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Abstract

Penning traps are versatile tools to gain knowledge about ground state properties
of nuclides through high-precision measurements of their atomic masses. They can
be used to refine theoretical mass models, thereby contributing to the understand-
ing of nucleosynthesis. The aim of this work was to couple the double-Penning-trap
mass-spectrometry setup TRIGA-TRAP to the research reactor TRIGA Mainz to
enable mass measurements of short-lived, neutron-rich nuclides produced by neutron
induced fission of 235U. These radio nuclides are transported by an aerosol-based gas-
jet system and have to be subsequently ionized. For this, a surface ion source was
designed and implemented. It enabled a reliable operation at temperatures above
2000 °C and yielded good ionization efficiencies for alkaline metals. The gas-jet was
equipped with monitoring devices, which allowed gaining insight into the depen-
dence of its performance as a function of the pressure inside the target chamber.
Several beam diagnostics stations were installed along the beamline for extended
characterization and optimization studies of individual components. Ion beams of
fission products were generated, mass separated and transformed into ion bunches
inside a gas-filled radio frequency quadrupole. The subsequent deceleration from
30 keV to 1.1 keV enabled the injection of radio nuclides into the first Penning trap.
Four different short-lived ion species were identified through mass measurements by
resonant buffer gas cooling inside this trap. The obtained masses agree with those
of the AME2016 within their uncertainties. This dataset is the first obtained for
short-lived nuclides at TRIGA-TRAP and confirms the successful transport of fission
products from the target to the Penning trap, thereby finalizing the commissioning
of TRIGA-TRAP.



Zusammenfassung

Penningfallen sind vielseitige Werkzeuge um durch Hochpräzisionsmessungen
der atomaren Masse Wissen über Grundzustandseigenschaften von Atomkernen zu
erlangen. Diese können zur Verfeinerung von theoretischen Kernmassenmodellen
verwendet werden und tragen dadurch zum Verständnis der Nukleosynthese bei. Das
Ziel dieser Arbeit war die Ankopplung des Doppel-Penningfallen-Massenspektro-
metrie-Aufbaus TRIGA-TRAP an den Forschungsreaktor TRIGA Mainz, um
dadurch Massenmessungen von kurzlebigen, neutronenreichen Atomkernen zu er-
möglichen, die durch neutroneninduzierte Spaltung von 235U produziert werden.
Diese Radionuklide werden mit Hilfe eines aerosolbeladenenen Gasjet-Systems trans-
portiert und anschließend ionisiert. Dafür wurde eine Oberflächenionenquelle konzip-
iert und implementiert. Diese ermöglichte einen zuverlässigen Betrieb bei Tem-
peraturen von über 2000 °C und ergab gute Ionisationseffizienzen für Alkalimet-
alle. Der Gasjet wurde mit Überwachungseinheiten ausgestattet, die Einblicke
über den Zusammenhang zwischen dem Verhalten des Gasjets und dem Druck in
der Targetkammer lieferten. Mehrere Strahldiagnostikstationen wurden entlang der
Strahlstrecke installiert, um ausführliche Charakterisierungen und Optimierungen
von einzelnen Komponenten zu ermöglichen. Ionenstrahlen aus Spaltprodukten
wurden erzeugt, massensepariert und in einem gasgefüllten Radiofrequenz-Quadru-
pol zu Ionenbündeln transformiert. Die anschließende Abbremsung der Ionen von
30 keV auf 1.1 keV ermöglichte die Injektion von Radionukliden in die erste Penning-
falle. Vier verschiedene kurzlebige Ionenspezies wurden mittels Massenmessung über
resonante Puffergas-Kühlung in dieser Falle identifiziert. Die erhaltenen Massen
stimmen im Rahmen der Fehler mit denen der AME2016 überein. Dieser Datensatz
ist der erste, der bei TRIGA-TRAP von kurzlebigen Radionukliden aufgenommen
wurde. Er bestätigt den erfolgreichen Transport von Spaltprodukten aus dem Target
zur Penningfalle und schließt damit die Inbetriebnahme von TRIGA-TRAP ab.



Chapter 1

Introduction

Throughout its history humankind has been endeavouring to get comprehensive

knowledge about the surrounding world. Extensive scientific research gained a lot

of insight – in particular during the last century. However, there are still open ques-

tions, e.g., about the origin of the universe or how matter is formed. One of the

greatest issues of the recent century is the identification of where in the universe

elements heavier than iron are created. The so-called r-process and is one of the

predominant processes for nucleosynthesis. It entails a succession of rapid neutron

captures that happen to be faster than the competing radioactive decay of the pro-

duced isotopes. Theoreticians developed precise models of the nucleosynthesis and

predicted it to occur in neutron-rich environments like neutron-star mergers [Fre99].

It has also been proposed that during this process a characteristic electromagnetic

signal will be emitted, produced by radioactive decay of formed nuclei. In 2010

the first realistic prediction of this signal has been made within an international

collaboration under the direction of G. Martinez-Pinedo and B. Metzger [Met14]. A

luminosity 1000 times brighter than a nova was foretold, reaching its maximum after

around one day. Based on that expectation this event has been named kilonova. Re-

cently such a signal has been observed for the first time, showing the predicted emis-

sion patterns and thereby confirming the theoretical models [Pia17, Abb17, Dro17].

The quality of the latter is now limited by the low statistics since only one event has

been observed so far. But also precise nuclear data of neutron-rich nuclei and their

properties are required as they contribute to the understanding of nucleosynthesis.
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Thus – especially with regard of the current developments – experiments aim

for high-precision measurements of exactly these nuclei for investigating their fun-

damental properties to prove theoretical models. This includes the binding energy

BE(N,Z), that is a unique fingerprint of every nucleus and is an important charac-

teristic since it is one of the dominant properties that determine the exact path of

the r-process [Mol96]. Due to the mass/energy equivalent stated by Einstein it is

inherently connected with the atomic mass. The binding energy can then be inves-

tigated by the difference between the experimentally determined atomic mass and

the expected mass, given by sum of its constituent parts [Wei35]. Both depend on

the number of neutrons N and protons Z with their mass mN respectively mp. Thus

the binding energy is given by

BE(N,Z) = (Nmn + Zmp −m(N,Z)) c2 . (1.1)

Accurate mass values contribute to a variety of fundamental studies including tests

of the Standard Model and the weak interaction, since the mass represents the sum

of all the nucleonic interactions [Lun03]. Differences of binding energies also give

separation energies, providing clues to the shell structure. A common technique that

is widely used to perform high precision mass measurements is the Penning-trap mass

spectrometry [Bla06,Mar07,Elo09,Bre09]. It offers high sensitivity [Rod10] and can

reach an accuracy below 10−9. To improve this performance and thereby enable

investigations of short-lived nuclides with low production rates a lot of progress has

been made in the last years regarding the detection systems.

Besides this progress, further developments of new technologies and applications

to an unprecedented degree are required to achieve an increasingly deeper level of

knowledge about matter. Particle accelerators play an important key role within

these research efforts, since they give access to the most exotic nuclei. For a ma-

jor step into further investigations at the GSI Helmholtzzentrum für Schwerionen-

forschung, located in Darmstadt/Germany, an international accelerator center for

intense, high-energy ion and antiproton beams [Col01] is currently under construc-

tion. This new center – called Facility for Antiproton and Ion Research (FAIR, sec.

1.1) – will comprise a new synchrotron, a fragment separator and several new storage

rings among which different experimental setups will be installed. Especially with

2
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Figure 1.1: Predicted production rates at the proposed facility FAIR [Col01]. Only nuclides with
half-lives >100 ns are depicted. The presumed path of the r-process is indicated in red.

regard to the recent scientific breakthrough, the future accelerator facility FAIR has

been put into focus of prospective research since it enables the generation of those

short-lived nuclei that create the electromagnetic emission observed during a kilo-

nova (see fig. 1.1). One of the planned experiments at FAIR is a setup for Precision

Measurements of very short-lived nuclides using an Advanced Trapping System for

highly-charged ions (MATS) that will be installed at the low-energy beamline (sec.

1.1). It will allow to investigate nuclei far from stability and thereby deepen the

knowledge about their fundamental properties.

Whilst FAIR is under construction, development platforms already exist in order

to optimize the future experiments. The groups forming the MATS collaboration are

among the world leaders in the field of Penning-trap mass spectrometry [Rod10].

One of these development platforms is TRIGA-TRAP [Ket08] that is located at

3
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the research reactor TRIGA Mainz. It serves as a prototype for the future MATS-

setup that will primarily benefit from the progress made in experimental devices as

well as measurement procedures. Thus the experience in construction and operation

will considerably minimize the research and development efforts for MATS. TRIGA-

TRAP is a double Penning-trap mass spectrometry experiment that on the one hand

aims at detection of the nuclear mass of long-lived radioisotopes, e.g., in the region

of the actinides. On the other hand, coupling of this setup to the research reactor

enables the access to neutron-rich nuclides produced by neutron-induced fission of

an actinide target, e.g., 235U or 249Cf. As their fission fragments are short-lived

and hardly accessible, either only few data concerning their masses are available

or the precision is insufficient. At TRIGA-TRAP fission products are extracted by

an aerosol-based gas-jet (sec. 3.1), ionized in a surface ion source (sec. 3.2) and

subsequently accelerated to 30 keV. Afterwards the generated ion beam is mass

separated (sec. 3.4) and then collected in a radio frequency cooler and buncher (sec.

3.5), that prepares the ions for subsequent mass measurements within a Penning

trap (sec. 3.7).

This thesis will discuss the progress of successful online coupling of TRIGA-

TRAP to the nuclear reactor. Within this framework a surface ion source has

been constructed to boost the ionization efficiency and thus the intensity of the

subsequent ion beam. Its implementation and extended characterization (sec. 4.2)

will cover the major part of this work in conjunction with efficiency studies of the

beam line performance (sec. 4.1). Concluding this thesis the results of first mass

measurements of fission products (sec. 4.3) will be presented.

1.1 The research facility FAIR

Even if plenty of knowledge about the basic building blocks of the universe has been

gained during the past decades, there are still open questions, e.g., regarding the

complex properties of matter. The future accelerator facility FAIR is intended to

help solving the puzzle posed by the structure of matter. The scientific field that can

be explored within FAIR comprises a wide spectrum [Gut06]. One research goal is

to achieve comprehensive knowledge about all aspects of hadronic matter, including

4
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the investigation of fundamental symmetries and interactions. Another research

field is about many-body aspects of matter, governing the behaviour of matter as

it appears in our physical world as well as on the hadronic level. The science fields

split into the following collaborations:

(i) APPA Physics (Atomic, Plasma Physics and Applications)

(ii) CBM (Compressed Baryonic Matter)

(iii) PANDA (Antiproton Annihilation at Darmstadt)

(iv) NUSTAR Physics (Nuclear Structure, Astrophysics and Reactions)

The latter concerns astrophysics, since elements heavier than iron originate from

kilonovae. With rare isotope experiments relevant details of the nuclear configura-

tion of the heavy element abundance or the interior of neutron stars shall be clarified.

The NUSTAR collaboration comprises – amongst others – the Super-FRS (Super-

conducting Fragment Separator), LaSpec (Laser Spectroscopy) and MATS [Gut06].

