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Zusammenfassung

Die kernmodellunabhéingige Bestimmung der Kernladungsradien kurzlebiger Isotope
ist nur durch die Messung der Isotopieverschiebung moglich. Fiir die leichtesten Elemente
(Z < 10) werden hierbei allerdings extreme Anforderungen an die Genauigkeit in Experi-
ment und Theorie gestellt, die bisher nur fiir He und Li erreicht wurden. Die Ladungsra-
dien der leichtesten Elemente sind von groflem Interesse, da in dieser Region sogenannte
Halokerne existieren, die sich durch eine sehr exotische Kernstruktur auszeichnen: Sie
besitzen einen kompakten Rumpfkern und einen weit ausgedehnten Bereich verdiinnter
Kernmaterie. Beispiele dafiir sind He, 8He, ''Li und das in dieser Arbeit untersuchte
Isotop 'Be. Dariiberhinaus sind die leichten Elemente auch deshalb von Interesse, weil
bislang nur bei solchen Systemen mit wenigen Nukleonen ab-initio Berechnungen der
Kernstruktur moglich sind. Die Ladungsradien sind hierbei wichtige Vergleichspunkte
fiir diese Theorien. Am Institut fiir Kernchemie der Johannes Gutenberg-Universitit
Mainz wurden in dieser Arbeit zwei Ansétze verfolgt, mit denen die Vermessung der Iso-
topieverschiebung in der D1 Linie fiir die Isotope "'%!'Be™ mit jeweils unterschiedlicher
Genauigkeit erreicht wird.

Der erste Ansatz sieht vor Be-Ionen in einer linearen Paul-Falle zu speichern, dort
bis zum Doppler-Limit zu kiithlen und schliellich zu spektroskopieren. Damit soll eine
Genauigkeit von einigen 100 kHz erreicht werden. Im Rahmen dieser Arbeit wurden zwei
lineare Paul Fallen fiir diesen Zweck entwickelt. Desweiteren wurde die Peripherie, die es
ermoglicht Be-Ionen mit einer Startenergie von ca. 60 keV effizient abzubremsen und in
die lineare Paul Falle zu transferieren, simuliert und aufgebaut. Fiir eine der entwickelten
Fallen konnte die Speicherung von Ionen bereits demonstriert werden. Der direkte optische
Nachweis von gespeicherten “Be* Ionen wurde jedoch durch die Entwicklungsarbeiten des
zweiten experimentellen Ansatzes verzogert und konnte daher im Rahmen dieser Arbeit
nicht zum Abschluss gebracht werden.

Dieser zweite Ansatz greift auf die Technik der kollinearen Laserspektroskopie zuriick,
mit der in den letzten 30 Jahren die Isotopieverschiebung fiir eine Vielzahl schwerer Isotope
bestimmt wurde. Bei leichten Isotopen konnte bisher aber nicht die benéctigte Genauigkeit
erreicht werden, um Informationen iiber den Kernladungsradius zu extrahieren. Die Kom-
bination der kollinearen Laserspektroskopie mit modernsten Methoden der Frequenzme-
terologie in dieser Arbeit, ermoglichte die erstmalige Bestimmung der Kernladungsradien
der Isotope "1°Be und des Ein-Neutron-Halo Kerns 'Be am COLLAPS Experiment an
ISOLDE/ CERN. Im Rahmen dieser Arbeit konnten die Ubergangsfrequenzen und die Iso-
topieverschiebungen der D1 Linie fiir die oben genannten Isotope mit einer Genauigkeit
von besser als 2 MHz bestimmt werden. In Kombination mit neuesten Berechnungen
des Masseneffektes ergaben sich die Kernladungsradien der Isotope "1%!'Be mit einem
relativen Fehler besser als 1 %. Der Kernladungsradius nimmt von “Be zu °Be hin
kontinuierlich ab und steigt bei ''Be wieder an. Dieses Resultat wird mit den Vorher-
sagen verschiedener ab-initio Kernmodelle verglichen, die den beobachteten Trend sehr
gut widergeben und von denen insbesondere die "Greens Function Monte Carlo" und die
"Fermionic Molecular Dynamic" Berechnungen eine sehr gute Ubereinstimmung zeigen.
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Abstract

The only nuclear model independent method for the determination of nuclear charge
radii of short-lived radioactive isotopes is the measurement of the isotope shift. For light
elements (Z < 10) extremely high accuracy in experiment and theory is required and was
only reached for He and Li so far. The nuclear charge radii of the lightest elements are of
great interest because they have isotopes which exhibit so-called halo nuclei. Those nuclei
are characterized by a a very exotic nuclear structure: They have a compact core and an
area of less dense nuclear matter that extends far from this core. Examples for halo nuclei
are “He, ®He, 'Li and ' Be that is investigated in this thesis. Furthermore these isotopes
are of interest because up to now only for such systems with a few nucleons the nuclear
structure can be calculated ab-initio. In the Institut fiir Kernchemie at the Johannes
Gutenberg-Universitidt Mainz two approaches with different accuracy were developed. The
goal of these approaches was the measurement of the isotope shifts between "1%1Be* and
9Be* in the D1 line.

The first approach is laser spectroscopy on laser cooled Be™ ions that are trapped
in a linear Paul trap. The accessible accuracy should be in the order of some 100 kHz.
In this thesis two types of linear Paul traps were developed for this purpose. Moreover,
the peripheral experimental setup was simulated and constructed. It allows the efficient
deceleration of fast ions with an initial energy of 60 keV down to some eV and an efficient
transport into the ion trap. For one of the Paul traps the ion trapping could already be
demonstrated, while the optical detection of captured Be* ions could not be completed,
because the development work was delayed by the second approach.

The second approach uses the technique of collinear laser spectroscopy that was already
applied in the last 30 years for measuring isotope shifts of plenty of heavier isotopes. For
light elements (Z < 10), it was so far not possible to reach the accuracy that is required
to extract information about nuclear charge radii. The combination of collinear laser
spectroscopy with the most modern methods of frequency metrology finally permitted
the first-time determination of the nuclear charge radii of "'°Be and the one neutron halo
nucleus 'Be at the COLLAPS experiment at ISOLDE,/ CERN. In the course of the work
reported in this thesis it was possible to measure the absolute transition frequencies and
the isotope shifts in the D1 line for the Be isotopes mentioned above with an accuracy
of better than 2 MHz. Combination with the most recent calculations of the mass effect
allowed the extraction of the nuclear charge radii of "'®!'Be with an relative accuracy
better than 1 %. The nuclear charge radius decreases from “Be continuously to °Be and
increases again for 'Be. This result is compared with predictions of ab-initio nuclear
models which reproduce the observed trend. Particularly the "Greens Function Monte
Carlo" and the "Fermionic Molecular Dynamic" model show very good agreement.
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Chapter 1

Introduction

Since Chadwick discovered the neutron in 1932 it is known that the atomic nucleus of an
isotope 4 XZ consists of Z protons and N neutrons as already proposed by Rutherford in
1920 [SIM95]. The strong interaction, the force which holds these nucleons together, is
still an important research topic. Macroscopic models, like the liquid drop model, which
assume a constant mass density lead to a rough estimation of the size of the nucleus,
which can be given through the equivalent radius Ry [MAYO00]:

R, ~ VA fm

It is known, that nuclei can show slight deviations from this behavior, either caused by
shell effects or, especially on heavy isotopes, due to deformations.

In the 1980s Tanihata et al. determined the nuclear matter radii for the full He,
Li and Be isotope chain from interaction cross section measurements [TAN85, TANSS|.
Isotopes close to the neutron drip line of those elements have tremendously larger matter
radii than the other isotopes of the chain as shown in Figure 1.1. First attempts of an
explanation were that these light nuclei must be either deformed or exhibit a long tail in
the matter distribution [TAN85]. Following experiments particularly the determination
of the magnetic moment of 'Li [ARN87] excluded a strong deformation of the nucleus
since the value was very close to the Schmidt value, indicating a nearly spherical shape.
In the seminal paper of Hansen and Jonson [HANS87] the authors introduced the name
halo-nuclei and pointed out the importance of the very small binding energy of the valence
nucleons for the existence of a halo.

Compared to the typical neutron separation energy of approximately 5 MeV in stable
isotopes, the one-neutron separation energy of 'Be of approximately B = 500 keV is
extremely small [SUZ95]. According to [HANS8T7] this weak binding leads to an exponen-
tially decreasing probability distribution of the halo neutron e~ = with a decay length of
K = QMLB ~ 7 fm. Here, u is the reduced mass of the °Be nucleus and the halo neu-
tron. According to the uncertainty principle this very large spatial distribution leads to a
small momentum distribution in neutron separation reactions. For 'Be this momentum
distribution is 80 MeV /c which is very small compared to the Fermi momentum of 300

MeV /¢ found for ordinary fragmentation reactions. In the example of 'Li the spatial
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Figure 1.1: The RMS matter radii for the full He, Li and Be isotope chain are shown.
They were extracted by Glauber-type calculations from scattering experiments performed

by [TANS5, TANSS].

distribution for the two halo neutrons is so large, that they spend approximately 80% of
the time outside the attractive core potential [HANS87] which indicates that the nature of
nuclear binding forces is still not completely understood. All these investigations finally
led to the picture of halo nuclei; a strongly bound inner core that is surrounded by halo
nucleons which can be either protons or neutrons. For the classification of a halo nucleus
three characteristics have to be fulfilled:

1.

2.

The cross section in nuclear reaction experiments is escalating for one isotope.

Halo nucleons are loosely bound to the core and have a binding energy that is small
compared to the general value of 5 MeV/ nucleon, typically in the order of 1 MeV.

The products of neutron removal reactions in halo nuclei have narrow momentum
distributions, which means extended wave functions due to Heisenberg “s uncertainty

principle.

Beside the very well examined isotopes of He, Li and Be there are other light elements,
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Figure 1.2: Halo nuclei and halo candidates in the lower region of the nuclear chart.
Halo nuclei are indicated by the expected number of halo nucleons in the squares. Those
short-lived isotopes for which charge radii have been measured previously with laser spec-
troscopy are indicated by blue and red borders and those tackled in this work have green
borders.

shown in figure 1.2, for which these characteristics seem to be fulfilled or are already
approved.

For a better understanding of the binding mechanisms between inner core and sur-
rounding nucleons it is essential to investigate in which way the inner core is influenced
by the halo. If it is modified in some way, it is obvious that the charge respectively the
proton distribution of the core will change. The most common and intuitive way of inves-
tigating the nuclear charge distribution is electron scattering. Unfortunately this method
needs a target of the isotope of interest which means that short-lived isotopes can not be
investigated.

The only model-independent way to determine the nuclear charge radius of short-lived
isotopes is the measurement of the isotope shift [OTT89], which has been successfully
applied for many nuclei with Z > 10 [KLUO03]. Approaching lighter elements is a big
challenge, since the field shift which contains the information about the charge contribu-
tion is 10.000 times smaller than the mass shift between two isotopes. Hence. separation
between mass shift and field shift - which is a crucial point already for medium heavy
nuclei - becomes extremely important and even small errors in the estimated mass shift
will lead to large relative deviations in the field shift. This problem could only be solved
when mass shift calculations with spectroscopic accuracy, i.e,. relative accuracies in the
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order a few times 107% became possible. This accuracy was reached by [DRA95, YANOO]
and it became possible to extract the field shift contribution reliably as the difference be-
tween calculated mass shift and measured isotope shift. This was the basis for a number
of experiments on the isotope chains of helium and lithium.

In the last years it was possible to determine the field shift contribution for the whole
He and Li isotope chain. %®He have been measured via spectroscopy of single atoms
trapped in a magneto optical trap (MOT) [WAN04, MUEQ7] and "®%!'1i have been
measured via Doppler-free two-photon spectroscopy [EWA04, SAN06a]. As He and Li
have been measured with unmatched accuracy, Be is the next heavier element of interest
— particularly the one neutron halo nucleus *Be. 'Be is the prototype of a one neutron
halo. The determination of its nuclear charge radius, respectively the interaction between
halo and core, will contribute considerably to the understanding of nuclear binding forces
and nuclear structure, because an interaction between several halo nucleons cannot occur,
which simplifies the theoretical interpretation of the result.

The nuclear charge radius for “Be is also of enormous interest in astrophysical studies.
Fusion reactions described in the solar standard model and neutrino properties can be
probed by measuring the solar neutrino flux. The solar fusion chain has three main
components [ARPO0S8], which result in the emission of mono energetic electron neutrinos
that can be measured on earth. For a better understanding of fusion reactions in the sun
as well as of the neutrino oscillation process, precise calculations of the branching ratio
between these three possibilities are needed. The reaction probabilities, respectively the
cross sections, for a reaction are also determined by the deformations and the nuclear
charge radii of the participating nuclei. A measurement of the nuclear charge radius of
"Be will provide the standard solar model with new input parameters.

In this work, two different approaches which provide different accuracies for the mea-
surement of the isotope shift of Be isotopes are presented. The first approach led to the
acronym for these two experiments: BeTINa (Beryllium Trap for the Investigation of
Nuclear charge radii). Here, the idea is to capture Be™ ions, delivered from a radioactive
ion beam source in a linear Paul trap, cool them down to a temperature of some mK by
Doppler cooling and to perform precision spectroscopy on these ions. This is a non-trivial
task which is also followed by a collaboration at RIKEN. Their original goal was a mea-
surement of the hyperfine anomaly of "%!%'1Be by rf-laser double resonance spectroscopy
for more than 10 years now. [OKA98]. This group recently reported improved measure-
ments of the nuclear magnetic moment [OKAOS8] of "Be. After the first measurements
of isotope shifts on helium and lithium, they have directed their research also towards
a possible measurement of beryllium isotope shifts and reported on first results with ra-
dioactive Be isotopes [NAKO6] shortly after the BeTINa proposal [ZAK06]. However, the
achieved accuracy was still about one to two orders of magnitude worse than required for
the determination of the nuclear charge radii.

At about the same time, first results of Be™' isotope shift calculations were obtained.
The size of the field shift coefficient that determines the sensitivity of a transition to
changes of the charge radius indicated that an accuracy in the order of 1 MHz should be
sufficient for a determination of the charge radius on a level of 1%. These calculations
triggered a new approach for BeTINa. It was concluded that collinear laser spectroscopy



could offer the required accuracy if the limitations due to inaccurate knowledge of the
acceleration voltage are eliminated. For this purpose a measurement of the absolute tran-
sition frequencies in collinear and anti—collinear geometry was proposed [NOEOQ7]. Thus,
the feasibility of this concept had to be demonstrated first in off-line measurements with
the stable isotope Be. Parallel to these developments and tests the original approach
of trap measurements was continued just in case that the collinear technique would not
work sufficiently well. Additionally, the trapped ions would allow to perform more accu-
rate isotope shift or hyperfine anomaly measurements later on.

For these reasons this work is split into two parts:

e the design, construction and first tests of an rf trap system for the spectroscopy of
Be' ions including the ion optics for deceleration and capturing of ions produced at
the ISOLDE facility.

e tests of the collinear/ anti-collinear approach at the existing COLLAPS beam line
at ISOLDE, which was adopted to the needs of our experiment. It lead to the first
measurement of the nuclear charge radii of "1%!!Be.

The thesis is structured in the following way: It starts with some background infor-
mation about the material beryllium. Chapter 3 explains basic ideas in atomic physics,
which are required for both experimental approaches. Chapter 4 and 5 describe trapping
and cooling of ions as well as spectroscopy on fast ions and clarify limitations in both
cases and how these limitations can be overcome. In chapter 6 the experimental setup
for the determination of the nuclear charge radii at the COLLAPS beam line is explained
in more detail and the achieved results are presented. In chapter 7 the approach of high
resolution spectroscopy on laser cooled Bet ions at ISOLTRAP is summarized, while
chapter 8 describes the developed Paul traps and first experimental results for trapping
of Li™ and residual gas ions. The work finishes with a summary of both experiments and
future perspectives.
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Chapter 2

Bulk and atomic properties of
beryllium

2.1 Appearance, production and usage

Beryllium is a silver gray earth alkali metal. It was discovered in 1798 from Louis Nicolas
Vaaqueli who separated beryllium oxide from beryl and the gemstone emerald. Not till
hundred years later Paul Marie Alfred Lebeau was able to isolate pure beryllium metal
through hot electrolysis (Schmelzflusselektrolyse) of Nas[BeFy]'.

In former times the gemstone beryl was used to manufacture simple lenses and later
on glasses which finally led to the German word for glasses: "Brille". Together with an
element that emits a-particles beryllium acts as a neutron emitter

Be +3 He — §C+in (2.1)

and was used together with polonium as ignition for the nuclear bomb released above
Hiroshima in 1945. Nowadays beryllium is used in many different areas in science and
industry because it is a light metal that combines a high melting point, high heat capacity,
high elasticity modulus and a high damping factor. Some physical properties that are
needed in this thesis are listed in table 2.1. The mass value for ' Be is taken from [RIN09],
which presents the most accurate mass measurements of Be isotopes and was cited in
advance by [PUC09]. Also the masses for 1°Be were measured with higher accuracy and
deviations of about 20 were found in comparison to the AME mass evaluation, but for
data analysis the AME values were used, since [RIN09] was not published.

2.2 Safety concern

Beryllium, beryllium oxides and its salts are extremely toxic and carcinogenic. If inappro-
priately used, lung, liver and milt damages can occur. To avoid allergenic reactions, skin
contact with beryllium should be avoided. The inhalation of beryllium and all its com-
pounds is most dangerous and has to be avoided by all means. In Germany the maximum

I Natriumfluoroberyllat
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Table 2.1: Atomic properties of beryllium isotopes. Nuclear spin I, half-life ¢ /5, decay
mode and atomic masses are listed.

Isotope | 1 T/ Decay Mass Source
Be | 3/2 53 d gt 7.01692983(11) | [AUDO3]
‘Be | 3/2 stable 9.01218220(43) | [AUDO3]

1'Be 0 | 1.5-10° years B~ 10.01353382(43) | [AUDO03|
"Be | 1/2 13.8 sec B~ 11.02166155(62) | [RIN09]
2Be | 0 23.6 msec B 12.026921(16) [AUDO3]
“YBe | 0 4.3 msec B~ 14.042890(140) | [AUDO3|

concentration of Be around the working place is specified in the so called MAK value
(MAK - Maximale Arbeitsplatzkonzentration) and is 0.002 2%. That means the working
area for an eight hour working day five days a week has to contain less than 2.2-10~7 %
of Be. But as mentioned in [KAMOS] also a short exposure to peak concentrations can
dramatically increase the risk of severe health consequences.



Chapter 3

Atomic structure theory

The interaction of nuclear electromagnetic moments with the electron shell results in
more or less complicated spectra, exhibiting resolved or unresolved hyperfine structure
for those isotopes with angular spin I # 0 which can nowadays be resolved thanks to
the development of narrow linewidth laser sources. For a better understanding of the
spectra obtained during the measurements at ISOLDE and the precautions which have
to be considered for laser cooling and spectroscopy of Bet in a linear Paul trap, the
following section describes the hyperfine splitting of beryllium isotopes and the resulting
consequences based on [MAY00, DRA96].

3.1 Hyperfine structure

A nucleus with a non-vanishing spin exhibits a magnetic moment and those which are ad-
ditionaly deformed also an electric quadrupole moment. Both interact with the magnetic
and electric fields of the electron shell at the nuclear site. This leads to a coupling of the
nuclear spin I with the angular momentum J of the electron shell to the total angular
momentum F and to a splitting of the atomic energy levels, which is called hyperfine split-
ting AEyrs. AFEgps is the sum of the interaction energy AFE); between the magnetic
moments of nucleus and shell A
AEy = 50 (3.1)
and of the interaction energy AEg between the electric quadrupole moment of the core
with the electric field gradient caused by electrons at the nucleus
B[3C(C+1)=2I(I+1)-J(J+1)

Afo=713 2I-1)-2J—1)-1-J ’ (3:2)
with C = F(F+1)—I(I+1)— J(J+1). The coupling constant A is also called interval
factor and is the potential energy of the magnetic moment p; in the mean magnetic field
By of the electrons at the nucleus:

M1 P 5
A= 77 By. (3.3)

The quadrupole coupling constant B is the the product of the spectroscopic quadrupole
moment (), with the gradient of the electric field F., at the nucleus, which is produced by
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Figure 3.1: The hyperfine splitting of %1% Be*. All allowed dipole transitions as well
as the center of gravity are shown.

OF,
B‘(az)

In this work only dipole transitions between electronic states with J = 1/2 are of
interest. In this configuration the quadrupole contribution to the hyperfine splitting does

the electrons:

- eQs. (3.4)

0

vanish.

Since narrow linewidth lasers can drive single hyperfine transitions it is necessary to
discuss two properties of the hyperfine splitting:

1. The splitting of the energy levels in different hyperfine components results in a dis-
tribution of the total transition strength in the different hyperfine transitions. The
relative intensity for a hyperfine transition (J, I, F) — (J',I', F’) can be derived,
according to [DRA96:

S(F — F') = @F+ D)2 +1) { e }2 (3.5)

21 +1 F J 1

where {}? is the 6J symbol that relates to the coupling scheme of the hyperfine
structure. For the sum of all relative intensities the sum rule

YN S(F—F)=1 (3.6)

F Fr
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holds. The hyperfine interaction does not shift the center of gravity, which is the
energy of the unperturbed transition (compare with figure 3.1). For a spectrum with
resolved hyperfine structure the center of gravity can be obtained by the following

relation:
VCQ:ZZVF_’F/'S(F_)F,)' (37)

F Fr

vp_p is the observed transition frequency of the transition F — F’.

2. If a transition with resolved hyperfine splitting in the lower level is excited by narrow
laser radiation, a depopulation of the lower hyperfine state can occur!, because the
excited electron does not have to fall back into the original hyperfine state in all
cases. This has severe consequences for laser cooling and spectroscopy. To avoid the
population of dark states, i.e. states that do not interact with the laser anymore,
special precautions have to be considered as described in detail in section 4.3.4.

The hyperfine splitting and electric dipole transitions in the 2s;/, — 2p; /5 resonance
line of beryllium isotopes are schematically shown in figure 3.1.

3.1.1 Zeeman Effect

A hyperfine level F, as described in the preceding section, has 2F 4+ 1 mp states that
are degenerated in the absence of magnetic fields. The quantum number mpg is the
projection of the spin onto the z-axis that is given by, e.g. an external field. In 1886
Zeeman discovered [HAKOO] in the similar case of the fine structure splitting, that this
degeneration can be lifted by applying an external magnetic field, which leads to a further
splitting of the hyperfine components. The theoretical calculation of the hyperfine Zeeman
effect is analog to the calculation of the fine structure splitting, because the total angular
momentum F of the atom results in a total magnetic moment p,. The potential energy
of this magnetic moment in the presence of the magnetic field B = B - €, is given by

AEp = —p,-B (3.8)

In the following calculation one has to differentiate between the cases of strong and weak
magnetic fields. While the coupling to F persists in a weak magnetic field it breaks up in
a strong field. In first order pertubation theory the energy splitting AFEp can be derived
for each mpr component based on equation 3.8:

AEB:gF~,lJ,F'mF'B, (39)
with

FF+1)+J(J+1)—-I(I+1) pug F(F+ 1)+ I(I+1)—J(J+1)
2F(F + 1) BRATS 2F(F + 1)

gr =4y

(3.10)
The second term can be neglected in most cases because “—f; ~ 1/2000. From equation 3.9
it appears that the mp components split linear to the field strength B into equidistant

Loptical pumping
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Figure 3.2: Illustration of the energy splitting of the hyperfine levels of “?Be™ in presence
of weak (Zeeman effect) and strong (Paschen Back effect) magnetic fields. The interme-
diate region between weak and strong magnetic field is given for spin 1/2 states by the
Breit-Rabi formula (see text).

energy levels. For a better understanding of this effect figure 3.2 shows an illustration
of the energy splitting in the 2s; /5 level for “Bet. It can be calculated with the Breit-
Rabi formula, which describes the energy splitting from weak to strong magnetic fields
for F =1+ % hyperfine states:

1
1 A AEO dmp 2
AEg | F=T+=)=-= B+ 1 2 3.11
B( 2) g T mrgKlK 5 < +2J+1"’+x) (3.11)
with
211, B 1
A~ Z%O AEozA([Jri) (3.12)

The graph shows the linear Zeeman region at low fields, the transition or intermediate
region and the Paschen-Back region. In the Zeeman region F', mp are still good quantum
numbers, whereas the coupling between I and J breaks up in the intermediate region and
F', mp rearrange into two multiplets that are now ordered according to their m; values
since the magnetic moment of the electron is much larger than that of the nucleus.
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3.2 Isotope shift

The energy levels of electrons in an atom or ion are not only defined by the nuclear charge
and the electromagnetic moments as they were discussed so far. The electron energy is also
influenced by the finite nuclear mass and volume. While the moments cause the hyperfine
splitting, nuclear mass and the finite size of the nucleus are responsible for the so-called
isotope shift. The following considerations are based on works of [EWAO05, SANO6b] and
[OTT89.

