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Abstract

The size of an atomic nucleus is a fundamental observable and defined by the distribution of the
neutrons and protons composing the nucleus and the respective mean-square radii. The precise
investigation of the nuclear size across the chart of nuclides delivers important benchmarks
for nuclear structure theory and tests our fundamental knowledge of matter. In contrast to
matter and neutron radii, the nuclear charge radius can be probed through the well-known
electromagnetic interaction. Different techniques have been developed over time to measure
nuclear charge radii such as elastic electron scattering or muonic atom spectroscopy. While
these techniques are typically limited to stable nuclei, collinear laser spectroscopy and resonant
ionization spectroscopy are used to determine nuclear charge radii of short-lived radioactive
isotopes relative to a reference charge radius of a stable isotope. In some cases, this can limit
the uncertainty of the obtained charge radii of radioactive nuclei to the uncertainty of the
reference measurements from elastic electron scattering or muonic atom spectroscopy.

To overcome this limit in light mass nuclei like ' !B, an all-optical approach for the charge
radius determination purely from laser spectroscopy measurements and non-relativistic QED
calculations was tested in this work with the well-known nucleus of '2C through laser excitation
of helium-like '2C** from the metastable 152s3S; state with a lifetime of 21 ms to the 1s2p 3P
states. The high-precision collinear laser spectroscopy was performed at the Collinear Apparatus
for Laser Spectroscopy and Applied Science (COALA), situated at the Institute for Nuclear
Physics at the Technical University Darmstadt. In order to produce the the highly charged C**
ions, a new electron beam ion source including a Wien filter for charge/mass separation was
installed and commissioned at COALA. Additionally, a new switchyard and beam diagnostics
were designed, built and installed. The 152s3S; — 152p 3P rest-frame transition frequencies
were determined with less than 2 MHz uncertainty through quasi-simultaneous collinear and
anticollinear laser spectroscopy. These transition frequencies are in excellent agreement with
state-of-the-art ab initio atomic structure calculations and an all-optical nuclear charge radius
of 12C was extracted. Its accuracy is limited by theory, which must be improved by two orders
of magnitude before the experimental uncertainty becomes significant again. At that point,
the accuracy of the extracted charge radius would have already outperformed all previous
measurements of this observable. Furthermore, the high precision of this work enabled the
estimation of the next missing order in the atomic structure calculations and the transition
frequencies from this work can be used together with ongoing measurements in '3C** for a
conventional determination of the mean-square charge radius difference §(r?)!?13 between
12C and '3C which has not been measured so far by laser spectroscopy.







Zusammenfassung

Kollineare Laserspektroskopie und die Resonanz-Ionisations-Spektroskopie werden typischer-
weise verwendet, um Kernladungsradien von kurzlebigen radioaktiven Isotopen relativ zu
einem Referenzladungsradius eines stabilen Isotops zu bestimmen. In manchen Féllen kann
dies die Unsicherheit der erhaltenen Ladungsradien radioaktiver Kerne auf die Unsicherheit
der Referenzmessungen aus der elastischen Elektronenstreuung oder der myonischen Atom-
spektroskopie limitieren.

Um dieses Limit in Kernen mit leichter Masse wie 1% 1B zu iiberwinden, wurde in dieser
Arbeit ein rein optischer Ansatz fiir die Ladungsradienbestimmung basierend auf Laserspek-
troskopiemessungen und nicht-relativistischen QED Rechnungen mit dem bekannten Kern von
12¢ getestet. Dafiir wurden heliuméhnliche '2C** Ionen durch einen Laser aus dem metasta-
bilen 1s2s3S; Zustand, der eine Lebensdauer von 21 ms besitzt, in die 1s2p3P; Zustinde
angeregt. Die hochprézise kollineare Laserspektroskopie wurde an der Kollinearen Apparatur
fiir Laserspektroskopie and Angewandte Wissenschaft (KOALA) am Institut fiir Kernphysik
der TU Darmstadt durchgefiihrt. Um die hochgeladenen C** Ionen zu produzieren, wurde
eine Elektronenstrahl-Ionenquelle und ein Wien-Filter zur Separation des Ladung-zu-Masse-
Verhaltnis an KOALA installiert und in Betrieb genommen. Auferdem wurden eine neue
Uberlagerungseinheit (Switchyard) und eine neue Strahldiagnostik entworfen, gebaut und
installiert. Die Kombination dieser Neuerungen erlaubte es erstmals die Ruhefrequenzen der
1525381 — 1s2p>P; Uberginge mit weniger als 2 MHz Unsicherheit zu bestimmen. Dies
gelang mittels quasi-simulataner kollinearer und antikollinearer Laserspektroskopie bei der
sich zahlreiche systematische Unsicherheiten konventioneller kollinearer Spektroskopie elim-
inieren lassen. Die ermittelten Ubergangsfrequenzen sind in exzellenter Ubereinstimmung mit
modernsten ab initio Atomstrukturrechnungen und mit deren Hilfe wurde ein rein optischer
Kernladungsradius von '2C extrahiert. Dessen Genauigkeit ist noch durch die Genauigkeit der
theoretischen Berechnungen limitiert, welche um zwei Groenordnungen verbessert werden
miissten, bevor die experimentelle Unsicherheit wieder signifikant wird. Dann wiirde die
Genauigkeit des aus den hier durchgefiihrten Messungen extrahierten Ladungsradius alle
bisherigen Bestimmungen iibertreffen. Zusatzlich ermoglicht die hier erreichte hohe Prazession
eine Abschédtzung der néchsthoheren, noch nicht berechneten Ordnung in den Atomstruktur-
rechnungen. SchlieRlich erlauben die gemessenen Ubergangsfrequenzen zusammen mit noch
laufenden Messungen in '3C** und konventionellen Berechnungen des Masseneffekts in der
Isotopieverschiebung eine sehr genaue laserspektroskopische Bestimmung der Differenz der
mittleren quadratischen Kernladungsradien von ?C und '3C, welche bislang noch nicht mittels
Laserspektroskopie gemessen wurde.
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1 Motivation

The fruitful interplay between atomic and nuclear physics continuously leads to new discoveries
and knowledge about our fundamental building blocks of matter through the refinement of their
theory and experiments for more than a century. The discovery that most of the mass of an atom
is located in a compact massive center by E. Rutherford (1911) [1] enabled the explanation of
observed spectral lines in hydrogen, postulating a quantized angular momentum by N. Bohr
(1913) [2]. Later, the precise observation of the hydrogen lines resulted in the discovery of
deuterium by H. Urey (1932) [3]. The steady increase in precision of spectroscopy experiments
challenged theory and resulted in the discovery of relativistic and quantum electrodynamical
(QED) corrections [4] in the atomic shell, but also allowed new insights into the nucleus.
The observation of the hyperfine structure splitting led to the proposal of the existence of a
nuclear spin and the related nuclear magnetic moment [5, 6]. Later, the deviation from the
Landé-interval rule in '*1'53Eu was explained as a deviation of the nucleus from a spherical
form [7]. Thus, a nuclear quadrupole moment and a nuclear deformation was introduced.
With the development of the laser, highly precise investigations of these properties in ground
states of even short-lived radioactive nuclei became possible and have been driven by the
workhorses collinear laser spectroscopy (CLS) and resonant ionization spectroscopy (RIS) in
the last decades [8-10]. However, to extract nuclear moments from the recorded hyperfine
spectra, reliable and precise state-of-the-art atomic structure calculations are needed as used
in, e.g., [11]. The determination of nuclear charge radii from isotope shift measurements
also requires the precise calculation of the corresponding field-shift and mass-shift constant
when an element has less than 3 stable isotopes. This is particularly challenging in the lightest
elements where the mass shift is about 10000 times larger than the field shift and has, thus, to
be calculated with an accuracy of about 10 parts-per-million (ppm). In the last two decades,
ab initio methods like non-relativistic QED calculations have been pushed to accommodate
such calculations up to 5-electron systems [12].

Thus, atomic and nuclear physics should not be seen as two different disciplines but rather
as vital partners where both profit from their progress. The laser spectroscopy of helium-like
12G4+ can be therefore motivated from two different perspectives as will be discussed in the
two following sections.

1.1 Nuclear structure of light nuclei

The size of a nucleus is a fundamental observable and several techniques were developed
to measure it since its discovery by Rutherford and coworkers [1]. Due to its composition
of protons and neutrons, one has to distinguish between a matter radius with respect to




the combined proton and neutron (nucleon) distribution, the neutron radius and the charge
radius, referring to the neutron and proton distribution, respectively. While the matter radius
can only be probed in nuclear reactions and is therefore affected with a considerable model
dependence, the electromagnetic interaction is well understood. Thus, accurate charge radii
can be determined from the electron-nucleus interaction either of free high energy electrons in
electron scattering [13] or of bound electrons or muons [14] from the finite nuclear size effect
in atomic or muonic spectra, respectively. Generally, a mean-square radius of the relevant
distribution p(7) is the experimental observable, i.e., in case of the charge distribution

(re) = ;/dBT 72 pe(7), (1.1)

and the corresponding (charge) radius is defined as R. = +/(r2). While elastic electron

scattering and muonic atom spectroscopy deduce absolute nuclear charge radii R/ of stable

isotopes, the isotope shift in optical spectra, i.e., the frequency difference of a transition between

two isotopes

MA/ — My
My M 4

allows to extract changes in the mean-square nuclear charge radius between a stable and a

radioactive isotope with mass number A and A’, respectively. The nuclear charge radius of the
radioactive nucleus (A’) is then referenced to a Rf measurement of the stable nucleus by

5N = N A = Ky + Fa (r2)™ (1.2)

RY = \/ (RA)* + 6 (r2)*. (1.3)

While nuclear charge radii globally scale with the nuclear mass as v/A, the individual size
and especially its variation across an isotopic chain of an element exhibits a rich structural
diversity caused by underlying nuclear structure like nuclear shell closures, shape changes,
shape coexistence, or pairing correlations. Therefore, each mass region in the nuclear chart
exhibits different features which test nuclear structure theories and therefore our fundamental
knowledge of matter. One of these especially challenging features are so-called halo nuclei
which are very prominent in the region of the lightest nuclei (A < 12). The two-neutron halo
HLi is one of the most prominent examples. It consists of a ?Li core and a halo of diluted
nuclear matter formed by the two valence neutrons. The large extension of the wave function
caused by the small binding energies of the valence nucleons [15, 16] leads to large interaction
cross sections [17] and a narrow momentum distribution of the halo nucleons in breakup
reactions [18, 19]. Even though the halo consists of neutron matter, a strong increase in the
nuclear charge radius is observed as illustrated in Fig. 1.1. This is also the case for °He, ®He
and the one-neutron halo nucleus 'Be [20]. It is caused by the center-of-mass motion of the
nuclear core and the halo neutrons, which smears out the nuclear charge distribution and,
thus, strongly increases the nuclear charge radius in comparison to the neighbouring isotope.
This is illustrated in the insets of Fig. 1.1 for the case of 5%He.

For the proposed proton halo nucleus ®B, the situation is different, since the halo is formed
by the proton and directly contributes to the charge radius. Therefore, the increase in the
nuclear charge radius is expected to be especially large. First indications towards a proton halo




character of ®B came from its surprisingly large quadrupole moment measured with 5-NMR [21,
22]. Then, various attempts have been made in the past to extract the decisive halo distance
dnalo between the "Be core and the valence (halo) proton from the ®8B—7Be+p breakup reaction
in thin targets [23-26] and from precise mass radii measurements [27]. However, the results
of these experiments contain a model dependency which allows for different interpretations
regarding the halo character of ®B. Therefore, a model-independent measurement is needed to
extract dp,, of ®B to make a definite statement about its halo character. This can be provided
by laser spectroscopy as it can access the mean-square nuclear charge radius of "Be and *B
model-independently.

As mentioned above, collinear laser spectroscopy is a proven technique to measure nuclear
charge radii of radioactive nuclei, but it relies on nuclear charge radii of the stable isotopes
from other measurements as is obvious from Eq. (1.3). This connects the uncertainty ARg“'
to AR{ which can limit the reachable accuracy of R like in the case of the lithium isotopic
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Figure 1.1: Left panel: Nuclear charge radii of the helium (Z = 2), lithium (Z = 3), and beryllium
(Z = 4) isotopes. The stable reference isotopes and halo isotopes are marked with
labels. The error bars represent the uncertainties from the respective isotope-shift
measurements, whereas the grey bands show the combined uncertainty including
the uncertainty of the reference radius. In the depiction of the nuclear structure of
6He and 8He, red spheres represent protons and blue spheres represent neutrons.
It illustrates how the nuclear charge distribution is smeared out by the center-of-
mass motion of the charge carrying « particle core and the halo neutrons. Right
panel: Nuclear charge radii of boron (Z = 5) isotopes determined from elastic
electron scattering and muonic atom spectroscopy.




chain (see Fig.1.1) and especially the boron isotopic chain. The charge radius of the stable
nuclei '°B and '!'B derived from electron scattering has a comparably low precision on the
5% level due to an interference of two scattering components [28, 29] and also muonic atom
spectroscopy delivers results only on the 1.6 % level [30]. In comparison, the precision of
) <r?>11’8 between ''B and ®B extracted from laser spectroscopy is estimated to be on the 4 %
level, which would translate in a relative accuracy on the 0.7 % level for R, of ®B if the nuclear
charge radius of !'B was known precisely [31]. Therefore, new measurements of the absolute
nuclear charge radius of !9''B with higher precision than previous experiments are required.

In principle, this can be provided in an all-optical approach with the 15253S; — 152p°P;
transitions in He-like systems as illustrated in Fig. 1.2, motivated in Sec. 1.2 and explained in
Sec. 2.2. A successful application of this method to ?Be and '°:'!B would base all measurements
needed for the investigation of ®B on equal footing. In order to verify this approach, first
measurements of He-like '2C*" were carried out and are reported in this thesis. The charge
radius of 1°C is well-known from elastic electron scattering [33-36] and from muonic atom
spectroscopy [37, 38] and the results from both approaches are in good agreement. Thus,
the results constitute a strong anchor point for upcoming progress in atomic structure theory.
They also represent the first high-precision measurement in a He-like system beyond He with
the exception of Li*. Additionally, the carbon isotopic chain has not been studied with high-
precision laser spectroscopy so far since no suitable transitions exist in the level structure

E/V(r)
r
5: f‘/ p//’-/>
Vo y/point
—7S
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Measure Calculate Obtain

Figure 1.2: lllustration of an all-optical approach for the nuclear charge radius determination.
The rest-frame transition frequency v in an atomic system is the sum of the
transition frequency under assumption of a point-like nucleus vin: and the finite
nuclear size effect dvps = I - (r2). The latter modifies the binding potential V' (r)
inside the nucleus and with it the binding energies E of the electronic states (blue
lines). The mean-square charge radius can be obtained by measuring the transition
frequency 1, and calculating vp.inc @and F in an appropriate atomic system. This
method has been demonstrated so far in hydrogen and hydrogen-like systems,
while helium-like systems came just in reach with the most recent atomic structure
calculations [32].




of C and C™ starting in the ground state or a higher lying but metastable state that can be
efficiently populated in standard ion sources. The precise determination of the 152s53S; —

152p 3P transition frequencies will therefore also serve as the starting point for a first § <r§>12’A/
extraction from isotope shift measurements in the carbon isotopic chain. A measurement of
13C4+ is currently ongoing, which will provide an accurate measurement of § <r§>12’13 based
on precise mass-shift calculations in the He-like system. Agreement with the known value
will strongly support the consistency of the mass-shift calculations as well as of the transition
frequency measurements at the COALA beamline.