FAIR will create highly intense ion beams and beams of antiprotons with precisely

defined energies, thereby giving access to a wide range of new nuclei previously

unavailable in laboratories or offering the possibility to study secondary beams of

unstable nuclei. It is based on the experience and technological developments hith-

erto made at GSI in combination with newly developed innovative detector systems

and experimental techniques. Its heart will be a superconducting synchrotron ring

facility (SIS) connected with a system of cooler-storage rings and several experimen-

tal halls (see fig. 1.2). The Super-FRS will be the most powerful in-flight separator

worldwide for exotic nuclei up to relativistic energies [Kes14]. Rare isotopes pro-

duced via projectile fragmentation of all primary beams up to 238U and via fission

of 238U are spatially separated within a few hundred nanoseconds, thereby offering

the chance to investigate very short-lived nuclei. These nuclei can either be guided

into the high energy branch for reaction studies under complete kinematics or to

the ring branch for investigation of, e.g., reactions of atoms with an internal target.

The last option is the low energy branch (LEB), which is an experimental area of

the NUSTAR collaboration. It is mainly dedicated to precision experiments with

bunched beams consisting of very short-lived nuclei stopped in a gas cell.

5
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Figure 1.2: The existing facility GSI (blue) with the accelerators UNILAC, SIS 18 and ESR
[BF17]. The future facility FAIR – indicated in red – comprises the super fragment separator
(Super-FRS), a collector ring (CR) and a high-energy storage ring (HESR). The planned experi-
ments are denoted in black. For details see text.

MATS at FAIR

The MATS experiment at FAIR will comprise high-precision mass measurements,

decay studies within a Penning trap, in-trap conversion electron and α-spectroscopy

[Rod10]. An overview of its experimental setup, which will be installed at the low

energy branch of the Super-FRS, is shown in figure 1.3. The operation of MATS

requires the thermalization of ions, thus a gas-filled stopping chamber will be placed

in front of this experiment. It will provide a continuous ion beam, which is guided

through a radio frequency multipole device, extracted and afterwards accelerated by

a system of electrodes to several tens of keV. The energy spread is expected to be

around 1 eV with an emittance of a fewπmm mrad [Rod10]. For subsequent separa-

tion of the ion beam into individual masses, a double-focusing 60°dipole magnet will

be deployed with a mass resolving power of M/∆M = 500. Two einzel lenses will

be installed in front of the magnet to form a parallel ion beam. Beam diagnostics

like a movable Faraday cup in combination with a multichannel plate detector or a

tape station will be provided behind the magnet. These beam diagnostics enable

a measurement of the beam composition and will permit a maximum transmission

6
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Figure 1.3: Overview of the MATS and LaSpec experiment setups planned for FAIR [Rod10]:
The common parts comprise a buncher section (A.1), the multi-reflection time-of-flight mass spec-
trometer (A.2) and a switchyard (A.3). The EBIT junction is shown in yellow (B.1). The MATS
beamline (red) consists of the off-line ion source (B.2) with the preparation trap section (B.3) and
a subsequent measurement trap (B.4). The LaSpec beamline is represented in green. D is a setup
for neutron decay spectroscopy.

into a subsequent RFQ cooler and buncher, which will be able to pulse down the

ions to 2-3 keV. Further procedure depends on the usage of the ion beam: inserting

the beam into a switchyard offers the chance to guide the ions either to the Penning-

trap mass-spectrometer MATS or to the laser spectrometry experiment LaSpec. For

commissioning and test operation of the RFQ a basic surface ion source shall be in-

stalled, which provides an ion beam of several nA. The installation of additional ion

sources is also foreseen for acceptance trials of all subsystems. Ion beam prepara-

tion and manipulation is critical for low-energy studies of radioactive nuclei, since

collisions between thermalized ions and buffer gas atoms can result in a poor quality

ion beam with a large emittance [Gut06]. Thus the interaction of the prepared ion

beam and the performance of the RFQ are crucial for adjacent investigations like ion

trapping for mass measurements. Once the beam has been cooled and bunched in-

side the RFQ, it has to be accelerated again and transported to the experiments. In

a first stage of the project, the preparation Penning trap as well as the measurement

trap will both be housed in a superconducting 7 T-magnet with two homogeneous

field regions, separated by about 200 mm, in a cryogenic environment of 77 K.

7
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The Penning-trap system is currently under commissioning at TRIGA-TRAP

and will later be installed at FAIR (B.3 in fig 1.3, [Rod10]). It will be used for mass

measurements on singly charged ions via Time-of-Flight Ion Cyclotron Resonance

(ToF-ICR) and narrow-band Fourier Transform Ion Cyclotron Resonance (FT-ICR)

technique. In a next stage of the project, it will then be replaced by a system com-

prising a preparation Penning trap for highly charged ions (HCI) and a detector

trap. In a future stage, an advanced electron beam ion trap (MATS-EBIT) will

replace this Penning trap system in order to enhance the accuracy of mass determi-

nations. This method uses an electron beam to produce highly charged ions in situ

to enable novel investigations in a broad range of nuclear physics fields, e.g., studies

of ground state properties. A detailed discussion of this aspect is outside of the rope

of the presented thesis and can be found in [Ett13].

8



Chapter 2

Theoretical fundamentals

This section will give an overview of fundamentals that are crucial for this work.

It will begin with an overview of radionuclide transport in gas-jets, since it is the

first part of the experimental setup. Besides its principle this section comprises gas

flow fundamentals, mechanisms of particle loss and basics of aerodynamic focusing.

Afterwards the principle of surface ionization will be discussed since is used to con-

vert fission products transported by the gas-jet into an ion beam. The subsequent

section is about confinement of ions within electrostatic or magnetic fields. It con-

cludes with a short introduction of different techniques for mass measurements of a

single ion employed at TRIGA-TRAP.

2.1 Radionuclide transport in gas-jets

Modern research facilities like nuclear reactors or particle accelerators give access to

exotic nuclides, e.g., neutron-rich, neutron-deficient or superheavy isotopes. They

are of major scientific interest as their fundamental properties, e.g., the mass, bind-

ing energy or chemical behaviour are not sufficiently investigated yet. Their half-

lives are generally short, hence it is crucial to apply a fast and efficient extraction

method to transport the isotopes of interest to the experimental setup. Like several

other online facilities, e.g., JAEA-ISOL [Sat13,Sat15b] and IGISOL [Moo13,Moo14],

TRIGA-TRAP uses a so-called aerosol based gas-jet system to get access to short-

lived nuclides produced by neutron induced fission inside of the reactor. These sys-
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tems are widely used since the 1960s [Mac69,Maz81,Wie72], as they are predestined

for a fast and efficient transport of radionuclides from their point of origin to sepa-

ration or detection stages. A gas-jet system in general consists of three parts: The

aerosol generator, the adsorption of radionuclides onto aerosol particles and their

transport to a subsequent experiment. The addition of particles to a carrier gas is

crucial to enable an efficient transport of radionuclides and avoid particle losses due

to diffusion processes. Gas-jet systems are suitable for radionuclides with half-lives

of at least several seconds, can be continuously operated and do neither require high

temperatures or high voltages. As it is an important part of the TRIGA-TRAP

setup, individual stages of a gas-jet will be introduced and fundamental parameters

that affect its performance will be discussed in this section.

The first part of a gas-jet is the generation of an aerosol. It can be produced by

different techniques, e.g., generating an electric arc between electrodes consisting of

carbon [Eib09] or metals, atomization of aqueous salt solutions [Zud86] or vaporiza-

tion of inorganic salt in a heated oven [Sat13, Ket08]. The latter is the method of

choice at TRIGA-TRAP as it ensures contaminant free aerosols and high transport

efficiencies over several meters [Maz81,Wol76,Sat15b].

Based on previous gas-jet investigations at TRIGA-TRAP cadmium(II)-iodide

(CdI2) has been employed as aerosol material and nitrogen as carrier gas [Gru14].

The latter offers the advantage of a comparably high stopping power and low

neutron-capture cross section, i.e., a low activation inside the reactor. Cadmium

iodide is placed in a small vessel located inside the oven that is heated to a temper-

ature that is around 100 °C below the melting point of CdI2 (MP: 387 °C [Hay14]).

It is high enough to sublimate an adequate number of molecules but still prevents

the salt from fusing, thereby reducing the surface of the salt and thus the number of

sublimated particles. The number as well as the diameter of the produced aerosol

particles strongly depend on both the temperature and the gas flow rate. Typical

size distributions at different gas flow rates are shown in fig. 2.1. A decrease of the

gas flow shifts the maximum of size distribution to larger diameters due to increased

agglomeration. The conditions employed at TRIGA-TRAP are an oven tempera-

ture of 290 °C and a nitrogen gas flow rate of 400 ml/min (STP). It was shown that

this combination of parameters produces aerosol particles with a mean diameter of

61.0(1) nm [Gru16], which yields a maximum extraction or transport efficiency.

10
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Figure 2.1: Size distributions of CdI2 aerosol particles in dependence on the gas flow rate [Gru16].
The oven temperature has been kept constant to 290 °C. The solid lines are lognormal distributions
fitted to the data.

The second part of a gas-jet is the adsorption of radioactive nuclides on the

aerosol particles. A fissionable target is placed inside a stopping chamber that is

large enough to ensure the thermalization of fission fragments and simultaneously

small enough to enable its installation inside a beam port and keep the flush-out

time short. Radionuclides produced by neutron induced fission of 235U have kinetic

energies of about 70 MeV to 100 MeV [Gib61], thus, when directly recoiling out of

the target, they have a range of a several centimeters in N2 gas at atmospheric

conditions until they are thermalized and can adsorb on the aerosol particles. As

the required stopping power depends – amongst others – on the material density

inside the chamber, it can be regulated via the pressure and that in turn by the gas

flow rate. It has to be adjusted carefully as low flow rates might not be sufficient

to thermalize the radionuclides whereas high flow rates could create losses due to

turbulences. It also has to be considered that the gas flow not only changes the

pressure inside the stopping chamber, but also affects, e.g., the transport efficiency,

transport time or – as mentioned above – the size of aerosol particles. After the

thermalization process, fission products attached to aerosol particles are transported

within the carrier gas to subsequent components, which represent the last part of a

gas-jet.

11
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(b)(a)

Figure 2.2: A turbulent flow is characterized by highly irregular stream lines (a) whereas stream
lines of a laminar flow are parallel (b). Due to the higher friction towards the outer areas a
parabolically shaped velocity profile is created.

Particle transport in tubular flows

To estimate particle losses or get information about the particle distribution within

the gas-jet, the behavior of the gas stream itself has to be investigated. Various

aspect have to be considered and will be discussed within this section. If not oth-

erwise noted, the formalism follows W. Hinds [Hin12] and R. Bahreini [Bah08]. In

general aerosol particles follow the gas stream lines that describe the direction of the

gas flow. As the velocity of the gas exceeds certain values, e.g., due to tube tapers,

eddies and oscillations occur, thereby mixing the separate layers, i.e., producing a

turbulent flow (fig. 2.2 (a)). When the aerosol velocity is low, the flow is laminar,

i.e., the bulk material moves as distinct layers and the only movement across these

layers is the molecular motion that creates viscosity (fig. 2.2 (b)). The friction that

the gas molecules experience within a tube increases from the center to the capillary

walls and thereby influences their motion. It results in a parabolic velocity distri-

bution, also called Poiseuille flow, i.e., the velocity within the center of the tube is

approximately twice as large as the average velocity, whereas it is zero at the walls.

The nature of the gas flow can be characterized by the Reynolds number Re that is

given by

Re = ρ · ν ·D/η (2.1)

with the density of the gas ρ, its velocity ν and viscosity η. D is the inner diameter

of the tube. The flow is laminar for Re < 1000 and becomes turbulent for Re > 2100.