Experiments which have been performed on Pb samples in 1919 from Merten et al.
are considered to be the first ones where the isotope shift has been observed [BRE58]. It
is defined as the change of an electronic transition energy between two isotopes with mass
number A and A’.

oA = s — st (3.13)

As mentioned above this frequency change appears due to the change of the nuclear mass
M#, which is summarized in the mass effect (ME), and due to the change of the nuclear
charge distribution, which is contained in the field effect (FE) and can be written as the
sum of these effects

ovA = sud + oviad (3.14)

Mass Effect The mass effect on his part is the sum of the so-called normal mass effect
(NME) or Bohr reduced mass correction and the specific mass effect (SME) or Hughes-
Eckhart effect [BRE58]. The former accounts for the difference in the reduced mass
between two isotopes and can be calculated by

(M4 — M4) s MA — MA

vt = g eV =N Typpe

The latter considers all sorts of electron correlations, which also influence the motion of the
nucleus. The exact calculation of this effect is extremely difficult because of mathematical
difficulties with the correlation integrals. But it has the same mass dependence as the
normal mass effect and can be written as:

, MY — MA
HGHCG, one can summarize the mass effect as:
: MA — MA

Field Effect The electron energy is sensitive to the charge distribution of the nucleus
and can be calculated non-relativistically in first-order pertubation theory. The potential
energy of the nuclear charge distribution p(r) in the electric potential of the electron shell
V(r) can be calculated with

B4 = /,o(r)-V(r) -dT (3.17)
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The following calculation is constrained to s electrons, which produce a spherical sym-
metric potential V' (r) at the core. This potential can be splitted in a constant part, which
represents the potential outside the nucleus and a variable part, which represents the
distribution inside the nucleus, which leads to

1

A 2

b= _Z€2 <;> lect " _Z62 ’qjs(o)’ <r2>nucleus ’ (318)
The first term represents the interaction of one electron with a point like source with
charge Ze, while the second term contains the finite size of the nucleus. It is the product
of the nuclear charge density at the origin |¥,(0)[* and the radial moment of the charge
distribution (r?) and is called field shift (FS). For the isotope shift this expression
becomes:

nucleus

AA’

nucleus

B 27
3h

where A |W,(0)]” is the change of the electron density at the nucleus in the transition and

ovpd = BN — B = Ze2A | W,(0)[7 6 (r?) : (3.19)

) <r2>fﬁleus the change of the mean square charge radius. The first part can be summarized

in a constant F', so that one obtains:
s = Fo (r2)" (3.20)

Now the total isotope shift § uf‘A/ can be calculated by summing equation 3.16 and equation
3.20:
MA — MA
MAMA
In this work the nuclear charge radii of "'®!'Be are calculated based on the charge
radius of °Be by measuring the isotope shift in the 2s; /2 — 2p1/p transition, so that
equation 3.21 can be remodeled to:

S = (N +8) - + 5 ()Y (3.21)

9,4’ 9,4’ 9,4/
F F
F' is largely independent of the nuclear mass (compare with table 3.1) and has been

calculated by Yan et al. [YANOS] to

5 (r2)™

F = 16912 2
fm
and also by Puchalski et al. [PUCO08] to:
MH
Fr—17.021—, (3.23)
fm

with small isotopic variations as listed in table 3.1. The difference in these results is due
to the inclusion of logarithmic relativistic corrections to the wave function at the origin
in [PUCO08]. The term (5V§/’f§, is the calculated mass shift, which will be described in detail
in section 3.3. The absolute charge radii of the isotopes 1%!'Be can finally be calculated
by quadratic summing:

rA = \/ (r9)? + 6 (r2)>4. (3.24)
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3.2.1 Required accuracy in this experiment

Since no experimental values for charge radii of other beryllium isotopes than “Be are
available, one has to suppose that the change in the nuclear charge radii ¢ (TS)A’A/ is
in the order of 0.5 fm? as it has been typically found in measurements of He and Li
isotopes [MUEOQ7, SANO6a]. With FF = —16.912 hlf[ngz and equation 3.22, the expected
field shift between two Be isotopes can be roughly estimated to be about 8.5 MHz. For a
substantial statement about the nuclear charge radii of “**!'Be r4’ has to be determined
with a relative accuracy comparable to that reached for the stable reference isotope *Be by
electron scattering, which is approximately 1% [JANT72, BER67]. It should be mentioned
that the uncertainty of the electron scattering result might be underestimated [SICO7].
The uncertainty of § (r?) as calculated in equation 3.22 can be obtained by Gaussian error

propagation. It is

/ 1 ,
A (5 <r3>9’A> = =A (5;/%;‘) , (3.25)
because the uncertainty of F' is negligible. Therewith the uncertainty Arf/ from equation
3.24 becomes:

, 1 N
Ard = oo \/(2 19 Ar9)? ¢ (FA (@%Q )) : (3.26)

Using these two equations, it can be estimated that the required accuracy in the determi-
nation of the field shifts is approximately 2 MHz, e.g., the accuracy of the experimentally
determined isotope shift and the calculated mass shift contribution should be at least in
the order of 1 MHz.

3.3 Mass effect calculations in three electron systems

This section is based on a presentation of G. Drake at GSI in January 2005 [DRA05] and
correlated works [DRA95, DRA99]. As already mentioned, the calculation of the specific
mass effect is difficult due to the electron correlations. A recipe for the calculation of the
mass effect in two and three-electron systems and the extraction of nuclear charge radii
can be given as follows:

1. Calculation of wave functions and eigenvalues of the non-relativistic Schrodinger
equation for lithium-like ions to spectroscopic accuracy.

2. Inclusion of the finite mass (and mass polarization) up to second-order pertubation
theory.

3. Inclusion of relativistic and QED effects.
4. Comparison of the calculated energies with high precision experiments.

5. Extraction of the nuclear volume effect and hence the nuclear charge radius from the
difference between the experimentally determined isotope shift and the theoretically
calculated mass shift.
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Table 3.1: Calculated mass shifts for 7101 Be™ relative to Be™ for the D1 and D2 tran-
sitions. Values from [YANOS] are corrected for improved mass measurements since the
publication. Hence, the same masses were used as in [PUC08]. The remaining difference
in the mass shift of 1'Be is caused by inclusion of the nuclear polarization effect of 208 kHz

in [PUCO8].

Isotope | 2s1/2 — 2p1j2 | 25172 — 2p3)2 C Reference
MHz MHz MHz/fm?

Be | -49 225.780(39) | -49 231.84(4) | -16.921 [YANOS]

-49 225.736(35) -17.021(31) [PUCOS8]

1'Be | 17 310.442(13) | 17 312.57(6) | -16.921 [YANOS]

17 310.437(13) -17.027(31) [PUCOS8]

'Be | 31 560.087(24) | 31 563.96(2) | -16.921 [YANOS]

31 560.302(31) -17.020(31) [PUCOS8]

The calculation of non-relativistic wave functions for two- and three-electron systems
is best performed by introducing Hylleraas’ coordinates, which treat correlations of the
electrons in an efficient way [HYL28]. With these coordinates it is possible to calculate
most of the correlation energy already with a relative small set of basis states. A contin-
uous improvement of this method permitted for example an enhancement of the relative
accuracy of the non relativistic ground state energy for He up to 1071 [DRA99].

A Generalization to three-electron systems was hampered by the fact that the occur-
ring correlation integrals do not have closed solutions and that the numerical integration
converges slowly. Developments of Drake and Yan increased the speed of the needed
numerical integration by 2-3 orders of magnitude [DRA95|. This development was the
starting point for high precision calculations for Li [YANO0O, YANO03, PUCO06] and Be™
[YANOS, PUCO08]. The following section summarizes the mass shift calculation in a three-
electron system.

The total binding energy Fi, for an electron can be calculated by

Etot = ENR + OéQErel + asEQED + ...+ AEFE (327)
with the non-relativistic energy Eng, the relativistic and QED corrections E,q and Eqgp

and the contribution AFEpg of the finite size of the nucleus. Introducing the expansion
for mass polarization, one obtains

2
B = B+ 4B+ (5) BR+.. (3.28)
2
B = E§§1>+%E§;f+(%) E® 4 . (3.29)
0 ¢! B2 2
Eqep = EggD+ME(ggD+(M) EQL + .. (3.30)
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The first step for further calculations is the determination of non-relativistic wave func-
tions, which satisfy the variational condition

5/@&%—@@&:0. (3.31)

The Hamiltonian Hy for three-electron systems is the sum of the kinetic energy of each
electron, the Coulomb energy for each electron in presence of an infinite heavy core with
charge Z and the Coulomb energy of each electron in presence of the other electrons. It
is
13, 301 301
Hy=—=SV2—ZSY —+5 — (3.32)
2.3 i=1Ti  i>1Tij
Introducing the correlation of the electrons, p;p;, an additional part has to be added
which leads to the total Hamiltonian H

H = Hy+ \H', (3.33)
with the additional Hamiltonian H’ which is given by

:imw. (3.34)

i>j
These equations are given in atomic units and a rescaling of the distance r
me

r— ey 3.35
. (3.35)

and energy F
2

E— FE— 3.36
~Ea (3.36)
has been performed. p is the reduced mass of the three-electron system and is given by

M
H=3r 5 (3.37)

me

For Hy it is possible to calculate the wave function ¥y by variational calculations, where
the number of basis states are gradually increased and finally extrapolated into the full
Hilbert space. Thus, the wave function and the binding energy of the electron are deter-
mined. Hy and its eigenvalue describe the normal mass shift, while H depicts the specific
mass effect. As the solution for Hy can be determined,

HU = BV (3.38)

can be solved with time independent pertubation theory, where A is the pertubation
coefficient. Wavefunction and energy can now be written as

U = Wy + AUy 4+ N2y 4. (3.39)
E = Ey+\E,+NEy + ... (3.40)
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With the obtained wave function W for the non relativistic case at finite mass of the
nucleus with charge Z it is possible to calculate relativistic and QED corrections up to
the order of ﬁoﬁch. The shift between the binding energy for different isotopes can be
easily calculated by the difference of equation 3.27 for different isotopes, where all mass-
independent contributions cancel out. This is of particular importance, since the mass
independent QED correction in first-order has a relatively large uncertainty that would
not allow to determine the theoretical mass shift with the required accuracy. The final
result for the isotope shift is:

AEAA _ [(%)A - (%)A] (E](Vlg% +a?ED 4 afﬁES,Z;D) (3.41)
2 2
* {(%L N (%) A,} (Eﬁg +a’ B + a?’ES,Z;D) (3.42)
+... (3.43)
TAEpp — A7y (3.44)
Fielc;,shift

The calculated mass shifts for different Be® isotopes relative to °Be* in the 2s; /2 =
2p1/2 and 2s1/3 — 2p3) transitions are summarized in table 3.1. In [PUCO0S] also core
polarization effects, the excitation of the core in presence of the electric field of the elec-
tron, are included, which lead to the difference of the mass shift in ''Be* compared to
[YANOS8]. The agreement between the independent theoretical calculations is excellent
and the uncertainty of a few kHz is much better than required according to section 3.2.1.
Finally it should be mentioned that the total transition frequency of the D1 line in ‘Be™
has also been calculated by [PUCO08] to

1
ptheory — 31928.734(8) — (3.45)
CIn

and by [YANOS] to
1
ptheory — 31928.738(5) —. (3.46)

cm



Chapter 4

Laser spectroscopy on ions in traps

In 1953 W. Paul worked on the idea that trajectories of molecules and particles with a
dipole moment can be focused by electric or magnetic multipole fields. After the develop-
ment of lenses for atom and molecule beams the idea was expanded to charged particles.
The interaction of charged particles with an electrodynamic field permitted the confine-
ment of ions in two dimensions and led to the development of quadrupole mass filters
[PAU5S3, PAU5S5, PAUSS|. Until 1959 W. Paul and his co-workers produced the first three
dimensional cylindrical ion trap [FIS59]. Both, the development of quadrupole mass spec-
trometers and the development of ion traps were epoch-making episodes in physics. They
quickly found their applications in analytical chemistry, biology, geology and nowadays in
precision experiments and quantum logic. As honour for his pioneering work in the field
of ion confinement W. Paul received the Nobel-price in physics in 1989. Prestage, Dick
and Malecki proposed the linear Paul trap as a minor variation of the quadrupole mass
spectrometer [PRE89]. As an advantage the authors mainly claimed the higher storing
capacity compared to cylindrical Paul traps and the good optical accessibility.

The ultimate sample for atomic spectroscopy is a cold cloud of atoms or ions or even
single particles at rest. Thanks to the development of ion traps such experiments became
feasible, where all sources of additional line broadening can be avoided in order to study
transitions at the resolution limit given by their natural linewidth. In 1980 the first single
Ba' ion was stored and cooled in a Paul trap [NEU80] and the first single Mg™ ion was
stored in a Penning trap in 1980 [WINS81]. For the reduction of the ion’s kinetic energy
in a trap some possibilities exist. For a Paul trap buffer gas cooling or, if an appropriate
excitation scheme exists, laser cooling can be used. With buffer gas cooling the kinetic
energy of the ions can only be reduced to room temperature (about 1 eV), while it can
be decreased below 1 meV by laser cooling, which is sufficient for most experiments. The
combination of ion and atom traps with cooling techniques initiated a wide variety of high
resolution experiments in many fields of physics, like e.g. precision tests of fundamental
symmetries at low energy or nuclear structure investigation.

In this chapter theoretical calculations for ion confinement in two and three dimensions
will be explained. It ends with an overview about the principles of laser cooling.

19
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Figure 4.1: Hyperbolic electrodes (left) and the corresponding quadrupole potential of a
Paul filter (right).

4.1 Quadrupole mass filter

An ion is bound harmonically at a point in space if a force acts on the ion, that increases
proportional to its distance to the point. Hence, the potential ®(x,y, z,t) has to have the
form

O(x,y,2,t) = DPo(t) - (cw2 + By? + 722) ) (4.1)
Neglecting space charge effects and induced magnetic fields, equation 4.1 has to fulfill the
Laplace equation A® = 0, which is only possible for

a+pB+v=0. (4.2)
Two intuitive possibilities to meet this demand are

1. @« = —f and v = 0: expresses the two dimensional confinement as it is used e.g. for
mass filter.

2. a = [ and 7 = 2a: expresses the three dimensional confinement as it is used for ion
traps.

Even if the Paul trap is not used as a mass filter, it is helpful to describe the quadrupole
mass filter first for a better understanding of the ion’s motion in the trap. Inserting
a = —f3 =1/r? into equation 4.1 leads to a two dimensional quadrupole field:

2 2

O(x,y,t) = Do(t) - — 7“_(2)y . (4.3)

This field can be produced by four hyperbolic electrodes as shown in figure 4.1 or, more
commonly, by round rods, which should fulfill the condition

rod _ 9 14511 (4.4)
To
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for the ratio between field free radius 7y and rod radius 7,,q [LEE71] in order to have a
good approximation of a quadrupole field. Opposed electrodes have the same potential,
while neighboring electrodes have opposite sign, but the same amplitude (compare with
figure 4.1). Applying now a radio frequency (rf) field

D (t) =V - cos(0t) (4.5)

with oscillation period T = 2ﬁauqd amplitude V', confines ions, propagating along the z
axis. For ¢t = 0 they will be focused into x direction and defocused in y direction, but for
t = T'/2 they will be focused in y direction and defocused into x direction or the other
way around.

4.1.1 Equations of motion in a mass filter
The mass selective properties of quadrupole mass filters can be obtained by adding a

constant DC voltage U to ®¢(t). It converts equation 4.3 to:

O(z,y,t) =[U+V -cos(Qt)] - u (4.6)

7°0

The equations of motion for all three spatial directions are given by:

Z+ m2_7€"8 [U+V-cos(Qt)] -z = 0 (4.7)

., 2e

y+ mr? [U+V -cos(Qt)] -y = 0 (4.8)
P =0 (4.9)

This system of decoupled differential equations can be solved using a somehow artificial
substitution. With

8elU 4eU

wt = 2¢ Ay = Ay = —Qy =

erQ2 mr092

equation 4.7 and 4.8 are transformed into the normal form of Mathieu‘s differential equa-
tion with v = x,y [MEI54].
d2
d—g—l—[au—Qqu-cosZC] cu=0 (4.11)

Solutions for this equation can be expressed in terms of a linear combination of two infinite
Fourier series. They are usually denoted as

w(() = A€M 0o, + B e ME S e e M (4.12)

The start parameters u(0),%(0) determine the coefficients A and B, while ca5,, and p,
are only depending on a, and ¢,. p, is called the characteristic exponent, which defines
the kind of solution for equation 4.12. Four possibilities exist:



22 CHAPTER 4. LASER SPECTROSCOPY ON IONS IN TRAPS

a A
_________ 0237_______(3u%)
1
0.2+ :
Working peint | _
alg = 2UNV g 0 B=1
E 1
1
X stable gl X unstable
tabl ! stable
03 4 Y uns e ;I b
- 1
x stable - I
y stable & : C
X stable |31=° :
: : in i X i -
B : T
0.2 04 0.6 9" 0.8 q 1.0

Figure 4.2: Stability diagram of a mass filter or a linear Paul trap for x and y direction
up to stability region IIT (left) and an enlarged view ofstability region I for which stable
trajectories in x and y direction occur simultaneously.

1. u, is real; the solutions grow uncontrolled and are unstable
2. u, is complex; for some start parameters the solutions are stable
3. n, =18, and [, is no integer ; the solutions are periodic and stable

4. pn, = 18, and (3, is integer; the solutions are at the border between stable and
unstable solutions

A plot in which stable solutions for equation 4.12 are shown in dependence of ¢, on
the abscissa and a, on the ordinate is called stability diagram and illustrated in figure
4.2. To describe an ion s stable trajectory through the mass filter one has to consider the
intersection between the stability plot for z and y axis. Stability domain I is also shown
enlarged in figure 4.2.

A quadrupole mass filter is operated that way, that DC voltage U and RF voltage V'
are varied in a constant proportion of a/q = 2U/V. This ratio can be opted that way, that
the load line, which starts at (0,0) with the slope a/q, cuts the stability diagram, which
allows the stable transmission of a mass interval, which is clearly defined through the
interval Ag = Aﬁfg‘s/ﬂ' The best resolution for a mass spectrometer would theoretically
be achieved by choosing the ratio a/q so, that it cuts the stability diagram at the peak
(ap = 0.237,q0 = 0.706). This ¢ function transmission peak can not be reached in an
experiment, due to fringe fields, geometry errors and other inadequacies. For U = 0, in
the rf-only mode, Ag becomes maximal and the filter acts as a high pass filter and all

4eV : .
0.92r27 will be transmitted.

masses above Mpyin =
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For a,q < 1, the so called adiabatic approximation, stable solutions for z(¢) and y(t)
can be given by:

x(t) = xgcos(wit+ @) (1 + % cos Qt> (4.13)
y(t) = yocos(wyt +p,) <1 + % cos Qt) (4.14)

To, ¢, and Yo, p, are the initial values, while w, and w, are:

Q Jq
. = =1/ = 4a, 4.1
w S\ 5 T (4.15)
Q /q¢?
Wy = 5 §y+ay (4.16)

That means the trajectory in x and y direction is comparable to a harmonic oscillation
Wa,y (secular motion) with an superimposed oscillation of frequency €2 (micro motion),
which is the driving frequency of the RF field. Neglecting the micromotion the solution
is equal to the particle motion in a pseudo potential ¥ of the form:

U= % (wia® + wiy?) (4.17)

The depth of this potential can be calculated according to [MAJO05]:

v, = %wir% (4.18)
v, = %wgrg (4.19)

4.2 Linear Paul trap

To transform a mass filter, as described in section 4.1, into a linear trap the quadrupole
potential ®(z,y,t) has to be superimposed with a positive (for positive ions), constant
potential in z direction ®(z). In order to have a trapping potential that is well defined
along the z axis it should have a parabolic shape with its minimum in the middle of the
trap. Three main possibilities to achieve the needed potential shape exist and are shown
in figure 4.3.

a Segmentation of all four electrodes into at least 3 parts. All electrodes carry the RF
potential, while the end electrodes carry an additional DC potential.

b Segmentation of all four electrodes into at least 3 parts. Only the middle electrodes
carry the RF potential, while the DC potential is applied to the end electrodes.

¢ Segmentation of two opposing electrodes into at least 3 parts. The segmented
electrodes carry the DC potential, while the unsegmented electrodes carry the RF
potential.
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Figure 4.3: Three main possibilities exist to modify a quadrupole mass filter into a lin-
ear Paul trap. Top and side view illustrate the needed potentials to achieve trapping
conditions. Further information can be found in the text.

It is obvious that there is no way to create a potential ®(z), that is really independent
of the x and y coordinate. The following description constrains to the case of ion motion
near the trap axis in the middle of the trap, which will justify this approach. With these
restrictions case 2 and 3 can be treated the same way and case 1 can be understood as
case 2, where a DC offset Uygse; = V is added to all electrodes.

Refering to the most general case 2 the quadrupole potential ®(z,y, z,t) along the
whole trap length becomes in presence of the static trapping potential:

¢@x%z¢)=[%%+@%@ﬂ-(am”+ﬂf—%vf)- (4.20)
0

To solve the Laplace equation in this case one has to consider the case in which o = =
1/2, with v = 1. Now the quadrupole potential becomes

e,y 2 ) = [U +V - cos(wt)] - =L 1+ U
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As a result the equations of motion change now to:

2e el

T+ — . H-z——=-2 = 0 4.22

Z+ mr? U+ V - cos(wt)] - x o x (4.22)
2e el,

j+ ——[U+V- ] -y — y = 0 4.23

i+ i U+ -cos(ut)] g = S5 (4.23)
2eU.

7 2.z =0 4.24

Z 4+ 2 z (4.24)

Using the normal form of Mathieu ‘s differential equation for this case and an additional
substitution of

- sz_g;g (4.25)
the equations of motion change to:
%4— [a—g—Zq-cos%] x = 0 (4.26)
%+ [a+g—2q-c082§] y = 0 (4.27)
% +b-2z = 0 (4.28)

Also in this case the movement along the z axis is independent of the radial movement.
The solution is a harmonic oscillation

2(t) = Zye™=! + Zpe ! (4.29)
with frequency
b 2eU,
W, — Viw - J2e z (4.30)
2 mzg

For the adiabatic approach the pseudo-potential in radial direction can be derived
analogous to equation 4.18 and 4.19, while the depth of the pseudo-potential in z direction
can be calculated in first order by:

U,=k-q-U (4.31)

k is called geometry factor, which is approximately 0.025, q the charge of the trapped ion
and U the applied DC potential [MAJ05].

4.3 Theory of laser cooling

It is possible to allocate a momentum p = hk to mass less particles as e.g. photons.
This momentum can be devolved to baryonic particles and as sufficient powerful lasers
are nowadays available, this effect can be used in many ways. The following review about
laser cooling is based on [MET99] and will be complemented with other publications from
[MIT82, MIN86, BALS5, SCHO1, HOE05].
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4.3.1 Saturation intensity

A two level system (atom or ion) with a ground state population N; and an excited state
population N, has the total population N; + Ny = 1. The decay rate from N, to N; is
defined by I' = %, with the lifetime 7 of the excited state. If the system is irradiated
with a laser of Intensity I and the laser frequency is equal to the resonance frequency the

saturation parameter is defined as:
Q\* I
=2(=) =—. 4.32
s=2() =1 (4.32)

) is the Rabi frequency and I; the so-called saturation intensity. If the irradiated laser

has an intensity of
mhe
I, = 4.33
* 3N ( )
the transition experiences a power broadening of /2 and the population of the excited
state is 1/4. For Be™ the saturation intensity in the 2s; /2 — 2py/2 transition is

(4.34)

4.3.2 Scattering rate

A two level system as described above scatters photons when the transition is probed by
a laser beam. Each photon transfers its momentum to the system. The system absorbs
photons which come from the same direction, but during the emission process they are
randomly emitted in 47. The result is a net momentum transfer in direction of the
laser beam. This process is called radiation pressure and is the principle of laser cooling.
The effective scattering rate v is determined by the frequency detuning 6 between laser
and resonance frequency, the Doppler shift wp , the laser intensity and the maximum
scattering rate I'. It is:

sI'/2

T 14s+ (2(0 + wp)/T)? (4.35)

v

4.3.3 Spontaneous scattering force

A two level system with resonance frequency wy is irradiated with a laser of frequency
w and intensity /. The linewidth of the laser is assumed to be small compared to the
natural linewidth of the transition. The detuning between laser and resonance frequency
J is defined by § = w — wp. A system that is propagating with velocity v in direction (+)
or opposing direction (—) of the laser beam experiences a laser field with a frequency shift
0 due to the optical Doppler shift that is

0 =w—wy=xkv. (4.36)
The momentum that is carried by one photon of light with wavelength A is

p = hk. (4.37)
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The average force, the spontaneous scattering force, that affects the system can now be
derived by the photon’s momentum times the averaged scattering rate. It is

sT'/2

Fy = +hk - .
s = A 1+ s+ (2(6 £ kv)/T)?