1.2 Atomic structure of He-like systems

The calculation of energy levels in one-electron systems has reached a precision level which
enables the extraction of absolute nuclear charge radii purely from laser spectroscopic mea-
surements as demonstrated in hydrogen [39], muonic hydrogen [40], muonic deuterium [41]
and muonic helium [42]. The observed discrepancy in muonic hydrogen compared to atomic
hydrogen lead to the famous proton radius puzzle [43]. Meanwhile, convincing evidence for
the smaller proton radius as observed in muonic hydrogen comes from improved measurements
of hydrogen [44], a new lamb-shift measurement [45] as well as electron scattering at very low
q? using a windowless target [46]. However, some of the results are still heavily discussed and
hydrogen experiments that support the larger proton radius are also reported [47, 48]. There-
fore, a more elaborate comparison between muonic and electronic systems beyond hydrogen
is demanded. In order to extend this approach towards heavier atomic systems (Z > 1), it is
necessary to precisely calculate energy levels in two-electron systems since no laser addressable
transitions exist in H-like systems for Z > 1. Related non-relativistic QED (NRQED) calculations
made significant progress recently [32, 49-51] and surpassed all available experimental data
beyond He in precision and accuracy. Therefore, new high-precision data for Z > 2 is requested.
In return, absolute nuclear charge radii can be determined purely from laser spectroscopic
measurements and NRQED calculations as explained in Sec. 2.2.

Furthermore, accurate fine-structure splitting measurements in the 1s2p 3P states of He can
be used in combination with NRQED calculations to obtain the fine-structure constant « as
demonstrated in [52]. Here, the stated uncertainty of « is dominated by the next missing order
in the NRQED calculations. It was suggested that a precise measurement of the fine-structure
splitting in 12C** could help to derive an estimate for the next order contribution.

The targeted accuracy of 2 MHz in the 15253S; — 152p 3P transition frequency measurements
of 12C** within this work will serve as benchmark for NRQED calculations and will therefore
help to refine these atomic structure calculations.







2 Theoretical background

This chapter contains the necessary theoretical background to understand the properties of
He-like carbon, atomic theory calculations in He-like systems, their production in an electron
beam ion source and the investigation through quasi-simultaneous collinear and anticollinear
laser spectroscopy. Furthermore, physical effects that might lead to systematic uncertainties in

this approach are explained.

2.1 Nuclear and atomic properties of 12C**

The nucleus of '2C consists of 6 Protons and 6
Neutrons with a natural abundance of ~ 99 %.
The nuclear charge radius of '2C is precisely
known from a muonic atom spectroscopy mea-
surement to R¢ = 2.4829(19) [38], but also
less accurate results from elastic electron scat-
tering [33-36] exist and are in good agree-
ment with the muonic results. The ground-
state nuclear spin is / = 0 and therefore no
hyperfine splitting occurs in the atomic level
structure. However, no suitable transition for
laser spectroscopy exists in the level struc-
ture of C and C™ starting in the ground state
or a higher lying but metastable state that
can be efficiently populated in standard ion
sources. Therefore, the only way for high-
precision laser spectroscopic investigations
with non-relativistic ions (v <« ¢) is using
highly charged C** ions. It has two electrons
and is therefore part of the He-like isoelec-

S=0 S=1
E
A 1 :
1s2p *P, :
f 1s2p 3P,
A=4nm ' A=x227nm
A, = 8.8E11 s || Ay =5.6E75?
i 11
1s2s3S,;
= AE =299 eV
T=21ms
21 i
15215,

Figure 2.1: Level scheme of 2C*t with the
ground state 1s2'S, and the first
exited states. Not to scale.

tronic sequence. Here, the two electron spins can be either aligned antiparallel or parallel,
which results in a total electron spin of S = 0 or S = 1. This leads to a separation of the level
structure in singlet (S = 0) and triplet (S = 1) states as illustrated in Fig. 2.1.

For S = 0, no laser accessible transition exists from the 1s% 'S, ground state since the energy
difference to the next excited state is of the order of 300 eV which corresponds to a wavelength
of 4nm. This photon energy could only be reached with free electron lasers like the European




XFEL!. Furthermore, the natural linewidth in this transition is approximately 140 GHz due to
the extremely short !P; lifetime of only 1 ps. This excludes the transition from high-precision
laser spectroscopy.

For S = 1, the 1525 3S; state is the starting point for the almost closed 152s3S; — 1s2p 3P tran-
sitions which have a transition wavelength A\ ~ 227 nm in the UV and a spontaneous decay
rate A;, ~ 5.6 - 107 1/s which corresponds to a natural linewidth of 8.9 MHz. The branching
ratio from the 152s %P} states to the ground state is only 0.04 %. The lifetime of the metastable
152538, state is about 7 ~ 21 ms in C** which calls for a fast laser spectroscopic technique
once the ions are extracted from the source. Laser spectroscopy of short-lived isotopes with
comparable lifetimes are routinely performed with collinear laser spectroscopy (CLS).
Furthermore, recent progress in atomic theory brought two-electron systems like C** in reach
of ab initio atomic structure calculations. Precision laser spectroscopy is, thus, of high interest
since it allows to test these calculations as well as a source for nuclear structure investigations
as soon as theory is sufficiently advanced.

2.2 Atomic structure calculations of He-like systems

He-like ions are two-electron systems and the simplest many-body problem for atomic structure
calculations. Since it requires the inclusion of all electron-electron correlations, different
strategies have been developed to solve this problem. The most precise solution in light ions is
from non-relativistic QED (NRQED) calculations [32]. Details on this technique can be found in
[32, 49, 51]. Here, only the principle idea and some basic considerations are briefly explained.
For two electrons at position 71 and 7, bound to a nucleus, the corresponding Hamiltonian in
the center-of-mass frame is given by [53, p. 199]

R o2 -2 po o 1 Ze?  Ze? e?
H=— (v v —vv) _Le_se @ 2.1
2Me 1t 2—i_J\I Loy +47T£0 ( |71 |79 + \7'1—7'2]> 2.1

with the reduced mass ;1 = meM /(me + M) of the electron mass me and the mass of the
nucleus M. Due to the electron-electron repulsion term, the Hamiltonian is non-separable and
the Schrodinger equation cannot be solved exactly. However, it can be separated in

H = Hy + nHyp, (2.2)

where Hj is the dominant nuclear-mass independent term, n = /M is the perturbation
parameter and

Hyp = — ViV, (2.3)

Me
is the mass polarization term.
In NRQED, this problem is solved perturbatively in the following steps: First, a precise rep-
resentation of the non-relativistic wave function ¥ (71, 7%2) must be found, using a variational
approach in an appropriate basis set to approximately solve the Schrodinger equation for Hy.
Typically, the Hylleraas basis set is used since it provides a set of functions that are explicitly

thttps://www.xfel.eu




correlated [54]. When the wave functions are constructed, perturbation theory is used to
evaluate the contributions of the mass polarization term Hyp, relativistic and quantum electro-
dynamic (QED) contributions through an expansion of the level energy in a power series of «
[49]

E(a,n)=E® + EW  EO) 4 O L g 4 (2.4)

where E(™ = ma"E™ is a contribution of order ™. Each £ is expanded again in a power
series of 7 to

g =gl 4 e 4 p2elm 4 (2.5)

)

with the mass-independent contributions é’é” like the non-relativistic energy 552) and relativistic
™ " In the most recent publication [32],

corrections 5(54), and the mass-polarizing terms £ .
relativistic and QED corrections have been calculated up to the order of o7 for two-electron
systems.

The influence of the nuclear finite-size effect to the level energy is also treated as a perturbation.
Therefore, the binding energy of an electron to a nucleus can be written in first order as

Ze?
E = Eplan) + By = Bp(a,n) + 5 (r2) Z (8% (r:)), (2.6)

with the level energy of the system with a point-like nucleus F;(c,7) and the energy shift due
to the finite-size effect Fg. Here, (r2) is the mean-square nuclear charge radius and (63 (r;))
is the probability density of the i-th electron at the nucleus. For a transition from an initial
level i to a final level f with energies E; and Ef, respectively, it can be written
AEi—)f =Ek—-FE = AEp,i—>f + % <7’g> Ez A <63 (ri)>i—>f
2.7
= AEp + F (r?)

with the transition frequency for a point-like nucleus AE;, and the field-shift factor F'. Here,
A(5® (ri)>Hf is the difference of the electric probability densities at the nucleus in the levels i
and f for the i-th electron. This equation opens the possibility of an all-optical charge radius
determination through the measurement of the transition energy AFeyp = AE; ¢ and the
calculation of the transition energy AFE, for an atom with an idealized point-like nucleus and
the field-shift factor F'. The charge radius R, is then given by

AFo, — AE
Re= V() =\|—%5— (2.8)

The latest calculated values of AE,, and F for the 1s2s3S; — 1s2p 3P, transitions of 12C** are
shown in Tab. 2.1. They have been extracted from [32] where the ionization potentials (IP)
Ep(x) of the involved states x and the respective finite nuclear size contribution A Epys(z) are
given. The latter was calculated for the nuclear charge radius R. = 2.407 from [55]. Therefore,
the field-shift factor is given by

F = AFpns(z)/R2.




The transition frequencies AF, can be extracted through

AEP(2p 3PJ) = [Elp(Qp SPJ) - AEFNs(Qp SPJ)] - [EIP(2S 381) - AEFN5(2S381>] .

So far, this method has only been demonstrated in hydrogen [39] and muonic systems [40—
42], but is examined for the first time in a He-like system beyond He within this work. The
experimental investigation of these transitions in He-like 2C** requires an ion source capable
of populating the 1s2s3S; state efficiently. This can be expected in the production process in
an electron beam ion source.

Table 2.1: Calculated transition energy A I, assuming a point-like nucleus and the correspond-
ing field-shift factor F of the 1s2s3S; — 152p 3P transitions of 12C**. The last two
rows are the frequency converted values. AE}, and F were extracted from [32].

‘ 152538 — 132p3P2 ‘ 152s3S; — 182p3P1 ‘ 152538 — 152p3P0

AE, (eV) 5.45804678(53) 5.4412107(31) 5.4427592(11)
F (peV/fm?) -0.875 -0.875 -0.874

vp (GHz) 1319749.83(13) 1315678.89(75) 1316053.32(27)
F (GHz/fm?) 0.2115 0.2115 0.2113

2.3 Highly charged ions from electron beam ion sources

Tons with nuclear charge Z and atomic charge ¢ in units of e are often defined as highly charged
when they fulfill
q>Z)/2. (2.9)

Due to their unique properties like very high electric fields up to 10'6 V/m for heavy ions, tens
of thousands keV potential energy and their energy level structure, they are of interest in many
different fields of physics from tests of QED in strong fields, e.g. in [56-58], optical clocks and
fundamental physics [59] or microelectronics to biomedicine research [60, 61].

The production of heavy highly charged ions (HCI) is classically accomplished by stripping off
electrons from high energy ions in large accelerator complexes like GSI/FAIR in Darmstadt.
Here, the highest charge states of the heaviest elements like U%?T can be produced [62].
However, also more compact HCI sources are available in the meantime like laser ion sources
[63], electron cyclotron resonance (ECR) [64] ion sources and electron beam ions sources
(EBIS) [64]. The latter is particularly interesting for precision experiments since it produces
a rather ordered plasma compared to the other sources. A comprehensive introduction and
overview about the EBIS technology can be found in [64, 65]. The most important physical
effects that happen during the HCI production in an EBIS are briefly summarized in the
following.

In an EBIS, neutral atoms are ionized and confined by a magnetically compressed electron beam
in combination with an electrostatic trap in axial direction. The balance between charge-state
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generation and charge-state destruction is of importance in order to reach a targeted charge
state. The differential equations describing the ion production in an EBIS are given by [65]

ionization
tog=1 % = —Aing,
dn
to q I = AgMg—1  —  Ag+17yg (2.10)
—— ——
ion production  ion destruction
to Z dnTtZ = Agznhz_1,

with the neutral particle density ny and the reaction rate
Ag = OqUeMNe. (2.11)

Here, o, is the ionization cross-section, ve the electron velocity and n. the electron density. If
the ionization process starts only with neutral particles, the boundary conditions

t=0, no(0) = nd, nqg(0) =0

lead to the solution [65]

ng = n8e*)‘1t
0
_ M —A1t _ a—Xat
n1o= NN (e e )
_ 0 e At e Aot e— A3t
n2 = no/\l)\Q ((/\2—)\1)(/\3—)\1) + (A3—X2)(A1—A2) + (A1—=A3)(A2—A3) (2.12)
q q+1 it
0 e J
Ng = N A -
q o [T | X =am :
=1 j=1 (I AEPHETESS)

Developing the exponents in Eq. (2.12) in a first-order Taylor series yields the more compact
solution

ng = ng(l—At)
ny = ng)\lt
ny = ndhidel (2.13)
0te T
ng = Mgy Hlx\j.
]:

Under assumption of a step-wise ionization from one charge state to another, the characteristic
time 7, when a charge state ¢ reaches its distribution maximum can be estimated by [64]

1



T = 1t
T2 = t1+1t
: (2.14)
q
Tg = > th
k=1
with ¢, = 1/),. This can also be rewritten with Eq. (2.11) in the more usable form
1
T, = — 2.15
iy ; o (2.15)

where j = vene is the electron current density. j7, is called ionization factor and is a funda-
mental value which determines the maximum achievable charge state. The production of a
charge state ¢ is only possible if the ionization factor of the ion source fulfills

q
1
JTq > E — (2.16)
k=1

Ok

and if the electron energy is higher than the ionization potential /, (ideally two to three times
of I, [64]). Figure 2.2 illustrates the necessary ionization factors and electron energies to

3 6 1419 |24 34 |45 55 6474 [79 8286 | 90 9;1/“92
I [ [ R I I T ) 1 r U
5 3 68 11 1417 2023 29| 35 41 44 50|52 53|54 X
10 | L1 TR D I [ [ | e
E 3 6 81114 17 20 23 2932 34 3536/ 7
= I L1 1 [ ] | 7__ Kr
= 3 5 8 11 14 (16 17)18
104 I I | I | 1L, Ar
= 3 15p 98 ¢ tojzg Ne
> L %
010°

Xe

Kr
Ar

y
10° 7% Ne

10" 10" 107 10%
ionization factor (cm)

N\
i

10"

Figure 2.2: Necessary ionization factors and electron energies to achieve a specific charge
state of different elements. The blue shaded area marks roughly the working
space of the Desden EBIS-A from Dreebit. Taken and modified from [65].

12



reach a specific charge state of different elements [65]. The blue shaded area marks roughly
the working space of the Dresden EBIS-A from Dreebit.

However, Eq. (2.16) is only valid under the idealized assumption that only single-electron
impact ionization by electrons is prominent. In reality also other processes like recombination
and charge exchange processes are present and influence the ionization factor and with it the
maximum charge state. The main processes will be described below followed by a description
of the ion confinement and the ion dynamics inside the trap.

2.3.1 Direct Coulomb ionization
The direct coulomb ionization through electron impact
Xt 4 em — Xt 4 9

is the main ionizing process in an EBIS. The cross-section for an ionization from charge state ¢
to ¢ + 1 by removing an electron from subshell j can be estimated by the Lotz formula [66]

In(E./I,; E
Oqj = aqquj(E:I/,;]) {1 — bgj exp [_qu (Iqj - 1)] } (2.17)

It is important that the electron energy E. must be greater than the related ionization potential
I,;. The constants ag;, by; and c,; are tabulated values and given by

agi = 4.5-107' cm? eV?,

(2.18)
bgj=1¢qj = 0

and g,; is the occupation number of the subshell j of an ion in the charge state ¢. The total
cross-section for an electron impact ionization from ¢ to ¢ + 1 is then the sum over all subshells:

quH (Ee) = quy Ee). (2.19)

Double ionization

can occur as well but the cross-sections are about one order of magnitude or more lower than
for single ionization for most species [65] and is not treated here further.
2.3.2 Charge exchange

Charge exchange (CX) between HCI and neutral atoms is the main loss mechanism in an EBIS
due to high cross-section in the order of 1074 to 10~!5 cm?. It often limits the reachable charge
state in the electron beam. Generally, it can be written as

X9t 4 xpt Xt + X(q+p—i)+
and correspondingly for CX with neutral atoms as

X0t X — xle-D+ 4 x+,
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The cross-section for CX of k charges between a HCI with charge state ¢ and a colliding ion or
atom resulting in a charge state ¢ — k for energies below 25 kev/u can be estimated by the
empirical formula [67]

oS _p/em? & Ay - g%k - (I,/eV)P (2.20)

with the ionization potential I, of the HCI and the tabulated parameters Ay, oy, and 3y, listed
in Tab. 2.2.

Table 2.2: Parameters for the cross-section of charge exchange as given by Eq. (2.20). All
values are taken from [67].