The general transport by an aerosol requires the consideration of interactions be-

tween particles and the surrounding carrier gas. As properties of the aerosol, e.g.,

density, viscosity or pressure, are in principle those of the pure gas, the interactions

12
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on a microscopic scale have to be taken into account, thereby investigating the be-

havior of a single particle. One important parameter is the relaxation time τ that

characterizes the time an embedded particle needs to react to a sudden change of

outer forces, e.g., an obstacle. It is proportional to the particle diameter dp and its

density ρp and thus depends on the mass of the investigated particle:

τ ∝
ρpd

2
p

η
. (2.2)

η describes the viscosity of the surrounding gas and depends therefore on pressure

and temperature. The general ability of particles to follow the surrounding stream

is described by the Stokes number St. It is defined by the ratio of the particles

relaxation time τ to a characteristic dimension of the investigated obstacle. In tube

systems with a circular cross-section the tube diameter dc is used as characteristic

dimension. Then the Stokes number is given by

St =
τ · v0
dc

(2.3)

Small particles with negligible masses (St � 1) follow the streamlines almost per-

fectly, whereas large and heavy particles (St � 1) tend to retain their initial trajec-

tory independent from the gas flow.

Mechanisms of particle loss

A gas-jet typically consists of a combination of several capillaries, tapers and bend-

ings. Since there are many sources of particle loss, the total length of the system

should be kept as short as possible to minimize the overall losses respectively to

maximize the transport efficiency. Considerable mechanisms that lead to losses of

various extents are diffusion, gravitational sedimentation and impactions onto cap-

illary walls caused by turbulences or by abrupt curvatures. The total transport

efficiency ηtot is then given by

ηtot = ηdiff · ηgrav · ηturb · ηbend . (2.4)

The individual partial efficiencies and their origin are discussed in the following.
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Figure 2.3: Particle losses caused by diffusion (eq. 2.5) and sedimentation (eq. 2.6) at different
gas flow rates and an N2 pressure of 1 bar, shown for CdI2 as aerosol material. The length of the
capillary (inner diameter = 0.86 mm) was set to 10 m.

As aerosol particles adsorb on the capillary wall in the moment of contact, their

concentration in the stream decreases from the axis to outer regions. At the capillary

wall itself the concentration is zero. Thus a constant diffusion from inner particles

to the walls occur and reduces the total amount of particles within the carrier gas.

The remaining transport efficiency can be estimated by

ηdiff = exp

(
−πdcLvdiff

Q

)
. (2.5)

Q describes the gas flow through a tube with the total length L and the diameter

dc. vdiff denotes the velocity of particle loss caused by diffusion. The concentration

gradient, and with that the diffusion velocity to the capillary walls, increases with

smaller capillary diameters. Furthermore, particle losses increase when the particle

diameter is smaller than 50 nm or larger than 400 nm (see fig. 2.3). Whereas losses

due to diffusion dominate at smaller particle diameters, sedimentation becomes more

dominant for larger particles. The transport efficiency that expresses the loss due

to gravitational sedimentation can be predicted by

ηgrav = exp

(
−dcLvsedcosθ

Q

)
(2.6)
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with the velocity of sedimentation vsed and the inclination angle of the capillary θ.

Correspondingly the transport can be maximized by selecting a high gas flow rate, a

short capillary or a small capillary diameter. Nevertheless, the main source of losses

are turbulences due to perturbations of the laminar flow, e.g., at transitions from

one capillary diameter to another. The recirculation of the gas creates turbulences

and thereby pushes the axial flow onto the curvatures outer face. Thus the diameter

of the capillary plays an important role. The induced losses increase with larger

particle mass as well as larger Reynolds number. The transport efficiency can then

be estimated by:

ηturb ∝ exp

(
−πdcLReSt2

Q

)
. (2.7)

Furthermore, these losses are intensified by the Brownian motion. Additionally

significant losses occur because of particle impactions onto the capillary walls at

abrupt bendings, e.g., at switch points. Assuming a laminar flow, the transport

efficiency is given by

ηbend =

1 +

[
St

0.171

]0.452· St

0.171
+2.242


−

2ϕ

π

. (2.8)

ϕ denotes the bending radius of the curve. The transport efficiency reaches its maxi-

mum with a laminar gas flow and Stokes numbers below 0.05. Thus abrupt bendings

should be avoided in order to reduce losses caused by impacts.

Basics of aerodynamic focusing

A gas-jet guides aerosol particles to subsequent experimental devices that are usu-

ally operated in vacuum. The transition between these regions of different pressure

is intricate as the aerosol expands as it leaves the capillary and enters the vacuum.

Thereby the opening angle of light gas molecules is significantly larger than that of

the heavy aerosol particles. However, as the working conditions usually require a

low pressure, the carrier gas has to be removed while the aerosol particles should be
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Figure 2.4: Section view of an aerodynamic lens with labeled components [Gru16]. The trajectory
of the carrier gas is depicted in dashed lines. The aerosol particle trajectory (red) is collimated by
each lens orifice thereby reducing its opening angle.

preserved. Commonly, pumping barriers with a small orifice are inserted. Whereas

heavy particles pass the orifice, the carrier gas can be pumped away. To maximize

the transmission of aerosol particles through the small aperture it is useful to reduce

their opening angle. Aerodynamic focusing is a widely used principle to generate a

collimated beam of particles that neither possess an electrical charge nor a magnetic

moment. Collimation allows to sustain a narrow particle beam over a long distance.

To enable aerodynamic focusing, the flow has to be laminar, subsonic and behaving

as a continuum. An unstable flow would generate turbulences, thereby destroying

any focussing. An aerodynamic lens employs several stages of focusing as depicted

in fig. 2.4. Aerosol particles enter it through an inlet that determines the mass flow

inside the lens system. It is followed by a relaxation chamber and subsequent focus-

ing lens orifices separated by spacers. The nozzle accelerates the gas flow to its final

velocity. By passing the relaxation chamber or each spacer, the gas expands and is

thereby decelerated. The inner diameter of the lens orifices are smaller, thus the gas

flow comprising the aerosol particles is accelerated. An alternately converging and

diverging gas flow arises. The resulting gas stream lines and the trajectory of heav-

ier aerosol particles are depicted in fig. 2.4. During each acceleration stage, they are

pushed towards the axis but do not follow the gas stream lines thoroughly during the

subsequent deceleration. Thus with each step their trajectory is shifted to the cen-

tral axis and their opening angle is reduced simultaneously. The degree of particle

collimation strongly depends on their mass or size and thereby on their Stokes num-

ber. The latter is also affected by the tube diameter (see eq. 2.3), thus it decreases

in regions of contraction and increases after subsequent expansion. Aerodynamic
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focusing occurs for particles with St > 1 within the regular flow and St < 1 during

contraction. The Stokes number of larger particles is � 1 at all times, thus they

are not affected by the gas streamlines. Small particles with diameters below 25 nm

tend to follow the gas stream lines and are thus hard to collimate. Particles with

diameter above 2500 nm are too inert to follow the stream lines, thus a major part

of them gets lost due to impacts onto the orifices.

Typically particles in the range of 25 nm to 250 nm are focused into a narrow

beam by a series of three to five lenses [Wan06]. The design of most lens systems

employed today is similar to that introduced in [Liu95b]. Besides the particle size,

the gas flow rate and the pressure up- and downstream of the lens are crucial for

the performance of the lens [Zha04]. The original aerodynamic lens design operated

at a pressure of around 2 mbar with a pressure drop of around 50 % across an orifice

[Liu95a]. However, the design of an aerodynamic lens has to be adapted to the given

experimental conditions, as its collimation ability is strictly limited to a certain set

of operation parameters. As one or more conditions are changed, dimensions of the

lens have to be readjusted, e.g., the length of the spacers or the inner diameter of

the orifices.

2.2 Surface ionization

Since several decades ion sources play an important role, e.g., in ISOL (Isotope Sep-

aration On Line) facilities. Different types have been employed for various appli-

cations like ion implantation or nuclear spectroscopy [Bey71, Man13, Joh73, Kir81,

Bro04]. Within this work, the technique of surface ionization inside a hot cavity

will be discussed since it is a major part of this work. That type of ion source is

widely used at ISOL facilities, where it is crucial to form a radioactive ion beam for

subsequent experiments. Although competing techniques have come up in the last

decades, surface ionization is still in use and developments and optimizations are

ongoing [Kir03,Kös08,Sto13]. Characteristic features of this kind of ion sources are

high working temperatures and small dimensions of the ionization chamber. One

of the most essential advantages is the purity of the produced ion beams, which

are free of multi-charged or residual gas ions. Furthermore the amount of required
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atoms is rather low as well as the energy spread of the produced beam. Additionally

they offer high ionization efficiencies with simultaneously short residual times of the

ions inside the hot cavity, which is essential for short-lived nuclei [Tur12]. Surface

ion sources are not only used for producing an ion beam of radioactive nuclei, but

also as a tool for measurement of fundamental atomic properties. For instance the

first ionization potential of an element can be determined to gain direct informa-

tion about the binding energy of an electron in the outermost orbital of an atom.

The ionization potentials of heavy nuclei are of major interest since not all electron

configurations are known. Lately an important progress has been made by the inves-

tigation of the first ionization potential of the heaviest actinide lawrencium [Sat15a].

A surface ion source can also be used for determination of adsorption enthalpies of

selected elements on a chosen material.

The physical process of thermal ionization takes place on a solid surface that is

heated to temperatures above 1200 °C. An atom adsorbs onto the hot surface for a

certain duration that is long enough to reach thermal equilibrium (typically 10−5 s to

10−3 s). The ionization efficiency Ieff that denotes the degree of ionization, is given by

the ratio between the number of ionized atoms n+ and total number of atoms before

ionization n0. It strongly depends on the temperature T of the hot surface and

declines rapidly below a certain temperature. The latter is material dependent and

describes the energy required for an electron to escape a solid surface. The ionization

of alkali metals on tungsten surfaces has been studied extensively since the pioneering

researches of Langmuir et al. [Lan25], who conceived the well known Saha-Langmuir

equation for determination of ionization efficiencies [Dre68,Zan59,Dat56,Kir81]:

Ieff =
n+

n0

=
g+
g0
· exp

(
ϕ− IP

kBT

)
(2.9)

Here, g+ and g0 denote the statistical weights of the investigated element species

in its ionic or atomic state, kB the Boltzmann constant and IP represents the ion-

ization potential of the observed element. The state of an evaporating particle is

also determined by the probability of an incident beam atom reaching equilibrium

with the surface. This probability can be taken into account by the insertion of

a reflection coefficient for the incident atom, but can be neglected in the case of

alkaline metals on tungsten. In this case particle reflections do not occur due to
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numerous vacancies in the band structure 6s2 5d4 of tungsten [Dat56]. The Saha-

Langmuir equation can also be corrected for low lying excited states of the particles.

Unfortunately it cannot consider the presence of chemical reactions, the presence of

unknown contamination on the surface or the lack of thermal equilibrium.

