+ﬁy2+yzz (12)

where a, 8, y are coefficients describing the field curvature along the respective axes
[77]. To obey the Laplace equation A® = 0, the linear combination of the coefficients
needs to be of the form a++y = 0. This condition is unattainable with purely static
electric fields. Wolfgang Paul utilized an alternating, quadrupole field in 1958 [63].
Following his approach, a solution in for the radial component is given by

Do(t)

aRr = —Prr = —3
o
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Here, @ (t) = Vgg cos (Qggt) + Upc represents the time-dependent potential, includ-
ing both radio-frequency (RF), and static (DC) contributions, which prevent degen-
eracies of the trapped charged particle eigenmotions. In addition, a static potential

is added along the axial (z) direction following

yoc _ _kUpc
apc = =—-=- 13

pC = Ppc > 22 (13)
Both potentials superimposed produce a dynamic confinement region as shown in
Figure 4. The total field is then given by

2 _ .2 LIZ 1
D(x,y,2,1) = Vg cos (Qpet) = zy + = D (—§(x2 +17) + Zz) (14)
o Zp

Remarkably, in the trapping center, the potential vanishes completely. Furthermore
,along the z-axis, the radio-frequency contribution becomes zero. The ion motion in
this potential is then described by the Mathieu equation, yielding three independent

eigenfrequencies.

2.2.2 Equations of motion in an ideal, linear Paul trap

The resulting motion of a trapped charged particle with mass m and charge Q can

be derived from Equation 14 and by substitution of

1 4QicUpe
ay = ay = —5a; = TN
o=ty = -
mroQRp (15)
9. =0
C=0QOgrpt/2

the differential equations reduce to Mathieu’s equation
2
d—czu+(au—2qucos(2C))-u:O ,U=XY . (16)
with C representing a dimensionless timescale depending on the trap drive frequency,
a, corresponding to the static DC component strength of the superimposed poten-
tial in absence of the quadrupole field and g, quantifying the oscillating potential
amplitude. All six parameters do depend on the charge-to-mass ratio Q/m and char-
acteristic length scales of the trap geometry r, x, zo. The exact solution for the Math-
ieu equation is given by
ut) = A Y, Cpycos (B, +2n)+B Y, Cpysin(B, +2n)C (17)
n=—00 n=-—o0
Here, C,,, describe the Fourier components of the particle motion and f can be inter-

preted as a modulation parameter. In Equation 16 one can find different regions of

17
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stable confinement. A trivial solution is the harmonic trapping potential, in which
the ion exhibits a periodic motion at a well defined frequency. This solution is con-
sidered as adiabatic approximation, if the trapping potential is deep enough to allow
a stable confinement, but as low as the ion motion and drive frequency Qgg are not

degenerate. As shown in Figure 5, this parameter space is given by |a, | << |g,| << 1.0.

4 T T T 0.4 T T T T

x stable x stable /

gt L y stable ] 0.3F [ y stable y ]
el [1 x and y stable /(am C]O)
0.2r b

0.1F
S 0.0 q=0.903 m -
—0.1F

—0.2F i

~——F 1% : \ —04 0.2 04 06 08 10

0.8 1.6 2.4 3.2 4.0

(a) (b)

Figure 5: Stability diagram for a two-dimensional quadrupole mass spectrometer. The red
and blue areas are showing the stable solutions of the Mathieu Equation 16 in x-
and y-direction. In the gray area both solutions overlap and stable trapping in both

directions is possible.

The solution then reduces to
u(t) = uq cos(w,t) (1 + %” cos(QRFt)) (18)

2
2
the approximated modulation, depending on the RF and DC potentials. Thus, the

where w, = B,Qgg/2 is the eigenfrequency of the trapped ion, and f, = +a,
motion of a trapped particle is separated into the fast oscillating drive frequency Qgg,
which vanishes along the trap axis due to its q,, dependence. On the other side of the
term, a slower frequency w, with amplitude g, is induced. For a particle with mass
of m = 9u and charge Q = 1e, the eigenfrequencies inside a quadrupole potential is
usually in the order of a few 100 kHz to 1 MHz with w, < w, = w, as a consequence
of the stability condition. With that, the motion of a particle trapped in a harmonic

oscillator can be described as
W(x,y,z) = ;n—q(a)%xz + wjy? + w?z?) (19)

On the trap axis, the secular motion amplitude dominates. Further, it can be mini-

mized through cooling the of trapped particle.
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2.2.3 Mixed Coulomb Crystals

Highly charged ions do not feature a fast closed cycle transition in the optical regime
[19]. Thus, Be* is co-trapped with a HCI in a harmonic potential. Since both ions are
coupled, the kinetic energy of the highly charged ion is transferred to the continu-
ously cooled Be* , allowing to reach equilibrium temperatures close to the Doppler
temperature if their charge-to-mass ratio is similar [78]. For increasing mismatch
of g/m particularly the radial modes uncouple, causing the cooling efficiency to de-
crease [79]. The equilibrium positions can be determined by describing the potential

energy inside the potential by the secular frequencies [80]

N (@)

2 Mi 2.2
V(?l/---/rN) - E 2 (wxzxz +wyzy1 +wzzzz) 47160 pox |—>i_1,]

i
where (m; is the mass of the i-th ion, w, ;, , ;, and w, ; are the secular frequencies in
the x, y, and z directions, respectively, q; and g; are the charges of the ions, and €, is the
vacuum permittivity. In equilibrium, the distance between two ions is determined by
solving dV/dz; = 0. Neglecting all other forces, the distance between two identical

ions in the trap axis is then found as

3 Q?

Zi = 4| ———
! 16mteyma?

(21)
where Q is the charge of the ion, m is its mass, and w, is the secular frequency in the
z direction. This relation is widely used to determine trap characteristics or charge

states of the cotrapped HCI and only requires measurement of the eigenmotion.

2.3 LIGHT-MATTER INTERACTION

2.3.1  Doppler cooling

Inside the quadrupole potential, a stored ion obtains kinetic energy composed of mi-
cromotion and secular motion. For spectroscopy applications, the ions are located
along the trap axis (x = y = 0). Additionally, an ideal trap potential (g, = 0) is
assumed, such that only the slower secular frequency contributes to the energy. By
interacting with a directed light field, the motion amplitude can be reduced by induc-
ing an average drag force. For a transition energy AE = fiw,, the light wave detuning
from the resonance is given by A = w; — w,, resulting in 6.4 = A — k -3 in the rest
frame of the ion. Here, k is defined as the wave vector of the incoming light field, 7
is the ion velocity vector, #i is the reduced Planck’s constant, and w, is the angular

frequency corresponding to the energy separation between the two levels.
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In addition to the detuning, a saturation parameter is introduced as follows:
§=2— = — (22)

where [ is the intensity of the light field and Ig is the saturation intensity. If the ion
is now continuously exposed to a field, driving a closed cycle transition such as the
IS1/2,2, £2) to|P3pp, 3, +£3) , the minimal achievable temperature is limited by the recoil
momentum of the scattered photon and reads [77]

ATVl +s

Tp = T(l +0) (23)

where the transition frequency I' = 27t - 17.97MHz [74] and correction parameter
for electronic transitions C = 2/5 [81] lead to a Doppler limited temperature of Tp, =
302 pK.

2.3.2 Rabi oscillations

The excited state probability density p,., which represent the population dynamics

of a two-level system, can be described by the following equation:

Q , t
pee(t) = —ime_lm}/z sin (E V |Q0|2 + AZ) . (24)
0

Here, Q) is the Rabi frequency, which characterizes the coupling strength of the ion
to the light field. With the squared complex amplitude returning the probability to
reach the excited state, and by substituting Qg = /|Qq|* + A?, one finds

_ QO 2 ) QRi,‘
lpee(D? = (Q_R) sin (T) (25)

This equation shows several characteristics: First, the population transfer in a two-
level system exhibits sinusoidal oscillation in time. Second, for complete transfer of
the population, the field must be on resonance with the transition. Third, by modi-

fying the excitation time, a population can be transferred to any required state.

Such an interaction is qualitatively shown in 6a, where multiple Be* ions were probed
on the [S1p,2,2) to |S1p,1,1) hyperfine qubit transition. In Equation 22, the Rabi fre-
quency depends on the incoupled intensity I and the natural linewidth I'. Conse-
quently, it decreases quadratically with a reduction in the light field intensity. Such
a scaling is shown in Figure 6b, where the hyperfine transitions of multiple Be™

ions were driven by a microwave field at different intensities. To probe the transi-
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Figure 6: Rabi oscillations and excitation dynamics of a two-level transition are described by
Equation 25. The colorbar scale shows the ground state population. These experi-
ment results illustrate the relationship between excitation time t and (a) detuning
A from-, (b) saturation intensity s on resonance for the [S; 5, 2,2) to [Sy,1,1) hyper-
fine qubit transition at about 1.25 GHz of multiple Be* ions. At resonance, the cou-
pling is maximized, facilitating complete population transfer to the excited state.
As the system is detuned off-resonance, the Rabi frequency increases, leading to
a reduction in population transfer efficiency and a decrease in contrast. (b) For
weaker intensities the Rabi-time increases quadratically. State detection was per-
formed via electron shelving of the |5y, 2, £2) to |P5p,, 3, £3) cooling transition.
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Figure 7: Qualitative illustration of Equation 27 with plotted delay time T versus detuning
6. T = 11/(Qy2) such that the equation reduces to the = cos?(6T/2) term.

tion linewidth, rectangular pulses at varying detuning are applied, modifying the

excitation probability to

)P = (5 Jsinet (5 (26)

As a consequence, a maximum is achieved at @y = Qgt, = 7 at a full width half

maximum linewidth 6v = 1.6/(2t,).

2.3.3 Ramsey Spectroscopy

On resonance, Equation 25 states, that the ground state population can be fully trans-
ferred into the excited state by applying a pulse at @z = Qrt = 7. Thus, at Py = 7/2,
the population exists in a coherent superposition of both states and evolves freely
in phase space. By waiting a time T after the initial pulse, a second pulse @ can be

applied. In general, the excitation probability for such a scheme is given by [82]:

2
|Pec(O) = (QOT)Z sinc? (%) (cos (%) cos (%) - QiR sin (%) sin (%))

Here 6 = w — wy represents the detuning from the resonance frequency, and 7 is
the duration of the initial pulse that initiates ®g. In Figure 7 such a Ramsey scheme
excitation probability in dependence of the delay time T and detuning 6 is plotted.
It shows a 1/T dependence on the fringe spacing. During the waiting time T the
quantum state phase is modulated by external noise and experiences decoherence
effects. As a result, after application of the second pulse, the population is not com-
pletely transferred into the excited state. Since the decoherence effects tend to aver-
age out over the time scale T, a 7= pulse can be utilized to reverse the accumulated
dephasing. Thus, after an additional time T, = T the frequency noise components

accumulated during that time period effectively cancel out, enabling much longer
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precession times and improving the overall excitation probability. This, Hahn Spin-
Echo method, is widely used for characterization of frequency shifts induced by the

environment around the ion [83].






3 EXPERIMENTAL SETUP

In this Chapter, a brief overview on the Cryogenic Paul Trap Experiment with Su-
perconducting resonator is given. Detailed descriptions to this setup can be found
n [72]. To fulfill the main goal of this setup, providing a noise free environment
for laser spectroscopy of HCI at highest precision, a superconducting quadrupole
resonator acting as radio-frequency trap was implemented in a cryogenic, vibration
uncoupled environment [72,84]. A Heidelberg compact electron beam ion trap [85]
produces an ensemble of charge states by subsequently ionizing neutral or already
ionized atoms interacting with a strongly compressed electron beam. This plasma is
extracted from the EBIT with an energy of about 1000 keV/q and guided through a
beam-line [86]. The charge state and ion species is identified by time-of-flight spec-
troscopy and selected with a fast switching kicker electrode. A set of ramp-able elec-
trodes is finally slowing and bunching the ions of choice down to about 100eV/q
before they enter the floating trap region with a residual energy below 1eV/g [58].
A pre-loaded and Doppler-cooled Coulomb crystal consisting of a few hundred Be*
ions is interacts with the cycling HCI and removes subsequently kinetic energy until

it crystallizes.

VAUQSI: A SISTER EXPERIMENT OF CRYPTEX-sC  Inaddition to the existing cryo-
genic trap, a sister experiment is being developed investigating quantum computing
applications of highly charged ions based on quantum logic spectroscopy. In the fol-

lowing substections, differences to the existing system will be highlighted.

3.1 HIGHLY CHARGED ION GENERATION

By compressing an accelerated electron beam emitted from a hot cathode in a strong
magnetic field, current densities of a few 1kA/cm can be reached [47, 85] corre-
sponding to radii below 100 pm. Such high density boosts the probability of interac-
tion with bound electrons in an atom and subsequently ionizes latter to the desired
charge state within 100 ms — 1 s. In the Heidelberg compact electron beam ion traps,
the 0.86 T superimposed magnetic field of the 72 attached NdFeB permanent mag-
nets around the trap center is guided through a high purity soft iron yoke, which

obtains a saturation induction of 2.15T. An electron gun, consisting of two elec-
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Figure 8: Schematic overview of the CryPTEx-SC experimental setup. The ions are pro-

duced in the electron beam ion trap and then periodically extracted. Through
the beam-line, in total five Sikler lenses are installed to guide the HCI bunches to
the trap. For optimization of the lenses, charge-state identification and -selection
through time-of-flight spectroscopy, in total three multichannel plates were in-
stalled. A pulsed drift tube is used to decrease the HCI kinetic energy and com-
press the pulse. Inside the cryogenic trap environment, in total four einzel lenses
were installed to shape and time the pulse entering the floating ground. For this
purpose, they were utilized as retarding field analyzer. Around the RF blade elec-
trodes two electrodes were installed for trapping the HCI inside the RF potential,
thus allowing them to oscillate through a laser cooled Be* Coulomb crystal. Mod-
ified from [72].
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trodes and a hot dispenser cathode is closely aligned to seven electrodes forming
the trapping potential and accelerating the emitted electron beam, which is strongly
compressed entering the magnetic field. The power supply limited emitted electron
beam current is 10mA at a maximum kinetic energy of 6 keV. Depending on the
species, atoms are injected as gas though a leak valve and formed into a ballistic
atomic beam which is overlapped with the electron beam in the center of a set of
electrodes or ablated by a laser from a surface closeby [40,42,87]. At CryPTEx-SC,
both methods can be applied, such that a large variety of ion species can be produced.
The HCI are then ejected through a negatively biased collector, which stops and ex-
tracts the electron beam, and focused by a set of superimposed, slit einzel (Sikler)

lenses [88]. Typical kinetic energies after ejection are in the order of = 1 keV/j.

3.2 HIGHLY CHARGED ION TRANSPORT

Due to the natural plasma characteristics inside an EBIT, the ejected bunches consist
of multiple charge states and atomic species. To analyze the composition, several
multi-channel plate detectors are installed at different sections of the beamline, al-
lowing for characterization and optimization through time-of-flight spectroscopy
methods [72,73]. The separation of different charge states in time scales with L X
\/m/q, where L is the beamline length. After identification, the charge state of interest
is guided to the trapping region, while parasitic ions are removed by a fast-switching
electrode [73,86].

Including the aforementioned electrodes, as shown in Figure 8, the beamline, which
directs the ions to the Paul trap, consists of five sets of Sikler lenses and a 90° elec-
trostatic bender. Additionally, a set of crowned electrodes is used to decelerate and
bunch the residual ions to kinetic energies of approximately 100 eV/g before they

enter the floating ground trapping region at 100V [58].

3.3 CRYOGENIC PAUL TRAP EXPERIMENT

While in an electron beam ion trap highly charged ions are continuously interacting
with residual gas like hydrogen molecules, recombine and being ionized again by
the electron beam, inside the Paul trap, this re-ionization process is not realizable
anymore. Thus, the residual gas density needs to be decreased by orders of mag-
nitude allowing for storage times in the order of minutes, hours or even days [89].

A suitable method to achieve such an environment is cryogenic pumping. For that,
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Figure 9: VAUQSI cryogenic supply system similar to [72,90]. The unit consists of three sub

elements. On the left the pulse tube (PT) is shown, which is directly connected to
an approximately 1400 mm long copper pendulum. On the right, the trap cham-
ber including a superconducting resonator is shown. The pendulum suspensions

were lengthened by 300 mm to reduce the pendulum eigenfrequency.

the surfaces facing the trapping region are cooled down to 4K with a cryogen free

cryostat.

3.3.1  Cryogenic Supply

The CryPTEx-SC experiment uses a closed-cycle pulse-tube cryocooler! containing
two temperature stages, 4 Kand 40 K. They obtain a cooling power of 1 W at 4.2 Kand
40W at 45K, respectively [72]. To minimize thermal black-body radiation reaching
the 4K stage, it is fully shielded by the 40 K stage. Since the cold head mechanics in-
herently induce vibration nodes, ranging from 1 Hz-1000 Hz, a three-segment ther-
mal transfer unit was designed, uncoupling the trap surroundings from the environ-
ment [90].This unit consists of an approximately 1400 mm long, 130 mm diameter,
120 kg heavy copper pendulum, which is mounted to two 150 mm long, 2 mm diam-
eter, stainless steel spokes. This pendulum acts as low-pass vibration filter and is con-
nected through in total twelve flexible copper springs to pulse-tube and trap cham-
ber, respectively. Each spring has a width of 25.4mm and ten elements of 0.4 mm
thickness produced by electrical discharge machining EDM processes resulting in a

cross section of 101.6 mm? per link.

1 Sumitomo Heavy Industries RP-082
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Figure 10: (a) Flexible copper links connecting the 4 K cold head with the pendulum, before
annealing and polishing of the end pieces. (b) Example of a polished surface.

Since for cryogenic temperatures below 40 K, the thermal conductivity of copper de-
pends strongly on the purity, for the 4 K stage 99.999% pure copper (5N) was used,
while 4N material covered the 40K shields.

3.3.2 Trap chamber

At the end of the cryogenic supply system, a cylindrical OFHC copper heat shield
with a diameter of 364 mm, 260 mm height and a wall thickness of 17 mm (at 40 K)
cover the smaller 293 mm diameter, 200 mm high and 12 mm strong stage surround-
ing the ion trap at 4K. To minimize heat input without losing mechanical stabil-
ity, each shield is mounted by twelve radially symmetric stainless steel spokes to
the next outer stage. Both temperature stages are connected to the pendulum via
a vertical supply, which ends at the respective flexible copper links. To enable a
floating ground potential in the trap, it is mounted on a 5N copper platform and
connected through four sapphire blocks to the cold supply. Under ideal conditions,
their combined sapphire thermal conductance is 6.4W/K at a thermal conductivity

of 230 W/K/m [91]. A drawing of the floating platform is shown in Figure 12a.

