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Zusammenfassung

Im Rahmen dieser Arbeit wurde am TRIUMEF in Vancouver, Kanada, eine neue Me-
thode entwickelt, die zum Ziel hat, Elektroneneinfangintensititen (ECBR) von Uber-
gangskernen in 33 Zerfillen zu bestimmen. Diese Messung triagt zum tieferen Verstéand-
nis der dem 3 Zerfall zu Grunde liegenden Kernphysik bei.

Die neuartige Methode verwendet eine Penning-Ionenfallen des TITAN (TRIUMEF’s
Ion Traps for Atomic and Nuclear science) Experiments fiir die Zerfallsspektroskopie.
Hierbei werden radioaktive Ionen in der Ionenfalle gespeichert und deren radioaktive
Zerfille beobachtet. Das starke Magnetfeld der Falle fithrt die aus 3 Zerfdllen stammen-
den Elektronen entlang der Feldlinien aus der Falle, wihrend einem Elektroneneinfang
folgende Rontgenstrahlen isotrop abgestrahlt werden. Dies ermoglicht eine raumliche
Trennung von Rontgen- und § Detektion, wobei es fiir die Elektronen aufgrund des
starken magnetischen Feldes nicht moglich ist, den Rontgendetektor zu erreichen. Dies
ermoglicht es, sehr schwache ECBR zu messen. Zudem werden die Ionen in der Falle
gespeichert, ohne sie in ein Tragermaterial zu implantieren. Dadurch werden die emit-
tierten Rontgenquanten nicht zusétzlich abgeschwécht. Dies, und die rdumliche Tren-
nung von 3 und Rontgendetektion, bieten deutliche Vorteile gegeniiber herkémmlichen
Methoden.

Diese Methode wurde im Rahmen dieser Arbeit implementiert und deren Machbar-
keit wurde mit der Messung der Elektroneneinfangverzweigungsverhiltnisses von '°7In
und '?4Cs demonstriert. Im Fall von 24Cs wurde '26Cs withrend des selben Experi-
mentes gemessen. Die gemessenen Rontgenintensititen von 2Cs wurden dann ver-
wendet, um die Nachweiseflizienz des Rontgendetektors zu bestimmen. Hierbei wur-
den bis zu 2.65(32) - 10° Tonen pro Puls in der Falle gespeichert und deren Zer-
fall beobachtet. Die gemessene Intensitit des Elektroneneinfanges bei 2Cs betrigt
(17.8+2.5(stat.) £15(syst.))% und stimmt mit dem Literaturwert von 10(9)% [NND10]
iiberein. Durch unterschiedliche Impedanzen von Vorverstirker und Datenaufnahme
ergibt sich die systematische Unsicherheit von 15%. Trotzdem konnte der statistische
Fehler um einen Faktor drei reduziert werden. Wéahrend dieser Messungen wurde das
erste Mal ein Elektroneneinfang an Kernen gemessen, die in einer Penningfalle ge-
speichert waren. Durch diese erfolgreichen Messungen wurde demonstriert, dass die
Zerfallsspektroskopie an in einer Penningfalle gespeicherten Ionen méglich ist und in
zukiinftigen Messungen die Elektroneneinfangintensititen von Ubergangskernen in 84
Zerfillen gemessen werden koénnen.






Abstract

The presented work describes the implementation of a new technique to measure
electron-capture (EC) branching ratios (BRs) of intermediate nuclei in 33 decays. This
technique has been developed at TRIUMF in Vancouver, Canada. It facilitates one of
TRIUMEF’s Ion Traps for Atomic and Nuclear science (TITAN), the Electron Beam Ion
Trap (EBIT) that is used as a spectroscopy Penning trap.

Radioactive ions, produced at the radioactive isotope facility ISAC, are injected and
stored in the spectroscopy Penning trap while their decays are observed. A key feature
of this technique is the use of a strong magnetic field, required for trapping. It radially
confines electrons from 3 decays along the trap axis while x-rays, following an EC, are
emitted isotropically. This provides spatial separation of x-ray and ( detection with
almost no B-induced background at the x-ray detector, allowing weak EC branches to
be measured. Furthermore, the combination of several traps allows one to isobarically
clean the sample prior to the in-trap decay spectroscopy measurement.

This technique has been developed to measure ECBRs of transition nuclei in 606
decays. Detailed knowledge of these electron capture branches is crucial for a better
understanding of the underlying nuclear physics in 80 decays. These branches are
typically of the order of 1075 and therefore difficult to measure. Conventional mea-
surements suffer from isobaric contamination and a dominating 3 background at the
x-ray detector. Additionally, x-rays are attenuated by the material where the radioac-
tive sample is implanted. To overcome these limitations, the technique of in-trap decay
spectroscopy has been developed.

In this work, the EBIT was connected to the TITAN beam line and has been com-
missioned. Using the developed beam diagnostics, ions were injected into the Penning
trap and systematic studies on injection and storage optimization were performed. Fur-
thermore, Ge detectors, for the detection of x-rays, were tested and installed. Several
detectors were tested and mounted on especially designed holders. The feasibility of the
in-trap decay spectroscopy technique has been demonstrated by successfully measuring
the EC branching ratios of 197In and '?*Cs. In the latter case, '?°Cs was measured
at the same time as '?*Cs and used to calibrate the detection efficiency of the x-ray
detector. During this measurement, up to 2.65(32) - 105 ions/bunch were stored in the
trap while their decays were observed. Based on this measurement, the ECBR of 24Cs
was determined to be (17.8+2.5(stat.) £ 15(syst.))%. The large systematic uncertainty
arises from an impedance mismatch between preamplifier and x-ray detector that was
discovered after the experiment. Nevertheless, the new value agrees with the literature
value of 10(9)% [NND10] and the statistical error was reduced by a factor of three.
These measurements demonstrated the feasibility of this new method of in-trap decay
spectroscopy. It was for the first time that an electron capture decay was observed of
ions stored in a Penning trap. In the future, this technique will be applied to perform
ECBR measurements of transition nuclei in double beta decays.
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Chapter 1

Introduction and Theoretical Description

The Standard Model of particle physics (SM) is very well established and explains the
existence and relations of all known elementary particles. However, among all parti-
cle groups one of the most mysterious known particles is the neutrino v. It was first
introduced by Pauli as a massless particle in order to preserve energy and momentum
conservation in 3 decays. Within the SM of particle physics, the neutrino is a mass-
less lepton existing in three distinct flavors v., v, and v,. Recent experiments have
found evidence for neutrino oscillations in atmospheric, solar, reactor, and accelerator-
produced neutrinos [Wal04]. These oscillations are only possible if the neutrino has
mass. However, these oscillation experiments can only provide ‘AmQ‘, the squared
mass difference of the neutrino mass eigenstates. They can determine neither the ab-
solute neutrino mass scale nor the character of the neutrino, i.e., whether the neutrino
is a Dirac or Majorana particle. If the neutrino is a Majorana particle it is identical
with its anti-particle.

This recent evidence, that neutrinos are massive particles, increased interest in the
neutrino less double 8 decay (0v(33). It is forbidden within the SM as it violates lepton
number conservation. If this decay is observed, the neutrino is its own anti-particle and
thus a Majorana particle. Then, the effective Majorana neutrino mass (mgg) could be
deduced from the half life of the decay,

(10) " = 6™(Q. 2) | M™ 2 (mge)? 1)

with G%(Q, Z) being the phase space factor in y~'eV~2, and M" the nuclear matrix
element (NME). This relation is only true if the neutrino is a light particle and no other
process beyond the SM contributes to the decay. The phase space factor G%(Q, Z) is
well understood. However, the NME M% is purely based on theoretical calculations.
Depending on the theoretical model applied, calculated M% vary by a factor of 2-3.
Thus, in order to be able to extract an accurate effective neutrino mass from the Ov 30
decay half life, it is necessary to better confine M. Additional insight on this subject
can be gained from the SM-allowed and observed 2v(6 decay which allows one to test
the underlying nuclear physics. The transition via 2033 is described by M?¥ and is
dominated by intermediate 17 states. A deeper understanding of the nuclear physics



2 Introduction and Theoretical Description

in theoretical 63 decay models can be gained by measuring the decay branches of the
short-lived (7', < 1h) intermediate nuclei in 33 decays, as this measurement directly
determines parts of the 2033 decay transition matrix element M?¥. In special cases,
where a so-called single-state dominance (SSD) [Aba84] is present, the transition via
the lowest 17 state accounts for the whole matrix element M2V,

The scope of the present work is the development and implementation of a new and
independent technique to measure these branching ratios (BRs) in intermediate short-
lived (/3 decay transition nuclei; in particular, the electron-capture (EC) branch to the
(0 decay mother isotope. A difficulty for conventional measurements is the fact that
this branch is typically of the order 107°. Due to its signature, the emission of an x-ray,
and background from the dominating § decay, this branch is difficult to measure. A
key feature of the developed technique within this work is the use of a strong magnetic
field to spatially separate x-ray and  detection. The strong magnetic field is provided
by a Penning trap where the ions are stored backing free, i.e., without the implantation
into a backing material, while their decays are observed.

The feasibility of this technique has been proven in two measurement campaigns
with radioactive °7In and ?4126Cs at the TITAN Penning trap setup located at the
ISAC radioactive beam facility at TRIUMF, Vancouver, Canada. These isotopes were
chosen because of their large electron capture branching ratios (ECBRs) which allowed
for systematic investigations. During these measurements, ECBRs were determined for
the first time on ions stored in a Penning trap.

This chapter provides an introduction to neutrino physics and discusses the dif-
ficulties in calculating M%. Chapter 2 presents the TITAN setup at TRIUMF. The
developed technique to measure ECBRs is implemented in one of TITAN’s ion traps,
the spectroscopy Penning trap. This spectroscopy Penning trap is introduced in de-
tail in Chapter 3, while Chapter 4 presents systematic studies that were performed in
order to optimize the system. The measurement of ECBRs in °7In and ?4126Cs is
summarized in Chapter 5. The obtained results and feasibility of ECBR, measurements
of intermediate nuclei in G5 decays applying the developed technique are discussed in
Chapter 6.

1.1 The neutrino in modern physics

The neutrino provides one of the great challenges of modern physics. Its existence was
first suggested by Wolfgang Pauli in his letter titled ‘Liebe Radioactive Damen und
Herren’ (eng: ‘Dear Radioactive Ladies and Gentlemen’) [Pau30] dated December 4,
1930. In his letter, Pauli proposed that a neutral particle with spin 1/2 and no larger
than 1% of the proton mass is emitted during 3 decays. Such a particle was postulated
to save the laws of angular momentum and energy conservation. Four years later,
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Enrico Fermi included this particle into his successful theory of § decay and called it
the neutrino [Fer34]. Nevertheless, it took another 19 years before this neutrino was first
observed experimentally by Reines and Cowan in 1953. They detected anti-neutrinos
Ve produced at the Savannah River Plant, SC, USA, in a water tank surrounded by
scintillators [Cowb6]. The anti-neutrino was detected by the reaction of an inverse 3
decay

Vet+tp—n+tel. (1.2)

To enhance the signature of an anti-neutrino event, ''*Cd, which has a high neutron-
capture cross section, was added to the water. The neutron created in the inverse (3
decay, was captured by '3Cd and produced ~ rays in the reaction

n 413 Cd -1 cd* -1 Cd + 4. (1.3)

The observation of this reaction proved the existence of neutrinos. Moreover, the non-
observation of the process Te +37 C1 —37 Ar + e~ [Dav55] verified that v, and 7, are
distinct particles.

Within the SM, the neutrino is a mass less particle existing in three flavor eigenstates
Ve, vy, and v;. However, the neutrino-oscillation experiments SuperKamiokande [Fuk98,
Fuk01, Ash04], SNO [Ahm01, Ahm02], KamLAND [Egu03], MINOS [Mic06], and K2K
[Ahn06] provided experimental evidence of neutrino oscillations, i.e., the oscillation of
one neutrino flavor into another. These oscillations are only possible if the neutrino is a

massive particle. In the two-neutrino form, the oscillation probability can be expressed
by [Nak10]

P (v, — 1) = sin?(20) sin® (Am?® L/4AE) (1.4)

where 6 is the mixing angle, F the neutrino’s kinetic energy, and L the travel distance
of the neutrino. With the observation of v oscillations, a new era of ‘Physics beyond
the Standard Model’ [Kuo89] had begun.

The definite neutrino flavor eigenstates ve, v, and v, differ from the neutrino mass
eigenstates vy, o, and v3. Similar to the CKM matrix in the quark sector, these eigen-
states are transformed into each other by the so-called Pontecorvo-Maki-Nagagawa-
Sakata (PMNS) matrix [Pon67,Mak62]. The three generation eigenstates are connected
to the mass eigenstates via

Ve Uel UEQ U63 141
vy | =1 Un Uw Uy v |, (1.5)
vy U, Un, U vs
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Figure 1.1: The schematic shows the neutrino mass eigenstates m; as a composition
of the neutrino flavor eigenstates. The absolute mass scale is unknown as long as m?

remains unknown.

with U being the PMNS matrix. The latter is a unitary matrix and thus can be written
as (see for example [Car09, Nak10])

1 0 0 C13 0 3136*7;5 ci12 S12 O
U=1] 0 co3 893 0 1 0 —s19 c12 O
0 —s93 co3 —slgei‘S 0 c13 0 0 1
1 11 111
er/2 00
0 e/2 o |, (1.6)
0 0 1
v

where ¢;; = cosf;; and s;; = sin6;;, with the three mixing angles 612, fh3 and 613. If
neutrino oscillation violates C'P symmetry, the phase factor § is non-zero. The factors
a1 and ag are so-called Majorana phases and require the neutrino to be a Majorana
particle. However, they do not contribute to oscillation phenomena regardless of the
neutrino’s nature. Part I of the PMNS matrix in Eq. (1.6) is determined from atmo-
spheric neutrino oscillation and long baseline disappearance measurements, while part
I is extracted from short baseline reactor and long baseline accelerator experiments.
Part III is determined based on the measurement of solar neutrino oscillations and
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sin? (2012) = 0.87 & 0.03
Am3, = (7.5940.20) 1077 eV?
sin? (26q3) > 0.92
Am3, = (24340.13)-1073eV?

sin? (2613) < 0.15, CL = 90%

Table 1.1: Most recent values of 60;; and Am? deduced from oscillation experiments
[Nak10].

long baseline reactor oscillations. A description of various experiments and the neu-
trino eigenstate mixing is presented for example in [Abe08, Les08, Nak10]. The latest
values of 0;; and Am?j are presented in Table1.1. The parameters known from os-
cillation experiments are displayed in Fig. 1.1 together with the unknown ones. Since
only Am?j is determined in oscillation experiments, three scenarios of mass hierarchy
are possible, namely normal, inverted and degenerate hierarchy. The neutrino mass
hierarchy as well as their absolute mass scale remain unknown in oscillation experi-
ments. Both, normal and inverted hierarchy, are displayed in Fig.1.1. Also, the nature
of the neutrino, i.e., whether it is a Dirac or Majorana particle, cannot be determined
in oscillation experiments.

The measurement of 3 decay end-point energies is a direct measurement of the
electron neutrino’s mass. Typically, tritium (77 = 12.32(2) y [NND10]) is the isotope
of choice because of its low @) value of 18.6 keV. Furthermore, it consists of only three
nucleons and therefore nuclear corrections in the decay are well understood. Previous
B end-point measurements provided an upper limit of m,, < 2eV [Yao06, Ott08]. A
new spectrometer, KATRIN, is currently being built and expected to be operational
soon. The KATRIN experiment is aiming at a resolution limit of 200 meV. A review on
KATRIN is given in [Ott08,0tt10]. These end-point energy measurements are sensitive
to the electron neutrino mass but are insensitive to the character of the neutrino.

A different approach to determine the absolute neutrino mass is the search for Ov 33
decays. The Feynman diagrams of both 2v33 and 0v 33 decay are illustrated in Fig. 1.2.
An experimental observation of this decay would determine:

e a lepton number non-conservation,

e the nature of the neutrino being a Majorana particle,
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Figure 1.2: Feynman diagrams of 2v33 and Ov33 decay.

e the effective Majorana neutrino mass

(mpg) = : (1.7)

} : 2
Ueimi
7

in terms of the mixing matrix elements U,,, the corresponding mass eigenvalues
m;, and the so-called Majorana phases «; in U,

e and the neutrino mass hierarchy, i.e., normal, inverted or degenerate hierarchy.

Based on constraints from oscillation experiments, certain (mgg) can be excluded in

Eq.(1.7). Fig.1.3 illustrates allowed (mgg) regions dependent on the lightest neutrino
mass eigenstate Mynin.

A worldwide search for Ov (33 decays is ongoing. One positive observation is claimed
for the isotope "Ge by part of the Heidelberg-Moscow Collaboration [KK04, KKO06)].
However, this claim is controversial and not accepted by the ‘2(-decay community’
(see footnote in [Barl0Oa]). In the following section, 53 decay and its implications are
presented. Additional information can be found in [Hax84,D0i85, Avi08, Vog08,Bar10al,
as well as in several books, for example ‘Neutrino Physics’ [Zub04].

1.2 Double beta decay and its implications

Double beta (83) decay is a second order weak process, in which the proton number Z
changes by two units while the mass A stays constant. The condition for the appearance
of 3 decays is nicely illustrated by the Weizséicker mass formula [vW35]. This formula
determines the Z-dependence of the nuclear mass M 4(Z, A) and thus whether a nucleus
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Figure 1.3: Effective (mgg) as a function of the lightest mass eigenstate m,,;,. Graph
from [Avi08].

close to stability is stable or will undergo # decay. The nuclear mass is determined by

A/2 — 2)? A
“e-2: .

A m—f—mez—i—ép, (18)

Ma(Z, A) = constant + asym

with the symmetry energy coefficient asy,, = 93.15 MeV, the Coulomb energy coefficient
acoul = 0.714MeV [Pov04], and the effect of the pairing force dp [Boh75]:

—12MeV A~Y2  for even-even nuclei,
op~=<0 for even-odd and odd-even nuclei, (1.9)

+12MeV A2 for odd-odd nuclei.

For isobars with odd A, the pairing term in Eq. (1.8) vanishes and M4(Z, A) is described
by a parabola with typically only one stable isotope for a given A. In the case of even
A, two parabolae exist shifted by +dp from the odd A parabola. These two parabolae
are displayed in Fig. 1.4 for the A = 136 isobars.

Double 3 decay takes place in cases where single J decay is either energetically
forbidden, i.e., when

M(Z,A) > M(Z+2,A)and M(Z,A) < M(Z +1, A), (1.10)
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e
MeV Ba 7 ——

Figure 1.4: Atomic masses of the isotopes with mass A = 136. For the nuclei 3¢Ce
and 139Xe, ordinary 3 decay is energetically not possible. However, 83 decay to the
daughter isotope 3®Ba is possible.

or strongly suppressed by a large spin difference of the involved nuclear states such as
for 48Ca. Typically, 88 decays are 07 — 07 transitions from the ground state of the
mother nucleus to the ground state of the daughter. Only in the cases of Mo and
150Nd 208~ 3~ decay, transitions to the first excited 0% state have also been observed
[Vog08, Barl0a).

Double 5~ decays of neutron-rich isotopes provide the motivation for this work.
Therefore if not stated otherwise, 80 refers to 373~ decays. It is expected to happen
in at least two modes: the two neutrino 53 decay and the neutrino less 56 decay. Both
cases are explained in the following sections and reviews on this topic are presented
in [Hax84,Doi85, Suh98, E1102].

Other exotic decay mechanisms beyond the SM are also discussed in literature but
exceed the scope of this thesis. Ref. [Barl0a] discusses one possible alternative decay,
0vx"B83, that requires the existence of a Majoron x°. The reader is referred to this
article and references therein.

1.2.1 Two neutrino double beta decay

The decay mode via the simultaneous but uncorrelated decay of two neutrons in a
nucleus, i.e., 2v43 decay, was first suggested by Goeppert-Mayer in 1935 [GM35] with
the process

(Z,A) = (Z +2,A) + 2 + 27, (1.11)
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This second-order weak interaction is allowed within the SM as it conserves lepton
number. The transition rate is proportional to G4F and as a consequence, extremely
slow. Such a transition was first observed in the 2033 decay of 82Se in geochemical
experiments (see [Mar85] for a review of geochemical experiments), and later confirmed
by the direct observation of the decay in a time-projection chamber with a half life of
Ty = 11708 . 102y (68% confidence level) [E1I87]. Since then, it has also been
observed in other isotopes with half lives typically on the order of 10?° years. Besides
proton decay, this decay is among the rarest on earth [Zub04]. A list of observed 2v3(
decay half lives is presented in Table 1.2.

The 2v33 decay rate is derived starting from Fermi’s Golden Rule for second order
weak transitions:

_271'

)\21/ A

M*[25 (By - By, (1.12)
where the delta function takes into account that the transition happens to discrete
energy levels and the matrix element M?" connects the initial and final energy states E;
and Ey, respectively. The matrix element is the sum of all transitions via intermediate
states m in the transition nucleus, and is given by

— B, — E,

with H;r being the weak Hamiltonian operator. In the latter equation, one has to
take into account that the electron-neutrino combinations in the intermediate step
cannot be distinguished. Therefore, one has to sum over all possible configurations,
E,, = ENm+E.,+E,,, of the energy of the intermediate state Fn,, the electron energy
E., and the neutrino energy E,, of leptons a,b = {1,2} [Zub04]. Based on Eq.(1.12)
and Eq.(1.13) and applying the Primakoff-Rosen approximation [Pri59] to simplify the
Fermi function, one obtains the electron spectrum of both electrons [Zub04]:

AN

4K?2 K3 K4
"~ ) , (1.14)

KQ-K) (142K + —— + — + =
(@ ) < * + 3 + 3 * 30
with K = T,, + T, and @ being the sum of both electrons’ kinetic energy and @)

value, respectively, in units of the electron mass. The decay rate can be approximated
by [Zub04]

Q @ & Q4>. (1.15)

A2 Q [1+ 2+ 4+ =

2~ Q ( T T 9 To0 T 1080
This rate and the total electron energy spectrum in Eq.(1.14) are independent of the
charge Z of the isotopes involved, depending only on the energy @ released in the decay.
It is noted that the decay rate scales with Q.
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The half life of this decay can be expressed by the phase space factor G*(Q, Z)
and the matrix elements Mé”T and M%" in the form

-1 2 2

(120) " - 0.2 |+ T a0

A

The involved Gamow-Teller and Fermi matrix elements are

<0+’7‘O'|1—4~_><1+|7‘0"0+>
M%. = ! J ) "~ and 1.17
or ;Ej—I-Q/?—I-me—EZ' (1.17)

ot |r|1 Y (1|70

OFI711)(1 7107) s,

MY = :
4 ;Ej+Q/2+me—Ei

with 70 and 7 being the Gamow-Teller and Fermi interaction, respectively. Fermi
transitions in 2v(0 are strongly suppressed due to selection rules and M, %’fp in Eq.(1.17)
dominantly contributes to Eq.(1.16). Selection rules only allow transitions via virtual
1" states in the intermediate nuclei. The above equations and their derivations are
presented in Ref. [Zub04].

1.2.2 Neutrino less double beta decay

Another possible 83 decay mode is the lepton number violating decay without the
emission of any neutrino, the neutrino less double beta decay Ov(3. This decay mode
is forbidden in the SM as it changes the lepton number by two units. In this transition
two correlated neutrons decay via

(Z,A) = (Z+2,A) + 2. (1.19)

This decay was first suggested by Furry [Fur39] after Majorana published a paper on
two-component neutrinos [Maj37]. A positive observation of this decay would imply
that the neutrino is a massive Majorana particle, independent of the processes involved
[Sch82, Tak84]. This is called Schechter-Valle theorem and is illustrated in Fig.1.5. In
fact, an experimental observation of any lepton number violation process would require
the neutrino to be a Majorana particle (see for example [Vog08]). The decay rate of
Ovf33 can be estimated by [Zub04]
Q5

20)? 2

and is proportional to @°. Compared to the 2v33 rate this decay would be enhanced
by about Q% but 0v343 is highly suppressed due to its lepton number violating nature.