Parameter
k Ay ag Br
1 (1.4340.76)-1072 1.174+0.09 —2.76+£0.19
2 (1.08+£0.95)-1072 0.71+£0.14 —2.80+0.32
3 (5.50+£5.80)-107* 210+£0.24 —2.8940.39
4 (3.57+£890)-1071¢ 4204079 —3.03+0.86

2.3.3 Radiative recombination

Another mechanism which leads to the reduction of the ion charge state is the radiative
recombination (RR)
X 4 e” — XD+ 4 gy

where an electron with energy F. is captured by an ion with the negative electron binding
energy Ep and a photon with energy hv = E. — Fjp is emitted. The cross-section for RR can be
estimated by [68]

8 E
R (Be) = %a)\gxq (Ee)In <1 + Xq2(n‘3)> (2.21)
with I
_ 2 ‘H
and

A=n+(1—-W,) —0.3.

Here, « is the fine structure constant, ). is the electron Compton wavelength, Iy = 13.6eV
is the ionization potential of hydrogen, F. is the electron energy, n the principal quantum
number of the valence shell and W, the ratio of unoccupied valence states to the total number
of states in the valence shell.

2.3.4 Further processes

Besides the main processes discussed above, in some cases like X-ray spectroscopy of HCI
further processes like
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» dielectric recombination (DR),

* three-body recombination,

* vacancy cascades and

* photoionization
have to be considered. Since all of these effects have basically no impact to this work, they are
not discussed here.

2.3.5 lon confinement

Ions produced in an EBIS are trapped in axial direction by electrostatic potentials and in radial
direction by the space-charge potential of the electron beam and the magnetic field. This is
illustrated in Fig. 2.3.

The effective radial trapping potential can be described by [69]

qeB%r?

8my;

Ve (r) = Vo(r) + (2.22)
with the ion charge state ¢, the electron charge e, the ion mass m; and the magnetic field

strength B. Assuming an uniform electron beam with radius r., the space-charge potential is

rad
drift tubes N v
M——
electron beam
r— L 1 > z Ic 1 | )
. U g radial trap potential
lowly charged ions 5

[¢]

c

(]

< x

Qo ©

ion number axial trap potential

e highly chargedions
o lowly charged ions

Figure 2.3: Confinement potentials in an electron beam ion source. The radial trap potential
is generated by the negative space charge of the electron beam and the axial trap
potential is defined by voltages applied to the different drift tube sections. Taken
from [65].

15



given by [69]

2
U, : ) r < Te
Ve(r) = ¢ (2.23)
Ue(2iZ+1) r>r,
with
I, 1 . L
m (2.24)

Ue= dreqve  4dmeg V2 VEL
me is the electron mass, I, is the beam current and F. is the electron-beam energy. The
confinement potential in the axial direction is generated by voltages applied to the different
drift tube sections.

The electric trap capacity C, is a measure for the maximum number of trappable ions in an
EBIS. Under the assumption of a homogeneous electron beam with current /. and electron
energy E. passing through a trap of length L, the trap capacity is given by [65]

I.JA-L/m

The real number of stored ions will be below C¢, as the positive charge of the trapped ions
partly screens the electron space charge which leads to compensation of the radial trap depth
and with it to increased ion losses.

Cq =1.05-10" (2.25)

2.3.6 lon-energy distribution and ion heating

Through elastic ion-ion collisions inside the trap, a Boltzmann distribution (Boltzmann constant
kg) of the ion energy corresponding to a temperature 7; [65]

2 E; E;
E) = - 2.2
J(E) VkeT; \| kT eXp( kBTi) (2.26)

is formed within milliseconds. As a consequence, for a specific mean ion energy, there are
always ions which have more energy than the critical energy

Ec=eq; - AUtrap

and can surpass the trap barrier AUyap. As E. depends on the ion charge state ¢;, lowly charged
ions will leave the trap earlier than highly charged ions.

The ion cloud is constantly heated through elastic electron-ion collisions. A ¢-distribution for
the electron velocity v, is assumed. If ve is much larger than the ion velocity v;, the heating
rate of the ion cloud can be estimated by [69]

d heating 9 )
— (nikpT; A SnineY — — 2.2
[dt (niks )} 3nne m; Ve (2.27)
with
02\ 2
Y = 4r <qZ ) In Aei.
Mme

Here, n; is the mean ion density in charge state ¢;, ne the electron beam density and In Ag; is
the Coulomb logarithm for electron-ion collisions [70].

16



2.3.7 Energy exchange between ions

Besides electron-ion collisions, also elastic ion-ion collisions happen in the ion cloud. Here,
energetic 'hot’ ions are cooled by colder ions. The energy gain of the i-th ionic species through
energy exchange with ions of the jth ionic species can be described by [69]

exchange ) T _ T
d ] mi ke (T; —T3) (2.28)

|:dt (nikBTi)j - 2Vijniﬁj 1 m; T 3/2
( + iji)

with the Coulumb collision rate

. AV, <%%‘€2)2 ( m: )3/2 InAj;
Y 3 (4me)? \ my kp T} v

Here, In A;; is the Coulomb logarithm for ion-ion collisions.

2.3.8 lon losses and evaporative cooling

As mentioned above, ions in charge state ¢; with an energy more than E. = eq; - AUyap can
leave the trap. The ion escape rate can be obtained from an approximate solution of the
Fokker-Planck equation as [69]

dn; e Wi
i —n;V; (wl — w; (erf (w;) — 1)> (2.29)
with
o — e‘]iAUtrap
’ kgT;

and the total Coulomb collision rate of the i-th ion species
V; = Z Vij-
J

When ions are lost from the trap, energy is removed as well from the trap. This leads to a
cooling of the remaining ions. This energy loss can be described by [69]

d ese 2 —w Amy
|:dt (nlk‘BTz)] = — <3ni1/¢e — dt) k‘BTz (230)
and is referred to as evaporative cooling. This effect can be increased by feeding lowly charged
ions into the trap or by increasing the gas pressure inside the EBIS to use it as source for
lowly charged ions. Since E. depends on the ion charge, lowly charged ions can leave the trap
earlier and by that cool the remaining ions. However, if the gas pressure is chosen too high,
the production of HCI will be strongly limited by charge exchange. An alternative to increase
evaporative cooling is by lowering the electrostatic trap potential which leads to an increased
ion loss which cools the ion cloud. If the trap potential is chosen too small, this will again
hinder the production of HCIL
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2.3.9 Balance equation for the ion charge state distribution

The time-dependent evolution of ion densities n, of the different charge states ¢ is given by
[69]

dng EI EI RR RR
dt :RQ*IHQ - Rq%q+1 + Rqul%q o Rqﬁqfl (2.31)

CX CX axesc radesc source
+RSX, ., — RSX, | — Raxesc — Rladesc 4 peource,

and consists of the different charge creation or destruction rates. The effective ionization rate
is given by [69]

Ritgin = j;eanfgiqﬂ (Ee) f (re;7q) (2.32)

with the electron current density je., the ionization cross-section agl_m +1 (Ee) and a factor

[ (re,rq) which takes the overlap between the electron beam with radius re and the ion density
distribution with radius r, into account. The effective radiative-recombination rate is given
similarly by

RS,y = Zngog®, 1 (Be) f (rery). (2.33)
In thermal equilibrium, the charge-exchange rate is given by

X _ X -
Ry% 1 = nongo s, 10 (2.34)

) 8kpT,
Vg = 4| ——.
a 7qu

The ion loss rate is given by Eq. (2.29) for the axial direction (Rgxesc) and for the radial direction

(R;adesc). In the latter case, AUyqp is defined by the radial potential from Eq. (2.22).
The source term in case of a continuous injection of neutral gas is given by

with the mean ion velocity

source Je EI source
Rl = ;n000_>1 g>1 =0. (2.35)

The evolution of the ion temperatures is described by [69]

d d heating d exchange
at (ngksTy) = dr (ngksTy) + Z dr (ngksTy) ‘
J J 2
d axesc d radesc (2.36)
- [dt (”quTq)] - [dt (nquTq)]

The energy change through heating and energy exchange is given by Eq. (2.27) and (2.28),
respectively. The energy loss from ion escape is given by Eq. (2.30) for the respective axial and
radial potential.
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2.3.10 EBIS simulations

Eq. (2.31) and (2.36) can be solved together with the corresponding cross-sections and EBIS
parameters to estimate the charge state and temperature evolution, respectively. A dedicated
Python 3 package is available with ebisim?. It uses input like geometrical properties, electron
current and energy, axial trap depth and gas pressure to numerically solve the rate equations
for discrete time steps. Figure 2.4 shows the result of a carbon simulation with typical EBIS-A
parameters from tppeeq = 0.1 mS tO theeq = 1S ON a logarithmic time axis.

The top panel illustrates the charge-state evolution as relative abundance of the different
states over time. The maximum abundance of C** (pink line) is predicted between 15 ms and
40 ms indicated by the blue shaded area. The corresponding plasma temperature evolution
is depicted in the bottom panel. Although all charge states start with different temperatures,
they are quickly thermalized after 1 ms through ion-ion collisions. The simulation for this
parameter set estimates a C** temperature of roughly 7 eV which strongly depends on the
electron current since electron-ion collisions are the main heating source. By decreasing the
electron current to 30 mA, also the temperature is reduced to 2.5 eV at the expense of reduced
C** yield by roughly the same factor.

The middle plot shows the evolution of the electron ionization rate RY, . (black dashed
line), the charge exchange rate RS, (red dashed line) and the radiative recombination rate
RER . (blue dashed line) which reflect the production of C**. In the relevant time window,
the EI rate and CX rate start to become comparable whereas the RR rate is many orders of
magnitude smaller.

The population of the 152s3S; state in C** is driven by CX, RR and electron impact excitation
(EIE). RR can be neglected as well as EIE since the cross-section of EIE is also some orders of
magnitude smaller than electron ionization for electron energies around 12 keV [71]. Thus,
the metastable 152s3S; state is efficiently populated only by charge exchange from C°* to
C**. The fraction of R$X_,, | to the sum of all process rates leading to C** without losses is
plotted in orange in the middle panel of Fig. 2.4. It is 5% to 15 % between 15 ms and 40 ms.
Together with the probability of ~ 0.75 for a C** ion to end up in a triplet state, the population
of the triplet ground-state can be estimated from 3.75 % to 11.25 %. The curve suggests an
even larger population for breeding times of 1s. However, the absolute number of C** ions
will be lower for long breeding times due to the shift of the charge state distribution which
compensates the larger 1s2s3S; state population. Summarized, a slightly longer breeding time
than 15 ms until the maximum yield of C** is reached might be preferable.

https://github.com/ebisim/ebisim
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Figure 2.4: Simulation of relative abundances (top), process rates leading to the production of

C** (middle) and the temperature evolution (bottom) for typical EBIS parameters
with the Python package ebisim.
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2.4 Collinear laser spectroscopy

Collinear laser spectroscopy (CLS) has been developed for more than four decades to perform
laser spectroscopy with short-lived radioactive nuclei [72-74]. CLS combines high sensitivity
and a fast measurement cycle which is necessary to investigate short-lived isotopes and can be
used to extract nuclear ground-state properties like the nuclear spin, magnetic dipole moments
and electric quadrupole moments.

TIons with charge state ¢ and mass m produced from any source are accelerated by an electro-
static potential of typically U = 10 — 60kV and transported through electrostatic deflection to
an optical detection region (ODR) within a few ps. Here, the ion beam is superposed with a
collinear (c) or anticollinear (a) laser beam. When the laser frequency in the ions rest frame
coincides with the transition frequency vy, that is defined as

By —E
N h

Vo

between a populated lower state at energy F; and an excited state at energy Fs, the resulting
fluorescence light can be detected perpendicular to the beam direction.

A useful side effect of the electrostatic acceleration is the compression of the initial longitudinal
velocity distribution. Since the energy spread JF remains constant during an electrostatic
acceleration and [74]

1
0E=9¢ (2mv2> = mwvdv = const.,

the velocity spread dv has to decrease if the velocity v of the ions is increased. Thereby, the
optical Doppler broadening is strongly reduced and an observed linewidth in the order of the
natural linewidth can be achieved.

Another consequence of the fast-moving ions is the shift of the rest-frame transition frequency
vy to v, in the laboratory-frame due to the relativistic Doppler effect. The shift is given by

v, = vy (1 + fcosa) (2.37)

with the Lorentz factor v = (1 — 82)~1/2, the velocity 8 = v/c and the angle between laser
and ion beam «. In case of a collinear (c, « = 0) or anticollinear (a, « = m) geometry, the
equation is reduced to

Veja =10y (1) (2.38)

This enables the possibility to change the ion velocity § instead of scanning the laser frequency
to excite the ions which is often faster and more convenient. It is typically realized by applying
a tunable voltage to the floated optical detection region (ODR) and is referred to as Doppler-
tuning.

To extract the rest-frame transition frequency v from the measured laboratory-frame frequency
Ve/a> the ion velocity v = /2¢qeU /m must be known. However, the starting potential U is
often known only to few V due to unknown voltage gradients and contact potentials inside the
source. This restricts the achievable precision in vy. This is particularly problematic in plasma
ion sources like an ECR or an EBIS.
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Alternatively, the laboratory-frame frequency is measured in collinear and anticollinear geom-
etry for the same ion velocity 5. Then, the rest-frame transition frequency can be extracted
through

1
1- 2

veva = 32 (1+ B)(1 = B) = 14 (1-p6% =13 (2.39)

To ensure the same § in both directions, the measurements should be carried out in fast
iterations which is then referred to as quasi-simultaneous collinear and anticollinear laser
spectroscopy. When Doppler-tuning is used, the laser frequencies must be chosen in a way that
the resonance appears at the same scan voltage U/, for both directions, which is experimentally
difficult to realize. However, a systematic shift of 1 originating from a small remaining voltage
difference 6U = U, — U, can be corrected by the following adaption of Eq. (2.39)

Vo = \/<uc — ZVUC : 6U> Uy, (2.40)

The differential Doppler shift % is given by [75]

. 2 el
%:LOQ g-et+ —2 ¢ (me +q- eU) : (2.41)
oUu  mc Vaq-eU(2me2 +q - eU)

2.4.1 Laser beam alignment

The determination of v through Eq. (2.39 — 2.41) assumes that both laser beams probe the
same ion velocity 5. This does not hold if an angle aj, between ion and laser beam and an
angle ag;, between both laser beams is introduced. The resulting shift between the measured
rest-frame frequency 1 meas and v can be estimated for the "worst-case” with

6Vangle(aIL, aL) = v — V0, meas
= Vo — /Vcla (2.42)

= - \/V872<1 + - cos(am + air)) (1 — 5 - cos o).

Fig. 2.5 illustrates dv,pge (v, a11) for a 12C4* jon beam with a kinetic energy per charge ¢ of
Eyin = 10.5keV/q, the roughly known 1s2s3S; — 1s2p 3P, transition frequency and typical
angles in CLS. When at least two of the three beams are perfectly aligned, a small angle of the
third beam is negligible. However, the superposition of the two laser beams is critical since
laser angles in the prad regime already increase the sensitivity to a laser-ion angle significantly.
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Figure 2.5: Surface plot and its projection of the frequency shift §vapg1e (1L, o11) for various
laser-ion beam angles og, and laser-laser beam angles oy, for a >C** ion beam
with a kinetic energy per charge q of Ey;, = 10.5keV/q.

2.4.2 Line shape

An ion with a transition between two energy levels F, — F; = hyy inside a laser beam with a
spectral frequency v and an intensity / can be described by the model of a damped harmonic
oscillator [76]. The line profile of the transition is then given by the area-normalized Lorentzian

function /
1 IT'/2
L(v)dv = =Rt T2 dv (2.43)
with the full-width at half maximum (FWHM) I'. The smallest possible linewidth is the natural
linewidth T'y,; that is linked to the lifetime 7 of the excited state (assuming that the lower state

has a considerably longer lifetime) and the Einstein coefficient of spontaneous decay As; by

Aoy 1
Thot = — = —. 2.
nat 2T 2rrT (2:44)

When the laser intensity I reaches the saturation intensity

3
mhyg

— 2.45
327’ (2.45)

Lot =
the induced emission rate becomes equal to the spontaneous decay rate and the lifetime 7 of
the excited state is shortened. This increases the Lorentzian linewidth by

I
I =Thary/1+ — (2.46)
Isar
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and is called power broadening.