To minimize inflows of background gas and improve vacuum quality, most of the
twelve radial viewports are closed off by fused silica substrates. The ports on the
trap axis and one thirty-degree port are left open to allow highly charged ions (HCI)
and beryllium to enter the trap region. Consequently, mechanical gates have been de-
signed to enable efficient pumping of the inner stages before and during the cooldown

cycle. A PEEK finger, mounted on a linear manipulator, touches and lifts the first cop-
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Figure 11: (a) Top view into the redesigned trap chamber of the VAUQSI experiment in-
cluding a superconducting resonator. Twelve radially equal spaced viewports
ensure sufficient optical access to the ions. (b) Side view on the heat shields. For
the VAUQSI experiment a third layer copper sheet (blue) surrounds the 40K
heat shield. (c¢) Top view on the 40 K mechanical gate. (d) Side view of (c) with

schematic of the mechanics.



per plate, measuring 87 x47 X 8mm?3, by retracting an arm. The plate, thermalized to
40K, covers a 40 x 80mm? opening. A Kevlar wire, screwed to it, mechanically con-
nects to a second plate at the 4 K stage and pulls it up to an angle of about 40°. Both
assemblies are fastened with greased? hinges to the respective shields and open out-
wards. Additionally, for increased cooling efficiency, four flexible braids are connect
each plate to its shield. In the open state, the pumping cross-section increases be-
fore cooldown, reducing the partial pressure inside the 4 K shields. In closed state,
it enhances the HCI lifetime by suppressing the reionization probability at cold tem-

peratures.

THERMAL RESISTANCES OF THE CRYOGENIC SUPPLY SYSTEM  During the com-
missioning phase, a 1 K () heating resistor was attached to the trap chamber to stabi-
lize the superconducting resonator temperature or to increase it beyond the phase
transition without turning off the cryogenic supply. By increasing the heat load on
the trap side, the thermal resistivity of the flexible copper links was determined. For
the 40K stage, the total thermal resistance was extracted from the cryogenic heat
capacity map and estimated to be = 1.5 K/W, with contributions of Rpy = 0.64 K/W
for the pulse-tube connector and Ry = 0.65 K/W for the trap-chamber link. In the 4 K

stage, a total resistance of 8.7 K/W was directly measured.

This value was about one order of magnitude higher than expected, indicating either
a bad connection of one or more thermal links or an issue at one of the connections
in the trap chamber. To address this, the flexible links were first polished to remove
gaps caused by roughness induced by the EDM process, as indicated in Fig. 10. They
were then annealed under vacuum at 300 °C overnight. As a result, for the 40 K stage,
the resistances decreased to Rpr = 0.40 K/W and R} = 0.30 K/W, while the resistance
for the 4 K stage remained at the value measured before treatment, indicating a per-

sistent bad connection closely related to the trap chamber.

Two sections were specifically examined: the eight stainless steel bolts pressing the
vertical 4 K stage against the heat shield, which were mounted with helicoils, were
investigated and retightened. Additionally, eight bolts that mount the resonator on
the floating platform and apply pressure on the sapphires, which connect last with
the heat shield, were fixed again with more caution. Despite these measures, there

was no improvement in thermal resistance.

Since both the temperature sensor and the thermal heat resistor are mounted on

top of the resonator, two scenarios remain: either the thermal resistance of the high-

2 Apiezon N
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Figure 12: (a) Schematic representation of the floating ground platform of CryPTEx-SC.

The copper elements, depicted in purple and orange, illustrate the connection
between the resonator and the bottom vertical thermal conduction line. Insula-
tors are highlighted in magenta. The positions of the heat resistor (R) and tem-
perature sensor (T) are also indicated. The black circles mark the discussed lo-
cations in Paragraph 3.3.2. (b) Illustration of the redesigned platform featuring
separated screws that securely mount the resonator to the platform, as well as
the platform to the 4K heat shield. Adapted and modified from [72].

purity copper plate connecting the sensor and resistor degraded during cold pro-
cessing, or the thermal connection to the floating ground is insufficient. The cross-
section of the plate is A = 50 mmx4 mm = 200 mm? over a total length of L = 164 mm.
With the estimated thermal resistance, this leads to a conductivity of k = L/(R - A) =
94 W/K/m, which is approximately one order of magnitude below typical values
for low-purity copper, indicating a poor thermal connection between the floating

ground platform and the plate.

In the extreme case where no connection exists between the copper pieces, the heat
would flow through the resonator via a cross-section of 5900 mm? over a length of
94 mm. This scenario would imply a lower bound for conductivity of 1.8 W/m/K,
which is too low. For superconducting niobium, the thermal conductivity has been
determined to be = 10 W/m/K [92].

VAUQSI FLOATING GROUND  Whileitis unclear what causes the thermal resistance
in the trap chamber area, measures have been taken to avoid similar issues in future
experimental setups. We have redesigned the floating ground, as illustrated in 12b.
In the new design, the superconducting resonator is securely attached to the floating
ground platform using eight screws. Additionally, the sapphires have been reposi-
tioned further outward to ensure direct access to another eight screws. Moreover,

the 4K shield, which supports the floating platform, is now constructed from high-



purity 5N copper instead of the oxygen-free high conductivity (OFHC) copper used
in the CryPTEx-SC setup. This change is intended to enhance thermal conductivity

between the vertical connection stage and the 4K heat shield.

VAUQSI THIRD COPPER SHIELD LAYER  For the 40K cryogenic stage, the thermal
radiation power input is estimated to be 15.67 W [72] by using the Stefan-Boltzmann

Law [91]:
. Aj05(Ts = T
Or = T—7—7 11 (28)
o T2, Y

This equation is applicable for long concentric cylinders, where oy is the Stefan-
Boltzmann constant, and A;, T;, and €, represent the surface area, temperature, and
emissivity of each surface, respectively. By recapitulating the dimensions given for
the cryogenic supply line, it is found that about 40 % the 40 K heat input is induced
on the vertical copper pendulum, and 30 % on the trap chamber side, including the
top and bottom covers, which are modeled by:

Gp = AllffB(Tél -T1)

1
RN
€51 €52

(29)

In order to reduce the heat load, sheets of copper were loosely positioned on the 40 K
shield to prevent thermal coupling. For the radiative power input equilibrium, Q; =
Q,, a thermalization temperature of Tsheet ~ 250 K is estimated, which reduces the

effective load on the 40 K horizontal pendulum and trap region by a factor of two.

3.4 PRODUCTION OF BERYLLIUM IONS

Connected to the chamber ata 30° angle to the trap, a 1250 K hot oven, heated by a fila-
ment, continuously emits beryllium atoms. These atoms pass through two apertures
and a skimmer over a 872 mm distance before entering the trap region. This process
reduces the beam diameter to 960 um, ensuring a low Doppler shift and minimiz-
ing depletion on the trap electrodes, which are separated by 2 mm. Perpendicular
to the atomic beam axis, a 235 nm continuous wave laser? is overlapped at the trap
center. This laser ionizes the atoms via two-photon ionization, accessing the 2p'P;
level of the atoms. Doppler cooling is achieved using two frequency-quadrupled
diode lasers*. These lasers are detuned to the transitions |S10, F = 2,mp = +2) to
|P3jp, F = 3,mp = +3) (cooling) and |Syp, F = 2,mp = +1) to |Pypp, F = 2, mp = +2)

(repump), respectively. To access the second transition |S1p, F = 1,mp = +1) to

3 Toptica DLC TA-FHG PRO
4 Toptica DLC BE+ COOLING
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|P1j2, F = 2,mp = +2), the repump laser is split in two. One path is double-passed
through two acousto-optical modulators with 425 MHz and 200 MHz modulation
frequencies [93]. All three beams are coupled into a fiber and transferred to an op-
tical table near the trap vacuum chamber. Due to the mode clean up in the fiber,
they can considered as Gaussian beams. Before entering the trap, they undergo po-
larization clean-up by passing through a Glan-laser, followed by a set of A/4 and A/2

waveplates to achieve an enhanced ¢~ purity [93].

3-5 EXPERIMENTAL CONTROL SYSTEM

For control of the voltage supplies of the trap, generating the RF-signal for the AOM
and Microwave antenna, as well as timing pulse sequences on them and read out
the PMT, an open source FPGA driven hardware [94] was used. The programs writ-
ten for the FPGA are implemented by the ARTIQ framework [95]. For driving the
1.25 GHz hyperfine transition, the third Nyquist region of the synthesizer was used
[96]. All frequency generators and timing critical instruments were referenced to a

frequency clock signal providing a stability of 107104/s/4/7.

3.5.1 Optical system

A cost-efficient collection microscope consisting of six commercially available lenses
is mounted directly on the resonator, forming an intermediate focus of the light emit-
ted by the beryllium ions in between the heat shield temperature stages at a distance
of 157 mm from the trap axis [73]. A single bi-aspheric lens [97] projects the inter-
mediate focus either through a 50/50 beamsplitter plate onto an electron-multiplying
charged-coupled device (EMCCD)?® and a photo-multiplier tube (PMT)?®, or, by re-
motely flipping a motorized mirror, directly onto a second PMT to maximize the
detected photons [93]. On the camera plane, the magnification is 8x to 20x, depend-
ing on the distance of the aspheric lens to the intermediate focus. The collecting lens
features a nominal numerical aperture NA = 0.36, of which 90% are transmitted due
to obscuration of a grating on top of the ion trap. In front of each PMT, two knife-
edge apertures with an rectangular shaped opening of up to 5mm filter out stray
light from the trap. While the EMCCD/PMT combination can be moved into focus,
the light on the second PMT is unfocused, such that only for the first can the filter
be utilized to focus on a single ion. From Section 2.1.1, the integrated photon count

rate in the timeframe of 200 ps, is about 300 Ph/200 ps . This is the integration time,

5 Andor iXon Ultra 888
6 Hamamatsu H10682-210
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where off-resonant scattering is still suppressed at low saturation parameters s = 0.2.
With a quantum efficiency of 30%, the average number of photons per readout of
the | |) state by probing the Doppler cooling transition at s = 2, under perfect con-
ditions, is 16.2 Ph/200 ps, neglecting absorptions and reflections from the substrates
and surfaces. This is in good agreement with the results of [93] showing on aver-
age 14.47 Ph/200 ps for state readout. Due to the large photo-sensitive surface are of
7t(4 mm)?, most of the collected photons reach the PMT. Considering the strong aber-
rations of the system shown in Figure 19, discrimination of the individual signals in

a multi-ion crystal is, however, currently not possible.






4 EXPERIMENTS ON A
SUPERCONDUCTING ION TRAP

While many experiments regarding charged ions stored in an radio-frequency quadrupole
field are performed by applying an amplified radio frequency to normal conducting,
mostly gold plated blade electrodes [57,98], the trap in this thesis utilizes the proper-
ties of superconductivity. Within the last decades, many concepts were investigated,
involving high temperature superconducting material coated on the electrodes [99]
and micro-fabricated traps [ 100,101] driven by external electronics or micro-lumped
circuits. Furthermore, macroscopic designs have been presented earlier for retrap-
ping of anti-protons [102]. This project based on an integrated, macroscopic LC-
circuit for amplification of the radio-frequency field utilizing the low surface resis-
tance of superconducting niobium analogue to linear accelerator cavities. Based on
the same principle, independently a superconducting trap was developed at the
Max-Planck-Institute for Nuclear Physics in Heidelberg [72], commissioned [84]
and successfully tested [73].

Within the accelerator community, most resonators reaching for resonances between
300 MHz to 3GHz resulting in cavity dimensions of about 1000 mm at extremely high
quality factors Qrg/AQ > 108.

Niobium is a type II superconductor and by passing the phase transition tempera-
ture of T = 9.3, K a substantial reduction in electrical surface resistance is achieved.
Consequently, the dissipated energy is decreased, while the resonance linewidth
narrows due to the increased quality factor. The feedback to the electric field from
a temporal change in current density stored in the superconductor is described by
the London theory [103] and is given by

dj c?

dt - 471/\% (30)

where Ay is a temperature-dependent material characteristic that includes a charge
density ng corresponding to superconducting electrons. It is formally known as the

London penetration depth and is defined by

mc?

AL = 31
L 4nnge? (31)
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This quantity is similar to the skin penetration depth

c

0g = (32)

2nwo

of normal metals. However it is independent of the frequency. Within the second
London equation, the internal magnetic field intensity H acts on the superconduct-
ing charges as follows:

VXj=- (33)

HH :
L

This equation marks a fundamental difference between normal conductors and su-
perconductors, as it replaces the classical law of Ohm and requires the presence of a
magnetic field in the presence of current densities. For the stationary state, following

Equation 3, one finds:

V2H = — (34)

Thus, in the weak limit, if an external magnetic field H,,, is applied, it will not pen-
etrate the superconducting material but will be compensated by charges on the sur-
face that flow parallel to the surface and perpendicular to H:

. c _
j(x) = _mHextze HAL (35)

This relation is well known as the Meissner-Ochsenfeld effect. Consequently, a su-
perconductor in a Meissner state is close to being a perfect diamagnet, and fields

inside the material are expelled.

41 THE SUPERCONDUCTING QUADRUPOLE RESONATOR

The MPIK trap is a quasi-monolithic superconducting niobium radio-frequency res-
onator, generating a high fidelity quadrupole field obtaining a resonance frequency
of about Qrg = 27 - 34.4MHz at a quality factor of Q = 3 x 10* in earth magnetic
field. To achieve this frequency, the frame fills only a 220 x 140 X 114mm? volume.
It consists of two lids and a robust EDM machined central body. The two lids are
pressed onto the central enclosure using several screws. Between the parts, there is
a lead wire seal, which establishes a superconducting contact. Within, four, quasi

hyperbolic electrodes form a quadrupole field. The resonance frequency is defined

by
1 QP

Qpr =
RF ,—L C U

where L and C are the resonator inductance and capacitance, Q the inverse band-

(36)

width or quality factor of the resonance, Pp, the dissipated power and U the stored

energy inside the resonator. In first order, the inductance of L = 20nH is given by the
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surface area inside the housing resulting in a quadrupole resonance of about 1GHz.
To achieve the small form factor, the capacitance was increased from about 1pF to
C = 928pF by folding one cylindrical rod into each blade electrode with a separation
of 300 pm [84].

Radial secular frequencies up to = 700 MHz can be achieved, with an operating

temperature close to the critical temperature of lead around 7.2 K.

At both RF-blade ends, in total two fast ramping end-cap electrodes, separated by
about 156 mm are confining the injected HCI in axial direction. Recrystallization in
a preloaded Be™ Coulomb crystal is usually achieved at residual kinetic energies of
about 1 eV/g inside a shallower harmonic trap. Here, two electrodes per blade apply
a potential difference of just a few volt, allowing for ionization and laser cooling of

Be™ in a well defined due to their 8.2 mm axial spacing.

The end-cap electrodes

During commissioning, the endcap electrodes coupled to the radio-frequency field
due to the asymmetric shape of the RF-blades, which reduced the achievable stored
RF power by a factor of two [72]. To overcome this, 66 MQ resistors were utilized
as RF block. Consequently, the achievable electrode ramping time decreased due
to parasitic capacitance induced by the resistor, requiring higher ramping voltages.
This resulted in a coupling to the preloaded laser cooled Be™ Coulomb crystal, which
lead to heating and losses of the ions. To overcome this, a new set of niobium end
cap electrodes were developed, consisting of an outer tube, which was coupled to
the resonator by lead wire, and an inner electrode, connected directly to the ramp-
ing dc power supply. Even at smaller coupling strengths, the ion experience strong
AC-fields emitted by the electrodes. This feature is generally used to identify the
ion secular frequency for calibration of experiments by resonantly exciting the ion

motional amplitude by coupling in AC-voltages through the electrodes.

4.1.1  Design of the VAUQSI resonator

To increase the number of available degrees of freedom for optimizing the DC po-
tential for longer, the number of electrodes was doubled to sixteen. Of particular
interest is the minimization of the micromotion amplitude, which is induced by off-
axis ion storage. To allow for individual biasing, each electrode is coupled to a rod

with a diameter of 1.8 mm, mounted parallel to the RF blade electrodes. Similar to
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the CryPTEx-SC resonator [72], each electrode, in combination with its rod, exhibits
a capacitance on the order of 10 pF relative to the RF blade. However, in contrast to
the existing resonator, the electrodes in this design are not connected to the rods
via screw connections but are instead electron-beam welded. This ensures a super-
conducting contact and reduces losses. To facilitate assembly, the RF blade was also
modified so that the rods are now directly exposed to the RF field rather than being
passed through a cut tunnel. The top flange was slightly modified to accommodate
a new optics system by closing the iris grid surface to align with the rest of the lid.
Additionally, the inner part of the grid was adjusted to be flush with the inner sur-
face of the lid. These changes ensure an enhanced symmetric distribution of the RF
fields within the inner part of the trap, potentially reducing contributions to the AC-
Zeeman shift, which have been recently measured [93,104]. The current resonator

revision is shown in Figure 13.

4.2 THE MEISSNER EFFECT

Equation 35 holds even for non-perfect superconductors with a modified penetra-
tion depth Ap = /\L\/W, accounting for material impurities [105]. Here, [ is the
mean free path, § is a numerical constant, and & is the characteristic coherence
length. Furthermore, the Meissner effect ensures that the magnetic field is expelled
from the interior of the superconductor at the phase transition. The internal mag-
netic field remains effectively zero due to the supercurrent, even if the external mag-

netic field changes.

This property was evaluated by inducing a magnetic field through the coils attached
to the trap chamber while cycling the resonator temperature once between 4 — 12K
by applying a voltage of 40V to the resistor flanged on top of the niobium frame.
The material is eventually penetrated by the magnetic field in the normal conducting
state. After thermalization multiple ions were prepared in the trap. Since the field
was initially not optimized to align with the axis of the incoming cooling laser field,
the ions experienced partially m-polarized laser light and scattered into the dark
state by blocking the repumper. Continuous microwaves radiation was induced by
the antenna, scanning around 1.25 GHz for the hyperfine levels. On resonance, the
microwaves pumped the population back into the |S;, 2, +2) state, allowing for pho-
ton scattering of the cooling laser. This process was repeated by inverting the light
polarization to 0, in order to access the negative m states at higher transition prob-
abilities. After identifying the corresponding |Si,, F = 1, mg) to Sy, F = 2, mp) fre-

quencies, the magnetic field coils were turned off and the experiment was repeated
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Sapphires
RF blades

Condensator rods

Viewport grating

110 mm

Figure 13: False color, sliced rendering of the VAUQSI superconducting quadrupole res-
onator. On the top left, the improved endcap electrodes are shown. Compared
to the design of [72], in the region, where the RF potential is acting (orange), a
second, grounded electrode (blue) is wrapped around it. In red, the lead wire
is indicated. The whole assembly is mounted onto the resonator housing by a
ring held by four screws. For electrical insulation of the inner part from ground,
a sapphire ring separates it. Surrounding the endcap electrodes, a niobium in-
housing shielding a set of filters for the DC block is shown. Note that the final
DC electrode design as shown in purple is currently under revision, such that
the characteristic scale x = 0.39 (compared to xcsc = 0.35) is given as a prelimi-

nary value in this thesis.
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Figure 14: Electron shelving of Be* outer hyperfine transitions by incoupling of microwave
power. The polarization was switched from o* to 0~ to increase the contrast on
both sides. For the scan the magnetic field coils were turned off, after phase tran-

sition. The hyperfine spacing indicates a field of about

for a second time. The result is presented in Figure 14 and shows the a stored mag-

netic field amplitude of about By = 190(1) u.T.