(4.38)

The momentum transfer of photons to ions and atoms found many applications in the
last years. It is needed for all experiments dealing with quantum logic, Bose Einstein con-
densates, frequency standards and also in ultra trace analysis [MON95, PER02, BER9S,
HOEOQ5]. In regard to trapped ions it is used for the reduction of their kinetic energy.
An ion, caught in a trap, is oscillating in all three spatial directions. Photons of a red
detuned laser, which is applied along the trap axis, will be absorbed by ions that move
in opposite direction compared to the laser and will lose kinetic energy in this direction
as soon as they get into resonance. If several ions are trapped the kinetic energy of all
spatial directions will be reduced with a single cooling laser, because the equations of
motion will be coupled in this case due to Coulomb interaction between the ions.

4.3.4 Doppler limit

The minimal kinetic energy that can be reached by the spontaneous scattering force
is called Doppler limit. It is obvious, that the atom cannot dissipate all its energy in
presence of the laser field, because the continuos absorption and emission process results
in a vibration of the ion and can be expressed in terms of the temperature 7.

h T

_ 2 4.39
2T (4.39)

D
For Be" it is approximately Tp = 80 puK. The expected Doppler broadening at this
temperature is around 2 MHz. When the cooling laser is shined in from one side only
the ions experience a net force that pushes the ions in direction of the laser field, but the
axial trapping potential is strong enough to keep the ions stored.

4.3.5 Cooling transition

For an efficient laser cooling process high scattering rates and closed two level systems are
required. The scattering rate which is defined by the lifetime of the excited state is with
7 ~ 9 ns sufficiently high for Bet. But due to the nuclear spin the energy levels of the
isotopes "> Bet will split according to the hyperfine splitting as illustrated in figure 3.1,
which allows optical pumping into dark states. The following considerations restrict to
the case of “Be™ that is the only available isotope for off-line tests - they can be easily
assigned to "M Bet.

The energy splitting of the ground state with 1.25 GHz is small compared to room
temperature, so that it is reasonable to assume that both ground states are equally pop-
ulated. The branching ratios show that an ion, that is excited from the F' = 1 state has
a probability of 70 % to be in the F' = 1 state after emission or 60 % if the ion is excited
from the F' = 2 state [SCHO1], which would require a repumping laser with a frequency
detuning of 1.25 GHz and approximately the same intensity.
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In experiments which use F=0 F=1 F=2 F=3
laser cooled °Be™ ions for sym- /
pathetic cooling of light mole-
cules [SCHO1, ROT09] a different
approach is used to ensure high
laser cooling efficiency. They use
the 2s1/5(F = 2) — 2p3/y tran-
sition, which has a very small
hyperfine splitting of 8.9 MHz
in the 2p3/, state, which can-
not be resolved due to the nat-
ural linewidth. When a small
magnetic field of several Gauss is Figure 4.4: Illustration of the 281/2 and 2p3/2 substates
applied along the trap axis the in presence of a magnetic field. If o* polarized light is
degeneration of the mp compo- used, optical pumping into the 2s(F = 2,mp = +2)
nents in the 2py/o(F = 0,1,2,3) occurs. The resective 2s(F = 2, mp = £2) — 2p(F =
states is nullified. When the cool- 9™MF = £3) transitions are closed two-level systems
which can be used as cooling transitions of trapped
ions.

- 2 - -3 2 - 1 2 3
2% NNNA 17

(5]
3
o

ing laser is o polarized optical
pumping appears, which leads
due to selection rules theoreti-
cally to the closed two level system 2s(F = 2,mp = +2) — 2p(F = 3,mp = +3) as
illustrated in figure 4.4. But also the optical pumping process is disturbed by residual
magnetic fields and other effects which make it necessary to use a repumping laser. But
instead of the relatively high power of the repumping laser without optical pumping only
a few percent are needed in this case. Instead of using a second laser, an EOM! is used to
generate side bands with a distance of 1.25 GHz to the carrier frequency. This approach
is not suitable for laser cooling of different Be isotopes, because the hyperfine splitting of
the ground state spreads a range of 1.2 GHz to more than 2.7 GHz for all Be isotopes.
Microwave amplifiers, which cover such a big frequency range with the required power
of more than 10 W, which is needed for non resonant EOM devices, are not available.
This means, that the experimental setup during an on-line beam time would have to be
changed, which is undesirable.

Another possibility, that can be used and will be tested in this work is the mixing
of the ground states F' = 1,2 with directly irradiated microwaves. In this case any of
the hyperfine transitions in the 2s,/, — 2p;/; transition can be used, if the transition
probability is not too small and EOMs or magnetic coils do not have to be used at all.
In this work the 2s;/5(F = 1) — 2p3/o(F = 2) transition will be used for laser cooling.
Trapped Be ions will be irradiated with the cooling laser that is shined into the trap
along the trap axis under a slight angle. The laser frequency is shifted from far below the
resonance frequency (5 GHz) in approximately 5 sec to I'/2 below the resonance which
are experience values in other working groups [WER09, ROT07]. The far detuning of the
cooling laser will initially cool the faster ions inside the trap, which dramatically reduces
the needed cooling time. The laser beam diameter is approximately 1 mm to irradiate

IElectro optical modulator
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Figure 4.5: Measuring scheme for al- Figure 4.6: Measuring scheme based on
ternating cooling and spectroscopy of a chain of crystalized Be™ ions as used
the ions based on the technique used in in [HEROQ9].

[WANO4]. For further details see text.

the whole capture volume with a laser power of 5 to 10 mW, which is much higher than
the saturation intensity of 1.3 =%

min

4.4 Spectroscopy of laser cooled Be™ ions

When the caught ions have been cooled down to the Doppler limit and the phase transition
to an ion crystal is reached spectroscopy can be performed. Unfortunately it is not possible
to do a full frequency scan over the hyperfine structure components with the cooling laser,
because the ions will be heated up immediately when the frequency gets close to the
resonance of the examined transition. To avoid this heating two possibilities exist which
have to be investigated in off-line tests in regard to their practicability.

4.4.1 Switching between cooling and spectroscopy laser

One possibility, which is illustrated in figure 4.5, is the fast switching between cooling
and spectroscopy laser as it was successfully used in isotope shift measurements of He
[WANO4]. While the cooling laser has a fixed frequency, which is about I'/2 below the
resonance frequency, the spectroscopy laser is continuously scanned in a frequency range
of approximately 20 MHz around the investigated hyperfine transition. When the cooling
laser is shined into the trap the spectroscopy laser is blocked. After approximately 8 us
the cooling laser is blocked and the spectroscopy laser is shined in for approximately 2 us
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and the fluorescence light is detected with a photo multiplier and the laser frequency
at this moment is recorded. This procedure is repeated several times. Whenever the
ions are heated up due to a blue shifted frequency of the spectroscopy laser they will be
cooled down again and the next cycle begins. As a result of the continuos scanning of the
spectroscopy laser the fluorescence light will be recorded at random frequencies and line
shifts due to the velocity change of the ion during spectroscopy will become negligible.

4.4.2 Spectroscopy in the ion crystal

Another possibility is spectroscopy on single ions in an ion crystal as illustrated in 4.6.
This technique has recently been used for spectroscopy of Mg" in a linear Paul trap
[HER09]. In this experiment a Mg ion chain is created. The cooling laser is applied
under an angle, so that only one side of the ion chain is illuminated with the cooling
laser. The other side is sympathetically cooled by Coulomb interaction between the ions.
The spectroscopy laser has approximately 1—10 of the cooling laser power and is shined into
the trap in axial direction. The fluorescence light of an ion at the side, which is not
illuminated with the cooling laser is recorded with a spatial resolved photomultiplier.

The biggest advantage of this setup, which could be easily adapted for spectroscopy
on Be is that the ion crystal could consist of °Be during on-line measurements, which is
most comfortable for laser cooling. All other isotopes which would be loaded additionally
into the trap would be separated by the light pressure of the cooling laser, so that also
here spatially resolved spectroscopy is possible.



Chapter 5

Laser spectroscopy on fast atoms
and ions

The spectroscopy of cooled ions or atoms in a trap as described in the previous chapter
provides the ultimate resolution for laser spectroscopy. However, for most studies of short-
lived isotopes on-line such a high resolution is not required. Moreover, very short-lived
isotopes with lifetimes below 100 ms can hardly be addressed with trap measurements.
For these cases, S.L.. Kaufmann suggested in 1976 a technique which provides relatively
high-resolution and is at the same time very general and applicable even for isotopes
with lifetimes of a few ms [KAU76]. The idea was to use the longitudinal phase-space
compression in the acceleration of ions in a conservative field by performing collinear
laser spectroscopy on a fast atom or ion beam. This proposal was realized soon and
its feasibility was demonstrated in experiments. The principle and limitations of this
technique will be briefly discussed in this chapter.

5.1 The principle of collinear laser spectroscopy

Considering an ion source at a temperature 7', the thermal distribution of ion velocities
is expected to have a Maxwell-Boltzmann shape with the most probable velocity

o= (v) = ,/Q%T. (5.1)

This leads to a Doppler broadening of the resonance line (rest-frame frequency ) with
a full width half maximum (FWHM)

[ 2ksT LT K
I'p =1/ —F——=r0="7.162 x 10 — | —— | vo. 5.2
P mn2’ ° 8 M [amu] vo (5:2)

This results in a linewidth of approximately 10 GHz for the resonance line of Be at
2000 K, which is almost as large as the complete isotope shift between “Be and °Be.
Hence, laser spectroscopy in the hot production and ionization region of an on-line source
can only be used for very heavy elements since the Doppler width reduces with 1/ VM and

31
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the nuclear size effect increases with Z2. This approach has recently been used, e.g., for
polonium [COCO08] and lead [SELO06] at the resonance ionization laser ion source (RILIS)
at ISOLDE.

The velocity distribution of the ions can be reduced if they are accelerated to kinetic
energies of a few 10 keV in an electrostatic potential. Since all ions experience the same
increase in energy, independent of their start velocity, the energy width d E' of the ensemble
stays constant. As an example, consider the kinetic energy distribution in the ion source
may be given by velocities ranging from v; = 0 to vy = a.. After acceleration through the
voltage difference U the kinetic energy of the ions is in the range

1

By =eU, FE,= §ma2 +elU (5.3)

and the velocity spread is now given by

[2eU / 2eU
r_ I 24 7 5.4
Uy m ) Uy o+ m ( )
The latter can be expanded to
2eU  [ma? 1kgT a?

/ — 1 ~ / 1 _ —= ! 1 _— 5-5
2 \/m 2eU © U1(+26U) U1(+2U’12>’ (5:5)

and, hence, the velocity difference is

from which the velocity compression factor

1 [kgT

can directly be extracted. This can be also understood by the fact that the energy spread
dE =m v v, (5.7)

must stay constant during the acceleration. Consequently, if the velocity v increases, the
spread dv has to decrease accordingly. Graphically this is illustrated in figure 5.1 in terms
of 5.

Since the Doppler broadening is proportional to the velocity distribution, the width
must also be reduced by the factor R. Probing this accelerated ion beam along the z axis
with a collimated, narrow linewidth laser, the width Aw, of an absorption line, neglecting
all other sources of line broadening as well as the natural linewidth, is

Aw, = (,uoﬁ R,
c
where wy is the non shifted frequency of the absorption line in the rest frame [KAU76].

For a typical source temperature of 2000 K the linewidth for the 2s, /o, — 2p; /5 transition
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Figure 5.2: Standard setup for collinear spectroscopy on atoms [OTT89]. Ions are mass
separated and sent into the COLLAPS beam line where they are superimposed with the
collinear laser beam. In the charge exchange cell the ions are neutralized and the fast
atoms enter the optical detection region, where the fluorescence light is detected.

of Be becomes Aw, ~ 5.2 MHz at an acceleration voltage of 60 kV. Compared to the
expected thermal linewidth Aw, of 10 GHz [MAYO00] in a thermal gas the advantage of
this technique becomes obvious. Mostly, the theoretically predicted linewidth cannot be
reached because the energy uncertainty in the source does not stem solely from thermal
distributions. It is rather limited by the potential distribution inside the source than by
the thermal energy distribution. Kaufmann ‘s proposal was realized in many experimental
setups in the last 30 years e.g., Oak Ridge [SPES81], Collaps [SCHT78|, Risiko [ZIM90] and
is still attractive as recent proposals for collinear laser spectroscopy at the ANL [SAV0S|
or at the TRIGA reactor in Mainz or the Fair project indicate [KET08, NOEO6].

As a result of this proposal the Col-
laps beam line at ISOLDE was set up in
1978/79 and will be described in detail
in section 6.2. The typical setup of Col-
laps as used for spectroscopy on atoms is
shown in figure 5.2 [OTT89]. The excita-
tion energies of an ion of interest can be
examined in two ways. Either by scanning
the laser frequency at a fixed acceleration
voltage, or, as in our case, by scanning
the ion’s acceleration voltage at a fixed
laser frequency. In this case a signal from
the fluorescence photons can be obtained ~Figure 5.1: The kinetic energy of an ion with
in dependence of the ion s kinetic energy. Mass Mg is plotted against its velocity 5.The

The recorded spectrum has to be trans- Same distribution of the kinetic energy Fy;,
results in different velocity distributions A3,

and Af, for slow and fast ions.

p

% Egnfarb.units &
= =
H ]

AB,

p

formed into the frequency domain after-
wards. At this point the main drawback
of this technique appears: it is not possi-
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Table 5.1: The isotope shift between “Be and '°Be is calculated for 60 kV and for 59.994
kV. This small change in the acceleration voltage leads already to an uncertainty of
approximately 8 MHz in the isotope shift determination of beryllium isotopes.

Isotope | U J; Veoll v

7 60 4.2849 - 1073 | 0.9957 - v

10 60 3.5869 - 1073 | 0.9964 - vy | —6.9257 - 10~* - v
7 59.994 | 4.2847-1073 | 0.9957 - v

10 59.994 | 3.5867-1073 | 0.9964 - vy | —6.9254 - 1074 - 1

ble to extract the absolute excitation frequency for a transition because the acceleration
voltage can not be determined with the required accuracy. For Be isotopes for example
the kinetic energy of the ion has to be known within 1 V to determine the transition
frequency with an accuracy of 30 to 40 MHz. The needed relative accuracy in the voltage
measurement to determine it with an accuracy of approximately 1 MHz would be 10~°
or 1075,

For heavier isotopes, collinear laser spectroscopy can be used to determine the fre-
quency shift between different isotopes or elements to a reference. For light isotopes,
small fluctuations lead to tremendous velocity shifts and therewith strong shifts in the
resonance frequency of the examined transition, as the following example illustrates on
"Be and "Be: Assuming that there is no isotope shift between "Be and °Be one can
derive § and the transition frequencies at 60 kV and at 59.994 kV to get an estimation of
the artificially introduced isotope shift 02" as summarized in table 5.1. Subtraction of
vt for both acceleration voltages gives the uncertainty in isotope shift measurements

(—6.9257-107* +6.9254 - 107*) - /g = 3- 107 - vy, (5.8)

which is only introduced by uncertainties of the acceleration voltage. Inserting a typical
transition frequency v in equation 5.8 leads to an uncertainty of approximately 30 MHz
for the isotope shift between "Be and °Be and still 8 MHz between °Be and 'Be.

5.1.1 Overcoming the beam energy limitations of collinear laser
spectroscopy

It was shown that the knowledge of the exact beam energy is crucial in collinear laser
spectroscopy of light elements. Even if the accuracy of the ISOLDE high-voltage deter-
mination would be increased to the 1 ppm level - which is technically feasible these days
[THUOT] - there is still the limited knowledge of the exact starting potential of the laser
ions inside the ion source. Hence, a high-precision beam energy measurement is required.

The idea of using laser spectroscopy in collinear geometry to determine ion beam en-
ergies, and thus to measure high voltages with high precision, was proposed by Poulsen
[POUS2| in the early eighties. This technique was suggested for the measurements of high
voltages up to a few 100 kV to determine and calibrate the voltage of the electron cooler at
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Figure 5.4: Frequency difference for parallel and anti-parallel isotope shift between isotope
A and A’. Abbreviations are explained in the text.

the GSI experimental storage ring ESR. The capabilities and limitations of this aopproach
were thoroughly investigated and discussed in [KNA00, GOE02]. The layout of the proto-
type allowed measurements up to 50 kV and the 3ds3/25/2 — 4p3/2 transition in calcium ions
was used for probing the ion velocity. It was demonstrated that accuracies in the order of
10~* can be reached and suggestions for further improvement were made. The theoretical
lineshape of resonances in collinear laser spectroscopy was also discussed in this context
[KREO04] and an improved wavemeter design for accurate laser frequency determination
was proposed [KNAQO]. The latter can in principle be replaced by compact femtosecond
frequency combs as they are available nowadays [UDEO02] provide even higher accuracies.

The lightest short-lived isotopes inves-
tigated by collinear laser spectroscopy to
determine nuclear charge radii so far were

the neon isotopes "Ne - %®Ne [GEI00]. ————S—SKU— -______T_________f’_%;[f[ﬂ__
The method used to calibrate the energy il Vi —
in these measurements relied on an excita- - ("Py2)3p4
tion scheme in V-configuration as shown (anticoll.)

in figure 5.3. Resonant excitation from (collinear)
a common ground state to two close ly-
ing excited levels was used to extract the
beam energy in the following way: The
Doppler shift in parallel and antiparal-
lel configuration causes frequency shifts of

opposite signs.

Figure 5.3: [Excitation scheme used for
the collinear /anti-collinear excitation in the
beam-energy measurement. The dotted line

G represents the transition frequency in the rest
Veoll = V?2)7<1+B ) (5.9) frame. The colored arrows represent the
Vanti = Vg 7 (1= D) (5.10) Dopller shifted transition frequencies of the

) .. atoms [GEI02].
as shown in the figure. Hence, the kinetic

energy el/

2
U — mc? (\/Vcoﬂ Y Vanti) (5.11)
2v/Veoll * Vanti

can be found in which the two transitions occur at exactly the same laser frequency in
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the laboratory system
Veoll = Vanti = v/ Veoll * Vanti- (512)

This technique requires two independent transitions which lie within the working range of
the collinear spectroscopy setup. However, such a scheme cannot be applied in the case
of the Be measurements since such transitions are not avilable in the Be™t level scheme.
Another alternative has been proposed by Borghs et al. [BORSI] also in the early eighties
and was demonstrated in measurements on stable barium isotopes. The concept is shown
in figure 5.4, where the following abbreviations are used

Vel = Vo7 (14 ) (5.13)
Vanti = VoY (1 —[) (5.14)
DA = Vé)u - V:nti (5.15)
Aé;ﬁ, = Vé:u - Vf;%n (5.16)
Aﬁréi/ = Vﬁliti - Vﬁnti (5.17)

These equations can be modified and lead finally to an expression for the calculation of
the isotope shift that is given by:

! / ! ! ! ! 2
o~ (A4 + ALY 2 - QM (ad - ant) (5.18)
with .
QA = — (M +mx"?) / (m® = my?). (5.19)
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In the demonstration measurements the collinear and anti-collinear measurements were
carried out subsequently with a single laser system. It would of course be possible to
perform similar measurements with two laser systems and rapid switching between them
to observe the resonances quasi simultaneously as it is done in the approach described
in this thesis. This would remove additional uncertainties due to possible voltage drifts
between the measurements. However, the scheme proposed by Borghs et al. has never
been applied on-line for short-lived isotopes. Our approach is based on absolute frequency
measurements with a frequency comb and does not require the approximations made in
the derivation of equation 5.18. Instead, the direct and relativistically correct relation

V(% = Vcoll * Vanti (520)

is used.



Chapter 6

Laser spectroscopy at COLLAPS

The measurements of the nuclear charge radii of "'®!'Be were prepared in an off-line
beam time in April 2008 and finally performed in an on-line run in June 2008 at the
COLLAPS beam line at ISOLDE/ CERN. During the off-line beam time the experimental
setup was tested and possible systematic error sources were investigated, whereas the final
measurements of the radioactive isotopes were done in the on-line beam time. The general
overview over collinear laser spectroscopy as given in 5.1 will be discussed in more detail
in this chapter and the obtained results will be presented.

6.1 Ion source

A crucial point at nuclear facilities for the investigation of radioactive isotopes is the
production process. ISOLDE at the European Research Center CERN uses the so-called
isotope separation on-line technique. Here, high energy protons (1.4 GeV) are stopped in
a thick target and radioactive isotopes are produced by nuclear reactions. The impinging
protons cause spallation, fission and fragmentation processes, which lead to the production
of the desired isotopes depending on the target material. For the production of beryllium
isotopes the target material was uranium carbide.

Besides high production rates, a short transfer time of the produced isotopes from
the target to the ionization region is important to allow experiments with short lived
isotopes. Therefore, diffusion of radioactive isotopes out of the target, evaporation from
the target surface, effusion to the ionization region and the ionization process itself need
to be optimized. For beryllium, the uranium carbide target and the transfer line were
heated to more than 2000°C. Behind the transfer line, the isotopes enter a second cylinder
in which they are ionized by resonant laser excitation and ionization (RILIS). Because the
ionization potential for Be is 9 eV, a surface ion source can not be used and the efficiency
of the plasma ion source is not sufficient. A two step resonant ionization scheme into an
auto ionizing state is used for beryllium. In table 6.1 the expected yields! for beryllium
isotopes are listed.

A schematic of the RILIS setup at ISOLDE is shown in figure 6.1. The ionization
takes place in a small area in front as well as in the cylinder which is put on high voltage

Thttp://isolde.web.cern.ch /isolde
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Figure 6.1: Illustration of ISOLDESs resonance ionization laser ion source RILIS. Further
information can be found in [FED00] and the text.

of typically 30-60 kV. For efficient extraction of ions which have been produced in the
cylinder, the applied voltage for heating (1.5 - 2 volts [SEB99)]) is used as a guiding field -
the positive potential is applied to the rear side of ionization tube as illustrated in figure
6.1. The ions are finally accelerated to ground potential, mass separated in the general
purpose separator (GPS) with a mass resolution of % = 2400 and sent into different
experimental beam lines.

Table 6.1: Specified yields for Be isotopes for 1.4 GeV protons impinging on a uranium
carbide target and ionization in the RILIS ion source.

Mass | Half-life | Yield | Ionization
ions/ uC
7 53 d 1.4 1010 RILIS
10 | 1.6 My 6-10° RILIS
11 | 1385 7-10° RILIS
12 [ 213ms |1.5-103 RILIS
14 | 4.4 ms 4 RILIS
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Figure 6.2: Illustration of the COLLAPS beamline including the applied voltages. Further
details can be found in the text.

6.2 COLLAPS beam line

The COLLAPS beam line was set up in 1978/79 at ISOLDE. The beam line for collinear
laser spectroscopy, as it is briefly described in chapter 5.1, was optimized to fulfill the
requirements for collinear/ anti-collinear precision spectroscopy. Those elements that are
of importance for the beryllium spectroscopy are depicted in more detail in figure 6.2:
As normal, the ion beam enters the beam line through a 10° bender that is needed to
superimpose it with the collinear laser beam. It passes electro static deflectors for ion beam
steering and a quadrupole triplet for beam focussing. Since spectroscopy is performed on
beryllium ions, a charge exchange cell is not required and it was therefore replaced by a
set of apertures which are designed to reduce stray light in the optical detection region
as indicated in figure 6.2. Behind the region for optical detection of fluorescence light the
ion beam passes another set of apertures, which is used for stray light reduction of the
anti-collinear laser beam. Directly behind the optical detection region a Faraday cup can
be moved into the beam line to detect and measure ion beam currents down to 1072 A.
Two variable irises are inserted into the beam line with a distance of approximately 3 m
to ensure that ion and laser beams are superimposed and parallel.