In case of an ensemble of ions that has a velocity distribution described by the Maxwell-
Boltzmann-distribution with temperature 7', the laser frequency v is differently Doppler shifted
in the rest-frame of each ion depending on its individual velocity. The line profile purely from
this so-called Doppler broadening (DB) is given by an area-normalized Gaussian profile

G( )_ ch ex _ m62 vV — 1) 2 . 1 ex _(V_V0)2 (2 47)
7N 2k P\ T2k NG 202 :

with the FWHM

Svps = oV8In2 = 22 8kpTIn2 (2.48)
C

m

When the ensemble with charge ¢ is accelerated with an electrostatic voltage U like in CLS,
the FWHM is compressed in beam direction by the factor [77]

kT

R= )
qeU

(2.49)

The full line profile of a transition in a Doppler broadened ionic ensemble is now described by
the convolution of Lorentzian and Gaussian profile given by

V(v) = /L(I/)G(V V) dv. (2.50)

The convolution has no closed analytical expression but it can be related to the real part of the
Faddeeva function w(z) by

B _ Refw(z)]
V(v,o,y=T1/2) = “oor (2.51)
with .
. v+ 1y
ov2

2.4.3 Photon recoil

A photon carries a momentum p, = huy/c additional to its energy £ = hiyy. Energy and
momentum are conserved during absorption and emission processes in an ion. This means
that a part of the photon energy is added to the kinetic energy of the ion instead of the internal
transition energy AE = hiy which results in slightly higher measured resonance frequencies v,
than 1. Therefore, Eq. (2.40) must be corrected by the recoil frequency dvyec for comparison
with ab initio calculations that calculate the difference of level energies. The corresponding
correction can be derived in the ion’s rest-frame (pjon, = 0, Eyin = 0) with the conservation of
momentum
pgon = Pion + Dy
b (2.52)

mv =
C
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and energy
Eyin + AE = Eyin + E, = E,
%’U2 + hyy = hiy, (2.53)
yielding
S = 11 — v = (mv)® g hg h(ve+rva)? (2.58)

omh ~ 2mc® " 2me® T 8mc?
for a collinear and anticollinear laser. The complete equation for the rest-frame frequency
determination from collinear and anticollinear laser spectroscopy is then given by

Vg = \/(VC - % N 6U> Vg — 6Vrec. (2.55)

if the measured transition frequency is to be compared with frequencies theoretically obtained
for level energies Fy — Fj.

Another consequence of the photon momentum transfer to the ion in CLS is the acceleration
and deceleration of ions in a collinear or anticollinear laser beam, respectively. Since the
spontaneous decay emits a photon in any direction with the same probability, the ion’s velocity
is changed on average by v = huy,/mc in the direction of the laser. This shifts the resonance
frequency in the laboratory-frame for both directions by

_ OVe/a '

ov 5o

1
2
v = 1y ((c —v)\/1— U2> - 0v (2.56)

towards higher frequencies and therefore a systematic shift occurs if more than one photon
is scattered. For typical ion velocities v and laboratory laser frequencies 1/, in this work, the
mean shift of the laboratory-frame resonance frequency per excitation and emission cycle is
ov =~ 0.65 MHz.

The mean number of scattered photons during an interaction time ¢ can be estimated through

/FLSC - RSC . t (2.57)
with the scattering rate [78]

1)1y - Ay/2

Boel) = 1500y + (v — vo) [ A

(2.58)

The saturation intensity in the 1s2s3S; — 1s2p3P; transitions of C** is roughly I =
1.01 mW/mm?.

2.4.4 Zeeman effect

In presence of a magnetic field B, the degeneracy of the magnetic sub-states m  is lifted by an
additional energy shift [79]
AFzeeman = ngJ,UBB (2.59)
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with the Bohr magneton g = eh/(2me) and the Landé factor

JJ+1) = L(L+1)+S(S+1)

=1
97 =1+ 2J(J + 1)

The Zeeman splitting of the first triplet states in '2C** is illustrated in Fig. 2.6 and can lead
to systematic shifts in the determination of vy when circular polarized light is used and the
different transitions are not resolved. This is usually the case for weak magnetic fields like
the geomagnetic field. Therefore, the average of the different magnetic shifts affects the
determination of 1. The strongest shift arises in the 152s3S; — 152p3Pq transition with
AFEpy = +2ugB for oF light. The 15253S; — 1s2p3P; transition is shifted by AFp; =
+1.75u8 B and the 152s3S; — 1s2p3P, transition is shifted by AEp, = +1.5upB. Linear
polarized light does not introduce any shift but the line profile is broadened.

T41.5uB

Figure 2.6: Zeeman splitting of the 12C** fine structure.
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3 The COALA setup

The Collinear Apparatus for Laser Spectroscopy and Applied Science (COALA), situated at
the Institute for Nuclear Physics at the Technical University Darmstadt, has originally been
designed for high-voltage evaluations through collinear laser spectroscopy (CLS) [81, 82]. In
preparation for the measurements that reached the ppm-accuracy level, the apparatus has been
characterized in detail and the cornerstone for high-precision CLS has been set. This resulted in
accurate rest-frame transition frequency measurements in Ba* and Ca* exploring and resolving
a puzzling behavior in the atomic structure of earth-alkaline elements [83, 84]. Another part of
COALA is the assistance of online experiments investigating exotic nuclei with atomic reference
values which improve the extraction of nuclear parameters like the nuclear charge radius
[85]. Furthermore, new ion-sources and CLS techniques have been developed at COALA. For
example, different schemes of laser ablation sources have been tested [86]. One of these
will be used at Argonne National Laboratory as offline ion source in upcoming experiments.
Additionally, a new versatile buffer gas-cooled laser ablation source with a combined RF-funnel
ion guide system has been constructed and successfully commissioned with Ti" ions at COALA
[87, 88]. Also a technique for the creation of a neutral boron beam by photo-detachment of
negative B~ ions has successfully been demonstrated [89].

.
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Figure 3.1: Overview of the COALA beamline. Main differences of the nearly 7-m long beamline
to the previous version detailed in [80] are the electron beam ion source (EBIS)
with an attached velocity filter, the switchyard and changes in the beam diagnostic.
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The COALA setup consists of a nearly 7-m long beamline that is shown in Fig. 3.1 and discussed
in detail in [80, 82]. For the investigation of highly charged ions, a new electron beam ion
source (EBIS) and velocity filter from DREEBIT were installed. This required a new switchyard
and an upgrade of the beam diagnostic stations which were designed and commissioned within
this work. These are described separately in the following sections.

Ions exiting the EBIS velocity filter are collimated and steered with a commercial deflector-lense
from DREEBIT into the the switchyard and are deflected into the main section of the beamline.
A quadrupole doublet and another x-y-steerer are used to optimize the ion beam shape and
to align the beam to the laser beam axis which is defined by two iris diaphragms 2.6 m apart
in the beam diagnostic chambers. The optical pumping section and post-acceleration stage,
which are instrumental in high-voltage measurements, were not used in this work. Details
for these parts can be found in [82]. The fluorescence light of the ions is detected in the
optical detection region (ODR) that is described in [31, 90]. It consists of two elliptical mirrors
(ODR1 and ODR2) that can be floated internally to apply Doppler-tuning (see Sec. 2.4). The
mirror in ODR2 has been upgraded with MIRO 3 coating which has a high UV reflectivity of
> 90 %, improving the light collection compared to the polished aluminum mirror in ODR1.
Furthermore, the compound parabolic concentrators (CPC) have been removed and instead
two photomultiplier tubes (PMT) per elliptical mirror have been installed which increased the
total number of PMTs from 2 to 4. Thereby even more fluorescence light can be collected on
cost of an acceptably higher laser background rate. After the second beam diagnostic, the ion
beam is dumped onto an off-axis Faraday cup with a steerer.

3.1 Dresden EBIS-A

The Dresden EBIS-A is a room-temperature electron beam ion source and commercially available
from DREEBIT GmbH. It produces highly charged ions through electron impact ionization as
explained in Sec. 2.3. A schematic illustration of the EBIS and the applied voltages are depicted
in Fig. 3.2 together with a picture of the EBIS at COALA.

An iridium-cerium cathode generates an electron beam of up to 120 mA which is subsequently
accelerated into three drift tubes forming the ion trap. Afterwards, the electron beam is
repelled by a negative voltage Urep < Uc and guided onto a water cooled electron collector.
The necessary electron beam compression is accomplished by an axially symmetric magnetic
field created and formed by two NbFeB permanent magnet rings and soft iron parts producing
an on-axis magnetic field strength of ~ 620 mT. Thereby ionization factors of j7 > 10?2 1/cm?
are reached in the central drift tube which has an effective length of 60 mm and an inner
diameter of 5 mm. Positive ions produced in this section at potential U, are axially trapped by
the voltages Uy and Ug; applied to the first and third drift tube, respectively. The radial ion
trap is formed by the negative space charge of the electron beam. In order to extract the ions
after a charge breeding time ty,,ccq, the third drift tube is lowered to Ugy < U, within a few ps.
Alternatively, Up; can be decreased with respect to Uy (Ua < Up1 < Uy) and held statically to
extract a continuous beam of leaking ions.

The easiest way feeding the EBIS with the element of interest is through leakage of a gaseous
sample into the drift tube section. For the production of C** propane gas (C3Hg) was used.
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Figure 3.2: Picture (top) of the Dresden EBIS-A at COALA and schematic illustration (bottom)
of the potentials inside the EBIS (not to scale). Partly taken and modified from
[65].

The molecules are broken up by the electron beam and the atoms become ionized. For some
elements like B and Fe volatile organic compounds exists which become gaseous under low
pressure. This is referred to as MIVOC method. A compilation of already used and proposed
compounds can be found in [91, 92]. The range of ions that can be produced by the EBIS can
be further extended by feeding singly-charged ions from other ion sources into the EBIS for
further charge breeding.

The EBIS was delivered together with a subsequent velocity filter (Wien filter), in which the
ions with mass m and charge ¢ can be separated by their ¢/m ratio. Therefore, a horizontal
magnetic field with B = 500 mT is crossed with a vertical electric field 0 < Eyq < 720 kV/m.
The electric field is generated by two electric plates with a distance of d = 1.93 mm with
applied voltages +U., respectively. Depending on Fy = 2 - |Uye|/d, only ions with matching

1
20a

2
q — Evel .
m B2
vel

@.1)

are not deflected. All other ions are deflected in the vertical direction and removed from the
beam by a 2 mm diameter aperture at the exit of the Wien filter. This simplifies the optimization
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of the ion production and reduces space-charge effects induced by unwanted ions.

3.2 Switchyard

The production of highly charged ions with an EBIS requires an ultra-high vacuum below
10~Y mbar inside the source. This makes it mandatory to bake out the whole source over
several days after venting. Together with the heavy frame including the pumping stages, this
source is not readily interchangeable like ion sources that have been used at COALA so far.
Since the setup described in [80] had only one ion source port, a new switchyard for multiple
sources was designed to ensure rapid switching between different ion sources.

The design is based on a switchyard from the Extra Low ENergy Antiproton (ELENA) ring at
CERN and details can be found in [93, p. 146]. Figure 3.3 shows the adapted COALA version
without the cover flange for better visibility. The main difference to the ELENA version is
the equally spaced 120° arrangement of the bending electrodes (a) while keeping all other
symmetries from the original design. This has some advantages for the COALA setup: Not
only can the ions be directed straight into a possible other experiment like a mass-resolving
time-of-flight setup at port (j) or (k) instead of the main beamline (e), but there is also the
option to feed the EBIS (h) from another ion source like a liquid metal ion source (LMIS) either
straight from port (j) or through bending the ions in the other direction from port (i). This
enables the usage of different ion sources for collinear laser spectroscopy and it enables the
usage of the same sources for new experiments. Additionally, the original 10° port (g) was
also included. Ions coming from this port can only be directed to the main beamline (e) with
the two steerer electrodes in front of the exit into (e). Therefore, the pivot point of this axis
is not in the center of the surrounding chamber but between the two electrodes of port (e).
The exact point has been optimized with the goal of minimal beam disturbances in ion beam
simulations with the software SIMION®. In order to measure the ion current from each ion
source and to estimate the ion beam size, a Faraday cup (b) with an iris diaphragm in front
is installed in the center of the chamber. This cup can be rotated to each port and moved in
and out with a linear z-stage. Since the central axis of port (g) does not pass the center of the
chamber, another Faraday cup for the 10° port (c) has been implemented in a straight line.
A disadvantage of the switchyard design is the double-focusing behavior which is illustrated
with SIMION simulations in Fig. 3.4. It shows a focus in the horizontal ion flight plane (1)
and in the vertical plane (2) with different focal lengths. This can be compensated through a
following quadrupole-doublet to re-collimate the ion beam. An aligned iris diaphragm (d) can
be used to ensure a central entry into the quadrupole-doublet. Opposite to the main beamline
port (e) is the laser entry port (f).

This new switchyard is an important part for the laser spectroscopic investigation of highly
charged ions like C** within this work and it brings many new possibilities for upcoming
experiments to COALA as will be discussed in the outlook.

3SIMION™8.0 © 2003-2006 Scientific Instrument Service, Inc.
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Figure 3.3: The new switchyard for COALA adapted from a design used at the Extra Low
ENergy Antiproton (ELENA) ring, CERN [93]. Details can be found in the text.

top view

side view (2)

1.4m

Figure 3.4: Illustration of the double-focusing behavior of the switchyard with SIMION sim-
ulations. The simulated ion beam (red) is deflected and focused with different
focal lengths in the horizontal (1) and vertical (2) ion flight plane. These foci can
be compensated through a following quadrupole-doublet.
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3.3 Diagnostic stations

The purpose of the beam diagnostic stations (DS) is to monitor the number of incoming ions,
to investigate the beam shape and - most importantly - to ensure a good ion-laser beam
superposition. In the original design, two 6-way CF150 crosses were equipped with a Faraday
cup, a 45°-tilted phosphor screen with an off-vacuum camera and an iris diaphragm which
can be opened and closed from the outside. These two irises define the common laser and ion
beam axis which is crucial for CLS. However, the old design which can be found in [80] had
several disadvantages: First, the iris diaphragm was directly connected to the the rest of the
diagnostic elements, which complicated a precise alignment and required a realignment every
time the diagnostic elements are taken out for repair or changes. Additionally, the mechanism
to open and shut the iris was not reliable enough and had a strong hysteresis. Secondly, the
slides to move the diagnostics vertically got stuck regularly. Third, the phosphor screen itself is
only sensitive to ion currents above 100 fA. All of these points have been addressed in the new
design shown in Fig. 3.5.

In the new design, the sliding solution of the diagnostics holder was discarded and replaced by
a fixed holder which is mounted to a linear z-stage. In the redesign process, the iris diaphragm
(b) with a 25 mm diameter was separated from the ion beam diagnostics and moved to an
adjustable flange (e). This improves the alignment precision vastly. Furthermore, the open and
close mechanism is now more reliable by using a small spring, which pulls the iris open, and a
motorized linear feedthrough (f) that can counteract to shut the iris. Last but not least, the

[

Figure 3.5: New version of the diagnostic stations. A Faraday cup (a) and a multichannel
plate with phosphor screen stack (c) are are mounted to a linear z-stage (g). The
fluorescence light of impinging ions or laser photons can be observed through a
viewport (d) and a 45° beam splitter. The iris diaphragms (b) define the ion-laser
beam superposition axis. They can be opened and closed with a motorized linear
feedthrough (f). The alignment of the iris has been improved by decoupling the
iris from the rest of the element holder and the usage of an adjustable flange (e).
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phosphor screen has been replaced by a chevron-style multichannel plate (MCP) combined
with a phosphor screen in a stack (c). Impinging ions release electrons in the MCP which
are accelerated through a high voltage onto a second MCP where the incoming electrons are
further multiplied. This electron avalanche is then accelerated further onto the phosphor
screen where they induce fluorescence light. The electron gain in the MCPs can be controlled
through the applied high voltage across the plates and, therefore, ion currents of 1 nA can be
measured as well as single ions impinging onto the device. This allows the observation of small
ion bunches with highly charged ions from the EBIS as well as continuous beams from surface
ionization or liquid metal ion sources. A UV beam splitter is incorporated into the MCP holder
to monitor the ion beam as well as the superposition with the laser beam at the view port (d).
Figure 3.6 shows a camera recorded picture of the MCP fluorescence only with ions (right)
and together with the laser beam (left). This system allows a robust and reliable check for a
very good laser-ion beam overlap through the following routine: At first, the collinear laser
beam is aligned to the axis defined by the two irises of the two diagnostic stations but also
with respect to a minimal laser-induced background in the PMTs. Then, the anticollinear laser
beam is superposed with the collinear laser beam. This overlap can be ensured over a path
length of about 5.2 m with an uncertainty of 0.2 mm on both beamline sides resulting in a
maximum angle of about arctan(2-0.2mmmm/5.2m) ~ 0.077 mrad. In a last step, the already
pre-aligned ion beam is superposed with the laser beams by using the new MCP stacks. Due
to the larger ion beam size compared to the laser beams and the shorter overlap distance of
about 2.6 m, a conservative estimation of the largest angle between the ion and the laser beam
is arctan(2mm/2.6 m) ~ 0.77 mrad.