For a more exact measurement of the hyperfine splitting, a Ramsey scheme was
performed, driving the qubit transition at a Rabi time of 33 s at a waiting time up
to 1 ms yielding a field strength of 190.5026(3)pT [73]. The magnetic field was stored
for a total time of 150 days. Due to natural impurities inside the niobium, the induced
magnetic field experiences a finite resistivity Rg = L/7g leading to a exponential de-

cay with a time constant 7g [106].
B(t) = By exp(~t/ts) (37)

The results shown in Figure 15 and resulted in a time constant of 7g = 300 yr which

—
©
<
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B-field mag. / pT

—
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Time since trapping B-field / days

Figure 15: Magnetic field decay observed by measuring the magnetic field sensitive field
Zeeman splitting in Be* . The decay constant is 75 = 300 yr. Taken from [73].

corresponds to a magnetic field drift of

1 d|B|
—— x1x10710
Bl di x10™"/s (38)
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[73] For the determined inductance, the resulting resistivity then becomes Rg =

0.9x1071¢ O, which is consistent with estimations of superconducting magnets [ 107].

With these results the DC component of the stored magnetic field was determined
and the static part of the Meissner-Ochsenfeld effect confirmed. By increasing the
Ramsey waiting time, the accumulated phase noise in the superposition state leads
to a reduced population transfer by the final pulse to the readout state. After in-
finitely long waiting time, the probability to reach the qubit | T) or | |) states is
equally 50 %. If a Gaussian noise is assumed to accumulate on the phase, the popu-
lation dynamics are modified to |pee|2 =] pee|2 exp(—tz/ZT%) [108,109]. A measurement
sequence was performed for phase accumulation times up to T = 500 ms, quantify-
ing the Gaussian noise. The plot is shown in Figure 16. For a single stored Be™ , the

noise-correlation time was determined to be 7, = 414(22)ms.

Last, the Hahn-Spin-Echo [83] scheme was applied to refocus the phase. Here, the
ions are insensitive to linear drifts and Gaussian noise at a frequency 1/T, where T
is the waiting time after the initial 77/2 pulse transferring the qubit state into a su-
perposition. After applying the 7 pulse, for refocusing, a second waiting time T was
initiated before transferring the population into the final excited state. As a result,
within that 2T timeframe, the noise contribution of the magnetic field fluctuations

are given by

Ny — (39)

UBAQEME)T)
was determined to be 3.5(2)pT, corresponding to the measured Gaussian coherence
time of 2.2(1)s [73]. Such a value is similar to previously measured fluctuations in
ion traps utilizing permanent magnets [109]. For the CryPTEx-SC setup however,
no magnetic field stabilization was applied. Only the superconducting niobium res-
onator in combination with the copper shields surrounding it attenuated magnetic
noise contributions. Copper features a low resistivity at cryogenic temperatures in-
ducing a skin effect (Equation 32) and attenuates noise depending on their fre-
quency passing the material by inducing eddy currents [98]. For a similar trap with
equal shield thicknesses fabricated from the same ingot!, the redidual field noise
was in the order of 200pT [98]. Thus, the two residual orders of magnitude corre-

spond to the field expelling properties of the superconducting resonator.

1 Montanwerke Brixlegg
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Figure 16: Decoherence measurements by applying a Ramsey scheme to a single ion result-
ing in a coherence time of 7; = 414(22)ms. Taken from [73].

4.3 RABI SPECTROSCOPY
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Figure 17: Plot of Equation 25 showing increasing Rabi times, corresponding to decreasing
Fourier linewidths and contrast simulations of two ions separated by about 60 Hz

including the measured decoherence parameter 7 = 500 ms.

The coherence times shown in the last section allow for investigation of a potential
magnetic field gradient induced by the coils and stored in the trap. By decreasing
the incoupled microwave power, the Rabi time is increased up to 150 ms. Thus the
Fourier limited linewidth decreased therefore down to Av = 5Hz . Two ions were
stored in the trap and prepared into the dark | T) qubit state inaccessible by the cool-
ing laser followed by a 7 pulse, for a population transfer into the | | ) state. This mea-
surement was repeated for about 1000 times and the microwave frequency scanned.
After each scan the microwave power was reduced by 10 dB and the scan range was
diminished around the center frequency. At visible line separation as shown in Fig-
ure 17 the Rabi frequency for the next iteration was cross calibrated on one of the
centers with existing data for a single ion. For a Rabi time of 150 ms the Zeeman
sublevels of both ions were clearly separated with a peak-to-peak distance of down
to 70Hz, depending on the trap depth and the first minimum of the sinc? function

overlapping. By calibration of the ion spacing on the EMCCD and known secular
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frequency w,, a field gradient of 1 nT/(10 um) was found along the trap axis for the

stored magnetic field at that time [73]. Some examples are shown in Figure 18.
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Figure 18: Rabi spectroscopy of two simultaneously stored ions with separations estimated
from ion positions on the camera (a) 50 pm and (b) 26 pm. The corresponding

Rabi times were (a) 1.5ms and (b) 150 ms.

4.4 CONCLUSION

In this chapter, the magnetic field properties of the CryPTEx-SC superconducting
ion trap were extracted by applying Rabi and Ramsey schemes. As expected from the
diamagnetic behavior of superconductors, the magnetic field induced at the phase
transition was stored and exhibits a lifetime of about 300 years [73]. Similar features
were estimated for nearly perfect superconducting coils [107]. Since the decay is as-
sumed to be dominated by surface resistance, this mean lifetime could be increased
if the resonator is operated at lower temperatures. A lower operating temperature
would also be beneficial for RF operation of the superconducting quadrupole, as
the radial secular frequency is currently limited to about 700 kHz for beryllium ions.
While it is still possible to apply anti-Stokes Raman schemes for cooling the ions close
to their motional ground state [93], which is a crucial condition for quantum logic
spectroscopy, higher secular frequencies are generally more advantageous. Higher
frequencies result in stronger confinement, and thus increasing the spacing of the

quantum harmonic oscillator states [77].

For this, the resonator’s loaded quality factor needs to increase. It was shown that
the unloaded quality factor of the resonator depends on the surrounding magnetic

field during transiting through the phase transition at cooldown [ 73]. This effect was
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relatively small, on the order of a few percent. Since the magnetic field coils around
the trap chamber are comparatively close to the resonator the produced magnetic
field is not homogeneous over the entire volume of the resonator and a substan-
tial residual field could have remained, such that the maximum unloaded quality
factor might increase with optimized field compensation. A residual magnetic field
induces fluxes in volumes containing impurities. Due to the induced RF field, the
pinned fluxes experience a Lorentz force and dissipate localized heat, thus decreas-
ing Qp [110]. Shielding could be achieved by using high permeability materials, such
as permalloy. However, since a null field leads to the quantization axis degeneration

of the ions, that option must be rejected.

The redesign of the floating ground in Section 3.3.2 could substantially decrease the
thermal resistance and further reduce the operating temperature at similar trap pa-
rameters. In combination with an decreased radiative heat load due to the additional
copper shields, this solution might become suitable for reaching higher secular fre-

quencies.

Furthermore, the resonator might have formed niobium-hydrides over time due
to exposure to air during maintenance works or by chemically reacting with the
hydrides inside the bulk materials during slow cooldowns. These impurities cause
flux pinning as discussed in the paragraph before. The contamination is reversible,
by baking the resonator under vacuum at 900°C for several hours [111]. In the same
step, after gas out, the resonator can be doped with nitrogen at low, such that a ref-

ormation of hydrides is prevented [112].

By applying Hahn-Spin-Echo schemes a RMS magnetic field noise of 3.5(2)pT was
determined [73]. This value was achieved with passive shielding only and was about
a factor hundred better than a comparable trap environment [97] with active field
noise suppression, and similar to an experiment with static permanent magnets and

active residual field noise compensation [109].

Lastly a technique was presented to access single ion qubits by applying weak, 150 ms
long m-pulses of microwave radiation, decreasing the Fourier limited linewidth to
about 5 Hz. With this technique the magnetic field gradient at that time was deter-
mined to be 1 nT/(10 pm). Each of the three coil pairs were connected in series to one
power supply, such that this was expected. By using six independent power supplies,
the magnetic field can be optimized for a maximum homogeneity in the trap center.

For that, the presented technique is suitable, since it allows not only to increase the
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Rabi-time by another factor of three, but also to decrease the DC harmonic potential

and separate the ions further if required.






5 A CRYOGENIC LENSSYSTEM FOR
IMAGING OF BERYLLIUM IONS

State detection of stored ions or atoms is usually achieved by the collection and re-
focusing of their emitted photons with an optical system onto a charged coupled
device or a photo-multiplier tube. In order to maximize photon count rates and re-
duce aberration contributions, high numerical apertures at short working distances
are preferred in most applications [113,114]. With the latest surface electrode-based
systems, even integrated fiber optics or electrodes embedded in the optical surface
have been used with only a few millimeter distance to the ions [115] to reduce the
trap footprint. Even more advanced are on chip superconducting circuits, acting as
photon detector [116-118]. Here, biased nano-wires are locally heated by absorbed
photons inducing an increased resistance in the material. The number of counted
photons is then a function of the bias current leading to quantum efficiencies close
to unity [119,120].

If the ion or atom trap is in operation at room temperature, a view port can be posi-
tioned right next to it. This increases the alignment flexibility of the optics [121-123]
and keeps the working distance small in a range of (20 —40) mm. For the latest gener-
ation of RF ion traps operating in a cryogenic environment, such a view port is not
suitable as it increases the black body radiation to which the cryostat is exposed. To
overcome this limit, either aspheric [78,124-127], bi-aspheric lenses [97] or reflec-
tive objectives [57,128] have been designed to be mounted on up to three-axis piezo
stages in vacuum at room temperature or inside a cryostat. With the newest tech-
niques in the ion quantum computing community involving multiple ion species,

even multi chromatic refractive systems have entered the stage [123,129].

In particular for cryogenic lenses, thermal effects are not only influencing the design
choices of the optical systems, but also their surroundings. Differential thermal ex-
pansion coefficients can lead to fatal impacts on a lens. While in the best case, only
aberrations occur in the image plane, optical elements tend to break under high,
Hertzian contact stresses. Thus, for the optical element mounts, the same diligence
needs to be taken as for the optical design. Not only, but mostly in the astronomy
community, many approaches have been discussed involving materials with match-
ing or compensating thermal expansion coefficients [130], optimized support sur-
faces [131], feathered- [132,133], flexure- [132], adhesive mounts [ 134] or combina-
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tions of them [135-139].

In the following chapter, a cryogenic lens system is designed for the new VAUQSI
experiment and focuses on maximizing the solid angle to the geometrically limited
parameters. In contrast to the CryPTEx-SC experiment, all lenses in vacuum are cus-
tom made to increase the optical performance. Furthermore a system in the labo-
ratory environment is presented, which allows for different detectors in individual

extensions to meet their resolution limit.

5.0.1 Requirements on the VAUQSI optical system

In the cryogenic Paul trap experiment with a superconducting resonator, the limi-
tations of the lens system are primarily determined by the experimental geometry
and the choice of ion species. Due to the shape of the trap electrodes, a maximum
numerical aperture of NA = 0.4 can be achieved [72]. Furthermore, the dimen-
sions of the resonator housing result in a minimum working distance of 60 mm to
avoid compromising the superconducting environment. As the working distance in-
creases, the dimensions of the lens and cell also rise to diameters larger than 60 mm
for the first elements. To maintain space for thermal connections, diagnostics, and
wires around the resonator, the maximum diameter of the setup is limited to 100 mm.
The design wavelength, A = 313nm, corresponds to the 151/2 o 2P3/2 transition of
beryllium ions. This species is well suited for use as a logic ion in quantum com-
puting experiments, as it allows for easily accessible qubits [140-142] and enables
high-precision spectroscopy of highly charged ions [70,71]. This naturally limits the
number of available substrate materials, as the cutoff wavelength of most commer-
cially available glasses is between 420 nm and 370 nm. These absorption bands are
directly linked to the dispersion of a material, which is particularly related to the

bandgap transitions and ionization energies within a lattice.

For a lens in a vacuum, the depth of field is solely related to the wavelength and

numerical aperture [143] and is given by:

A-V1-NA?
2NA?2

resulting in DOF = 1.8 pm. Thus, for optimal performance, the system must be

DOF = + (40)

aligned with the ions. The largest objects to be observed with the system are Coulomb
crystals measuring 500 pm, which are prepared to re-trap injected highly charged
ions [58].

One of the stringent requirements for implementing the optical system was to mini-
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mize the increase in thermal input at the 4 K stage due to 300 K blackbody radiation.
For the cryogenic system of CryPTEx-SC, radiative heat loads on the order of 2.7 mW
have been estimated for the 4 K heat shields [90]. On the other hand, the lid mounted
on top of the 40K stage absorbs about 1 W. By adding a thin circular pinhole on the
40K stage, surface reflections from an otherwise mounted tube can be neglected,
which may otherwise significantly increase the transmitted radiative power in long

pipes with the room temperature in the line of sight [144].

In the existing CryPTEx-SC experiment, the realization of the system was achieved
by separating both temperature stages of the lens system: The 4 K and 40 K lenses are
not mechanically coupled, increasing the degrees of freedom during maintenance.
Both temperature stages must be carefully aligned each time the 40 K stage is disas-
sembled and the resonator is moved. While the 4 K and 40 K stages can be referenced
to each other, for example with an autocollimator, there is no reference to the trap
center. Only after cooldown does the ion point spread function provide direct feed-
back on whether the blind alignment was successful. Examples of ion images after

two maintenance sessions are shown in Figure 19.

Therefore, in the new system, both stages will be mechanically connected to main-
tain the adjusted positions. This requires a wise choice of materials to minimize heat
transfer and maximize the precision of alignment. As a solution, a PEEK holder, pre-
sented in Section 5.4.3, was developed. Since the VAUQSI experiment and CryPTEx-
SC have identical trap chambers, it is advantageous to retain the dimensions of the
intermediate focus and the radii of the top parts of the shields. Consequently, a ma-
nipulator for the entire lens stack has been designed, which can be mounted on the
4 K stages of both experiments. This manipulator is described in Section 5.4.4. Since
the resonator is floating on an electric potential, mounting the lens system on the
4K shield requires sufficient insulation from the floating potential to ground. This
is achieved by maintaining a distance between the two, allowing for better pumping
of the resonator volume, thus improving the quality of its partial pressure. However,
one drawback is the increased likelihood of compromising the resonator’s Q-factor
due to contamination from dust or other macroscopic particles. Therefore, the gap
is shielded by a Teflon cylinder. In the following sections, the development process
is outlined, and the rationale behind the final set of lens parameters is discussed and

optimized.
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(a) (b)

Figure 19: Projection of a single ion on the EMCCD (a) before and (b) after maintenance
of the CryPTEx-SC superconducting resonator. Lack of mechanical coupling be-
tween the two parts of this optical system and limited possibilities of testing dur-

ing assembly increases the likelihood of aberrations from misalignment.

5.0.2 Ultraviolet substrates

For wavelengths below 350nm only a few substrates feature transmission efficien-
cies > 90%, since the photons obtain energies that excite the electronic band gaps
of nearly all molecules. Most used for spherically shaped surfaces are ultraviolet
grade fused silica, and diverse fluorides-, like calcium-, magnesium- or lithium flu-
oride, sapphire, while for thin elements barium fluoride or magnesium oxide are
options as well. The crystalline substrates however, often introduce strong birefrin-
gence. Due to the similar refraction indices of the first materials mentioned, the chro-
matic bandwidth is limited to a small range. Investigations into the application of
germanium-dioxide as glass were performed. to introduce a thick glass with higher
dispersion [145], but seem very limited in use. For cryogenic operation, in particular
the first two, SiO, and CaF, are well characterized and were considered for example

for the CryPTex-SC optical system.

DIScLAIMER  Inthis thesis, for modeling reasons of fused silica, the substrate C79-
80 of the company Corning was used and is frequently mentioned. This is not an ad-

vertisement for this glass or company. There are many other manufacturers of this

glass type.

Furthermore, as reference wavelength 313nm was used. By moving through the
nominal simulated focus, it can be shifted to 313.1 nm without introducing signif-

icant aberrations.
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optical elements

modulated wavefront

é My
Figure 20: Illustration of both worlds, rays and wavefronts, modulated by optical elements.

All simulations and optimizations were performed with the commercially available

Software Zemax Opticstudio.