Nuclide Transition Q-value Nat. ab. (GO”)_1 (GQV)_1 Tf/Q Experiment
[keV] %] [y] [y] [y]
8Ca —18 Ti ot — o0t 4271 0.187  4.10-10** 2.52-10'6  4.470%. 10" NEMO-III [Arn05]
CANDLES [Ume06]
6Ge —70 Se 0t — 0t 2039 7.8 4.09-10%®  7.66-10'% (1.54+0.1) - 10* HEID.-MOSC. [KK01]
GERDA [Abt04]
MAJORANA [The03]
%67 —9 Mo 0t — 0t 3350 2.8 4.46-10**  5.19-10'  (2.340.2) - 1017 NEMO-III [Arn05]
100Mo -1 Ru - 0F — 0T 3034 9.6 5.70-10%  1.06-10'7 (7.1+£0.4)-10'® NEMO-III [Arn05]
H6cq —»1165n 0 — 07 2802 7.5 5.28-10**  5.28-10** (2.8 £0.2) - 10" NEMO-III [Arn05]
COBRA [Daw09]
180Te 130 Xe 0T — 0+ 2533 345  5.89-10%* 208107  (6.87}7) 102 CUORICINO [And10]
CUORE [Arn08]
NEMO-III [Arn05]
COBRA [Daw09]
136Xe 136 Ba 0T — 0T 2479 8.9 5.52-10%  2.07-10'7 EXO0-200 [Leo08]
EXO [Dan00] XMASS [Kim06]
KamLAND-ZEN [Ter08§]
150Nd —1%0Sm 0t — 0 3367 5.6 1.25-10%%  8.41-10% (8.240.9) - 10%® NEMO-IIT [Arn05]

SNO+ future [Che08]

Table 1.2: 53 decay candidates. Listed are ) values, natural abundance and phase space factors (from [Zub04], references
therein) as well as the latest recommended Tf/”2 (from [Bar10b], references therein). Experiments currently starting to take
data or still under construction are displayed in italic.

suoryeordur 31 pue £edop ©39q 9[qno( g'T

1T
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Figure 1.5: Ovf33 Feynman diagram. The Schechter-Valle theorem [Sch82] states that
Ov 33 decay requires a finite neutrino Majorana-mass term, independent of the process.

The energy spectrum can be approximated by [Zub04]

dN 2 9
a = (T +1)°(Q+1-T.)", (1.21)

with T, being the kinetic energy of a single electron. Based on Fermi’s Golden Rule,
the half life of the decay derives to

v -1 v v v mVe 2
(18) " = 6o Q.2 g — aaep (1) (122

with the Gamow-Teller and Fermi matrix elements

M = (0F |77 Har (r) omon|0) ) , and (1.23)
m,n
9gv ?
My = (OF|m-mTn Hr (1) [0F) () : (1.24)
m,n gA
Here, r = |ry, —ry| is the distance between two nucleons in the nucleus and H(r)

describes the neutrino potential. Calculated values for the phase space factor G%(Q, 2)
are listed in [Cow06]. The latter acts on the nuclear wave function and describes the
exchange of virtual neutrinos. Since the interaction is a short range interaction, the
momentum transfer involved is large (O(0.5) fm™! [Fre07]). Therefore, the transition
can happen via many virtual states with any spin in the intermediate nucleus and many
transitions contribute to M%. The ‘Anatomy of the Ov33 nuclear matrix element’ is
discussed in detail in [S08] as well as contributions of different transition states to M.

Current and future experiments searching for neutrino less double beta decay are
listed in Table1.2. ‘Sense and sensitivity of double beta decay experiments’ are dis-
cussed in [GC10].
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1.2.3 3+3*, BTEC, and ECEC decay

In addition to 3~ 3~ decay, 873" decay is also of relevance. This process occurs along
with 3TEC and ECEC decay and the following channels are possible:

(Z,A) — (Z —2,A) + 2t (+2v) (BT87) (1.25)
ep+(Z,A) = (Z —2,A) + et (+2v,) (BTEC) (1.26)
25+ (Z,A) — (Z — 2, A) (+2ve) . (ECEC) (1.27)

Some isotopes known to decay via 8731 decay are "®Kr, Ru, 196Cd, 1?*Xe, 3'Ba, and
136Ce. A complete list including limits on decay half lives is presented in Ref. [Bar10a].
In the case of 39Ba a half life of (2.240.5)-10%'y (68% C.L.) for all weak 2v processes
was determined in a geochemical experiment [Mes01].

In general, 373", BTEC, and ECEC decays are of less experimental interest because
for 3+ 3%, the @-value is reduced by 4m.c? due to the Coulomb barrier. Therefore,
predicted half lives are of the order of ~ 10%7 years for 37 3%, ~ 10?2 years for fTEC
(Q — 2mec®) and ~ 10% years for ECEC processes [Barl0a]. Furthermore, an ECEC
decay only creates vacancies in the atomic shell that are hard to detect (either by x-ray
or Auger-electron emission).

In some cases of OvECEC decay, a resonance condition can exist that is expected to
enhance the transition rate [Win55]. For a resonance condition, the daughter nucleus
is required to have an excited level E with @ — E close to zero. In [Suj04], several
cases were investigated. For the isotope 12Sn, the OvECEC rate was estimated to be
enhanced by ~ 5 -10° and a detailed discussion of this case is presented in [Kid08].
The measured limits for 0vECEC and other STEC and ECEC processes in 12Sn are
Tyjp > 4.7-10%y and T} )5 > (0.6 — 8.7) - 10 y [Bar09], respectively (90% C.L.). The
most recent measurement of the 0f energy level in the 12Sn-daughter 12Cd [Gre09],
and a high precision Penning-trap measurement of the @ value [Rah09], showed that
the resonance condition is not given in ''?Sn. Therefore, a minimum half life of T} /2=
5.9 - 102/m2 y eV?, with m, being the effective neutrino mass in units of eV, is
estimated [Rah09]. Nevertheless, if Ov3~ 3~ is detected, one can gain information on
the underlying processes even from the limits of OvSTEC [Hir94].

The focus of current 33 decay experiments lies on the detection of the 2v5~ 6~ and
OvB~ 3~ decay modes. Hence, 373", 3TEC, and ECEC are only briefly mentioned
here and not considered further in this work.
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Figure 1.6: Calculated M® as function of artificially introduced nuclear quadrupole
deformation. Picture from [Vog08].

1.3 B3 decay and the matrix element problem

As already mentioned, if OvG0 decay is observed the neutrino has to be a Majorana
particle independent of the underlying process. However, an observation does not imply
in general that the effective neutrino mass can be deduced from Eq.(1.1). If Ov33 decay
happens via the exchange of unknown gauge bosons or if new particles are created
during the decay, the neutrino mass can no longer be deduced simply from Eq.(1.1).
So far, no indication has been found for a non-standard interaction of the neutrino.
Therefore, one assumes that the neutrino only interacts via the electro-weak exchange
particles W and Z, and hence, the effective Majorana neutrino mass can be deduced
from Eq.(1.1). For a more detailed discussion the reader is referred to [Vog08, Avi08].

Under the assumption that Ov33 decay is the only 86 decay mode without the
emission of a neutrino, and assuming that the neutrino is a light neutrino, one can
extract the effective Majorana neutrino mass from the half life of the decay. To de-
termine meaningful neutrino masses one needs to calculate M with an uncertainty
of less than 20% [Aki97]. These calculations are performed within the framework
of proton-neutron quasi-particle random phase approximation (pn-QRPA, see for ex-
ample [Hal67, Eng88, Suh88, Mut88, Geh07]), shell modell calculation (see for exam-
ple [Hax84,Cau96, Cau08,Eng09]), and interacting boson model (IBM-2, [Bar09]). Re-
cently, calculations have been published applying projected Hartree-Fock-Bogoliubov in
limited configuration spaces and schematic interactions [Cha08] as well as density func-
tional methods using the Gogny D1S functional [Rod10]. The difficulties in these calcu-
lations arise from large parameter spaces and deformation of the nuclei involved. Shell
Model calculations studying deformation effects are published in [Cha09, Rat09] and
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QRPA calculations accounting for deformation are presented in [You09, Mor09,Fan10].
In Ref. [Men09], the initial nucleus in the transition 82Se —82Kr was artificially de-
formed by adding unrealistic quadrupole-quadrupole interactions to the Hamiltonian
in order to investigate the influence of deformation. In Fig. 1.6, the resulting M% are
plotted against the squared quadratic quadrupole moment deformation. With an in-
creasing difference in deformation between mother and daughter nucleus, given by a
non-zero (Q?)(Kr) — (Q?)(Se), the calculated matrix element decreases. This demon-
strates that the NME strongly depends on nuclear deformation.

If one compares NMEs for different elements calculated in different theoretical
frameworks, deviations up to a factor of 2-3 arise [Rod06, Geh07, Rod09]. Some re-
cently calculated MY are displayed in Fig.1.7 to illustrate the situation. All ma-
trix elements were calculated using the parameters R = rq - A3 with rg = 1.2fm™!
and an axial-vector coupling g4 = 1.25. If different parameters are used in cal-
culations, the NMEs can be compared with each other by normalizing them to

MV — (%)2 (%) fm = M (see for example [Men10]).

Typically, experimental results from 2v(0 decays are used to benchmark theoretical
calculations. This is especially the case in the framework of pn-QRPA. In this theo-
retical description, a particle-particle parameter gpp is introduced to the Hamiltonian.
This parameter is used to tune calculated half lives to experimental values. Since 2v30
only happens via intermediate 17 states, gpp is only sensitive to these transitions via
intermediate states up to ~5MeV. Then, this gpp is used in the calculation of M.
However, as 0v33 happens via all virtual transition states up to ~100MeV, MY is
rather insensitive to gpp [S10,Fre07]. In shell model calculations, no tunable parameter
exists but calculations are still judged on how well they reproduce experimental 2vG0
results.

Additional experimental information on the underlying nuclear processes can be
gained by measuring the EC and = branching ratios of intermediate nuclei in G0
decays. By measuring these BRs, the transition strength via the ground state in M?”
(see Eq.(1.17)) is determined directly. This knowledge can then be used to benchmark
theoretical models because the measurement directly probes the nuclear wave function.
Thus, ECBR measurements are important for all models as they provide details on the
involved nuclear physics.

In the framework of QRPA, a comparison of gpp extracted from 2v33 to gpp
extracted from measured EC and 5~ BRs shows a huge discrepancy indicating incon-
sistencies in the theoretical description. This is discussed in detail in [Suh05].

In some cases of 2v33 decay, a so-called single-state dominance (SSD) is expected
to be present, where the transition via the lowest lying intermediate 17 state accounts
for a majority of the strength in the M?” matrix element [Aba84]. Currently, an SSD
is experimentally observed in the 83 decay of °“Mo [Mor09]. In the decay of 6Cd,
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Figure 1.7: Calculated M. ((R)QRPA) Average (M%) calculated within the renor-
malized QRPA applying different treatments of short-range correlations (from [SOQ])
and averaging over different parameter sets. The error bars were obtained by vary-
ing the initial parameter set. (IBM-2) M’ calculated in the Interacting Boson
Model [Bar09]. (Shell Model) NME calculated within the Shell Model [Cau08].

an SSD is expected but experimental uncertainties are not sufficiently small to allow a
definite claim [Dom05, Mor09]. If an SSD is present, the Gamow-Teller matrix element
M2, presented in Eq.(1.17) can be approximated by [Mor09]

M(GT)M(GTY) | 1 1 6D
(Qp- +Qec) /2 V[tec /Tts- 934 (Qs- + QEc)’

where D = 6147 and g4 = 1.25 is the axial-vector coupling strength. Qpc and Qg- are
the EC and 3~ @ values of the intermediate nucleus and ftgc and ftg- are the ft values
of EC and 8 branches, respectively. In the case of an SSD, M?” can be determined
completely by measuring the Gamow-Teller matrix elements M (GT~) and M(GT™).
M (GT™) can be determined in charge exchange reactions such as (p,n) and (3He, t),
while M (GT™) can be determined in (n,p) and (d,? He) charge exchange reactions (see
for example Ref. [Vog08,Mor09]). The interpretation of transfer reactions is, however,
model-dependent. A model-independent way of determining M (GT7) is by measuring
EC and S~ BRs of the short-lived transition nucleus in 83 decays. The difficulty in
determining these ECBRs is their suppression by five orders of magnitude compared
to B~ branches. Additionally, the signature of an EC is the emission of an x-ray which
is difficult to detect in the presence of dominantly abundant [ particles. These two
facts make ECBR measurements challenging. So far, the ECBRs of %0Tc [Gar93]
and 1'%Tn [Bha98] have been determined in tape station experiments. Furthermore,

M2 (SSD) = (1.28)
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Figure 1.8: Decay scheme of 1" Mo. Knowledge of the electron capture branching ratio
of 1%9T¢ is crucial in the determination of My,. Picture courtesy of [Sju08a].

100T¢ has been re-measured applying the technique of Penning trap assisted decay
spectroscopy [Sju08b]. Both techniques are briefly discussed hereafter.

1.4 Conventional electron-capture branching ratio techniques

The conventional technique of determining ECBRs is the use of tape stations. In
this technique, a radioactive sample is implanted on a tape and then moved in front
of one or several detectors that detect x-rays and 3 particles. After a measurement
period, a new sample is implanted on the tape and moved in front of the detector.
This technique has been applied to determine the ECBR of '"0Tc, the intermediate
transition nucleus of 1Mo 33 decay [Gar93]. The latter decay scheme is illustrated
in Fig.1.8. The difficulties of this method arise from isobaric contaminations in the
sample, the # background from dominating (¢ branches, and x-ray attenuation in the
carrier material.

The second ECBR measurement of '°Tc was improved by performing trap assisted
decay spectroscopy. This experiment was set up by S.K.L. Sjue and performed in
Jyviskyld [Sju08b]. There, the sample was isobarically purified in a Penning trap by
means of a mass-selective buffer gas cooling technique [Sav91]. Afterwards, the sample
was implanted into the cavity of a plastic scintillator. A low energy Ge detector was
placed as close as =~ 0.32cm to the implanted sample and recorded x-rays and  rays
from the decay of 'Tc (see Fig.1.9). Electrons from the dominating 3 decay were
detected by the plastic scintillator and used to discriminate photons detected by the
low energy Ge detector. With this technique, the ECBR of '%°Tc was determined to be
BR(EC) = (2.60 4 0.34 £ 0.20) - 107° [Sju08b] and is in agreement with [Gar93]. The
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Figure 1.9: Schematic of the detector setup used in [SjuO8b| to measure the ECBR of
100T¢, Picture courtesy of [Sju08al.

resulting Gamow-Teller strength B(GT;'%° Mo —1% Tc) = 0.95 & 0.16 is about 80%
larger than the value extracted from charge exchange reaction. However, Gamow-Teller
strengths calculated with QRPA range from 4 < B(GT;!% Mo —1!% Tc) < 6 [Sju08b).

A limiting factor of this method is the x-ray attenuation of the scintillator and the
Al foil where the ions are implanted. The veto of 8 particles reduces the 8 induced
background but cannot suppress it completely. A dominant background in the x-ray
region due to e~ bremsstrahlung remains present.

To overcome these drawbacks of G-dominated background and isobaric contamina-
tion and solve the discrepancy in determined ECBRs between charge exchange reac-
tions and decay spectroscopy, motivated the development of a new technique to measure
ECBRs of intermediate 53 decay nuclei. The aim of this technique is the measurement
of these transitions with uncertainties comparable to the ones achieved in [SjuO8b].
Furthermore, it will resolve the discrepancy between previously measured ECBRs.

1.5 TITAN-EC — electron-capture branching ratio
measurements at TITAN

A novel technique of in-trap decay spectroscopy has been proposed to measure the
ECBRs of transition nuclei in 2v3(3 decays [Fre07] with an uncertainty of ~ 10%. The
basic concept of this proposed technique is to perform decay spectroscopy on ions stored
inside a Penning trap. The trap’s strong magnetic field guides all electrons originating
from dominating # decays out of the trap where they are detected. X-rays following
an EC are emitted isotropically. Therefore, with x-ray detectors positioned radially
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ECBR mother Transition ECBR daughter Ka Half life

6As 2= — 0t 6Ge 99keV  26.2h
82mBy 2= — 0F 82Ge 11.2keV 6.1 min
100¢ 1t — o0t 10000 17.5keV ~ 15.8s
HO0Ag 17— 0t Hopq 21.2keV  24.6s
a1y 1t — o0t H4cq 25.3keV  71.9s
161y 1t — 0t H6Cq 25.3keV  14.1s
1281 1t — o0t 128 Te 27.5keV  25.0min

Table 1.3: A list of isotopes that are proposed to be measured with TITAN-EC.

around the trap center one can determine the ECBR of stored isotopes with ideally no
08 background contribution in the x-ray detector.

This technique requires an isotope production facility capable of producing inter-
mediate 83 transition nuclei as well as a Penning trap with visible access to the trap
center. Both are present at TRIUMF’s Ion Trap for Atomic and Nuclear science (TI-
TAN). One of TITAN’s ion traps, the electron beam ion trap (EBIT), can be operated
as an open access spectroscopy Penning trap, i.e. without the electron beam. In this
operation mode, the electron gun is retracted and replaced by a G detector placed along
the trap axis and used to detect § particles guided out of the trap.

The trap’s magnetic field is created by a pair of superconducting coils in a quasi-
Helmholtz configuration. This configuration allows one to have access-ports between
the coils. Additionally, the central trap electrode where the ions are stored, is segmented
with slit-apertures. This setup allows one to install up to seven x-ray detectors radially
around the trap, installed either inside or outside the vacuum vessel. In the latter
case, Be windows with little x-ray attenuation separate the vacuum from the external
atmosphere. A schematic of TITAN-EC, the experiment designed to measure ECBRs
at TITAN, is shown in Fig. 1.10. In this figure, the pair of coils in the quasi-Helmholtz
configuration, the central trap electrode, two x-ray detectors and the 3 detector are
illustrated. Radioactive ions are injected into the spectroscopy Penning trap from the
left. While ions are stored, their x-ray decays are observed radially (wavy arrow) while
B particles are guided out of the trap along its axis (cone).

The scope of this work was the development and implementation of the in-trap
decay spectroscopy technique proposed in [Fre07]. All nuclei that are proposed to be
measured with this new technique are listed in Table 1.3.
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Figure 1.10: Schematic of the electron capture branching ratio measurement setup
with electric potential applied to the trap electrodes (guard electrodes and central drift
tube).



Chapter 2

TITAN Overview

The TRIUMF Ion Traps for Atomic and Nuclear science (TITAN) facility is located
at TRIUMEF’s Isotope Separation and Acceleration (ISAC) facility (Fig.2.1). It is
dedicated to high precision experiments on short-lived radioactive isotopes. The TITAN
setup presently consists of a digitally driven Radio Frequency Quadrupole (RFQ) ion
beam cooler and buncher [Smi06], a high-precision mass measurement Penning trap
(MPET) [Bro09], and an Electron Beam Ion Trap (EBIT) [Lap10]. The system has been
successfully used for precision mass measurements, in particular, for the light neutron-
rich nuclei ®He [Ryj08], 1'Li [Smi08], and 'Be [Rin09]. These nuclei are referred to
as neutron halos. Additionally, the mass of ?Be has been determined to evaluate the
isobaric mass multiplet equation for the lowest lying T' = 2 multiplet for the A = 12
system [Ett10b]. The uniqueness of the TITAN mass measurement system versus other
on-line systems stems from the EBIT. The EBIT can be used for charge breeding to
enhance the precision of mass measurements and has been operational on-line for the
first time for the mass measurement of ¥K** (t; 5 = 6.8(2) s [NND10]) [Lap10].

The special design of the EBIT allows one to use it as a spectroscopy Penning trap
and not as a charge breeder, i.e., without the electron beam. The magnetic field is
produced by a pair of coils in a quasi-Helmholtz configuration that, in combination
with a trap electrode configuration that has slit-apertures, allows direct visible access
to the trap center. This unique setup offers the possibility to perform spectroscopy
on ions injected into the spectroscopy EBIT which, in the case of operation without
the electron beam, functions as a spectroscopy Penning trap. One of the possible
spectroscopy experiments is the newly developed technique to perform in-trap electron
capture decay spectroscopy for double beta decay. This technique aims to measure
electron capture decays of intermediate nuclei in double 3 decays. Its feasibility has
been demonstrated in the framework of this thesis during two campaigns with the
radioactive isotopes 197In [Ett09, Brul0b] and '?4126Cs [Brul0a).
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Figure 2.1: ISAC experimental hall at TRIUMF. TITAN is situated on a platform in the low energy area of ISAC I (source:
www.triumf.ca).
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2.1 Radioactive isotope production at ISAC

The heart of TRIUMF forms its cyclotron that accelerates H™ to a kinetic energy of
up to 520 MeV. To extract protons from the cyclotron, a graphite foil is placed in the
beam path. This strips off the two electrons from H™ and leaves a bare proton. The
change in polarity changes the direction of the proton in the cyclotron’s magnetic field,
i.e., the protons are bent out of the cyclotron and extracted.

Proton beams with typically 500 MeV and up to 100 pA are then delivered to TRI-
UMEF’s ISOL-type isotope facility ISAC [Dom00, Dom02]. The protons impinge on one
of the two targets. Fig. 2.1 presents the overall layout of the ISAC facility; the design
of a target is shown in Fig.2.2. Inside the target, stable and radioactive isotopes are
produced. They diffuse to the surface, and eventually evaporate. A hot tube guides
these isotopes to the ion source where they are ionized. Currently, three ion sources
are available at TRIUMF, namely a laser ionization ion source (TRILIS) [Wen03], a
surface ion source, and an electron cyclotron resonance (FEBIAD) ion source [Bri08].

The ionized isotopes are extracted out of the ion source by electrostatic potentials.
Depending on the combination of target material and ion source, a broad range of
isotopes leave the ion source from which they are extracted with a variable potential
ranging from 12keV up to 60keV. This isotope cocktail is then cleaned by two dipole
magnets in combination with a slit setup. Depending on their mass-to-charge ratio
m/q and velocity v, the ions pass through the magnet on different radii » = mv/q B
and are thus spatially separated with a typical resolution of R ~ 3000. A birds eye
view of target area and mass separator setup is also illustrated in Fig. 2.2.

The ion beam is then guided electro-statically to the experimental area in ISAC
where they are either used directly in experiments such as TITAN (see Fig.2.1) or
further accelerated for experiments in ISAC-I or ISAC-II.

2.2 The TITAN facility

TITAN is a setup currently consisting of the three ion traps displayed in Fig.2.3: a
digitally driven Radio Frequency Quadrupole ion beam cooler and buncher (RFQ), a
high-precision mass measurement Penning trap (MPET), and an Electron Beam Ion
Trap (EBIT).

During a measurement, the ion beam coming from ISAC or the TITAN off-line ion
source is first cooled and bunched in the RFQ. Afterwards, the ion bunches can be sent
either to the MPET or EBIT. With the MPET, high precision mass measurements
are performed. If an increase in precision is required, the ions are injected into the
EBIT for charge-breeding prior to the mass measurement. In the case of an ECBR
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Figure 2.2: ISAC target area and mass separator in bird’s eye view. The inset shows a
model of target and ionization tube. Picture courtesy of J.-P. Lavoie.

measurement, the ion bunches are sent directly into the spectroscopy Penning trap,
i.e., the EBIT without the electron beam, where they are captured and stored.