Floating Fluke high voltage power supplies are used to apply a fixed voltage up to
+10 kV to the optical detection region. At its entrance, a set of deceleration electrodes is
placed for smooth acceleration or deceleration of the ion beam. Voltages for the different
electrodes are created by dividing the potential of the optical detection region with a fixed
ratio voltage divider. To perform fast Doppler tuning across the resonance pattern, the
Fluke HV supplies can be floated to a potential of +500 V. This voltage is controlled by the
data acquisition computer. An 18 bit digital to analog (DAC) converter board generates a
DC voltage between +£10 V, which is fed into a Kepco high voltage amplifier and amplified
by a factor of approximately 50. The amplification factor has to be measured several times
during the beam time to ensure exact knowledge of the beam energy. An additional offset
voltage of typically 200 V is applied to the deceleration/ acceleration electrodes. It is is
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Figure 6.3: Two dye lasers operated at 624 nm and 628 nm, respectively. The first one is
locked to hyperfine transitions of Iy molecules (left) whereas the second is directly locked
to a frequency comb (right). Both outputs are frequency-doubled to reach the frequencies
in the ultraviloett region required for the Be™ transition.

used to reduce optical pumping into dark states and recoil effects in front of the optical
detection region. The applied voltage at the detection region is measurable with a high
voltage divider (Type: Julie Research) that has a dividing ratio of 1:1000 and a digital
multimeter (Type: Prema) with a precision of about 10~%. The result of the high voltage
measurement is read out by the data acquisition system.

6.3 Laser system

The laser system used for spectroscopy consists of two dye lasers, a frequency comb and
two frequency doublers. An overview of this system is shown in figure 6.3, its setup,
development and performance is described in detail in [ZAK09] and [KRIO8, NOT07]
and will be covered here only briefly. The two dye lasers were pumped with 8 Watt at
532 nm provided by Coherent Nd:YAG lasers (Verdi V8, V18). The dye lasers (Coherent
699) were operated with Sulfuro-Rhodamin and had an output power of approximately
500 mW at 626 nm. One of the dye lasers was locked to a fiber frequency comb from
Menlo Systems, whereas the second one was locked to various hyperfine transitions of the
I molecule. The light of the dye lasers was transported to two frequency doublers near
the COLLAPS beam line using photonic crystal fibers, which provided a transmission
efficiency of 40 to 50 %. The generated second harmonic light passed some beam shaping
optics to achieve a beam focus of approximately 3 mm in the optical detection region and
was sent into the beam line in collinear and anti-collinear direction.

6.3.1 Locking to a frequency comb

Frequency offset locking is a common tool for laser stabilization. The beat frequency
between a reference laser with a known frequency and a second laser is used to produce
the stabilization signal. A frequency comb can be understood as a few thousand reference
lasers, with exactly known frequencies. As the technique of frequency offset locking as
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Figure 6.4: (a) A travelling femto second laser puls in a resonator, which emits pulses
with the repetition frequency v, = 771, (b) Fourier transformation of the electrical field,
which consits of thousands of narrow frequencies, which are spaced by by wg = 27v,. - the
so-called frequency comb. The carrier envelope offset weog is the offset of the first mode
from the y axis.

well as the frequency comb technique are described in detail in literature [SCH99, HOLO0O|
only the experimental setup and the frequency comb will be described in this section.

The frequency comb which was used for the long time stabilization of the anti-collinear
dye laser and also for the determination of the absolute transition frequencies of the iodine
lines used for spectroscopy is based on a femto second fiber laser. Figure 6.4 (a) illustrates
a traveling femto-second laser puls train. The Fourier transformation of such a femto
second puls is a spectrum of equally spaced modes, which are shown in figure 6.4 (b).
The distance between two modes is given by the repetition rate wr of the fiber laser.
The propagation velocity of the envelope of the electric field and that of the phase of the
electric field is slightly different which leads to a phase slip from puls to puls, indicated
as Ay in figure 6.4 (a). In the frequency domain, this phase slip or carrier envelope offset
is represented by an offset wgg from zero when the comb modes are traced back towards
the y axis. The basis technique of the frequency comb is to fix and stabilize the repetition
rate wr and this offset wcg. Therewith it is possible to calculate the frequency of any
given comb mode w,, using the relation

Wy =N - WR £ WcE (6.1)

In the setup used here the frequency comb beam is combined with a small part of the
output of the dye laser that has to be stabilized to the frequency comb. A grating is
used to remove the spectral part of the comb that is not in the dye laser region and the
two laser beams are superimposed on a fast photo diode. The beat frequency with the
closest comb mode is measured and stabilized using phase locking of the beat signal. The
comb mode n is determined with a high resolution wavemeter (Type: HighFinesse). The
frequency of the dye laser can then be calculated according to

W="n"-wWR * WcE T Wheat (6.2)
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Figure 6.5: Schematics of the FM saturation lock to hyperfine transitions in iodine mole-
cules. The dye laser beam is devided into a probe and a pump beam. The probe beam is
frequency modulated in an EOM, while the probe beam is phase shifted and amplitude
modulated in an AOM. The probe beam is detected after transmission through the iodine
cell and demodulated at the EOM frequency. A Lock-in amplifier is used to increase
the signal to noise ratio by phase-sensitive detection at the AOM amplitude modulation
frequency.
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6.3.2 Locking to I, hyperfine transitions

Iodine molecules have wide rotational and vibrational bands, which lead to a complex
hyperfine structure with transition frequencies in the VIS and IR region. Many of the
resulting electronic transitions have been measured and can be calculated with relatively
high accuracy. They are widely used for laser stabilization. In this section an overview
about the direct stabilization of a dye laser to iodine transitions by frequency modulation
saturation spectroscopy (FMS) will be given. This is a well described technique and only
the used setup will be described. More detailed information to this subject can be found
for example in [GEH85, KRIOS].

To resolve the hyperfine structure of iodine molecules in a gas cell by laser spectroscopy
the Doppler broadening has to be eliminated. A strongly simplified sketch of the setup
for FMS is illustrated and explained in figure 6.5. In case of an interaction between
pump and probe beam with the same molecular velocity class, the depopulation of the
involved energy levels causes an alteration of the absorption and dispersion signal of the
probe beam. These changes can be used by phase sensitive analysis of the probe beam
for stabilization.

The dye laser beam is divided into a probe and a pump beam that have orthogonal
polarization direction. The probe beam is sent into an electro-optical modulator (EOM)
where two sidebands at wpye + 2gom are generated. Since the EOM produces pure
frequency modulation, the sidebands are balanced. They have equal amplitudes and
opposite sign, and no intensity modulation is observed on a fast photo diode. The pump
beam passes through an accusto-optical modulator (AOM) where it is frequency shifted
by a fixed frequency Qaom and amplitude modulated with a frequency 25y. Pump
and probe beam are superimposed in the iodine gas cell and separated again by their
polarization direction. The probe beam is sent to a fast photo diode, whereas the pump
beam is dumped.

The principle of (FMS) is the following: As long as pump and probe beam do not
interact with the same molecules and with different velocity classes, the two sidebands
of the probe beam will only detect the slow varying Doppler broadened transition that
covers the whole hyperfine structure. In this case there is practically no difference between
absorption and dispersion of the two sidebands. However, close to resonance of a hyperfine
transition the pump laser saturates the transition of one velocity class and if one of the
sidebands of the probe beam interacts with the same molecule it is less scattered than
the other sideband. This removes the balance of the sideband and a beat signal between
the sidebands and the carrier will be observed at the frequency gon. The signal is
demodulated and a dispersion like signal can be obtained by choosing the right phase
shift Apgoy for the local oscillator input of the mixer (compare with figure 6.5) The
demodulated signal is fed into a Lock-in amplifier to obtain a better signal to noise ratio
of the spectroscopy signal. All iodine lines that were used in the experiment started from
a rotational level with even J. Those transitions exhibit a hyperfine structure splitting
with 15 components [KRI0O8] as illustrated in figure 6.5 (b). The a; component is in all
cases separated and simplifies the identification and reliable locking during the beam time.

All Todine lines, which have been used during the experiments at ISOLDE, have been
measured several times before, during and after the beam times and their absolute tran-
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Table 6.2: Measured transition frequencies of the iodine hyperfine transitions used in the
COLLAPS measurements [KRIO8].

No. HFS Frequency
MHz

1 R(62)(8-3)al | 479 804 354.9 (4)
2 R(70)(10-4)al | 479 823 072.3 (4)
3 P(64)(10-4)al | 479 835 708.7 (4)
4 R(60)(8-3)al | 479 870 012.0 (4)
5 R(58)(8-3)al | 479 933 416.0 (4)
7 R(54)(8-3)al | 480 053 468.8 (4)
8 R(52)(8-3)al | 480 110 119.4 (4)
9 R(50)(8-3)al | 480 266 578.4 (4)
10 | R(48)(8-3)al | 480 314 236.6 (4)
11 | R(42)(8-3)al | 480 359 648.9 (4)
12 | R(40)(8-3)al | 480 402 815.6 (4)
13 | R(38)(8-3)al | 480 443 737.9 (4)
14 | R(36)(8-3)al | 480 482 416.3 (4)

sition frequencies were determined with the frequency comb with an uncertainty, that
includes statistical and systematic error sources, of approximately 400 kHz and are sum-
marized in table 6.2 [KRI0S].

6.3.3 Frequency doubling

Frequency doubling is a non linear optical process, which occurs in special crystals and
is widely used in laser physics. The efficiency Egug of such processes as in BBO? and
LBO? crystals is strongly dependent from the incident laser power at the fundamental
wave length. It can be derived with

P2w 2 Pw
Bang = —2 =K. .

where P is the power of the second harmonic and the fundamental wavelength, [ is the
crystal length, K is a material dependent factor and A is the focal size of the fundamental
laser beam. As the single path doubling efficiency would be only 0.01 % for cw-lasers, the
power has to be enhanced in a cavity. Two different frequency doublers, one with a bow-
tie resonator from Tekhnoscan and the other with a delta resonator from SpectraPhysics,
were used in the experiment. Both frequency doublers are illustrated in figure 6.6.

2Barium borate
3Lithium triborate
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Figure 6.6: Schematic view of (a) FD-SD-07 from Tekhnoscan, (b) Wavetrain from Spec-
traPhysics.

Figure 6.6.(a) shows the frequency doubler FD-SF-07 from Tekhnoscan. The funda-
mental passes a lens for mode matching to the cavity mode and is directed with two
mirrors into the cavity. It consists of four mirrors, which guide the fundamental light in
a closed loop through the crystal. Mirror M4 is the output window for the second har-
monic (and residual light of the fundamental), whereas mirrors M2 and M3 are mounted
on piezos for the compensation of slow and fast frequency fluctuations by changing the
cavity length. The stabilization signal is generated with the Hénsch-Couilluad technique,
which requires non-degenerated polarization modes as typically obtained by using a cavity
with birefringent materials [MAN]. Therefore light of "wrong" polarization cannot enter
the cavity and is directly reflected by mirror M1. A part of the fundamental light in the
resonator leaves the cavity through the entrance window after one round trip. The phase
shift gathered during the round trip can be analyzed by comparing it to the phase from the
directly reflected light which serves as a phase reference. Therefore the light is analyzed
with two photodiodes and polarizing beam splitters outside the cavity. This technique
allows a wide scan range of the fundamental over several GHz. More information about
the used frequency doubler and the Hinsch-Couillaud stabilization can be found in the
user manual and [HAESO0].

Figure 6.6.(b) shows the frequency doubler Wavetrain from SpectraPhysics. After
the mode matching lens the fundamental passes a A/2 plate and an EOM. The EOM is
operated at 80 MHz and is used to generate sidebands on the fundamental. Afterwards
the fundamental is guided into the resonator, which consists of only two mirrors and a
prism on a piezo mount, which is used for the stabilization of the cavity length. The
error signal is generated with the Pound-Drever-Hall technique [DRES83]. It analyses the
interference pattern of the fundamental laser beam, which is partially reflected at the
entrance window and the leak light, that leaves the cavity in resonance to create the
stabilization signal. This technique allows wide scans of the fundamental over some GHz.
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Figure 6.7: Coupling of the laser system as shown in figure 6.3 to the COLLAPS beam
line: The laser beams are fiber coupled and transported close to the beam line, where
frequency-doublers were used to create uv light at 314 nm and 312 nm, respectively. Both
lasers were directed into the beam line and were superimposed with each other and the
ion beam. Shutters can be used to block the laser beams.

6.4 Measurement scheme

A schematic of the whole experimental
setup at COLLAPS is shown in figure
6.7. Both frequency doubled dye laser
beams are directed into the COLLAPS
beam line. Even though it is in principle Collies

possible to record fluorescence in collinear

Anti-collinear

Scaler 1
and anti-collinear direction at the same
time it is more convenient to record them Scaler 4
separately. For this purpose fast shutters
were used which blocked the laser beams | Shutter 1
in turns. The signal of the data acquisi-
tion system that is used for switching the
shutters is called outbit and has a high

Scaler 2

Shutter 2 }

Figure 6.8: The data acquisition computer
toggles the outbit whenever a scan over the
and a low level of 5 V or 0 V, respec-  hyperfine structure is finished. Depending
tively and is toggled whenever a scan over o the outbit, the photomultiplier signals are
the hyperfine structure is completed. The  gorted into scaler 1 and 2 or scaler 3 and 4, re-
outbit and its inverted signal as well as  gpectively. The whole procedure is repeated
the photomultiplier signals are connected  gserveral times until sufficient statistics for the
to coincidence units, where the recorded spectrum is obtained.

spectra for collinear and anti-collinear di-

rection are sorted as illustrated in figure 6.8. As already mentioned, it is crucial to record
the spectra for both directions at the same acceleration voltage. This can be assured
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by summing approximately 50 spectra for isotopes with high yields, and 200 or more for
those with low yields. With this technique fast fluctuations of the acceleration voltage
are averaged, while slow voltage drifts would result in line broadening.

Using “Be* as an example the following section will describe how the right acceleration
voltage, scan region and laser frequencies have to be chosen. The operation voltage of
ISOLDE is usually set to 50 or 60 kV. The Fluke power supplies can be set to £10 kV
at maximum and the scanning range is =500 V. Assuming that the operation voltage is
60 kV this means that the ion s kinetic energy can be chosen between 49.5 and 70.5 keV.
According to

Fyin = (7 — 1) - myc? (6.4)

this corresponds according to the Doppler shift

Veoll = Voy(1 + f3) (6.5)

to a frequency range from 960492.418 GHz to 961130.597 GHz for the collinear laser
frequency. All iodine lines within this frequency range of the fundamental can be used
for locking, but to avoid operating at the maximum output power of the high-voltage
devices iodine lines at the edge of this frequency range are usually avoided. Comparing
the frequency range with table 6.2 shows that iodine lines 8 to 13 could be used for locking
at an acceleration voltage of 60 kV. Once an iodine line is chosen, having in background
that this frequency defines the frequency of the collinear laser, the needed voltage U can
be calculated by modifying equation 6.5 to

2
(Vir;doine) _ 1
B =- 2 (6-6)
Viodine
L ()

and inserting it into equation 6.4. With the now known acceleration voltage it is possible
to calculate a scaling factor Kgaling. Assuming that the conversion between scanning
voltage and frequency shift is linear over the whole hyperfine structure (the error is in the
order of a few kHz) it is possible to translate the voltage scan directly into a frequency

scan. It is given by
/ AU
kscaling = 757/0 (1 - - 7) (67)
MHz

At Iranslating the lowest and highest transitions of the hyperfine struc-
ture into voltages and dividing it through the Kepco amplification factor defines the scan
region for the 18 bit DAC. The anti-collinear laser, is locked to a frequency, which is
calculated by

with units in

Vanti = Voy(1 — B) + et (6.8)

The value for 5 and v has been calculated before and leads directly to the locking frequency
of the anti-collinear laser. With these settings a voltage scan will shift the velocity and
therewith the resonance frequency of the 2s1, — 2p;, transition of Be* to higher
frequencies for the collinear laser and to lower frequencies for the anti-collinear laser.
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Figure 6.9: The obtained spectra of “Be™ at 30 and 60 kV ISOLDE voltage clearly show
side peaks on the left and right side of the hyperfine transitions. Peaks on the left appear
due to coulomb interaction of the ion beam with residual gas, while those on the right
may arrise from ion source settings. At 60 kV there is still a hint of the peak on the right
side but it is not as prominent as at 30 kV. More discussion in the text.

Figure 6.9 shows typical spectra that were obtained at an acceleration voltage of 60 kV
and 30 kV. The x-axis gives the Doppler tuning voltage as it has been recorded by the data
acquisition system. Already at 60 kV it is clearly observable, that besides the 4 peaks of
the hyperfine structure additional structures arise. This is much more pronounced in the
spectra at 30 kV, which were taken for a closer inspection of these effects and were only
analyzed to determine the fitting function and will be described in the following section.

6.5 Data analysis

To understand the fit function which has been chosen for the data analysis spectra for
9Be™ recorded at an acceleration voltage of 30 kV have to be discussed. They are the worst
spectra that were recorded, but nevertheless helpful to understand the peak structure of
the obtained spectra during off- and on-line beam time. Measurements at 30 kV have
only been used for the preparation of the fit function but were not considered in further
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analysis.

Examples for collinear and anti-collinear spectra are shown in figure 6.9. All expected
hyperfine transitions for °Be™ are clearly resolved, but both spectra show satellite peaks
on the left and right side of each hyperfine transition. A first fitting with nine individual
Voigt profiles gave evidence that these satellite peaks have always the same distance to
the corresponding main peak. The left satellite peak is separated by -4 volts from the
hyperfine transition, while the right satellite peak has a distance of 1.5 to 2 volts to the
corresponding main peak. As these peaks appear on the same side in the collinear and
anti-collinear spectrum they represent a difference in the kinetic energy of the ions. The
peak on the left side is caused by ions which are slower, whereas peaks on the right side
are caused by ions which are faster than the majority of ions.

The peak on the left side is an often observed phenomenon in collinear spectroscopy.
Due to inelastic collisions of fast ions with residual gas atoms the Be ions can get excited.
The energy required for this process is taken from the ion ‘s kinetic energy and afterwards
radiated in form of photons. The lowest possible excitation in Be™ ions os the 2s — 2p
transition, which has an energy of 4 eV, is in excellent agreement with the peak distance.
The origin of the right satellite peak is not fully understood. Ions with a higher energy
could be created at a different potential in the ion source. It is possible, that ions which
have been created inside the ionization tube have a higher potential energy due to the
heating voltage which is used as guiding field as mentioned in section 6.1.

Fitting is performed using the package Minuit, which is embedded in the program
MCP that controls the data acquisition at the COLLAPS experiment. At the start of the
fitting routine the number of hyperfine transitions is calculated based on the nuclear spin
and the angular momentum of the electron state. The peak positions of the hyperfine
components are not fitted independently and the Casimir formula 3.1 is used to calculate
the positions of the hyperfine peak according to the interval factors Ass and Aj,. The
following parameters are left free during fitting: A, and Aj,, the Gaussian linewidth, the
intensity of the four main peaks and the center of gravity for each isotope. Constraints
were used for the following parameters: The Lorentzian linewidth is fixed to the natural
linewidth of 19.64 MHz, the distance between main and side peaks is -4 and +2 V,
respectively and the amplitude ratio between side and main peaks is the same for all
hyperfine transitions. All hyperfine transitions exhibit a Voigt profile with two side peaks
as described above. For best accuracy the fit takes place in the frequency domain, where
the frequency axis is calculated based on the relativistic expressions and not on the linear
approximation with Kgcaling-

From figure 6.9 it is obvious, that the center of gravity obtained in the fit does not
coincide for the collinear and anti-collinear spectrum. The difference occurs due to the
lock frequency of the anti-collinear laser. It would be only possible to have the two centers
at exactly the same point, if all frequencies are known beforehand. Since this is not the
case, but the formula

Vg = Vanti * Veoll (69)

requires a measurement at the same ion’s kinetic energy, a method must be found to
correct the difference in the analysis. The distance

AU =US — U

coll anti

(6.10)
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between the center of gravity in collinear and anti-collinear spectra can be directly con-
verted into a frequency difference Av by

Av = AU - kyaling. (6.11)

Instead of tuning the anti-collinear laser frequency it is more convenient to artificially
shift the laser frequency afterwards. Now equation 5.20 can be modified to:

Vo = \/Vanti : (Vcoll - AV) (612)

It should be noted, that the knowledge of the total acceleration voltage U is required at
this point of the analysis. But the uncertainty introduced with a relative uncertainty of
10~* is in the order of 100 kHz and therefore negligible since the difference between the
center of gravities in collinear and anti-collinear spectra is usually smaller than 5 V.

6.6 Results of the off-line beam time

During the off-line beam time the experimental setup and the scanning and data acquisi-
tion procedures were systematically investigated to identify and estimate possible sources
of systematic frequency shifts. In total, 88 spectra for “Be™ at 60 kV were analyzed and
will be described in this paragraph. For each measurement set, the individual results are
compared to the overall average of all 88 spectra, which is 3! = 957199552.6(5) MHz.
Also the statistical variation over all 88 measurements represented by the standard devi-
ation of 0.97 MHz is shown for comparison.

6.6.1 Investigation of systematic effects

Errors as discussed in this section are statistical and given by the standard deviation
if more than one data set was available. In cases, where only single data points are
analyzed the error is conservatively estimated to be the standard deviation of all analyzed
measurements of 0.97 MHz as given above. One should remember that the transversal
ion-beam profile along the beam line could not be analyzed. Only the transmittance
through the inserted apertures can be used to estimate that the ion beam propagates
almost parallel along the the symmetry axis of the beam line with a diameter of less than
7 mm, which is given by aperture for stray light reduction.

6.6.1.1 Different iodine lines

For a fixed ISOLDE voltage, as it was always used in these measurements, the different
iodine lines required different acceleration and deceleration voltages at the detection region
according to section. 6.4. Wether this voltage change has an influence on the ion beam
that causes a shift of the measured transition frequency the absolute transition frequencies
were determined for all available iodine lines. The results are shown in figure 6.10 (a).
For each iodine line the mean value of the analyzed data, between 3 and 73 individual
measurements could be analyzed, is shown with an uncertainty given by the obtained
standard deviation. Although a voltage range of almost 10 kV is covered, systematic
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Figure 6.10: Dependence of the absolute transition frequency of the 2s;/, — 2p; /5 tran-
sition on various parameters. The thick line represents the average over all 88 analyzed
measurements and the dashed lines the standard deviation of these measurements. (a)
Lock of the collinear laser to different iodine lines. (b) Different powers of the anti-collinear
laser and (c) Different laser beam diameters of the collinear laser. Further discussion in
the text.
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effects do not appear. For iodine line 13 the literature value was used instead of the value
that is listed in table 6.2, because an inconsistency was found during data analysis that
is still under evaluation.

6.6.1.2 Power dependence and laser focus

For the determination of the influence of the laser power and the laser beam profile on
the resonance profile and the central frequency the laser power of the anti-collinear laser
was varied in a wide range from 0.6 mW to 5 mW, while the power of the collinear
laser was approximately 0.6 mW in all measurements. A higher intensity can affect
the lineshape in two ways: It can cause power broadening - which is less severe for
our purposes - but it can also shift the resonance center since an increasing number of
scattering events changes the ion velocity and therewith the resonance frequency. The
results of this series of measurements are shown in figure 6.10 (b). Also here a systematic
effect is not observed. Evaluation of the resonance frequency was performed by fitting
the line profile as described in the previous chapter. Since the Lorentzian lineshape was
kept fixed, the fitting routine increased the Doppler width. The reduced x? did not
change significantly in the measurement series, indicating that the line profile can still be
reasonably well reproduced.

A second series of experiments was used to find the most appropriate focal size of
the collinear laser beam at the optical detection region. Here, both lasers had a power of
approximately 1 mW and the focus of the collinear laser was set to 1, 3 and 7 mm, respec-
tively, in the optical detection region. Again a systematic effect on the absolute transition
frequency could not be observed as shown in figure 6.10 (c). The best signal to noise ratio
was found for a beam diameter of 3 mm which was used in further measurements.