5.1 IMAGING OF IONS

In optics simulations, light propagation is described by means of rays. The tangent
of such a ray is always co-linear to the photon wave vector. For a pararaxial system
with small angles, we can approximate sin(0) = 0, tan(6 = 0) and cos 0 = 1. Thus,
one can describe the propagation of a ray passing an optical surface by:

n| —np

ny -0 =n0+y R

(41)

Here, n; and n, are the refraction indices of the initial and final medium, y is the
entrance height, 0 is the angle with respect to the optical axis and R the radius of
curvature of the element. The equation can be rewritten in a matrix formalism, with a
ray s and a surface element M; as sketched in A.1. This is however, even in the parax-
ial approximation, not the full picture of a lens system, and raises different errors
when a ray is propagated through many surfaces. For example, the inception point
ateach element is a flat plane, not a curved surface. Thus, in common algorithms, ray
tracing is usually performed by applying the full Snell law and calculating each in-
tersection point. Still, more general, all methods try to minimize a system of surfaces

which is of the form

[r?ut] — ﬁ Mi [:1n) _ Atot Tin + Btot riln (42)
i=N

Tout in Ctot Tin + D tot riln

Here, still in two dimensions, r denoted the height of a ray to the optical axis at
the optical axis location z and v’ = dr/dz. To form an image, the system needs to be
optimized, that By,; = 0. For both, spherical and free form systems, analytical solu-

tions are well known [143] and can be transferred to off-axis elements.
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A more sophisticated way of describing an optical system for physicists, is a descrip-
tion of the light path through the optical system between two points r;,, = (xq, Yo, 29)
and 7,,; = (x1,Y1,21) by applying Fermat’s law and following [146]:

V(xO/yO;xllyl;ZOlzl) = fL(x/y/x/y)dZ (43)

L=n2+i2+1 (44)

where ¥ = dx/dz and § = Jdy/dz is equivalent to the expression before. With the

with the Lagrangian

operators

A d A A D
pr= i = by = _lZB_y and H = oy (45)

one retrieves after some steps the Helmholtz equation describing a wave propaga-

A

tion through space

A

Z L2 - 2
2t a9 )]u AU + n?ioU (46)

where U is denoted as the amplitude in the image space, equivalent to an electric
field. For a wave passing through a pupil, the modulation in the image plane can be
described by [146]

1\% . 2n A )
U(T’, 9) — (X) o~ ik(px+qy) L f ) eiko-NATp cos(6—¢)p/dp/d¢ (47>
p:

where p. and g, are rays pointing from the object to the pupil center, often referred

to as chief rays. For a circular aperture, one finds after evaluating the integral:

U(r) = %]1 (27‘(1’NTA) (48)

where [;(x) is the Bessel function. The intensity distribution in the image plane is
then given by [146]

2
]1(271w)) (49)

Ipgp = ( p—
where w = rNA/A. This intensity function is often referred to as point-spread func-
tion PSF, which can however be modulated by imperfections of the imaging system.
Often used as reference to quantify energy dissipation, by integrating the intensity
profile along r yields the encircled energy E;..(r) = 27 Lr I(r) rdr . In the ideal imag-
ing condition, the well known Abbe criterion is retrieved in the first minimum of the

so called Airy disk in Function 49

r, =122 A (50)
o7 TTTONA
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For this spot, the encircled energy is E . (70)/Ecirc(fmax) = 83.6%. By assuming a gen-
eral amplitude A(p,q) and pupil P(p,q) function we can furthermore estimate the

impact of imperfections in the imaging path

2
1 ; .
e =(3) e [ [ ag.op ) iy 1)
p1¥qm

By Taylor expansion of the phase and normalizing the resulting intensity term, one
finds
I,(0) % 1+ kKZW?2 — kKZW2 = 1 — K3(AW)? (52)

This intensity distribution is called Strehl condition. AW is denoted as the root-mean-
square deviation of the passing wavefront W. If the RMS wavefront error is increas-
ing, the energy dissipates along r, resulting in a loss in contrast. At low intensities,
where only (10 — 20) photons are detected, large RMS values thus can diminish the
signal-to-noise ratio, that in worst case no signal can be retrieved. By applying the
Maréchal criterion, the maximum wave-front error allowed is
RMS(W) = AW < % (53)
A description of the wave-front error can be achieved by expanding the polynomial
into a power series
Wo, Yorprd1) = D5 A X5 Y0 P 41 (54)
nm k]
with an order term O = n + m + k + I. Often, even powers are related to design er-
rors contributed by the radial wavefront error induced by spherical surfaces, and
odd numbers are referred to fabrication errors in the optical system, such as tilts
and decentration [146]. The wavefront has usually non-linear properties if the ref-
erence point is far from the imaging axis. Thus, it should be evaluated at different
field heights. In rotationally symmetric geometries without central obscuration, an

often used set of functions are the Zernike polynomials, which are circular and or-

thogonal.
m=0
W(xo; p,9) = Y, Coum(x0)RI(p)e™?
S g © n (55)
= 30 Ana(RE(p) cos(md) + Y, D Al (xo)RE(p) sin(mep)
n=0 m=0 n=0m=0

where m > 0, n > |m|, (n — |m|) mod 2 = 0 and n,m € Z. For the radial part, the

polynomials are given by
(n )2 (n—s)!
Ri(p)= ) (-1 —mm

n-m
s=0 S'( P —S)!(T—S)!

Zernike polynomials are widely used to quantify the wavefront error of optics sys-

pn—Zs . ( 56)

tems by fitting them to experimentally retrieved wavefronts. Other polynomials exist
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if faster algorithms are required, for example in adaptive optics experiments where
a kilohertz response frequency is required [147, 148]. Furthermore, abbreviations
and generalization that account for example for obscuration or other pupil shapes

do exist [146,149]. By calculating the ninth Zernike term, one finds
Zg = co(6p* — 6p% +1) (57)

This term is referred to as fourth order spherical aberrations and in longitudinal
direction they scale [146]

1-p2dW 2
_ NI-pPow el

= =-24./1-
ip) pNA?2 Jdp p NA2

9 (58)

The behavior is shown in Figure 21a. To address spherical aberrations, one can op-
timize for either multiple lenses or modification of the surface shape of the current
lens. Incorporating aspheric parameters into the system enables compensation for
spherical aberrations up to the nth order. A prevalent representation of an aspheric
lens surface profile frequently adopts the form of a superimposed Taylor expansion

in z: )
»

R(l+mg

Within this equation, « describes the conic constant and «; define the radial surface

z(r) =

n
) + Z ;i 12 (59)
=2

deviations at given orders. The aspheric lens shape z = a]-rj can be scaled (z,y) —
(mz, my) by utilizing b; = a;/ mi~1 with scaling factor m. In Figure 21c, the spherical
lens with diameter D and center thickness t = D/3, was modified for A = 313nm,
n = 1.48441, aperture f/1.25 and a backfocal distance of f, = D. In comparison to the
spherical lens, the radius of curvature slightly changed, this is probably due to the

second term in the fourth order spherical aberrations (Equation 57).

While spherical errors in the wavefront are compensated by optimized aspheric sur-
faces, other wavefront errors are introduced, due to the asymmetric profile for rays
starting at of-axis objects. One example is given in Figure 22, where coma is intro-
duced by focusing an off-axis beam. Only by introducing a second aspheric surface

most mentioned aberrations can be compensated [146].

5.2 CRYOGENIC IMAGING SYSTEMS

Due to the vast number of publications on ion trap experiments, by now many con-
cepts had been developed, most for systems at room temperature. On the lower side
of the temperature, in particular for space mission, cryogenic optics with ultra-stable

mounts were developed over the last decades. In this section, a variety of solutions
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Figure 21: (a) Plano-convex lens with diffraction coefficient n = 1.48441, diameter d =
60 mm, curvature ¢ = 1/35mm at wavelength A = 313nm, aperture NA= 0.4
and back focal length f = 60 mm. One can clearly see the induced spherical aber-
rations around the focus. (b) Zoom in the focus region of image (a). (c¢) Opti-
mized lens with parameters from (a). The surface shape is now corresponding
to 59. For that, the curvature was modified to ¢ = 1/35.591 mm and a conic con-
stant ¥ = —0.31971 was introduced as well as even aspheric coefficients up to the
eighth order. (d) Focus region of the lens shown in (c). in comparison to the
plano-convex lens, the light is now evenly converging into much smaller spot.
Simulated with [150].
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Figure 22: (a)The same plano-aspheric lens as shown in Figure 21c, but with an angle of

the incoming plane light wave. Simulated with [150]

Table 3: Boundaries of the cryogenic Paul trap experiment.

Primary wavelength 313nm
Working distance < 60mm
Magnification ~ 30x
Object space NA 0.4
Object field of view diameter | 500 pm

for cryogenic imaging objectives based on the geometry requirements of the res-
onator and trap chamber are presented and discussed. First, achromatic systems will
be addressed. Second, monochromatic objectives are introduced. Third, the VAUQSI
experiment solution is presented which purely relies on a set of lenses inside the
cryogenic environment. All systems were optimized for the following conditions as

shown in Table 3.

5.2.1  On the thermal expansion of materials

In the literature, the volumetric coefficient of expansion or contraction of a material

as a function of temperature is given by:

1 (dv 60
av—v(ﬁ)P (60)

For most materials vy is positive, indicating that, under constant pressure, an in-
crease in temperature leads to an increase in body volume. Since most solid materials
are nearly incompressible, in first order a linear coefficient of expansion is commonly
defined:
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Table 4: Thermal expansion integrals of technical materials for cryogenic temperatures from
293 K and coefficient at room temperature of relevant materials. The values have to

be multiplied by a factor 107. If not marked otherwise, taken from [91]

Material -AL/L -AL/L -AL/L -AL/L -AL/L -AL/L -AL/L a
4K 40K 80K 100K 150K 200K 250K 293K
Al 414 41.2 39.0 36.0 294 20.1 9.6 18.5
Cu 32.6 32.3 30.2 28.3 221 14.9 7.1 16.65
Nb 14.3 14.1 12.9 12.1 9.3 6.3 3.0 7.1
Si 2.2 2.2 2.3 24 24 1.9 1.0 2.56
Ti 15.1 15.0 14.2 13.4 10.7 7.3 3.5 8.6

Al12024 [151]  39.6 39.4 37.2 35.1 27.8 19.0 9.0 21.2
A15083 [151] 415 41.3 39.0 36.8 294 20.1 9.7 22.8
brass (65/35) 38.4 38.0 35.0 32.6 25.3 16.9 8.0 19.0
brass(70/30) 36.9 36.6 33.7 31.3 245 16.3 7.5 18

Feg,Nis 45 48 48 45 3.0 2.0 0.9 1
FesNiy, 5.4 5.4 52 49 3.9 25 13 02
SS.304/306 297 296 278 260 203 138 66 158
Ti-6Al-4V 173 171 162 154 118 7.8 3.6 8

sapphire(||) 7.15 7.15 7.05 6.9 6.1 4.5 2.3 5.80
sapphire( 1) 6.05 6.05 5.95 5.85 5.2 3.9 2.0 5.06
silica [152] -0.51  -0.31 -0.004 0.13 0.3 0.31 0.2 0.03
CaF, [153] 30.8 30.7 29.6 28.4 233 16.2 1.3 18.5

_1dL
T rar
In many common metals AL/L = a (T) - AT is linearly dependent on T around 300 K

(61)

and at low temperatures proportional to T%. In Table 4 the thermal expansion inte-

grals of important materials are listed.

By incorporating 186 mm long stainless steel spokes with a diameter of 2 mm as
used in CryPTEx-SC, which mechanically connect two cylindrically shaped cryo-
genic stages operating at 40K and 4K in a radial arrangement, we can estimate a
length reduction of approximately 0.55 mm when cooling from room temperature
to operational conditions. At first glance, the stress on the spokes appears to increase
due to this reduced length. However, it is important to note that the frames of both
heat shields are constructed from copper, which experiences a shrinkage of about
—AL = 0.61 mm. This shrinking results in a decrease in tension on the spokes during

the cooldown process. Although the changes in force for this example are relatively
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small - on the order of about one newton - more sensitive components in a cryogenic
setup may experience performance degradation or even damage if thermal expan-

sion properties are not adequately accounted for.

One such sensitive element is glass. For example, consider a 66 mm diameter fused
silica lens with a convex radius of 248 mm and an edge thickness of 5 mm, mounted
in an aluminum barrel (Al 5083). To ensure precise alignment and keep the maxi-
mum offset from the optical axis to less than 120 arcsec, the inner barrel diameter
must be toleranced to 66.05mm [154]. Upon cooling this setup down to 4K, the alu-
minum barrel will contract by approximately 0.275 mm, thereby applying a radial

pressure given by p = Ar - E - (r, — 1,)/(r;) = 0.69 MPa on the lens. Here

A 1

E =

(1-%) + (1-v%s)
Eal Epg

(62)

where E; and v; denote the Young’s modulus and Poisson’s ratios of each material,
respectively. While the resulting stress is a small fraction of the fracture limit, it can
induce bending of the lens on the order of ten microns, potentially leading to signif-

icant optical aberrations.

Not all materials shrink when cooled down. In particular fused-silica expands be-
low 200 K. Other materials, like some titanium or nickel alloys do obtain a nega-
tive thermal expansion coefficient in one spacial direction, while shrinking in the
other [155]. Thus, by utilizing this axis and optimizing for the required dimensions,
the material can compensate the shrinking of standard materials [156]. On the other
side, for thermal connections where constant pressure contacts are required, wash-

ers can improve performances.

Besides thermal expansion, of course physical quantities like stiffness, thermal and
electrical conductivity, heat capacity, diffraction behavior do depend on the micro-
scopic characteristics of each material. Furthermore, manufacturing characteristics,
impurities, aging, follow-up treatments change the material behavior. An in depth

discussion is given for example in [91,157,158].

In this thesis, the focus was pointed on fused silica as lens substrate. Fortunately,
over the last decades many measurement results had been published on fused sil-
ica/quartz [152,159,160]. By considering not only the expansion integral from 300 K
to 4K, but also the function of each substrate and comparing it to their respective
mounting materials, one in addition avoids stress peaks, which might become fatal

during cooldown/warm up cycles.
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Figure 23: Fused silica linear expansion coefficients (solid line) and integrated thermal
expansion (dashed line) for low temperatures. The empiric model was taken
from [152]. In addition the linear thermal coefficients of similar materials are
plotted [159,160].

FUSED siLicA  Fused silica does obtain a negative expansion coefficient below
160 K. Okaji et al. measured vitreous silica reference glass from 273 K down to 6K
[152]. The compiled plots from their work are shown in Figure 23.Their fitted linear

temperature coefficient formula is given by:

exp(b/T)
(exp(/T) +1)?

exp(e/T)
(exp(e/T) —1)2

with a = —4.22, b = 355, c = 0.335, d = 1.253 and e = 5.35 [152]. In addition, lin-

ear expansion coefficients of similar materials are plotted for comparison [159,160].

a(MK? =|a-@T) +d- (e/T)? 1107 (63)

One easily recognizes offsets between the materials. This is a well known feature
due to the manufacturing processes of the glasses [161]. The reference glass of [ 152]
was referred as a Type-I fused quartz, which was molten from a crystal in an elec-
tric furnace, while the glasses from [159] were synthetically manufactured fused
silica. An extended discussion on thermal expansion coefficients for different types
of silica and their data interpretation is given in [162]. A change in volume does
have an impact on the surface shapes of each lens. Precision quality lenses are tol-
eranced Ad = +0.05 mm in diameter and the radius of curvature Ar/r = £0.05%. As
a consequence, a system aiming for optimized imaging performance is required to
be aligned for operation conditions at room temperature, if the thermal expansion
integral is not negligible. In CryPTEx-SC, the lens objective consisted of UVFS as
well as CaF, lenses. Let’s do a thought experiment on the influence on the thermally
induced error: A plano convex CaF, lens with 63.5 mm diameter, 13.7 mm thickness
and 44 mm curvature radius is cooled down from room temperature to 4 K. Given
the substrate CaF, which holds an integrated length change of (Lygsx — Lyx)/L =
0.308%, this is a factor five larger, than the tolerated error on the surface curvature

and in the order of magnitude of the thickness manufacturing error.
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5.2.2 Temperature dependent refractive indices

In the case of fused silica, at 20 °C the dispersion relation is given by [163]

21 0.696166312 . 0.407942612 . 0.8974794)2 (64)
© A2-(0.0684043)2 A2 — (0.1162414)2 A2 — (9.896161)2

N
|

This equation is the standard for most optics design applications. For strongly ab-
breviating temperatures and optical systems with high numerical aperture or long
light paths, an error in the design is induced, which possibly decreases the imag-
ing quality by shifting the focus and increasing dispersion dependent aberrations.
To overcome this limit and provide accurate data for cryogenic optical instruments,
a variety of experiments were presented in the past, including etalons [162, 164],
Fizeau interferometers and refractometers [165], reaching measurement uncertain-
ties of 6n/n = 2 X 107%. In the presence of large temperature changes, the dispersion

relation can be described by:

g b
i=
with the coefficients A
B/(T) = 20 B;- T/ (66)
and .
A(T) = Zg A T (67)

Refractive indices for fused silica were experimentally retrieved by Leviton et al. for
temperatures down to 30K and in a wavelength range from 400 nm to 2.6 um [165].
Outside the given range, the fitted model, however, features large gradients, in par-
ticular around 340 nm a in the refractive index of = 3 % is present. As a second model,
data from Matsuoka et al. [166] was compared with the first mentioned. That one
only contained temperature coefficients up to T2. However it obtained a continuous
behavior over the full temperature and yield a refractive index of n,x = 1.483055

and ngok = 1.48310 for fused silica at 313 nm, compared to n3p9x = 1.4844.

5.2.3 Cryogenic lens mounts

As previously discussed, differential thermal expansion is one of the most threaten-
ing features in low temperature optics assemblies, since it mostly limits the achiev-
able alignment strategies and can reduce the imaging quality tremendously, if the
substrate geometry changes due to stress. An intuitive way to counteract stress in-
duced by mounts on substrates is a matching thermal expansion coefficient for the

lens cell material. For CaF2, copper or beryllium-copper are good candidates. On
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the other hand, for fused silica substrates, iron-nickel alloys do obtain the lowest
available expansion integrals. In particular systems with only two elements can be

optically connected to mounting parts of the same material [167].

For matching integrals and similar thermal expansion coefficients over the full tem-
perature cycle, conventional mounts with sharp corners or tangent/spherical contact
seats and preloads applied by retaining rings are suitable if the torque is controlled.
By replacing the ring with a spring element, the induced tension can be further re-

duced during cooldown.

5.3 REFLECTIVE SYSTEMS FOR IMAGING MULTIPLE ION SPECIES

In this section, a set of solutions for imaging at long working distances are presented
with a focus on reflective systems. These are of interest, since they offer achromatic
properties. In the ion trapping community, an increasing number of groups inves-
tigate on frequency standards based on multiple ions being axially aligned and in-
terrogated in a single trap. For such arrangements, a single cooling/readout ion is
insufficient since their respective coupling decreases. Thus larger values for the field-

of-view are required.

For reflective surfaces, aluminum broadband coatings down to UV-wavelengths are
available, covering a reflectivity of about 85% per surface. Some groups have re-
ported to add a layer of silicon on top to prevent a degradation of the aluminum
[168]. On the other hand, anti-reflective magnesium fluoride coatings cover the trans-

mitting surfaces and only reflect about 0.6% in the UV.

Achromatic refractive systems: Schwarzschild mirrors

The simplest analytical solution for an achromatic, high NA system is an objective
with two confocal, reflecting surfaces. Such a purely spherical mirror-set had been
calculated and optimized for third order aberrations by Karl Schwarzschild in 1905
[169] and was utilized for soft x-ray fusion research, bio-sciences and laboratory
astrophysics in the past [170,171]. In the optical regime, an application for cryogenic
ion traps was reported multiple times as well [ 128,167,172]. In Figure 24 the required
geometric parameters for a Schwarzschild microscope with primary- and secondary

mirror as well as finite back-focus is shown. A working distance of s < 65mm is
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required to be able to place the secondary mirror substrate outside the RFQ. The

classic, aplanatic Schwarzschild condition for a confocal system is given by [170]:

R—2:1.5—Z—Oi 1.25—Z—O (68)
with Zg = S - R, representing the distance between focus of both mirrors and the
object. Furthermore, one easily finds the mirror distanced = Ry =R, and Z = Z;, - R,
between the image plane and primary mirror. With theses parameters, one finds the
optics dimensions in length and dependence on the working distance. In Table 5 the
final values for a refractive imaging system with 30x magnification are presented.
Further discussions on optimization of such a system is presented in [173]. The im-
age is formed about z = 780 mm behind the primary mirror. Due to the secondary
mirror dimensions, about 28% of the emitted light is cut off due to obscuration, ex-
cluding the mounting arm portions. The obscuration naturally decreases the mod-
ulation of the optical transfer function in the mid-frequency regime and transfers
the energy in the image plane out of the central maximum onto the first and second
rings of the airy disk. Furthermore obscuration induces aberrations like astigma-
tism. Thus, 80% of the light is encircled on a plane of 100pm on the camera. Due
to the reflective surface, a constant RMS spot size of 16 um could be achieved on a
250 pm field height, which is just at the diffraction limited spot size of 14 pm. Due to
the transfer of energy into the first and second airy ring, the Strehl ratio of the PSF
extracted by wave propagation through the optical system particularly drops for off-
axis sources to = 0.65 at Be* wavelength adding the necessity for enhanced align-
ment methods on all three axises. Furthermore, both mirrors are ideally required
to be precisely pre-aligned with an interferometer and optically connected [167]. A
lithium-aluminosilicate glass-ceramic substrate like Zerodur obtains a expansion in-
tegral AL/L = 7.1 -107° [174] from 300K to 4K. Thus the distance between both
mirrors needs to be adjusted for cryogenic operating temperatures with a tight toler-
ance of a micron or a set of piezo crystals for realization of an equidistant positioning
between 300K an 4 K. To reach the nominal specifications, the peak-to valley wave-
front error of both surfaces needs to be smaller than Wp_y = A/4 = 78 nm, thus the
error budget of each surface is Wp_y/4/(2). To mount the secondary mirror, either
multiple arms or a single piece of fused silica can be used. Both naturally introduce

obscuration and modulate the incoming light wavefront.