In the case of hollow tube surface ion sources, the experimentally observed ion-

ization efficiency can reach much higher values than expected from eq. 2.9. It can be

explained if charged particles are confined in a potential well created inside the hol-

low tube and therefore prohibited from further wall contacts and re-neutralization

[Kir90]. Based on the Saha-Langmuir equation an analytical method [Sat15a] de-

scribes this process in a hollow tube type ion source. The ionization efficiency Ieff

can then be expressed as:

Ieff =

N · exp

(
Φ− IP∗

1

kBT

)
1 +N · exp

(
Φ− IP∗

1

kBT

) (2.10)

The parameter N depends on the mean number of wall collisions κ a particle under-

goes in the cavity before escaping through the exit orifice. It has to be taken into

account that not every ionized particle leaves the cavity as an ion. This happens

with a probability ρ < 1, which considers that a particle may not be trapped at all

in the volume or that a confined ion has the chance to discharge at the surface walls

again. Thus, N can be denoted as the effective number of atom-surface interac-

tions that neutral particles undergo in the cavity, given by N = κ · ρ. The effective

ionization potential IP∗
1 is related to the the ionization potential IP by

IP∗
1 = IP1 − kBT ln

(
Q+

Q0

)
(2.11)

with the partition functionsQ+ andQ0 at a given temperature that can be calculated

by

Q+/ 0 =
∑
j

gj+/ 0 · exp

(
Ej

+/ 0

kBT

)
. (2.12)
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Figure 2.5: Dependence of the ionization efficiency of strontium on different ionizer materials,
calculated by eq. 2.10. The number of atom-surface interactions N has been set to 50. The higher
the work function of the refractory metal(Ta: 4.25 eV; W: 4.54 eV; Re: 4.72 eV), the more efficient
the ionization of strontium.

g+ and g0 are the statistical weights of the jth quantum state of the ion respectively

the atom with the energies Ej
+. Excited states whose excitation energies are much

higher than kBT can be neglected since the exponential term is approaching zero.

The electronic ground state of alkaline metal atoms is a doublet state, hence its

statistical weight is 2 and its ratio of w+/w0 is 1/2 [Dat56]. The analogue statistical

weight of alkaline earth metals is 1.

The concept of surface ionization involves the interaction between a low ioniza-

tion potential element and a high work function surface that is hot enough to desorb

the ions thermally. According to eq. 2.9, the Φ−IP∗ difference and thus the choice of

ionizer material is decisive as it defines the magnitude of ionization efficiency. The

combination of alkaline metals with comparably low ionization potentials around

4 eV to 5 eV and refractory metals as ionizer materials such as W, Mo or Ta promises

adequate ionization efficiencies. Figure 2.5 shows the ionization efficiency of stron-

tium for the ionizer materials tantalum (ϕ= 4.25 eV), tungsten (ϕ= 4.54 eV) and

rhenium (ϕ= 4.72 eV), calculated by eq. 2.10. These materials have been selected

because they were employed at most of the various ion source facilities and also

have been used during former commissioning experiments at TRIGA-TRAP. The

difference between the ionization potential of strontium and the work function of

the ionizer material increases in the order Ta<W<Re and the number of generated
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Figure 2.6: Ionization efficiency of strontium on a tantalum surface in dependence on the tem-
perature. The effective number of atom-surface interactions N has been set to values in the range
of 10 to 150.

ions rises correspondingly. Although the work functions of the considered elements

are similar, the difference of their ionization efficiency is substantial. It deviates by

several percent already at low temperatures, reaching a difference of a factor 3.5

between tantalum and tungsten and a factor of 6.1 between tungsten and rhenium

at 2230 °C, respectively. If the ionization potential of the investigated species is too

high or rather higher than the work function of the hot cavity, the main fraction

of atoms entering the ionizer remains neutral. In general the process is assumed

to produce only singly charged ions, since the second ionization potential is usually

significantly higher than the first one. The other key parameter that determines

the ionization efficiency is the effective number of atom-surface interactions N . It

depends on several parameters, e.g., the temperature, the surface material of the

ionizer or the geometrical configuration of the ion source. The magnitude of N af-

fects the ionization efficiency slope, as indicated in fig. 2.6. The amount of ionized

particles rises with increasing N . As this value depends on the exact geometrical

configuration of the ion source it differs within each operation or even the tempera-

ture. Thus it has to be estimated for each measurement series, but is usually in the

range of 30 to 100 for the type of ion source used within this work and by T. K. Sato

et al. [Sat15a,Sat17].

Figure 2.7 depicts the ionization efficiency for different elements on a tantalum

surface. The selected ion species are available at the TRIGA-TRAP experiment
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Figure 2.7: Ionization efficiency of different element species on a tantalum surface in dependence
on the surface temperature. N has been set to 50.

and have comparably low ionization potentials (table 2.1). Except for rubidium, the

ionization efficiency increases with rising temperature. As the effective ionization

potential IP∗ increases with the temperature, the difference to the work function of

tantalum decreases. In the case of rubidium, this difference is small at low temper-

atures and finally vanishes above 1000 °C. Accordingly the fraction of non-ionized

atoms increases.

Table 2.1: Ionization potentials (IP) of selected elements [Hay14].

Element IP (eV)
Rubidium (Rb) 4.18
Strontium (Sr) 5.70
Potassium (K) 4.34
Yttrium (Y) 6.22

Cadmium (Cd) 8.99

2.3 Particle trapping

Electrically charged particles can be trapped in an electrical field configuration that

possesses a potential minimum at some point in space. The corresponding forces

then have to direct towards that point from all three dimensions. Following the

Maxwell equations, it is not possible to create an electrostatic field minimum with-
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out the presence of electrical charges, i.e., it is not possible to create a field minimum

in the free space between electrodes. One option to avoid this limitation is the appli-

cation of an oscillating electric quadrupolar field in an adequate geometry to create

an effective field minimum. This type of construction has been introduced by Wolf-

gang Paul and Hans Georg Dehmelt, who received the Nobel price in 1989 for “the

development of the ion trap technique”. Another method is the superposition of

a static electric quadrupolar field with a homogeneous magnetic field. This con-

figuration is called Penning trap and has been developed by Hans Georg Dehmelt.

Nowadays it is widely used for determination of atomic masses or other fundamen-

tal properties, e.g., the g-factor [Stu13]. Since both techniques are employed at

TRIGA-TRAP for different purposes, sketches of their working principles will be

briefly discussed in the following sections.

2.3.1 Electrodynamic Paul-trap

Paul traps are well known and widely used in nuclear physics and spectroscopy as

they offer a simple way to confine electrically charged particles. Such a trap consists

of a ring electrode and two endcaps with hyperbolical shape, see fig. 2.8 (a). Apply-

ing an alternating voltage with a high frequency between the ring electrode and the

two endcaps creates an oscillating quadrupole field. Ions inside this electrode config-

uration experience oscillating forces with the chosen field frequency: focusing ones

in radial direction and simultaneously defocusing in axial direction, in alternation

with the opposite. By choosing the frequency and amplitude in a specific parame-

ter range for a given m/q, the time-averaged forces can create an effective focusing

of ions all three dimensions [Pau90]. The linear Paul trap uses a different design

that offers a higher ion storage capacity, but is still based on the same principle. It

consists of four hyperbolically shaped rods arranged parallel to each other around

a centered axis (see fig. 2.8, (b)). Each rod is split into three or more segments

that are separated from each other by electrical insulators. By application of an

RF voltage between adjacent rods a quadrupole field is formed thereby creating a

dynamical radial confinement of inserted ions (see fig. 2.8, (c)). At the same time,

axial confinement is reached by applying DC voltages to the rod segments in a way

that a potential well is formed.
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Figure 2.8: Electrode configuration of (a) a hyperbolically shaped Paul trap, adapted from [Bla06]
and a linear Paul trap [Bey14a]. In (c) the equipotential lines of the quadrupole potential between
the hyperbolical electrodes is shown.

Buffer gas cooling

The combination of a linear Paul trap with collisional cooling is called a radio

frequency quadrupole (RFQ) beam cooler. It offers the possibility to reduce the

emittance of a particle beam. Therefore, the Paul trap is filled with a light, neutral

and inert gas – usually He – to reduce the kinetic energy of an incoming ion ensem-

ble, effectively reducing their “temperature” to the temperature of the buffer gas.

Confined particles are thus thermalized via multiple weak, elastic collisions with the

cooling gas that has a lower temperature. Each ion-gas contact leads to an energy

transfer and thus the equilibration of the ion temperature to that of the gas. The

latter is obviously the lower temperature limit that can be reached by this technique.

Simultaneously the energy spread of the ion ensemble is reduced, thereby improving

their subsequent transport through a connected experimental setup. This enables

studies on species available at comparably low rates. As the cooling takes place

in a confining field, the thermal diffusion that results from atom-ion interactions is

counteracted and a narrow ion beam is generated.

2.3.2 Magnetostatic Penning-trap

Instead of oscillating electric fields, a static magnetic field is used in a Penning

trap to confine charged particles in three dimensions. The design of such a trap

looks similar to that of a Paul trap and is employed at TRIGA-TRAP in both

hyperbolical and cylindrical structure. The former consists of three hyperbolically
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(a) (b)

Figure 2.9: Electrode configurations of Penning traps [Bla06]. They consist of two end electrodes
and a centered ring electrode that is either cylindrically or hyperbolically shaped.

shaped electrodes: a ring-electrode and two identical endcaps (see fig. 2.9(a)). On the

contrary a cylindrical Penning trap is formed by three cylindrically shaped electrodes

(see fig. 2.9(b)). The size of such a trap – independent from its shape – depends

on its application purpose and is usually in the range of several millimeters up to

a few centimeters. Both designs offer advantages: whereas the field is uniform in

a larger volume in hyperbolical Penning traps, a cylindrically shaped Penning trap

is easier to manufacture. However, independent from their design, a Penning trap

is placed within a strong and homogeneous magnetic field. An electrical voltage is

then applied between the ring electrode and the end caps.

Ion motions in a Penning trap

An ion that is guided into a homogeneous magnetic field ~B with its velocity ~v is

deflected with a force perpendicular to the field lines. This force is named Lorentz

force and can be expressed by FL = q~v × ~B. In a homogeneous field it acts as

centripetal force, leading to the so-called free cyclotron frequency

ωc =
q

m
· ~B (2.13)

25



CHAPTER 2. THEORETICAL FUNDAMENTALS

x y

z

ρ+

ρ-

ρz

modified 
cyclotron
motion

axial
motion

magnetron
motion

Figure 2.10: Sketch of the ion motion in a Penning trap adapted from [Rep12] with the magnetic
field aligned to the z-axis. The ion motion can be resolved into three independent eigenmotions:
Modified cyclotron (green), magnetron (purple) and axial motion (red). The dashed line shows
the superposition of all three eigenmotions with their amplitudes ρ+, ρ− and ρz.

for a ion with a mass-to-charge ratio m/q. It describes the frequency with which

a particles orbits around a magnetic field line. If the particle has kinetic energy

axial to the magnetic field lines, it follows the field line in an helical trajectory. In

a Penning trap, this is prevented by a trapping potential between the ring electrode

and the end caps. With a hyperbolical shape of the electrode, the superposition of

magnetic and electric field results in an ion motion as shown in fig. 2.10 (dashed

line). It can be resolved into three independent eigenmotions, two radial motions

and one axial motion. The axial motion of the ion is independent from the magnetic

field strength and can be described as a classical harmonic motion with the frequency

ωz =

√
qU0

md2
. (2.14)

Here, d is the so-called trap parameter, determined by the minimal distance between

the center of the trap and the end caps. The superposition of the magnetic field

with the electrostatic quadrupolar field influences the radial motion of the ion. The

decrease of the centripetal force results in two circular motions with frequencies

ω+ =
1

2
(ωc +

√
ω2
c − 2ωz) (2.15)
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and

ω− =
1

2
(ωc −

√
ω2
c − 2ωz) . (2.16)

These motions are named reduced cyclotron motion ω+ and magnetron motion ω−.