Figure 3.6: lon and laser beam overlap on a MCP stack. The left panel shows a picture taken
with only the ion beam while in the right panel the laser beam was also present.
The pictures were recorded with a CCD camera on top of the view port.
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3.4 Laser system

The rest-frame wavelengths of the ?S; —3P; transitions in C** range from 227.1nm to
227.8nm. The production of this UV light is accomplished by frequency quadrupling of
~ 910 nm light from a titanium-sapphire (Ti:Sa) laser. The Doppler shift in this transition
for 12C*+ with Ey, = 42keV is about 0.5 nm for the respective direction. Therefore, two
independent laser systems for the collinear and anticollinear direction are required to enable
fast measurement cycles. The full laser setup is illustrated in Fig. 3.7 and is almost identical to
the one described in [80, 82].

The Ti:Sa lasers* are pumped by a 20 W and 25 W Nd:YAG laser® respectively. The fundamental
infrared laser light is then frequency quadrupled in two steps by second harmonic generation
enhancement cavities®. Before the laser beams are sent to the experiment, a combined spatial
filter and telescope setup is used to form a collimated, Gaussian-shaped beam profile. The
two lenses have a focal length of f; = 75 mm and f, = 200 mm. For the collinear laser a 1:1
telescope with two f = 50 mm lenses just in front of the beamline is used to recollimate the
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Figure 3.7: Laser setup for the production of 227 nm laser light. One laser system consists of
a Nd:YAG pumped Ti:Sa laser whose light is subsequently frequency quadrupled
by two second harmonic generation enhancement cavities. The free-space UV
laser light is transported via mirrors to the beamline setup. The mode-matching
inside the optical detection region has been accomplished through telescope
setups. The laser frequency is stabilized and measured by a tunable reference
cavity and a GPS referenced frequency comb. Adapted from [82].
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laser beam. This is necessary due to the longer path length of the collinear laser beam. All
lens distances in the telescopes are chosen to have a good laser beam overlap inside the optical
detection region with a low laser background at the same time. This resulted in a 1/e? beam
diameter of ~ 1.2 mm for both directions inside the ODR.

For accurate laser spectroscopy results, the laser frequency has to be stable and well-known.
This is accomplished by a tunable reference cavity for fast frequency stabilization and a GPS-
referenced frequency comb’ to compensate slow frequency drifts of the reference cavity.

"Menlo Systems FC1500-250-WG
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4 EBIS-A ion production

The first step towards laser spectroscopy of 12C** is the commissioning of the new electron
beam ion source. In this chapter, the charge-state distribution of produced ions in different
operation modes are compared and analyzed through velocity filter scans. Afterwards the
source parameters are optimized with regard to the C** production.

4.1 Pulsed mode

The typical EBIS operation mode is the pulsed-beam output mode where the trapped ions
are charge bred and ejected as an ion bunch after the time #y,,..q through quickly pulsing the
barrier voltage Ug; down to Uy < Uy (see Sec. 3.1 and Fig. 3.2).

The charge-state distribution of extracted ions can vary greatly depending on tpeeq. In order
to investigate this behavior, the velocity filter after the EBIS can be used. Ions can only pass
this filter if they have the matching ¢/m ratio to the applied voltage U, as given by Eq. (3.1).
By scanning Uy and recording the respective ion current at the switchyard Faraday cup with
a picoamperemeter, a detailed and well resolved charge distribution is obtained. An example
of such a scan with residual gas in pulsed mode for t,,.eq = 15 ms is depicted in Fig. 4.1. With

U,=8kV,l_=80mA,t  =15ms
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Figure 4.1: Velocity filter scan of the EBIS output in pulsed mode only with residual gas at a
pressure of pgas = 2 - 109 mbar. The charge breeding time of tyeeq = 15 ms results
in a charge state distribution centered around medium charge states of elements
which are the main constituents of residual air and propane gas.

37



Eq. (3.1) each peak can be assigned to a ¢/m ratio. In case the deflector plate distance d is
unknown, it can be determined with the set voltage U, and the peak position of HT since it
is always the peak with the highest deflector plate voltage Uy, due to the highest possible
g/m = 1. The other peaks can now be assigned through a rough knowledge of the gas present
inside the EBIS (mainly residual air and some propane in case of Fig. 4.1) and the assumption
of a continuous charge state distribution. This means that a charge state ¢ has to be present in
the spectrum if the neighbouring charge states ¢ + 1 are identified. Some charge state and
element combinations have the same ¢/m ratio like 12C%*, 14N"* and '°0%+. These cannot be
separated in a velocity filter and the proportion of each overlapping state can only be estimated
by the neighbouring charge states.

4.2 Production of 12C** in pulsed mode

The easiest way to produce highly charged ions of the desired element is by feeding an
appropriate gas into the EBIS. In case of carbon, propane gas (C3Hg) was used since it is easily
available. But also other gases like methane (CH4) could be used. The molecules are broken up
by the electron beam and generated ions are confined. By trapping and charge breeding an ion
cloud for #y,ced, the charge state distribution is shifted towards higher charge states for longer
times tpeeq- This is illustrated in the left panel in Fig. 4.2 for three different breeding times
threed = 4, 15, 50 ms. For a better comparison, the mean current over 1s measured by the
picoamperemeter has been normalized to the respective pulse rate. Note, that the trap is open
for 1 ms after the breeding time which results in a breeding period of Ti;eed = threed + 1 mMS. An
observed C** particle current of 470 ppA for tpeeq = 15 ms therefore corresponds to a particle
charge per pulse of 7.5 ppAs.
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Figure 4.2: Left panel: Velocity filter scans in pulsed mode for three different breeding times
threed = 4, 15, 50 ms. The charge state distribution is shifted towards higher states
for longer breeding times. Right panel: lon pulse detection with a current amplifier.
The area under the pulse (shaded light blue) corresponds to the number of ions
per pulse.
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A more elaborate way to investigate single pulses is by detecting them with a fast current-
to-voltage amplifier® and an oscilloscope at the switchyard Faraday cup. Such a C** pulse
is depicted on the right in Fig. 4.2. Hereby, the number of ions within each pulse is given by
Nion = A/(q - G) with the area of the pulse A, the charge of the ions ¢ = 4e and the amplifier
gain 10°V/A < G < 10" V/A. The typical pulse length is At,yse =~ 10 ps. The number of C*+
ions is optimized through a variation of different production parameters like electron current,
trap depth, feeding gas pressure and breeding time.

4.2.1 Electron current vs. trap depth

The ion confinement trap is set by the axial potential AUyap = Up1 —Ua and the radial potential
given by the space charge of the electron beam current /. as explained in Sec. 2.3.5. In the left
panel of Fig. 4.3 the number of extracted ions is plotted as a function of AUy, for different
electron currents I.. Since the radial potential is increased with higher electron current as
given by Eq. (2.22), more ions are preserved and can be extracted from the trap. The axial trap
depth AUiap has to be adjusted accordingly in order to fully exploit the radial trap potential.
When it is reached, any additional ions which could be trapped axially will leave the trap
radially and a plateau becomes visible. The height of these plateaus increases linearly with I,
as depicted on the right in Fig. 4.3. The electron current /. is technically limited to 120 mA,
but in order to increase the lifetime of the electron cathode, a typical current of I, = 80 mA
was used in this work.

This behavior has also been investigated in [64, 91] with other setups where similar observations
were made, but the detailed characteristic is unique to each EBIS.
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Figure 4.3: Number of extracted C** ions for several trap depths AUyap and electron currents
I. (left panel). When AU,y reaches the space-charge potential of the electron
beam, no additional ions are trapped and a plateau is reached. The plateau height
increases linearly with I (right panel).
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4.2.2 Feeding gas pressure and breeding time

For the production of C**, propane gas was
continuously fed into the EBIS. The gas pres-
sure pgas can be set and is then stabilized by
an electronic feedback loop. Fig. 4.4 shows
the number of extracted ions for several breed-
ing times tpeeq and three different pg,s. The
electron current was set to I, = 80 mA and
the trap depth to AUirap = 200V. For all three
pressures the number of extracted ions in-
creases with longer fpeeq until it reaches a
maximum and starts to decline slowly after-
wards. This was already visible in Fig. 4.2 and
can be explained by the shift of the charge
state distribution. The maximum number
of C** was found for tpeeq = 15ms and
Pgas = 6 - 107® mbar which is the technical
limit. A higher gas pressure would strongly

decrease the lifetime of the electron cathode.
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Figure 4.4: Number of extracted C** ions for
several propane gas pressures in-
side the EBIS and breeding times
with AUpap = 200V and I, =
80 mMA.

4.3 Transmission and leaky mode

In transmission and leaky mode the barrier voltage Ug; is lowered to Uy > Ug; > Ua and kept
statically. While Ug; < U, leads to immediate extraction of all generated ions (transmission
mode) and can only produce lowly charged ions, the leaky mode can also produce higher
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Figure 4.5: Velocity filter scan comparison between C** optimized leaky mode and transmis-

sion mode.
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charge states if the axial trap depth AUy is setup correctly. When AU,y is chosen too high,
the ions cannot leave the trap. When AUy,p is too low, the ions cannot reach the desired charge
state before they leave the trap. Fig. 4.5 compares the output of both modes. In leaky mode,
the trap parameter AUy,p = 190V was optimized for the production of C** yielding a particle
current of I, = 0.35 pnA. This yield is comparable to the Ca™ yield from the surface ionization
source used in [82] raising the expectation of continuous beam CLS with C** although only a
portion of these ions is expected be in the metastable 1s2s3S; configuration.
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5 Collinear laser spectroscopy with >’C** ions

5.1 Characterization of '>2C** spectra with a single laser system

The precise determination of a line center depends strongly on its signal-to-noise ratio (SNR),
the symmetry of the lineshape and its width. Thus, EBIS production parameters were optimized
to achieve a significant population of the 1s2s3S; state and a symmetric and narrow line profile
simultaneously. During these optimizations, a single anticollinear laser beam was used and
the strongest fine-structure transition 1s2s3S; — 152p 3Py of 12C** was studied. The laser
frequency v, was measured with a GPS-stabilized frequency comb and fixed to match the
Doppler-shifted resonance condition v. = vpy(1 — ) coarsely as explained in Sec. 2.4. Scans
across the resonance were performed with Doppler-tuning by applying a scan voltage Upac to
the floatable optical detection region (see Sec. 2.4 and Sec. 3). All photon counts registered
by the PMTs were time tagged with 10 ns resolution for each Upac by the FPGA-based data
acquisition system [94]. In the analysis process, the scan voltage Upac was converted to a
corresponding scan frequency of the laser with the differential Doppler shift given by Eq. (2.41)
and the initial acceleration voltage of the ions which was U ~ 10.5kV in all measurements.

5.1.1 Resonance spectra with a bunched ion beam

The natural production mode of an EBIS is the so-called bunched-beam mode as described in
Sec. 3.1. The trapped ions are charge bred for a time t,,¢cq. After this time, the potential of the
ejection electrode Ug; is lowered and the ions are accelerated into the beamline. The choice of
the breeding time ¢p,.cq determines the charge distribution of the ion cloud as shown in Fig. 4.2.
Other production parameters are the electron current /e, the axial trap depth AUtap = Up1 —Ua
and the methane gas pressure inside the EBIS pg,s. The interplay of all of these parameters
defines the electron space charge, the capacity of the trap and the temperature of the ion cloud
as explained in Sec. 2.3. Especially the latter is very important since a colder ion cloud results a
in smaller linewidth which improves the statistical uncertainty in the line-center determination.
The comparison of many parameter combinations has shown that the amount of produced ions
per bunch and the ion cloud temperature cannot be optimized simultaneously but a trade-off
has to be made for many parameters. A typical example is shown in Fig. 5.1. Panel (a) and (b)
are time-resolved spectra for two different EBIS parameter sets given in the first two lines of
Tab. 5.1. In a time-resolved spectrum, the number of photon counts is depicted color-coded as
a function of the scan voltage (top z-axis) or the corresponding scan frequency (bottom z-axis)
and the time after the ejection of the ions from the EBIS (y-axis). It should be noted that - even
though the vertical axis represents the time-of-flight of the ions - the vertical position cannot be
directly related to the kinetic energy of the ions since it also depends on the complex extraction
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process and the position of the ions in the trap at the time of release. The velocity of the
ions is rather encoded in the position of the resonance along the z-axis because it represents
the Doppler-shift. The black line elucidates the change of the resonance frequency through
the time window. In this picture, the energy distribution of the ion bunch is visualized in a
time-resolved way from bottom to top where ions more on the right side of the x-axis have less
kinetic energy than ions on the left side.

It enables an analysis of the ion ejection behavior. One can identify roughly three different
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Figure 5.1: Time-resolved spectra for two different EBIS production parameter sets (a) and (b)
measured in anticollinear geometry with a laser power of 2mW. The projection of
the photon events within time window (ii) onto the laser frequency axis is shown
in panel (c) and (d) as black squares along with a Voigt fit (red line). The full
projection of time window (i) + (ii) + (iii) is depicted as grey squares and exhibits a
strong asymmetry for the parameter set (a). The production parameters and the
FWHM of the Fit are detailed in Tab. 5.1. Further explanation can be found in the
text.
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parts separated through the red dashed lines. It shows two parts, (i) and (iii), in which the
ion energy changes with time whereas it is constant in part (ii). For laser spectroscopy, a
time-independent behavior is required to allow for a precise and accurate determination of
the resonance frequency. It is obvious that a projection of all fluorescence events onto the
frequency axis leads to a strongly asymmetric resonance profile as it is depicted in grey in
panel (c) and (d) of Fig. 5.1, whereas restricting the projection to the time period (ii), in which
the resonance frequency is constant, provides a symmetric and narrower resonance signal as
shown by the black data points.

In part (i), the ion energy increases from some lower value to the nominal ion energy of the
“main bunch” (ii) which can be explained by the switching behavior of the ejection electrode.
Due to the capacitance of the electrode and the cables connecting it to the high-voltage supply,
the potential change of the electrode is not instantaneous but has a switching time of a few ps
according to the manufacturer. At a certain potential, a part of the ions start to leave the trap
while the potential of the electrode is still changing. Thereby, the electrode acts unintentionally
as a pulsed drift tube? for these ions, which results in less kinetic energy compared to later
ions.

In the last part (iii), the energy of the ions decreases again. This can be understood as an
effective probe of the space-charge potential of the electron beam. In an empty trap, it lowers
the nominal start potential Ua. At the time of ejection, however, the positive charge of the ion
cloud partly compensates the negative electron potential. Therefore, the first ions start on a
potential closer to Ua. After some time, when the main part of the ion cloud has left the trap,
the negative electron space-charge potential is less compensated and later ions therefore start
on a reduced potential. This leads to a reduced kinetic energy of these "tail” ions after the
acceleration against the ground potential. The space-charge potential V,(r) depends on the
electron current I as explained in Sec. 2.3.5. Hence, the frequency ”chirp” in (iii) should be
reduced for lower electron currents. This is indeed visible in panel (b) of Fig. 5.1 where the
electron current was reduced from 80 mA to 25 mA and the axial trap depth from 71V to 26 V.
These settings yield less C** ions in total, but the space charge induced tail is less prominent
and the frequency shift is strongly reduced. The main part (i) with a constant frequency lasts
considerably longer than with the high-current settings.