6.6.1.3 Ion beam focusing

Also the focus of the ion beam was changed to find an optimal signal to noise ratio and
to investigate a possible influence on the observed transition frequencies. 6 measurements
were performed for 2 different quadrupole settings. Combined result of these measure-
ments is a value of vy = 957199552.3(2) MHz, which is in excellent agreement with the
overall result of 3" = 957199552.6(5) MHz.

6.6.1.4 Offset voltage

The offset voltage between the deceleration electrodes and the detection region has been
varied in a range of +£200 V to test the influence of this potential on the resonance
frequencies. The main effect that can be expected is that the ions start to interact with the
laser already before they enter the detection region. This would have two consequences:
The ions would suffer recoil from the absorption and emission process and, hence, the ion
velocity would have changed when they enter the detection region. This would result in
a symmetric shift to higher frequencies for collinear and for anti-collinear spectra. Such a
shift is particularly dangerous, because it does not cancel when the rest-frame frequencies
are calculated. The second effect that would occur in such a case is a reduction of the
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Figure 6.11: Dependence of the absolute transition frequency of the 2s;/, — 2p; /5 tran-
sition on various parameters. The thick line represents the average over all 88 anlyzed
measurements and the dashed lines the standard deviation of these measurements. (a)
Variation of the offset voltage. (b) Misallignment of the collinear laser relative to the anti-
collinear laser in horizontal and vertical direction. On the right the reference measure-
ments are shown. (c¢) Misallignment of the ion beam in vertical and horizontal direction
relative to the laser beam axis. Further discussion in the text.
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Figure 6.12: Different kinds of laser-laser and laser-ion beam alignment. (a) One of the
lasers is perfectly overlapped with the ion beam, while the second one crosses them under
a small angle. (b) Both laser are perfectly overlapped, while the ion beam crosses the
laser beams under a small angle.

signal intensity due to the depopulation of the probed hyperfine state in odd isotopes
as described in section 3.1. These effects should appear particularly strong at an offset
voltage of 0 V, because in this case the ions can get into resonance with the laser frequency
approximately 20-30 cm in front of the optical detection region. The intensity ratio of
the different transitions should change in such a way that the weaker transitions appear
more prominent than expected.

Figure 6.11 (a) shows the obtained results. All three points are above the global
average, but within the uncertainty and absolutely no variation of the transition frequency
is observed. The peak intensities in the spectra show fluctuations that cannot be correlated
with the offset voltage and are probably a result of beam intensity fluctuations. The result
indicates that the ion beam is quite diffuse and that the laser beams interact only a few
times with the same ion

6.6.1.5 Misalignment

A misalignment of one or both laser beams relative to the ion beam, as illustrated in
figure 6.12, will lead to large shifts of the center frequencies and is expected to be one
of the main contributions to the total systematic uncertainty. The anti-collinear laser
in figure 6.12 (a) is perfectly overlapped with the ion beam, whereas the collinear laser
enters under a small angle. The absolute transition frequency has to be derived by

Veon = voy(l+ fcosa) (6.13)
~ vey(1+ B(1—a?)) (6.14)
~ voy(14 B) — voyBa? (6.15)

This introduces for &« = 1 mrad and § = 0.004 a shift of the derived rest frame frequency

of about : ) )
§V076a2 ~ §V0ﬁoz2 ~
which is quite severe.

In the second case - shown in figure 6.12 (b) - both lasers are very well aligned but
a misalignment between the ion beam and the two laser beams leads to a shift of the
collinear resonance to lower frequencies, while the anti-collinear laser is shifted to higher

frequencies according to Vapticon = voY(1 £ Scosa). In first order, the two shifts cancel

4-107% 10750 ~ 2 MHz, (6.16)

N | —
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out while in an exact treatment the the shift is on the order of a few kHz under the
same conditions as above. Hence a very good overlap between the two laser beams is
much more important, than the exact overlap between the two laser beams and the ion
beam. Fortunately, the laser beam overlap can be ensured over a much longer distance
than the overlap with the ion beam and therefore a value considerably below 1 mrad
should be obtainable. To guarantee such a good overlap of laser and ion beam during the
experiments two adjustable irises were inserted in the beam line.

For the test of case (a) both irises were opened and the collinear laser was misaligned
by approximately +£3 mm over a distance of 6 m in vertical and horizontal direction. This
corresponds to an angle of approximately 0.5 mrad. All measurements have been repeated
at least twice and between consecutive misalignments resonances with re-optimized laser
beam overlap were recorded. The results of this study are shown in figure 6.11 (b). They
show that the misalignment is shifting the obtained transition frequency in the scale of
+0.5 to 1 MHz. Theoretically the obtained frequency shift should be the same for a
horizontal and vertical misalignment. Even though this is not completely understood, the
laser beam alignment seems to have some effect on the absolute transition frequency and
a systematic uncertainty in the order of 500 kHz is estimated.

For the test of case (b), both lasers were overlapped as good as possible and the ion
beam was steered in vertical and horizontal direction by adjusting the potentials of the ion
optic elements at the beginning of the beam line. Since further beam diagnostics were not
available it is hard to estimate the degree of tilting of the ion beam. However, the observed
effect, as shown in figure 6.11 (c), is again quite small. In vertical direction all points
coincide with the global average, whereas there are some deviations for the horizontal
misalignment. While these measurements for the horizontal misalignment were taken the
beam intensity was fluctuating between 500 pA to 1.2 nA and a realignment of the RILIS
ion source was necessary. This can probably result in another beam profile and beam path
that could explain the observed deviations. The misalignment uncertainty of 500 kHz as
mentioned above should be large enough to cover both contributions, so that no additional
uncertainty is introduced.

6.6.2 Summary of uncertainties

In this section the final uncertainties as used for data analysis of the on-line beam time
will be discussed. One has to distinguish between the error for the absolute transition
frequencies, the error of the isotope shift determination and the error for the determination
of A factors. For the absolute transition frequency three main parts have to be taken into
account:

1. Systematic uncertainties which arise from the experimental setup as analyzed above.
The only systematic effect was observed for laser-ion beam misalignments and is
estimated to:

AV,jign = 500 kHz (6.17)

2. The frequency comb respectively the frequency reference of the frequency comb. For
the stabilization of the repetition rate a frequency reference is needed. During the
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experimental run a Rb clock (Stanford Research Systems FS725) with a specified
uncertainty of +5- 107" and an additional uncertainty due to aging of < 5-1070%
has been used. As described in [KRIO8] the overall uncertainty for the determination
of the absolute transition frequency of the iodine lines as well as for the direct lock
to the frequency comb is approximately 410 kHz, which results in an uncertainty of

Avg, = 820 kHz (6.18)
in the second harmonic.

3. Recoil shifts appear due to repeated absorption of photons, which will accelerate
(collinear laser) or decelerate (anti-collinear laser) Be™ ions. In both cases the
resonance is shifted to higher laser frequencies and the geometrical average will
be shifted accordingly. For odd isotopes this effect is smaller than for even ones,
because after few interactions dark states will be populated as mentioned in section
3.1. Absorption of a single photon induces a change of the resonance frequency for
7910.11Be+ of about 600, 470, 420 and 383 kHz, respectively. For a diffuse ion beam
that has only a short interaction time with the laser field it is reasonable to estimate
that odd isotopes absorb in average 1.5 and °Be* 3 photons. This assumption is
fortified by the fact, that no allusion to recoil effects, which are strongly power
dependent, could be observed during the off- and on-line beam time. The estimated

error is
AVyee = 1.26 MHz (6.19)

All three uncertainties are systematic, however, they are uncorrelated concerning the
direction of the shift. Hence, they can be combined with the statistical uncertainty
by taking the geometrical average. In summary the total uncertainty of the absolute
transition frequency of isotope A can be calculated by:

At =\ (sem(v0))? + (Avaign)? + (Dve)® + (Avye)? (6.20)

with the standard error of the mean sem(vg). In the calculation of the uncertainty of the
isotope shift 5V%A/ between isotope A and A’ frequency comb related uncertainties cancel
out and the error based on recoil effects has to be treated differentially and becomes
therewith smaller. Al/rAcAliS approximately 350 kHz for “''Be* and 1 MHz for 1°Be*. In
this case equation 6.20 leads to the final error for the isotope shift:

A" = \J(A0)? + (B0 + (AvA — Avd)” (6.21)

The interval A factors are treated differently, because these are a direct fitting result
in collinear and anti-collinear spectra. For all results of one isotope the fitting errors AA
of the A factors are weighted by the corresponding fit uncertainty (reduced x?).

AAY = AA - /X2, (6.22)
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The A factors of all scans 620 . . . .
of an isotope were plotted with
their errors AA” and a Y2-fit of 6221 ]
a constant A™®" was performed, ]
as shown in figure 6.13. The re-
sulting fit error and x2 4 are used
in a next step to calculate the fi- _
nal error of the mean value ana- 6281 A; 624.97+0.03 1
log to equation 6.22. An addi- =es
tional error, which arises from s 50 100 150 200
the voltage amplification of the
DAC value by the Kepco, which Figure 6.13: Fit of all determined A factors in the
would linearly shift the A factor 2s state of “Bet with a constant. Mean value and
value, must also be included and reduced x* are indicated in the plot.
is quadratically added to the fit-
ting error.

A,. (MH2)

The Kepco calibration measurements during the off-line beam time could not be used
for data analysis, because of problems with the data acquisition system. Instead the Kepco
calibration of previous experiments was used. This introduced an additional uncertainty
but the contribution to the uncertainty of the determination of the absolute transition
frequency is only in the order of some kHz. The problem of the data acquisition system
was fixed before the on-line beam time. The Kepco calibration will be introduced and
discussed in section 6.7.

6.6.3 Recoil correction

The recoil correction has to be included in the data analysis and the determination of the
absolute transition frequency. This effect should not be mixed up with the error arising
from recoil shifts and has to be included. For an ion with mass mg at rest that absorbs a
photon, energy and momentum conservation

1
R Vphoton = §m002+hVo (6.23)

h - oton
my-v = 2 Uphoton (6.24)
c
with the photon energy h - Vphoton and the real resonance frequency vy must be fulfilled.
Hence, the atom will have a velocity v after the interaction and the additional kinetic en-
ergy must be carried by the incoming photon. Solving the equation for the real transition
frequency leads to :
2
_ M‘ (6.25)

Vcorrection = 2
mocC

In the case of Be™ this effect contributes with 226 kHz to the total transition frequency
and below 200 kHz for 'Be*.
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Table 6.3: Absolute transition frequency in the 25,/ — 2p;/ transition of 9Bet and the

hyperfine splitting constants Ay and Ag,.

Off-line beam time Literature Source

MHz MHz
v 957199552.3 103 957199652(120) | [BOLS5]
957199365(240) | [PUCOS]
957199365(150) | [YANOS]
Ao, -624.97(04) | -625.008837048(10) | [WINS3]
Ay, -117.99(04) -118.6(3.6) | [BOLS5]
-117.932(3) | [PUC09]

6.6.4 Transition frequency and hyperfine splitting of “Be*

Figure 6.14 shows a histogram of analyzed data, which has been recorded at an acceler-
ation voltage of 60 kV. The mean value for the absolute transition frequency vy of the

281/2 — 2p1 /2 transition is

vo = 957199552.310-8 MHz (6.26)

where the uncertainty is calculated as de-
picted in section 6.6.2. The uncertainty
for the measured absolute transition fre-
quency is asymmetric, because of the re-
coil effect that shifts the observed transi-
tion frequency only to higher frequencies.
The arising error is quadratically added to
the statistical uncertainty of 800 kHz and
defines the lower border of the total uncer-
tainty. Comparison with literature values
as listed in table 6.3 shows good agree-
ment within the uncertainty and an im-
provement in the accuracy by about 2 or-
ders of magnitude for the absolute transi-
tion frequency and the hyperfine splitting
constant As,. The good agreement indi-
cates that the Kepco factor from the pre-
vious beam time must be very close to the
value of the off-line beam time since the
A factor is directly sensitive to the Kepco
calibration. The experimental approach
seems to be rather insensitive to experi-
mental conditions within the boundary of
careful preparation. Only the alignment

=)
=
-

Frequency

] -

T
a3 100 10m 0z

571936525 MHzZ -

Figure 6.14: Histogram of all transition fre-
quencies of YBe measured at 60 kV accelera-
tion voltage in the off-line beam time. Bars
on the top with numbers one to four indicate
the contributions of different uncertainties to
the overall error as discussed in the text.
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of the laser beams contributes with approximately 500 kHz to the total uncertainty. The
contribution of these measurements cause the increased probability at higher frequencies
in the histogram. Note that the lower points in figure 6.11 (b) are completely responsible
for the higher frequency contribution on the left side of the histogram in figure 6.14. This
figure also illustrates that the error estimation is rather conservative. In the upper part of
figure 6.14 all contributions of the discussion of uncertainties in section 6.6.2 are plotted.
The numbers correspond to the uncertainty Avg' calculated by:

1. Avj =sem

2. Avjl = \/sem2 + Av?

align

align

3. Avft = \/sem2 + Av + AvE

4. Avjt = \/sem2 + AV + Av + AvZ

align

6.6.5 Laser spectroscopy for voltage calibration

Another possibility that arises from collinear/ anti-collinear laser spectroscopy and the
determination of absolute transition frequencies is the voltage calibration of the ISOLDE
high voltage dividers. From the observed transition frequencies one can calculate back to
the expected kinetic energy of the ions and compare it to the measured voltages.

Both ISOLDE voltage dividers ASTEC-1 and ASTEC-2 were analyzed and voltage
deviations of 39(1) V for ASTEC-2 and -15(1) V for ASTEC-1 were found. This means
that the measured voltage at ASTEC-2 is too high, while it is too low for ASTEC-1.
Those measurements were confirmed with a high voltage divider, which was developed in
the KATRIN collaboration, as described in more detail in [KRIO8]. The results of these
calibrations have been included in the acceleration voltages used during data analysis. It
should be mentioned, that this result partially resolved discrepancies that were observed
in previous COLLAPS beam times on Hg and Cu. There, inconsistent isotope shifts were
observed in measurements with ASTEC-1 and ASTEC-2 [YOROS].

6.7 Results of the on-line beam time

Spectra of the stable and radioactive isotopes were taken during the on-line beam time
similarly as for °Be* in the off-line beam time. Typical spectra as they were obtained
for 79101 Bet are shown in figure 6.15 and are analyzed as described in the previous
section. Each spectrum for collinear and anti-collinear direction is the sum of at least 50
and for 'Be at least 400 scans. The number of steps per scan was chosen between 400
or 800 channels, which results in a resolution between 80 kHz and 160 kHz. The signal
accumulation time of the photomultiplier had to be changed in some cases from 10 to
20 ms, when a 50 Hz ripple appeared on the photomultiplier signal as well as on wire
scanner signals in front of the COLLAPS beam line, which can probably be attributed to
the ion source potential. This ripple might be the reason of the "bunching" effect that is
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Figure 6.16: Kepco calibrations of the on-line beam time. e is the Fluke offset voltage
during the calibration measurement while the black e show the Kepco amplification factor
of the corresponding calibration measurement.

observed for the data points along the lineshape of 1"Be*. It exhibits some peculiarities
which will be discussed in the next section.

6.7.1 Calibration of the Kepco voltage amplifier

A crucial point for data analysis is the knowledge of the applied voltages. This is less
severe for the approach described in this thesis, but particularly the extraction of the
A factors is dependent of the applied voltages. For this reason the amplification factor
of the Kepco amplifier has to be measured several times during a beam time. In those
calibration measurements the DAC voltage is slowly scanned from -10 to 10 Volt and
the voltage at the optical detection region is measured with the Prema digital voltmeter.
Approximately 48 data points were recorded with an integration time of 4 s. The insert
in figure 6.16 shows the result of such a Kepco calibration and the fitted linear function.
The slope of such a linear regression line is plotted in the figure for 6 calibrations that
were performed during the beam time. The points scatter slightly around a mean value

of
Kkepeo = 50.4124(32). (6.27)
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Figure 6.17: Laser power dependence of the observed transition frequency of °Be*.

The scattering of Kkepco seems to be correlated with the applied Fluke voltage. A large
Fluke voltage coincides with smaller, a small Fluke voltage with a larger Kepco factor.
However the correlation is weak and due to the long time between the measurements,
there are many other possibilities. Even though the amplitude of the variation is so small
that it does not matter for the isotope shift measurements it should be tested by time.

6.7.2 Systematic effects for 'Be

The line shape of °Be as illustrated in figure 6.15 reveals a non trivial line shape that
exhibits a slight asymmetry close to the resonance. The reason for this distorted line
profile is not completely understood, yet. The peak has usually comparable asymmetries
in collinear and anti-collinear spectra, which shifts the peak to higher voltages in both
cases. But since this means in the frequency domain a shift in opposite directions, the
geometric average of the two shifted frequencies should be rather insensitive to this effect.
It is estimated that the remaining frequency shift is the order of some 10 kHz which is
much smaller than other systematic effects.

10Be is the only even isotope that was investigated during the on-line beam time. It
has no nuclear spin and therewith no hyperfine splitting. As a result uncertainties which
are introduced by recoil effects and the higher scattering rate have to be discussed in more
detail. Measurements of °Be were performed at different collinear and anti-collinear laser
powers. The obtained absolute transition frequencies are plotted in figure 6.17 against
the power of the two laser beams. All data points are fitted with a plane, which crosses
the frequency axis for vanishing laser powers at a frequency of:

Vit — 957216875.1 MHz, (6.28)
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which is 1.7 MHz below the averaged value v, of all measurements as listed in table
6.4. If the interaction with the photons shifts the resonance line, one would expect a
similar effect in both directions. But contrary to the asymmetry of the lineshape, this
effect would shift the line in both cases in the same direction in the frequency domain:
Collinearly the ions are accelerated by photon absorption, hence a lower acceleration
voltage is required to come into resonance, whereas anti-collinearly the ions are decelerated
and higher acceleration voltages have to be used. In the frequency domain this shifts the
resonance in both cases to higher frequencies. However, according to figure 6.17 an effect
on the absolute transition frequency as a function of the laser power is only observed in
collinear, but not in anti-collinear direction. Hence, it is not absolutely clear whether
the observed behavior is indeed due to the photon recoil. Nevertheless, it cannot be
totally excluded and a possible systematic shift must be added to the total uncertainty.
Typical laser powers of 3 to 4 mW have been used in the measurements which leads to
a contribution of 1.2 MHz. The uncertainty at this powers is calculated by using the
bigger slope of the plane, which is 300 kHz/mW and agrees well with the assumptions of
section 6.6.2. Even if this uncertainty contributes with only 600 kHz to the isotope shift
measurement an error of 1 MHz is estimated, which is quite conservative, as the power
variation of the anti-collinear laser does not seem to have any influence.

6.8 Results and discussion

6.8.1 Absolute transition frequencies

The results for all measurements, which have been performed in the off- and on-line beam
time are summarized in table 6.4. The total error Ay is separated into a symmetrical part
Avy™ and the recoil part Avireil. The first part Avg™ includes the statistical uncertainty
(sem), the alignment uncertainty (Av,yg,) and the contribution of the frequency comb
(Avg.) which were added quadratically. The second part Aviee! is the estimated shift
of the transition frequency due to multiple photon absorption and is quadratically added
to Avg™. It shifts the frequency systematically to higher frequencies and therewith the

arising uncertainty contributes only in negative direction.

The absolute transition frequencies were determined for the first time with the de-
noted accuracy of approximately 1 MHz. Previous measurements for °Be™ [BOL85] had
an uncertainty of 120 MHz, while the transition frequencies for other isotopes were only
derived by mass shift calculations. The experimental values of the presented experiment
agree within the errors with these results, while the accuracy is increased by two orders
of magnitude. Ongoing improvements in theory will allow the calculation of the nuclear
charge radii directly from absolute transition frequencies in far future. As both parame-
ters, the absolute transition frequency as well as the nuclear charge radius, were measured
in this experiment with the needed accuracy they will provide theoretical physicists with
essential test parameters.
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Table 6.4: Absolute transition frequencies for 79111 Be* and their contributing uncertain-

ties. The symmetrical part Avg™ is listed separately from the uncertainty that includes
the recoil effect which always shifts the observed transition frequencies to higher frequen-
cies. N is the number of analyzed spectra. The description of the listed uncertainties can
be found in the text.

A | Run | N vy sem | Aluign | Avge | Avye AvP™ | Avgpeel
MHz MHz | MHz | MHz | MHz MHz MHz
9 | off-line | 88 | 957 199 552.3 | 0.01 0.5 0.58 | 0.7 +0.8 -1.04

on-line | 21 | 957 150 316.1 | 0.15 0.5 0.58 | 0.9 +0.8 -1.19

9 | on-line | 21 | 957 199 553.0 | 0.35 0.5 0.58 | 0.7 +0.8 -1.04
10 | on-line | 48 | 957 216 876.9 | 0.21 0.5 0.58 | 1.26 £0.8 -1.49
11 | on-line | 11 | 957 231 118.1 | 0.34 0.5 0.58 | 0.57 £0.8 -1.01

6.8.2 A factors and magnetic moments

All obtained A factors for the ground and excited state in the 25,5 — 2p;/, transition
were analyzed as described in section 6.6.2 and are listed in table 6.5. The observed
A factors show excellent agreement with previous measurements, while their accuracy
could be increased in almost all cases. It should be noted that the literature values for
the A factors of "' Be as listed in table 6.5 are calculated from measurements of their
magnetic moments by S—NMR experiments and optical hyperfine measurements. Also
theoretical predictions of the Ay, value by [PUCO09] agree well with the presented data.
The A factor determination can be used to extract the magnetic moments for odd isotopes
with reference to “Be. High precession measurements of the A factor in the ground state
Ay = —625.008837048 MHz [WINS83] and the corresponding nuclear magnetic moment
= —1.177432(3) py [ITA83] allow the determination of the nuclear magnetic moments
for 7'Be as listed in table 6.5 by

A (S A (S
Hr (ABe) = (1 + AA,Q)/Z((QEG)) ’ I[((g]];e)) ’ Ml(gBe) (6-29)

The contribution of the hyperfine anomaly A4 is in the order of 107° [OKAO08] and is
neglected. The magnetic moment of “Be was measured previously at COLLAPS using
fluorescence detection [KAP98|. The new value agrees well with the old result, but the
accuracy has been improved by more than one order of magnitude. Recently the group
at RIKEN reported a new precise measurement of the "Be hyperfine splitting which is
about one order of magnitude more precise than the measurement presented here since
it has been measured by optical-microwave double-resonance technique. But it is still in
excellent agreement with the presented values. The magnetic moment for 'Be, obtained
in f — NM R experiments could be confirmed.
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Table 6.5: Obtained Ass and Ay, values for “?!%1'Be* during off- and on-line beamtimes
as well as derived magnetic moments and comparison with previous measurements and
theoretical results.

A Aoy Ay 1 Source
MHz MHz s
9 | off-line -624.971(045) | -117.999(041) this work
on-line 1625.001(149) | ~118.028(082) this work
-625.008837048(10) -118.6(3.6) | -1.177432(3) | [WIN83, BOLS5]
1117.932(3) [PUC09]
7 | on-line -742.984(246) | -140.188(178) -1.3995(5) this work
742,772 140.8 | -1.398(15) [KAPYS]
1140.157(3) [PUCO9]
742.77228(43) 11.39928(2) [OKAO8]
11 | on-line | -2 677.665(774) | -505.470(499) | -1.6813(5) |  this work
-2 677.306 -508.1 -1.6816(8) [GEI99]
-505.245(16) [PUC09]

6.8.3 Isotope shifts and nuclear charge radii

The results for the isotope shifts between "!!!'Be™ relative to °Be™ and the resulting
nuclear charge radii are summarized in table 6.6. The absolute transition frequency for
9Be™ from the off-line beam time is not included. Within its error it agrees with the
results of the on-line beam time and does not need to be treated separately. Including
the data of the mass shift (tab. 3.1) from [PUCO08], the field shift vpg can be directly
extracted from the derived isotope shifts. Taking the charge radius of Be* [JANT2] as
reference leads finally to the root mean square nuclear charge radius of all investigated
isotopes.