The magnetron motion is in leading order independent from mass or charge of the

ion, and can thus be assumed constant in most cases. For ideal Penning traps the

mentioned eigenfrequencies are simultaneously connected via

ωc = ω+ + ω− (2.17)

and

ω2
z = 2ω+ω− . (2.18)

In real Penning traps, with imperfections in the geometry or field configuration,

eq. 2.17 no longer holds true and one has to use the so-called invariance theorem

[Bro86], to connect the frequencies:

ω2
c = ω2

+ + ω2
− + ω2

z . (2.19)

Thus, with eq. 2.17 or eq. 2.19 the cyclotron frequency of a free particle can be

determined by measurement of the eigenmotions of the same trapped particle. Fur-

thermore, if the magnetic field strength and the charge of the particle is known, the

free cyclotron frequency can be used for measuring the particle mass.

Ion motion manipulation

The radii of individual motions can be selectively manipulated by the use of radio

frequency fields. These are typically directly applied to the trap electrodes to create

dipolar or quadrupolar fields, which in case of the circular motions requires to split

the ring electrode into several segments. Dipolar RF fields affect the eigenmotion

in resonance whereas quadrupolar fields at the sum of two eigenfrequencies couple

the two eigenmotions. The former increases or decreases energy in the motion and

the latter continuously converts energy between the two coupled motions. Thus,
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ion motion manipulation can be used to determine the eigenmotion frequencies. A

dipolar excitation is applied, e.g., to determine the frequency of the magnetron mo-

tion. The ions transmitted through the small end cap orifice of the Penning trap are

counted by a subsequent detector. Resonant excitation enlarges the radius of the

magnetron motion – independently from the ion species. Thus the magnetron fre-

quency can be determined by varying the excitation frequency until the transmitted

ion rate is minimal.

The combination of dipolar and quadrupolar excitation with a small amount of

inert gas leaking into the trap can be used for so-called resonant buffer gas cooling,

which offers mass selection as well as ion centering [Sav91, Kre08a]. It exploits

the occurrence of collisions between gas molecules and trapped ions, during which

excitation energy of the ions is transferred to the surrounding gas. This technique

can also be used for low-precision measurements of the cyclotron frequency as well

as for removing isobaric contamination inside the trap with a high resolving power.

While the axial motion behaves like a damped oscillator [Kre08b], the remaining

eigenmotions are manipulated by applied electrical fields. Initially, all trapped ions

are excited to a magnetron motion by a dipolar RF excitation pulse at the magnetron

frequency ω−. Afterwards, a second quadrupolar RF pulse with ωRF is applied. If

this frequency equals the sum of the magnetron frequency ω− and the modified

cyclotron frequency ω+, the two motions are coupled to each other and kinetic

energy is transferred from one to the other and vice versa. Because ω+ is much larger

than ω−, orbital velocities are larger and kinetic energy is much faster dissipated

by collisions with the buffer gas. Therefore the energy conversion between the two

motions is mostly unidirectional and in total the ion loses its initial magnetron

radius and is nearly brought to rest in the center of the trap. Thus the ion species

of interest can be centered within the trap whereas contaminating ions remain on a

larger magnetron radius.

2.3.3 Measurement techniques employed at TRIGA-TRAP

Masses of ions can be determined by distinct excitation of certain ion motions

with subsequent ion detection. Measurement instrumentation employed at TRIGA-

TRAP – as well as at various other mass spectrometry facilities – is divided into
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destructive and non-destructive methods, which will be introduced in the following.

Time-of-f light ion cyclotron resonance method (ToF-ICR) and phase-imaging ion

cyclotron resonance technique (PI-ICR) are examples of the former section, whereas

the narrow-band fourier transformed ion cyclotron resonance technique (FT-ICR)

is one for the latter. In all these methods the cyclotron frequency ωc is the rele-

vant parameter to observe in order to investigate the nuclear mass, since they are

connected by eq. 2.13.

(a) ToF-ICR

The ToF-ICR technique has already been introduced in 1980 [Grä80], ever since con-

tinuously developed and successfully deployed at TRIGA-TRAP since 2008 [Ket08,

Geo07a, Geo07b]. A dipole excitation at ωdipole = ω− is applied to two opposing

segments of the trap ring electrode, leading to a defined increase of the stored ions

magnetron radius. A subsequent application of a radio frequency for a certain time

period Tex on the segmented ring electrode of the Penning trap converts the mag-

netron motion into the reduced cyclotron motion if the excitation frequency matches

ωc = ω+ + ω−. The duration of the dipole excitation usually lasts a few seconds.

The applied radio frequency ωquad is around the expected cyclotron frequency ωc.

Afterwards, the trap is emptied and the ions are sent onto a detector, which detects

the ions and allows measuring their time of flight [Fer07]. By passing through the

magnetic field gradient, ions experience an acceleration whose magnitude depends

on the initial angular momentum µ = 1
2
q ω r2. Because the radius is conserved dur-

ing the conversion, and ω+ � ω−, ions fully converted to a reduced cyclotron motion

experience the strongest acceleration [Kön95]. By recording the time of flight as a

function of the frequency ωquad, a resonance spectrum as shown in fig. 2.11 (left) is

generated, in which a minimum in the recorded resonance indicates the cyclotron

frequency of the ion. The general shape of the resonance is given by the Fourier

transformation of the excitation pulse. The sinc(x) function corresponds to an ex-

citation pulse with constant amplitude and can be fitted to the experimental data

to determine the cyclotron frequency [Bla06], [Bol90]. The uncertainty of the fit

∆(ωc) ∝
1√
Nion

· 1

Tex
(2.20)
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Figure 2.11: Recorded resonances with continuous excitation (left) and Ramsey excitation (right)
[Ren16].

depends on the number of detected ions Nion and the excitation time Tex, thus a

longer conversion time is usually preferred.

Since ions are ejected, they are lost after each measurement cycle and a reloading

of the trap is required. This measurement cycpe is repeated for a range of excita-

tion frequencies to acquire a spectrum as in fig. 2.11. Because it is desirable to only

trap one particle at a time, the frequency range has to be scanned several times

until an appropriate amount of counts are accumulated, typically several hundred

to thousand ions. The number of ions is oftentimes limited and an extension of

the excitation time to minimize the statistical uncertainty is not always possible.

Longer excitation times imply prolonged storage times, which increase the risk of

collisions between ions with the residual gas atoms. The latter results in particle

losses or a damping of the reduced cyclotron motion and correspondingly µ. Then,

the time of flight increases due to less acceleration within the magnetic field gradient.

Thus the minimum in the determined resonance is less significant yielding a higher

uncertainty. Magnetic field fluctuations, which also increase the measurement un-

certainty are another argument against long storage times. Thus it is necessary to

find a suitable compromise to minimize the duration of the measurement cycle and

simultaneously extend the conversion time to get the maximum gain in precision.

A method to reduce the uncertainty is the utilization of the so-called Ramsey ex-

citation scheme of separated oscillatory fields [Geo07a] (and references therein): In

contrast to the continuous excitation outlined above, the excitation pulse is split into

two pulses, whereas the integral of these pulses is kept constant in comparison to

the continuous operation scheme (see fig. 2.11), to enable a complete conversion of

the two ion motions. The change in the excitation scheme results in an enlargement
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Figure 2.12: Left: Principle of the PI-ICR-measurement technique. Right: Experimentally
recorded projections of 130Xe+ ions, measured at SHIPTRAP [Eli13]. For details, see text.

of the two sidebands but also in a reduced linewidth, which results in a gain in

precision about a factor of three [Kre07,Geo07b].

(b) PI-ICR

A novel technique to execute mass measurements of short-lived nuclides is the PI-

ICR technique. It is based on the projection of the radial motion of the trapped ion

onto a position sensitive detector that is located behind the Penning trap [Eli13].

The cyclotron frequency of the ion is given by the sum of its eigenfrequencies

ωc = ω+ + ω−, similar to ToF-ICR. But in contrast, the magnetron ω− and modified

cyclotron ω+ frequencies are determined by two independent measurements using

the PI-ICR technique. As the measurement cycles for both motions are similar the

subscripts + and − that distinguish both frequencies will be omitted in the follow-

ing. The principle of this measurement technique is shown in fig. 2.12. First, the

center of the radial motion is defined by ejecting a non-excited ion onto a position

sensitive MCP-detector, yielding a spot at position 1, fig. 2.12. Subsequently a radio

frequency-field with a defined amplitude and initial phase is applied at the radial

motion frequency ω to increase the radius of the ion motion R, thereby generating a

reference phase of the radial motion (fig. 2.12, position 2). After a certain evolution

time T , the radial motion of the ion accumulates a total phase of φ+ 2πn = 2πωT ,

depicting the final phase of the radial motion (fig. 2.12, position 3), whereas φ de-

scribes the polar angle between positions two and three. n denotes the number

of full revolutions that the ion has performed in the observed time interval. The
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investigated frequency of the radial motion can be calculated according to

ω =
φ+ 2πn

T
(2.21)

by determination of the angle φ for a chosen accumulation time. To ascertain the

number of full revolutions n that the ion executes in the given time T , it is required

to perform a preparatory measurement to investigate the radial-motion frequency

with a moderate precision. PI-ICR is a destructive method like ToF-ICR but requires

a lower rate of ions and is up to 25 times faster. The coordinates of the center and

the reference phase remain constant during a long time period. The measurement

cycle is therefore reduced to measurements of the final phase for the magnetron

and cyclotron motions. Implementation of this technique is expected to result in a

40-fold increase in resolving power and fivefold gain of the precision of the cyclotron-

frequency determination [Eli13]. First results of the implementation of this technique

at TRIGA-TRAP are reported in the thesis of J. van de Laar [Laa15].

(c) FT-ICR

A different measurement method is the so called FT-ICR, which detects image

charges, induced by the oscillating charge of a trapped ion. In contrast to the

already introduced ToF- or PI-ICR techniques it is non-destructive. Thus the ion

species of interest is stored within the Penning trap during the whole measurement

procedure. This technique is highly sensitive and requires a minimum amount of

ions, thus it is suited for identification and characterization of nuclides with very

low production rates [Web05]. Using a narrow band detection system with large

amplification, a complete measurement cycle can be performed with a single ion.

The duration of a measurement cycle is determined by the pressure inside the trap

as well as the half-life of the nuclide. Usually this method is limited to nuclides with

half-lives above one second. The most challenging part is the suppression of electrical

noise, e.g., creating a sufficiently high signal-to-noise ratio, since the magnitude of

the observed image-charge is only about a few fA [Ket09]. A cryogenic environment

at 4 K is most suitable to limit thermal noise, but an implementation at 77 K is

foreseen at TRIGA-TRAP. First results are presented in [Eib13] while details of its

upcoming implementation will be reported within the thesis of S. Lohse [Loh17].
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Chapter 3

Experimental setup

The mass spectrometry experiment TRIGA-TRAP, which is located at the research

reactor TRIGA Mainz, consists of several stages that contribute to the production

of a low energy ion beam. A photograph of the reactor hall is given in fig. 3.1,

whereas a technical drawing of the setup is shown in fig. 3.2 .