Catadioptric systems

To simplifiy the mounting procedure of the secondary Mirror in a Schwarzschild-
like configuration, it is possible to exchange the secondary mirror with a lens that

has an outer transmitting and inner reflecting surface. For high NA, such a system
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Figure 24: Schematic overview of an Schwarzschild-type reflective objective with working
distance s and backfocus z. The spacing between both surfaces is given by d. If

the system is called confocal, the center points of the curvatures overlap.

Table 5: Parameters for a co-radial Schwarzschild-type imaging system with NA=0.4,
65.0mm working distance and 30x magnification at an obscuration of 27%.
126.84 mm are separating the primary mirror and object. The elements can be man-
ufactured of UVFS or any low thermal expansion material like Zerodur. Both sur-
faces are spherical and the system is fully achromatic with a maximum geometric

spot diameter of 47.42 pm at 250 pm field height

Element Surface Radius/mm Thickness/mm Diameter /mm

S1 1 (r) -97.645 -61.843 102
S2 2 (r) -35.802 841.08 25
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Figure 25: (a,b) simulated point spread functions for Be* at 313 nm wavelength on-axis (a)
and at a field height of 250 pm (b). (c,d) The same for Ca* at 397 nm. (e) RMS
spot size diagram over the wavelength range (290 — 440)nm. The blue line indi-
cates the on-axis field. Due to the usage of only reflective elements, the spot size
stays constant over the full spectrum. If the optimized wavelengths spread fur-
ther, they bandwidth of the shorter wavelength decreases. (f) Modulation trans-

fer function in the focus for Be* at different fields.
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can only optimized for a single wavelength; however, in particular for telescopes,
third order aberrations can be corrected over the full optical spectral range [175].
Additionally, by incorporating meniscus lenses of different substrates, like CaF, or
GeO,, as correction elements, it was shown, that achromatic deep ultraviolet sys-
tems can achieve a higher spectral bandwidth [176]. For Be* and Mg* detection, a

composite system has been reported to perform at the diffraction limit [129].

One drawback of a system containing CaF, is its high thermal expansion integral
from 300K to 4K, which induces changes in curvature and consequently shifts the
spectral bandwidth of the system. Thus, this work focuses on a system with a single
substrate material, UVFS (Si0O, ). Correction for spherical and chromatic aberration
can be achieved by utilizing two Mangin mirrors [177,178]. In this configuration, the
light first enters a concave substrate and is then reflected back. A schematic overview

of this configuration is shown in Figure 26.

In this work, the concept presented by Webb is extended to provide an optimized
focus for a pair of wavelengths, 313 nm and 397 nm, corresponding to Be™ and Ca*
. This pair was chosen arbitrarily but resulted in a diffraction-limited spectrum be-
tween the two desired wavelengths. As the wavelength spacing increases, particu-
larly into the deeper ultraviolet regime, the bandwidth of the lower wavelength de-
creases dramatically, while for higher wavelengths, it stays constant. How ever, the
minimum spot size asymptotically approaches the upper bound of the diffraction
limit. Furthermore, the performance also rapidly decreases in the spectrum between
the design wavelengths. To compensate for this or to achieve higher NA values, one
or more lenses can be added between the Mangin mirrors [176]. An example for
a NA= 0.4 system is given in the Appendix A.6, for a wavelength pair 230 nm and
369.5 nm, corresponding to the cooling transition of indium and ytterbium ions, re-

spectively.

Table 6 presents the resulting surface parameters. Due to the conical shape of the
second mirror surface R5, the obscuration of the system is reduced, resulting in a
theoretical transmission of 87.5%. Consequently, the calculated modulation transfer
function, shown in Figure 27 for the full field at a wavelength of 313 nm, more closely
follows the diffraction-limited cut-off behavior of 1/A for a simple circular aperture,
compared to the Schwarzschild objective. The nominal peak-to-valley error in the
focus is Wpy = A/10. Thus, the point spread function converges to an airy disk with
a Strehl ratio of 0.967 over the full 500 pm field of view.

With a footprint of about 75 mm in length and a maximum diameter of 100 mm for
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Table 6: Parameters for a catadioptric imaging system with NA=0.4, S = 61.462 mm work-
ing distance and 30x magnification. All elements are made of Corning 79-80 UVFS.
Only surface 9 does have a conic constant x = 0.554. The system is optimized for
two wavelengths, A; = 313nm and A, = 397 nm corresponding to Be* , Ca* , while

the spectrum between is projecting a diffraction limited spotsize as well, enabling

imaging of Yb* .

Element Surface Radius /mm Thickness /mm Diameter /mm
S1 3 (R1) -112.86 22.000 54.50
S1 4 (R2) -55.25 21.170 66.50
S2 5 (R3) -59.00 30.000 76.00
S2 6 (R4,r) -102.35 -72.070 100.00
S1 9 (R5,r,0) -25.34 596.086 18.00

the primary mirror 52, such a system would fit into the 4K stage. The lens geome-
tries were chosen such that the edge thicknesses are larger than 10 mm, allowing for
the application of adhesive bonding techniques, which result in simpler mounting
and alignment schemes as well as optimized thermal conduction. The beam leaving
the objective is 20 mm wide and reaches the focal plane at a distance of z = 596 mm
with respect to the objective. Since the numerical aperture of the back focus is ex-
tremely low, the impact of the vacuum window on chromatic aberrations can be
neglected. For the desired wavelength spectrum, standard wideband anti-reflection
coatings in combination with UV-enhanced aluminum reflection coatings can be
applied [168,179]. When comparing the Schwarzschild mirror to the catadioptric
design set, drawbacks regarding manufacturing tolerances in the latter become ap-
parent. Due to the shorter wavelength propagating inside the material, the reflective
surfaces are more sensitive to fabrication tolerances, as the allowed error scales with
the refractive index (1/n), resulting in required accuracies within a few 10nm for
one surface. This increases the cost for such a system and introduces complexities
in lens metrology. While spherical surfaces can be probed by interferometric mea-
surements at that precision, the conic surface, along with the whole assembly, could
be tested using a diffractive null lens element, as previously demonstrated for the
EUCLID satellite mission [180].

Achromatic Systems: Monolithic mirror on 4K

By reducing the number of substrates to a single element, a change of the alignment
during temperature cycles can be avoided and only the substrate itself needs to be
considered in simulations or calculations. A single component catadioptric system
can be utilized for light collection independent of the wavelength [168,179,181]. All

reported systems were designed to perform in cryogenic environments and at least
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Figure 26: Schematic of a catadioptric imaging system with two Mangin mirrors.

one set was reported to keep design properties at low temperatures for wavelengths
in the optical regime [168], while a second one showed astigmatic behavior after
thermalization by observing Be™ [97]. These designs obtain working distances of
2mm, 4 mm, 20.125mm and aim to fullfill the conditions of Burch [182] eliminating
third order spherical aberrations without the need of an aspheric surface. The ele-
ments obtain a numerical aperture up to NA= 0.55 . Their geometry is given equiva-
lently to a Schwarzschild objective for the following ratios of primary-mirror radius
R, , secondary mirror radius R, and focus length V5 +1 : ¥/5—1 : 1 for an infinity
corrected system. To achieve an achromatic design, the entry surface curvature Ry
is required to be equal the focal length Ry = f and, for an infinity corrected system,
ideally the exit surface needs to be flat, while a finite focus would require a radius
R; = f;. Thus, the photons emitted from any ion close to the optical axis pass always
perpendicular through the first surface of the substrate and exit with just a small de-
viation. This condition limits naturally the field of view. Further investigations into
these types of catadioptric systems showed, that for such geometries, sweet spots
exist in dependence of the numerical aperture and the wavelength [183]. Further-
more, it was pointed out, that a decentering of less than 30” between the reflective

surfaces is required to suppress astigmatism [183].

To realize a system with such requirements and including the geometric prereq-
uisites of the trap chamber, the working distance is increased to 64.923 mm at a
NA = 0.40. While the condition on using only spherical surfaces is sensible, since
they offer more sufficient manufacturing and metrology capabilities, it will intro-
duce large obscuration. To compensate for this, two measures were taken. First, the
reflecting surfaces became conic, second, the optimized field of view was reduced to

350 wm. This allowed for a transmission increase to 92.5% by limiting the maximum
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: (a,b) simulated point spread functions for Be* at 313 nm wavelength on-axis (a)
and at a field height of 250 um (b). (c,d) The same for Ca* at 397 nm. (e) RMS
spot size diagram over the wavelength range (290 — 440)nm. The blue line indi-
cates the on-axis field. For wavelengths between one observes a slight increase
due to chromatic aberrations. If the optimized wavelengths spread further, they
bandwidth of the shorter wavelength decreases. (f) Modulation transfer func-

tion in the focus for Be™' at different fields.
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Figure 28: Schematic of a monolithic, catadioptric imaging system. Similarly to a

Schwarzschild-type mirror system it has two reflective surfaces.

Table 7: Parameters for a catadioptric, monolithic imaging system with NA=04, S =
64.933 mm working distance and 30x magnification. All elements are made of Corn-
ing 79-80 UVFS. Both reflecting surfaces do obtain an conic constant xp = —0.139
and xg = —0.587 . Due to the entrance- and exit surface geometries, the spot size

asymptotically decreasing until reaching the minimum around A = 300 nm.

Element Surface Radius /mm Thickness /mm Diameter /mm

S1  3(T1) -64,537 42.00 70.00
S1 4 (Rlrc) -64.248 -40.00 92.00
S1 5 (R2xc) -12.00 38.50 15.00
S1 6 (T210) 00 38.546 15.00

surface diameter of the secondary mirror to 15 mm. Consequently, the central dis-
tance between entrance and first reflecting surface was increased to allow for radii
which can be manufactured. While conic surfaces usually introduce difficulties and
limit the tolerances, an NA = 0.99 system with conic secondary mirror was previ-

ously presented, showing a diffraction limited performance [184].

5.3.1  Monochromatic single lens on 4K

Following previous design studies [97], a single substrate with two aspheric sur-
faces was scaled up to the required working distance of 60 mm. In Table A.5, the
lens parameters for the original dimensions and design tolerances are shown. This
lens is optimized for light collection of Be* at a numerical aperture of NA = 0.45, a
working distance of 20 mm and a back-focus ratio of about1 : 5 resulting in a paraxial
magnification M = 3.8. One finds a diffraction limited 250 pm field-of-view, which

allows for loose mounting tolerances in radial direction. At the PTB, this optical ele-
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Figure 29: (a) simulated point spread functions for Be* at 313 nm wavelength (a) on-axis
and (b) at a field height of 250 pm . (c,d) The same for Ca* at 397 nm. (e) RMS
spot size diagram over the wavelength range (290 — 440)nm. The blue line indi-
cates the on-axis field. Due to the usage of only reflective elements, the spot size
stays constant over the full spectrum. If the optimized wavelengths spread fur-
ther, they bandwidth of the shorter wavelength decreases. (f) Modulation trans-

fer function in the focus for Be™ at different fields.



ment is just mounted to a z-axis piezo stage to compensate for a focus shift due to the
thermalization at 4K [97]. With the given tolerance parameters, the average on-axis
RMS spot radius for 10* Monte Carlo samples with an assumed normal distribution
for each of the given tolerance parameters is r = 5.15 um compared to an airy radius
of 1.6 pm. Now, the lens parameters are scaled up to a working distance of 60 mm
and the aperture is reduced to NA= 0.4 resulting in a nominal RMS spot size of
1.68 pm. Since only the Airy-radius is increased to 1.83 pm due to the reduces aper-
ture, the average RMS spot simulations are comparable and end up at 8.4 pm for the
same tolerances. This is expected, since the substrate now does obtain a thickness
of 32.4 mm increasing the offset from the optical axis for equal decentering angles

of the two surfaces. While this lens seems to perform exceptionally well and offers

Table 8: This is a list of surfaces and aspheric parameters (4;) for the upscaled PTB-type
bi-aspheric lens which was designed by [97]. Due to the experiment restrictions,
the numerical aperture was reduced to NA= 0.4 resulting in a smaller diameter of
the lens. Due to the otherwise equal scales, the magnification is the same at M =
3.84. Since the ratios of the front- and backfocus are well balanced, equal tolerances
comared to the PTB dimensions result in an average RMS spot size of 8.4 pm after

Monte Carlo tolerancing simulations with normal distributed variables.

Element Surface Radius/mm Thickness/mm Diameter /mm

S1 2 (T1,a) 80.533 32.40 62
S1 3(T2,a) -39.851 284.68 66
Parameter T1 T2
K -6.49573920 -0.59350853
ay -2.8299629E-7 7.246296E-7
ag 9,7189300E-13  6.59753E-11

a diverse set of mounting capabilities due to the 10 mm edge thickness, one draw-
back is the long backfocus. With a total beam path of 376.88 mm from the trap center,
the image plane lies 70 mm behind the trap chamber reentrance window. At a dis-
tance of 157 mm, between the heat-shields of the cryogenic stages, a beam diameter
of 46 mm needs to pass through, while at the entrance window a aperture of at least
19 mm is required. Such openings to room temperature would increase the heat load
of the cryogenic stage immensely. Thus this system was retracted. By decreasing the
backfocal length, higher aspheric order need to be added to the system. For instance,
at a backfocus of 150 mm the tenth order was added to compensate for higher order
coma. While the tolerancing spot sizes intuitively kept ranging around 6 pm, due
to the increasing backfocal NA, the diffraction limited spotsize was decreased. Thus,

the imaging resolution became worse over the full field of view.
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5.3.2 Considerations for cryogenic designs

While all of these systems are performing exceptionally well in simulations, one
needs to consider environmental impact on the 4K stage by the rather large view-
ports required to transfer the light to room temperature. For glasses, the emissivity is
about 0.9 [91]. Thus, the surface area would irradiate at a much higher temperature
compared to the heat shield. A system with direct line of sight from room temper-
ature to the 4K stage does ideally obtain an intermediate focus. For the VAUQSI
experiment, the focus aperture is reduced to 3 mm in diameter. Thus, similar to the
existing CryPTEx-SC setup [73] a single bi-aspheric lens was thermalized on the
40K stage to refocus the light in a distance of about 30 mm behind the vacuum win-

dow. In addition, the 4 K lenses close to the resonator are optimized to focus

5.4 THE 4K STAGE

Mounted on the top 4K shield, a seven lens stack as depicted in Figure 30 is lo-
cated. This assembly is divided into two main sections. The first section, closest to
the radio-frequency quadrupole (RFQ), features a titanium cell housing a collector
lens and a compensator. In the second section, within a titanium tube, the light is
then refocused onto a plane 157 mm from the trap axis. The sixth element does ob-
tain the strongest power at the last surface and serves as secondary compensation
lens and mounted in an aluminum cell. All of these six lenses are stabilized at four
Kelvin. Due to the nearly 1:1 imaging results a 1.3 magnification at an image space
numerical aperture of 0.3 at the intermediate focus. In Figure 31, a schematic of the

4K lenses is shown.

Optimization process

With the given boundaries of geometry and object size divided into seven points
on the height axis, in contrast to the single lens in Section 5.3.1, the initial design
study for a potential system involved flattening the entry surface to limit the sys-
tem size. While a concave entry surface could have minimized wavefront distortion
by decreasing the refraction angle gradient along the radial direction of the surface,
it would have necessitated larger lens diameters or increased bending radii of the
second surface and all following lenses. Additionally, a smaller gap between the
resonator and lens would have reduced the pumping cross-section. To prevent ob-
scuration due to the lens cell mounts, for the whole system, the substrate radius was
increased by 2 mm with respect to the free aperture depending on the marginal ray

circle. In addition, various penalties, such as minimal edge thickness and minimal
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Figure 30: Sliced contour rendering of the cryogenic lens including manipulator, which is
mounted on the 4 K heat shield.
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and maximal center thickness, were introduced to the merit function. Furthermore,
equally weighted, the RMS spot radius and wavefront were added. Thus, the func-

tion to minimize was:

M = min

Field [ Angle 6 Angle ¢ ]
S
)

WP+ Y [PV Y ), P}
k i j

]
where PSEOk denotes the geometric restrictions subsequently added for each lens,
RMS
il
minimizes the wavefront error for each field. In addition to the field heights, multi-

is the parameter minimizing deviations from the ideal RMS spot size, and P/VF'T

ple start angles referenced to the optical axis were sampled. Subsequently, the merit
function was minimized, and if the full system imaging performance did not con-
verge and form an image with a Strehl = 1 for each field height, another lens was
added. While for most microscope objectives, four lenses are sufficient to project a
close-to-perfect image at a given NA, these systems do feature an infinity-corrected
focus. To form an intermediate focus at a 1:1 ratio, the number of lenses must in-
crease. For this use case, eight spherical lenses, including some very thin ones, formed
a sufficient image. However, since the ratio of a lens diameter to its thickness should
not exceed 10:1, this system was retracted, and instead, the first lens was modified
to become an aspheric with a4 and ag coefficients. With that modified surface, the

number of elements decreased to six.

To decrease the sensitivity to introduced imaging aberrations, another condition was
implemented into the merit function: The refraction angle of each probed ray
0, = min(arcsin (M sin (Qi,j,l,p—l)))
MijLp-1
at each surface p was minimized. This condition is similar to the lens bending tech-
nique, where a lens with large power is divided into many elements with minimal
power. This resulted in ray propagation close to that of the final system, shown in

Figure 31.

Lastly, fabrication tolerances were introduced into the merit function. While up to
this point, the optimization for the best nominal performance (with reduced align-
ment sensitivity) was the focus, the system was now tuned to provide the aver-
age performance of a set of assemblies by performing a sensitivity analysis at each
step. Thus, the results, as shown later in Figure 36, represent the most likely perfor-
mance of the lens stack at given tolerances. This process was iteratively modified.
Furthermore, single lenses with concentric surfaces were modified to allow for sur-
face metrology on the lenses during fabrication. As a result, the power of the last lens
increased again. Since S6 features an optimal aspect ratio, tolerances were tightened

for that lens.
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Figure 31: Schematic for the VAUQSI cryogenic lens system on 4 K. In red the minimal dis-
tance to the beryllium ions is denoted: The niobium grid on top of the resonator.
S1 is the plano-aspheric lens, S2 an S6 two adjustable lenses. The due to the op-
tomechanical design around the lenses, the system is divided in two stages.