2.2.1 lon trapping techniques at TITAN

The TITAN experiment uses three types of ion traps to create a three-dimensional
confinement for ions; namely, Penning trap, Paul trap, and electron beam ion trap.
These first two techniques will be introduced in the following sections. A detailed
description of the principle of an EBIT is given in [Gil01, Cur03]

Paul trap

One possible configuration of a Paul trap is based on a quadrupole electrode struc-
ture. It consists of opposite facing electrodes at the same electric potential whereas
neighboring electrodes are at a different potential. This electrode configuration cre-
ates an electrostatic quadrupole field that focuses charged particles along one axis and
de-focuses them along a second axis perpendicular to the first. A schematic view of a
quadrupole and the resulting potential is displayed in Figure 2.4. By applying a radio-
frequency (RF) to the electrodes, the quadrupole field rotates along the geometrical
axis ¢ and thus creates a confining potential. The ion motion in a linear quadrupole
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Paul trap consists of a macro-motion and micro-motion for which the equations of mo-
tion can be solved analytically [Maj04]. The ion motion depends on the ion mass m,
the RF amplitude V applied to the electrodes at a distance 2-rg, and the RF frequency

WRFEF-
A stability parameter, see for example [Gho95],

47ZeV

q= )
meFTO

(2.1)

indicates whether an ion with charge Z is on a stable motion in the Paul trap. For
sinusoidal driven RFQs, the ion motion is typically stable for ~ 0.2 < ¢ <~ 0.9.
TITAN’s RFQ is a digitally driven square-wave RFQ with stable operation in the region
~ 0.2 < ¢ <~ 0.7 [Smi05]. In Fig.2.5, the solution for the ion motion is displayed for
q = 0.2 and ¢ = 0.6 for TITAN’s digital driven RFQ. For ¢ = 0.6, the micro-motion is
larger than for ¢ = 0.2; for ¢ > 0.7 no macro-motion exists, hence the ion is lost in the
trap. In both figures, the pure harmonic macro-motion is also displayed for comparison.
A detailed description of TITAN’s RFQ is given in [Smi05] while a general description
of Paul traps is given in [Daw95, Majo4].

Paul traps are commonly used as ion guides [Pau58] or for ion cooling and bunching
[Her01], but decay-spectroscopy of He™ in a transparent Paul trap has also been
performed [F1é08]. TITAN uses a linear Paul trap to cool, clean, and bunch DC ion
beams delivered from ISAC or an off-line ion source [Smi05, Smi06].

Penning trap

In a Penning trap ions are confined by a combination of static electric and magnetic
fields. The magnetic field forces the ions on a circular orbit by the Lorentz force
Fp = qu X B and thus confines radially. The ions with a charge-to-mass ratio g/m
oscillate with a cyclotron frequency

1
VC——EB

27mm (22)

perpendicular to the magnetic field B. Along the magnetic field axis the ions are
confined by a static electric field (see. Fig.2.6). This electric field can either be created
by hyperboloidal or cylindrical shaped electrodes [Bro82,Maj04]. This leads to a three-
dimensional confinement of the ions. The condition for stable confinement of particles
with charge-to-mass ¢/m in an ideal Penning trap with dimension d = /23/2 + p3/4
(see Fig. 2.6), magnetic field strength B, and trapping potential Up¢ is given by [Bro82]

lal g2 2lUpcl

m 2 qVpc > 0. (2.3)
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Figure 2.4: Geometrical view of an Figure 2.5: Analytical ion motion of an ion
electric quadrupole. The graph il- in a Paul trap. The calculation was done
lustrated the potential created by ~ for TITAN’s Paul trap at ¢ = 0.2 and ¢ =
the quadrupole. 0.6 [Smi05]. The harmonic macromotion is

displayed for comparison.

In an ideal quadrupole electric field created by hyperbolic electrodes, the ion motion
can be described as the superposition of three independent harmonic eigenmotions as
illustrated in Figure2.7. The ion oscillates parallel to the magnetic field lines with
frequency v,. The cyclotron frequency of the ion is the sum of reduced cyclotron
frequency v and magnetron frequency v_ [Bro82]

voe =vy +uv_. (2.4)

By measuring the cyclotron frequency of the ion in the Penning trap, one can ex-
tract the mass of the ion if the charge state and magnetic field are sufficiently well
known. For typically high precision mass measurements of the order of dm/m ~ 1078
a homogeneous B-field of several Tesla is needed. Generally, the magnetic field is not
known to precisions of §B/B ~ 107% and below. Therefore, mass measurements are
performed relative to a well known mass, i.e., the cyclotron frequency of a well known
mass is measured against the cyclotron frequency of an unknown mass. In this case,
the generally imprecisely known magnetic field B cancels. In [Bro82] a detailed review
is given for charged-particle storage. For a review on mass measurements with Penning
traps, refer to [Maj04], [Bla06] and [Bla09].
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Figure 2.6: Confining fields in a Pen- Figure 2.7: The three eigenmotions of an
ning trap. Radially, the ions are con- ion in a Penning trap. lons oscillate with
fined by the magnetic field while an elec- cyclotron frequency v;, magnetron fre-
tric quadrupole field confines them axi- quency v_ and axial frequency v,. Picture
ally. Picture courtesy of R. Ringle. courtesy of R. Ringle.

2.2.2 Cooling and bunching of ions in the RFQ

The digitally driven RFQ is the first ion trap that ions pass upon their arrival at
TITAN [Smi06]. It is a gas filled linear Paul trap designed to decelerate, cool, and
bunch ions coming from ISAC or TITAN’s off-line surface ion source. The incoming
ions are electrostatically decelerated by floating the RFQ potential at high voltage
(Unv ~ Uion source)- Inside the RFQ, the ions are radially confined by an electric
quadrupole radio frequency field and axially by a longitudinal trapping potential. In
order to cool the ion beam, the RFQ is filled with buffer gas. In collisions with this buffer
gas the ions lose their residual energy and cool to thermal equilibrium with the buffer
gas (T~300K). Along the beam axis (Z-axis) an electric field gradient moves the ions
linearly through the RFQ towards the extraction electrode. There, the ions are collected
in the minimum of the applied field as illustrated in Fig.2.8. A potential barrier, the
so-called capture potential, prevents the ions from leaving the RFQ and provides three-
dimensional confinement. In order to extract the ions, the capture potential is switched
from a repulsive potential to an attractive potential, the so-called extraction potential.
To achieve extractions of short pulses, an electrode further up-stream is switched to
a repulsive potential to accelerate ions out of the RFQ. The applied potential during
extraction is shown by the dashed red line in Fig. 2.8.

After the extraction out of the RFQ, the ions are accelerated as a bunch into a drift
tube. This tube is switched to ground potential while the ion bunch travels through
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it. The drift tube works as an ‘ion elevator’ and allows one to adjust the ion beam
transport energy.

TITAN’s RFQ consists of 24 electrodes that create the drag field (see Fig.2.8
and [Smi05, BrulOc]). A unique feature of this RFQ is the symmetric design of the
electrodes. This allows one to apply a drag-field with the potential minimum at the
entrance of the RFQ. Thus, ions are collected at the entrance of the RFQ and can be
sent in bunches back into the ISAC beam line towards other experiments such as the
laser spectroscopy experiment [Man10].

During general operation the RFQ is biased at a potential several tens of volts
below the ion source. In an on-line experiment, the floating voltage of the RFQ is set
to the nominal ion source potential and optimized using the transmission through the
RFQ as a measure. Typically, [ISAC’s ion beams are delivered with a kinetic energy of
about 20 keV to TITAN. The pulsed drift tube is operated at 18 kV to match TITAN’s
beam line acceptance. The TITAN beam line and experiments are designed for beam
energies of 2keV. If ISAC delivers beam with lower or higher energy, the potential of
the drift tube is changed accordingly. Currently, TITAN can accept ISAC beams of up
to 40keV.

2.2.3 Measurement Penning Trap

The MPET is TITAN’s ion trap dedicated to high precision mass measurements apply-
ing the ion cyclotron resonance time-of-flight technique (ICR-TOF) [Bol90, K6n95] in
which ions are captured dynamically in the Penning trap and excited with a quadrupole
radio frequency vrr. When vrrp = v¢, this excitation converts the magnetron motion
w_ to the reduced cyclotron motion w,. For a measurement, the ion is first brought
onto a well defined and reproducible magnetron radius. Then, the RF excitation vgrp is
applied for an excitation time Trr such that the magnetron motion is fully converted to
reduced cyclotron motion. At that time the ion has the maximal radial kinetic energy.
After the excitation, the ion is extracted out of the Penning trap onto a multi-channel
plate detector (MCP) and its time-of-flight is recorded. While the excitation time Tgrp
is kept constant, measurements are performed for different RF frequencies vrp around
the cyclotron frequency v¢ of the ion of interest. If vpr = v, the ions’ kinetic energy
gain is maximal and their time-of-flight is minimal. A measured time-of-flight reso-
nance of “Lit is displayed in Fig.2.9. It has been demonstrated with stable “Li* from
TITAN’s off-line surface ion source, that a precision of 4 - 107 could be reproducibly
achieved [Bro09].

One feature that distinguishes TITAN’s Penning trap from other traps is the spe-
cialization in measuring short-lived radioactive isotopes with ¢;/, < 50ms. This is
made possible using a Lorentz steerer [Rin07] that pushes ions off-axis when they enter
the magnetic field. This defines the ions on an initial magnetron radius inside the trap
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Figure 2.9: Time-of-flight resonance of "Lit after an excitation time Trp of 900 ms.
The resonance spectrum is fitted with the theoretical line shape [K6n95].

and allows for shorter measurement cycles. Without a Lorentz steerer, a magnetron
dipole excitation of about 100 ms duration needs to be applied in order to excite the
ions to an initial magnetron radius. Additionally, the whole system can be operated
at high repetition rates of up to 100 Hz. This pushes the limit of mass measurements
on radioactive isotopes possible to shorter half lives. The shortest-lived isotope mea-
sured at TITAN to date was 'Li with a half life of 8.75(14) ms [Aud03]. For isotopes
with a half life ¢ /5, the optimal excitation time can be derived from Eq.2.5 to be
Trr = (2/1In2) -t /5. Shorter excitation times result in less resolving power and longer
excitation times suffer from ion losses due to their radioactive decays.

In a Penning trap, ion masses are determined by measuring the frequency ratio of
an unknown to a known isotope. This minimizes systematic uncertainties arising from
inhomogeneities of electric and magnetic fields assuming that both ion species travel in
the same region of the Penning trap. Based on the mass of the calibrant mg, the mass
of the ion of interest m; is deduced from the frequency ratio, m; = 4. Z—f -ma. In order
to limit the uncertainty contribution of the calibrant, a well known mass needs to be
chosen.

The relative precision of this method is approximated by the relation

om 1
—_— X ———. 2.5
m  qBTrrVN (25)
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Max. e~ energy 70keV  Stored ions in trap 105 — 10%
Max. B-field 6T e-beam intensity ~5-10%2
Herrmann beam & (FWHM) ~ 40pm Current density 10% A/cm?

Table 2.1: Specifications of the TITAN EBIT [Lapl0].

For a given excitation time Trp of an ion inside a magnetic field B, the precision of
the measurement scales linearly with the charge state ¢ and the squared number of
ions N2 measured. One effective possibility for increasing the precision of the mass
measurement is by increasing the charge state q.

In order to increase the charge state, ions coming from the RFQ can be sent to
TITAN’s EBIT. During a first on-line experiment with K4t the EBIT was successfully
commissioned and has been operational since [Lap10].

2.2.4 Electron Beam lon Trap

At the TITAN facility the charge state of ions can be increased by charge breeding in
the EBIT [Fro06, Lap10]. The EBIT is built similar to a Penning trap with cylindrical
trap electrodes but operates on a slightly different principle. Ions are radially confined
by the intense electron beam. The EBIT consists of a high intensity electron gun, the
trap center, and an electron collector. A schematic of the EBIT is shown in Fig. 2.10.

A high intensity electron beam of up to 500 mA (an upgrade to 5 A is planned) is
produced by the cathode in the electron gun. The electrons are emitted in a very low
magnetic field region. The attractive potential of the trap center accelerates the ions
towards the trap center where they are compressed by the strong 6 T magnetic field.
This compression of the electron beam leads to current densities of up to 10° A /cm?.
After the electrons pass through the trap center they are decelerated by the collector
that is floating near the electron gun potential. At the collector, a magnetic field with
opposite direction to the trap’s magnetic field increases the diameter of the electron
beam and guides it into the collector electrodes. Fig.2.11 displays the principle of
charge breeding; specifications of the EBIT are listed in Tab. 2.1.

Ions in the EBIT are radially confined by the electron beam space charge. The
trap electrodes are biased in such a way that they create a potential minimum in the
center of the trap. Ions that pass through the EBIT are ionized by the intense electron
beam. If the trap potential is set correctly, the ions get captured inside the potential
minimum as soon as their charge state is increased by one. With each electron removed
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Figure 2.10: Section view of the EBIT model. On the right side the electron gun
produces electrons and shoots them through the trap center before they are collected
by the collector.
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Figure 2.11: Working principle of the EBIT [Fro06].

from the atomic shell, the ions are captured deeper in the potential well. Depending
on the electron beam energy and density, the charge state distribution varies. Electron
configurations of He-like U%* can be produced with the TITAN-EBIT.

Highly charged ions can be used for a variety of experiments [EBIO8]. Their main
purpose at TITAN is mass measurements on highly charged ions. But x-ray spec-
troscopy on highly charged isotopes can also be performed due to the open access to
the trap center (see Chapter 3). The possibility to charge breed to certain atomic shell
closures also allows one to use the EBIT for atomic mass spectrometry. A proposal
for this method has been submitted to the TRIUMF EEC under the proposal number
S1141.

In this work, the EBIT was operated without the electron beam as an open access
Penning trap to perform in-trap decay spectroscopy. This is the central scope of this
thesis and the details of this technique are described in the next chapter.



Chapter 3

In-Trap Decay-Spectroscopy Setup at
TITAN

During electron-capture branching-ratio (ECBR) measurements at TITAN, radioac-
tive isotopes produced by ISAC are sent to TITAN’s RFQ for beam preparation and
then injected into the spectroscopy Penning trap. Static electric and magnetic fields
confine the ions inside the trap. The use of carrier material for implantation is not
required. While the ions are stored inside the trap, their radioactive decays are ob-
served. Electrons originating from 3 decays are guided out of the trap by the strong
magnetic field and then detected by a ( detector located on the beam axis. This
detector is mounted inside the vacuum vessel in a detection chamber and is described
in Section3.3. The detection chamber is introduced in Section 3.1.5 while the results
of 3 trajectory simulations are presented in Section 3.3.1.

X-rays following an electron capture are emitted isotropically and are observed by
two radially positioned Ge detectors. These two Ge detectors, used for the present
measurements, have been thoroughly tested and were then installed on either side of
the spectroscopy Penning trap as described in Section 3.4.

Within this work, the experimental setup to perform electron capture branching
ratio measurements has been developed, tested, and installed at the Penning trap.
A specially designed detection chamber between the Penning trap and electron-gun
chamber houses a multi-channel plate (MCP) detector to observe and tune the beam.

3.1 Spectroscopy Penning trap

The EBIT is designed with a unique open geometry that provides visible access to
the trap center. For electron capture branching ratio measurements it is used as a
spectroscopy Penning trap. During these ECBR measurements the electron gun is
retracted and instead either an MCP or a 8 detector can be positioned on the beam
axis. The experimental setup is shown in Fig. 3.1 displaying the spectroscopy Penning
trap with its two superconducting coils, retracted e-gun, detection vacuum chamber,
and the position of the MCP.
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Figure 3.2: Magnetic field (a) along and (b) perpendicular to the trap axis, simulated
with COMSOL [COM] (red histogram). The thick, blue line in (a) is the summed
magnetic field for two single coils (thin, green line) calculated using Biot-Savards law
[St600]. Arrows indicate the positions of the detectors used within this work.

3.1.1 Magnet system

Two superconducting NbsSn coils in a quasi-Helmholtz configuration create the mag-
netic field of up to 6 T (~ 120 A current [Fro06]) that radially confines the ions inside
the Penning trap. The coils have an inner diameter of 115 mm, an outer diameter of
216 mm, and are 55 mm wide. They are separated from each other at a distance of
~112mm. This distance is larger than the coil radius of ~83 mm and results in a mag-
netic field minimum at the center of the trap and two maxima roughly at the position
of the guard electrodes. At the trap center the field is reduced by ~8% and thus a
magnetic bottle is created. The field strength was calculated along the trap axis using
COMSOL [COM] and the result is illustrated in Fig. 3.2 a. This figure also displays the
calculated magnetic field of two dimensionless coils and the sum of their fields [St500].
Between the Helmholtz-coil pair at the trap center, the B-field minimum creates the
magnetic bottle that is explained in more detail in the following subsection.

A two-stage Gifford-McMahon helium cryocooler [Lap10] keeps the superconducting
coils at a temperature of 4.5 K. It is a cryogen free system, i.e., it is not cooled with liquid
helium. Inside the magnet all trap electrodes except the two outermost are mounted
to be electrically insulated but in thermal contact with the 4.5 K cold magnet. The
magnet is protected from radiative heat load by a thermal shield at 26 K. Connected
to this shield are the outermost two electrodes. Two diametrically opposed sets of
diagonally crossed adjustable stainless steel rods of 2 mm diameter hold and fix the
magnet inside the vacuum vessel. These rods provide thermal contact between the
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magnet, thermal shield, and room-temperature housing. Fig.3.3 displays the opened
vacuum vessel, thermal shield, and magnet as well as the trap electrode structure.

Access ports in the thermal shield as well as the magnet allow visible line of sight
to the trap center. In order to reduce the heat load on the magnet, the ports of the
thermal shield are covered with Al-plates when vacant. Otherwise, the access ports are
covered by a 25pm thick Be window and used for x-ray spectroscopy with detectors
placed outside the vacuum vessel. A special low energy Ge detector (see Section 3.4.3)
is installed within the vacuum chamber inside one of the access ports of the Helmholtz
coil magnet. Inside the magnet this detector is thermally shielded by an Al-tube that
is in thermal contact with the thermal shield.

3.1.2 A magnetic bottle effect

The deviation of the coils from an ideal Helmholtz configuration, i.e., the coil radius
equaling the distance between the coils, leads in our case to an ~ 8% magnetic field
minimum in the trap center (see Fig.3.2a). This minimum creates a magnetic bottle
effect in the trap center. Electrons or § particles that are emitted with a pitch angle, i.e.,
the angle between particle velocity ¥ and the magnetic field é, larger than the critical
angle a. stay trapped and cannot reach the detector. This critical angle depends on
the so-called mirror ratio; that is, the ratio between the magnetic field By, at the
origin of the electron and the maximal magnetic field Bpax, and is given by

i: M — Bma"_l (3.1)
tan ag Vi) it Biin ’ '

with v|| and v being the velocity parallel and perpendicular to B. At the trap center,
the critical angle is calculated to be about 73° but decreases with increasing radial
distance from the trap center. Therefore, the number of electrons trapped in the
magnetic bottle increases with increasing radial ion-cloud distribution. This effect
limits the maximum number of electrons that can leave the trap. If all electrons would
originate from the trap center, only about 77%! of them could leave the trap. Since
a [ detector is installed at only one side of the trap, only electrons emitted in one
hemisphere are detected. In Fig. 3.4, a. is calculated using the maximal B-field value
along the beam axis as Bpax and assuming that the magnetic field runs parallel to the
trap axis.

Yymr? ) (2 [T Jocr?singdo dd))
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Figure 3.3: Picture of the EBIT vacuum vessel. The thermal shield is the silver-coated
cylinder. Magnet and copper electrodes are held in place inside the vacuum vessel by
2 mm thick stainless steel rods. The electrodes are electrically connected with stainless
steel wires that are electrically insulated by PTFE Teflon tubes.
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Figure 3.4: Critical angle . inside the trap calculated using the script from [Koel0] and
Eq. (3.1) with Bjae (r = 0mm, z = 45.2mm). As an approximation, it was assumed
that B runs parallel to the trap axis. This is a valid approximation for z = 0.

3.1.3 Electrode structure of the trap

The Penning trap electrode assembly consists of nine electro-polished, oxygen-free,
high-purity copper electrodes (see left Fig.3.5). It has a conical shape that is opti-
mized for operation with the electron beam [Lap10]. The inner radius of the outermost
electrode is 7.5 mm and gradually reduces to 2.5 mm for the guard electrode. The latter
electrode is so-named because it is used to create the axially confining potential. The
central drift tube has an inner radius of 7mm and is eight-fold segmented. In between
the segments, radial aperture slits provide visible access to the trap center. These slits
are equally spaced at 45°, 58 mm long, and 3 or 4mm wide. The left photograph in
Fig. 3.5 shows the whole trap electrode assembly with the segmented central drift tube.
A model of the central drift tube is displayed on the right in Fig. 3.5, and all relevant di-
mensions are provided in Fig. F.3. Inside this central drift-tube, ions are stored during
charge breeding and in-trap spectroscopy measurements.

Each electrode of the trap assembly is electrically insulated via sapphire discs that
also provide good thermal contact. In order to improve thermal contact between the
sapphire disc and the copper drift-tubes, a fine layer of cryogenic Apiezon N [Apil0)]
was applied.

The eight-fold segmented central drift tube allows one to apply ion-cooling tech-
niques such as dipole cleaning [Sav91] and side-band cooling [Ame05].
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Figure 3.5: Photograph of trap assembly (left) and a model of the eight-fold segmented
central drift tube (right).

3.1.4 Ultra-high vacuum system

In order to reduce charge exchange reactions of stored ions, and thus store them for
sufficient long duration in the Penning trap to perform in-trap decay spectroscopy,
ultra-high vacuum (UHV) conditions are required. Depending on the vacuum inside
the trap, the collision rate with residual gas changes. During these collisions, charge
exchange between stored ions and residual gas happens. As soon as a stored ion gets
neutralized in such a reaction, it can no longer be confined by electric and magnetic
fields and leaves the trapping region. Depending on where the ion is lost, inside the
trap or along the beam line, its decay contributes to background but in any case it is
lost for spectroscopic purposes.

To achieve these conditions, every material that is installed inside the vacuum must
have low out-gassing rates. During general operation the magnet is cooled to 4.5K
and acts as a cryo-pump, i.e., residual gas freezes to cold surfaces upon impact. This
reduces the gas pressure in the collector and electron gun chamber to the 1071 mbar
range. The pressure within the trap center cannot be measured but is estimated to be
below 10~ mbar. Thus, long storage times of ions in the Penning trap are possible
(see Section4.3). A more detailed description of the vacuum system is given in [Lap10].

3.1.5 Detection chamber

For in-trap decay spectroscopy measurements, the electron gun is retracted and a de-
tector is moved on the trap axis. The original vacuum vessel connecting electron gun
chamber and magnet chamber could not fit the required beta and ion detectors due
to size limitations. Within this work a new chamber was developed to house the beta
detector and one MCP. Both 3 detector and MCP are mounted on linear vacuum
feedthroughs. If one of them is required for measurements, it can be moved into the
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Figure 3.6: Detection chamber between magnet and electron gun chamber. Either
MCP or 3 detector (PIPS detector) can be inserted into the chamber.

chamber and positioned onto the beam axis. The chamber with either § detector or
MCP inserted is shown in Fig.3.6. When the EBIT is used for charge breeding, both
MCP and 3 detector are retracted and the electron gun is moved into the detection
chamber.
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3.2 MCP detector

In order to determine the beam profile and shape of ions passing through the trap,
an MCP? in a Chevron configuration with phosphor screen can be centered on the
beam axis inside the detection chamber. A special holder was developed that holds the
MCP as well as an optical mirror in the visible range. It is moved into the detection
chamber by a linear motion feedthrough®. The MCP assembly, including the mirror,
is shown in Fig3.7. The MCP detector consists of two plates with small channels
coated with a thin layer of material with a low electron work function. Each channel
works similar to the dynodes in a photomultiplier creating an electron shower inside the
channel. Ion imaging with an MCP functions as follows: ions leaving the Penning trap
are accelerated onto the front plate of the MCP. Since their kinetic energy is greater
than the impact ionization potential of the material, they create an electron shower
upon their impact on the first plate. The electrons of the shower are then accelerated
through the channels onto the second plate of the MCP. There, the electron shower is
amplified further before it hits a phosphor screen or an anode* [Wiz79]. This principle
is illustrated in Fig.3.8. Upon electron impact on the phosphor screen, fluorescence
light is produced. A mirror behind the screen reflects the image by 90°. With a CCD-
camera, this picture can then be observed through a CF 4.5” glass view port installed
at the detection chamber.