The determined nuclear charge radii as listed in table 6.6 are plotted in figure 6.18
and compared to theoretical predictions. Isotope shifts in the D2 line were also measured
and the extracted charge radii, which are less accurate due to the unresolved hyperfine
structure, agree with the presented data [ZAKO09]. The nuclear charge radii decrease from
"Be to Be and increase again for 'Be. This behavior can probably be explained by
clustering effects as illustrated in figure 6.19. “Be is supposed to be formed by an o and
a helium-3 cluster, while the next heavier isotope ®Be would consist of two o particles
but is not bound. *!%!Be are two o particles which are bound with one, two or three
neutrons respectively. Theoretical predictions for the charge radii of these isotopes show
generally good agrement with the experimental results. This is in contrast to the case of
Li isotopes [SAN06a].

The increase of the nuclear charge radius of 1'Be can be attributed either to the motion
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Figure 6.18: Experimental charge radii of beryllium isotopes from isotope-shift measure-
ments (o) compared with values from interaction cross-section measurements ( o) and
theoretical predictions: Greens-Function Monte-Carlo calculations (+) [PIE01, PIE02],
Fermionic Molecular Dynamics (A) [TORO08], ab-initio No-Core Shell Model (LJ) [FORO05,
NAV06, NAVO0S].

Figure 6.19: This plot illustrates the supposed clustering of “Be (upper left) to ' Be (lower
right). The red square indicates that ®Be is an unbound nucleus. ("Be-'°Be: courtesy of
P. Miiller)
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Table 6.6: Absolute transition frequency vq, isotope shift v;g, field shift vrg and change
in the mean square nuclear charge radius (672) as well as the nuclear charge radius r, for
all investigated isotopes. The relative uncertainty Ar/r of the obtained nuclear charge
radii is below 1 percent.

A Vo Vrs VFEs (67)? r Ar/r
MHz MHz MHz fm? fm
957 150 316.09(52) 49 236.9(9) | 11.05(9) 0.66(5) | 2.647(17) | 6:1073
957 199 553.03(61) 0 0 0 | 2.519(12)
10 | 957 216 876.86(54) | -17 323.8(13) | -13.3(13) | -0.79(08) | 2.357(18) | 9-10-3
11 | 957 231 118.07(60) | -31 565.0(9) -4.9(9) | -0.29(05) | 2.463(16) | 7-1073

of 1°Be relative to the center of mass which changes due to the additional neutron, or to
an increasing distance between the two « clusters. In the first case the change of the
center of mass between °Be and '!'Be can be directly assigned to the nuclear charge radii
according to

r2(M'Be) = RZ + 72(*"Be). (6.30)

The center of mass in ' Be is shifted by approximately 0.7 fm, which leads to a distance of
7 fm between the neutron and the '°Be core and is illustrated in figure 6.20 (A). This is in
good agreement with calculations of [JON87]. They calculated the distance between halo
neutron and the!°Be core based on measurements of the one neutron separation energy
of 0.5 MeV in 1987. The used model was simple: A single neutron is assumed to be
bound in an s-orbit in a Woods-Saxon potential and the potential depth is adjusted such
that the neutron separation energy is reproduced. Then the wavefunction of the neutron
exhibits an exponential decay length of ~7 fm. If the change in the charge radius is solely
attributed to a change in the charge radius of the °Be core, the change in the distance
between the two « clusters can be extracted. This is illustrated in figure 6.20 (B), where
results of Fermionic Molecular Dynamics calculations for 1°Be and ''Be are shown. For
19Be the « particles are separated by about 1.65 fm. An increase of about 10 % to 1.8 fm is
required to explain the (57)* between °Be and ' Be. This model is certainly simplified too
much since some part of the center of mass motion must be present in a one-neutron halo
and the truth lies most probably between these two extremes. Isao Tanihata proposed to
combine the information of the nuclear charge radius, the nuclear matter radius and the
B(E1) measurement of 'Be to determine the neutron-core distance more accurate.

All theoretical predictions, which will be roughly explained in the following paragraph
[SANOGD|, show in principle the same trend. At first the decrease of the nuclear charge
radius from “Be to °Be and then the increase for ''Be. For Be and °Be the agreement
with Greens-Function Monte Carlo calculations is striking. These calculations are cur-
rently the most fundamental tool for the ab-initio calculation of nuclear structure. This
model is based on individual nucleons that interact via two-nucleon and three-nucleon
forces. Two nucleon potentials are obtained from nucleon-nucleon scattering, whereas
three-nucleon potentials are adapted by global adjustment of potential parameters by
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Figure 6.20: (A) Center of mass movement in ' Be under the assumption of an inert °Be
core. In this case, the center of mass in 'Be is located approximately 0.7 fm off the center
of gravity of the °Be core. This causes the core to orbit around the center of mass and
due to the mass ratio the halo neutron must be at a distance of 7 fm. (B) The proton and
the neutron distributions py p in one intrinsic state of the FMD calculations are plotted
for 11 Be [NEF09]. It illustrates the clustering of these nuclei and the appearance of the
neutron halo in "Be. A change in the cluster distances R1 and R2 respectively would
also contribute to §(r?)%10.

comparing the binding energy of ground and excited states for a large number of light
nuclei. Calculations become exponentially more complex with an increasing number of
nucleons and '!Be has not been modelled so far.

Ab-initio Large-Basis No-Core Shell Model (LBNCSM) calculations, treat a nucleus
as a system of A nucleons, which are interacting by realistic internucleon forces. For
the calculation a large but finite number of harmonic-oscillator basis functions is used.
The constricted number of basis makes it necessary to use an effective interaction, which
is calculated based on the internucleon interaction that is appropriate for the employed
basis. Recent results of this method are included in the graph and reproduce the trend
along the isotopic chain fairly well. The change between "Be to “Be shows even the best
agreement, of all theoretical models.

In the Fermionic molecular dynamics (FMD) model [NEF05], the nucleon-nucleon
interaction is derived from the Argonne V18 interaction. The change in the charge radius
from ?Be to ' Be is extremely well reproduced, whereas "Be appears a little bit to compact.

It should be mentioned that most nuclear theories treat the protons and neutrons as
point-like particles and extracted nuclear charge radii are therefore reported as point-
proton (r%) and point-neutron (r%) radii. For comparison with measured charge radii
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the root-mean-square charge radii of proton and neutron have to be included. The mean
square charge radius of the proton (R%) = 0.895(18) fm® [SIC03] and of the neutron
(R%) = —0.113(7)fm?* [KOP95] are folded into these results according to:

2—<2>+<R2>+E<R2>+—3h2 6.31
Tc =\"p P 7 \tp 4 Mﬁ 2 (6.31)
with the Darwin-Foldy correction % ~ 0.033 fm?.
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Chapter 7

Towards laser spectroscopy at
ISOLTRAP

The measurements presented in the previous chapter yielded nuclear charge radii that have
an accuracy of approximately 1%. For nuclear structure theory that is currently more
than sufficient because theory will not offer higher accuracy in the next time. Isotope shift
measurements in an rf-trap laser-cooled ions can provide results with an accuracy that
is almost one order of magnitude larger. Those measurements can be used for validating
the presented data and give access to further interesting properties:

e Determination of the magnetic moments by rf-optical double resonance spec-
troscopy. This will allow a precision determination of the hyperfine anomaly and
therewith further information about the nuclear structure.

e Comparison of the isotope shift in the D1 and D2 line. This allows the determination
of the so-called splitting isotope shift. It can be very well predicted by atomic theory
since the mass independent term as well as the finite size terms do cancel. However,
so far this splitting isotope shift could not be determined with high accuracy in
lithium like systems. In the case of Li this effect is very small and inconsistent
and contradicting measurements exist. In Be™ the effect is much larger and can be
determined by collinear laser spectroscopy but with limited accuracy [ZAK09].

Hence it is still an interest in the high resolution measurements of trapped and laser
cooled Be™ ions as they were proposed and are also planned and performed at RIKEN
[OKAO8]. In this chapter the developments and preparations towards trapping of radioac-
tive Be™ isotopes at ISOLDE by using the existing ISOLTRAP facility that will lead in
the future to such high accuracy measurements, are described.

7.1 Planed experimental setup at ISOLDE

Figure 7.1 shows a rough outline of the ISOLTRAP setup, which is used for high precision
mass measurements in Penning traps. The ion beam from the ISOLDE front-end as it
was described in the previous chapter is guided into a radio frequency cooler and buncher

71
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Figure 7.1: Be ions from the ISOLDE front-end are transported to the ISOLTRAP facility.
Here, they can be accumulated and cooled in the RFQ structure and extracted to ground
potential. A pulsed drift tube is used for reduction of the kinetic energy to approximately
2500 eV, which is suitable for ion confinement in Penning traps. For Be spectroscopy the
ions will pass the 90° bender and enter a second pulsed drift tube, where their kinetic
energy can be reduced to a few eV.

(RFQ) and extracted with a kinetic energy of approximately 2.5 keV. An electro static
90° bender is used to transport this extracted ion bunch into a first Penning trap for beam
purification and finally into the Penning trap for high precision mass measurements.

Compared to the ISCOOL RFQ, which has recently be installed at the ISOLDE general
purpose mass separator (GPS), the ISOLTRAP facility provides the advantage that Be
ions can not only be cooled and bunched in the RFQ but also their kinetic energy can be
decreased to a defined level in a pulsed drift tube (PDT). The operation of this device
will be discussed in section 7.1.2. Hence, it was concluded that the best place at ISOLDE
to install this experiment is behind the ISOLTRAP RFQ. Instead of guiding the ions to
a vertical tower of Penning traps, the 90° bender will be removed or replaced with a four
way quadrupole deflector and the ions will be transported straight through this section
as indicated in figure 7.1. An additional PDT is used for further beam energy reduction
as well as ion optics to guide the ion beam into the linear Paul trap. Because laser access
along the optical axis of the Paul trap is needed from both sides for beam alignment and
spectroscopy also an electrostatic 90° bender has to be inserted.

7.1.1 The Isoltrap Cooler and buncher

The RFQ at ISOLTRAP was developed between 1998 and 2001 [HERO1la] and was in-
stalled in the existing ISOLTRAP setup to increase the overall efficiency and to allow
mass measurements of very short-lived, rare isotopes. With this additional device it was
possible to measure for example 33Ar* with a half life of only 174 ms in a Penning trap for
the first time. The principle of operation is as follows: ions are confined in a linear Paul
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Figure 7.2: Left: Photo of the cooler and buncher at ISOLTRAP. Right: A schematic of
the cooler and buncher with the applied DC potential for longitudinal ion confinement
[HERO1b]. The buffer gas cooled ions accumulate in the potential minimum.

trap, cooled by buffer gas collisions, thermalized ions are accumulated in the potential
minimum of the trap and finally extracted as a short ion bunch.

The RFQ is described in detail in
[HEROla, HERO1b] and only a brief
overview will be given here. Figure 7.2
shows a photo and a schematic of the
cooler and buncher. It has a length of
0.81 m and a field free radius of 6 mm.
The quadrupole rods are segmented into
26 parts, to which different DC poten-
tials for longitudinal ion confinement can
be applied. The Kinetic energy of the
ion beam that enters the RFQ is ap-
proximately 30 to 60 keV. This energy is
electrostatically reduced to some eV by
putting the complete RFQ on a high volt-
age platform, which allows ion confine-
ment in the quadrupole and electrostatic
potential of the RFQ. Trapped ions dissi-
pate their radial and longitudinal kinetic
energy in the buffer gas due to collisions
as illustrated in figure 7.3. This process
takes a few milliseconds depending on the
cooling gas pressure (typically 10~2 mbar
of He), the ion’s kinetic energy and the
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Figure 7.3: Simulation for the energy dissi-
pation of 3K™ in longitudinal (z) and radial
(r) direction in presence of 10~?mbar He and
an incident energy of 10 eV.

coolant mass [HERO1b]. Best cooling results can be achieved, when the ion’s mass is
much higher than that of the coolant gas, because the ion experiences in this case a vis-
cose damping force. This is the reason, why cooling of Be™ in He-buffer gas is not suitable.
For a more efficient cooling process the coolant has to be Hy, which is a non trivial change
in the experimental setup due to safety restrictions and is still under preparation. Once
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Figure 7.4: Ions that are leaving the RFQ are first accelerated into the pulsed drift-tube.
Their kinetic energy is then determined by the potential difference between RFQ and the
tube. If the potential of the pulsed drift-tube is switched to ground, while the ions are
inside, the ions keep their initial energy once they left the tube.

the ions are cooled down to thermal equilibrium with the buffer gas, they can be extracted
to ground potential by switching the DC potentials for longitudinal ion confinement to
appropriate voltages as indicated in figure 7.2. The emittance and time profile of the
released ion bunch does strongly depend on the buffer gas temperature as well as on the
trapping potentials. It has a typically puls width of only a few us and very low emittance.

Cooling and bunching of ion beams in those RFQ devices is nowadays widely used in

radioactive beam facilities for improvements in beam emittance and sensitivity [WIE06,
CAMO2, FRAO0S].

7.1.2 Pulsed drift tube

The extraction of the ion bunch to ground potential is not suitable for a transfer into a
Penning trap. At ISOLTRAP an elegant way to modify the ion’s kinetic energy from,
e.g. 60 keV to 2.5 keV after extraction is used. The ions are released from the buncher
and enter a PDT through beam shaping optics. This is a 38 cm long metal tube, which
is connected to a fast high voltage switch. The potential between the RFQ and the PDT
defines the ion’s final kinetic energy. When the ion bunch passes the middle of the drift
tube (field free region) the potential is set to ground potential and the ions enter the last
part of the beam line at ground potential with the initial kinetic energy (see figure 7.4).
With this simple operational procedure it is not possible to achieve a high transmit-
tance for a final kinetic energy of less than 2.5 keV, because the pulsed drift tube also acts
as a strong ion optical element, which becomes dominant for low kinetic energies. The
transmittance is also limited, because the ions have to pass through the magnetic fringe
fields of the Penning traps of ISOLTRAP and are disturbed due to the Lorentz force.
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Figure 7.5: Simulation of Be™ ions with an initial kinetic energy of 2.5 keV which are
decelerated to 10 eV in a PDT. On the left, the simulation array is shown. The ion
parameters are recorded in plane 1 and 2. On the right, the result is shown. The z axis
is the initial high-voltage x of the PDT, which is switched to x — 2490 V to obtain a final
kinetic energy of 10 eV for the ions.

Hence, it was chosen to extract the ions from the PDT with about 2.5 to 3 kV and to
reduce the ion s kinetic energy further in a second PDT to some eV. To retard the ions
from an initial energy of e.g. 2.5 keV to an energy of 10 eV the potential of the PDT can
be switched from 2.49 keV to ground potential or from ground potential to -2.49 keV. In
both cases the ions will have a final energy of 10 eV but very low transmission, because
the ion beam is strongly defocused either at the exit or at the entrance of the PDT.
Simulations show that the optimal transmission through a PDT strongly depends on the
initial and final potential of the PDT, as shown in figure 7.5. A transmittance of almost
100 percent can be achieved by switching the potential from +1500 to -990 V in the case
discussed here. Based on these considerations, the second PDT has been designed as a
40 cm long CF-40 tube in a PEEK housing, which is isolated with 10 cm long ceramic
tubes against the rest of the vacuum chamber and the beam line. The high voltage switch
must be capable to switch between those two voltages much faster than the transit time
of “Be ions through the PDT. Such a fast voltage switch was produced and successfully
tested as shown in figure 7.6. Depending on the experimental requirements one can choose
between two options which can be easily adjusted inside the electronic box. Either one
can perform a fast switch from low to high, or from high to low potential. The required
circuit board layouts for both cases are illustrated in figure 7.6 (A) and (B). Figure 7.7
shows a photo of the PDT in the PEEK housing and the switching time between two
high-voltages that was measured with a high voltage probe. The observed switching time
was less than 200 ns and is approximately 10 times faster than the transit time of 1.5 us
for "Be* with a kinetic energy of 2.5 keV. More precise measurements of the rise time
could not be performed, because the used high-voltage probes had a time constant of
about 200 ns, which limits the time resolution. The attainable ion puls duration for Be™
in the RFQ is not known yet, but typical puls widths of a few us will limit the overall
efficiency, because it is larger than the transit time. But because of limited space for the
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Figure 7.6: Photo and circuit diagrams of the high-voltage switch. (A) is the circuit
diagram for fast switching from low to high potential, while (B) is used for fast switching
from high to low potential.

experimental setup at ISOLTRAP a longer PDT could not be used and the production
rates are sufficiently large for all isotopes so that losses of a factor of 2 do not matter
since - in the end - single ion spectroscopy will be performed.

7.1.3 Ion optics

The ion beam has to be efficiently guided from the PDT into the ion trap. For this purpose
intensive simulations with Simlon 8.0 were performed, to find the best suitable geometry
for the ion optical elements and appropriate voltages for these elements. The simulations
have been performed for a Be* beam with a kinetic energy of 3 keV and an approximated
beam emittance with a beam diameter of 6.4 mm and an opening angle of 0.6 deg, which
corresponds approximately to the measured beam emittance of ISOLTRAP ‘s RFQ at a
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Figure 7.7: Photo of the second PDT, which is used to reduce the ion’s kinetic energy to
some eV. On the right hand side the reachable switching times are shown. Slow and fast
slope can be changed.

position 50 cm behind the 90 degree bender [HERO1b].

This ion beam is decelerated in the second PDT to 10 eV by switching it from
1770 V to -1220 V. Figure 7.8 shows an illustration of the experimental setup, which
was built based on the simulation results. The ion optical setup consists of a skimmer to
reduce the contamination of the vacuum chamber with radioactive isotopes, two einzel-
lenses for beam focusing and a 90° bender with three additional correction electrodes.
Also a dummy trap, the final trap was not developed at this time of work, at ground
potential was inserted to include fringe fields and their influence on the ion trajectories.
Figure 7.8 (A) and (B) show the beam profile as well as the beam emittance in the plane,
which defines the entrance to the PDT (plane A) and the ion trap (plane B). The transport
efficiency from plane A to B is 56 %.

A problem that could arise during the experiment is the electrostatic 90° bender,
which acts as an energy filter. Due to this property voltage fluctuations at ISOLTRAP
could directly influence the capture efficiency of the trap, because different kinetic energies
lead to a different steering in = direction. However, in the COLLAPS measurement it
was observed that the ISOLDE voltage is quite stable and should not cause too many
problems.

7.1.3.1 Efficiency

With the described setup only some 10 ions/ minute have to be captured in the Paul trap
for spectroscopy. ISOLDE delivers a yield of approximately 108 ions of !Be per minute.
Therewith, the needed overall efficiency for bunching of the ion beam, decelerating, trans-
fer and trapping is in the order of 1076 or 10~7.
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Figure 7.8: Experimental layout constructed based on a series of simulations. The beam
profile used for the simulations is shown in (A) and was recorded in the corresponding
plane. The ion beam emittance and profile after all ion optical elements is also shown in
(B) and was recorded in plane B just in front of the dummy trap.



Chapter 8

Tests of the Paul trap

8.1 Paul trap

During this work two types of linear Paul
traps were developed which are shown in
figure 8.1. Type 1 is a classical design
as described in chapter 4. Because of the
limited time which was available for exper-
iments, only this type was tested and will
be described in more detail in this section.
The design of type 2 is based on experi-
ments, which are performed at the uni-
versity of Ulm/ Germany, in the depart-
ment of "quantum information processing
(QIV)". This Paul trap consists of copper
plated circuit boards instead of cylindri-
cal rods. The advantage of this design is
a high flexibility in the configuration of ax-
ial trapping potentials, low manufacturing
costs and a very good optical access, while
the main disadvantage of this design is a
low capture efficiency. A technical draw-
ing of this trap type can be found in ap-
pendix A.

Both types are modularly designed,
because at a later point rare isotopes as
HBe™ should be accumulated in a first big
trapping region, where they would be pre-
cooled by laser cooling and transported
sequentially to a second smaller trapping
area, where spectroscopy on single ions
could be performed. The first step to this complex experimental scheme is testing of
the ion trap, laser cooling and of course the optical detection with a CCD camera or

Figure 8.1: The upper photo shows trap type
1, the lower photo trap type 2.
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Figure 8.2: Illustration of the electrode configuration as used in first test experiments.
Further information in the text. All values are given in mm.
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Figure 8.3: Pseudo potential for the described trap geometry for °Be™ with an rf amplitude
of 200 V,, at 13.56 MHz. Right: Complete stability diagram.

a photomultiplier. During this work the ion traps were constructed and trapping was
demonstrated by destructive ion detection.

8.1.1 Construction

The trap is made of stainless steel electrodes which are gold plated to reduce stray light
reflections from the cooling laser on the electrodes and to prevent possible oxidation. The
electrodes have a diameter of 6 mm, which leads in regard to equation 4.4 to a field free
radius rg of 2.6 mm and lengths of optionally 4.5, 9.5, 14.5, 19.5 or 29.5 mm. They can
be assembled in any desirable configuration on a thin metal rod which leads to a total
length of 80 mm. All electrodes are separated by small Macor ! pieces that have a length
of 0.5 mm and a diameter of 4 mm. The setup as used for experiments concerning laser
cooling and optical detection is illustrated in figure 8.2.

The trap is operated with an rf-driving frequency of 13.56 MHz, which can be set

1Glas ceramic (www.pgo-online.com)
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to any amplitude between 0 and 450 V,, with a typical operation voltage of 200 V,
(g~ 0.1). With these settings a potential depth of approximately 2.2 eV for Be ions can
be calculated using equations 4.18 and 4.25. The resulting pseudo-potential that *Be™
ions experience in this trap is plotted in figure 8.3 (left) as well as the stability diagram
for the given trap geometry (right). The radial oscillation frequencies are wy, = 2.7 MHz,
while the axial oscillation frequency for a trapping potential of 10 V is w, = 1 MHz with
a resulting potential depth of approximately 0.25 eV in axial direction.

8.1.2 RF oscillator

The required radio frequency for radial confinement of the ions in the trap is produced in
a high voltage tube amplifier. Circuit diagrams of the amplifier and the necessary high
voltage power supply can be found in appendix B with a short summary of [LENO7].
Compared to other drivers like simple resonance circuits this approach is more complex,
but it has been chosen to provide larger flexibility. Both trap types and different wirings
of trap type 1 (compare with figure 4.3) can be tested and, hence, this flexibility of the rf
amplifier was desirable, because of different capacitive loads of the devices.

The driving frequency of the amplifier is 13.56 MHz. Depending on the capacitive load
the resonance frequency shifts and has to be readjusted with an adjustable capacitor. The
input signal is generated in a standard frequency generator and has to be fed into the rf
amplifier after pre-amplification to approximately 20 V,,,, which is required for maximal
output performance. The amplifier has two phase-locked outputs which are phase shifted
by p = m. Both outputs are connected to adjustable capacitors to change the load and
therewith the amplitude of each output, while a DC voltage can be applied on each output
by a bias-tee. A load of 50 pF on each output allows an rf amplitude of ~500 V,,, each.

8.2 First trapping of Li" - destructive

A first test of the ion trap was performed in 2007. At this time, the optical detection
system was still not available, hence the ion trap had to be tested with another ion detec-
tion method. Ions were created inside the trapping volume by non-resonant ionization of
residual gas and Li-atoms with a pulsed Nd:Yag laser. After an adjustable trapping time,
ions were released from the trap and were detected with a channeltron?® - type detector.
These experiments, in which the influence of the rf potential, the time of ion creation and
the trapping were investigated, demonstrated that ions were trapped but did not support
any qualitative information.

8.2.1 Ion source

At this experimental stage Li was used instead of Be to avoid an unnecessary conta-
mination of trap and vacuum chamber with the extremely toxic metal Be. Li atoms
were produced in a passively heated stainless steel tube with a diameter of 5 mm

2Electron multiplier device
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Figure 8.4: Setup of the trap and the data acquisition electronics, as it was used in
first tests. Atoms inside the trapping volume are non-resonantly ionized with a 7 mJ,
frequency-trippled Nd:Yag laser puls. After a defined time the trapping electrodes near
the channeltron are switched from 90 to 50 V, which releases the ion bunch.