°A pulsed drift tube is typically used as an "elevator” of the ion energy. Thereby, a voltage is applied at a drift
tube while ions are located inside the tube, resulting in an acceleration or deceleration of the ions after leaving
the tube due to the changed tube potential.

Table 5.1: EBIS production parameters, signal-to-noise ratio, FWHM and statistical line-center
uncertainty Avcenter Of the spectra in Figs. 5.1 (a, b) and 5.2 (a-d).

. Ie / | AUyap / Dgas / tbreed / FWHM / | Avcenter /
Fig- | ma v | mbar ms | SN GHz MHz
(@) 5.1/5.2 80 71 6-10~8 15 58 | 1.59(4) 16.6
(M) | 7 25 26 6-10"8 15 51 | 0.50(1) 5.7
© 5 o 25 26 2.1078 15 17 | 0.97(4) 17.8
(@ : 80 171 6-107% | leaky || 59 | 0.168(2) 0.7
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Additionally, the reduced electron current does not only reduce the space-charge potential
but also leads to a lower temperature of the ion cloud (see Sec.2.3.6). The temperature
induced longitudinal energy distribution of the ion cloud is the main reason for the width of
the resonance spectrum. If the projection is limited to the time window (ii), the asymmetry
is removed and a symmetric lineshape is observed as shown as black squares in Fig.5.1 (c,
d). It can be well fitted by a Voigt profile (red line). For better comparability, the photon
counts are normalized to the respective laser induced background. The full width at half
maximum (FWHM) for I = 80 mA is about 1.6 GHz. Under the assumption that this width is
mainly originating from the Doppler broadening, a thermal energy of the trapped ions inside
the source can be estimated with Eq. (2.48) and the compression factor R. This results in
Ey, =~ 11.1 eV which is only slightly larger than expected from the simulations in Sec. 2.3.10.
The reduction of the FWHM to 0.50 GHz for I, = 25 mA is directly visible. The signal-to-noise
ratio, which is indicated by the uncertainties relative to the signal height, is similar for both
electron currents I. = 80mA (a) and I = 25 mA (b), although a reduced electron current
leads to a proportionally smaller ion yield. The reason is the compression of the fewer ions into
a smaller frequency range due to the reduced temperature. This demonstrates the advantage
of a cooled ion bunch.

The electron current is not the only parameter which influences the ion temperature. When the
axial trap depth AU,y is lowered, hot ions, which have more energy than the critical energy
(see Sec. 2.3.6), start to leave the trap and energy is removed from the thermal equilibrium
which cools the remaining ions. This so-called evaporative cooling is used to additionally
reduce the ion temperature like in panel (b) of Fig. 5.1. However, if AUyyp is too low, the
resonance signal is reduced due to the ion loss. Therefore, the trap depth together with the
ion current are trade-off parameters and have been tuned carefully during the measurement
preparations. The best compromise was found in the parameters for setting (b) of Tab. 5.1,
corresponding to Fig. 5.1 (b+d).

In contrast, a high methane gas pressure pgas improves the production of C** and cools the ion
cloud at the same time. Therefore, it was always set to the maximal value of pgas = 6- 10~® mbar
given by the technical limit of stable operation with a low frequency of sparking. The breeding
time was usually kept at tj.cq = 15 ms since its influence on the C** production is much larger
than on the linewidth.

5.1.2 Resonance spectra with a continuous ion beam

The alternative EBIS production mode is the leaky mode as explained in Sec. 3.1. It yields
a continuous ion beam instead of ion bunches. A particle current of I, = 0.195pnA was
measured at the last diagnostic station with the production parameters listed in line (d) of
Tab. 5.1. A corresponding resonance signal of the continuous ion beam is shown in the right
panel of Fig. 5.2 which also depicts bunched beam spectra on the left panel for comparison
with production parameters provided in lines (a-c) of Tab. 5.1. All spectra that are displayed
were recorded in roughly 4 minutes.

The strongly reduced linewidth from 1.6 GHz for settings (a) to 0.168 GHz for settings (d)
is striking and improves the statistical line-center uncertainty from 16.6 MHz to 0.7 MHz as
denoted in Tab. 5.1. Additionally, the reduced linewidth increases the SNR of the continuous
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Figure 5.2: Comparison between bunched mode spectra (left) for different production parame-
ters and a continuous beam spectrum (right) with their corresponding Voigt-profile
fits (lines). All spectra have been recorded within 4 min measurement time in anti-
collinear geometry leading to a similar signal-to-noise ratio. The laser power was

in all cases 1.7 mW. All measurement parameters and fitting results are provided
in Tab. 5.1.

beam spectrum linearly since the signal is concentrated in a smaller spectral range. However,
comparing the measurement conditions of (a) and (d) in Tab. 5.2, a factor of 4.8 between the
experimentally observed SN ratio and the theoretically achievable SN ratio is missing, or in
other words, the SNR of (a) is 1/4.8 times smaller than expected in comparison to the SNR of
the continuous beam. A part of this discrepancy can be explained with the assumption that the
laser probes a larger portion of the ion beam in case of (d) compared to (a). This cannot be
quantified experimentally but is qualitatively reasonable since space-charge effects in the ion
bunches make it difficult to achieve a collimated ion beam. However, this cannot explain the
full factor of 4.8. Another contribution can be found in the relative population of the 152s3S;
state, which is expected to be larger in the leaky mode. The reason is the increased charge
exchange rate from C°* to C** in the steady state compared to a charge breeding time of 15 ms
according to the simulations from Sec. 2.3.10. Figure 2.4 shows that the relative abundance of
C>* is increased by roughly a factor of 4 to 5 and with it also the charge exchange rate relative
to the other production rates. Therefore, the main contribution of the missing factor 4.8 in the
SNR is attributed to the larger population of the 152s3S; state in the leaky mode than in the
bunched mode.
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Overall, the continuous beam delivers the better conditions for high-precision collinear laser
spectroscopy and was therefore the preferred mode for all further investigations.

Table 5.2: SNR comparison of the spectra (a) and (d) in Fig. 5.2. Theoretically, the SNR of
(a) should be 4.8 times larger than for (d) when the FWHM is included and under
the assumption that the laser interacts with the same portion of ions per step in
both cases. Instead, they are almost equal. The main contribution of the remaining
factor 4.8 is attributed to the larger population of the 1s2s3S; state in the leaky
mode than in the bunched mode.

Ions / | Dwell time / | Background FWHM SNR SNR
step step rate theo. exp.
@ | 412-10° 500 ps 1 MHz 1.6 GHz 58
(d | 4.8-10° 4s 0.389MHz | 0.168 GHz 59
@) ~ _0.86/10 ~
@) 0.86 1/8000 2.57 ~ 10 ~a5t7800 4.8 || =~

5.1.3 Systematic drift of the line center

An important requirement for a precise rest-frame transition frequency determination through
quasi-simultaneous collinear and anticollinear laser spectroscopy is a stable starting potential.
Otherwise both laser beams probe different ion velocities and Eq. (2.55) is not valid anymore,
resulting in a systematic shift of the measured transition frequency vy. Therefore, the time
dependence of the ions kinetic energy was investigated by repetitive recordings of resonances
for 80 minutes. Each resonance spectrum takes about 2 min and the fitted line center with
respect to the first measurement is plotted as a function of time in Fig. 5.3. The black data
points were taken with the EBIS setup as delivered from the manufacturer and directly after
turning on the EBIS for daily operation. In the first 30 min, moderate drifts of 50 MHz/h
were observed, before the line center starts to drift more than 150 MHz in one hour which
corresponds to a gradient of 2.5 MHz/min. For a typical time difference between a collinear
and an anticollinear measurement of roughly 5 min as it is used in the measurements reported
in Sec. 5.2, this corresponds to a systematic shift in the rest-frame frequency of 2.5 MHz/min -
5min = 12.5 MHz. Although this shift is rather large compared to the targeted accuracy of
2 MHz, it can be largely compensated by performing a collinear-anticollinear (CA) measurement
after an anticollinear-collinear (AC) measurement. For a linear line-center drift algt/ 2 — const.,
the remaining systematic shift between the real transition frequency 1 and the determined
transition frequency from an averaged AC-CA pair measured with a constant time interval 6t
can be estimated as

\/I/a(uc + o) + \/(I/c + 201t)(va — 3011)
2

OVgrife = Vo —

. ) . . .
with dv; = gct/ * - ot. For realistic values of vy, v/, and o1y ~ 12.5 MHz, the systematic drift
shift is g5 = 50 kHz, which is negligible in comparison to the targeted accuracy of 2 MHz.
However, the size of §1; determines the scattering of the data points and, hence, the standard
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Figure 5.3: Relative line-center drift without (black) and with a high-voltage stabilization (blue)
applied to the drift-tube potential U,. The drift is reduced from approximately
2.5 MHz/min to 0.5 MHz/min which directly improves the statistical uncertainty in
the quasi-simultaneous collinear and anticollinear laser spectroscopy approach
and also reduces its systematic uncertainty. The remaining drift can be attributed
to the degrading electron cathode of the EBIS (see text).

deviation and the uncertainty of the average.

Therefore, the drift was further investigated in order to find possibilities for improvement. With
the differential Doppler-shift g’{j ~ 172MHz/V for U,.. = 10.5keV, the relative line-center shift
can be converted to a corresponding change of the potential (right y-axis in Fig. 5.3). The drift
of about 0.87 V/h is a typical value for the stability of high-voltage (HV) power supplies like the
one used for the drift-tube potentials. In order to compensate this drift, the voltage applied to
the central drift tube Up was actively stabilized with a feedback-loop as explained in [84]. The
basic idea is the stabilization of the HV to a precision high-voltage divider through an additional
low voltage (0-5V) generated by an electronic data acquisition card with a digital-to-analog
converter'®. The blue data points in Fig 5.3 are the result of a measurement series with active
HV stabilization. A clear reduction of the drift from 2.5 MHz/min to 0.5 MHz/min is visible.
This directly improves the accuracy in the determination of 1. The reason for the remaining
drift is twofold: First, the electron current in the EBIS was constantly decreasing during the
measurements. This increases the starting potential of the ions through the reduction of the
negative space charge. According to the manufacturer, this behavior is not typical and is
attributed to a damage of the electron cathode. Unfortunately, no replacement cathode was
available for this measurement campaign. Secondly, it was observed that the ion beam position

9LabJack T7, www.labjack.com

49



is also changing over time in one direction. This means the angle between laser and ion beam
drifts and the part of the spatial ion velocity distribution probed by the laser is changing. Both
effects influence the line-center position through the Doppler shift. However, the remaining
drift can be tolerated since it does not severely reduce the accuracy compared to the targeted
accuracy, other systematic sources and the statistical uncertainties.

5.2 Transition frequency determination in quasi-simultaneous
collinear and anticollinear laser geometry

Quasi-simultaneous collinear and anticollinear laser spectroscopy has been used as explained
in Sec. 2.4 to measure the 152s3S; — 1s2p 3P rest-frame transition frequencies 1y in '2C**.
The data was recorded similar to Sec. 5.1 but for two superposed collinear and anticollinear
lasers in an AC-CA scheme. To determine v, from pairs of collinear (c) and anticollinear (a)
measurements, the formula given by Eq. (2.55) has been used. It requires the knowledge of the
respective laser frequencies v/, measured by the frequency comb, and the voltage difference
0U = Uy — U, of the resonance positions U/, in the voltage space. For the extraction of U/,
from the resonance spectra, the raw data, which consists of the registered photon counts per
digital-to-analog converter voltage Upac of the DAQ system, is converted into frequency space
to account for the nonlinear relativistic voltage-frequency relation. The whole fitting process of
the line-shape model to the data is carried out in frequency space and the center frequencies
Veenter are determined for the collinear and anticollinear case. These frequencies are then
converted back to the center voltages U/, to extract the voltage difference 6U. For regular
measurements this voltage difference was usually smaller than §U < 0.2V.

Each rest-frame frequency 1 has an assigned statistical uncertainty given by

s (G ) (5 o) (B o)
0 g ° e © asU

with the laser frequency uncertainties Av,/, and the propagated fit uncertainty AéU. The
laser frequency uncertainty Av,/, is given by the standard deviation of the measured laser
frequencies during a measurement.
A typical measurement cycle consists of about ten collinear and anticollinear resonance spectra
pairs. Then, the resonance spectra for the two elliptic mirrors ODR1 and ODR2 are evaluated
separately. The final transition frequency for a series 7 is then given by the mean of all single
pairs weighted by 1/(Awp)?.
The statistical uncertainty o for the mean value is chosen as the maximum of two values: The
expected uncertainties of the weighted mean and the standard error of the mean (SEM)

Ostd

OSEM = %

with the standard deviation o4 of n extracted rest-frame frequencies. In almost all cases this
‘Was OsgMm-
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5.2.1 Systematic effects in quasi-simultaneous collinear and anticollinear laser
spectroscopy

A main advantage of quasi-simultaneous collinear and anticollinear laser spectroscopy is that
many typical systematic frequency shifts from classical CLS cancel if they appear in both
directions. This raises the importance of similar conditions for both directions since systematic
shifts only appear when the measurement or analysis conditions are different. Some effects
leading to systematic shifts are largely compensated by doing a measurement series in the
AC-CA scheme (see Sec.5.1.3), but others do not cancel through this scheme. Therefore,
several different sources for systematic shifts have been investigated and are discussed in this
section.

Line shape

A crucial step in the analysis of laser spectroscopy data is the correct description of the data
points by an appropriate line-shape model. In CLS, the line shape is usually given by a Voigt
profile V (v, o,~) which is a convolution of a Lorentzian and Gaussian shape as explained in
Sec. 2.4.2. Most of the recorded data in this work is well described by

y(Va Vcenter; 0, 7Y, b) = V(V — Vcenter, 0, ’7) +0b (5.1
1.06 4 O Collinear Data 1 O Collinear Data
' | Voigt Fit without slope| | Voigt Fit with slope
1.05 -

Background normalized counts

Residuals
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Figure 5.4: Comparison between a Voigt profile with static background (left) and with a linear
background slope (right). The latter removes the slight tilt (green line) in the
residuals of the static background fit. Although the line-center result is shifted
by roughly 0.5 MHz, the influence to the rest-frame frequency determination is
negligible when the same fit model is used for both directions.
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where the line center veenter, the Gaussian width o, the Lorentzian width + and the background
offset b are free fit parameters. However, some spectra show a slight tilt in the residuals
between data and fit as depicted on the left panel of Fig. 5.4 for a comparably extreme example.
The green line is a linear fit to the residuals and visualizes the tilt which is probably the
result of small laser power variations that are not completely compensated within the number
of taken scans. In order to include this tilt in the data description, the fit model is slightly
modified by a linear background slope m - b instead of a fixed background b. The new fit with
the free parameter m is shown in the right panel of Fig.5.4. Although this shifts vcepter By
roughly 0.5 MHz in case of Fig 5.4, the influence to the rest-frame frequency determination
has been found to be negligible as long as the same fit model is used for all resonance spectra.
Nevertheless, the Voigt profile with linear background slope has been used during the analysis
process.

Laser and ion beam alignment

In classical CLS, the alignment of the laser and ion beam has a strong influence on the line-
center position since already a small angle between both beams can introduce shifts of some
MHz through Eq. (2.39). For quasi-simultaneous collinear and anticollinear laser spectroscopy,
this is strongly reduced as long as both laser beams are well aligned with respect to each other
as explained in Sec. 2.4.1.

In order to verify this behavior in the experiment, the ion beam was displaced by about 1 mm
relative to the laser beam position in the first diagnostic station while retaining the overlap in
the second diagnostic station. Since both stations are separated by 2.6 m, this results in an
angle of about ag;, = arctan (1 mm/2.6m) ~ 0.4 mrad relative to the two laser beams which
have an angle relative to each other of ay;, < arctan (0.4 mm/5.2m) ~ 0.077 mrad as explained
in Sec. 3.3. Figure 5.5 depicts the result and compares it against two reference measurements
under optimal conditions, i.e. ay, < 0.19 mrad. All values are compatible within their statistical
uncertainties.