3.3 Beta detector

During in-trap spectroscopy operation, a 3 detector is placed in the detection chamber.
Its purpose is the detection of electrons originating from [ decays occurring inside the
trap. One requirement for all components in the spectroscopy trap is to have low out-
gassing rates in order to maintain the ultra-high vacuum. The limited space inside the
detection chamber requires the detector to be compact. It also needs to be retractable
in order to alternate with the MCP detector system and withdraw for charge breeding
operation. At the detector’s position, a residual magnetic field of ~1 T is present and
thus constrains available 8 detection techniques.

MCP detectors, scintillators, and solid state detectors were considered for § detec-
tion; however, proportional gas counters were not due to space and vacuum limitations.
Benefits and disadvantages of each detector type are the following:

e Multi-channel-plate
Multi-channel-plates [Wiz79] require vacuum conditions to operate and are widely

2Photonis APD 3025 12/10/12 60:1 STD P.20, & 26.42 mm active area
3Huntington Rack & Pinion Linear Positioner L-2131-6 CF1.33”
“Typical MCP voltages applied in this work were GND/4-2000V/+2200V
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Figure 3.7: Picture of MCP assembly Figure 3.8: Working principle of a
including the mirror. MCP. An explanation is given in the

text.

used in ultra-high-vacuum setups for beam diagnostics [Kru00, VdB01] or particle
detection [Tor90]. Moreover, operation in environments with magnetic fields has
been reported [Col82, Al190, Fra90]. When an MCP is operated in B-fields, its
gain is expected to decrease when the gyration radius 7gyration = % of the
secondary electrons produced by an incident particle is smaller than half the pore
diameter [Col82, Fra90]. MCPs typically used at the TITAN facility have a pore
diameter of 10 pum and a pitch angle of 12° to the surface normal. Assuming a
secondary electron, with an energy of 2.5eV [Ebe79], is emitted perpendicular
to the surface and magnetic field, one thus expects no significant influence on
the detection efficiency for magnetic field strengths of less than 1.1 T. Calculated
field strengths at the actual position z = 284 mm of the MCP in the detection
chamber are in the range of 0.2'T, i.e., well below the critical B-field (see Fig. 3.2
to estimate the B-field along the beam axis). Calculated gains for single MCP
plates for several bias voltages as a function of the axial magnetic field show no
change in gain up to about 0.5 T for 1300 V bias voltage and a pore diameter of
12.5 pm [Fra90]. Based on these calculations, an MCP system operates without
problems under the conditions present in the TITAN-EC setup.

While MCPs provide high detection efficiencies eq4et for ions and electrons with
kinetic energies from 0.5keV to ~15keV [Str99], e4et drops for higher incident
particle energies [Sch96a]. It has been demonstrated that an additional foil placed
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in front of the MCP increases g4t by a factor of three for 10keV positrons.
Tornow [Tor90] achieved more than 90% detection efficiency for 100 keV electrons
by placing a BaFy coated Al-foil in front of the MCP. However, efficient detection
in the MeV region has not been demonstrated. Therefore, an MCP detector is
installed inside the detection chamber without any foils to only detect ions during
tuning and optimization processes, for § detection it is not used.

e Scintillator

Scintillators provide a high detection efficiency for fast electrons but most common
scintillator materials out-gas or have unknown out-gassing rates. Additionally,
the read out with photomultiplier tubes in residual magnetic fields as present in
the setup is difficult [Col82]. Alternatively, avalanche photo diodes are considered
to read out light signals from the scintillator since they would not be affected by
the residual magnetic field. The main limitation for scintillators is the limited
space in combination with the UHV and the requirement to be able to retract
the detector during charge breeding operation. Therefore, the development of a
scintillator for 8 detection was not pursued.

e Solid state detector Surface-barrier Si detectors (SBD) are commonly used in
[-counting applications such as [ telescopes [Hor96]. Their response function to
fast electrons has, for example, been investigated in the range 0.8-3.5 MeV with
the Giessen electron linear accelerator [Fro91]. At REX-ISOLDE, a Si detector
has been used to detect conversion electrons originating from ions stored in the
Penning trap REXTRAP [Wei01].

Si detectors also operate in magnetic field environments. If the magnetic field is
perpendicular to the surface normal of the crystal, the electrons are deflected by
the Lorentz force. This impairs the tracking resolution of Si-strip detectors and
has been investigated for magnetic fields of up to 8 T [Boe00,Boe01,Bar02]. In the
TITAN-EC setup, the residual magnetic field is much smaller and the direction of
the field is parallel to the surface normal. Therefore, no influence of the magnetic
field on the Si detector is expected.

Compared to scintillators, solid state detectors are easy to install and operate and
do not require light guides or photo multipliers. Therefore, only a single element
needs to be installed inside the vacuum chamber.

In summary, magnetic field rigidity, compact size and UHV compatibility made a
surface-barrier detector (SBD) the premier choice for 3 detection in the TITAN-EC
setup. Within this work the 8 detector was simulated, developed, and tested.

3.3.1 In-trap 3-trajectory simulations

Beta decays are three body decays and thus produce electrons with a continuous energy
distribution T,. The maximum kinetic energy of a [ particle is given by the energy
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difference Q)3 between initial and final states, assuming a massless neutrino. Based on
Fermi’s theory of (3 decay the energy distribution can be calculated [Kra87| by

No(T) = C%/Tg +2T.me 2 (Qp — T.)* (T. + me ). (3.2)

Typical 3 decay Qg values of intermediate 33 transition nuclei are about 3 MeV. This
Q3 value was used to create the electron energy distribution in simulations. The @
values of isotopes involved in 3 decays are listed for example in [Fre07, NND10].

In order to determine the size of the 8 detector required to detect electrons leaving
the Penning trap, SIMION [Dah00] simulations have been performed [BrulOb]. The un-
derlying electrode geometry as well as the magnetic field map were taken from [Sch08§].
Based on this field map, size and position for the optimal detector were evaluated.

Electron trajectories were simulated for various ion-cloud distributions in typical
magnetic field strengths of 4T, 5T and 6 T. For this purpose, electrons were generated
with a hemispherical direction distribution g and a Gaussian energy distribution that
approximates one calculated with Eq.(3.2). Fig.3.9 displays the calculated energy
distribution as well as that of 3000 3 particles that were created during the simulation.
Spatially, a three dimensional Gaussian distributed ion cloud was assumed and thus
defined each electron’s starting point. The distribution was assumed to have a constant
width o, along the beam-axis and varying radial distributions o, = o, = 0.

The number of electrons reaching the 3 detector was simulated for varying ion-cloud
distributions o, = 0, = ¢ and different magnetic field strengths. These simulations
show that the fraction of electrons leaving the trap depends on several factors:

e The existing quasi-Helmholtz-coil configuration creates a local magnetic field min-
imum at the trap center and thus a magnetic bottle inside the trap. Electrons
that are emitted with a pitch angle, i.e., the angle between particle velocity and
the magnetic field axis, larger than the critical angle a. stay trapped and cannot
reach the detector (see Eq.(3.1)). The fraction of electrons that can leave the
trap is calculated to be about 77% when all were emitted from the trap cen-
ter. For electrons emitted further away this fraction decreases as «. decreases.
This calculation agrees with the results of the SIMION simulations at 4T, 5T,
and 6T. For ion-cloud distributions with a radial distribution of o, < 0.75mm,
the fraction of electrons that reaches the detector is 66 + 2%. The slight devi-
ation from the calculated 77% arises, because a point-source was assumed for
the calculation in Section 3.1.2. The result presented in Fig.3.10 shows that the
fraction of electrons reaching the 3 detector is independent of the magnetic field
strengths ranging from 4T to 6 T. This fact allows one to perform in-trap decay
spectroscopy measurements with a magnetic field setting that allows for optimal
ion storage.
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Figure 3.10: Fraction of electrons reaching the § detector as a function of the initial
x-y-symmetric Gaussian ion-cloud distribution o.



48 In-Trap Decay-Spectroscopy Setup at TITAN
300 — ‘ — ; ; ; ; — ‘ ‘ 25
(a) {3 distribution along x at 6 T —— (b) B distribution along x at 6 T ——
= Gaussian fit — —
5 250F Gy= 0.25 mm = t O = 4 mm m 120
: ALK -
% 200 1 — [ B
< XX - | | 115
=%
g 150} 1
0 110
S 100}
3
S
50f 1°
4 2 0 2 4 6 -o 3 0 5 IO

X-position [mm]

Figure 3.11: Simulated electron impact distribution on the 3 detector along the x-axis
for the ion cloud distributions (a) o = 0.25mm and (b) o = 4mm.

e With increasing ion-cloud diameter, the extraction trap electrode (diameter

5mm) acts as an aperture. Electrons that are emitted further away from the trap
axis hit the electrode while following the field lines and are lost (see Fig.3.10).
Projecting the x-y-hit distribution on the 3 detector onto the x-axis reveals a
Gaussian intensity distribution as shown in Fig.3.11a for an ion distribution
with ¢ = 0.25mm. Larger ion-cloud distributions are still Gaussian distributed
in the center but the periphery of the distribution is cut by the effect of the extrac-
tion trap electrode. This behavior is displayed in Fig.3.11b where an ion-cloud
distribution of ¢ = 4 mm is simulated.

For electrons emitted radially with an energy larger than about 3.5 MeV, a mag-
netic field strength of 5T is no longer sufficient to confine the electrons. Thus,
they can leave the trap center radially from where they hit the central trap elec-
trode. This does not affect ECBR measurements of transition nuclei in 53 decays
because the largest Qg value is 3.278(4) MeV in the case of 1In [NND10].

In this work, in-trap decay spectroscopy measurements were performed on the
isotopes 197In, 124Cs, and '?6Cs with 3 end-point energies of 2.198(10) MeV,
4.907(9) MeV, and 3.802(14) MeV, respectively [NND10]. In the case of 124Cs
simulations showed that the magnetic field is not sufficient to confine all elec-
trons originating from ( decays.

These simulations indicate, that independent of the ion-cloud size and magnetic field
strength, in the range from 4T to 6 T, a § detector with a diameter larger than @ ~
24 mm is sufficient to detect all 3 particles originating from the trap center. Based on
these simulations a Si detector with 600 mm? active area (@ = 27.6 mm) was chosen to
detect electrons during ECBR measurements.
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Figure 3.12: Simulated time-of-flight for § particles from their place of birth to the g
detector.

Additionally, the time-of-flight of the [ particles from their place of origin to the
detector was simulated. It is also independent of the magnetic field strength for 4T,
5T, and 6 T. Simulated flight times range from 2.5 ns to 23 ns with an average of about
6 ns. The simulated time-of-flight spectrum is displayed in Fig. 3.12.

3.3.2 Passivated Implanted Planar Silicon detector

For the detection of 3 particles a Passivated Implanted Planar Silicon (PIPS) detector
has been chosen because it best fits the previously defined requirements. A planar
Si-wafer is attached to a ceramic board and therefore minimizes contamination of the
vacuum by out-gassing. Moreover, it has been demonstrated that surface barrier de-
tectors (SBD) work in magnetic environments [Sai91].

First, a PIPS detector with 300 mm? (PIPS-300, 500 um thick) active area was
tested to verify that this detector type is suited for G detection. After tests with
a 297Bi source inside a test vacuum chamber, this detector has been installed in the
TITAN beam line upstream of the MPET. A ~ 20 pym thick Al-foil was mounted in front
of the PIPS detector. During the mass measurements of ®%11Li [Smi08], radioactive
9Li was implanted onto the Al-foil and 3 particles originating from the Li-decay were
counted with the PIPS detector. This technique of # counting allowed one to identify
the isotope composition of ion bunches sent from the RFQ to the MPET. Results of
this method are summarized in [Bru08a].
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Figure 3.13: Spectra of a 37Cs source recorded with a PIPS-600 detector in vacuum
and on air.

Based on the successful performance of the PIPS-300 detector during the on-line Li
experiment, it was chosen as the beta detector for in-trap decay spectroscopy. Simula-
tions show that a detector with an area of more than @ ~ 24 mm? is required to detect
all electrons originating from [ decays occurring inside the trap. In order to compen-
sate for uncertainties in the positioning of the detector inside the detection chamber,
a slightly larger PIPS detector with 600 mm? active area® is used. A Si-waver of this
size is commercially available from Canberra but not mounted on a UHV-compatible
ceramic carrier board. Hence, a ceramic board has been designed and then fabricated
by ALL Laser Inc.. At the Max-Planck Halbleiter laboratory in Munich, electric con-
tacts were printed onto the ceramic board. All dimensions of the ceramic board and
contact pads are listed in Appendix C.

After manufacturing two PIPS-600 detectors, they were tested with a '37Cs source
in a test vacuum chamber in Munich. The resulting spectra of one detector at 1atm
and in a vacuum of ~ 1104 mbar are displayed in Fig.3.13. On the right side of
the spectrum the conversion electron lines CE K (624.2keV) and CE L (655.7keV) of
137Cs are visible [NND10]. When the chamber was evacuated, the spectrum shifted to
higher energies because the electrons lost less energy in collisions on their way to the
detector.

The PIPS-600 detector was mounted in the detection chamber for the first time
during the 1°7In experiment. Radioactive 197In was implanted onto the Al-foil in front
of the detector and identified by its half life [Ett09, BrulOb]. This measurement demon-
strated the feasibility of using the Si detector for 8 detection in ECBR measurements.

5Canberra PIPS-600-CB, 500 pm thick



3.3 Beta detector 51

6000

5000 | 1
4000 + I A
3000 | [ 1

2000 | J

1000 - J 1
0 L . L

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Energy [MeV]

Intensity [counts/10 keV]

Figure 3.14: Energy deposition of 5-10* electrons impinging with 1.5 MeV on a 500 pim
thick Si wafer with a dead layer of 50 nm simulated with Penelope2008.

Due to the thin Si-waver thickness of 500 pm, only electrons impinging with an en-
ergy less than ~ 600 keV are completely stopped. More energetic electrons only deposit
some of their energy while passing through the detector. An energy-loss spectrum of
1.5 MeV mono-energetic electrons simulated with Penelope2008 [Sal08] is displayed in
Fig. 3.14. This simulation agrees with results obtained with CASINO [Dro07].

3.3.3 PIPS detector mounting system

In the detection chamber, two PIPS-600 detectors were mounted on each side of an
Al-mounting plate. This mounting plate was then installed at a rotary-linear magnetic
feedthrough®. A ~ 20 pm thick Al-foil was mounted in front of one of the Si detectors.
Both detectors, with and without Al-foil, could be rotated in such a way that they
would face the Penning trap exit. If the one with Al-foil was facing the trap, ions could
be implanted onto the Al-foil and by observing the §-decay rate the implanted isotope
could be identified by its characteristic half life.

During all experiments performed within this work, a 6 mm thick solid Al-mounting
plate was used. If a rather long-lived isotope (¢; 223 mins) was implanted onto the Al-
foil prior to an ECBR measurement, all 3 particles from this decay would be stopped in
the aluminum and could not contribute to the background on the Si detector mounted
on the other side of the mounting plate. In this setup, both Si detectors only detect G
particles impinging onto the front face of the detector.

SHuntington VF-169-12 CF2.75” rotary-linear magnetic feed through
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Figure 3.15: Picture of the § detector including flexible-circuit-board mounted on the
magnetic linear feed through.

Mounting plate and 3 detectors can be retracted into a separate vacuum chamber
that can be separated from the detection chamber via a gate valve”. This allows one
to install, test and, if necessary, repair or exchange the Si detectors without having to
break the vacuum of the Penning trap.

Inside the vacuum, the detectors are biased by means of a flexible-circuit-board that
is fed onto the rod of the magnetic feed through. The conducting strips of the flexible-
circuit-board have been etched from a Polyimide Flexible Laminate®. On the detector
side this circuit board is screwed onto a Macor block with ring-connectors. A female
connector has been silver-soldered to the ring connectors. This allows one to exchange (3
detectors without having to solder or unmount the circuit board. At the other end of the
circuit board, Teflon-coated wires are soldered to the copper conduction strip. These
wires are then connected to a 5kV electrical feedthrough with push-on connectors. All
parts have been processed and cleaned to meet the UHV requirements. Pictures of the
manufacturing process and the assembled ( detector are shown in Appendix.D. The
mounted § detector assembly is displayed in Fig. 3.15.

TVAT series 108 CF4.5” pneumatic gate valve

8DuPont™ Pyralux LF8515R All-Polyimide Flexible Laminate, Copper 153 g/cmz, 25 nm thick ad-
hesive, 25 pm thick Kapton [DuP01], NASA out-gassing rate %TML=0.94% and %CVCM=0.06%
[Gus09]
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LeGe Ge
Manufacturer Canberra Canberra
Type Planar High purity Ge Reverse Electrode Coaxial Ge
Model GULO110P GR2018
Serial number 08078301 1086799
Position North side of trap South side of trap
Bias -1000V -3000V
Output polarity + -
Output range 0-5V 0-5V
Pre amp ITRP 2001C

Table 3.1: Specifications of the Ge detectors used within this work. Their location is
schematically illustrated in Fig. F.2.

3.4 X-ray detectors

During the first in-trap decay-spectroscopy experiments and throughout this work, two
Germanium detectors were used for the detection of x-rays and ~-rays from EC and 3
decays. Their specifications are listed in Tab.3.1. On the South side of the Penning
trap a reverse electrode coaxial high-purity Ge detector (referred to as Ge detector, see
Section 3.4.2) was mounted in air. X-rays and v-rays originating from the trap center
passed through two Be windows before they were detected by the Ge detector. The
second detector, a Canberra low-energy Ge detector (referred to as LeGe detector, see
Section 3.4.3) was installed inside the vacuum close to the trap center. The location
of the detectors as well as their orientation is illustrated in a schematic of the EBIT
beam-line and the spectroscopy Penning trap in Fig. F.2.

The energy resolution of these detectors is determined by inherent statistical fluc-
tuations op, incomplete charge collection ox and broadening o induced by electrical
components. They all contribute to the total width 02 = 0% + 0% + 0%. Independent
of crystal shape and electronics, statistical fluctuations limit the resolution to [Kno00]

(FWHM)? = (2@)20,% - (2@)2 FeE, (3.3)

with € being the energy required to create an electron-hole pair within the crystal, £
the photon energy and F' the experimentally determined Fano factor. For Ge crystals
these values are ¢ = 2.95e¢V and F' = 0.125 [Jen95].
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3.4.1 Be window

Two Be windows are installed between the Ge detector and trap center. The outer
500 pm [Fro06] thick Be window? is welded into a CF8” flange and installed at the
horizontal southern port of the trap’s vacuum vessel. A second Be window of 25 um
thickness covers the access port in the thermal shield. It improves the vacuum in the
center of the trap and reduces the thermal load on the magnet. The ultrahigh purity
Be windows provide high transmissions of more then ~ 96% in the x-ray region above
15keV. Fig. A.4 displays the calculated transmission through 525 pm IF-1 beryllium
which was calculated with mass-attenuation coefficients determined by XCOM [Ber09]
specifically for the element composition of the IF-1 Be window [Bru08b].

3.4.2 Ge detector

The Ge detector is installed at the South side of the Penning trap. This contact method
and the use of a 1.5mm Al window [Cand] allows for the detection of photons with
energies as low as about 6keV. The crystal has a diameter of @ = 46 mm and is 46 mm
long [Cand]. A picture of the Ge detector is presented in Fig. 3.16.

Placed in air, the detector observes x-rays and -rays coming from the trap center
through the two Be windows described above. The detector is mounted on a movable
table and thus its distance to the Be window can be adjusted. At the position closest
to the Be window the geometrical acceptance of the detector is €9°° ~ 0.2%. Its
intrinsic efficiency £™ is determined with the radioactive sources '32Cs, ?3Ba and
144 Fy and is displayed in Fig. A.5. These two efficiencies, Egeo and e added to the
transmission through the Be window result in the total detection efficiency £t

At 122.06keV (°"Co) and 1332.5keV (%°Co), the detector has a resolution of
0.93keV and 1.8keV, respectively. Resolutions of other energies, determined from
photo peaks are listed in Table A.1. At the detector position the magnetic field is too
small to have any measurable influence on the energy resolution.

3.4.3 LeGe detector

On the North side of the Penning trap the Canberra LeGe detector is mounted on a
support table. Its Ge crystal is planar contacted and has an active area of 100 mm?
(@ = 11.3mm) with a thickness of 10 mm [Cane]. In front of the crystal, a 0.025 mm
thick Be window separates the vacuum of the detector from its surrounding. The
complete detector assembly, i.e., coldfinger and Ge crystal, can be connected to the

9Brushwell IF-1, minimum of 99.8% Be content, [Bru08b]



3.4 X-ray detectors 55

Figure 3.16: The Ge detector installed at the South side of the trap (left). The Ge
detector in its retracted position (right). The white plastic cap is to protect the Be
window from contact with the Ge detector.

ultra~high-vacuum chamber of the spectroscopy Penning trap via a CF2.75” flange. A
gate valve is installed between the LeGe detector assembly and the trap’s vacuum vessel.
This allows one to separate the detector from the vacuum chamber. A CF1.33” pumping
port connects to a turbo pump allowing one to evacuate the detector separately. With
this setup, the LeGe can be added to or removed from the Penning trap vacuum
chamber without having to break the trap’s vacuum. When the LeGe detector is
mounted and connected to the vacuum system, it can be moved into one of the access
ports inside the magnet as close as ~100mm to the trap center. At this position the
detector covers a solid angle of ~ 0.08%. A picture of the LeGe detector mounted on
the North side of the spectroscopy Penning trap is presented in Fig. 3.17.

A Transistor-Reset-Preamplifier (TRP) amplifies the energy signal of the Ge crystal.
Its output signal constantly rises from 0V to 5V and gets reset every 5s if no event
occurs in the detector [Canal. Dependent on the photon-count-rate, this reset may
happen more frequently. This TRP preamp reduces pile-up effects and higher count
rates can be accepted [Canb].

The resolution of the LeGe detector was determined using a >’ Co source as well as
a 133Ba source and is 208(6) eV, 579(3) eV, and 1.123(20) eV at photo peak energies of
14keV, 122keV, and 356 keV, respectively. Further energies are listed in Table B.2 and
displayed in Fig. 3.18. Based on Eq. (3.3) the intrinsic resolution was calculated and is
also plotted in Fig. 3.18. The actual resolution of the LeGe detector is very close to the
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Attention

Figure 3.17: Picture of the LeGe detector prior to its installation on the North side of
the EBIT.
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Figure 3.18: FWHM of the LeGe detector as a function of the photo peak energy. For
this data a 33Ba and a °"Co photo peaks as well as 24126Cs photo peaks were used.

intrinsic one, i.e., other effects such as electronic noise and incomplete charge collection
are less significant.

In order to determine electron capture branching ratios, the intrinsic detection
efficiency needs to be know. Therefore, a photon-spectrum was taken with a 57Co
source and a calibrated '3*Ba source'©.

The ECBR of '?*Cs was measured with the LeGe detector. The x-ray efficiency
was determined by measuring the spectrum of 126Cs. This method is then independent
of prior knowledge of the x-ray detection efficiency. However, the «y efficiencies need to
be known. In the case of 124126Cs, 133Ba was used to calibrate the efficiency between
200keV and 400 keV.

After the 124126Cs measurement it was discovered that the DSPEC, the unit used
to record the LeGe detector spectrum, does not record all energies with the same
efficiency. This is illustrated in Fig. B.2 where relative efficiencies are presented for
different hardware setups. For energies above ~ 120 keV, the recorded data is truncated.
If the LeGe detector preamp signal was terminated with 50 Q or if the amplification of
the DSPEC was reduced, the extracted efficiency agreed with Penelope2008 simulations
up to ~ 350keV. At higher energies, one of the two DSPEC units, DSPEC 321, recorded
data less efficient. However, below an energy of ~ 120keV, the photo peak efficiencies
were equal during all tested settings and always agreed with simulations.

10Source LT 880, calibrated by Deutscher Kalibrierdienst, Kalibrierzeichen 012077 DKD-K-06501 03-
07, July 1%, 2003
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Figure 3.19: Schematic view of the setup to determine the influence of the B-field on
the LeGe detector.