Details of the measuring scheme can be found in the text.
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and a wall thickness of approximately 0.2 mm as illustrated in figure 8.5. This tube
was plugged on a stainless steel rod, which was connected to another rod with a thin
tantalum foil. If a voltage is applied, the
tantalum foil gets hot because of the high
contact resistance and small cross-section 0.2 mm

Stainless
and heats the stainless steel tube. Tem- ¥ steel tube
peratures of approximately 700°C can be «---— Lisample
reached with operating currents of 30 to < Ta foil
40 A. The tube has a length of 2 cm and
is filled with Li shot, which has a melt- Smm |
ing point of 180°C. It is mounted 6 cm . Stainless
beside the ion trap and allows the atoms steel rods

to freely propagate into the trapping vol-

ume. Li atoms, which entered the trap- Figure 8.5: Illustration of the oven used in
ping volume were non resonantly ionized first trapping experiments to produce Li*
with a pulsed, frequency-trippled Nd:Yag lons. Apllied currents heat the tantalum foil
laser (355 nm), which was focused with a ~and therewith the Li sample .

f=500 mm lens into the ion trap in axial

direction. A puls duration of <4 ns, a repetition rate of 20 Hz and a puls energy of
7 mJ was used. The ion trap configuration and the whole experimental setup is shown
in figure 8.4. The center electrodes, on which the rf potential is applied are 3 cm long,
while the endcaps have a length of 1.5 cm and 1 cm. The middle electrodes have a DC
offset of 75 V, which defines the kinetic energy of the ions when they were extracted in
direction of the channeltron. The best shoot out efficiency was reached for DC potentials
as illustrated in figure. 8.4.

8.2.2 Measuring scheme

In figure 8.4 the trigger scheme is illustrated. The power of the Nd:YAG laser is adjusted
by changing the delay between flash lamp and internal Q-switch. To avoid continuous
creation of new ions in the trapping region a coincidence unit between delay and gate
generator (DGG) 1 and the delayed flash lamp trigger defines the number of laser pulses
which are shot into the trap for non-resonant ionization. The output signal of DGG 1 is
the start trigger for DGG 2. After a delay, which corresponds to the trapping time the
DC trap potentials are changed for a short time, which is defined by the gate length to
release the ions that have been trapped.

For a better suppression of the background a third DGG is used, which opens a gate
with a length of 200 us in time with the output signal of DGG 2. The channeltron
signal is amplified, shaped in a "Timing Filter Amplifier" (TFA) and discriminated. The
TTL/NIM signal is fed into a coincidence unit with the signal of DGG 3 and is read
out with a counter card (PXI-system) for a specified number of cycles. This process is
repeated, until the output signal of DGG 3 is interrupted before it starts DGG 1.
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Figure 8.6: Trapping efficieny in dependence of various parameters: (A) RF-amplitude,
(C) Time of ion creation, (D) Trapping time. (B) illustrates the probable saturation of
the channeltron. Further information can be found in the text.

8.2.3 Results

At first, the trap was tested with different rf amplitudes varying from 200 to 450 Vp,
constant trapping (500 ms) and ion production times (1 s). The result is shown in figure
8.6 (A). Simulations indicate that the observed relation of increasing count rate with
increasing rf potential, does not correspond to a higher trapping efficiency, but rather to
a higher extraction efficiency. Since the higher rf amplitude is equal to a higher stability
parameter, the ions are squeezed closer on the trap axis, which reduces ion losses due
to collisions with the support structure of the trap during the extraction process. The
small counting rates are probably a result of the impinging ion bunch which saturates the
channeltron, i.e. not all ions are counted individually. All counting rates as shown in this
section have been recorded in a time window of 200 s, while the ion bunch seems to have
a duration of less than 100 us as shown in figure 8.6 (B), where the amplified channeltron
signal (TFA) is plotted in comparison to the trigger that starts the ion release.

Another property that was tested is the storage capacity of the trap. For this purpose
ions were produced for time intervals between 100 ms and 4 s, while the rf amplitude
(300 V,,) and trapping time (500 ms) were kept constant. A strong increase of the
counting rate is observed, which reaches a plateau after 1 s (figure 8.6 (C)). This behavior
can be explained by the fact, that the trap is filled with a maximum number of ions.



8.3. FIRST TRAPPING OF BE" - OPTICAL 85

Further ions can not be captured due to space charge effects in the trap. But also here
no absolute number of stored ions can be extracted, because of the saturation of the
channeltron.

The most important property that was tested is the storage time of the ions. In this
case the ions were stored for some ms up to 8 s while the rf amplitude (300 V) and ion
production time (1 s) were kept constant. The result of this measurement is shown in
figure 8.6 (D). The mean storage time was approximately 1 s, which is rather short. But
it can be supposed that the results are realistic, since the experimental conditions were
unfavorable: The pressure inside the vacuum chamber was as high as 107% mbar and the
atom flux from the oven was assumed to be quite high. This leads to a large number of
collisions between stored ions, residual gas and Li atoms, which dramatically reduce the
storage time.

8.3 First trapping of Be™ - optical

The last test, which was performed during this work is the optical detection of trapped
ions. In this case Be atoms are produced by evaporation of a metallic Be wire and are
ionized by electron impact ionization. The whole experimental setup is illustrated in
figure 8.7 and will be discussed in this section.

8.3.1 Ion source

In first off-line tests the Be ions are directly produced inside the trapping volume. Be is a
brittle material, which has a very high melting point of approximately 1300°C and a high
ionization potential of 9 eV. Evaporation and ionization of such a material is a non trivial
issue. Heating in funnels as used in mass spectroscopy [GEPO05], can not be used because
Be diffuses into the Carbon surface and desorption from metallic Be foils is not suitable,
because Be ions with a rather big energy spread are produced [MAU05, OKA98]. Another
technique for the evaporation of Be is described in many publications [SCHO1, KIN92]:
A thin Be wire with a diameter of 50 um is wrapped several times around a 150 um
tungsten wire. To increase the flexibility of the brittle Be wire, it was heated with a heat
gun during the wrapping process. In general 10 cm of Be wire are wrapped around a
1 cm tungsten wire with a covering ratio of approximately 40-50 %. The tungsten wire is
connected to electrodes in a closed stainless steel housing, which is mounted 5 cm above
the ion trap. The housing is needed to reduce the contamination of the whole vacuum
chamber with Be and has an aperture of 1x15 mm?, which is pointing to the trap.

In [SCHO1] it is estimated that an heating temperature of 800 to 900°C' is sufficient to
achieve appropriate loading rates of some hundred ions per second, which means moderate
heating currents of 1.5 to 2 A, which is in well agreement with [ROTO07]. The evaporated
Be atoms are overlapped with an electron beam inside the ion trap. The optimum electron
energy for electron impact ionization is 50 eV for Be. In this experimental setup this
energy has to be increased to 750 eV [ROTO07], because the electrons have to pass the
trap electrodes, which are driven at rather high voltages.
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Figure 8.7: Experimental setup for optical detection of stored Be ions. The cooling laser is
directed into the trap along the trap axis. A \/2 plate is used to adjust the polarisation to
7 polarisation in the y direction. Also the Be ion source, the applied trapping potentials
and a technical drawing of the EMCCD device as well as the support structure is shown.
The rf potential is only applied on the middle trap electrodes.
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Figure 8.9: The left plot shows how the effective readout noise is reduced when the electron
multiplying is increased. The right plot shows the quantum efficiency of the Andor:iXon.

Table 8.2: Calculation of the overall de-
tection efficiency.

Solid angle 2.5 | %
Focal length f | 75.32 | mm UV filter 64 | %

Table 8.1: Derived objective properties
of the used lens system.

Opening D 32 | mm Transmission viewport | 95 | %

Image distance | 861.24 | mm Transmission objective | 90 | %

Resolution 1.3 | pm Quantum efficiency 10 | %

Total efficiency 0.14 | %

Depth of focus ~20 | pm

8.3.2 Optical detection system

The optical detection system that is
needed for efficient detection of fluores-
cence photons was developed and con-
structed as well as the support construc-
tion at the university in Ulm and will
be described in more detail in [EBL09,
MAIO06]. For a reduction of spherical and
chromatic aberration a set of 4 lenses is

used to image the ﬂuores.cence _PhOtOHS Figure 8.8: Simulation of the optical path of
and was produced from "Sill Optics" and  the used objectiv for a point like light source
specially anti-reflection coated for 313 nm. [EBLO09]

The data sheet of this objective could be

used to derive its optical properties, which can be found in table 8.1. For illustration
purposes figure 8.8 shows the simulated optical path of a point like light source like (e.g.
an ion at rest) through such a lens system. The fluorescence light is imaged on an electron
multiplier charged coupled device (EMCCD) from Andor (type: iXon). It has a CCD chip
with 128 x 128 pixels, which have a size of 24x24 ym?. Thermally induced dark counts
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are reduced by Peltier cooling of the CCD chip to -100°C. A further improvement of the
signal to noise ratio by more than three orders of magnitude is achieved by the included
electron multiplier, which is shown as well as the quantum efficiency® in figure 8.9.

Objective and EMCCD device are mounted on a L-shape support construction, which
is connected to an x,y, z positioning table. This setup was necessary, because space for
the experimental setup at ISOLTRAP is rare. The used setup allows the adjustment of
the focal point along the trapping volume. Y and z direction are totally independent,
while the = direction is unfortunately coupled to the y position, which is an uncomfortable
property during the alignment. An illustration of the whole assembly can be found in
figure 8.7.

The expected fluorescence rate can easily be calculated. The photons are scat-
tered in a solid angle of 47, but the objective can image only 1—10 of w. Also the limited
transmission of viewport and objective as well as the quantum efficiency of the EMCCD
device decrease the recorded scattering rate as summarized in table 8.2. With the natural
linewidth and the resulting scattering rate of 34 MHz for the 2s; )o(F = 1) — 2p;2(F = 2)
transition of “?Be ions one can calculate the expected detection rate to be approximately
47 kHz. In [MAIO6] it is shown that a crucial point of such a detection system is the
depth of focus. With only some pm it is rather small, which is a result of the large solid
angle that has to be imaged. When the focal plane is wrong by only 18 ym the recorded
fluorescence intensity is reduced by 50 %..

8.3.3 Results

Unfortunately it was not possible to detect any fluorescence signal of trapped Be ions
so far. Both transitions, the D1 and the D2 line were used for cooling. Avoiding of the
population of dark states was tried by optical pumping on the 2s;/5(F = 2,mp = 2) —
2p3/2(F = 3, mp = 3) transition as well as by microwave induced mixing of the ground
state hyperfine levels. There are several possible reasons, that may explain this failing of
the optical detection:

1. The ionization process with the electron beam is not efficient enough to produce a
large amount of Be™ ions.

2. The power of the microwave, irradiated for mixing of the ground state hyperfine
levels is too small.

3. The polarization optics which have been specially ordered for 313 nm show strange
behavior and do not work properly.

4. The vacuum with 5 10~8 mbar is possibly too bad and produced Be™ ions are kicked
out of the trap by collisions with residual gas.

5. Possible charging effects or problems with the electronics.

3Wavelength sensitivity of the CCD device.
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Because it is difficult or even impossible to test those points separately, I suggest the
test of the ion trap with an element that can be treated more easily. For the future test
with Ba™ are considered where additional buffer gas cooling can be applied.
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Chapter 9

Summary and Outlook

In this thesis two different approaches for the spectroscopy of radioactive Be™ ions have
been prepared. The goal was to measure the isotope shift of %1% Bet and the extraction
of the nuclear charge radii. Spectroscopy of laser cooled Be™ ions in a linear Paul trap
yields high resolution measurements of optical transition frequencies, isotope shifts and
hyperfine anomalies [GRO99]. The ion optics required for an efficient transport of ions
from the ISOLTRAP RFQ cooler and buncher towards the Paul trap and the pulsed drift
tube for the deceleration of fast ions were simulated, constructed and partially tested.

Two ion trap designs were developed and ion storage in the standard trap design with
cylindrical rods was demonstated. However, due to limited availability of the laser system
and problems with the ISOLTRAP off-line ion source, the RFQ and the laser system laser
cooling and optical detection of the captured ions have not been realized within the time
of this thesis.

The nuclear charge radii of the beryllium isotopes “!°Be and the one neutron halo
nucleus 'Be were determined for the first time by measuring the isotope shift in the
2512 — 2py/2 transition of Be™ ions in a fast ion beam. The extraction of the field
shift contribution and therewith of the nuclear charge radius was possible by combin-
ing these measurements with high accuracy calculations of the mass shift contribution
[YANO8, PUCO8]. For this purpose a novel improvement for collinear spectroscopy on
light elements (Z<10) has been developed at the Institute for Nuclear Chemistry of the
Johannes Gutenberg-University in Mainz and was finally used at the COLLAPS experi-
ment at ISOLDE/ CERN. The combination of simultaneous collinear and anti-collinear
laser spectroscopy with the absolute frequency determination by a frequency comb made
it possible to resolve the limitations of collinear laser spectroscopy, which are mainly intro-
duced by the uncertainty of the acceleration voltage. With the described setup it is now
possible to measure absolute transition frequencies on fast ions with a relative uncertainty
of 107 and isotope shifts with a relative uncertainty of a few times 107°.

A first beam time at the COLLAPS experiment at ISOLDE/ CERN, Geneva, in April
2008 was used for the careful investigation of possible systematic error sources. Almost no
systematic influences of the experimental setup could be found in the data analysis. Only
a possible misalignment seems to contribute systematically with approximately 500 kHz
to the total uncertainty. The isotope shifts between “%1%1'Be* were measured in June

91
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2008. The laser ion source RILIS provided a yield of approximately 10 *Be ions/second
which was sufficiently high for collinear laser spectroscopy.

The derived nuclear charge radii decrease continuously from “Be to °Be and increases
again for 1 Be by approximately 4.5 % [NOE(09]. The results have been compared with
theoretical predictions of different nuclear models. All models clearly exhibit a similar
trend as the obtained experimental values. Particularly good agreement was found for
Greens function Monte Carlo calculations and the Fermionic Molecular Dynamics model.

While the ion trap spectroscopy will potentially provide higher accuracy for isotope
shift measurements, they will not allow measurements of very short lived isotopes like *Be
(t1/2 = 20 ms) and "Be (ti/2 = 4 ms). With collinear laser spectroscopy these isotopes
could be investigated provided that sufficiently high ion yields are available.At ISOLDE
the production yields for '2!4Be are very low and reach only 1500 and 4 ions/second,
respectively, which is too low for the described type of collinear laser spectroscopy. Since
the ISCOOQOL cooler and buncher at ISOLDE is operational, it is possible to improve the
signal to noise ratio by a factor of 10*. With this technique it might be possible to
determine the nuclear charge radius of *Be™ in the near future. Tests, if ISCOOL is
an appropriate tool for cooling and bunching of Be™, are in preparation. Nevertheless,
the isotope shift of “Be will not be feasible at ISOLDE if the yield is not increased at
least two orders of magnitude. For this isotope the applied production method is not
suitable and isotope in-flight production seems to be more appropriated. However, the
produced ions must be stopped in a gas cell and extracted to provide an ion beam with
sufficiently high quality. Wether this will be possible must be tested before an isotope
shift measurement seems to be realistic. Such measurements may be performed in the
future at the LASPEC setup at the low-energy beam line of the FAIR super-target recoil
separator (S-FRS).



Appendix A

Trap type 2 - Circuit board

DC electrodes RF electrodes

Figure A.1: The layout of DC and RF electrodes is shown as well as the support structure.
Further information can be found in the text.

The circuit board type trap was manufactured at the company micro pcb ag! in
Switzerland. The used wafer has a thickness of only 0.4 mm and is made of epoxy resin.
It is coated with a copper layer that has a thickness of some pm that can be additionally
coated with gold to achieve best trapping potentials [SCHO09]. In principle any desirable
electrode configuration can be produced. The trap geometry that was constructed during
this thesis is illustrated in figure A.1.

Here, only two segments are used for axial or radial ion confinement, respectively. The
wafers for axial ion confinement are structured into 18 segments with a length of 2 mm
and 6 segments with a length of 1 mm that are separated by 0.2 mm. All circuit paths
lead to one side of the trap, where DC and RF potentials can be applied. The wafers for
radial ion confinement are structured the same way to avoid possible fringe fields, but they
are all bypassed approximately 1 cm above the trap axis. The surface that is not used
for the trapping potential is also coated with copper and connected to ground potential

lwww.micro-pcb.ch
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Support structure Photo

Figure A.2: Support structure for the circuit boards. Further information can be found
in the text.

to avoid charging effects during the experiments. The tapering on the left side of the
circuit boards and at the transit between big and small electrode segments, as illustrated
in figure A.1, were thought to increase the capturing and transfer efficiency.

These wafers are connected to a support structure that is shown in figure A.2. It is
made of titan and has an extreme rigid structure to guarantee best alignment accuracy.
All wafers are connected with four screws and can be easily exchanged, if another wafer
layout has to be used.



Appendix B

Circuit diagrams of the rf-amplifier

Extract of [LENO7]:

Transistordifferenzverstérker

Das FEingangssignal an X8 steuert iiber den Hochfrequenztransformator TR3 (minicir-
cuit T2.5-6T) die Basen der Transistoren T8 (NTE2633) und T4 (NTE2633) im Gegen-
takt. R13 und R15 sichern eine Abschluf$impedanz von 50§) .Die Emitter der Transis-
toren T3 und T4 sind dber R11 (4712 )und R12 (4712) mit dem Kollektor von Transistor
Q1 (BD139-10) verbunden, der als Stromquelle arbeitet. Der Konstantstrom wird mit
dem Trimmer TR/ eingestellt und ermdéglicht ein gleichseitiges Verschieben der Basiss-
pannungen der Kaskadenransistoren T1 (NTE2506) und T2 (NTE2506). T1 arbeitet als
Stromquelle, dessen Kollektorstrom bestimmt wird von seiner Basisspannung und dem
Emitter- Widerstand R9 (1052). Das selbe gilt fir T2 und R10. [...]

Rohrenleistungsstufe mit Resonanzkreis

Transistor T1 bildet zusammen mit der Rohre Ro1 (C1108, QB 3/300) eine Kaskaden-
verstdirkerstufe. Das Steuergitter g1 der Rohre R61 liegt dabei auf Massepotential. Um
Selbsterregung bei ca. 150MHz zu unterdriicken, sind die Steuergitter tiber Parallelschal-
tungen von 10k§2 und 100 H mit Masse verbunden. Die Gitter-Kathodenspannung stellt
sich selbstindig so ein, daf$ durch Rohre und Transistor der gleiche Strom fliefst, der weit-
gehend unabhingig von der Anodenspannung ist. [...] C21 (10nF) und C22 tberbriicken
die Heizfiden kapazitiv mit ca. 12. Die Schirmgitter g2 liegen auf 350V und sind tiber
C15 (10nF) und C16 nach Masse geblockt. Der Anodenschwingkreis besteht aus der Luft-
spule L4 (0.9uH) dem Doppeldrehkondensator C14 (2x23..220pF), den Kabelkapazititen
und der lon-Guide-Kapazitit. W/...]

Bias-Spannungs-Netzwerk mit Monitoranschliisse

C11 bis C13 (4.7nF) blocken die Anodenspannung zu den Ausgingen ab. Diese Kon-
densatoren sind bis JkV spannungsfest. Uber die kreuzgewickelten Drosseln L1 (5mH)
und L2 (5mH) ist es moglich die Ausginge A und B unabhdngig voneinander auf Gle-
ichspannungspotentiale zu setzen. Dabei ist zu beachten, dafS die Spannungsdifferenz zur
Anodenspitzenspannung von +1500V 4000V nicht iberschritten wird. Als Hilfe zum ein-
stellen des Resonanzmaximums und der Symmetrie der Ausgangsspannungen dienen die
kapazitiven Spannungsteiler C2/C8 (3.9pF/330pF) und C6/C7. Zusammen mit ausgedi-
enten Priifspitzen fiir Oszillographen bilden diese 1000/1-Spannungsteiler zum Anschlufs
an Messgerditen mit 1M 2 /10pF-Eingingen. |[...]

95



CIRCUIT DIAGRAMS OF THE RF-AMPLIFIER

APPENDIX B.

96

Z/T Bedyg|

SHIGHIET £00Z'E@'9C f2ied

N3 i4aquny yuswndoqg

$duwy.1encd-nees

37100

4934B1SI9N-ZHISG'ET/NBBS

e igg=
GEJ

—

MI/YEE
Paz]

wugs/NTIe-

BL-NST/.

aNe

oT-6£T08
10

4@t

ane ane

'L )Wﬂ\hﬂ“% H u:ﬁ.&H
Lo T =l

Dzu _
B ta

nGe/4neeat

ue & E: BN a7 Pt WNZT X
NS N 20 ZBBYNT
ngg=nr/nat neg- 2%0¥Z620N «ad
uzm nzo e =4 g
@'z x @'8T Nwersay “Issuopefosy ezzsoy X3 = aNe ane
u,
SluoseURd ‘DZTX@ZT “4anTbaaunT 780873ISY Xu kmmm ﬂw g Maz'a/veat Nunﬂmwluzm
e "z L < s@ynreTXY-; = 4B £Td
G998°Z ‘YuBGZ ‘ONKZ “4SUNTIRIXY-00  SMHFZ-4au] Xu e Y z T L
% Lo 1S andup Teubts
19-EZ1-90 ax
£l
gz N Sz n_za o] oo
LI :Wﬂ\h_._ﬂﬂ k:ﬂ.ﬂ H E\hj&NH 6Z-9%
- (=T
7 7 zz 52 ..ﬂ_ rmﬁl._ o
ot ] a7 3 ]
bvidd aumsmb upsg
vuyy ne's T &d g5 CET-9X
ne'T 986Z3IN 90623IN ST
M9'B/0UgL e H ox
& ddnoe ddnse NBSZ/ANTEa'd LW mw”wx
11
. Te-5%
L} hl /40 >
o et nasonsg e aw "ORIRIER DM e gh-x
€20
ve-HuZZ-r-GZsz88 negz/4nte'e ._.x«H =
nesz/antea wu[—1H nasz/amee w1 = = = o
zz3 %23 822 610 870 pa) |_| 8v3
4 v a2+ {63
bunssejuaiugy  Jgg-3sva OF o [oetesz-r-szceen vas|/ ne' ‘g bunzisy Sriex
Bunssejusiug  4Ga-35vE M3 7o Iy a2 A
IeIPRY  “BGOH LTEM ‘HNS “42ADAIS “SIUSWNAISU] JEITINN-ONE BGIH-IN-NH-ONE K3 7o [EaEn .
[=1PRY ‘STEYN “LHONE “G4an1IRS-ONE  BGSU-NH-ONE 263 neg > neg =3 - _ y8-Husz-r-ceszed vg'9 / g ‘v bunziey CE-5x
nETZoy “4aPas-N @tz an-N X3 e/ 4u8T IE/4u8T o U213~ L
neTzey “sewdais-N @tz an-N V3 nzm Mlew
» areu-52d dns
P~ H
- S u."u 51 %] A -
N_ E R l||lv|% _NjN
o € [rnon zg_ﬁl_l £ S e
HhgeTeT |7 ") HneeTwierT
z1-d -
NG A@GE Zu3LLTo-N <
80713 8e11d
L4 204 _ 08 ??Tuum
499ZZ 4967 XZ WOLYSNIONOASONITIILLIIWHOS (37 effvruaey
g /AU aNg aNg
| e— 213
Vo7 aomseL 1 otvyauey M/ 22y |
oAb/ UL - Z1 TR = H}xﬂ\LCENN H
- €12 H ] 83 IE/ 4uBZZ
4906 UIHL ™D | . |ﬁ |_| o .
Buﬁﬁf_ — = s
g 1 1 8ZXETTXB9B ‘HIET ml Didlinid = ang Neast 300UNJN S-IN-nH-ONE
5 1 L] :#\L:S ax
JdeEE e/ 406
£3 9 ang
4dps "WIML "0 oo L ﬂu g ndur su1g
8gd Al
o - — i) Z227T8-0Ng
M_ ““ ““ 18D IMZNBUY-HUG H ;
5] e/ 46" o ] . ! MAE/ U ang
4 umm Nuxm 4% hegs an-n Ll_m neas on-N ﬁm 12l 7 |_| aw duer |_Hv\
] e \m o 1 T v ndur sulg
L4

zzzra-oNea
X

t of the used RF amplifier. Developed in the electronics

workshop of the institute of physics in Mainz by Heinz Lenk.