This behavior is expected to change significantly when a misalignment between the two laser

_ o] ™ ODRI
T ® ODR2 Figure 5.5: Systematic frequency shift for an
=3 ion beam misalignment of o, =~
g 0-57 0.4 mrad relative to the two laser
S beams in comparison to reference
X 00 I measurements where the angle
5 was ag, < 0.19mrad. The coun-
§ 05 terpropagating laser beams were
\ aligned in all cases with an angle
157 o1, < 0.07mrad between each
-1.07 other. No significant shift is ob-

T T T served.
Reference 0.4 mrad Reference

52



beams is introduced. Therefore, a measurement series on different days with two different laser
beam misalignments has been performed. The first configuration (a) was a horizontal crossing
of the two laser beams with a separation of approximately 1 mm in front of each laser entrance
window to the beamline. This introduces an angle of arctan(2 mm/5.2m) ~ 0.38 mrad between
the two beams and an effective horizontal displacement of the two beam profiles in the ODR
of roughly 0.55 mm. The second arrangement (b) was a vertical parallel displacement of also
roughly 0.55 mm (= the beam radius) so that the laser beams propagated parallel to each
other without crossing. The configuration (b) has also been tested without the velocity filter
(VF) after the EBIS. In between each setting, reference measurements have been recorded
where all beams were superposed again as good as possible.

The extracted 7, from the first optical detection region ODR1 (black squares) and from the
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Figure 5.6: Measured rest-frame frequency 7y, of the first optical detection region (ODRT1, black
squares) and the second one (ODR2, red circles) for reference measurements
with optimal alignment and for two different laser beam misalignments. (a) is
a horizontal crossing displacement, approximately a factor of 5 larger than the
typical experimental uncertainty of the optimized setting as it is used for the
reference measurements. From the maximal shift of 8.6(7) MHz a systematic
uncertainty of 8.6 MHz/5 ~ 1.7 MHz for the reference measurements is estimated.
This is marked as the blue shaded region, which covers indeed all reference
measurements. Setting (b) is a vertical parallel displacement and shifts the
results less than setting (a). When the velocity filter (VF) after the EBIS is turned
off, the sign of the shift for setting (b) changes and the magnitude is increased
slightly.
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signal in ODR2 (red circles) are depicted in Fig.5.6. From Eq. (2.42) and the assumption
of ag, < 0.4mrad, the expected frequency shift of configuration (a) should be in the range
of 0.4 MHz. The observed systematic shift of 8.6 MHz can, thus, not be explained by the
introduced angle and must have a different origin. The explanation can be found in the spatial
distribution of the ion velocity which is not homogeneous. Although a perfectly collimated ion
beam is targeted in the experiment, this is not completely achieved. The ion beam has a resid-
ual divergence in the optical detection region and an additional small but existing horizontal
energy dispersion due to the electrostatic switchyard. Thereby, two laterally displaced laser
beams probe a different velocity distribution with a different mean velocity 3 even without any
angle between them. This results in different Doppler shifts for the two lasers and a systematic
shift in 1. Any additional angle between the laser can either further increase or even decrease
this shift depending on the probed distributions. This explanation has been confirmed through
numerical simulations with SIMION 8.0 and Python 3 (see Appendix A.1).

The vertical displacement configuration (b) exhibits a smaller shift than (a). The reason can be
found in the switchyard simulation from Sec. 3.2 which indicate the introduction of a stronger
horizontal than vertical divergence by the switchyard. Since the Wien filter separates the ion
velocities additionally in the vertical direction, a series was performed without velocity filter.
This did not improve the behavior. Therefore, the Wien filter can be used without introducing
additional uncertainties.

The largest shift of 8.6(7) MHz is produced in ODR2 with setting (a) which had a laser dis-
placement of a factor ~ 1mm/0.2mm = 5 larger than the usual experimental reference
superposition. Thereby, a systematic uncertainty for the laser beam alignment due to the spa-
tial velocity distribution (VD) in the beam can be estimated with Avyp = 8.6 MHz/5 ~ 1.7 MHz
which is marked as a shaded light blue area in Fig. 5.6. This indeed covers all reference mea-
surements and is only slightly larger than their 1o-standard deviation of 0.8 MHz.

A consequence of this systematic uncertainty is that all other systematic effects need to be larger
in order to be identified since the laser beam alignment uncertainty is part of every recorded
measurement. So any possible shifts due to other systematic effects have to be compared to

Awp.

Photon recoil

During the resonant absorption of a photon, the ion has to overtake the photon momentum.
After several excitation-emission cycles, this leads on average to an acceleration of the ion in the
collinear setup or deceleration of the ion in the anticollinear setup as explained in Sec. 2.4.3.
This means that the velocity (3 of the ions is changed after the first excitation differently for
both directions. Therefore, a frequency shift towards a higher rest-frame frequency could
in principle occur if more than one excitation takes place in the ODR. The mean number of
scattered photons 75 in resonance until the middle of the first and the second mirror section
(ODR1 and ODR2, respectively) can be estimated with Eq. (2.58). The result is summarized
in Tab. 5.3 for two laser intensities Ij,er = 0.51p and Ij,se; = Io. Here, a 2C** ion beam with
Eyin = 42KkeV is assumed to be excited during its path to the middle of ODR1 (I; = 11 cm)
and to the middle of ODR2 (I, = 22 cm). Due to the respective ion velocity of 8.22 - 10° m/s,
the interaction time for /; and [ is t; = 133 ns and t5 = 266 ns, respectively. When multiplied
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Table 5.3: Estimated photon scattering in resonance (§ = 0) from Eq. (2.58) for '2C** ions
with Ey, = 10.5keV/q or v = 8.22 - 10° m/s, respectively.

Parameter ODR1 ODR2
l1/2 11cm 22 cm
t1/2 133 ns 266ns
Dse(I = 0.51) 9.45-10°1/s
Tse(I = Ip) 1.425-107 1/s
ﬁsc(O.E)IO) 1.3 2.6
ﬁsc(IO) 1.9 39

by the corresponding scattering rate for [j,s;, the mean number of scattered photons 7ig is
obtained. As shown in Tab. 5.3, this number is 1.3 and 1.9 for ODR1 and twice as much for
ODR2. The velocity change per excitation is dv = hv,/,/(mc) ~ 0.146 m/s, resulting in a center
frequency shift towards higher laser frequencies of dv.,/0v - dv ~ 0.65 MHz per excitation and
emission cycle. Hence, theoretically, an increase of the observed rest-frame frequency and of
the frequency difference between ODR1 and ODR2 is expected for increasing laser intensity.

This effect has been investigated by varying the laser intensity and looking for a systematic
shift of the extracted rest-frame transition frequency. In all cases the intensity was the same for
both laser beams. Measurements were performed under optimized conditions regarding beam
overlap. However, even though the alignment has been checked for the different measurements,
slight deviations within the laser beam alignment uncertainty of Awyp = 1.7 MHz are possible
due the neutral density filters which were used to vary the laser intensities. They were place
directly behind the laser system which can lead to non-negligible laser beam shifts in the
beamline, when they are slightly moved, due to the long distances between the filter and
the beamline. All other conditions were similar as those described in the previous section.
The result for the two mirrors in the ODRs (black squares and red circles) together with the
difference between the two mirrors (blue open circles) is presented in Fig. 5.7. The extracted
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frequencies scatter substantially stronger than expected from their statistical uncertainty which
can be explained by the neutral density filter as mentioned above. Nevertheless, they agree
within the laser beam alignment uncertainty of Awyp = 1.7 MHz indicated by the shaded blue
area. Since this is only the 1o uncertainty, it is reasonable that the scatter of the data point
for I /Iy ~ 0.95 is due to statistics. The same holds for the difference of the two frequencies
obtained for each of the ODRs.

However, all measurements from Sec.5.2.2 have been carried out with I < 0.65]; and a
systematic shift from photon recoil is negligible with the current statistical uncertainty and
the main systematic uncertainty Awyp. Therefore, no additional uncertainty for Avecoi iS
considered.

Voltage difference 5U

In CLS, the ions are brought in resonance with the fixed frequency laser by changing their
kinetic energy with a tunable voltage applied at the ODR. Typically, the laser frequencies are
not perfectly tuned to address exactly the same kinetic energy. However, the residual volt-
age difference JU between the two resonances can be compensated during analysis through
Eq. (2.55) as explained in Sec. 2.4. However, this only works if the electric potential seen by
the ions inside the ODR is the same for both laser directions. A reason for a possible difference
is electric field penetration into the mirrors. The penetration depends roughly linearly on the
ODR potential and therefore on the position of the resonances in voltage space. According to
SIMION simulations, the potential on the beam axis of the ODR can differ up to 0.2 % from
the applied voltage. Hence, the voltage difference §U could also differ by the same amount,
introducing a systematic shift in Eq. (2.55).

In order to reduce this effect, care was taken that the voltage difference during the experiment
was always smaller than 0.2V which should limit the frequency uncertainty from field pene-
tration (FP) to Avgp = 0.2V -0.002 - 172MHz/V < 0.07 MHz. Furthermore, the first mirror in
the ODR has a metallic grid mounted towards the PMTs in order to prevent field penetration
completely. Unfortunately, the second mirror did not have such a grid during the experiment.
Therefore, an experimental check was performed: The laser frequencies were tuned such that
the voltage difference §U between the resonances in the two directions were increased by a
factor of 40, i.e., up to 8 V. The changes of the rest-frame frequencies determined in the two
ODRs with respect to the result of the average of the measurements under standard conditions
are plotted in the upper part of Fig. 5.8, while their differences are shown in the lower part. For
the former, no clear dependency is visible due to the typical scattering within Awyp (shaded
blue area) and all values agree within their statistical uncertainties. This is also the case for
the difference between the mirror systems. Therefore, this effect is negligible in comparison to
the statistical uncertainty and Awyp.
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Laser polarization and Zeeman splitting

Circularly polarized light can systematically shift the resonance frequency due to the Zeeman
splitting in a residual magnetic field as explained in Sec. 2.4.4. A systematic comparison of the
rest-frame transition frequency determination with linear and circular polarized laser light
was therefore carried out in the 152s3S; — 152p 3P, transition where the shift is expected to
be 2.8 MHz/G. For the geomagnetic field Be,, ~ 0.5 G inside of the ODR, this would result in
a systematic shift of 1.4 MHz. The result of the single frequency measurements is depicted in
Fig. 5.9. Additionally, the mean value and the standard error of the mean (SEM) of each section
is shown as two shaded areas. No systematic shift is visible due to the large scattering of the data
points. The reason for the large scatter is the smaller SNR of the 15253S; — 152p 3Py transition
due to smaller line intensity and strong drifts of the ion beam position during the measure-
ments. With a new electron cathode and stable ion-source conditions, this effect could be
investigated again in the future to check the influence of the residual earth’s magnetic field to
the 15253S; — 152p 3P, transition in '>C4+. However, this effect is neglected in the further
analysis since only linear polarized light was used for the reference measurements which
cannot shift the determined rest-frame frequency.

In summary, the main systematic uncertainty Ay is given by Awyp = 1.7 MHz which emerges
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from a possible residual misalignment of the two laser beams in combination with the ion
beam divergence. It is small enough to achieve the targeted precision of < 2 MHz. However,
this could be improved in a future experiment through saturation spectroscopy with fast ions
as demonstrated in [95] or optical pumping if a hyperfine structure is present [96]. First
attempts have been started in [97]. Hereby it is ensured that both lasers interact with the
same ions. The uncertainties caused by a misalignment between both laser beams will then
reduce to Eq. (2.42) since both lasers will then definitely interact with ions of the same velocity.
This will induce an uncertainty reduction by more than one order of magnitude, but also has
experimental drawbacks as will be explained in the outlook.

5.2.2 3S, — 3P, rest-frame transition frequencies

The 3S; — 3P transitions were recorded repeatedly on different days always with an indepen-
dent alignment procedure to compensate day-to-day drifts. The number of single measurements
are n(3Py) = 108, n(3P;) = 68 and n(3Py) = 28 for the transition from the 1s2s3S; to the
respective fine-structure state. All measurements were evaluated separately for ODR1 and
ODR2 and are shown in Fig. 5.10 relative to the weighted average 7, from all measurements of
the respective transition. The blue shaded area marks the combined statistical and systematic
uncertainty of each transition. The corresponding numerical values are listed in Tab. 5.4 with
the statistical uncertainty Avgg,e indicated in the first two rows. Since both values for the two
mirrors agree within their statistical uncertainties, the final value 7 is the weighted average of
all single ODR1 and ODR2 frequencies and given in the last row. Here, the bracket is the total

1o uncertainty
AﬁO =1/ AVs2tat + AVSst

including the systematic uncertainty Avgys = Awyp = 1.7 MHz as derived in Sec. 5.2.1.
The accuracy of all transitions is mainly limited by the systematic uncertainty. Only the
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uncertainty of the 1s2s3S; — 1s2p 3Py transition could be reduced by 200 kHz through an
improvement of the statistical uncertainty. Possible solutions are more measurement repeti-
tions, an increase in the signal-to-noise ratio of the resonance spectra and a reduction of the
vy scattering by using a new EBIS electron cathode. Nevertheless, the uncertainties A are
smaller than the targeted accuracy of 2 MHz in all transitions which is an enhancement of more
than three orders of magnitude compared to previous measurements reported in [98, 99].
A comparison between transition frequency values from theory and experiment is provided
in Tab.5.5 and illustrated in Fig.5.11. It shows that also the most recent non-relativistic

Table 5.4: Results of the rest-frame frequency determination for ODR1 (Zopr1), ODR2 (Zopr2)
and the weighted mean of all measurements (7). The brackets in the first two rows
denote the statistical uncertainties only, while in the last row the total uncertainties
including the systematical uncertainty of Awyp = 1.7 MHz are given. All values are
in MHz.

| 1525381 — 1s2p3Py | 1s2s3S; — 1s2p3P1 | 1s2s3S; — 1s2p3Pg

Topr1 || 1319748571.37(20) 1315677193.06(58) 1316052219.5(13)
Toprz || 1319748571.38(20) 1315677192.64(53) 1316052219.3(13)

vo || 1319748571.37(171) | 1315677192.77(174) | 1316052219.34(194)
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Figure 5.10: Single frequency measurements of the 1s2s3S; — 1s2p 3P transitions relative
to the weighted mean 7 with their statistical uncertainty. All spectra have been
evaluated separately for ODR1 (black squares) and ODR2 (red dots). The shaded
blue area indicates the combined uncertainty Av.
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QED calculations [32] refined their accuracy by one order of magnitude. The theory values
agree well within their stated uncertainties with the experimental value from this work. The
15253S; — 1s2p3P; transition has the largest uncertainty due to fine-structure mixing of the
2p 1P and 2p>P; state since they have the same angular momentum and parity. Therefore,
they have to be treated as quasidegenerate levels in second-order perturbation theory which
results in larger uncertainties [32].

Theory made significant progress over the last years and surpassed the experimental knowl-
edge. With the improved measurements presented here, the improved theory has been tested
experimentally for the first time and experimental accuracy has exceeded that of theory again
by two orders of magnitude. Thus, the direct exploration of nuclear charge radii is now only
limited by theory as will be discussed below.
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Figure 5.11: lllustration of Tab. 5.5 relative to the frequencies acquired in this work. The ex-
perimental accuracy has been improved by more than three orders of magnitude
compared to the so-far most precise measurement by Ozawa et al. [98]. Also
theory improved by an order of magnitude in a recent publication [32] compared
to [49], but it is still two orders of magnitude worse than the experimental accu-
racy. The uncertainty of this work is not visible on this scale.
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Table 5.5: Rest-frame transition frequency comparison between literature values and this
work. All values are in GHz.