As already mentioned, the efficiency of the LeGe detector in the x-ray region is
determined relative between ?4Cs and '26Cs. This only requires knowledge of the rela-
tive detection efficiencies at higher energies and will be explained in detail in Chapter 5.
The detection efficiency at these higher energies, namely 254.1keV and 388.6 keV, were
determined with a 133Ba source during the ?4126Cs experiment with the same data ac-
quisition setup. To account for the effect of signal truncation, an additional systematic
uncertainty is added to the determined ECBR.

During operation the LeGe detector was positioned close to the trap center inside
an access port of the magnet. It could be as close as ~ 100 mm to the trap center with
a strong magnetic field of the Helmholtz coils present. In the closest placement of the
detector to the trap center, this field was estimated to be about (40 + 2.5)% of the
field at the trap center (see Fig. 3.2, COMSOL simulation [COM]) with its orientation
perpendicular to the crystal axis. For a magnetic field of 5T in the trap center the
residual field at the position of the LeGe detector is then calculated to be about 2T.

The magnetic field is expected to have two effects on the LeGe detector inside
the vacuum. Due to the Lorentz force, the charge carrier trajectories are bent. This
phenomenon is expected to change the shape of the output pulse as the charge-carrier
path length increases. Additionally, one expects an enhanced Penning effect in the
vacuum between the Ge crystal and detector capsule. Recently, the behavior of Ge
detectors in magnetic fields has been investigated and published for magnetic fields of
~ 1T [Lor07], 0-0.8 T [Szy08], and up to to 2.5 T [Agn09]. The results of these studies
agree with observations made within this work.
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In order to investigate the influence of the magnetic field on the detector, the LeGe
detector was placed at varying distances from the trap center, i.e., in different magnetic
field strength regions. A radioactive source was placed at the Be window on the South
side of the trap opposite the LeGe detector. Hence, v-rays were detected by the LeGe
that traversed both Be windows and the central trap electrode as illustrated in Fig 3.19.
Spectra were recorded with the detector placed at a known, fixed, position and the
magnetic field at the trap center either at 0 T, 4T, or 5 T. After a spectrum was recorded
at 0T, the field was ramped up with the LeGe detector being un-biased. After the
magnetic field reached its final magnitude, bias was applied to the Ge crystal. During
this process no sparks or current draw could be observed. Therefore, we conclude that
no enhanced Penning trap effect occurred.

The magnetic field strength was determined experimentally in the following way:
ions in the trap were resonantly excited with a dipole frequency and the B-field de-
pendent frequency was determined. This allowed one to measure the magnetic field to
sufficient precision. To do so, oxygen was charge bred to O*t while the dipole frequency
vrr was applied to the central trap electrode segments. One phase was applied to seg-
ments one through four and the opposing phase was applied to segments five through
eight. Following the dipole excitation the ions were extracted from trap. For vgp = v,
the the ion’s cyclotron frequency, the ions were excited maximally and moved to a larger
cyclotron radius. Thus they could not leave the trap during extraction. This resulted
in a count rate minimum of extracted ions measured at the detector!! (see Fig.4.1).
The measured ion intensity as a function of vgp is displayed in Fig. 3.20. The cyclotron
frequency was determined to be v, = 15.307(5) MHz. With the known charge-to-mass
ratio ¢/m, the magnetic field strength can be calculated to Bpean = 4.043(2) T using
the relation v. = B ¢q/(27m). The measured magnetic field agrees with the setpoint of
the current control system of the magnetic field. The presented uncertainties are statis-
tical ones only. Systematic uncertainties were not investigated but could be considered
of similar order. Due to the spacial expansion of the ion cloud inside the trap, the
magnetic field is probed over a wide range. Therefore, the magnetic field determined
with the technique of dipole excitation corresponds to the mean magnetic field in the
trap center. However, for in-trap decay spectroscopy the magnetic field strength is not
required to be known precisely. The presented measurement was performed to test the
magnet controller.

In ECBR measurements, x-rays with energies in the region 9keV to 40keV are
measured. Therefore, the effect of the magnetic field on the LeGe detector was mainly
investigated by determining the FWHM of the 39.5keV and 40.1keV K, , lines of a
142Fy source. The data acquisition was set up such that only spectra up to an energy
of ~ 50keV were recorded in order to provide a detailed shape of the photo peak.
The result of the 39.5keV and 40.1keV peak analysis is listed in Table 3.2. Based on
this analysis one concludes that magnetic fields up to about 2T at the position of the

HPSYBL:MCP6
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Figure 3.20: B-field determination with dipole excitation.

Trap B-field B-field FWHM 39.5keV  Area/  x2/706

distance  trap  detector and 40.1keV 1 hour

160 mm 0T 0T 311.9(11) eV 5368(21)  1.140
160 mm 4T ~1T 311.8(8) 5327(16)  1.235
160 mm 5T ~ 12T 312.6(30) 5365(56)  0.965
100 mm 0T 0T 311.6(11) 5396(21)  1.077
100 mm 4T ~2T 312.3(4) 5358(8) 1.846

Table 3.2: Influence of the B-field on the LeGe detector.

detector do not significantly influence the detection of x-rays. Peak shape and detection
efficiency remain constant in the x-ray region. This agrees with results presented in
[Szy08], where it was found that the degradation of the energy resolution is negligible
at low energies. The only indication of an influence of the magnetic field on the LeGe
detector is the increase of x? by a factor of ~ 1.8. An explanation is the slight deviation
of the photo peak from an ideal Gaussian pulse.

During the ECBR measurement of ?4126Cs, calibration spectra were recorded
throughout the measurement with the LeGe detector placed about 100 mm away from
the trap center and a !33Ba source at the source position displayed in Fig.3.19. The
resulting peak widths (FWHM) are listed in Table3.3. Based on the analyzed data,
one concludes that the influence of the magnetic field is more significant for the de-
tection of higher energetic photons. This observation agrees with results presented
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31keV 53keV 81keV 276 keV 356 keV
0T 287.8(3) 346.0(19) 424.9(4)  8532(57)  936.6(115)
X 6.796 1.174 2.050 1.142 1.041
5T 307.5(22) 367.3(175) 559.0(41) 1676.3(384) 1821.3(504)
X 1779 1.182 1.092 0.974 0.984

Table 3.3: FWHM of 33Ba photo peaks for 0T and 5T magnetic fields.

in [Lor07,Szy08, Agn09]. For photons in the x-ray region the effect on the resolution is
negligible. This is in agreement with the results presented in the previous paragraph.

For ECBR measurements, detection efficiency is important. Unfortunately, no di-
rect comparison of the detection efficiency of the LeGe detector between no B-field and
applied B-field was done above ~ 50keV. The ¥3Ba calibration spectra recorded dur-
ing the ?4126(Cs experiment were analyzed. The peak areas were then divided by the
peak areas obtained from a calibration spectrum recorded prior to the beam time and
the results are presented in Table3.4. Based on these values, the detection efficiency
appears to be affected by the magnetic field. However, in this comparison the set up
of the source was completely different. The spectrum without a magnetic field was
recorded with the detector outside the vacuum vessel and the source directly in front
of it. The spectrum with the detector inside the magnetic field was recorded with the
setup illustrated in Fig. 3.19 and the peak areas corrected for the attenuation of 525 pm
Be calculated based on [NND10]. Contrary to the results presented here, [Szy08] found
no appreciable change in the intrinsic detection efficiency of a Ge detector in a 0.8T
field whereas [Agn09] reports an energy dependent change of the detection efficiency.
Depending on the photon energy and the magnetic field applied, the efficiency loss
ranges from ~ —4% to ~ 1% for 59.4keV, and from ~ 3.5% to ~ 7.2% for 1332.5keV.

It is thus possible that the source in this study was placed such that little, but
some, material besides the Be windows was covering the source. This would result in
stronger attenuation for x-rays and less attenuation for v rays and could explain the
discrepancies arising in Table 3.4.

In future measurements, this effect has to be investigated further if solid state
detectors are placed in very high magnetic fields close to the trap. For fields below
~ 0.8 T and photon energies below ~ 400 keV these effects are very small and have no
influence on the detection efficiency [Szy08].
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53keV  8lkeV  276keV  303keV 356 keV
AT 0.0137(6)  0.0161(1) 0.0389(21) 0.0866(34) 0.2712(101)

Table 3.4: Fraction of peak areas with 0 T and 5T magnetic field inside the Penning
trap.

3.5 Data acquisition system

Generally, x-ray and v-ray spectra were recorded with an Ortec DSPEC unit. In
parallel, efforts were taken to implement a data acquisition system based on the sam-
pling ADC tigl0 [Mar08| developed by the University of Montréal. However, the re-
quired performance of tigl0 system in combination with the LeGe detector could not
be achieved [Bru09]. Therefore, the tigl0 system was used during the Cs-experiment to
only record (8 events on the PIPS-600 detector in coincidence with ~-rays from the Ge
detector. The LeGe detector was read out with the DSPEC during all measurements.

For the analysis of x-ray spectra taken during the 197In measurement and calibration
spectra recorded prior to this experiment, a peak-function was defined according to
[Hel80,Haa06] and used to fit the photo peaks in the employed analysis software Origin
[Ori]. Besides Origin, RadWare [Rad, Rad95] was used to analyze calibration spectra
that were taken during systematic investigations. The advantage of RadWare is the
interactive graphical user interface. This allows one to efficiently analyze calibration
spectra. However, for the analysis of peaks with low statistics RadWare reached its
limitation. For the analysis of x-ray spectra with low statistics an additional program
was used [Sju09] that has been specifically developed by A. Garcia and S. K. L. Sjue to
determine the ECBR of 1°0Tc [Gar93,Sju08b]. It uses the maximum-likelihood method
to determine peak-area. Additionally, the program TV [The] that was developed by the
nuclear structure group at the university of Cologne, Cologne, Germany, was used to
analyze some spectra, generally in determining the intensity of photo-peaks by event-
counting instead of fitting.



Chapter 4

Systematic Tests of the TITAN-EC Setup

For in-trap decay spectroscopy experiments at TITAN, beam transport, ion transmis-
sion through the RFQ, and ion injection and storage in the Penning trap need to be
optimized. The ion delivery and transport optimization up to the Faraday cup (FC)
in front of TITAN’s RFQ (ILE2T:FC3 in Fig.4.1) are provided by ISAC operations.
From this FC onwards, beam line optics and involved ion traps have been optimized
within this work to achieve the best performance during ECBR measurements. Most of
these systematic studies were performed with an off-line surface ion source'. This ion
source consists of an alkali substrate on a filament. By heating the filament, positive
singly charged alkali ions are evaporated and ionized due to their low ionization poten-
tial. Depending on source type and temperature, the alkali isotope ratio emitted by
the source changes. A Cs ion source delivering stable 133Cs was typically used during
the systematic studies for ECBR measurements.

Stable 33Cs was injected into the RFQ while RF frequency frr, RF peak-to-peak
amplitude Vpp, cooling time and gas pressure were optimized as described in Section 4.1.
Afterwards, ion bunches were sent to the spectroscopy trap while beam transport and
injection into the trap were optimized as described in Section 4.2. Following this op-
timization, ions were captured in the Penning trap. Storage times were investigated
depending on the injected isotope and magnetic field strength of the Penning trap.
Such studies have shown that for storage times of up to 250 ms, ion losses of less than
20 % occur. These studies are presented in Section 4.3.

All these measurements were performed using several Faraday cups and MCPs for
ion detection installed along the TITAN beam line. Faraday cups are commonly used
to determine beam intensities of DC beams. They were used to determine transmission
efficiencies through the RFQ. With a Faraday cup, ion currents can be observed down
to ~ 1pA corresponding to ~ 6 - 10° singly-charged ions per second. The sensitivity
is limited by electrical noise of the amplifier. Ion bunches were sent to MCPs along
the beam line to determine ion-bunch intensities and ion flight times. For systematic
studies, they were used in single-ion detection mode, i.e., only up to ~10ions per

'HeatWave Labs www. cathode.com, source @ 0.250 inch
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Figure 4.1: Schematic view of the TITAN experiment illustrating all ion beam diag-
nostic devices. The devices used during the systematic studies presented in this work
are highlighted in red color.

bunch were extracted onto the MCP to avoid saturation. Higher count rates saturate
the detection system and were thus only used for qualitative optimization.

In Fig.4.1, the positions of all permanently installed beam diagnostic elements
are shown. Monitoring PIPS assembly Al-PIPS-300 [Bru0O8a] and detection chamber
including MCP (see Section3.1.5) have been specifically developed and installed for
ion-detection.

4.1 RFQ operation and optimization

Optimization of the RFQ consisted of several steps. Firstly, the RFQ was optimized in
DC transmission, i.e., with RF fields and buffer gas applied but without the confining
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Figure 4.2: Influence of He buffer gas on the DC transmission. (a) DC transmission
through the RFQ for different flow rates and (b) transmission through the RFQ with
a longitudinal trapping potential applied. For explanation see text.

longitudinal potential well? displayed in Fig.2.8. In this operation mode the beam line
elements upstream of the RFQ are tuned onto FCO to achieve the maximum transmis-
sion. The transmission efficiency in DC operation is calculated from the ratio of the
current on Faraday cups FC3 and FCO before and after the RFQ. This transmission
primarily depends on injected ion energy, RF amplitude, and RF frequency, but also
on the chemical properties of the element injected and its mass difference to the buffer
gas. Depending on these properties, the likelihood of charge exchange reactions with
impurities in the He buffer gas and ions scattering out of the trap changes. For the
alkali ion ¥3Cs'* from TITAN’s ion source, the transmission is as high as 80+5% for a
He buffer-gas flow rate of 7sccm~s 43-10~% mbar. Fig. 4.2 displays the DC transmission
through the RFQ for different gas flow rates. For low gas flow rates, the incoming ions
are not completely stopped by the buffer gas inside the RFQ (see next paragraph).
Instead, they pass through the RFQ but still reach FC0. This is reflected by the large
error bars for small flow rates.

After RFQ-optimization in DC mode the minimal buffer-gas flow rate is determined.
Therefore, the RFQ is operated in trapping mode, i.e., with a longitudinal trapping
potential created by applying a capture potential as displayed by the solid, black line
in Fig.2.8. This potential is kept static without extracting the ions. For low gas flow
rates the ions do not lose enough energy through collisions with the buffer gas inside the
RFQ and pass through the device. In Fig.4.2 this behavior is displayed for different
calculated gas pressures inside the RFQ. The pressure was estimated based on the
vacuum pressure outside the RFQ, considering the flow through the 5mm diameter
pumping diaphragm and a pumping speed of 5001/s for the used turbo pump.

2RFQ electrode 24 is biased with —7V instead of 5 V.
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Figure 4.3: Ton time-of-flight distribution recorded on MCPO as a function of cooling
time. Typically, each extracted ion pulse consists of approximately 5ions in order to
not saturate the MCP and operate well below the space-charge limit of the RFQ. Each
ToF distribution is the sum of 100 extraction cycles with a He gas-flow of 5sccm.

The fact that ions are not completely stopped inside the RFQ for low gas pressures
was found during systematic studies with the RFQ after the °’In and ?4126Cs ECBR
measurements. For these experiments the RFQ was operated at a flow rate of 5sccm.
During the measurement of '26Cs a so-called hot spot, an area of accumulated activity,
was located at the position of FCO with up to 700 pSv/hr detected at the outside of the
vacuum vessel. Typical values during this experiment were 0.5 pSv/hr along the beam
line and 1 — 2pSv/hr at the 45° bends. This high dose at FCO can be explained by
ions passing through the RFQ due to a too low gas flow rate. In future experiments at
TITAN this has to be taken into consideration.

For further systematic investigations, the RFQ is set up for its intended operation
to cool and bunch injected ions. In order to determine the ideal cooling time inside
the RFQ, a beam gate is installed in front allowing only a certain number of ions to
enter the RFQ. Depending on the beam intensity, this gate was typically open for 10 ps
up to 2ms. After a certain cooling time the ions are then extracted onto MCPO and
their intensity and distribution are recorded with a Stanford Research SR430 multi-
channel scaler (MCS). The ion distribution is displayed in Fig.4.3. This measurement
was performed in single-ion counting mode with typically 4-6 ions per bunch. Under
these conditions, the RFQ is also operated well below its space-charge limit with a gas
flow rate of 5sccma 36 - 10~ mbar. At the time of the measurement it was not known
that this flow rate is insufficient to stop all ions with the applied conditions. However,
it does not affect the measurement of the ion distribution because those ions that are
not stopped inside the RFQ cannot reach MCP0O. When ions leave the RFQ, they are
accelerated by the RF(Q bias and cannot pass the two 45° benders along the beam line.
After ~ 7ms the ions are cooled down as their time-of-flight distribution does no longer
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Figure 4.4: Ion intensity extracted from the RFQ as a function of RF frequency and
voltage (left). Maximal transmission through the RFQ plotted as a function of RF
frequency (right).

change in time as illustrated in Fig. 4.3. Additionally, it is pointed out that for cooling
times up to ~ 25 ms no significant intensity loss was observed.

The transmission of an ion through the RFQ depends on whether an ion moves
on a stable or unstable trajectory inside the RFQ. This can be understood from the
stability parameter ¢ that is defined in Eq. (2.1). For a given RFQ electrode distance
2-rg = 2-10mm and a certain ion mass m, this parameter only depends on the
RF frequency frr and RF amplitude Vip. In order to optimize the transmission
through the RFQ those two parameters were varied while the number of extracted
ions was recorded on MCPO with the MCS. During this measurement the flow rate
was kept constant at 5sccm and the beam gate applied. A cooling time of 10 ms was
set while the measurement was performed in single-ion counting mode. The resulting
intensity scan is displayed on the left side of Fig.4.4. Generally, we find that higher
RF frequencies are preferable because high transmission is given for a broader range
of RF amplitudes. For low RF frequencies, the transmission is high only over a small
range of RF amplitudes. The maximal transmission from the left plot of Fig. 4.4 was
extracted and fitted with a polynomial function of second order. The resulting fit is
Vrr = 9.5(85) [V] + 6.8(35) - 107° [V/kHz] vgp + 5.2(34) - 10~ [V2/kHz?] v and is
displayed on the right side of Fig.4.4. This fit can be used to extrapolate the correct
RF amplitude for different masses at a given frequency.

4.2 Injection into the spectroscopy Penning trap

The efficiency of ion capture and ion storage strongly depends on injection into the trap
and is referred to as acceptance phase space. Hence, the injection into the spectroscopy
Penning trap is optimized by sending ions through the trap onto the MCP in the de-
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Figure 4.5: Potential landscape applied to the spectroscopy Penning trap during (a)
optimization, (b) injection and extraction, and (c¢) trapping of an ion bunch with 2keV
kinetic energy.

tection chamber. This process does not involve any capturing and the typical potential
applied to the drift tubes is displayed in Fig.4.5a. This optimization process follows
the principle that all ions that can be guided through the magnetic field and trap elec-
trode structure can and will be trapped once the appropriate electrostatic potentials
are applied. It has been demonstrated that one of the highest losses comes from the
ions being reflected in the magnetic fringe field, and hence an optimized transmission
is critical. When the ions hit the MCP ‘behind’ the trap, the beam shape is visualized
by a phosphor screen and then recorded with a CCD-camera installed on the view-port
indicated in Fig. 3.6. If the ions are injected on the magnetic field axis, a spot is visible
on the phosphor screen. This spot is displayed on the left in Fig.4.6 where the ion
image on the phosphor screen in a bright dot. Ions injected off-axis start to gyrate
when they enter the magnetic field of the Penning trap and the resulting shape is that
of a ring displayed on the right in Fig.4.6. This behavior has been verified in SIMION
simulations [Lap09].
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Figure 4.6: Beam profile on the MCP in the detection chamber (see Section 3.1.5) of ions
passing through the Penning trap. Displayed are pictures taken with a CCD-camera
and ions injected on axis (left) as well as ions injected off-axis (right).

After optimizing the injection into the magnetic field, the capture timing cycle is set
up. The timing is done by a programmable pulse generator that controls fast switching
high-voltage switches. The timing cycle is set up in such a way that the end cap towards
the RFQ is at a low potential while the end cap towards the detection chamber is at
a high potential. The applied potential is displayed in Fig.4.5(b) by a black line. As
soon as the ion bunch is in the trap’s center, the entrance end cap is switched to a
high potential. This captures the ion bunch in the Penning trap with the potential
landscape sketched in Fig.4.5(c). After a short storage time of 1-5ms, the ion bunch is
extracted onto the MCP in the detection chamber by applying the potential indicated
by the red line in Fig.4.5(b). The number of counts at the MCP as well as the shape
are then used to optimize the beam line ion optic elements (see Fig. F.2) to maximize
the capture and storage efficiency.

4.3 Systematic storage time investigations

For ECBR measurements it is necessary to determine the optimal storage time that
balances ion losses in the trap with high decay count-rates. A method was developed to
determine the loss rate of the Penning trap as a function of storage time, using TITAN’s
off-line surface ion source for measurements. A controlled and reproducible number of
ions was injected into the RFQ using a beam gate. The intensity of the beam injected
into the RFQ was set such that 2-6 ions were detected on the MCP in the detection
chamber. First, 100 identical bunches of ions from the RFQ were injected into the trap,
stored for fstorage = D1ms, and extracted onto the MCP in the detection chamber. The
average ion-bunch intensity is referred to as Nuorm = Nnorm /100. A storage time of
5ms is chosen as reference because little losses are expected to occur during this time.
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Shorter storage time were suffered from hardware limitations. Afterwards, the storage
time Zstorage Was changed and one ion bunch was stored for that time period before it
was extracted onto the MCP. The recorded number of ions Ngtorage Was normalized by
Nporm- This procedure was repeated n times and resulted in a storage efficiency

n

1 N, storage
£ t = — —— N (4.1)
storage n ; Nnorm

This procedure suffers only minimally from ion intensity fluctuations that naturally
occur over time due to temperature changes. The 100 repetitions used to determine
Nporm and the one shot for Nstorage happen in short time succession. Therefore, ion
intensity fluctuations are only statistic based and on a short time scale negligible. A
LabVIEW hard-ware control program [Ins] was created to automate this measurement.
Several storage time scans were performed that found inconsistencies stemming from
the timing generator. After these issues were resolved, two scans were performed with

39K+ and 33Cst at 4T and 5T, respectively.

Storage of 39K+

In order to determine the intrinsic storage time of the Penning trap, 3°K* was injected
into it. The measured, normalized storage efficiency is summarized in a plot displayed
in Fig.4.7. As a consistency check, a measurement was performed for a storage time
of 5ms resulting in 99.6(69)% storage efficiency as expected. For a storage time of
25ms, 95.4(75)% of the ions are lost compared to the 5 ms storage time. The efficiency
slowly decreases for storage times longer than 5ms and at 1s storage time, 72.7(84)%
of the ions remain stored compared to fsiorage = Sms. For even longer storage times,
the efficiency continuously drops to about 20% for 10s storage time. All measurements
were performed with a magnetic field of 4T.

Storage of 133Cs™

Prior to the ECBR measurement of 1?126Cs, the magnetic field was ramped first to
4.5T and then 5T. This required substantial re-tuning of the ion optical elements in
the transfer beam line as described in Section 4.2. Additionally, tuning the beam into
the trap became necessary. Once a tune was established, the storage time measure-
ment as described above was repeated using #2Cst. The consistency check at 5ms
resulted in a storage efficiency of 99.5(34)%. For increasing storage times the stor-
age efficiency dropped significantly. After 20ms only 71.4(28)% of the ions were still
confined compared to 5ms storage. The efficiency further dropped to 22.2(16)% for a
storage time of 100 ms. Measured efficiencies for storage times above 250 ms show an
increasing trend as displayed in Fig.4.8. A possible explanation are stability fluctua-
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Figure 4.7: Intensity of extracted 3°K ions as a function of the storage time. The counts
were normalized to a storage time of 5 ms.

tions of ion optical power supplies and the trap’s drift tube power supplies. We also
noticed, that at a magnetic field of 5T, the beam tune became extremely sensitive to
small changes in beam line optics. A tune might be sufficient to store ions for 5ms
but not ideal to store ions for long time periods. Slight changes in the tune could
have a greater effect on the storage efficiency for long storage times than short ones.
Automated scans were performed over a period of several hours. During this time the
beam tune might have shifted leading to a better tune into the trap and thus result-
ing in higher storage efficiencies. The measurement was performed in June 2009 with
high day—night temperature fluctuations. A temperature dependent influence on ion
storage and beam line optics has also been observed during systematic studies with the
mass-measurement Penning trap [Brol0b, Ett10a].