Short-lived fission products are produced in a target chamber containing fission-

able material located close to the reactor core. They are extracted by a gas-jet

system, focused by an aerodynamic lens and transformed into an ion beam by sur-

face ionization. The generated beam is extracted, accelerated and guided by an

ion-optical system to a dipole mass separator magnet. After mass separation the

ion species of interest is guided into a gas-filled radio frequency quadrupole (RFQ)

trap and transformed into ion bunches. An attached pulsed drift tube decelerates

these bunches and enables trapping of the ions in Penning traps, where the cyclotron

frequency – therefore the mass of the ions – can be determined. Detailed descrip-

tions of the individual parts are given in the following sections.
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B

C

D

A

Figure 3.1: View into the TRIGA reactor hall onto the TRIGA-TRAP experiment. The experi-
ment can be divided into three sections. (A): gas-jet system in front of beam port A (not seen in
the picture). (B) gas-jet injection, ion beam production and acceleration. (C): mass separation,
cooling and bunching within an RFQ and subsequent deceleration. (D): trapping of ions inside the
strong magnetic field of the superconducting magnet.
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Figure 3.2: Detailed drawings of the different stages of TRIGA-TRAP, see fig. 3.1. Section A:
aerosol-based gas-jet system for fission product transport. Section B: fission product collimation
in an aerodynamic lens, ionization and subsequent acceleration. Section C: mass separation by a
90° dipole magnet, cooling and bunching of ions by an RFQ with subsequent deceleration. Section
D: Penning-trap system for high-precision mass measurements on ions.
Different beam diagnostic types are indicated by *: catching station (CS) + Faraday cup (FC), �:
CS+FC+MCP or �: MCP. The minimum time between the end of a fission product collection and
the start of the corresponding γ measurement amounts to 5 min (*) or 1 min (�). Further filter
positions for fission product collections and their time constraints are indicated in red.
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Figure 3.3: Sectional view of the TRIGA Mainz, indicating the four beamports A,B,C and
D [Ham10]. The TRIGA-TRAP experiment is connected to beamport A.

3.1 Radionuclide production and extraction

Research reactor TRIGA Mainz

The TRIGA Mark II reactor at the Institute of Nuclear Chemistry at the University

of Mainz is a swimming pool reactor with a graphite-reflected core. The fuel elements

consist of an uranium zirconium hydride alloy, each fuel element containing about

36 g of 235U. The reactor can be operated in either continuous mode with a thermal

power of 100 KWth or in pulsed mode. Four to five pulses with a peak power of

250 MWth and a pulse width of 30 ms can be initiated per hour [Men75]. The TRIGA

Mainz has a central experiment tube, three pneumatic transfer systems and a rotary

specimen rack with 40 positions, for irradiation of samples with different neutron

fluxes for short periods of only a few seconds up to several days. Furthermore, there

are four beamports available, each penetrating the surrounding biological shield,

and offering irradiation positions for long-term experiments (see fig. 3.3). These

beamports are accessible from the ground floor of the reactor hall. The TRIGA-

TRAP experiment is connected to beamport A, thus having access to a thermal

neutron flux of 1.05 · 1011 cm−2s−1 [Ren16]. For future measurements, beamport B

is also available and of major interest, since the neutron flux is about a factor two

higher (1.8 · 1011 cm−2s−1 [Rea89]).
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Aerosol 
Thermal neutron
Fission product
Aerosol + fission product

Figure 3.4: Technical drawing of the target chamber which is placed inside of the reactor close
to the reactor core. Aerosol particles (blue line) enter the chamber through the inlet on the left.
Radionuclides (red) produced by neutron induced fission adsorb at the aerosol particles (blue) and
are extracted through the central port.

Fission target

To access short-lived neutron-rich radioisotopes produced by neutron induced fission,

a target chamber containing fissionable material is placed closed to the reactor core.

It is inserted into the reactor via beam port A, which is depicted in fig. 3.3. A

section view of the target chamber is shown in fig. 3.4. It has one inlet and two

exhausts, which are connected to PTFE (polytetrafluoroethylene) capillaries for

several purposes: The aerosol produced by the gas-jet system is guided into the

target chamber via the inlet. Several holes are surrounding the target material

to enable the aerosol to uniformly flush the inner volume of the target chamber.

The resulting main stopping volume amounts to 54 ml. After fission products are

thermalized within the chamber, they adsorb on the aerosol particles and are guided

with the gas stream out of the central aperture to the following experimental devices.

The pressure inside the target chamber is monitored continuously via a connec-

tion to a pressure gauge. The pressure is a crucial parameter, since the stopping

power strongly depends on it. If either pressure or stopping power is too low, major

losses occur due to impacts of the fission products onto the chamber walls. Increasing

the pressure includes the risk of a leakage and thus a decrease in the target lifetime.

Changing the pressure by varying the gas flow rate is the method of choice, but it
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Figure 3.5: Independent fission yields of a target containing 1440 µg 235U at a neutron flux of
1.05 · 1011cm−2s−1.

has to be considered that the gas flow is hardly an independent parameter. It affects

the aerosol particle formation, the transport time as well as the pressure inside of

the experimental setup, i.e., the aerodynamic lens and the ion source. Therefore

finding the optimum parameters is of major interest.

The fissionable material used within this work is 235U, which is covered with a

thin aluminium foil. Fission yields corresponding to a target containing 1440 µg 235U

are given in fig. 3.5. The distribution of produced radioisotopes shows a maximum in

the light branch around mass number A = 100 and another one in the heavy branch

around A = 140. The energy release during one fission process of 235U amounts to

∆E ≈ 200 MeV corresponding to 0.8 MeV/A to 0.9 MeV/A [Lie91]. This energy is

split among all particles released during the fission, i.e., neutrons, γ rays or the

two main fission fragments. The latter gain in sum a kinetic energy of around

170 MeV [Sch66]. Due to the momentum conservation light fission products gain an

energy of ≈ 100 Mev whereas the heavier ones gain ≈ 70 MeV [Sch66]. The heavy

fission branch populates radioisotopes with comparably long half-lives and would

contaminate the whole setup, which is still under development and various parts have

to be exchanged regularly. An aluminium foil of appropriate thickness holds back the
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heavy fission fragments completely, thereby prohibiting a prolonged contamination.

The lighter fission products are stopped as well, but due to their higher energy a

part of them passes the Al foil. The transmitted fragments are slowed down, thus an

absolute pressure around 1.1 bar inside the target chamber is sufficient to thermalize

nuclides within the given volume. This allows to operate the gas-jet at low gas flow

rates without a loss in yield.

Four 235U-targets have been used during the commissioning phase of TRIGA-

TRAP and within this work: Whereas the geometrical size of them has been kept

constant at a diameter of 15.0 mm, certain parameters have been changed as listed

in table 3.1, i.e., the mass of the fissionable material and the thickness of the alu-

minium cover. The change from target A to target B has been made to improve the

yield of fission products by a significantly increased amount of target material and

simultaneously a thinner Al degrader. Whereas target A has been covered with a

13 µm Al foil, a reduced layer of 10 µm Al has been used for subsequent targets. This

reduced thickness is sufficient to thermalize the generated radionuclides completely,

as simulated by Ziegler et al. with SRIM2013 [Zie13]. Under these circumstances

the release of produced light fission products into 1 bar N2 amounts to around 3 %

to 8 % depending on their mass [Ren16]. According to those simulations, the mean

range of 91Rb ions recoiling out of the target amounts to 11.9 mm. The minimum

distance between a chamber wall and the target itself is about 16 mm, so all fission

products should be stopped within the gas volume.

For subsequent experiment runs, the target had to be substituted two more

times, due to external circumstances. A yield measurement has been performed

with target B and target D to verify the total amount of fission products available.

Results of these measurements are given in sec. 4.1.

Table 3.1: Parameters of the targets used during commissioning of TRIGA-TRAP.

Target A Target B Target C Target D
Year 2014 2015 2016 2017

Surface diameter (mm) 15.0(5) 15.0(5) 15.0(5) 15.0(5)
Target amount 235U (µg) 310(16) 1258(63) 1256(63) 1440(72)

Areal density 235U (µg cm−2) 175(9) 712(36) 711(36) 815(41)
Thickness Al foil (µm) 13(2) 10(3) 10(3) 10(3)
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Future measurement campaigns investigating nuclides of the heavy fission branch

will require using a non-covered target ore one covered with a thinner aluminium

foil. Here, the requirement of a higher pressure arises as a consequence of the lacking

covering, since a major contribution to the thermalization is absent.

Aerosol-based gas-jet system

Most fission products are not transported sufficiently in pure gas (see sec. 4.1.4).

Therefore an aerosol-based gas-jet system is used to extract produced fission prod-

ucts out of the target chamber and transport them through the biological shield.

A schematic sketch of this system comprising the main components is shown in fig.

3.2.

The carrier gas of choice is nitrogen as it provides both a minor collision ioniza-

tion and a low activation by neutron capture at the same time. Simultaneously it

has a high molecular mass and thereby a high stopping power. Gas flow rates in the

range of 300 ml/min to 800 ml/min have been used, depending on the type of mea-

surement. Most of the measurements in this work were performed at 400 ml/min,

thus the gas flow rate is only noted if it deviates from this value. The aerosol material

of choice is CdI2, which is placed in an oven and heated up to a temperature of 290°C.

In previous works [Ren16, Bey14a, Gün93], KCl was used instead (ρ=1984 kg/m3,

IPK = 4.341 eV), but due to better physical properties, it was replaced by CdI2. Its

comparably high density of ρ= 5640 kg/m3 leads to the formation of heavy parti-

cles, which improves aerodynamic focusing and maximizes the transport efficiency.

The ionization potential of cadmium amounts to IPCd = 9.0 eV, thus only traces of

the material are ionized within the hot cavity thereby reducing the background of

subsequent measurements significantly.

The aerosol is guided to and from the target chamber through the biological

shield by PTFE capillaries with inner diameters of 4.0 mm and 0.86 mm, respectively.

In both cases, their length amounts to ≈ 5 m. Fission products adsorb on the CdI2-

particles and are guided through the biological shield to a fume hood. There, a

switch enables to either inject the aerosol into the experiment beamline or guide it

to a waste channel where it is pumped away. The latter is used whilst preheating of

the oven, during maintenance at the experimental setup or when the reactor is out
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of operation. For fission product measurements, the aerosol is either guided to the

aerodynamic lens or to a dedicated collection position (abbreviated “direct catch”,

DC) inside the fume hood at which glass fiber filters can be inserted. Embedded

aerosol particles collected on these filters allow yield measurements or efficiency

determinations. Results of these studies will be discussed in sec. 4.1.4.

When the aerosol is guided through the PTFE capillary (inner diameter = 1.2 mm,

length≈ 5 m) to the aerodynamic lens, it passes a sodium iodide-based γ-ray detec-

tor, which is used for two purposes: by taking data once a second, slow changes

in the transport efficiency can be traced. Or by taking data once a millisecond,

only a short interval of 16 seconds can be investigated, but with much better time

resolution. Thus, rapid changes in the yield due to particular occurrences can be

observed, e.g., prompt γ rays and subsequently transported activity produced by a

reactor pulse.

The transport time of the nuclei is of major interest as it limits the range of

accessible species. It has to be sufficiently short to prevent the nuclei of interest

from decaying before investigation. But as the flow rate of the carrier gas influences

the pressure inside the target chamber and thereby the thermalization process, it

is important to find the optimum conditions for the setup and simultaneously find

the limits of accessible nuclides. The installed γ-ray detector can be used for such

a determination of the transport time. These measurements require no changes to

the experimental setup and could be carried out in parallel. The only requirement

is a distinct start, for which the pulsed operation of the TRIGA reactor was used.

Results of the transport measurements will be discussed in sec. 4.1.5. Thereby it

offers the chance of either having a continuous online monitoring over the amount

of passing fission products or make transport time measurements.