5.4.1 First section

Collector lens

Located approximately 60 mm from the trap axis, the first lens features a plano sur-
face with 63.5 mm diameter, shown in Figure 32. Its outgoing surface has an aspheric
geometry, designed to compensate for spherical aberrations and decrease the num-
ber of elements to fit the stack within the 4K stage. This lens, crafted by the com-
pany Asphericon, is mounted within a titanium tube and centered by six flexure
arms, each spanning 30° at an inner radius of 32 mm. Three arms, evenly distributed
radially, allow the adjustment of the aspheric lens using 7 mm long, fine threaded
M3x0.25 pins. At the edge of each arm element, a cylindrical volume acting as a con-
tact for the lens was inserted. The diameter of this part is 1.6 mm. This concludes in
press fit applying Hertzian contact stress since each arm needs to be pushed out by
0.5mm to fit the lens in. To mitigate potential malfunctions from burns during the
wire erosion process forming the arms, the pin threads are reduced at a length of
2mm to a diameter of 2 mm at the ends to ensure a contact between pins and arms.
Furthermore, an aluminum ring with six flexible elements, each measuring 13 mm
in length and 3 mm in width, axially secures the lens by applying a defined preload.
Each element is connected to the ring via two bridges, each 0.5 mm thick and 5.1 mm

long. Six M2.5 screws, mounted from beneath the titanium cell, ensure the precise
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positioning and secure fixation of the ring. Between ring and lens, a Teflon foil was

placed to prevent scratches.

First compensator lens

Following the plano-aspheric lens with an air gap of 0.75 mm on the optical axis, a
66 mm diameter bi-convex lens with a central thickness of 7.55 mm is clamped by
twenty two aluminum arms of 2 mm width, 6 mm length and 0.75 mm strength con-
nected to a 77 mm diameter ring. Facing the aspheric surface, the curvature radius
was set to 238 mm, while the second surface obtains 138 mm. The ring is screwed
onto a flexure feathered mounted system containing twelve wire eroded spring ele-
ments. To compensate for thermal expansion and shifts of the refraction index or
optimize the refocus in general, the lens can be adjusted in a range —0.5mm to
1.0 mm along the optical axis by six M3x0.25 pins. According to FEM simulations?,
twenty two fingers apply a locale force of 2 MPa on the substrate, which leads to a
deformation of AS(p, ¢)/S(p, $) = 107° at the edges and < 107% in the beam path. A
80mm X 0.5mm thread, which is loosely matched to the titanium counterpart, en-
sures a secure preload of the springs. Due to the differential expansion integrals of
titanium and aluminum, the thread was cleaned and polished multiple time before
being coated with Apiezon N vacuum grease to prevent cold welding. Figure 33

shows the assembly

5.4.2 The second section

The previously described section is mounted by eight M3 screws to a 96 mm diame-
ter titanium barrel containing three lens cells crafted from a Iron-Nickel alloy, Alloy
36. A fourth lens is mounted within a aluminum housing, which can again be ma-

nipulated along the optical axis and in addition radially.

The iron-nickel alloy cells

To reduce the impact of length changes in the second stage, the lens cells were crafted
with a material obtaining a low expansion integral, an alloy containing 64% iron and
36% nickel. This alloy is commonly known as Invar or Alloy 36. While similar alloys
additionally substituted by cobalt (Super Invar) do obtain an even lower thermal
expansion coefficient, most of them undergo a maternistic restructuring transforma-
tion at low temperatures and loose their low expansion properties [185]. Within the
cell closest to the resonator, a 64.5 mm diameter meniscus lens is mounted by an alu-

minum flexure spring, which is pushed onto the lens by a threaded brass ring. This

1 Solidworks Simulation Premium
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Figure 32: (a-b) Rendering of plano aspheric lens mounted in the titanium cell. Centering
is achieved by six wire eroded arms, on which three can be fine adjusted by 7 mm
long M3x0.25 pins. Along the optical axis, the lens is pre-loaded on six feathered

points. (c) Image of the assembled lens.
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Figure 33: (a-b) Rendering of the compensator lens mounted in the adjustable aluminum
cell. The lens is centered by twenty two arms scaling 2mm in width, 6 mm in
length and 0.75mm in strength. The outer part of the ring was designed to
lengthen up to 0.5mm or shrink 2.0 mm by adjusting in total six fine threaded
pins. (c) Image of the pre-loaded lens before assembly on the outer ring. (d)
profile of the EDM machined springs. The values are A = 5mm, B = 1mm,

C =2mm.
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Figure 34: (a) Rendering showing the stacked lenses inside the Invar cells.(b) Top view of
the lowest lying lens. (c¢) View on the top lens. The element between both was
similarly mounted as shown in (c). In surrounding the flexible aluminum arms,

a brass ring is applies a preload.

ensures a good first order centering, and allows to apply enough preload to safely
secure the lens at the defined position. Since the spring is separated into twenty
four sheets of 0.4 mm strength, 3 mm width, the total spring force of the lenses is re-
duced. To ensure maximum flexibility on the arms, the ring was cut out in between
each element increasing the length to 4 mm. This is in particular important, since
the contact between lens and cell is only at the very outer edge, which results in a
easily applicable torque on the lens. Due their higher curvature, the next two lenses
with a diameter of 58.5 mm and 50 mm, respectively, are clamped on the outer edge
of a mounting ring. This is advantageous, since the ring height and radius can be tol-
erated well within 10 pm. All lenses are securely mounted and preloaded by brass
rings. A view on this lens system is given in Figure 34. An top of the lens stack, an

anodized aluminum aperture was placed to reduce straylight.
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Second compensator lens

Closest to the intermediate focus, a 24 mm wide, 7.8 mm thick lens completes the
ensemble on the 4 K stage. This lens is housed in an aluminum frame similar to the
first compensation lens. Additionally to the axial manipulator, three fine threaded
pins are actuating the substrate in radial direction. This measurement was taken,
since this lens obtains the surface with the highest curvature. Thus, it is together
with the aspheric lens the most sensitive element in the system. The radial stroke is

in the order of a few hundred micron.

Surface Radius Thickness Material Clear Radius Mech Radius
Trap center - 59.596 Vacuum -

Standard 00 13.750  Corning 7980 28.575 31.75
Aspheric*  -43.556 0.750 Vacuum 28.575 31.75
Standard 238.0 7.550 Corning 7980 29.7 33.00
Standard -138.0 2932 Vacuum 29.7 33.00
Standard 76.335 7.750 Corning 7980 29.025 32.25
Standard 955.725 1.145 Vacuum 29.025 32.25
Standard 46.0 7.750 Corning 7980 29.25 29.25
Standard 101.32 0.806 Vacuum 26.325 29.25
Standard 31.93 8.75 Corning 7980 25 25
Standard 57.5 15.996 Vacuum 22.5 25
Standard 75.636 4.5 Corning 7980 12 12
Standard 11.34 25.24 Vacuum 7.6 12

Table 9: List of surfaces and parameters at the 4K stage. Each lens element is separated into
two surfaces with curvature radius and thickness/distance to the next element. All
polished areas on the surfaces are given by the clear surface parameter, while the
mechanical radius is the size of the lens.The aspheric parameters are: ¥ = —0.771
s = 3.96683694 - 1077, arg = 4.346151736 - 10711

5.4.3 The 40K Stage

On the 40 K stage, a single, bi-aspheric lens is thermalized. The lens is located 20 mm
behind the intermediate focus and refocuses the light in a distance of roughly 40 mm
behind the vacuum window. To align the lens in a reproducible manner with respect
to the 4K stage, it is mechanically connected to the 4K lens tube by a PEEK-frame
with 21 mm height and 40 mm diameter, shown in Figure 35. The wall strength is
2.5mm and the total distance between the two stages is about 50 mm, reducing the

temperature gradient slope. Twelve ventilation holes of 4 mm are equiradially dis-
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Figure 35: (a-b) Rendering of the compensator lens mounted in the adjustable aluminum
cell. The lens is centered by twenty two arms scaling 2mm in width, 6 mm in
length and 0.75mm in strength. The outer part of the ring was designed to
lengthen up to 0.5mm or shrink 2.0 mm by adjusting in total six fine threaded

pins. (c) Image of the pre-loaded lens before assembly on the outer ring.
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tributed along the holder to ensure a quick pumping of both stages. An Invar barrel
is mounted on level with the 4K titanium tube. This arrangement compensates the
length change during cool-down from room- to working temperatures. In Figure 35
an illustration of the FEM simulation results are presented. These show a total de-
viation from a zero expansion of less than 10 um which is dominated by the radial

pressure of the Invar barrel on the PEEK holder.

For straylight reduction, two segmented, anodized aluminum apertures, stepwise
converging in a cone shape, are mounted on the Invar barrel. The minimal opening
in the lens stack focal plane through which light is passing has 3 mm size, shielding

the 4 K stage efficiently from thermal radiation entering from room temperature.

In between the Invar barrel and the vacuum window, laser stray light, reflected from
both the polished vacuum chamber and copper shields, is reflected by an outer stain-
less steel barrel, and absorbed by an inner polyoxymethylene-tube loosely sitting on
the barrel at 40 K.

In Table 4, the materials utilized in this experiment, including their expansion in-
tegrals, are listed. To minimize the need for compensation along the optical axis,
an iron-nickel alloy traded by the name of Alloy36 or Invar was implemented. The
change in axial separation could be decreased from 41.5 pm to 4 pm for an element

spacing of 10 mm, which is well within the element tolerances.

5.4.4 The 4K three axis manipulator

To align the cryogenic optical setup with respect to the trap center in once, it is
mounted to a stainless steel multi-axis manipulator consisting of two monolithic
elements. With a 160 mm outer radius element is mounted onto the 4 K heat shield,
substituting the regular flange of CryPTEx-SC. Four flexure elements equally radi-
ally spaced by 90° allow for a +0.75 mm axial stroke. Four fine threaded pins located
in the center of each flexure spring allow for a precise height alignment and tilt com-

pensation.

At this stage, the manipulator should be considered as first prototype. While it is
possible to reach an optimal focus calibration after a few thermal cycles, the option
should be considered to upgrade the it with piezo driven actuators to reach a suf-
ficient precision. Such actuators reach sub micrometer precision, which is required

considering the 1.8 pm depth-of-focus.



5.4.5 Optical performance at the intermediate focus

In Figure 36, the optical properties for the previously presented lens stack are shown,
clearly, the Huygens point spread function is fulfilling the imaging condition up to a
field height of 150 mm until it reaches a minimal Strehl ratio of 0.5 at maximum field
height. Considerably, the optimization procedure was not tuned to return the best
results, but considering fabrication tolerances of the lenses resulting in the average
performance for about 2000 samples. Furthermore, the induced aberrations are of a

form, where they can be compensated in the laboratory environment.

DISCUSSION ON THE THERMAL INFLUENCE OF THE LENS SYSTEM  Within the
simulation, the refractive index was adapted to 4 K. The results shown, are already
including the thermal expansion of the cells around the substrates. For room temper-
ature values, Table 10 shows the corrected distances. For the first- and second com-
pensation lenses, the length changes were the largest, featuring 48 pm and 55 pm,
since they feature the adjustable aluminum cells. Including the dispersion drift, the
backfocus shifted by —114 pm, which is a large shift, considering the working dis-
tance of the bi-aspheric lens to be 20 mm. Thus, measures need to be taken into ac-
count for aligning the elements to each other. The refocusing performance decreased,
as shown in Figure 37 on the reduced contrast in the mid frequency cycles. Similar
results were produced in the other direction by optimizing with material character-

istics at room temperature, which were then scaled down to cryogenic temperatures.

5.4.6 The room-temperature system

In a distance of 295 mm to the trap center, a 10 mm thick, 25 mm diameter fused silica
re-entrance window is located. Closely behind, at a distance of about 30 mm, the sec-
ond intermediate focus is located, projected by the bi-aspheric lens. Contrary to the
intermediate focus within the cryogenic stage, the accessible lens sets at room tem-
perature can be manually moved at all times. Furthermore, the numerical aperture
in the second focus is now decreased to NA = 0.05 and allows for further guidance
through standard, commercially available lenses? with diameters between 25.4 mm
and 30 mm. In Figure 38, a top view of the complete assembly is shown. In Table 11

and Table 12, the parameters for all remaining lenses are referenced.

The whole system is divided into several stages. First, the entering light cone is

infinity-corrected by the lenses I1 — I6. This measure was taken to allow for a flexi-

2 OptoSigma
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Figure 36: Simulation results for the VAUQSI 4K stack at this temperature. (a-d) Point
spread functions for Be* at 313 nm wavelength (a) on-axis and at a field height
of (b) 125 um, (c) 175 pm, (d) 250 pm (e) RMS spot size diagram around the
cooling wavelength. (f) Modulation transfer function in the focus for Be™ at dif-

ferent fields.
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Figure 37: Simulation result of the lens stack at 4 K, thermalized at 293 K. Lens cell distances

and thermal refraction index were changed to the given temperature.

ble attachment of additional detectors, such as a fast-gating CCD?, which features a
55 um pixel diameter. Since the second set of lenses F1 — F3 focuses light at a magni-
fication of about M = 30 to reach the resolution limit of the EMCCD#, which is given
by the modified Abbe condition
=121
px 2NA’
and yields about M = 27 for a pixel diameter of 13 pm, a larger magnification is ben-
eficial for the fast camera. At a magnification M = 30, ions with a minimal spacing

of 3.6 um would still be resolvable, but being separated by only one pixel.

As denoted in Table 12, the lens assembly for the refocus is symmetric in distance
around the bi-concave lens F3. While a single lens would have been sufficient to re-
focus incoming light on the optical axis, off-axis aberrations like coma would have
distorted the image of a large Coulomb crystal. With this assembly, over the full field-
of-view, no further aberrations are added, since it was optimized for refocusing an

infinity-corrected beam.

Infinity corrected beam path

Between the lens units, two 50.8 mm mirrors (M2,M3) are positioned in an angle of
45° to the propagating beam to allow for a compact design, the mirrors are mounted

within standard commercial available holders®. For guidance to another detector

the mounts can be removed though a lid flanged onto the top plate of the inhousing.

3 Amsterdam Scientific tpx3cam
4 ANDOR iXon Ultra 888
5 mks Newport HVYM-2t/u
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Figure 38: The imaging system lab unit consists of two subsystems. After passing mirror
M1, the beam is infinity corrected through the lenses I; and crosses two alignment
mirrors (M2, M3) along the infinity-corrected path (ICP). The second subsystem,
consisting of symmetrically spaced lenses F;, focuses the beam at a magnification
of M = 32 through a beam sampler to a camera and a PMT, respectively. To filter
out stray light or enhance single-ion contrast, a spatial filter consisting of a total
of four knife edges (KE) is positioned at the focus. For alignment, maintenance,
or attachment of multiple detectors, three ports have been implemented (P1, P2,

P3). A translation wheel for shifting the focusing lenses is denoted with (FT).



5.4 THE 4K STAGE |

160 mm

intermediate
focus

(@)

Figure 39: Laboratory unit sideview with vacuum window. An adjustable mirror couples
the beam into an lens assembly, which is mounted within four rods. Retainer
rings preload the lenses in the cells. Alignment and optimization on the stack

can be performed by opening a lid on the side.

Since they are adjustable from top, four removable knobs are placed in the lid to

allow tilting with one or more Allan keys.

Refocusing on Detectors

After passing the final lens, the beam is split by a beamsampler, mounted at a 45°
angle to the beam axis. A fraction of the photons is projected onto the attached EM-
CCD chip, located at a distance of approximately 85 mm from the last lens. The sec-
ond beam passes through and is reflected by a fourth mirror, M4, onto a PMT. While
the PMT is positioned slightly behind the focus, a knife-edge filter is placed directly
in the image plane, aiming to reduce stray light. Furthermore, for single-ion readout

in a string, the aperture can be further reduced and adjusted to the right focus.

Between the knife-edge filter and the PMT, a rotatable beam block is mounted to

prevent the PMT from overexposure during maintenance or alignment work.
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Figure 40: Laboratory unit sideview on the refocusing lens assembly, which is positioned

inside a tubus.

5.4.7 Detection in the image plane

Due to the compensating lenses, the imaging condition is fulfilled again for the full
field-of-view, which is shown in 41. In Section 2.1.1 the dipole emission of Be* was
highlighted. At the design numerical aperture of NA = 0.4 ata saturation of s = 1, the
number of photons collected by on the first lens element is 397 for one readout cylce
over 200 ps. All lens surfaces are coated to minimize the reflections at 313 nm to 0.2%
per surface. For the course of the 38 surfaces, the transmission is reduced to 92.5%.
In addition, similar to the CryPTEx-SC experiment, the superconducting resonator
flange obscures 10% of the emitted light. At the given wavelength, both detectors
feature a quantum detection efficiency of about 32%. Thus, a total of 26% or of the
photons emitted under this numerical aperture are detected. Thus, at s = 0.2 on
average 20 photons per readout can be detected. In Figure 42, a raytracing simulation
on a detector with similar pixel size to the EMCCD was performed, neglecting all
noise terms of the detector. In total 10° photons per source were traced. For three
equally distanced ions with 5 um spacing, a signal discrimination is achieved. To
enhance contrast, only pixel counts larger than 10 are shown. The maximum count
number for one pixel was = 420 and 85% of the photons are accumulated on a 4x4

pixel array.
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Figure 41: Simulation results for the whole VAUQSI imaging system in the EMCCD image
plane (a-d) Point spread functions for Be* at 313 nm wavelength (a) on-axis and
ata field height of (b) 125 pum, (c) 175 um, (d) 250 pm (e) RMS spot size diagram
around the cooling wavelength. (f) Modulation transfer function in the focus for
Be* at different fields.
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Figure 42: (a) Simulation of an image on the EMCCD detecting 10° photons per ion for a
pixel size of 13 um . Three equally spaced ions with a total distance of 10 pm in
object space were used as light source. The maximum pixel count number was
420 (b) Monte Carlo results, based on the toleranced lenses and lens elements
for the root mean squared spot size in the image plane. 26 pm correspond to two

pixels.



6 CONCLUSION AND OUTLOOK

In this thesis, a the superconducting properties of a quadrupole resonator utilized as
an ion trap were presented. The main characteristic, besides an increased resonance
quality factor, is the Meissner state of the Niobium. By utilizing the Zeeman levels
of the Be* Sy, ground state, which is sensitive to magnetic field fluctuations, first
the DC characteristics of the stored magnetic field were validated and characterized,
resulting in a mean half-life of about 300 years for the magnetic field strength. These
measurements were performed by inducing microwaves to drive the |Sy,, F = 1, mp)
to |S1p, F = 2, mp) transition with Rabi and Ramsey schemes. Furthermore, the resid-
ual magnetic field noise was measured, by applying Ramsey schemes on the given
transition and increasing the waiting time between initial and readout pulse, lead-
ing to a residual RMS field noise of 3.5(2)pT.