Summarizing the results of the storage time measurements, one concludes that ions
can successfully be stored for a sufficient amount of time in the spectroscopy Penning
trap to perform ECBR measurements. In this work, %7In was stored for 1s while
124,126 g were stored for 25ms and 50ms. For lower magnetic fields it is easier to
inject ions into the trap. Nevertheless, during ECBR measurements, up to 10® ions
are simultaneously stored inside the trap while a maximum of 10 ions were stored at a
time during the measurements presented here.
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Chapter 5

First Electron-Capture In-Trap Decay
Spectroscopy

The measurement of electron-capture branching ratios (ECBR) of intermediate transi-
tion nuclei in double-beta decays provides important nuclear structure information to
benchmark theoretical models of 2v33 decays as described in Chapter 1. At TITAN,
the technique described in Section 1.5 has been developed with the aim of measuring
these ECBRs.

During two online measurement campaigns with radioactive °“In and 24126Cs,
the feasibility and advantages of this technique were demonstrated. It was the first
time that an electron-capture decay had been measured in a Penning trap [Ett09,
Brul0b]. The isotopes 7In and '?4126Cs were chosen due to their rather strong ECBRs
of 64(3)%, 10(9)%, and 19.1(23)%, respectively [NND10]. The results of the °7In
measurements are presented in Section 5.2 while the 124126Cs measurement is described
in Sections 5.3 and 5.4. For the ECBR measurement of '%“In the magnetic field was at
4T and ions were stored for 1s, while 24126Cs was measured at 5T with storage times
of 25 ms and 50 ms.

In an ECBR measurement of double-beta decay transition nuclei, the ratio between
electron capture and 0~ decay is determined. This is illustrated in the left decay scheme
of Fig.5.1. The measurements performed within this work test the feasibility of the
developed method and determine the electron-capture branching ratio versus the 3+
decay branch as illustrated in the right decay scheme of Fig. 5.1.

5.1 Electron-capture branching-ratio measurement at TITAN

The ECBR is defined as the fraction of electron captures Ngc to the total number of
decays Ntotah

BR(EC) = . (5.1)
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Figure 5.1: Electron-capture decay schemes of (left) 53 transition nuclei and (right)
conventional EC isotopes.

These two quantities must be determined experimentally. The most common method
for short lived isotopes is decay spectroscopy. In this case, Ng¢ is determined by
observing x-rays following the electron capture. Nyyq is determined by measuring the
sum of all decay branches that occur by employing a system with a well determined
detection efficiency.

If the intensity I* of at least one branching ratio BR(A) of the decay-branch A
is known precisely from another experiment, the total number of decays Nypq can

be deduced from the number of measured decays D3, of that particular branch A.
int

Knowing the intrinsic energy-dependent detection efficiency €/%;(E4), and the geomet-

rical detection efficiency 5?[2? the total number of decays is given by

Nt tal — _ D'r?meas (5 2)
T el (Ba) e T '

In order to determine N;.q of B3 decay transition nuclei, the emitted 3 particles
can be detected. In the TITAN-EC setup €% is difficult to determine because of the
magnetic bottle produced by the quasi-Helmholtz coil pair (see Section 3.1.2) and the
uncertainty of the ion-cloud distribution inside the trap. Furthermore, it is not granted
that it stays constant throughout the experiment. A more elegant way of determining
Niotar 18 by measuring the photons emitted in the decays of excited states in decay
products. Generally, nuclei decaying by beta decays feed excited states of the daughter
nuclei. These excited states emit a photon while decaying to lower-lying states. Based
on the known strengths of these branches, Ny can be derived by measuring the
number of events D,cas (E) of the photo peak at the energy E, if £€71(E) is known. If
x-rays and -y rays are detected simultaneously with the same detector, the measurement

. geo
becomes independent of €7 ;.
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Ngc is determined by measuring the K-shell x-rays DX of the daughter isotope.

However, EC decay is not the only process creating a vacancy in the atomic shell.
Conversion electrons (CE) also create vacancies in the atomic shell that result in the
emission of an x-ray when they are filled. Therefore, DX . is the sum of EC and CE
events,

Dgeas = Ntotal Egéi(EK) 532? (BR(EC) C Wk - fk + wk IgE) ) (53)

with Ig E being the total intensity of K-shell conversion electrons, wy being the fluores-
cence yield, i.e., the probability that the vacancy in the K-shell is closed while emitting
an x-ray, and fi the probability that an EC leaves a vacancy in the K-shell. The ECBR
can then be expressed as

BR(EC) =

1 <€le§(EA) IA Dwfrieas —wy I}%’E) ) (54)
wi - fi \ e (Ex) D

meas

This branching ratio is independent of the geometrical detection efficiency if x-rays and
v rays are detected with the same detector. The latter equation simplifies to

IK _ ICE
BR(EC) = ————— 5.5
(BC) =~ (5.5)
using the total K-shell intensity
IK — Dgeas IA SZdZi(EA) (56)

Ditcas it ()

meas
and subtracting the K-shell x-ray intensity due to conversion electrons I¢F = wy IgE .

Based on Eq. (5.4), the ECBR of °"In was determined at TITAN. During this mea-
surement the K-shell x-rays were measured as well as the 205 keV photon intensity of
the excited 7/2% state in °7Cd. However, applying Eq. (5.4) requires detailed knowl-
edge of the intrinsic detector efficiency. Determining 7" (Ex) with radioactive sources
introduces additional uncertainties, especially in the x-ray region, due to unknown pho-
ton attenuation in the source. The detector efficiency calibration in the x-ray energy
region becomes obsolete if another isotope with the same Z and a well known x-ray

intensity

! ’ N
IK’ o Drlrieas I 52{%(&4’)
: -
DA, et (B

meas

(5.7)
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is measured with the same experimental setup. Then, Eq. (5.6) can be written as

' meas “d
DréLeas Ein(EK) Dnlgéas 4 EZZELi(EA’)

_ IK’ D’nlgeas IA EZIZQ(EA) D’rézeas (5 8)

DA DX’ IA’ i"t(EA/) 4 .

meas ' meas Edet

IK _ IK’ Drfrieas IA Egéi(EA) DA EleeLi(EK’)

if the x-ray energies are equal as they are for isotopes. It is noted that the isotope
dependent x-ray energy shift is negligible compared to the energy resolution of the
detector. Therefore, only the ratio e7t(E4)/e7(E 4/) needs to be known. Typically,
E4 and E 4 are in the region above ~ 120keV. In this region the efficiency of solid
state detectors is well understood and self shielding of the source is less critical. The
ECBR of '?*Cs was determined by applying this method. Therefore, 1?6Cs was used

as calibration isotope A’.

In all experiments, the photo peak intensities Dy,eqs were determined using the Ge
and LeGe detector described in Section 3.4. During the '°"In measurement, the signal
of these detectors was digitized by two DSPEC units. Schemes of the DAQ setup
used during this experiment are illustrated in Fig. A.2 and Fig. B.1 for Ge and LeGe
detectors, respectively.

During the ?4126Cs measurement the signal of the LeGe was split and fed to the
two DSPEC units. The signal of the Ge detector and the PIPS detector was sampled
and recorded by the tigl0. The schemes of these setups are displayed in Fig. B.3 for the
LeGe detector, and Fig. C.2 and Fig. A.3 for PIPS and Ge detector signal processing,
respectively. The DAQ with the split signal is explained in more detail in Section 5.4.1.

5.2 Electron-capture branching-ratio measurement of %In

For the ECBR measurement of 1%7In, a high power Ta target was bombarded with a
65 nA proton beam from TRIUME’s cyclotron at an energy of 500 MeV. A radioactive
ion beam was extracted from the ion source with a beam energy of 15keV. Prior to
delivery to TITAN, the yield was determined to be 4.9 - 10° ions/s and 1.6 - 103 ions/s
of 1078In and '°"™In, respectively, and the contamination of the beam was measured to
be less than 10% at ISAC’s yield station [ISA08]. The beam was delivered to TITAN’s
RFQ where it was cooled, bunched and sent to the spectroscopy trap. The ion bunches
were first implanted into the Al foil in front of the PIPS detector installed in the
detection chamber without being stored. °7In isotopes were confirmed as the main
component of the delivered beam by measuring the (G-rate resulting in a measured half
life of 33.3 + 1.3 min. This value is in agreement with the literature value [NND10].
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Figure 5.2: Schematic of the (left) 7In and (right) '?*'26Cs measurement cycles. (I)
Ions were injected into the trap and (II) while they were stored, their radioactive decay
was observed. (III) Afterwards, the trap was emptied. During the ©’In measurement a
new cycle started after the ejection. In the 124126Cs measurement, (IV) a background
spectrum was recorded after the trap was emptied. Following this measurement a new
cycle started with ion injection. Sketched is the potential V along the trap axis z.
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Figure 5.3: 7In decay spectrum recorded with the Ge detector. (a) The whole spec-
trum showing the range from 10keV up to 520keV. (b) K, and Kz x-ray signatures
used to determine the ECBR of ©In. The peak at 16keV originates from intrin-
sic noise. It is not visible in the LeGe detector spectrum shown in Fig.5.4. (c) The
204.95keV [NND10] 7-line was used to determine the total number of decays that
occurred inside the trap.

After the identification of 197In, the ions were stored in the spectroscopy Penning
trap for 1s while their radioactive decays were observed with the LeGe and Ge detec-
tors covering ~0.02% and ~0.25% solid angle, respectively. After the 1s measurement
period the trap was emptied by extracting the ions back into the beam line where
they were deposited on an electrode. This was done to minimize background contri-
butions from subsequent decays. The timing cycle of this measurement is displayed in
Fig. 5.2(I-IIT). In order to reduce the radiation background, the detector DAQ system
was gated such that it would only record spectra while ions were stored inside the trap.
Background spectra were taken with the detectors before and after the ECBR measure-
ment of 197In, i.e., before 197In was delivered to TITAN and after the measurement.
The data acquisition was done with two DSPEC units recording data from LeGe and
Ge detector.
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The spectra recorded during the ECBR measurement of °7In are displayed in
Fig.5.3 for the Ge detector, and Fig.5.4 for the LeGe detector. The spectrum of
the Ge detector was taken during the first hour of the experiment. Later, the deliv-
ered beam intensity dropped and it could not be verified whether In was injected and
stored in the trap. The Ge detector spectrum was analyzed using Origin [Ori] with an
adjusted fitting function consisting of a Gaussian and a smoothed step function, which
accounts for low-angle scattering between source and detector. A detailed description
of the contributions to a photo peak detected by a Ge detector is given for example
in Ref. [Hel80, Haa06]. The 204.95keV photo peak from the decay of the 7/27 state
in 197Cd was used as reference. It was also considered to use the positron annihila-
tion photons as a reference. However, during background measurements before the
beam time the 511keV annihilation line was found to have unexplained fluctuating
intensities. Based on the measured peak intensities D,,eqs, the resulting ECBR was
calculated using Eq.(5.5) applying wy from [Sch96b,Sch00] and ISP from [NND10] to
be (53 £20)% and is in agreement with 64(3)% [NND10] and an independent analysis
of this data, 55(20)% [Ett09].

Independent of the consistency of this result, additional effects should be consid-
ered. Ions could be lost out of the direct detection region of the Ge detectors during
injection and extraction. In this case, the detectors would be shielded against x-rays
while 205 keV photons could still reach them. This would lead to a decreased ECBR.
Additionally, Ag x-rays from the decay product of 197Cd overlap with Cd x-rays in
the Ge detector spectrum. This introduces further uncertainties. The Ge detector
resolution is not sufficient to resolve them while they are well separated in the LeGe
spectrum. In the spectrum of the LeGe detector displayed in Fig.5.4, the Ag x-ray
lines dominate those of Cd while in the spectrum of the Ge detector it is the inverse
as shown in Fig. 5.3. This difference originates from a difference in measurement time.
The LeGe detector was accumulating data for a longer period of time than the Ge
detector. Over time, Ag built up inside the trap and thus its contribution to the spec-
trum increased with longer measurement time. Background spectra were only taken
before and immediately after the measurement. Therefore, the presence of the Ag line
in the background spectrum is evident but it is not possible to determine the amount
of ions lost inside the trap within the given uncertainty. The background contribution
of ions lost inside the trap to the spectrum cannot be determined with the applied
measurement cycle.

However, the ECBR of 197In was the first time an EC was observed of ions stored
in a Penning trap. This measurement proved the feasibility of this technique but also
indicated issues that still needed to be addressed. Therefore, a second experiment was
performed with 124126Cs based on the experience gained during the °7In experiment
with the goal to further refine the technique.
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Figure 5.4: '°7In decay spectrum recorded with the LeGe detector. (a) The entire
spectrum showing the range from 10 keV up to 520 keV. The decay scheme with relevant
levels is also illustrated. (b) Cd and Ag x-ray signatures of the EC decays of 1%7In and
107¢d. (c) The 204.95keV [NND10] 4-line was used to determine the total number of
decays that happened inside the trap.
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5.3 Systematic studies with 124126Cs

For the ECBR measurement of 124126Cs, a Ta high power target! was bombarded with
a 50 pA proton beam from TRIUMF’s cyclotron with 500 MeV energy. Cesium atoms
were ionized by surface ionization and delivered to TITAN with 15keV beam energy.
The yields were 1.3 - 107 /s for 1248Cs; 2.5 - 10° /s for 24mCs, 1.6 - 107 /s for 126Cs, and
8.8 -108/s for 122Cs, respectively, measured at the ISAC-I yield station [Kun09].

After being cooled and bunched by TITAN’s RFQ, the ions were extracted into the
TITAN beam line. Their schematic flight-path is illustrated in Fig.5.5. Initially, the
ions were implanted into the Monitoring PIPS assembly and identified by their half life.
This transport path is indicated by the dashed red line in Fig. 5.5. During this measure-
ment the number of ions per bunch was determined as described in Section 5.3.1. Ton
bunches were then injected into the spectroscopy Penning trap as indicated by the red
arrow in Fig.5.5. While the ions were stored, their decays were observed as described
in Sectionb5.4.3. After a certain storage time fsiorage, the ions were extracted towards
the MPET, implanted into the monitoring PIPS assembly (green arrow in Fig. 5.5) and
a background measurement was performed for thackground = tstorage- Lhe implantation
of extracted ions into the monitoring PIPS assembly provides direct information on the
measurement. If the beam intensity changes during the experiment, the § count rate of
the monitoring PIPS changes and the system can be adjusted accordingly. Part of the
(B count rate recorded by the monitoring PIPS during the Cs experiment is displayed
in Fig.5.6. Arrows indicate some of the events that can be identified in the intensity
plot. This method was tested and found to be a valuable monitoring technique during
ECBR measurements.

5.3.1 lon-bunch intensity determination with the AI-PIPS

After optimizing the tune of the RFQ as described in Section4.1, ions were extracted
from the RFQ and implanted into the monitoring PIPS? assembly (see Fig.5.5) in order
to identify the isotope delivered to TITAN and determine possible contaminations. Ten
shots were typically extracted from the RFQ at a frequency of 10 Hz. After extraction
of the last pulse from the RFQ, the data acquisition with the SR430 multi-channel
scaler was initiated to recorded the 3% intensity. Additionally, the split signal of the
monitoring PIPS detector was sent to a monitor, a so-called ISAC scaler®. Based on
the recorded spectra the isotopes, ?4126Cs and possible contaminants were identified.
It was assumed that the beam consists of the two isotopes A and B with the condition
that A only decays to B which is unstable. A is considered the contaminant. Based on

!Target module #4, Ta high power target #28
2Al-PIPS-300
*ISAC scaler ILE2:SCALER:SCALER.S14.
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Figure 5.5: Ion path during a measurement. Ions from the RFQ are delivered to the
Penning trap (red arrow) where their decay is observed. After a certain period of time
they are extracted back into the beam line and implanted into an Al-foil in front of a
B detector (red arrow).

the decay rates

dng
e —AanY and (5.9)
dnB

with the decay constants A4 and Ap as well as the number of nuclei n% and n% at
t =ty of A and B, respectively, one can express the decay rate of the daughter isotope
B as

dnpg

o = -\an% —Apn%. (5.11)
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Figure 5.6: (top) Proton intensity and (bottom) [ intensity on the monitoring PIPS
assembly during the Cs ECBR experiment.

This differential equation of first order can be solved as described in Ref. [Bro01] and
results in the equation
__ M 0
np(t) = 7= na {exp (=Aa (t —to)) — exp (=Ap (t — 1))}
Aa— Xp
+n% exp (—Xp(t — to)). (5.12)

In the case of 1?4Cs this equation was used to investigate the 1?™Cs contamination.

The beam intensity per extracted shot from the RFQ was estimated assuming a total
detection efficiency of (25 + 10)% for the monitoring PIPS assembly. This efficiency
is the product of intrinsic detection efficiency and geometric detection efficiency. The
latter is the main contribution to the uncertainty of the total efficiency due to the
distance of (6 = 1) mm between detector and Al foil. The intrinsic detection efficiency
was calculated by integrating the 8 spectrum defined by Eq.(3.2). Based on this, an
intrinsic detection efficiency of ~ 99% was determined assuming that electrons below
250 keV were stopped by the 20 pm thick Al foil and the detector’s dead layer, and thus
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not detected. The ion bunch intensity measurements of 1?4Cs and '?6Cs are described
separately in the following subsections and the results are summarized in Table 5.1.

Identification of 124Cs

After determining the background count rate, 124¢™Cs was implanted into the moni-

toring PIPS assembly and the count rate was recorded with the SR430 multi-channel
scaler. For the half life measurement of '246Cs, a delay of 30s was used to trigger the
multi-channel scaler. This delay corresponds to ~ 4.5 times the half life of 1?*™Cs and
thus only ~ 4% of '2m(Cs did not decay by the time the measurement was started. The
resulting half life of 1246Cs was measured to be 30.94(10)s and is in agreement with
30.8(5) s [NND10].

The beam intensity was determined by implanting 10 ion bunches at 10 Hz repetition
rate into the Al foil. Counting with the SR430 began 1006.7 ms after the first bunch
was extracted from the RFQ, i.e., directly after all bunches hit the Al foil. The flight
time for 26Z'* from RFQ to monitoring PIPS assembly with 2keV beam energy is
about 120ps. The decay curve was then fitted with Eq.(5.12). During the fit only
na and np were varied while A4 and Ap were kept constant at 6.3(2)s [NND10]. The
background was determined to be 23.2(8) counts/s in a measurement performed prior to
the implantation. A minimal x?/d.o.f.=1.19096 was determined for n94 = 0. This result
agrees with a contamination of about 2% as determined by yield station measurements.
Based on the assumption that the contamination of 1?4Cs is negligible, the decay data
was analyzed using Eq.(5.10). Based on the fit, the total number of atoms exposed
to the detector was determined to be 6.9(2) - 10° for 10 shots. Assuming a detection
efficiency of (25410)%, the beam intensity is estimated to be 2.8(11)-10° ions per bunch
at an extraction rate of 10 Hz. The ion beam current entering the RFQ was measured
to be ligac ~ 3-1072 A~ 19 - 106 ions/s at FC3. Based on these measurements,
the efficiency of the RFQ was estimated to be about 10% in bunched operation at
10Hz. Further spectra with different repetition rates were also recorded. The resulting
efficiencies are consistent.

In addition, an attempt was made to identify '?*Ba as a possible contaminant. The
half life of 11.0(5) min [NND10] is long compared to that of !?™2Cs and thus it was
not possible to identify >*Ba with this setup. In the SR430 spectrum, the count rate
was dominated by 124Cs and the ISAC scaler fluctuated on that time scale.

The presented measurements were performed at an RFQ gas-flow rate of
5sccm=4.4 - 1075 mbar. As mentioned earlier, at the time of the experiment it was
assumed that this flow rate is sufficient to stop all incoming ions in the RFQ. In sub-
sequent investigations this was found not to be the case. Therefore, the transmission
through the RFQ in pulsed operation could be considered to be even higher.
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Figure 5.7: Decay curve of ten ion bunches of 1?6Cs, extracted from the RFQ and
implanted into the monitoring PIPS assembly. The rate was recorded with the SR430
multi-channel scaler.

Identification of 126Cs

The isotope 6Cs was identified with a method similar to that for the identification of
124Cs. Radioactive isotopes were extracted in bunches from the RFQ and implanted
into the monitoring PIPS assembly. The half life of 26Cs was measured to be 97.4(21) s
and agrees with 98.4(12) s [NND10]. This value was determined from 10 shots implanted
into the Al foil. The decay curve is displayed in Fig.5.7. Following the first measure-
ment, two more measurements were performed with 10 shots and 100 shots extracted
from the RFQ. The measured half lives were 100.8(18)s and 109.4(15) s, respectively.
The increase in the identified half life resulted from '26Ba contamination that was built
up on the Al foil. The resulting spectra therefore consisted of two components and
needed to be convoluted. It was attempted to estimate this contamination by analyz-
ing the data recorded by ISAC’s scaler but the scaler output was unstable and drifted
over time as mentioned earlier. Therefore, with the recorded data it was not possible
to get constraints on the "*°Ba contamination.

The first ten ion pulses implanted into the monitoring PIPS assembly with a repeti-
tion rate of 10 Hz were analyzed in order to determine the number of ions per shot. The
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Isotope Half life Half life Intensity per Intensity
this work ~ NNDC [NND10] bunch @ 10Hz at FC3
1248Cs  30.94(10) s 30.8(5)s 2.8(11)-10° ~3-10712A
124m g 6.3(2)s
12605 1.59(6) min 1.64(2) min 4.4(21)-10°  ~1-1071A
126B4 100(2) min

Table 5.1: Half lives and beam intensities that were determined during the ?4126Cg

measurement.

total number of nuclei whose decay was detected by the PIPS detector was determined
to be 1.1(3) - 105 for 10 shots. With the total detection efficiency of (25410)% this
calculates to 4.4(21) - 10° ions per shot extracted from the RFQ at a repetition rate
of 10Hz. About two hours prior to and after this measurement, a beam intensity of
Iisac ~1-1071A ~ 6 - 107 ions/s was measured at FC3 going into the RFQ. Based
on this ion current the transmission of the RFQ was determined to be about 1%. This
is a factor 10 less than the RFQ efficiency determined with '?4Cs. It is noted here that
the applied technique was aimed at identifying the delivered isotope. The method was
neither optimized for 3 decay spectroscopy nor was it calibrated. Based on the mea-
surements presented here, the RFQ-transmission in pulsed operation at 10 Hz repetition
rate is determined to be 1-10%. This efficiency agrees with typical RFQ efficiencies as
well as with observations during other experiments at TITAN with low intensity ion
beams [Brol0b]. However, this measurement provided the first efficiency estimate with
more than 10* ions/s entering TITAN’s RFQ. All results are summarized in Tab. 5.1.

Apart from isotope identification, the monitoring PIPS assembly was used to moni-
tor the stored isotope intensity during the ECBR measurement of 24126Cs as illustrated
in Fig. 5.6.

5.3.2 LeGe detector background investigation

Before radioactive ions were injected into the trap, background spectra were recorded
with the LeGe detector placed 100 mm away from the trap center, i.e., at its position
during the experiment. The recorded background spectrum was normalized to an
exposure time of 1 hour and is displayed in Fig. 5.8 (blue spectrum).

During the experiment with radioactive 24126Cs, further background measurements
were performed while 26Cs was deposited in the RFQ without being extracted. The
resulting spectrum is displayed in Fig. 5.8 (red spectrum). This spectrum was also
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Figure 5.8: LeGe detector background spectrum recorded prior to the beam time and
while '26Cs was dumped in the RFQ. The spectrum was normalized to 1 hour. See
text for explanation.

normalized to 1 hour measurement time. Prior to this measurement, no ions were
delivered to TITAN for about 5 hours to allow all previously deposited cesium and
barium to decay. The activity deposited in the RFQ increased the background level
by about one order of magnitude. Well separated are the 388.66keV and 511keV
lines from the decay of '26Cs and positron annihilation, respectively. The fact that
higher energetic lines of ions lost inside the RFQ contributed to the spectrum has to
be considered in the analysis and future developments.