1525381 — 152p°Py | 152538y — 1s2p°Py | 152s3S; — 1s2p3Py |

1319 747(29) 1315669(29) 1316 056(29) [99] (Exp.)
1319 744.6(48) 1315076.2(48) 1316 057.7(48) [100] (Theory)
1319753.0(36) 1315679.7(42) 1316 056.2(45) [98] (Exp.)
1319 748.6(10) 1315677.5(10) 1316 052.5(10) [49] (Theory)
1319748.55(13) 1315677.60(75) 1316 052.03(27) [32] (Theory)
1319748.5714(17) | 1315677.1928(17) | 1316052.2193(19) |  This work

5.2.3 Fine-structure splitting

The 2p3P; — 2p 3P fine-structure splitting v/;;» in helium and helium-like ions is a valuable
tool to test QED theory. Alternatively, accurate measurements of v;; can be used together
with QED calculations to determine the fine-structure constant « as demonstrated, e.g., in [52].
Here, remarkable calculations have been completed using NRQED up to the order of ma”. This
led to a very good agreement with available experimental data of He [101, 102], Li* [103],
Be?* [104], B>t [105], N°* [106] and F’* [107]. Furthermore, the determination of « to
an accuracy of 31 part-per-billion (ppb) was achieved together with experimental He data
[101]. The main contribution to the uncertainty of o stems from the QED terms of the next
missing order ma®. However, it was suggested that a precise measurement of the fine-structure
splitting in '2C** could help to estimate the size of the ma® contribution and thereby reduce
the corresponding uncertainty of « by a factor of 2 [52].

Tab. 5.6 holds the values of fine-structure splitting directly from the difference of the 1s2s3S; —
1s2p 3P transitions acquired in this work and the theory values from [52]. The denoted number
for this work is the propagated error of the total uncertainty in Tab. 5.4. The uncertainty of
the theory is estimated from the missing ma® contributions. Therefore, the ma® contribution
can be derived from the difference of the experimental and theory value with the assumption
that the theory value is complete to ma’. This difference is also listed in Tab. 5.6 as ma®
contribution.

Table 5.6: Fine-structure splitting of the 1s2p 3P levels in 2C**+ acquired from this work and
theory [52]. Due to the high-precision values from this work, the ma?® contribution
that is missing in theory can be determined as difference between experiment and
theory. All values are in MHz.

(J,J) This work Theory [52] ma8 contr.
(0,1)  —375026.5(25)  —374996.3(480)  —30.2(25)
(0,2)  3696352.1(25) 3696 343.5(100) 8.6(25)

61



5.3 All-optical nuclear charge radius of '*C

The nuclear charge radius R¢ of 12C is already known on a 0.4 % level from elastic electron
scattering [33-36] and on a 0.08 % level from muonic X-ray spectroscopy [37, 38]. Therefore,
this nucleus is a perfect candidate for a proof-of-principle of the all-optical nuclear charge
radius determination. Here, the nuclear charge radius is obtained through

R. = <7’2>l/2 _ \/VO,exp _FVO, point (5.2)

with the experimental transition frequency 1 exp, the corresponding theoretical transition
frequency for a point-like nucleus v, poine and the field-shift factor F* in this transition. g, point
and F are provided by non-relativistic (NR) QED calculations and can be extracted from
the latest publication [32]. All numerical values needed for the all-optical charge radius
determination together with the results for R, are listed in Tab. 5.7.

A nuclear charge radius can be calculated for each measured transition, but the 152s3S; —
152p 3P, transition delivers the most accurate R, of all transitions since here the theory value
10, point has the smallest uncertainty. The uncertainty AR, in all transitions is completely
dominated by the theoretical uncertainty, which limits the accuracy for an all-optical R, to
4.8 %. A comparison between the all-optical approach and previous data is depicted in Fig. 5.12.
It illustrates that the all-optical determination is not yet competitive with other methods despite
significant progress in experiment and theory. A refinement of the NRQED calculations by one
order of magnitude would reduce the uncertainty and the accuracy would be comparable with
that of electron scattering. An improvement by two orders of magnitude would even surpass
the reported accuracy from the muonic measurement from Ruckstuhl et al. [38].

Hence, this work laid the experimental foundation for a precise all-optical determination of
the nuclear charge radius of '2C. Once theory is improved, the most accurate charge radius for
this nucleus can be extracted from the data presented in this work, which is improved by more
than 3 orders of magnitude compared to previous experiments. Furthermore, the rest-frame
transition frequency measurements in '2C** can be used together with ongoing measurements
in 13C** for a conventional determination of the mean-square charge radius difference ¢ (r?)!213
between '2C and '3C which has not been measured so far by laser spectroscopy.

Table 5.7: Parameters for the all-optical nuclear charge radius determination of 12C. 10, point
and F are taken from [32].

‘ 152538 — 132p3P2 ‘ 152538 — 152p3P1 ‘ 152538 — 1s2p3P0
10, exp (GHz) 1319748.5714(17) 1315677.1928(17) 1316 052.2193(19)

V0, point (GHZ) | 1319749.83(13) 1315678.89(75) 1316 053.32(27)
F (GHz/fm?) 0.2115 0.2115 0.2113
Rc (fm) | 2.45(12) | 2.83(63) | 2.28(28)
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Figure 5.12: Comparison of all available '2C charge radii. Only the most precise value of the
all-optical approach which has been extracted from the 1s2s3S; — 152p3P5 tran-
sition is plotted since the statistical accuracy in the other two transitions is
worse. The value from this work agrees with previous data but the theory-limited
uncertainty is still to large to compete with the other methods.
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6 Summary and outlook

Laser spectroscopy of 2C**+ was performed at the Collinear Apparatus for Laser Spectroscopy
and Applied Science (COALA) [80], situated at the Institute for Nuclear Physics at the Technical
University Darmstadt. Namely, the 1s2s3S; — 1s2p 3P transition frequencies were measured
with better than 2 MHz precision. Collinear laser spectroscopy (CLS) was chosen since the 21 ms
lifetime of the 1525 3S; state in C** requires a fast measurement cycle from the production of
the ions to the laser spectroscopic investigation.

In order to enable CLS on highly charged ions, numerous improvements and upgrades of
the COALA beamline were realized within this work. First, a new electron beam ion source
(EBIS) including a Wien-filter for charge/mass separation was installed and commissioned at
COALA in order to produce the highly charged C** ions. Therefore a new switchyard including
additional beam diagnostics was designed, built and installed. It allows to keep up to three
ion sources installed in parallel to quickly switch between different projects. Additionally, the
existing beam diagnostic stations were upgraded by implementing new iris diaphragms and
MCP stacks that facilitate the optimization of the ion beam shape and the ion and laser beam
superposition.

An EBIS has two operation modes, namely the bunched and the continuous mode. The
production parameters of both modes were optimized with respect to the ion yield and the
properties of the laser resonance spectrum like their width and signal-to-noise ratio. It turned
out that the continuous beam mode produces the narrowest resonances with a full width at
half maximum of 170 MHz which results in statistical uncertainties in the center frequency
determination of roughly 1 MHz.

In order to extract the rest-frame transition frequency from a Doppler-shifted laboratory-
frame resonance spectrum, the ion velocity must be known to correct for the Doppler shift.
Since the starting potential of the ions in an EBIS is only roughly known, this would strongly
limit the accuracy of the rest-frame frequency. An uncertainty of only 1V in the 10.5 keV
starting potential would translate into an uncertainty of 170 MHz in the rest-frame transition
frequency determination. To overcome this limit and to become largely independent of the
ion velocity, quasi-simultaneous collinear and anticollinear laser spectroscopy was exploited at
COALA as demonstrated in [83, 84, 96]. This technique is based on collinear and anticollinear
measurements with well-aligned laser beams which are performed in fast iteration. The
rest-frame transition frequency is then given by the geometric mean of the collinear and
anticollinear laboratory-frame resonance frequency and only changes of the potentials between
the recordings of the collinear and anticollinear spectra and misalignments between the ion
and laser beams contribute to the Doppler-shift uncertainty. Overall, a combined statistical and
systematic uncertainty of less than 2 MHz for all 1s2s3S; — 1s2p 3P transition frequencies
in 12C** was achieved. The dominant uncertainty arose from the superposition of the two
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laser beams in combination with the spatial velocity distribution. Thereby, both lasers can
probe different ions with slightly different ion velocities when the two lasers are not perfectly
aligned, which results in a systematic shift of the rest-frame transition frequency. This can be
improved with saturation spectroscopy since this ensures a simultaneous interaction of both
lasers with the same ions. First attempts have been started in [97], but have not yet delivered
more precise results. The main challenges are the increased laser background of two lasers,
the lack of laser power to strongly saturate the transition, and the necessity to scan the laser
instead of Doppler tuning. Especially the laser scan is currently rather slow in comparison to
the remaining drift of the ions starting potential which smears out the resonance. However, all
points should be solvable with some effort.

The achieved precision in this work is an improvement by more than three orders of magnitude
compared to previous experiments [98, 99] and tests non-relativistic QED calculations of two-
electron systems at an unprecedented level of precision for elements beyond lithium for the
first time. Excellent agreement with NRQED calculations of the 152s3S; — 1s2p 3P transition
frequencies is found. The results enable the estimation of the next missing order ma® of the
fine-structure NRQED calculations for the first time. Moreover, the nuclear charge radius of 12C
was determined exclusively from atomic structure calculations and the measured frequencies
of the individual fine-structure transitions from this work. This all-optical approach results in
R. = 2.45(12) fm and agrees with previous values from elastic electron scattering and muonic
atom spectroscopy, but its uncertainty is not yet competitive with that of the other techniques
despite the significant progress achieved in experiment and theory. But the experimental
uncertainty provided here will allow for a competitive and even surpassing determination of
R. once theory is further improved by one to two orders of magnitude. Thus, the experimental
foundation for a precise all-optical determination of the nuclear charge radius of '?C is now
firmly established.

Additionally, the rest-frame transition frequency measurements in 2C** can be combined
with ongoing measurements in '3C** for a conventional determination of the mean-square
charge radius difference §(r2)!%!3 between 2C and '3C which has not been measured so far
by laser spectroscopy. This will enable a comparison between conventional mass and field-
shift calculations and the new all-optical approach through the determination of §(r?)!213
from the isotope shift and from the all-optical radii R.(*>C) and R.(*3*C). Both ways must
provide the same result and would additionally verify the theory. This is the first step of the
planned ”pathway” to the investigation of the proton-halo candidate ®B which is illustrated
in Fig. 6.1. It consists of several laser spectroscopic measurements in neutral atoms or singly
charged ions (black) and multiply charged ions (blue) of boron and beryllium which enables a
consistency check (magenta) between the theory of helium-like systems (red) and conventional
mass-shift calculations (green) performed with Hylleraas or explicitly correlated Gaussian
(ECG) wavefunctions. The determination of §(r?)!%!! and §(r2)%" from the isotope shift in
neutral boron [12] and singly ionized beryllium [108] from the respective isotope shifts have
already been completed and the measurement of the isotope shift of ®B is in preparation at the
Argonne National Laboratory in Chicago, USA [31]. The investigation of the multiply charged
ions will be continued at COALA. After the campaign with 13C**, it is planned to investigate
10 1B (1572528 )5 — 15*2p?Py 939 at 206.5nm) and ' 1'B** (152538, — 1s2p°P; at
282 nm). These ions can easily be produced by feeding trimethyl borate (BO3C3Hg), which has
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a high vapor pressure, into the EBIS. For Be?" (15253S; — 1s2p3P; at 372nm), the situation
is different. Here, Be™ must be produced with a different ion source first and then injected
into the EBIS. This is a new procedure at COALA and has to be developed. However, the new
switchyard constructed in this work has already been designed to allow for this procedure. The
primary Be™ source can be installed directly opposite to the EBIS, which should simplify the
EBIS injection for the charge breeding of Be?". In the last step, the nuclear charge radius of B
and “Be will be obtained and the halo distance dj,,;, of ®B will be extracted. This will enable
a definite statement about the halo character of ®B and serve as a strong test of nuclear halo
effective field theory.

Finally, it should be noted that if the injection-breeding-ejection procedure can be realized and
is sufficiently efficient, it could serve for online laser spectroscopy, e.g., of carbon isotopes for
which currently no other laser spectroscopic scheme has been established.

Vo, 61/15 in 10,11 BZ+ Vo, 61/15 in 10,11 BS+ Vo, 61/15 gBeZ+
2528, > 2p 2Py 4, [ 152538, — 1520 3P 4, 152538, —> 152p 3P 4 ,
|

v v 2 l
61/%251 B 6V13405'}I‘1he0 VExp(*B) — VTheo(*B) p-Halo, VExp(*Be) — VTheo(9Be)

F Fy Halo- Fpe

transm(m\VH lleraas l : EFT ‘
Y R.(19B), R (1!B) 3 R.(°Be)

R.(’B
check 'Be)

B: 6(7"2 )10,11

in preparation

11,10 11,10 11,8 11,8 9,7 9,7
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P. Miller,
10,11B 8,11B G. Savard, 7,QBe+:
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25°2p *Py5 5, — 25° 38 °Sy, - 25 %51, > 2p °Pyp,

Figure 6.1: "Pathway” to the halo distance d,,;, of ®B. Several laser spectroscopic measure-
ments in neutral atoms or singly charged ions (black) and multiply charged ions
(blue) of boron and beryllium enable a consistency check (magenta) between
the theory of helium-like systems (red) and conventional mass-shift calculations
(green) performed with Hylleraas or explicitly correlated Gaussian (ECG) wave-
functions. The determination of §(r2)'%:1! from neutral boron [12] and §(r?)%" from
singly ionized beryllium [108] have already been completed. The measurement
of the isotope shift of #B is in preparation at the Argonne National Laboratory in
Chicago, USA [31]. The investigation of the multiply charged ions will be continued
at COALA.
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A Appendix

A.1 Spatial velocity distribution simulation

The influence of the spatial velocity distribution of an ion beam to the rest-frame determination
in quasi-simultaneous collinear and anticollinear laser spectroscopy was identified as the main
uncertainty in Sec. 5.2.1. This explanation has been supported by ion beam simulations with
SIMION and subsequent numerical calculations/simulations in Python 3 in the following way:

1. Simulation of an ion beam. The trajectory of 2 - 10° 12C** ions with a kinetic energy
of Exin, = (42000 £ 4) eV through the switchyard has been simulated with SIMION (see
Sec. 3.2 and Fig. 3.4). In an analysis plane at the exit of the switchyard (fixed z position),
ion properties like the horizontal and vertical coordinates (x and y) and the velocity
Y =wv- i have been saved in a comma-separated values (csv) data file. All subsequent
calculations are completed with Python 3.

2. Generation of laser beams. For each ion position (z, y), two corresponding laser beam
intensities /I were calculated (collinear and anticollinear). Here, a Gaussian 2D
distribution given by

N2 Y
hi _((12;5)) +(y2:§)) )
T(mvy):Ae N Y
0

with the amplitude A = 1, the standard deviation o, = 0, = 0.5 mm and the relative
displacement coordinates x5! — 3! = 0.55 mm and y$° — y3°°' = 0 mm has been used.
The divergence of the laser beam has been neglected and the laser beam vector has been
assumed as ?C /a = (0,0,£1)" for the collinear and anticollinear direction, respectively.

3. Calculation of the angle between laser and ion beam. The angle o between the two
laser beams and the ions has been calculated through

4. Calculation of the laboratory-frame transition frequency. The laboratory-frame
transition frequency v/, has been calculated for each ion with Eq. (2.39) and the ion
velocity v, the angle o/, and the rest-frame transition frequency vy = 1319748571.4 MHz.

5. Calculation of the resonance spectrum. A scattering rate is calculated for each ion with
Eq. (2.58) within a laser scan range A = v — v,/ = +500 MHz, and the relative intensity
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1/, and the Einstein coefficient for spontaneous decay Aj, = 5.669 - 107 1/s. The sum of
all scattering rates for a respective laser frequency yields the resonance spectrum for the
collinear and anticollinear direction.

6. Fitting and evaluation. The line-center frequencies yccfgter of both resonance spectra is
determined by fitting a Voigt profile to the simulated points. Then, the systematic shift is

given by
— center center
Av = vy — /S - pgenter,

This procedure has been used to demonstrate, that the divergence introduced by the switchyard
can produce shifts in the same order of magnitude as seen in the experiment. Several plots of
the steps above are depicted in Fig. A.1. The resulting shift for the parameters above is roughly
10 MHz, which is close to the 8.6 MHz in the experiment.
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Figure A.1: Results of the simulation described in the text. The simulated shift of roughly

10 MHz has the order of magnitude of the observed experimental shift from
Sec. 5.2.1.
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