Due to the low noise in the magnetic field, the maximum retrievable Ramsey time
was about 400 ms. Further investigations into the magnetic field homogeneity re-
quired for a reduction of the induced microwave power by about 90 dB, which al-
lowed to resolve the |Sy,, F = 1,mp = 1) to |Syp, F = 2,mp = 2) transitions for two
stored Be* ions individually. With a spacial separation of 26 pm, their transition lines
were shifted by 70 Hz, corresponding to a field gradient of 1 nT/(10 pum) at that time.

By tuning the magnetic field coils, the gradient can be minimized.

Due to the unique trap design, no comparable values for a superconducting trap
exist. Other setups involve either self referencing magnetic field coils [97] obtain-
ing values around 200pT, or traps with attached permanent magnets and additional
field noise suppressing coils. Here the retrieved values are similar [ 109]. While other
atomic systems feature transitions insensitive to magnetic field fluctuations [186] or
apply dedicated techniques to recover the phase [187], and thus exceed the mea-
sured decoherence time, this result was achieved with simplest techniques: A super-
conductor surrounding an ion, trapped in a radio-frequency field, and a transition
sensitive to magnetic field noise, which was solely and alone driven by a microwave

antenna connected to a digital frequency generator.

More sufficient techniques such as dynamic decoupling can, however be implemented

into the CryPTEx-SC setup. Since the experiment aims for quantum logic spectroscopy
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of highly charged ions, they are not required at this stage. One main limit of the res-
onator is a high operating temperature, limiting the stored radio-frequency power
and thus the radial secular frequency of Be* to about 700 kHz. On the cryogenic sys-
tem side, this was challenged for the VAUQSI experiment by improving the floating
ground platform to allow for a larger pressure on the connecting sapphires. Further-
more, the OFHC copper on the lower 4 K lid was replaced by 5N high purity copper
to increase the thermal conductivity between the platform and the subsequent cryo-

genic supply parts.

For the superconducting cavity, formation of niobium hydrides might cause a heat-
ing due to existing flux pins, which dissipate heat if exposed to (stong) AC fields.
To circumvent this chemical reaction, the niobium can be baked out at 900 °C, before

being doped with nitrogen, to prevent hydride forming.

In the last Chapter, multiple concepts for imaging systems for Be* at an NA=0.4
and working distance of 60 mm were presented. Both values are limited by the res-
onator geometry. Starting with a classical co-radial, purely reflective Schwarzschild
objective (SO), catadioptric systems were introduced, involving two Mangin mir-
rors and a single substrate with two reflective surfaces. While the Schwarzschild ob-
jective is well established, it is the most demanding system regarding alignment of
separated lens elements and might require either passive length compensation with,
e.g., negative thermal expansion materials or an active piezo tracking. By reducing
the number of substrates to a single one (CS), a rigid mount of the reflecting sur-
faces is guaranteed. Furthermore, the entrance surface radius is required to be close
or equal to the working distance. On the negative side, the fabrication tolerances are
tighter than for a purely reflecting objective, since the introduced wavefront error
scales with the refractive index. For well-balanced, small systems, at extreme nu-
merical apertures, the imaging condition was still fulfilled. This might be related to
the small obscuration in that device due to an introduced conic constant. Aberra-
tions such as astigmatism rise with increased obscuring factors [146]. Still, for such

a system, excellent centration of the two reflective surfaces is required.

Both systems were purely achromatic. The Schwarzschild mirror obscures = 20%
while the CS does only 7.5%. Yet the diffraction-limited field of view is larger for the
SO.

By splitting up the single substrate into two, the achromatic behavior is weakened,

and the incoming photons are now effectively refracted. The system presented was



optimized for two wavelengths and furthermore showed a high bandwidth at close
to perfect imaging condition. While the fabrication tolerances are still demanding,
no additional obscuration is added by a mounting frame, leading to a transmission
of 87.5%. In addition, the substrates can be mounted in various routines such that
the induced stress is minimized, while the lens is still sufficiently thermalized. While
the SO features a backfocus diameter of about 25 mm, the two-element lens has a fo-
cus diameter of 18 mm and the CS only 15 mm. This requires a comparably large

re-entrance diameter, which induces an increased thermal radiation load.

On the example of a single aspheric lens, it was shown that a 1:1 focus requires much
stricter tolerances than currently achievable. Thus, a multi-lens imaging system was
designed, splitting up the lens power into six, where one features an aspheric sur-
face. By performing multiple optimization steps, a robust system was presented, re-
focusing the light in a plane between the 4K and 40K stages. Since the lenses are
thin, flexible mounting rings fabricated from EDM processes were constructed. Sur-
rounding them, cells were designed to compensate stress induced by material de-
pendent differential thermal expansion integrals, deforming or breaking the lenses.
Furthermore adjustable compensation elements were introduced, which take fabri-
cation tolerances into account. For an aspheric lens element, a radial shift can be
performed to account for decentering during fabrication. To ensure a secure, repro-
ducible alignment, the refocusing lens at 40 K was mechanically connected to first

lenses by a PEEK mount.

Outside the vacuum, an extendable detection unit was presented, which contains
two lens sets, first infinity correcting and finally focusing the emitted photons on a
camera and a PMT. The magnification in the image plane is x32. For a usual Be* state
readout, the number of photons were determined to be = 20, compared to = 15 for

the existing system at CryPTEx-SC.

6.1 OUTLOOK

The cryogenic lens system was recently test-assembled ?? and needs to be aligned.
Each lens is required to be centered, and the subsequent spacing between each ele-
ment needs to be determined to model a compensator adjustment and align the 40 K
lens along the optical axis. After that, the manipulator has to be aligned on the 4 K
stage to account for the depth of focus. An autostigmatic microscope mounted on a
precision-grade linear stage can probe these features [188]. Here, a collimated beam

emitted, for example, by a helium-neon laser enters a non-polarizing beam splitter.
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One arm is then focused by a (diffraction-limited) lens and referenced to an optical
axis by observing the back reflections on a camera. This can be determined, for ex-

ample, by a curved mirror.

By first overlapping the foci, a reference position is defined. After that, the placo-
aspheric lens is positioned between the microscope and the mirror. Since it is anti-
reflection coated for wavelengths around 313 nm, reflections occur on each surface,
such that the microscope focus (MF) is positioned first onto the plane axis, and sec-
ond such that the aspheric surface focal spot overlaps with the MF. By rotating the
lens cell around the optical axis, it can be centered. Subsequently, the lenses are
added to the system, and the procedure resets. After all six lenses are assembled,
the so-called cat-eye reflections ideally align on the optical axis, leaving only the dis-
tances between the lenses as a degree of freedom. Since the contrast is maximized
for the MF passing through a surface, with knowledge of the absolute MF position,
these distances can be determined. Lastly, the whole microscope focal length can be

measured by overlapping the microscope, lens stack, and reference mirror together.

A much simpler approach is the calculation of the required focal lengths at one de-
fined distance to the lens system under probe. With that, a diffractive mask can be
fabricated and directly put in front of a Fizeau interferometer [180]. At specified
areas on that mask, not only the distance to a lens can be imprinted but also other

characteristics, such as the wavefront error for the first aspheric lens.

By applying low coherence interferometry, the surface distances of the whole lens
stack can be characterized [189], but a centering measurement requires a second de-

vice as stated above.
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Figure 43: Sketch of the measurement principle involving a modified version of an autostig-

matic microscope.
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Figure 44: Illustration of the ABCD-matrix formalism.

A1 ABCD FORMALISM

In this section, the simplest form of a matrix formalism for a single, thick lens with
two spherical surfaces is described. The vector of a ray is given by a field height and

an angle to the optical axis

y
s = 69
[Q] ()
For propagation through a surface, the following matrix holds
1 0
M = npj—ny nq (70>
Riny,  my

where 1y, 1, are the corresponding refractive indices as shown in Figure 44. Propa-

gation at a length d inside a medium is given by

1 d
M= [0 1] (71)

That way, an imaging condition for a single lens element is given by:

1 1 0] (1 ¢ 1 0| (1 h
yo : g : np—nq 2 . . np—np nq : = yl (72)
o) 0 1) (= 2o 1) (%2 =)o 1) (o
211 ny 112 1y
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A.2

CAF THERMAL EXPANSION PROPERTIES FROM ROOM TEM-

PERATURE T0 4K

Similar to UV fused silica (UVES), literature research on CaF, has led to multiple

sources for the linear thermal expansion coefficient over the full temperature range

[153,190,191]. To describe the data, polynomial fits were used, which only accurately

represent the data in a specific region, e.g., 25 — 300K [192]. The fit function given

by Equation 63 from [152], which implements a Debye-like model combined with

an Einstein model, addresses this limitation. It was purely qualitatively used for

thermal related finite-element simulations.

Linear thermal expansion
coefficient o

|
—

|
N

|
w

|
B

x10~° x10~°
3 42
=
-
&b
2
a g
o 5
: ot 1723
L&’ si<|
&7 8
r “x" 1-2 =
Mt"‘ ® « Bailey et al. %
“‘,‘M‘ v « Browder et al. _3 ﬁ
m  « Batchelder et al.
Fit
r A AL/L Batchelder et al. | —4
-=r= Integrated fit
1 1 1 1 1 1 1 /| _5
4 40 63 80 100 150 200 250 293

Temperature K

Figure 45: The linear expansion coefficients of calcium fluoride (solid line) and the inte-

grated thermal expansion (dashed line) are presented for low temperatures.
The empirical model shown in Equation 63 is taken from [152]. Additionally,
the linear thermal expansion coefficients from different sources are plotted
[153,190,191]. The fitted model, with parameters a = -3.07 x 1073, b = 69.418,
¢ =253.175,d = -0.0675, and e = 4.276, was used for qualitative investigations in
cryogenic mounts with finite element methods. In contrast to standardized poly-

nomial models, this model does not overfit at lower temperatures.
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A.3 PARAMETERS OF THE 4K LENS STACK AT ROOM TEMPER-

ATURE

Surface Radius Thickness Material Clear Radius Mech Radius
Trap center - 59.596 Vacuum -

Standard 00 13.750  Corning 7980 28.575 31.75
Aspheric*  -43.556 0.770 Vacuum 28.575 31.75
Standard 238.0 7.550 Corning 7980 29.7 33.00
Standard -138.0 2.973 Vacuum 29.7 33.00
Standard 76.335 7.750 Corning 7980 29.025 32.25
Standard 955.725 1.150 Vacuum 29.025 32.25
Standard 46.0 7.75 Corning 7980 29.25 29.25
Standard 101.32 0.810 Vacuum 26.325 29.25
Standard 31.93 8.75 Corning 7980 25 25
Standard 57.5 16.051 Vacuum 22.5 25
Standard 75.636 4.5 Corning 7980 12 12
Standard 11.34 25.089 Vacuum 7.6 12

Table 10: List of surfaces and parameters at the 4K stage for room temperature. Each lens
element is separated into two surfaces with curvature radius and thickness/dis-
tance to the next element. All polished areas on the surfaces are given by the clear

surface parameter, while the mechanical radius is the size of the lens.



A.4 PARAMETERS OF THE ROOM TEMPERATURE PROJECTION
SYSTEM

A.4.1  Afocal correction lens
Surface Radius Thickness Material Clear Radius Mech Radius
Trap center - 60.0 Vacuum -
Standard 55.2 6.2 synth. f-silica 10 15
Standard -55.2 33.943 Air 10 15
Standard 0 7.55 synth. f-silica 10 12.7
Standard -16.1 3.0 Air 10 12.7
Standard 64.4 5.5 synth. f-silica 10 15
Standard -64.4 62.610 Air 10 15
Standard -184.0 7.75 synth. f-silica 10 15
Standard 184.0 0.8 Air 10 15
Standard 46.0 -7.0 synth. f-silica 10 15
Standard -46.0 -23.318 Air 10 15
Standard 32.2 -2 synth. f-silica 10 15
Standard -32.2 25.04 Air 10 15

Table 11: List of surfaces and parameters for the correction elements at room temperature in

the laboratory environment. Each lens element is separated into two surfaces with
curvature radius and thickness/distance to the next element. All polished areas
on the surfaces are given by the clear surface parameter, while the mechanical
radius is the size of the lens. These elements produce afocal projections to allow for
more flexibility for refocusing (simultaneously) on detectors with different pixel
sizes. All lenses in this table are commercially available and were additionally

anti-reflection coated for increased transmission at 313 nm.
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A.4.2 EMCCD/PMT focusing optics
Surface  Radius Thickness Material Clear Radius Mech Radius
Standard 00 6.2 synth. f-silica 12.5 15.00
Standard 276 33.943 Air 12.5 15.00
Standard  -184 7.55 synth. f-silica 12.5 15.00
Standard 184 3.0 Air 12.5 15.00
Standard  64.4 5.5 synth. f-silica 12.5 15.00
Standard  -64.4 62.610 Air 12.5 15.00
Standard -184.0 7.75 synth. f-silica 12.5 15.00
Standard  184.0 0.8 Air 12.5 15.00
Standard  46.0 -7.0 synth. f-silica 12.5 15.00
Standard  -46.0 -23.318 Air 12.5 15.00
Standard  32.2 -2 synth. f-silica 12.5 15.00
Standard  -32.2 25.04 Air 12.5 15.00

Table 12: List of surfaces and parameters for the focusing system in the laboratory envi-

ronment. Each lens element is separated into two surfaces with curvature radius

and thickness/distance to the next element. All polished areas on the surfaces are

given by the clear surface parameter, while the mechanical radius is the size of the

lens. This system projects an incoming infinitely focused beam onto the detectors

with a absolute Magnification of M= 32. All lenses in this table are commercially

available and were additionally anti-reflection coated for increased transmission
at 313nm.
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A.5  BI-ASPHERIC LENS OF THE PTB HIGHLY CHARGED ION

GROUP

In the following, the design parameters of the Highly Charged Ion Group at the
Physikalisch Technische Bundesanstalt Braunschweig (PTB) are presented. For the
cryogenic lens design described in this thesis, this lens was utilized to refocus the
light from the intermediate image plane between 4K and 40K to the laboratory en-
vironment. While the centration tolerancing was 2 arcmin, the other parameters are

related to the “high-precision finish” on the company website of Asphericon.

Surface Radius  Thickness Material Clear Radius Mech Radius  Parameter Surface 1 Surface 2

Trap center - 20.0 Vacuum - K -6.49573920 -0.59350853
Standard 26.844407 10.8 Corning 7980 11.2 127  ay -7.6408988618E-6  -1.95647839E-5
Standard 13.283734 95 Vacuum 12.7 127  ag 2.3617E-10 -1.6031978811E-8
Detector - - - - Detector

Table 13: This is a list of surfaces and aspheric parameters (a;) for the PTB-type bi-aspheric
lens which was designed by [97] and is mounted on the 40K stage of the CryPTEx-
SC experiment as well as used in the imaging system presented in this thesis.
All polished areas on the surfaces are represented by the clear surface parameter,
while the mechanical radius indicates the lens size. The lens was manufactured
by Asphericon and is used for imaging (°Be*) with a numerical aperture (NA) of

0.45 in cryogenic environments.

A.5.1 Design of a bi-aspheric lens for efficient Ca* imaging for the University of

Birmingham highly charged ion group

The PTB lens has a design wavelength of 313 nm. At the University of Birmingham,
a similar cryogenic experiment to CryPTEx-SC for quantum logic spectroscopy on
highly charged californium ions was established, using °Ca™ as the logic ion at
397 nm. With this lens, the working distance is increased to 21 mm, the numeri-
cal aperture (NA) is decreased to 0.42, and the back focal length is decreased to
78 mm. Consequently, the following lenses must compensate for the higher trans-
mitted numerical aperture due to the decreased working distance. Furthermore, the
diffraction-limited field of view at the maximum NA is reduced to a specific value.
For the “°Ca* cooling wavelength, the aforementioned lens was modified, focusing
on maintaining the focal length and back focal length at 20 mm and 95 mm, respec-
tively. The diffraction-limited field of view is similar to that of the PTB design at
300 pm, allowing for alignment errors due to manufacturing tolerances of the lens
mount along the optical axis. This was achieved by appropriately weighting the de-
sired minimal RMS spot sizes to ensure an even field could be realized. The lens

parameters are provided in Table 14.

109



110

| APPENDIX
Surface Radius Thickness Material Clear Radius Mech Radius Parameter Surface 1 Surface 2
Trap center - 20.0 Vacuum - K -7.70325 -0.507708
Standard 24.9041 10.8 Corning 7980 11.2 127 a4 -2.01676E-6  2.22385E-5
Standard 13.0816 95 Vacuum 12.7 127  aq -1.98396E-8  4.3297E-8
Detector - - - - Detector - -

Table 14: List of surfaces and aspheric parameters a; of the bi-aspheric lens designed by [97],

modified for collection photons with wavelength 397 nm corresponding to Ca* .

All polished areas on the surfaces are given by the clear surface parameter, while

the mechanical radius is the lens size.This lens does achieve a NA= 0.45 at a field-

of-view of 300 pm.

A.5.2 Design of a bi-aspheric lens for efficient Be* imaging at longer backfocus

for a conventional trap

Due to the different vacuum chamber dimensions of CryPTEx-SC and the PTB de-

sign [90], it is beneficial to increase the back focus of the aspheric lens. The total

path length of the light in Table from trap center to intermediate focus is 125.8 mm,

which is within the 4K stage. Thus, the back-focus was elongated in a re-design to

allow for inserting an re-entrance window outside the heat shields. As a result, the

magnification is slightly increased to M = 5.

Surface Radius Thickness Material Clear Radius Mech Radius  Parameter Surface 1 Surface 2
Trap center - 20.0 Vacuum - K -11.948183  -0.64577631
Standard 32.505 14.8 Corning 7980 12.7 155 a4 -3.6623E-6  3.961858E-6
Standard -15.021 160 Vacuum 155 155 ag -1.021317E-9  5.9787104E-10
Detector - - - - Detector - -

Table 15: List of surfaces and aspheric parameters 4; of the PTB type bi-aspheric lens [97]

modified for a longer back-focus . All polished areas on the surfaces are given by

the clear surface parameter, while the mechanical radius is the lens size.This lens
does achieve a NA= 0.5 at a diffraction limited field-of-view of 300 pm. Due to the

longer back-focus, the magnification factor is increased to M = 5.



A.6 CATADIOPTRIC LENS FOR IN* /YB+ MIXED CRYSTALS |

A.O CATADIOPTRIC LENS FOR INT /YB+ MIXED CRYSTALS

For testing and illustration purposes in the deeper ultraviolet regime, a catadioptric

imaging system for mixed crystals containing In* and Yb* was optimized at a work-

ing distance of 62.469 mm. The transmission efficiency after the obscuration of the

secondary mirror is 85%. Details of the system are given in Table 16. The optimized

field of view is 500 pm.