5.3.3 Bt — ~ coincidences

During the ?4126Cs measurement, Ge and PIPS detector signals were digitized using
the tigl0 sampling ADC [Mar08]. Typically, the tigl0 was only recording data while
ions were stored in the trap. The trigger algorithm triggered on the signal height of
single samples and therefore, the trigger was susceptible to noise. As a result, the
recorded photon spectrum of the Ge detector below ~40keV strongly depended on
the applied trigger threshold. In systematic studies prior to the beam time it was
not possible to record reproducible x-ray spectra [Bru09]. Therefore, during the Cs
experiment the Ge detector recorded ~ rays above ~40keV. The recorded data set
consisted of § and « events that could be investigated under consideration of coincident
events. Neither PIPS nor the Ge detector were used to determine the ECBR of 124126Cs,
but were used for systematic studies.
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The recorded normalized § spectra of 24126Cs are displayed in Fig. 5.9. In the case
of 124Cs, the high energy side of the spectrum has more counts than in the case of
126(Cs. This is due to the fact that the @ value of ?*Cs is about 1 MeV greater than of
126,

When '?6Cs was first injected into the trap, the PIPS detector was rotated away
from the trap so that it would face the electron gun. In this position, no § particles
were counted. When rotated back and facing towards the trap center, positrons were
detected. This verified that the PIPS detector was actually measuring [ particles
originating from in-trap decays.

Instantly after the measurement of ?4Cs, background measurements were initiated
counting beta intensity during ~ 4 hours following the experiment. The § count rate
decayed exponentially indicating that ions were implanted into the PIPS detector.
This can be explained by the symmetric trapping potential that was applied during
the experiment as shown in Fig. 4.5c. During the injection process, the guard electrode
was switched to a low potential to allow ions to enter the trap as displayed in Fig. 4.5b.
Slow ions arriving after the ion bunch, were still in the region of the guard electrode
while the electrode was switched to a high potential to confine the main ion bunch.
This then acts as an ‘ion elevator’ increasing the potential energy of the slow ions so
that they were not confined anymore by the guard electrode facing the PIPS detector.
This background source has to be considered in future experiments. A solution would
be to increase the voltage of the PIPS-facing guard electrode to reflect all ions that
would otherwise impinge on the PIPS detector.

The photon spectra recorded with the Ge detector are displayed in Fig.5.10. Also
displayed are y events that occurred in coincidence with a 3 event. Considering the
difference in intensity, one concludes that the coincidence is soft. The time difference
ty —tg between v and 3 detection is plotted in Fig. 5.11 for photon energies in the peak
range of 354keV and 511 keV. The signal of a beta event is processed much faster than
that of a photon event. Therefore, all events with a time difference smaller than zero
are random coincidences.

5.4 In-trap decay spectroscopy of 124:126Cs

During the analysis of the °/In ECBR measurement, it was found that the cycle used
was not optimal to perform in-trap decay spectroscopy. First, background spectra were
only taken after several hours of storing radioactive ions and measuring their decays.
Hence, little information on losses inside the trap was gained. Second, a storage time
of 1s was acceptable for the storage of 1°7In in a trap with a 4 T magnetic field. For the
ECBR measurement of 124126Cs the magnetic field was increased to 5T to better confine
3 particles. This was necessary due to the Q values of 5929(9) for 124Cs and 4824(14) for
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Figure 5.9: Normalized St spectrum of ?%126Cs recorded with the PIPS detector.
Both spectra were summed over several hours of data-taking and then normalized to
the area.
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Figure 5.10: 124126Cs spectra recorded with the Ge detector. The detector was set up
to only record data during tsorage, i-€., when ions were stored inside the trap. The blue
spectrum are photon events that were recorded in coincidence with ST events.
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Figure 5.11: 3T — v time correlation recorded with Ge and PIPS detector.

126Cs [NND10]. Subsequent storage time measurements with the spectroscopy Penning
trap (Section4.3) showed that shorter storage times are favorable for ion storage in
higher magnetic fields. To address these two issues the timing and measuring cycle was
changed for the 1?4126Cs measurement. In this newly developed cycle ions were injected
into the Penning trap where they were captured for the period tsiorage While their decays
were observed. During the measurement with 2°Cs the storage times lstorage = 25mS
and tsgorage = 50 ms were applied, 12405 was stored for tstorage = 25ms. Afterwards the
trap was opened to extract the ions and after 1 ms a background spectrum was recorded
for tBaND = tstorage- The cycle then started again with the injection of ions into the
trap. Therefore, one full cycle tcycle consisted of tBaND, tstorage, and the transition time
tirans. Under the condition that no ions are lost inside the trap, the total number of
decays n in a measurement time 7" calculates to

tSOrae
Ny (1—6_ t‘rg>

B T
tBaoND + tstorage + ttrans

n (tstorage’ tBGND) =
cycle

tS orage
No (1 - e—%) , (5.13)

assuming a constant ion bunch intensity Ny. For a given transition time i, the times
teanD and tgiorage can be varied to optimize the number of decays n that happen within
the measurement time 7'. Fig.5.12 displays n (tstorage, tBGND). During the experiment,
the detector signal was split and fed to two data acquisition units that recorded spectra
either during tstorage Or tBanDp. The 124,126 Cs measurement cycle is displayed on the
right side of Fig. 5.2.



5.4 In-trap decay spectroscopy of 124126Cs 91

ap»>» 0.2
0.3

tstorage(*2°Cs) [S] 0 4 teenp[s]

Figure 5.12: Calculated number of decays n (fsiorage; tBGND) for a measurement period
of T'= 1hour and 1 - 10° ions/bunch.

5.4.1 Split LeGe-detector signal

The split LeGe detector output signal was sent to two DSPEC units in order to record
spectra either while ions were captured or immediately after the extraction and before
the next ion bunch was injected. The units DSPEC 319 and DSPEC 321 were gated
with the EBIT ppg (programmable pulse generator) NIM signal to only record data
during tstorage and tBaND, respectively. A schematic of this DAQ setup is displayed in
FigB.3. The settings of both DSPEC units are listed in Table B.1.

A 133Ba source was placed at the Be window at the South side of the trap opposite
the LeGe detector (see Fig. 3.19) to investigate the effect of splitting the LeGe detector
signal and feeding it to two DSPEC units. First, both DSPEC units were recording
data simultaneously without being gated. These spectra were analyzed and the frac-
tion of DSPEC 319 versus DSPEC 321 was calculated. This fraction is illustrated for
different photo peaks on the left in Fig.5.13. The fitted peak-area ratios calculate to
1.003(17) and 1.000(25) for 30.6keV and 81.0keV, respectively. The Kz lines that are
emitted from the '33Ba source were difficult to fit. Therefore, these K peak areas were
integrated and their intensities agreed for both DSPECs. The integrated peak-area
ratio is illustrated by blue dots in Fig. 5.13 and all areas are listed in Table B.3. Based
on these results, one concluded that both DSPEC units recorded data with the same
efficiency.

In the same setup, both DSPEC units were gated applying the actual timing cycle
presented in the previous section. The times tsorage and tpagnp were set to 50ms. The
large distance between detector and source in combination with a dead time of more
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Figure 5.13: Fraction of peak areas recorded with the split signal DSPEC setup with
non-gated data acquisition (left) and gated data acquisition (right). The values are
listed in Table B.3. Black squares represent peak areas fitted with [Sju09] and blue
points represent the ratio of integrated photo peak regions.

than 50% due to the gating resulted in few counts in the spectrum. Hence, reliable
results could only be obtained for the K, peaks and the photo peak at 81 keV. Again,
the peak areas agree within uncertainty and the ratios of gated DSPEC319 to gated
DSPEC321 are 0.994(39) for the 30.6keV peak and 0.989(63) for the 81keV peak as
displayed on the right side of Fig. 5.13. From this comparison one infers that the timing
cycles tsiorage and tggnp are identical.

Throughout the 124126Cs experiment, calibration spectra with '33Ba were recorded
repeatedly. The centroids of the 35keV and 81keV photo peak shifted less than
1 channel=0.0330(5)keV over 35hours. The time-dependent centroid positions of the
split-signal data acquisition are displayed in Fig.5.14. This agrees with systematic
studies performed before the online measurement.

However, during the analysis of the online beam time data it was discovered that
both DSPECs truncated energy events above ~ 120keV. Due to this truncation, the
efficiency for higher energetic photons drops off several orders of magnitude faster than
one would expect for a Ge crystal of that particular size. This introduced an additional
systematic uncertainty to the measurement and is discussed later in this chapter.

5.4.2 Analysis of the recorded 124126Cs spectra

During the cesium online beam time, radioactive Cs was injected into the spectroscopy
trap and x-rays following an electron capture were detected along with the emitted
positrons. The cycle listed on the right side of Fig. 5.2 was applied and spectra were
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Figure 5.14: Centroid channel of the (left) 35 keV and (right) 81keV '33Ba photo peaks
throughout the 124126Cs experiment.

recorded with DSPEC 319 while ions were stored inside the trap, and with DSPEC
321 during the background measurement immediately after ion storage. The data was
recorded in so-called blocks. FEach block typically consisted of several one-hours spectra
of continuous beam delivery with constant settings. The DSPEC units recorded pulse-
height spectra of typically one hour that were read out and stored by a computer.

The recording efficiency of both DSPEC units was considered equal based on the
results presented in the previous section, i.e., the spectra were not weighted. In order to
achieve higher statistics the spectra of each block were added channel by channel. This
is reasonable since the shift over several hours is less than 1 channel =0.0330(5) keV as
previously mentioned. If the settings of two different blocks remained the same, these
blocks were also added channel by channel.

The summed spectra were then analyzed with the following method. Photo peaks
in the x-ray region were fitted with a FORTRAN code [Sju09]. Within the fit, K-shell
x-ray energy and relative intensity were kept constant at the literature value [Tho09].
Typically, the x-ray lines of Cs and Xe were fitted simultaneously. The code applied
a maximum likelihood method to determine the peak areas. The resulting peak areas
were Di’tfrkage and D%eglj\, p recorded with DSPEC 319 during tstorage and DSPEC 321
during ¢ tBaND; respectively. The widths of the peaks were determined in the analysis
of D‘:ffmge photo peaks. These widths were then kept constant in the analysis of the
background spectra. This procedure was also applied in the analysis of the ?4mCs

v lines.

The influence of the magnetic field on the peak shape increases with increasing field
strength as mentioned in Section 3.4.3. As a result, the peak is broadened with a tail
on the low-energy side. In order to be independent of the peak shape the ~ lines at
354keV and 388keV were integrated using TV [The]. Two background regions were
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Figure 5.15: Photon spectrum of (red) '?*Cs in-trap decay and (black) background
measurement. Displayed is the sum of all spectra (6h).
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Figure 5.18: Photon spectrum of (red) 26Cs in-trap decay and (black) background
measurement. Displayed is the sum of all spectra (12h).
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defined on either side of the photo peak with a range equal to the integration region.
Based on the counts in the background regions the background subtracted peak area
was determined. As a consistency check the peaks were also analyzed using [The]
and [Sju09]. All determined peak areas agree within their uncertainties.

The results of this analysis are displayed in Table 5.2 for all ECBR relevant photo
peaks of all 26Cs blocks. The peak areas obtained for 1?4Cs are listed in Table 5.3.
The Xe x-ray peak areas were weighted with \/x?/d.o.f. while the v ray uncertainties
were determined using [The].

Block Duration [h] x-ray peak 388keV v ray peak

7 3 1219(73) 1038(42) storage
8 3 400(66) 704(31) BGND
9 1 591(53) 479(26) storage
10 1 164(45) 382(22) BGND
11 2 865(66) 896(34) storage
12 2 495(62) 730(30) BGND
13 3 1055(75) 947(35) storage
14 3 514(62) 667(29) BGND
15 3 964(69) 799(32) storage
16 3 480(58) 603(27) BGND
13+15 6 2129(104) 1741(57) storage
14+16 6 1086(865) 1227(42) BGND

Table 5.2: Peak areas recorded during the '26Cs in-trap decay spectroscopy measure-
ment. X-ray values were fitted using [Sju09] while v ray peaks were integrated us-
ing [The].

The summed 24126Cs spectra are displayed in Fig.5.15 and Fig. 5.18, respectively.
X-ray and v peaks are presented in detail in Fig.5.16 and Fig.5.17, and Fig.5.19 and
Fig.5.20 for 12*Cs and '26Cs, respectively. In these plots, both spectra of ion storage
and background measurement are presented. Analyzing, these spectra some facts arose
that are discussed in the following bulleted list:

e Photo peaks in the background spectra
In principle, one expects photo peaks in the spectrum while ions were stored
and no peaks during background measurements. However, in both storage and
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Block Duration [h] x-ray peak 354keV ~ ray peak

5 4 94(43) 549(28) BGND
6 4 1074(66) 1152(40) storage
7 2 490(42) 534(27) storage
8 2 0(10) 285(19) BGND
5+8 6 150(54) 817(34) BGND
6+7 6 1657(77) 1661(58) storage

Table 5.3: Peak areas recorded during the '?4Cs in-trap decay-spectroscopy measure-
ment. X-ray values were fitted using [Sju09] while v ray peaks were integrated us-
ing [The].

background spectra, photo peaks were present indicating ion losses. If ions were
lost radially while being stored in the trap, they were deposited in direct detec-
tion range of the LeGe detector. Ions lost along the beam line or at the guard
electrode were deposited out of direct detection range of the LeGe detector, i.e.,
photons were attenuated by the material between deposition site and detector.
This was verified in Penelope2008 [Sal08] simulations with a 1248:124m,126 Cg source
placed at the guard electrode (45 mm distance from the trap center along the trap
axis). The source position is indicated in Fig. E.1. Simulated photons with 58 keV
and less could not reach the detector, while 96 keV photons were detected. The
detection efficiency increased with increasing photon energy. Simulated energies
and their detected fractions are listed in Table E.4. Note that the fraction of de-
tected photons is listed, not the fraction of photons reaching the detector. These
simulations are described in detail in Appendix E.

Tons lost in the RFQ or along the beam line also contributed to the photon
spectrum. This was found during background measurements with 126Cs being
deposited in the RFQ. The 388keV and 511keV lines were present in the LeGe
detector spectrum as presented earlier. Based on this measurement and simula-
tion one concludes that 1?4Cs and '26Cs were lost outside the trap and contributed
to the background spectrum. The difference in the x-ray region between 24Cs
and 26Cs indicated that '?°Cs was lost radially inside the trap (see Fig.5.19)
while '?4Cs was lost dominantly out of direct sight of the LeGe detector (see
Fig.5.16), i.e., outside the trap.

Both isotopes 2%126Cs were injected with different tunes, the so-called

Tune(***Cs) and Tune(*?°Cs). Then, the photo peak fractions R;i(;tljpe(Tune)

of in-trap decay spectrum and background measurement were calculated and
compared for x-ray and vy photons. If 126Cs was injected with Tune(*26Cs),

R;fg%s_my was bout 1.5 times larger than when it was injected with Tune(!2*Cs).
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However, 1240 injected with Tune(124Cs) resulted in R;j (;S_my that was about
4 times larger than R;j%imy(Tune(l%Cs)) and about 8 times larger than

R;?j%iray(Tune(126Cs)). The fractions of the 7 line at 354keV and 389 keV
for 124126Cs respectively, were calculated to 2.03(11), 1.42(6), and 1.54(9) for
Roio S oy (Tune(*21Cs)), Ry, S, (Tune(*24Cs)), and Ry, S ., (Tune('#Cs)),
respectively. The presented results do not allow a conclusion on the correlation
between tune and storage efficiency. The measured yields were similar so that the
effect of the beam intensity was not investigated in this work. This effect should

be investigated in further systematic studies on in-trap decay spectroscopy.

Shape of the spectrum

Considering the intrinsic detection efficiency displayed in Fig. 3.18, one expects
a rather flat spectrum. Calibration spectra recorded with the LeGe detector
as well as Penelope2008 simulations showed typical photon spectra with photo
peaks, Compton peaks, and a flat Compton shoulder. However, the recorded
spectra were camel-back shaped with an intensity minimum around 60 keV. The
spectrum shape was similar in background measurements before the beam time
and while '?6Cs was deposited in the RFQ, indicating that positron induced
radiation, i.e., bremsstrahlung and annihilation, was causing this special shape.

Shoulder between 300 and 350 keV

For both Cs isotopes, a shoulder is visible in the energy range 300 to 350 keV of the
stored ion spectra. Possible explanations are radiative electron capture (see for
example [Gla56,Pac07]), synchrotron radiation, and the Compton edge [Kno00].
In Ref. [Mor40] the number of v quanta emitted per captured K electron is
approximated by (a/127)(W/mc?)2. With W = @Q + mc? being the energy
available in an electron capture and « the fine-structure constant, one calculates
that in about 3% of all 1?*Cs K shell EC, photons with continuous energy dis-
tribution were emitted. Therefore, the contribution of radiative electron capture
to the spectrum was negligible. Synchrotron radiation can be excluded because
the photon energy emitted by a positron with 4.9 MeV kinetic energy in a 5T
magnetic field calculates to < 6 meV, depending on the pitch angle of the positron
in the magnetic field.

The Compton edge of 511keV photons from positron annihilation is located at
340.7keV and lies within the range of the shoulder. In both cases 24126Cs, the
shoulder is located at the same position. Therefore, this shoulder is identified as
the Compton edge of 511 keV positrons.

The x-ray photo peak areas of 124126Cs, and the 89.5keV and 96.6keV lines of

124mCg were used to estimate the number of ions that were injected into the trap.
These peaks were chosen to determine the ion bunch intensity since in the region below
~ 120keV, the signal was not truncated by the DSPEC. Only decays of stored ions
were considered, i.e., the peak area recorded during the background measurement was
subtracted from the in-trap decay spectroscopy. The detection efficiency was extracted
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Isotope Ion bunch intensity  Blocks  PIPS ion bunch intensity
124m g 4.48(63) - 10° 647-5-8

1248Cs 1.34(13) - 10° 6-+7-5-8 2.8(11) -10°
126Cs  2.65(32)-10° 1 7-8 4.4(21)-10° T
2.54(54) - 10° 9-10
1.85(46) - 10° 11-12
1.80(32) - 10° 13-14
1.61(30) - 10° 15-16

Table 5.4: Ion bunch intensities derived from the measured '24&™:126Cs photo peak
intensities. The column on the right lists intensities determined with the monitoring
PIPS assembly for comparison. The values marked with T were recorded with ~ 10 Hz
repetition rate. All other measurements were performed with ~ 20 Hz.

from Penelope simulations of the experimental setup. The determined photo peak
intensities are presented in Table 5.4 along with those determined with the monitoring
PIPS assembly listed in Table5.1. The ion bunch intensities of ions stored inside the
trap are about half of those measured at the PIPS assembly (48(20)% and 60(30)% for
124,126 respectively). This was expected because the ion beam was bent twice by 45°
and had to be injected into the magnetic field of the trap. The determined efficiencies
agree with efficiencies of ions ejected from the EBIT to the MPET-MCP [Lap10] where
the ions travel the opposite direction through the two 45° bends.

Blocks 7 and 8 were recorded with tsiorage = tBanD = 50ms instead of 25ms like
all other measurements, and agree with the determined intensities of blocks 9 and 10.
After these measurements, the beam was off for several hours and ?*Cs was measured
in between. When the experiment was continued with ?6Cs, the ion beam intensity
was reduced. However, it is noted that the ion bunch intensity of blocks 11 through 16
remained constant, independent of the applied tune.

5.4.3 Electron-capture branching ratio measurement of Cs

Considering the previously presented systematic studies, the ECBR of 1?4Cs was de-
termined. The measurement periods tsiorage = tBaND Of 25 ms and 50 ms were short
compared to the half lives of 124126Cs of 30.8(5) s and 1.64(2) m, respectively. Therefore,
the decay rate was considered to be constant throughout these measurement periods.
The validity of this assumption is valid to a level of the order of 104 and was veri-
fied in simulations. Based on this assumption, the peak intensity of the background
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measurement D%%IED recorded during tganp was subtracted from the peak intensity

Dpeak

storage recorded during tsiorage-

Based on the measured 24Cs photo peaks’ intensities presented in Tab. 5.3 and the
12605 peak areas, the ECBR of 124Cs was calculated according to Eq.(5.7). There, I
only depends on the ratio of intrinsic v ray detection efficiencies €7 (E4) /e (E ).
This ratio was determined with the calibration source '*3Ba and verified in Penelope
simulations. Accounting for the probability fx = 0.878 [NND10] that an EC creates
a vacancy in the K-shell and considering the fluorescence yield wg = 0.888(5) [Sch00],
the ECBR of '?4Cs was calculated separately for each block of 26Cs listed in Table 5.2.
This was done to identify possible systematic effects. Fig.5.21 presents the determined
ECBRs for the different 26Cs reference blocks along with the statistical uncertainty.
Based on these values, the ECBR of 122Cs was determined to be (17.8 4 2.5(stat.) &
15(syst.))%. This value agrees with the literature value of 10(9)% [NND10]. The large
systematic uncertainty arises from the truncation of high energy photon events caused
by the impedance mismatch between DSPEC and preamplifier. However, the statistical
uncertainty was improved by a factor of 3 compared to previous measurements.



5.4 In-trap decay spectroscopy of 124126Cs 101

block 7 - block 8

block 9 - block 10 1

block 11 - block 12 1

block 13+15 -
block 14+16

block 13 - block 14 |

block 15 - block 16 1
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Figure 5.21: Calculated ECBRs of 2*Cs. This plot displays the ECBRs for each 24Cs
block as well as the summed blocks for different 126Cs calibration files.






Chapter 6

Conclusion and Outlook

During the past years, ion traps were introduced to the field of nuclear physics with
short lived radioactive ions. These traps were typically used as gas-filled Paul traps
to cool and clean the ion beam or for high precision mass measurements in Penning
traps. In further developments, the high resolving power of Penning traps was used to
isobarically purify the sample before it was delivered to a spectroscopy setup [Kol04].
Since then, new Paul and Penning traps were designed to also perform decay spec-
troscopy on stored ions. At ISOLDE, a method for conversion-electron spectroscopy
was developed [Wei01], and at GANIL a Paul trap with an open geometry was used to
measure the decays of ®He™ [F1608]. Most recently, a new technique was developed in
this work to measure ECBRs of ions stored in a Penning trap.

With TITAN-EC, a new technique was developed that allows the measurement of
very weak electron capture branches. With this technique, the ECBRs of the inter-
mediate nuclei in 86 decay listed in Table 1.3 will be measured during the next years.
With these measurements, uncertainties on already existing values will be improved
and unknown branching ratios will be measured. The measured ECBR will provide
important input for theoretical calculations. In cases where a single-state dominance
is present, the 2v(( transition matrix element can be determined with TITAN-EC.

In two online experiments with radioactive °7In and 24126Cs the ECBRs of 107In
and 24Cs were determined to be (53 £ 20)% and (17.8 4 2.5(stat.) £ 15(syst.))% and
agree with 64(3)% and 10(9)% [NND10], respectively. These two measurements were
performed using different detectors, different measurement cycles and different methods
of efficiency calibration. The advantage of the Ge detector was the larger geometrical
detection efficiency resulting in higher statistics. However, if isobaric contamination
is present, the higher resolution of the LeGe detector allowed separation of peaks of
different isotopes in the x-ray region. This dramatically helped to reduce uncertainties
in the peak analysis because the peaks could be analyzed separately. The statistical
uncertainty of the ECBR. of 124Cs is reduced by a factor of three compared to the
literature value. However, due to an impedance mismatch between preamplifier and
DSPEC, a systematic uncertainty of 15% had to be added.
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Ge detector LeGe detector
Egeo ~ 0.25% ~ 0.08% @ 100 mm
Resolution at 30 keV 600 eV 300eV
Isotope 1071y 124,126 Cyg
Measurement time 69.19 min 6h for 24Cs

12h for 126Cs

Calibration method  Relative to calibration sources 24Cs relative to 126Cs

Table 6.1: Physical properties of LeGe and Ge detectors used to determine the ECBRs
of 124126Cs and 197In, respectively.