After passing the capillary system, the fission products enter the vacuum cham-

ber that is mounted on a high voltage platform. They are guided through an

aerodynamic lens to produce a collimated particle beam to maximize the injection

efficiency into the surface ion source. A detailed drawing of this part of the gas-jet is

given in fig. 3.6. Fundamentals of aerodynamic focusing and the aerodynamic lens

are described in sec. 2.1 as well as in [Gru14] and [Gru16]. It is possible to place

a glass fiber filter in front of the aerodynamic lens, behind the lens or in front of

the ion source as indicated in fig. 3.2 as “Filter Position” to collect the transported
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Figure 3.6: Detailed drawing of the vacuum chambers housing the aerodynamic lens (green)
inside of a bellow-skimmer-combination. The chamber is separated into two parts (blue and red
volume), which are pumped separately. Several tools for axial alignment (purple) are available.
The system is connected to the surface ion source (dark red). Two glass fiber filters (orange) were
added in front of the lens and the ion source to indicate the catching positions. For more details,
see text.

activity for efficiency studies. Results will be discussed in sec. 4.1.4.

The custom made vacuum chamber, that contains the aerodynamic lens, is split

into two parts that are separated by a partition panel but connected with each other

by the skimmer. Its side panels are detachable to enable access to the inner parts,

e.g., for alignment or maintenance. The low vacuum side is coupled to the capillary

coming out of the target chamber and the high vacuum side is attached to the sur-

face ion source (see sec. 3.2). Each chamber is pumped down separately: The low

vacuum side including the inner volume of the bellow is connected to a large roots

pump (Edwards EH2600; pumping speed ≈ 500 m3/h) due to the high gas load

and reaches pressures around 10−2 mbar during gas-jet operation. The high vacuum

side is pumped down by a combination of pre- and turbomolecular pump to reach

a pressure of around 10−5 mbar. Thus the necessary pressure drop for aerodynamic

focusing is created. Before entering the vacuum chamber, the PTFE capillary is

coupled to a steel capillary with an inner diameter of 1 mm. This transition is neces-

sary since only the latter can be connected to a vacuum-tight feedthrough, which is
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mandatory for the insertion of the aerosol into the vacuum. It ends inside a capillary

holder at a distance of 4 mm to the entrance of the aerodynamic lens and enables

an axial injection of aerosol particles. The lens itself is located in a combination

of a bellow and a skimmer, and directly connected with the latter to ensure proper

axial alignment. The design of the lens has been revised compared to the design

described in [Gru14] to reduce the weight, however it still has to be stabilized by

an adjustable holder. The skimmer is required to separate the carrier gas from

the particles, thereby reducing the pressure inside of the ion source. It has only

a small opening orifice with a diameter of 2 mm, whereby the collimated particle

beam passes whereas the major fraction of the carrier gas is pumped away. The

distance between the entrance of the ion source and the skimmer is variable due to

the mounted bellow. The absolute value of this distance is indicated by the distance

meter and was adjusted to 4 mm. Axial alignment between skimmer and ion source

is ensured by three wings with small rods, which are attached to the skimmer and

whose tapered counter pieces are mounted on the ion source flange. Thus these parts

can easily fitted together, which is crucial since the setup has to be opened at this

position frequently for maintenance of the ion source, which will be described in the

following section.

3.2 Surface ionization source

Nuclides produced by neutron induced fission show a broad charge state distribu-

tion [Woh78], but neutralize in the moment of aerosol particle attachment inside

the target chamber. Their subsequent ionization is mandatory in order to enable

a manipulation of their movement by electrical or magnetic fields. The first at-

tempt to combine a gas-jet with an ion source at TRIGA-TRAP has been made

with an electron-cyclotron-resonance ion source [Smo12]. But the plasma inside this

source was not dense enough to break up passing aerosol particles to release and

ionize the fission products. Subsequently a surface ion source has been developed at

TRIGA-TRAP [Ren16], which was based on the HELIOS setup used in the 1980’s

at the TRIGA reactor [Maz81, Brü83, Brü85]. It was proved that this type of ion

source is able to release and ionize fission products sufficiently. But although its
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Figure 3.7: Technical drawings of the former design [Ren16] and the design revised within this
work. Both drawings are shown in the same scale to allow for a direct comparison.

design has been simple (fig. 3.7, left), its installation was tricky and its operation

was barely reliable. Within this work, a new surface ion source (fig. 3.7, right) has

been built to ensure a stable and fail-safe operation. Its design has been developed

in collaboration with JAEA/Tokai, Japan [Sat15b] and was adapted to the exper-

imental conditions and safety requirements given at TRIGA-TRAP. Although the

revised design is more complex in comparison with the former design, the fundamen-

tal structure – consisting of skimmer, ionizer, filaments and heat shield – remains

the same. A detailed drawing of the new ion source is shown in fig. 3.8. The de-

sign has been optimized for reliable operation at temperatures above 2300 K, thus

the materials used for individual parts (table 3.2) were chosen to be highly heat-

resistant. To improve the ionization efficiency, the ionizer has an extended length

Table 3.2: Materials of individual parts employed in the renewed design

Part Material
Ionizer Ta
Filament holder Mo
Filaments W
Heat shields Mo
Skimmer Mo
Insulator BN
Electrical feedthrough Cu
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Figure 3.8: Technical drawing of the redesigned surface ion source with labeled central parts.

of 44 mm. The inner diameter of the cavity is 4 mm, the wall thickness is 0.5 mm

at the entrance and 1 mm at the exit, and the exit orifice diameter is 1 mm. The

front of the tantalum tube is tapered to reduce the thermal contact with the sur-

rounding parts. It is connected to the inner skimmer via three Mo-screws without

having an additional point of contact. The minimized thermal contact suppresses

aerosol material deposits at the ionizer entrance or the skimmer orifices. Due to the

long length of the ionizer it is not possible to create a homogeneous temperature

distribution with only one filament. Thus it is surrounded by two filaments made

from 1-mm diameter W wires. Each filament consists of 3.5 loops with a diameter

of 11 mm. Both filaments are electrically separated from the remaining components,

i.e., the ionizer, by BN-insulators.

Resistive heating of the filaments to high temperatures induces the emission of

electrons. Applying a potential difference between the filaments and the ionizer

(Uionizer − Ufil ≈ 300V ) accelerates the electrons onto the ionizer surface, which is

thereby heated to temperatures above 1700 °C. This technique has been developed

in 1959 by A. Calverley [Cal59] and is called “electron bombardment” (EB). The

magnitude of heating depends on the quantity of emitted electrons and thereby the

heating current of the filaments as well as the applied potential difference. The

wiring diagram of the ion source is shown in fig. 3.9. The complete assembly includ-

ing the vacuum vessel is installed on a 30 kV platform, insulated from the remaining

setup. The use of two independent voltage supplies for electron bombardment offers

the ability to fine tune the heating power of the entry and exit side of the ionizer.

Filaments and ionizer are encased by two shields in order to reduce heating losses.
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Figure 3.9: Wiring diagram of the surface ion source. A high voltage of 30 kV is applied to the
ion source and the vacuum vessel, while the potential of the filaments is around 300 V lower.

Their thermal contact among each other as well as to surrounding components is

minimized. They are inserted into two milled slots within a boron nitride insulator

and fixed by four small molybdenum brackets. The latter are connected to the

support plate by four steel rods. This configuration minimizes the heat transfer

from the heat shields to the support plate and thereby to the skimmer. The heat

shields are held on the same potential as the ionizer and thereby shield the emitted

electrons from outer electric fields. They additionally minimize the direct thermal

radiation from the ion source. Fission products transported into the hot cavity

disintegrate from the aerosol clusters as they touch the hot surface and transform

into ions via surface ionization (see sec. 2.2). The created ions are extracted through

a strong electric field created by a following electrode.

Besides ionization of nuclides transported by the gas-jet, there is also the option

to deposit material directly inside of the ionizer. It offers the advantage to ionize

an element species of choice and simultaneously renders the time consuming gas-jet

operation unnecessary. Within this work this method was used for calibration of the

mass separator (see sec. 4.3).

The major advantages of the new ion source are its straightforward assembly

and its reproducible alignment that enables a reliable operation and also increases

its lifetime. Assembling and heating of the former ion source (3.7, left) has been

challenging. The installation of the various ion source components had to take place
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inside a vacuum chamber of the beamline, thus it was complicated due to the limited

available space. A tilted filament was not uncommon and regularly induced short

circuits due to contact to the ionizer. Oftentimes neighboring loops of the filament

fused during the heating process since the ion sources design intends to assemble

the wire under tension. The new design avoids these difficulties: the ion source is

assembled completely outside of the experimental setup, thus every component is

accessible and can easily be aligned and tightened. The ion source components are

mounted on a support plate, which fixes the ion source inside the beamline with

four small screws. The filaments are produced with the required angles, thus they

can be installed without tension. The distance between the loops is large enough to

prevent a fusing during the first heating process.

The temperature of an ion source is the central parameter. Thus it is impor-

tant to know this parameter during operation. The temperature ranges of direct

measurement techniques, e.g., with thermocouples or resistance thermometers, are

usually limited to lower temperatures. Such techniques also require a direct contact

to the hot surface, which is difficult to realize, e.g., as there are only few materials

that withstand temperatures above 2000 °C. The range of non-contact techniques

is wider and therefore more suitable for monitoring of the ion source temperature.

A pyrometer (Sensotherm Metis MI13), which determines the temperature by the

light emitted by the ion source, is installed permanently at a viewport of the dipole

magnet with direct line of sight onto the ion source. It allows a continuous monitor-

ing of the temperature, even though the pyrometer itself is located inside a HV-cage

and not accessible during RFQ operation.

Results of the extended characterization studies of the new ion source will be

discussed in sec. 4.2.

3.3 Ion beam optics

As a collimated ion beam is needed for efficient transport, guidance and focusing by

electric or magnetic fields is required. For this purpose several ion optical devices

are installed at TRIGA-TRAP (see fig. 3.10 ), which will be discussed briefly within

this section. More details will be presented in the thesis of P. Naubereit [Nau17].
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Figure 3.10: Ion optics: Ion source (red), extraction electrode (orange), einzel lens (blue),
quadrupole triplet (cyan), deflectors (purple), insulators (green). For details, see text.

The ion source and correspondingly the vacuum chamber containing the aero-

dynamic lens is mounted on a high voltage platform with a potential of +30 kV

with respect to ground potential. The high voltage platform is electrically sepa-

rated from the remaining setup, which is held on ground potential. Thus ions are

accelerated on their way to the dipole magnet. Simulations show that the diameter

of the generated ion beam increases from 1 mm to 20 mm after 1 m beamline [Ren16]

in the absence of any electrical or magnetic field. By installation of an extraction

electrode in Pierce geometry [Bro04] behind the ion source and thereby producing

a collimated beam, the divergence can be reduced significantly. In 2016 an extrac-

tion electrode with an inner diameter of 33 mm and an entrance orifice of 6.5 mm

diameter has been installed in 40 mm distance to the ionizer exit. It is set to a

changeable potential kept significantly lower than the high voltage of the ion source.

This potential is chosen depending on the operating conditions. The produced ions

are thus extracted and accelerated, thereby generating a collimated particle beam.

It is guided to a subsequent einzel lens [Lie08], that is installed at a distance of

70 mm from the extraction electrode. It consists of three sets of cylindrical aper-

tures (length = 46 mm/66 mm/46 mm, inner diameter = 75 mm). The first and the

third electrodes are kept at ground potential whereas a voltage is applied to the
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Ionizer Extraction electrode Einzel lens Dipole magnet entrance

Figure 3.11: Simulation of the ion beam trajectory [Nau17], performed with SimIon [Man08].
The chosen voltages (HV: 28 kV / Extraction: 17 kV / Einzel lens: 0 V/8.3 kV/0 V) result in a beam
diameter of ≈ 10 mm at the dipole magnet entrance.

central tube. The electrical field between the first and the second electrode deceler-

ates the ions and pushes them outwards. The subsequent field between the second

and third electrode re-accelerates the ions to their initial energy and radially pulls

them inwards. Since the energy of ions is higher in regions of defocusing, the ion

beam is focused after passing the einzel lens. The degree of focusing depends both

on the kinetic energy of the ions and the potential difference between the electrodes.