Table 16:

Parameters for a three element, catadioptric imaging system with NA= 0.4, S =
62.469 mm working distance and 30x magnification. All elements are specified as
Corning 79-80 UVES. Only surface 9 does have a conic constant x = 0.184. The sys-
tem is optimized for two wavelengths, A; = 230nm and A, = 369 nm correspond-
ing to the cooling transitions of In* , Yb* , while higher wavelength spectrum
projects a diffraction limited spotsize for imaging of Ca* as well. The elements 52
and S3 do require pinholes of 22 mm to let the beam reflected from Surface 9 pass
through.

Element Surface Radius /mm Thickness /mm Diameter /mm

S1
S1
S2
S2
S3
S3
S1

3 (R1) -87.431 10.585 55.2
4 (R2) -77.264 8.126 67.0
5 (R3) -79.520 6.000 72.0
6 (R4) -72.089 32.797 80.0
7 (R5) -66.790 15.000 81.0
8 (R6,1) -96.631 32.797 100.0

9 (R5,1,0) -29.301 723.685 22.0
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Figure 46: (a,b) simulated point spread functions for In* at 230 nm wavelength on-axis (a)

and at a field height of 250 pm (b). (c,d) The same for Yb* at 369.5nm. By inte-
grating the point spread function (PSF) of (a-d), 90% of the light emitted by a
point source is covered on a diameter of 48 um for In* and 80 pum for Yb* over
the full field of view. (e) RMS spot size diagram over the wavelength range
(220 - 400)nm. The blue line indicates the on-axis field. The system consists of
three elements and two reflective surfaces.(f) Modulation transfer function in
the focus for In* at different heights fields.
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Figure 1
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Composite image of the Bullet Cluster 1E 0657-56. The opti-
cal data was taken by the Magellan telescope and overlaid by
the total mass, calculated through weak gravitational lensing
projections [6]. In pink, X-ray emissions observed by Chan-
dra are drawn. Credit: X-ray: NASA /CXC/CfA /M.Markevitch
et al.; Optical: NASA /STScl; Magellan/U.Arizona/D.Clowe
etal.; Lensing Map: NASA /STScI; ESO WFIL; Magellan/U.Ari-
zona/D.Clowe et al. 5

(Frequency splittings are not to scale) Relevant level schemes
of Be* for Doppler cooling and microwave excitation. In green
the repumping levels, purple cooling and state readout and
green the microwave qubit transitions of the 2S;, are high-
lighted. 14

Collection efficiency of a dipole transition in dependence of
the numerical aperture NA = nsin(0’). A lens with NA = 0.36
obtains a collection efficiency of 2.6%, while for NA = 0.4 the
efficiency is 3.3%. On average, this corresponds to 298 ph/200s
and 397 Ph/200 ps for a transition rate of I'/2 = 56 X 10° Phy/s,
respectively. 15

a) Hyperbolic electrode configuration with electrodes at the
end of each RF blade. On the electrodes a DC potential Upc
is applied. ry describes the distance between trap center and
electrodes and 2z, the separation of the DC. b)-d) Qualita-
tive plot of the radial, RF-driven potential described in Equa-
tion 14. b) saddle potential at a given time t = 0; c) saddle
potential at t = 7/Qgg; d) time averaged effective pseudo-
potential. In addition, the equipotential lines x? — y? = const
are projected onto the x-y plane. An exemplary ion trajectory
in the potential is shown including a low frequent secular and

a high frequency micromotion. 16
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Figure 5 Stability diagram for a two-dimensional quadrupole mass spec-
trometer. The red and blue areas are showing the stable solu-
tions of the Mathieu Equation 16 in x- and y-direction. In the
gray area both solutions overlap and stable trapping in both
directions is possible. 18

Figure 6 Rabi oscillations and excitation dynamics of a two-level tran-
sition are described by Equation 25. The colorbar scale shows
the ground state population. These experiment results illus-
trate the relationship between excitation time t and (a) de-
tuning A from-, (b) saturation intensity s on resonance for
the |S15,2,2) to |Sq2,1,1) hyperfine qubit transition at about
1.25 GHz of multiple Be™ ions. At resonance, the coupling is
maximized, facilitating complete population transfer to the
excited state. As the system is detuned off-resonance, the Rabi
frequency increases, leading to a reduction in population trans-
fer efficiency and a decrease in contrast. (b) For weaker in-
tensities the Rabi-time increases quadratically. State detec-
tion was performed via electron shelving of the [Sy,2, +2)
to |P3)p, 3, £3) cooling transition. 21

Figure 7 Qualitative illustration of Equation 27 with plotted delay time
T versus detuning 6. T = 7/(€2(2) such that the equation re-
duces to the = cos?(6T/2) term. 22

Figure 8 Schematic overview of the CryPTEx-SC experimental setup.
The ions are produced in the electron beam ion trap and then
periodically extracted. Through the beam-line, in total five
Sikler lenses are installed to guide the HCI bunches to the
trap. For optimization of the lenses, charge-state identifica-
tion and -selection through time-of-flight spectroscopy, in to-
tal three multichannel plates were installed. A pulsed drift
tube is used to decrease the HCI kinetic energy and compress
the pulse. Inside the cryogenic trap environment, in total four
einzel lenses were installed to shape and time the pulse enter-
ing the floating ground. For this purpose, they were utilized
as retarding field analyzer. Around the RF blade electrodes
two electrodes were installed for trapping the HCI inside the
RF potential, thus allowing them to oscillate through a laser
cooled Be* Coulomb crystal. Modified from [72]. 26
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VAUQSI cryogenic supply system similar to [72,90]. The unit
consists of three sub elements. On the left the pulse tube (PT)
is shown, which is directly connected to an approximately
1400 mm long copper pendulum. On the right, the trap cham-
ber including a superconducting resonator is shown. The pen-
dulum suspensions were lengthened by 300 mm to reduce
the pendulum eigenfrequency. 28

(a) Flexible copper links connecting the 4K cold head with

the pendulum, before annealing and polishing of the end pieces.

(b) Example of a polished surface. 29

(a) Top view into the redesigned trap chamber of the VAUQSI
experiment including a superconducting resonator. Twelve
radially equal spaced viewports ensure sufficient optical ac-
cess to the ions. (b) Side view on the heat shields. For the
VAUQSI experiment a third layer copper sheet (blue) sur-
rounds the 40K heat shield. (c) Top view on the 40K me-
chanical gate. (d) Side view of (c¢) with schematic of the me-
chanics. 30

(a) Schematic representation of the floating ground platform
of CryPTEx-SC. The copper elements, depicted in purple and
orange, illustrate the connection between the resonator and
the bottom vertical thermal conduction line. Insulators are
highlighted in magenta. The positions of the heat resistor (R)
and temperature sensor (T) are also indicated. The black cir-
cles mark the discussed locations in Paragraph 3.3.2. (b) Illus-
tration of the redesigned platform featuring separated screws
that securely mount the resonator to the platform, as well as
the platform to the 4K heat shield. Adapted and modified
from [72]. 32
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Figure 13 False color, sliced rendering of the VAUQSI superconducting
quadrupole resonator. On the top left, the improved endcap
electrodes are shown. Compared to the design of [72], in the
region, where the RF potential is acting (orange), a second,
grounded electrode (blue) is wrapped around it. In red, the
lead wire is indicated. The whole assembly is mounted onto
the resonator housing by a ring held by four screws. For elec-
trical insulation of the inner part from ground, a sapphire
ring separates it. Surrounding the endcap electrodes, a nio-
bium inhousing shielding a set of filters for the DC block is
shown. Note that the final DC electrode design as shown in
purple is currently under revision, such that the character-
istic scale ¥ = 0.39 (compared to xcsc = 0.35) is given as a
preliminary value in this thesis. 41

Figure 14 Electron shelving of Be* outer hyperfine transitions by in-
coupling of microwave power. The polarization was switched
from o to ¢~ to increase the contrast on both sides. For the
scan the magnetic field coils were turned off, after phase tran-
sition. The hyperfine spacing indicates a field of about 42

Figure 15 Magnetic field decay observed by measuring the magnetic
field sensitive field Zeeman splitting in Be* . The decay con-
stant is 7 = 300 yr. Taken from [73]. 42

Figure 16 Decoherence measurements by applying a Ramsey scheme to
a single ion resulting in a coherence time of 7; = 414(22)ms.
Taken from [73]. 44

Figure 17 Plot of Equation 25 showing increasing Rabi times, correspond-
ing to decreasing Fourier linewidths and contrast simulations
of two ions separated by about 60 Hz including the measured
decoherence parameter 7 = 500 ms. 44

Figure 18 Rabi spectroscopy of two simultaneously stored ions with sep-
arations estimated from ion positions on the camera (a) 50 pm
and (b) 26 pm. The corresponding Rabi times were (a) 1.5 ms
and (b) 150 ms. 45

Figure 19 Projection of a single ion on the EMCCD (a) before and (b)
after maintenance of the CryPTEx-SC superconducting res-
onator. Lack of mechanical coupling between the two parts of
this optical system and limited possibilities of testing during
assembly increases the likelihood of aberrations from mis-

alignment. 52
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Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

[ustration of both worlds, rays and wavefronts, modulated

by optical elements.

(a) Plano-convex lens with diffraction coefficient n = 1.48441,
diameter 4 = 60 mm, curvature ¢ = 1/35mm at wavelength
A = 313nm, aperture NA= 0.4 and back focal length f =
60 mm. One can clearly see the induced spherical aberrations
around the focus. (b) Zoom in the focus region of image (a).
(c) Optimized lens with parameters from (a). The surface
shape is now corresponding to 59. For that, the curvature
was modified to ¢ = 1/35.591 mm and a conic constant k¥ =
-0.31971 was introduced as well as even aspheric coefficients
up to the eighth order. (d) Focus region of the lens shown
in (c). in comparison to the plano-convex lens, the light is

now evenly converging into much smaller spot. Simulated

with [150].

(a)The same plano-aspheric lens as shown in Figure 21c, but

with an angle of the incoming plane light wave. Simulated

with [150]

Fused silica linear expansion coefficients (solid line) and in-
tegrated thermal expansion (dashed line) for low tempera-
tures. The empiric model was taken from [152]. In addition

the linear thermal coefficients of similar materials are plot-

ted [159,160].

Schematic overview of an Schwarzschild-type reflective ob-
jective with working distance s and backfocus z. The spacing
between both surfaces is given by 4. If the system is called
confocal, the center points of the curvatures overlap.
(a,b) simulated point spread functions for Be* at 313 nm wave-
length on-axis (a) and at a field height of 250 pm (b). (c,d)
The same for Ca™ at 397 nm. (e) RMS spot size diagram over
the wavelength range (290 — 440)nm. The blue line indicates
the on-axis field. Due to the usage of only reflective elements,
the spot size stays constant over the full spectrum. If the op-
timized wavelengths spread further, they bandwidth of the
shorter wavelength decreases. (f) Modulation transfer func-
tion in the focus for Be™ at different fields.

Schematic of a catadioptric imaging system with two Mangin

mirrors.
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Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

(a,b) simulated point spread functions for Be* at 313 nm wave-
length on-axis (a) and at a field height of 250 pm (b). (c,d)
The same for Ca™ at 397 nm. (e) RMS spot size diagram over
the wavelength range (290 — 440)nm. The blue line indicates
the on-axis field. For wavelengths between one observes a
slight increase due to chromatic aberrations. If the optimized
wavelengths spread further, they bandwidth of the shorter
wavelength decreases. (f) Modulation transfer function in the
focus for Be™ at different fields. 70

Schematic of a monolithic, catadioptric imaging system. Sim-
ilarly to a Schwarzschild-type mirror system it has two reflec-
tive surfaces. 71

(a) simulated point spread functions for Be* at 313 nm wave-
length (a) on-axis and (b) at a field height of 250 pm . (c,d)
The same for Ca* at 397 nm. (e) RMS spot size diagram over
the wavelength range (290 — 440)nm. The blue line indicates
the on-axis field. Due to the usage of only reflective elements,
the spot size stays constant over the full spectrum. If the op-
timized wavelengths spread further, they bandwidth of the
shorter wavelength decreases. (f) Modulation transfer func-
tion in the focus for Be* at different fields. 72

Sliced contour rendering of the cryogenic lens including ma-
nipulator, which is mounted on the 4K heat shield. 75
Schematic for the VAUQSI cryogenic lens system on 4 K. In
red the minimal distance to the beryllium ions is denoted:
The niobium grid on top of the resonator. S1 is the plano-
aspheric lens, S2 an S6 two adjustable lenses. The due to the
optomechanical design around the lenses, the system is di-
vided in two stages. 77

(a-b) Rendering of plano aspheric lens mounted in the tita-
nium cell. Centering is achieved by six wire eroded arms, on
which three can be fine adjusted by 7 mm long M3x0.25 pins.
Along the optical axis, the lens is pre-loaded on six feathered

points. (c) Image of the assembled lens. 79
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Figure 35

Figure 36
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(a-b) Rendering of the compensator lens mounted in the ad-
justable aluminum cell. The lens is centered by twenty two
arms scaling 2 mm in width, 6 mm in length and 0.75mm in
strength. The outer part of the ring was designed to lengthen
up to 0.5mm or shrink 2.0 mm by adjusting in total six fine
threaded pins. (c¢) Image of the pre-loaded lens before as-
sembly on the outer ring. (d) profile of the EDM machined
springs. The valuesare A = 5mm, B = 1mm, C = 2mm. 80
(a) Rendering showing the stacked lenses inside the Invar
cells.(b) Top view of the lowest lying lens. (c) View on the
top lens. The element between both was similarly mounted
as shown in (¢). In surrounding the flexible aluminum arms,
a brass ring is applies a preload. 81

(a-b) Rendering of the compensator lens mounted in the ad-
justable aluminum cell. The lens is centered by twenty two
arms scaling 2 mm in width, 6 mm in length and 0.75mm in
strength. The outer part of the ring was designed to lengthen
up to 0.5 mm or shrink 2.0 mm by adjusting in total six fine
threaded pins. (¢) Image of the pre-loaded lens before assem-
bly on the outer ring. 83

Simulation results for the VAUQSI 4K stack at this temper-
ature. (a-d) Point spread functions for Be™ at 313 nm wave-
length (a) on-axis and at a field height of (b) 125 pm, (c)
175 pum, (d) 250 pm (e) RMS spot size diagram around the
cooling wavelength. (f) Modulation transfer function in the
focus for Be™ at different fields. 86

Simulation result of the lens stack at4 K, thermalized at 293 K.
Lens cell distances and thermal refraction index were changed

to the given temperature. 87
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Figure 38 The imaging system lab unit consists of two subsystems. Af-
ter passing mirror M1, the beam is infinity corrected through
the lenses I; and crosses two alignment mirrors (M2, M3)
along the infinity-corrected path (ICP). The second subsys-
tem, consisting of symmetrically spaced lenses F;, focuses the
beam at a magnification of M = 32 through a beam sampler
to a camera and a PMT, respectively. To filter out stray light
or enhance single-ion contrast, a spatial filter consisting of a
total of four knife edges (KE) is positioned at the focus. For
alignment, maintenance, or attachment of multiple detectors,
three ports have been implemented (P1, P2, P3). A transla-
tion wheel for shifting the focusing lenses is denoted with
(FT). 88

Figure 39 Laboratory unit sideview with vacuum window. An adjustable
mirror couples the beam into an lens assembly, which is mounted
within four rods. Retainer rings preload the lenses in the cells.
Alignment and optimization on the stack can be performed

by opening a lid on the side. 89

Figure 40 Laboratory unit sideview on the refocusing lens assembly,
which is positioned inside a tubus. 90
Figure 41 Simulation results for the whole VAUQSI imaging system in

the EMCCD image plane (a-d) Point spread functions for
Be™ at 313nm wavelength (a) on-axis and at a field height
of (b) 125 um, (c) 175 pm, (d) 250 pm (e) RMS spot size dia-
gram around the cooling wavelength. (f) Modulation trans-
fer function in the focus for Be™ at different fields. 91

Figure 42 (a) Simulation of an image on the EMCCD detecting 10° pho-
tons per ion for a pixel size of 13 um . Three equally spaced
ions with a total distance of 10 pm in object space were used
as light source. The maximum pixel count number was 420
(b) Monte Carlo results, based on the toleranced lenses and
lens elements for the root mean squared spot size in the im-
age plane. 26 pm correspond to two pixels. 92

Figure 43 Sketch of the measurement principle involving a modified
version of an autostigmatic microscope. 97

Figure 44 [Mlustration of the ABCD-matrix formalism. 104
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The linear expansion coefficients of calcium fluoride (solid
line) and the integrated thermal expansion (dashed line) are
presented for low temperatures. The empirical model shown
in Equation 63 is taken from [152]. Additionally, the linear
thermal expansion coefficients from different sources are plot-
ted [153, 190, 191]. The fitted model, with parameters a =
-3.07 X 1073, b = 69.418, ¢ = 253.175,d = —0.0675, and ¢ =

4.276, was used for qualitative investigations in cryogenic mounts

with finite element methods. In contrast to standardized poly-
nomial models, this model does not overfit at lower temper-
atures. 105

(a,b) simulated point spread functions for In* at 230 nm wave
length on-axis (a) and at a field height of 250 pm (b). (c,d)
The same for Yb* at 369.5 nm. By integrating the PSF of (a-

d), 90% of the light emitted by a point source is covered on
a diameter of 48 pm for In* and 80 pm for Yb* over the full
tield of view. (e) RMS spot size diagram over the wavelength
range (220 —400)nm. The blue line indicates the on-axis field.
The system consists of three elements and two reflective sur-
faces.(f) Modulation transfer function in the focus for In* at
different heights fields. 112
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Calculated Zeeman shifts of the Be™ S/, ground state hyper-
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This is a list of surfaces and aspheric parameters (a;) for the
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[97]. Due to the experiment restrictions, the numerical aper-
ture was reduced to NA= 0.4 resulting in a smaller diameter
of the lens. Due to the otherwise equal scales, the magnifica-
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while the mechanical radius is the size of the lens.The as-
pheric parameters are: k = —0.771 ,ay = 3.96683694 - 1077,
ag = 4.346151736 - 10711, 82

List of surfaces and parameters at the 4K stage for room tem-
perature. Each lens element is separated into two surfaces
with curvature radius and thickness/distance to the next ele-
ment. All polished areas on the surfaces are given by the clear
surface parameter, while the mechanical radius is the size of
thelens. 106

List of surfaces and parameters for the correction elements at
room temperature in the laboratory environment. Each lens
element is separated into two surfaces with curvature radius
and thickness/distance to the next element. All polished ar-
eas on the surfaces are given by the clear surface parame-
ter, while the mechanical radius is the size of the lens. These
elements produce afocal projections to allow for more flexi-
bility for refocusing (simultaneously) on detectors with dif-
ferent pixel sizes. All lenses in this table are commercially
available and were additionally anti-reflection coated for in-

creased transmission at 313 nm. 107
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Parameters for a three element, catadioptric imaging system
with NA= 0.4, S = 62.469 mm working distance and 30x mag-
nification. All elements are specified as Corning 79-80 UVEFS.
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