The determined ECBR of 197In was smaller than the literature value. This indicated
that ion losses occurred along the beam line and in the trap that dominantly contributed
to the normalization photo peak. This was verified by measuring the background while
126Cs was deposited in the trap. With a modified measurement cycle, in-trap decays of
124,126 05 and the background were measured in short sequences of 25ms. This allowed
determination of the number of counts that occurred while ions were stored in the
trap by subtracting the measured background. Additionally, the ECBR of ?4Cs was
determined using the measured 26Cs peak intensities for efficiency calibration. The
advantage of this method is that it is independent of the setup, i.e., both spectra were
recorded with the same geometry and the same detector-source configuration. This
procedure assumes a constant ion cloud size. Within the measurement uncertainty,
this assumption is reasonable.

In both cases, 197In and 2%126Cs, a ~ line was used to normalize the spectra and
determine the total number of decays. This method is independent of the geometrical
efficiency. The detection of § particles was found to be especially not suited for nor-
malizing the spectra. Simulations showed that the amount of J particles reaching the
detector varies depending on the ion cloud size. Due to the magnetic bottle and geo-
metrical setup, the total 3 detection efficiency is about ~ 20% and varies depending on
parameters during the experiment. The key features of both measurements are listed
in Table6.1.

The feasibility of the new technique was successfully demonstrated. Due to the
strong magnetic field, § particles cannot reach the x-ray detectors providing a clear ad-
vantage compared to conventional techniques. However, these G particles are neverthe-
less responsible for an increased background in the photon spectrum below ~ 300keV.
In future developments it is necessary to shield the x-ray detectors. In the TITAN-EC
setup this can be achieved by placing the x-ray detectors in tungsten cylinders. By
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further installing tungsten cylinders inside the vacuum, one can assure that only pho-
tons originating from the trap center can reach the detector. This would significantly
reduce the background in the x-ray detector.

In an in-trap decay spectroscopy experiment, ions are stored backing free in the
trap. During the measurement of 26Cs, two different ion optic settings were used. The
amount of ions lost in the trap was different for each setting. However, the settings that
resulted in greater losses in 26Cs did not result in any losses in '?4Cs. The injected ion
bunch intensities were comparable. The influence of injection and extraction parameters
on the storage efficiency needs to be investigated in further online experiments with
radioactive ions. Systematic studies with ion bunch intensities of ~ 10° ions cannot be
performed precisely otherwise.

The extraction of ions from the spectroscopy trap onto the MPET-PIPS assembly
during the 24126Cs experiment proved to be a powerful tool to monitor the experiment.
If the ion intensity changes, the 8 count rate also changes and thus provides a direct
feed back on the number of injected radioactive ions.

In order to measure ECBRs of the order of 107°, the setup needs further improve-
ment. Seven Si(Li) detectors! are planned to be installed at all available access ports
of the trap. This will increase the geometric acceptance to ~2.5%. As a comparison,
the geometric acceptance of the Ge and LeGe detectors used in this work were about
~ 0.25% and ~ 0.08%, respectively. The total detection efficiency for photon energies
present in the decay of '°Tc was simulated with Penelope and is presented in Table E.2
and Table E.3 for one and seven Si(Li) detectors, respectively. Applying a cycle with
tstorage = 00ms and tggnp = 10ms, and an ion bunch intensity of 1 - 10° ions, the
number of in-trap decays computes to N(1h) = 1.15 - 107 applying Eq.(5.13). As a
comparison, applying the cycle used for 124126Cs with storage = tBGND = 25ms, one
calculates N(1h) = 6.7 - 105. Based on the expected number of decays, the photo
peak intensities Ipnotopear [NND10], and the simulated total efficiencies from Table E.3,
the expected counts were calculated and are presented in Table6.2. Based on these
numbers, the ECBR of '°Tc can be deduced with an uncertainty of 10%-15% after
~ 86 hours. However, in this detector configuration the detection efficiency at the
calibration line of 539.52keV is the limiting factor. If one of the Si(Li) detectors were
replaced by a detector with similar diameter but thicker crystal, the detection efficiency
of higher energetic photons would be increased dramatically. Alternatively, a stacked
ZnCdTe-Ge detector setup could be installed with the ZnCdTe detector placed at an
access port inside the vacuum. The Ge detector would then be placed behind it at
the same access port but outside the vacuum vessel. X-ray photons would be detected
with high efficiency by the ZnCdTe detector while the Ge detector would detect higher
energetic photons with high efficiency.

!Canberra, @ 50 mm, 2mm thick
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Origin  Energy [keV] Counts per hour o

Mo Ka, 17.374 0.68 0.48
Mo Ky, 17.479 1.20 1.00
Mo Kg, 19.59 0.09 0.08
Mo Kg, 19.698 0.19 0.13
Mo Kg, 19.965 0.04 0.03
R2T¢ 85.0 591.7 39.4
27¢ 148.0 601.9 35.8
2T¢ 329.3 60.8 4.4
100e 539.52 1.17 0.07
27¢ 773.0 6.31 1.38
MTe 871.05 5.70 0.61

Table 6.2: Expected number of detected '°Tc decay events. Additionally, expected
events were determined that are suited for efficiency calibration. These numbers were
derived assuming 1 - 10° ions/bunch and using simulated efficiencies from Table E.3.

Independent of the detector setup, the efficiency of the detectors has to be cali-
brated, ideally with all detectors already installed at the experiment. The efficiency
can be calibrated performing in-trap decay spectroscopy on isotopes with well known
x-ray and 7 intensities. In the case of 190T¢c, the isotope *?Tc (t1/2 = 4.25(15) min) is
suited since the half life is short.

The cooler Penning trap (CPET) is currently being constructed. If the current
design is modified, this trap can be used in future experiments for isobaric purification.
One could imagine cycles where ECBRs are measured in the spectroscopy Penning trap
while ions are accumulated and cleaned in the CPET. Then, the spectroscopy trap is
emptied and a fresh and isobarically purified bunch is injected from the CPET for
in-trap decay spectroscopy. This method would eliminate isobaric contaminates and
further improve the ECBR measurement.



Appendix A

Ge Detector

The resolution of the Ge detector at several photo-peak energies was determined by
recording spectra with the DSPEC. The determined values are listed in Table A.1.
Fig. A.1 displays the FWHM of the Ge detector at various energies. Typically, the Ge

1.6 T T T T T T T
Ge detector resolution
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Figure A.1: Photo peak resolution of the Ge detector.
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Position [keV] PosErr keV] FWHM [keV] FWHM error [keV]

14.246 0.015 0.887 0.009
122.059 0.002 0.984 0.001
136.485 0.002 0.978 0.006
1173.285 0.002 1.706 0.004
1332.522 0.002 1.796 0.005

Table A.1: FWHM of the Ge detector at different energies (°Co and ?"Co) achieved
using the DSPEC and fitted with Radware [Rad].

ISEG HV
|NHQ 205M
Canberra
Ge crystal 2001C Energy signal
ov
_I/-V- -5V
DSPEC
TTL |-| |'| |'| 321
EBIT ppg tStorage

Figure A.2: Schematic of the DAQ setup of the Ge detector in combination with the
DSPEC 321.

detector was read out with the DSPEC 321 in the setup illustrated in Fig. A.2. During
the measurement of >4126Cs this DSPEC was used to record background spectra with
the LeGe detector after ions were ejected from the trap. Meanwhile, the Ge detector
signal was sampled and recorded by the tigl0. The tigl0 was gated such that it would
only record data while ions were stored in the trap. The schematic of this setup is
displayed in Fig. A.3.

Photons originating from the trap center need to penetrate two Be windows with
a total thickness of 525pum. The energy dependent transmission through these Be
windows is displayed in Fig. A .4.

Fig. A.5 displays the efficiency curve of the Ge detector. It was determined with
142y, 133Ba and ¥7Cs sources.
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Figure A.3: Schematic of the DAQ setup of the Ge detector with the tiglO0.
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Figure A.4: Photon transmission through 525 1nm a type IF-1 beryllium window calcu-
lated with mass attenuation coefficients determined by XCOM [Ber09).
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Figure A.5: Energy dependent intrinsic detection efficiency of the Ge detector. This
curve was determined with the sources '*2Eu, ¥3Ba and 37Cs.
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LeGe Detector

B.1 LeGe detection system

With a dead layer of 0.3pum and a Be window of 25 pm [Canc], the low energy Ge
detector (LeGe) was specifically designed to detect low energy x-ray photons down to
about 1keV. Its pre-amplifier is a Transistor-Reset-Preamplifier (TRP) that outputs a
slowly rising signal that is reset to 0V when it reaches ~ 5 V. If no energy is deposited
in the Ge-crystal the signal is reset every ~ 5s [Cana]. When photons deposit energy
in the Ge-crystal the created charge is collected and a voltage step proportional to the
charge is put out by the pre-amplifier. This voltage step is superimposed on top of
the TRP’s rising output signal and therefore, the reset rate increases with increasing
photon rate. During the reset, the signal to the data acquisition has to be blocked by
a TTL signal as illustrated in Fig. B.1. Otherwise, the reset pule would be recorded as
well.

The Ortec DSPEC 319 was typically used to digitize the energy output signal of the
LeGe detector. This unit internally deconvoluted wave forms and digitally calculated
Pre-amp

ISEG HV
NHQ 205M
ITRP Energy signal
5V

A [ Bspec
L] 319

Reset inhibit

Ge crystal

Figure B.1: Data acquisition setup that was typically used to digitize LeGe detector
signals. A schematic of the Transistor-Reset-Preamplifier (TRP) energy output signal
is shown as well as the corresponding TTL reset inhibit signal.
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Coarse gain 2
Fine gain 0.725
Shaping time 4 ps

Table B.1: Typical settings of the DSPEC digitizing LeGe-energy signals.

the energy of each pulse. This energy information is then stored in a histogram of up to
16384 channels and was read out and saved with a computer via the software Maestro.
Latter software also allows to calibrate and analyze recorded spectra. Maestro was
mainly used to record and save spectra and to define the DSPEC settings. Usually
the recorded spectra were analyzed using one of the programs described in Section 3.5.
During the °7In and ?*126Cs beam times and for most systematic studies the DSPEC
settings used to digitize the LeGe detector are listed in Table B.1. The relative detection
efficiency was determined using radioactive sources and is displayed in Fig. B.2.

B.2 LeGe detector resolution

To determine the resolution of the LeGe detector a 33Ba source was used. The spec-
trum was fitted in Origin with a Gaussian and a step function and the results are listed
in Table B.2.

B.3 DAQ with the split LeGe detector signal

In order to record data while ions were stored inside the trap and right after the trap
was emptied, the signal of the LeGe detector was split up and fed to DSPEC 319 and
321 (see Fig.B.3). In order to verify that both DSPEC would record data with the
same efficiency 133Ba spectra were recorded with this setup. The results are presented
in Table B.3 and explained in more detail in Section 5.4.1.
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Position [keV] FWHM [keV]

6.700 +0.003 0.162 +0.006
14.711 +0.003 0.208 +0.006
25.359 +0.003 0.282 +0.006
35.231 +0.000 0.314 +0.001
36.098 +0.001 0.334 +0.002
53.415 +0.001 0.358 +0.002
79.860 +0.005 0.441 +0.003
81.237 +0.000 0.450 +0.001
122.294 +0.002 0.579 +0.003
136.697 +0.011 0.615 +0.016
160.826 +0.012 0.685 +0.017
276.564 +0.003 1.001 +0.006
302.984 +0.030 1.049 +0.020
356.127 +0.030 1.123 +0.020

Table B.2: FWHM of the LeGe detector at different energies (133Ba and *"Co) achieved
with the DSPEC and fitted with Origin.

Peak A3 Az R Ag(fged Aggim Ryated
30.6keV*  7717(94) 7690(94) 1.003(17) 1480(41) 1489(41) 0.994(39)
33keVi  339(18)  340(18)  0.997(76)
34.6keVl  1490(39) 1489(39)  1.001(37)
(69)
)

358keVl  405(20)  411(20  0.985(69
36.2keVl  2211(47) 2210(47)  1.000(30
79.6keV*  254(18)  254(18)  0.997(100)
81.0keV* 3291(58) 3291(58) 1.000(25) 552(25)  558(25) 0.989(63)

Table B.3: 133Ba photo peak areas Aszjg and Ass; of spectra recorded with DSPEC 319
and DSPEC 321. R is the ratio Agj9/As21. Listed are the values for non-gated and
gated data acquisition. Values marked with (*) were fitted using [Sju09] while values
marked with () are the total integral over the peak region.
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LeGe Detector

319 Split term. 5 x 0.7250
321 Split term. 5 x 0.7250
319 Split 2 x 0.7250

321 Split 2 x 0.7250
Penelope2008 simulation
No split but tlerm.
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Figure B.2: LeGe detector efficiency above 50keV determined with ¥3Ba source. Dis-
played are relative detection efficiencies recorded with different DSPEC settings. Only
if the LeGe preamp signal is terminated the efficiency can be reproduced by Pene-

lope2008 simulations.
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Figure B.3: Schematic of the data acquisition setup during the ECBR measurement
of 124126Cs. While ions were stored inside the trap the DSPEC 319 was recording
spectra. After the ions were extracted the DSPEC 321 was gated to take spectra of

the background.



Appendix C

Passivated Implanted Planar Silicon
Detector

In order to detect electrons originating from 3 decays happening in the Penning trap a
beta detector was developed to be installed at the trap exit. This detector has to cover
as much solid angle as possible while still fitting into the detection chamber described
in Section 3.1.5. Based on SIMION simulations (see Section3.3.1) a Canberra PIPS
detector with an active area of 600 mm? has been purchased. The physical dimensions
of the detector are listed in Tab. C.1.

Fig. C.1 displays the scheme of the DAQ that was used to determine the half lives
of several isotopes. This setup was used with the PIPS-300 assembly in front of the

Nominal active area 600 mm?
@ nominal active area 27.6 mm
Total junction area 693 mm?
& total junction area 29.7mm
Thickness 500 pm

Capacitance 145nF

Active area thin window 603 mm?

@ active area thin window 27.7mm

Al coating ring @, 27.8 mm
Al coating ring Qo+ 29.6 mm
Bias -100V
Leakage current 6nA

Table C.1: Physical dimensions of the PIPS-600.
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Figure C.1: Scheme of the SR430 DAQ setup used to record § decay data with a PIPS

detector.
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Figure C.2: Schematic of the tigl0 DAQ setup to record 3 events during the 124126Cg
experiment. The DAQ was gated with a signal from the EBIT to only record data

during fstorage-

MPET as well as with the PIPS detector assembly after the EBIT. The 37 signals
during the 1?4126Cs measurement were recorded with the tigl0. The schematic of this
setup is shown in Fig. C.2.
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Beta Detector Connector

i

Figure D.1: This picture shows the
circuit of the beta detector connec-
tion printed on the transfer sheet.
The oval shapes are marks to later
cut out holes in the circuit board.
These holes then enable you to feed
the circuit board onto the rod of the
feed through.

Figure D.2: A 1inch wide strip is cut
off the flexible circuit board. Onto
this strip the printed circuit shown
in Fig. D.1 will be transfered with an
iron.

Figure D.3: After ironing the
printed circuit onto the copper
the transfer sheet is removed and
leaves the laser-printer inc on the
copper. Defects have to be covered
with a protective layer afterwards
with a circuit board drawing pen.
After this step non-covered cop-
per is etched off in an Iron(III)
chloride-solution.
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Beta Detector Connector

Figure D.4: After etching the circuit
board is rinsed with water and after-
wards residual ink is removed. This
picture shows the side that will be
connected on the detector side.

Figure D.5: This picture displays the
end where Teflon-insulated wires are
soldered to in order to connect the
circuit board to the electrical-feed
through.

Figure D.6: PIPS-600-CB mounted
on its holder and connected with
the flexible circuit board. At the
end leading to the electrical feed
through wires are soldered to the cir-
cuit board.

Figure D.7: The beta detector in the
retracted position. It is cleaned and
ready to be installed inside the UHV
system.
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Simulations

E.1 Penelope simulation

The TITAN-EC setup was created in Penelope2008 [Sal08] to simulate detection effi-
ciencies and investigate effects of ion losses inside the trap on x-ray and = ray spectra.
Included in the simulation were the eight-fold segmented central drift tube, both guard
electrodes, and the Helmholtz coils as well as their holding structure. Two detectors
were included in the simulation. The LeGe detector was located at a distance of 100 mm
from the trap center including a 25 pm Be window, a 0.5 pm thick front dead layer, and
0.5 mm thick dead layers at the side and the back of the crystal [Canc|. The front win-
dow thickness was chosen 0.2 pm thicker than quoted by Canberra to be conservative
and account for possible contamination frozen to the surface. The Si(Li) detector was
modeled according to the dimensions provided in [Canb] assuming a dead layer similar
to that of the LeGe detector. Within the simulations, the Si(Li) detector was considered
to consist only of Si. In front of the Si(Li) detector a C window (0.8 mm), the vacuum
Be window (500 pm), and the Be window at the thermal shield (25 pm) including an Al
mounting frame were placed. Detector and window locations are displayed in Fig. E.1.

In each simulation a defined number of mono-energetic photons with Ey was emitted
as defined by an input file. The simulation calculated the energy transport of each
photon and put out the energy deposited in the detector body by each photon. To
determine the detection efficiency, this output was then analyzed counting all photons
that deposited energy in the interval [Ey — AFE, Ey| with AE being the FWHM as
defined by the Fano factor in Eq.(3.3). This number was then used to determine the
detection efficiency at that particular energy. In Penelope2008 simulations the following
points were investigated.

e The intrinsic LeGe detection efficiency eiyt,

e The total LeGe detection efficiency eiota for energies occurring in the decay of
124,126 05 The simulated efficiencies are listed in Table E.1.
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Figure E.1: Penelope geometry of the spectroscopy trap including the LeGe detector
as well as a Si(Li) detector.

e total Si(Li) detection efficiency e¢ota1 for energies occurring in the decay of
94,100T¢c They are listed in Table E.2.

e The possibility to detect photons from ions lost at the guard electrode during
injection and extraction. In this simulation, a point source was placed along the
beam axis 45 mm away from the trap center. Its position is indicated in Fig. E.1.
A collimated beam of photons was emitted towards the LeGe detector. Low
energetic photons were absorbed by the surrounding material while some of the
higher energetic photons were detected by the LeGe detector. The fraction of
detected photons is presented in Table E.4 for several photon energies.

E.2 Radial 3-loss simulations

SimIon [Dah00] was used to simulate the behavior of electrons and positrons that were
emitted of ions stored in the trap. These simulations focused on the ability of the
magnetic field to confine fast electrons with an end-point energy of up to 7MeV kinetic
energy. In these simulations, positrons were created within a three dimensional Gaus-
sian distribution of the size o, = 2.5 mm, o, = 0, = 0.25 mm and emitted isotropically.
The positron’s kinetic energy was defined using a modified code from [Sjul0] calculating
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Origin ~ Energy [keV]  eqotal [%]  0€total [%]
Xe Ka, 29.458 0.0560010  0.0000413
Xe Ka, 29.779 0.0559931  0.0000413
Cs Kq, 30.625 0.0559301  0.0000413
Cs Koy 30.972 0.0559914  0.0000413
Xe Kg, 33.624 0.0556956  0.0000412
Xe Kg, 34.415 0.0555656  0.0000411
Cs Kp, 34.987 0.0554762  0.0000411
Cs Kg, 35.822 0.0553179  0.0000410
124m g 58.20 0.0373275  0.0000337
124m g 96.55 0.0128252  0.0000198
124m g 188.98 0.0022808  0.0000083
124m g 211.64 0.0017030  0.0000072
1248 Cg 354.01 0.0004750  0.0000038
126 388.66 0.0003903  0.0000034

Table E.1: Simulated total detection efficiency eiota) of the LeGe detector in the TITAN-

EC setup for energies present in the decay o

f 124,1260S

Origin  Energy [keV] = ctotal [%0]  0€total [%0]
Mo Ko, 17.374 0.2494729  0.0001525
Mo K, 17.470 0.2488035 0.0001523
Mo Kg, 19.590 0.2342756  0.0001477
Mo Kg, 19.608 0.2334180 0.0001475
Mo Kg, 19.965 0.2307700  0.0001466

R27¢ 85.0 0.0060659  0.0000475
927¢ 148.0 0.0010517  0.0000198
92T 329.3 0.0000943  0.0000059

100 e 539.52 0.0000219  0.0000014

92T 773.0 0.0000078  0.0000017
MTe 871.05 0.0000075  0.0000008

Table E.2: Simulated total detection efficiency eiota of one Si(Li) detector in the

TITAN-EC setup for energies occurring in the decay of ?294190T¢ energies.
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75i(Li) 75i(Li)

Origin_ Energy [keV] eiop (%] 0eioum ~ (%]
Mo K, 17.374 1.75 0.01
Mo K, 17.479 1.74 0.01
Mo Kg, 19.59 1.64 0.01
Mo Kg, 19.698 1.63 0.01
Mo Kg, 19.965 1.62 0.01
92T¢ 85.0 4.25-1072  0.03-1072
92T 148.0 7.36-107%  0.14-1073
92T¢ 329.3 6.60-107* 0.42-107%
100e 539.52 1.53-107* 0.10-107*
92T¢ 773.0 548-107° 1.20-107°
MTe 871.05 5.22-107°  0.58-107°

Table E.3: Simulated total detection efficiency eyota of seven Si(Li) detectors in the
TITAN-EC setup at energies present in the decays of 9294190 ¢, The variations in the
uncertainty are due to different numbers of initial photons.

the 8 distribution according to Eq.(3.2) but including Coulomb corrections. Positron
distributions were simulated for end-point energies from 3 to 7 MeV and the number of
positrons hitting the radial wall of the central drift tube was recorded. Fig. E.2 displays
the resulting fraction. Positrons emitted with an end-point energy below ~ 4 MeV are
confined by the 5T magnetic field. For 87 distributions with a higher end-point en-
ergy the magnetic field cannot confine all positrons anymore. The increased fraction
at ~ 4.8 MeV is due to smaller time-steps within the simulation. These simulations
show a general behavior of fast positrons in the magnetic field of the spectroscopy trap
but due to a limited time-step width the simulations are not accurate anymore for high
energetic positrons and electrons.
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Origin  Energy [keV] Detected [%] o(detected) [%]
Xe Kq, 29.458 0 0

Xe Kg, 29.779 0 0
Cs Ka, 30.625 0 0
Cs Ko, 30.972 0 0
Xe Kpg, 33.624 0 0
Xe Kg, 34.415 0 0
Cs Kg, 34.987 0 0
Cs Kg, 35.822 0 0
124m g 58.20 0 0
124m g 96.55 0.00295 0.00027
124m g 188.98 0.21735 0.00233
124m g 211.64 0.23000 0.00240
12485 354.01 0.15335 0.00196
126Cs 388.66 0.05228 0.00114

Table E.4: Fraction of photons detected by the LeGe detector that were emitted by a
source placed along the trap axis at a distance of 45 mm from the trap center. Included
in the fraction is the intrinsic detection efficiency eintrinsic of the LeGe detector. In this
simulation the photons were emitted in a collimated beam aiming at the center of the
LeGe detector to save computational time. Therefore, the numbers presented are of
qualitative nature but not of quantitative one.
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Figure E.2: Energy dependent fraction of radial 3*losses. Plotted is the fraction of
positrons that could not be confined radially by the 5 T magnetic field and thus hit the
wall of the central drift tube.
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Figure F.1: RFQ - Schematic drawing of TITAN’s RFQ and the associated beam
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Figure F.2: EBIT /Spectroscopy Penning trap - Schematic drawing of the TITAN
EBIT and connecting beam line. The beam is delivered from the RFQ at the bottom
right. Ion-bunches can either be delivered directly to the MPET (straight) or to the
EBIT /spectroscopy Penning trap (up). In the schematic the electron gun is at its
retracted position. Also indicated are the positions of LeGe, Si and Ge-detector as well

as the MCP.
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Figure F.3: Geometry and dimension of the central drift tube. The clearances at 0°,
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