Electronic circui

Figure B.1



97

FLt
FN9260-1/06

Eg Fuie2
E¥ Finder-98.83
mx APEM-AB1-81T
B APEM-A@1-81T
E48 APEM-ABL-61 griin
B4 APEM-AB1-61 rot

psi
HCB-6/0UP-A nx 1
X9-2
4 o oL rm nwm
2|, 4g |s 48U X8-3
_Hu 3 Heizung A
i1 - S x4
o
sls ot Lﬁ|mw s
EARTH | gaprh X9-18
ps2
HEB-6/0UP-A \g-7
X5-8
=K wour HOUT .FAx -19
X9-2@
— 2 g LT, & TR—
[ 3 Heizung B
1 -s D9
1 -5 XS-23 L7 X18
s, our |our S GY280a 62.608 200U U-ANODE
Bt —
EARTH | panry oS0 L.. %.nmm deaz L.mﬁ R144426
> 2200 /4500 T220uF /450U || Tian i Tozours4seu Trzewr/4seu gV HERL, |
T & BY2@08
. 3182 w R24
s 230V-PH A=t glgae o scas A=t -
2 238U-N 20uF /4500 T 220uF 74580 | | 11 mmw»: TLo200F 7458U | 220uF /458U
R1
4 1) slede sleee et e 338k/24
L Atder-e7.41 T220uF /450y ﬂnscnlmuc 7 2 ﬂuscﬂ}mmc ﬂnu:n}msc
GND -
m + ] Zeitrelais, 18s < <+
TRS Die GND
o CIE| 52.070 850U/140hn  BY2000
o 0 R R3L
D2
M zoveem e by IK3/45H x11
i N~ 120y — 3sey U-BITTER2 [
o Bt —
| c48 LR RAA1426
.,waﬁmétm-& W_io 6307TER _' 47F 7450U RO ¥ L-834 LD
Behiuseabdekung | ‘ll\_m.wc i mp w2
c49
D13
] TOU7ER D14 R 478k/ 10
o 1N4007 -_- 47F 450U .
i<t
$3 -
wencreon E7 &b
o 1VAC e n
o o vzse 12UAC-RTN o oy
eness
o
10UAC  (yo 4q
1BUAC-RTN (o o
RLY2GS1
Finder-68.13.8 238vA(
1 Paar Fupuinkel, passend #(r Mi82 Z N ' o
etztell fue 88BU-Uerstarker
Relaistassung, 12pol, fir 68.13.x
Operatorteil #lir Taster, tastend, rechteckig TITLE: m&&CI_UOCm_‘.DS_u&A

Operatorteil fr Taster, tastend, rechteckig
Abdeckung, rechteckig, griin
Abdeckung, rechteckig, rot

Document Number:

REV:

Date: 20.03.2007 13:45:45

[Sheet: 2/2

Electronic circuit of the needed power supply for the RF tube amplifier.

Developed in the electronics workshop of the institute of physics in Mainz by Heinz Lenk.

Figure B.2



98

APPENDIX B. CIRCUIT DIAGRAMS OF THE RF-AMPLIFIER



Bibliography

[ALK96]

[ANT7S]

[ARNS7]

[ARPOS]

[AUDO3]

[BALS5]

[BER67]

[BER9S]

[BOLS5]

[BORS1]

[BRE58]

[CAMO2]

[COCOS]

J. S. Al-Khalili et al., "Matter radii of light halo nuclei”, Physical Review
Letters 76 3903 (1996)

K.-R. Anton et al., "Collinear laser spectroscopy on fast atomic beams", Phys-
ical Review Letters 40 642 (1978)

E. Arnold et al., "Nuclear spin and magnetic moment of 1! Li", Physics Letters
B 197 311 (1987)

C. Arpesella et al., "First real time detection of 7Be solar neutrinos by Borez-
ino", Physics Letters B 658 101 (2008)

G. Audi, Mass Evaluation, Nuclear Physics A 729 337 (2003)

V. 1. Balykin et al.,” Radiative collimation of atomic beams through two- di-
mensional cooling of atoms by laser- radiation pressure”, 1776 Journal of the
Optical Society of America B 2 1776 (1985)

M. Bernheim, T. Stovall, D. Vinciguerra, "Electron Scattering from °Be", Nu-
clear Physics A 97 488 (1967)

D. J. Berkeland, "Laser-cooled mercury ion frequency standard”, Physical Re-
view Letters 80 2089 (1998)

J.J. Bollinger, "Hyperfine structure of the 2p*P1s state in ®Bet ", Physical
Review A 31 2711 (1985)

G. Borghs, "Parallel-antiparallel measurements in collinear fast beam laser
spectroscopy ", Optics Communications 38 101 (1981)

G. Breit, "Theory of Isotope Shift", Reviews of Modern Physics 30 507 (1958)

P. Campbell, "First results from laser spectroscopy on bunched radioactive
beams from the JYFL ion-beam cooler”, The European Physicsal Journal A
15 45 (2002)

T. E. Cocolios, "Resonant laser ionization of polonium at RILIS-ISOLDE for
the study of ground- and isomer-state properties”, Nuclear Instruments and
Methods in Physics Research B 266 4403 (2008)

99



100

[DIEST]

[DRAY5]

[DRAJE]

[DRA99)

[DRAO5]

[DRES3]

[EBL09]
[EWA04]

[EWAO05]

[FED00]

[FIS59]

[FRAOS]

[FORO5]

[GEHS5]

[GEI99]

[GEIOO]

[GEI02]

BIBLIOGRAPHY

F. Diedrich, "Observation of a phase transition of stored laser-cooled ions.”,
Physical Review Letters 59 2931 (1987)

G. W. F. Drake and Zong-Chao Yan, "Asymptotic expansion method for the
evaluation of correlated three- electron integrals”, Physical Review A 52 3681
(1995)

G. W. F. Drake, "Atomic, Molecular € Optical Physics Handbook", AIP Press,
ISBN: 1-56396-596-8 (1996)

G. W. F. Drake, S. P. Goldman , "Bethe logarithms for Ps—, H—, and helium-
like atoms”, Canadian Journal of Physics A 77 835 (1999)

G. W. F. Drake, "Helium, Relativity and Quantum FElectrodynamics”, Presen-
tation at the Helmholtzzentrum fiir Schwerionenforschung (2005)

R. Drever, "Laser phase and frequency stabilization using an optical resonator”,
Applied Physics B 31 97 (1983)

J. Eble, Dissertation, Universitdt Ulm (in preparation)

G. Ewald, "Nuclear charge radii of %9 Li determined by laser spectroscopy,
Physical Review Letters 93 113002-1 (2004)

G. Ewald, "Messung der Ladungsradien der radioaktiven Lithium-Isotope 8Li
und °Li", Dissertation, Universitidt Heidelberg (2005)

V.N. Fedoseyev, "The ISOLDE ion source for exotic nuclei”, Hyperfine Inter-
actions 127 409 (2000)

E. Fischer, "Die dreidimensionale Stabilisierung von Ladungstrigern in einem
Vierpolfeld.", Zeitschrift fiir Physik 156 1 (1959)

H. Franberg, "Off-line commissioning of the ISOLDE cooler”, Nuclear Instru-
ments and Methods in Physics Research B 266 4502 (2008)

C. Forssén, P. Navratil, W. E. Ormand, "Large basis ab initio shell model
investigation of ®Be an ' Be", Physics Review C 71 044312-1 (2005)

M. Gehrtz, G. C. Bjorklund, "Quantum limited laser frequency modulation
spectroscopy”, Journal of the Optical Society of America B 2 1510 (1998)

W. Geithner, "Measurement of the magnetic moment of the one-neutron halo
nucleus ! Be" Physical Review Letters 83 3792 (1999)

W. Geithner, "Accurate isotope shift measurement on short-lived neon iso-
topes”, Hyperfine Interactions 127 117 (2000)

W. Geithner, "Nuclear moments and difference in mean-square charge-radii of
short lived neon isotopes by collinear laser spectroscopy”, Dissertation, Univer-
sitdt Mainz (2002)



BIBLIOGRAPHY 101

[GEP05]

[GOE02]

[GRO9Y)]

[HAESO]

[HAKOO]

[HANS7]

[HERO1a]

[HERO1D)]

[HEROY]

[HOE05]

[HOLOO]

[HYL28]

[ITA83]

[JANT2]

[JONS?7]

Chr. Geppert, "Resonanzionisation zum Nachweis und zur Erzeugung radioak-
tiver Ionenstrahlen: Vom hochselektiven Ultraspurennachweis zur selektiven
on-line Laserionenquelle”, Dissertation, Universitéit Mainz (2005)

S. Gotte, "Aufbau und Test eines Prototypen zur Messung von Hochspannung
mittels kollinearer Spektroskopie”, Universitét Heidelberg (2002)

J. S. Grossman, "Hyperfine anomaly measurements in francium isotopes and
the radial distribution of neutrons”, Physical Review Letters 83 935 (1999)

T. Hansch, "Laser frequency stabilization by polarization spectroscopy of a re-
flecting reference cavity”, Optics Communications 35 441 (1980)

H. Haken und H. C. Wolf, "Atom- und Quantenphysik", Springer Verlag 2000,
ISBN: 3-540-67453-5

P. G. Hansen, B. Jonson, "The neutron halo of extremely neutron rich nuclei”,
Europhysics Letters 4 409 (1987)

F. Herfurth, "A new ion beam cooler and buncher for ISOLTRAP and mass
measurements of radioactive argon isotopes”, Dissertation, Universitit Heidel-
berg (2001)

F. Herfurth, "A linear radiofrequency ion trap for accumulation, bunching and
emittance improvement of radioactive beams”, Nuclear Instruments and Meth-
ods in Physics Research A 469 254 (2001)

M. Herrmann, "Frequency metrology on single trapped ions in the weak binding
limit: The 3s1/2 — 3psje transition in **Mg" ", Physics Review Letters 102
013006-1 (2009)

S. Hoekstra, "Atom trap trace analysis of Ca isotopes”, Dissertation, University
of Groningen (2005)

R. Holzwarth, T. Udem, T.W. Hénsch, "Optical frequency synthesizer for pre-
cission spectroscopy ", Physical Review Letters 85 2264 (2000)

Egil A. Hylleraas, "Uber den Grundzustand des Heliumatoms", Zeitschrift fiir
Physik 48 469 (1928)

W.M. Itano, "Chemical shift correction to the Knight shift in beryllium”", Phys-
ical Review B 27 1906 (1983)

J. A. Jansen, R. Th. Peerdeman, C. De Vries, "Nuclear charge radii od 2C
and °Be", Nuclear Physics A 188 337 (1972)

B. Jonson, "Halo nuclei”, Nuclear Physics A 574 151c (1978)



102

[KAMOS]

[KANO1]

[KAP9S]

[KAUT6]

[KETO8]

[KLUO03]

[KIN92]

[KNA0O]

[KOP95]

[KRE04]

[KRIO8]

[LEET1]

[LENO7]

IMAN]

[MAI06]

BIBLIOGRAPHY

V. van Kampen, T. Mensing, P. Welge, K. Straif, T. Briining, "Bewertung
der Towizitit und Kanzerogenitdat von Beryllium", http://www.bgfa.ruhr-uni-
bochum.de/public/info0204/beryllium.php (26.03.2008)

Y. Kanada-En “yo and H. Horiuchi, "Structure of light unstable nuclei studied
with antosymmetrized molecular dynamics”, Progress of Theoretical Physics
Supplement 142 205 (2001)

S. Kappertz, "Measurement of the magnetic moments of "Be and of the halo
nucleus " Be", Exotic Nuclei and Atomic Masses (ENAM98), AIP, New York,
455 110 (1998)

S. L. Kaufmann, "High resolution laser spectroscopy in fast beams”, Optics
Communications 17 309 (1976)

J. Ketelar, "Triga-Spec: A setup for mass spectrometry and laser spectroscopy
at the research reactor TRIGA Mainz", Nuclear Instruments and Methods in
Physics Research A 594 162 (2008)

H. Kluge, W. Nortershiuser, "Lasers for nuclear physics”, Spectrochemica
Acta Part B 58 1031 (2003)

Brian E. King, "Quantum state engineering and information processing with
trapped ions", Dissertation, University Boulder (1994)

K.-M. Knaak, "Laserunterstiitzte Spannungsmesstechnik”, Dissertation, Uni-
versitéit Heidelberg (2000)

S. Kopecky and P. Riehs, "New measurement of the charge radius of the neu-
tron”, Physical Review Letters 74 2427 (1995)

M. Kretzschmar, "Influence of the thermal motion on the line shape and posi-

tion of resonances in collinear fast beam laser spectroscopy”, Applied Physics
B 79 623 (2004)

A. Krieger, "Aufbau eines jodstabilisierten Farbstofflasers mittels kollinearer
Spektroskopie fiir das BeTINa-Fxperiment”, Diploma, Universitit Mainz
(2008)

Lee-Whiting, "Semi-analytical calculations for circular quadrupoles.”, Nuclear
Instruments and Methods 94 319 (1971)

H. Lenk, "800V-Verstirker Funktionsbeschreibung”, Description of the RF-
amplifier, Mainz (2007)

User manual of the Tekhnoscan frequency doubler

R. Maiwald, "Abbildungs- und Steuerungssystem fiir ein Experiment mit einzel-
nen lonen”, Diploma, Universitéit Ulm (2006)



BIBLIOGRAPHY 103

[MAJO5]

[MAUO5]

[MAYO00]

[MEI54]

[MET99]

[MINS6]

[MITS82]

[MUEO7]

[MON95]

[NAKO6]

[INAVO06]

[NAVO0S]
[NEFO05]

[NEF09)]
[NEUSO]

[NOEOO]

[NOEO6]

F. G. Major, "Charged particle traps”, Springer Verlag, ISBN: 3-540-22043-7,
(2005)

J. Maul, "Ortsaufgeloster Nachweis von FElementspuren mittels Laserabla-
tion und Resonanzionisations-Massenspektrometrie und Untersuchungen zur
Laserablations-Dynamik", Dissertation, Universitit Mainz (2004)

T. Mayer Kuckuk, "Atomphysik", Teubner Studienbiicher, ISBN: 3-519-43042-
8 (1997)

J. Meixner, F. Schiifke, "Mathieusche Funktionen und Sphdaroidfunktionen”,
Springer Verlag, Berlin (1954)

J. H. Metcalf, P. van der Straten, "Laser cooling and trapping", Springer Verlag,
ISBN: 0-387-98728-2 (1999)

V.G. Minogin, V.S. Letokhov, "Laser light pressure on atoms, Gordon and
Breach", Science Publishers, ISBN: 2-88124-080-1 (1986)

M. H. Mittleman, "Introduction to the theory of laser- atom interactions”,
Plenum Press, ISBN 0-306-41049-4 (1982)

P. Miiller et al., "Nuclear charge radii of ®He", Physical Review Letters 99
252501-1 (2007)

C. Monroe, "Demonstration of a fundamental quantum logic gate”, Physical
Review Letters 75 4714 (1995)

T. Nakamura, "Laser spectroscopy of "'°Be* in an online ion trap”, Physical
Review A 74 052503-1 (2006)

P. Navrétil, "" Be(p,y )2 B S factor from ab initio no-core shell model wave func-
tions", Physical Review C 73 065801-1 (2006)

P. Navratil, private communication (2008)

T. Neff, H. Feldmeier, and R. Roth, "Structure of light nuclei in Fermionic
Molecular Dynamics”, Nuclear Physics A 752 321 (2005)

T. Neff, private communication (2009)

W. Neuhauser, M. Hohenstatt, P. E. Toschek, "Localized visible Ba™ mono-ion
oscillator"” Physical Review A 22 1137 (1980)

W. Noertershéuser, "Theoretische Beschreibung und Realisation der mehrstu-
figen Resonanzionisation von Calcium fiir die hochselektive Spurenanalyse”,
Dissertation, Universitit Mainz (1999)

W. Nortershduser, P. Campell, "LaSpec at FAIR s low energy beamline. A new
perspective for laser spectroscopy of radioactive nuclei. ", Hyperfine Interact 171

149 (2006)



104

[NOEO7]

[NOEO9]

INOTO07]

[OKA9S]

[OKAO08]

[OTTS9]

[PUCO6]

[PUCOS]

[PUC09]

[PAU53]

[PAU55]

[PAUS5S]

[PERO2]

[PIEO1]

[PIE02)]

BIBLIOGRAPHY

W. Nortershiauser, "Nuclear charge radius measurements of radioactive beryl-
lium isotopes”, Proposal to the ISOLDE committee, CERN-INTC-2008-013 /
INTC-P-214-ADD-1, (2007)

W. Nortershiuser, "Nuclear charge radii of “*1°Be and the one-neutron halo
nucleus "' Be", Physical Review Letters 102 062503-1 (2009)

M. Nothhelfer, "Aufbau und Test eines frequenzkammstabilisierten Lasersys-
tems fiir die Spektroskopie an Berylliumionen in einer Paulfalle”, Dilpoma,
Universitét Mainz (2007)

K. Okada, "Laser-microwave double-resonance spectroscopy of laser-cooled
9Bet ions in a weak magnetic field for studying unstable Be isotopes”, Journal
of the Physical Society of Japan, 67, 9 (1998)

K. Okada, "Precision measurement of the hyperfine structure of laser-cooled
radioactive " Be™ ions produced by projectile fragmentation", Physical Review
Letters 101 212502-1 (2008)

E.W. Otten, "Nuclear radii and moments of unstable isotopes”, Treatise on
heavy-ion science Vol. 8, Plenum publishing corporation (1989)

M. Puchalski , "Isotope shift of the 3 251/2—> 225’1/2 transition in lithium and
the nuclear polarizability ", Physical Review Letters 97 133001-1 (2006)

M. Puchalski, K. Pachucki, "Relativistic, QED, and finite nuclear mass cor-
rections for low-lying states of Li and Bet ", Physical Review A 78 052511-1
(2008)

M. Puchalski, K. Pachucki, "Fine and hyperfine splitting of the 2P state in Li
and Be™ " Physical Review A 79 032510-1 (2009)

W. Paul, H. Steinwedel, "Ein neues Massenspektrometer ohne Magnetfelder.",
Zeitschrift fiir Physik 8 448 (1953)

W. Paul, M. Raether, "Das elektrische Massenfilter"”, Zeitschrift fiir Physik
140 262 (1955)

W. Paul, H. Reinhard, U. Zahn, "Das elektrische Massenfilter als Massenspek-
trometer und Isotopentrenner.”, Zeitschrift fiir Physik 152 143 (1958)

F. Pereira, "Production of a Bose FEinstein condensate of metastable helium
atoms. ", European Physical Journal D 19 103 (2002)

S.C. Pieper, R.B. Wiringa, "Quantum Monte Carlo calculations of light nu-
cler”, Annual Review of Nuclear Particle Science 51 53 (2001)

S.C. Pieper, K. Varga, R.B. Wiringa, "Quantum Monte Carlo calculations of
A=9,10 nuclei", Physical Review C 66 044310-1 (2002)



BIBLIOGRAPHY 105

[POUS?]

[PRESY]

[RINOY]

[ROTO5]

[ROTO7]
[ROTO09]

[SANO06a]

[SANOG]

[SAVOS]

[SCHTS]

[SCH99]

[SCHO1]

[SCHO9]
[SEBYY]

[SELO6]

[SIC03]
[SIC07]
[STMO95]

O. Poulsen, "Velocity and high-voltage measurements using resonant collinear,
fast-beam/ laser interactions”, Nuclear Instruments and Methods 202 503
(1982)

J. Prestage, G. Dick, L. Maleki, "New ion trap for frequency standard applica-
tions. ", Journal of Applied Physics 66 1013 (1989)

R. Ringle, "High-precision Penning trap mass measurements of %1°Be and the
one-neutron halo nuclide ! Be", Physics Letters B 675 170 (2009)

B. Roth, U. Frohlich, S. Schiller, "Sympathetic cooling of *He* ions in a radio
frequency trap”, Physical Review Letters 94 053001-1 (2005)

B. Roth, Universitét Diisseldorf, private communication (2007)

B. Roth and S. Schiller, " Sympathetically cooled molecular ions: from princi-
ples to first applications”, arXiv 0812.1154 (2009)

R. Sanchez et al., "Nuclear charge radii of %! Li: The influence of halo neu-
trons", Physical Review Letters 96 033002-1 (2006)

R. Sanchez, "Nuclear charge radius of the halo nucleus Lithium-11", Disserta-
tion, Universitéit Mainz (2006)

G. Savard, "Radioactive beams from gas catchers: The CARIBU facility", Nu-
clear Instruments and Methods in Physics Research B 266 4085 (2008)

B. Schinzler, "Collinear laser spectroscopy of neutron rich Cs isotopes at an
on-line mass separator.” Physical Letters B 79 209 (1978)

U. Schiinemann, "Simple scheme for tunable frequency offset locking of two
lasers”, Review of Scientific Instruments 70 242 (1999)

H. Schnitzler, "Development of an experiment for trapping, cooling and spec-
troscopy of molecular hydrogen ions", Dissertation , Universitit Konstanz

W. Schnitzler, personal communication (2009)

V. Sebastian, "Laserionisation und Laserionenquelle an ISOLDE/ Cern", Dis-
sertation, Universitit Mainz (1999)

M. Seliverstov, "Study of the neutron deficient ¥2=190 Pb isotopes by simultane-
ous atomic- and nuclear-spectroscopy”, Hyperfine Interactions 171 225 (2006)

I. Sick, "On the rms-radius of the proton", Physics Letters B 576 62 (2003)
I. Sick personal communication (2008)

K. Simonyi, "Kulturgeschichte der Physik", Verlag Harri Deutsch, 2 Auflage
1995, S.488



106

[SPESI]

[STO05]

[SUZ95]

[TANS5]

[TANSS]

[TANO9)

[THUO07]

[TOROS]

[UDE02]

[WANO4]

[WEROY]

[WIEO6]

[WINS81]

[WINS3]

[YANOO]

[YANO2]

[YANO3]

BIBLIOGRAPHY

Spejewski, "Present status of the unisor facility”, Nuclear Instruments and
Methods 186 71 (1981)

N. J. Stone, "Table of nuclear magnetic dipole and electric quadrupole mo-
ments", Atomic Data and Nuclear Tables 90 75 (2005)

T. Suzuki, T. Otsuka, A. Muta, "Magnetic moment of ' Be”, Physical Letters
B 364 69 (1995)

I. Tanihata et al., "Measurement of interaction cross sections and nuclear radii
in the light p-shell region", Physical Review Letters 55 2676 (1985)

I. Tanihata et al., "Measurements of interaction cross sections using isotope
beams of Be and B and isospin dependence of the nuclear radii”, Physics Letters
B 206 592 (1988)

I. Tanihata, private communication (2009)

T. Thiimmler, "Prdzisionsiiberwachung und Kalibration der Hochspannung fiir
das KATRIN-FExperiment”, Dissertation, Universitit Miinster

R. Torabi, private communication (2008)

T. Udem, "Uhrenvergleich auf der Femtosekundenskale”, Physik Journal 2 39
(2002)

L.-B. Wang et al., "Laser spectroscopic determination of the ¢ He nuclear charge
radius ", Physical Review Letters 93 142501-1(2004)

G. Werth, private communication (2009)

K. Wies, "Entwicklung des Laserionenquellen und -fallenprojekts LIST fiir Ul-
traspurendetektion und Grundlagenforschung”, Dissertation, Universitéit Mainz

D. J. Wineland, W. M. Itano, "Spectroscopy of a single Mgt ion", Physical
Letters A 82 75 (1981)

D.J. Wineland, "Laser-fluorescence mass spectroscopy”, Physical Review Let-
ters 50 628 (1983)

Zong-Chao Yan and G. W. F. Drake, "Lithium isotopeshifts as a measure of
nuclear size", Physical Review Letters A 61 022504-1 (2000)

Zong-Chao Yan and G. W. F. Drake, "Lithium transition energies and isotope
shifts: QED recoil corrections”, Physical Review A 66 042504-1 (2002)

Z.-C. Yan and G.W. F. Drake, "Bethe logarithm and QED shift for Lithium",
Physical Review Letters 91 113004-1 (2003)



BIBLIOGRAPHY 107

[YANOS] Z.-C.Yan, W. Nortershdauser, G. W. F. Drake, "High precision atomic theory
for Li and Be™: QED shifts and isotope shifts”, Physical Review Letters 100
243002-1 (2008)

[YORO8] D. Yordanov, private communication (2008)

[ZAKO06] M. Zakova, "Towards a nuclear charge radius determination for beryllium iso-
topes”, Hyperfine Interactions 171 189(2006)

[ZAK09] M. Zakova, Dissertation, Universitét Mainz (in preparation)

[ZIM90] K. Zimmer, "Konzeption, Aufbau und Test der Ionenoptik des RISIKO
Massenseperators. ", Diploma, Universitét Mainz (1990)