The simulated trajectory of the generated particle beam is shown in fig. 3.11. This

trajectory refers to an ion source potential of +28 kV and a corresponding voltage

of +17 kV applied to the extraction electrode. The inner electrode of the einzel lens

is set to +8.3 kV while the outer electrodes remain on ground potential. With this

configuration a parallel ion beam is generated, whose diameter amounts to ≈ 10 mm

at the dipole magnet entrance. It improves the resolution of its mass separation

and simultaneously focuses the ion beam onto the adjustable slit blades behind the

magnet (see fig. 3.2, B). At this stage the beam diameter should amount to 0.5 mm

to 1.8 mm in x-axis, which represents optimum conditions for the subsequent RFQ

performance. During beamtime at TRIGA-TRAP the ion source has been set to

+30 kV. The highest ion current behind the magnet was then achieved by apply-

ing a potential of +11.2 kV on the extraction electrode and +15.6 kV on the center

electrode of the einzel lens while the outer electrodes remain on ground potential.

After these two focusing steps, the ion beam is guided to a subsequent quadrupole

triplet to counteract a potential astigmatic focusing of the separator magnet. It

consists of three sets of four rods arranged symmetrically around the central axis.

However, as the alignment of the installed ion optics is sufficiently accurate, the
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shape of the produced ion beam is circular before and after mass separation. Thus it

was not necessary to use this triplet for additional focusing. For further adjustment

of the ion beam, two deflection stages are installed behind this quadrupole and

directly in the front of the entrance into the dipole magnet. These stages consist of

four parallel plate electrodes each, arranged symmetrically around the center axis.

By applying a DC voltage between two opposing plates, the ion beam is deflected in

the desired direction. Thus it neither changes the energy of the ions nor generates

focusing of the beam, but it can optimize the injection into the dipole magnet.

3.4 Mass separation by a dipole magnet

The ion beam, created by the surface ion source and collimated by the ion optics,

contains various species of radioactive as well as stable nuclei, whose abundances

differ by several orders of magnitude. To investigate only one single ion species, the

beam has to be separated by the mass to charge ratio, since contaminating species

increase the measurement inaccuracy or even impede the feasibility.

For this a sector field dipole magnet is used at TRIGA-TRAP to perform mass

separation by use of the Lorentz Force. The ions are injected as a parallel beam

with a kinetic energy of 30 keV into the 90◦ dipole magnet with a bending radius of

ρ= 500 mm and a maximum magnetic field strength of B= 1.12 T. The transmitted

mass to charge ratio m/q can be determined by

m

q
=

~B2 · ρ20
2 · U

. (3.1)

The highest separable m/q-value for 30 keV is 500 u/e. The mass resolving power of

such a system is defined as the ratio of the mass m and the full-width-half-maximum

of its observed mass peak ∆m:

R =
m

∆m
(3.2)

It represents the ability of a mass separator to distinguish two neighbouring mass

peaks and depends on the bending radius of the magnet, its field homogeneity as

well as properties of the ion beam [Wol12]. The magnet used at TRIGA-TRAP is

double-focusing with a focal plane 500 mm behind the magnet. Extensive studies
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and characterization of the magnet’s properties have been made within the work of

T. Beyer [Bey14a]. To achieve maximum resolving power, usually a slit is installed at

the exit focal plane, transmitting only one m/q trajectory. Due to space restrictions,

it was not possible to install a slit at exactly this position, but only further away

from the magnets exit face. The distance between the two sheet blades creating the

slit is variable and can be reduced or enlarged if required. Usually it is optimized

to achieve maximum resolution without losses in beam current.

3.5 The radio frequency quadrupole cooler and

buncher

After mass separation, the ion species of interest is guided into a radio frequency

quadrupole (RFQ), which was implemented and characterized by T. Beyer [Bey14a].

It is an efficient tool for cooling, accumulating and bunching of radioactive ion

beams. The advantages of cooling and bunching a beam of radioisotopes, in partic-

ular in connection with subsequent collinear laser spectroscopy or ion trap exper-

iments are well known and widely used at existing online facilities [Jok02, Jok03,

Lav07].

The structure of a radio frequency quadrupole is based on the principle of a linear

Paul trap. It consists of four rods that are 15-fold segmented and symmetrically

arranged around a central axis. Opposing electrodes are fed with the same polarity

RF signal, whereas neighboring electrodes have opposite polarity, resulting in a

electric quadrupole field in the xy-plane.

The RFQ can be operated in either continuous or pulsed mode. Using the linear

Paul trap as a quadrupole ion guide with buffer gas cooling produces a continuous

ion beam with a reduced emittance and with a beam current up to several nanoam-

peres. This so-called continuous mode is mainly used for commissioning purposes.

For loading of the Penning traps with ions, an accumulation and transformation

of the continuous beam into short bunches is essential. During this pulsed mode

operation, ions are trapped and accumulated over a defined time interval. It is real-

ized by applying an electrostatic DC field gradient with a negative slope along the

electrodes 1 to 14, which guides the ions toward the exit of the RFQ. The potential
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Figure 3.12: Sketch of RFQ: DV potential slope drawn between the segments of the quadrupole
rods. Solid line during accumulation; dashed line during ejection of the ion bunches. Potentials
are referring to the high voltage of the RFQ.

gradient is shown in fig. 3.12. Confinement in z-axis (axial) is realized by applying

a high electrostatic potential at the last electrode – electrode 15 – thereby forming

a potential well located close to the outlet. The high potential applied to electrode

15 effects that ions are repelled and reflected to the entrance of the RFQ. If the

ion injection energy is sufficiently small (< 20 eV), they lose enough energy to the

buffer gas that they are trapped and cannot leave the RFQ anymore. Thus the ions

are trapped and accumulated within the potential well (“bunched”). The ions are

stored for a certain cooling time to fully thermalize them with the buffer gas. The

duration of this period depends on the ion species, their initial energy, the buffer gas

species and its density as well as the potential slope. During cooling, the injection

of ions into the RFQ is interrupted, thereby guaranteeing sufficient cooling, even for

the ions captured last. When the ions are fully thermalized, electrode 15 is rapidly

switched to a lower potential, thereby forming a slope that ejects the accumulated

ions. Because gas escaped through the ions entry and exit orifices of the RFQ it

has to be fed and pumped away constantly. Typical parameters for the He gas flow

are 0.16 mbar l/s to 0.18 mbar l/s during continuous operation and 0.14 mbar l/s to

0.16 mbar l/s for ion bunching. The bunching frequency is typically set to 1 Hz to

40 Hz, with a accumulation times of 25 ms to 1 s. The cooling time is set to 4 ms

to 20 ms, depending on the m/q-ratio of the observed ions. Detailed parameters for

studies in the region of 89-95 u are listed in table 3.3. The RFQ is connected to

a switchyard with three separate outlets to transfer the prepared ions to adjacent

experimental devices. This allows the use of the generated ion beam for different

experimental facilities. Ions can be either guided through the centre exit towards
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Table 3.3: Adjusted RFQ parameters for cooling and bunching ions in the mass region of 89 u to
95 u.

Radio frequency 1.05 MHz
RF amplitude 300 V
Capture voltage 60 V
Buffer gas pressure 0.18 mbar l/s
Accumulation time 95 ms
Cooling time 4 ms
Ejection frequency 10 Hz
Ejection voltage 0 V
Ion injection energy 20 eV

the Penning trap, or to any other device, which can be coupled to one of the two

outlets located at a 45° angle on both sides. The switchyard and the possible ion

beam trajectories are indicated in fig. 3.13. Which way the ions are guided can

be selected by a deflection electrode that is located in front of the switchyard and

deflects the ion beam by an initial angle of 8° into the curved, main 37° deflection

electrodes [Krä10]. Currently, the left port is inaccessible due to space restrictions,

but the right port could be used to connect another experiment beamline or addi-

tional detection systems.

3.6 The electrostatic deceleration stage

Because the potentials of the Penning traps are not deep enough to trap particles

with more than a few eV beam energy the difference between the kinetic energy of

produced ions and the potential of the trap has to be low. Since it is undesirable

to mount the trap section of TRIGA-TRAP on a potential of 30 keV, the kinetic

energy of the ions has to be reduced distinctly. For this purpose, a deceleration

stage is used at TRIGA-TRAP. It consists of a drift tube which is pulsed to a lower

potential when the ion bunch is traversing. It is installed in the center pathway

of the switchyard (see fig. 3.13). To optimize the injection into the pulsed drift

tube (PDT), a segmented deflection electrode and three electrodes are installed in

front of it. The potential of these focussing electrodes is usually 3 - 5 kV below the

high voltage potential of the RFQ. The PDT is a 200 mm long cylindrical tube,
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Figure 3.13: Technical drawing of the switchyard, containing the deflection electrodes (purple)
to guide the ions either to the pulsed drift tube (orange) or to a different experimental setup. The
latter require the bended deflection electrodes (blue) for a 37°curvature of the ion beam.

which is biased to Uhigh = 28.9 kV, i.e., about 1 kV below the RFQ-potential. A

schematic drawing of the electrode potentials and the kinetic energy of the ions

within the deceleration stage is shown in fig. 3.14. Ion bunches entering this electrode

experience a deceleration to an energy of 1.1 keV. When they are in the center of the

PDT, its potential is changed by a high-voltage switch (Behlke HTS 301-03-GSM)

in less than 200 ns to a potential of Ulow = -1.1 keV. Thus the potential energy of the

ion bunch is reduced by

∆Epot = q · (Uhigh − Ulow) (3.3)

and a re-acceleration when leaving the PDT is suppressed.

Detailed simulations of the pulsed drift tube are described in [Smo12]. Two main

sources of ion losses were identified, excessive bunch length and pulsing duration.

As an ion passes the PDT within 4µs the transmission of ion bunches decreases if

their length exceeds 4 µs. Transmission efficiencies of 35 % to 70 % were simulated

for ion bunches of 5µs to 2µs bunch length, respectively. In the same manner, if the

pulse down of the PDT takes longer than a few µs, ions will not be fully decelerated,

therefore cannot be captured within the Penning traps. A capacity measurement
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Figure 3.14: Potential within the deceleration stage (blue) as well as the kinetic energy of the
ion bunches (black).

yielded CPDT = 41 pF for which transient times shorter than 200 ns are expected,

eliminating this source of losses. It was shown in its commissioning [Bey14a], that

this deceleration device is able to slow down ion bunches, albeit with a very low

efficiency. These results will be compared to values taken within this work in sec.

4.1.

3.7 Double Penning-trap setup

The cooled, pulsed and decelerated ion bunches with a kinetic energy of 1.1 keV

are guided successively into two separate traps, which have been designed within

[Web03] and installed at TRIGA-TRAP since 2007 [Ket08]. A technical drawing of

the double trap setup, which is located within a vacuum tube inside of a supercon-

ducting 7 T magnet, is shown in fig. 3.15. The trap electrodes are surrounded by

a liquid nitrogen cryostat to enable cooling to a temperature of 77 K. During the

measurements presented within this work, the traps have been operated at room

temperature. The first trap has cylindrically shaped electrodes with a total length

of 212.5 mm and an inner diameter of 32 mm to gain a high pumping cross-section

that ensures a comparatively low pressure during operation. Since it is loaded with

a He gas flow rate of 2 · 10−5 mbar·l/s to enable mass-selective buffer gas cooling

(see sec. 2.3.1), it is called purification trap. Its ring electrode is separated into

four segments to allow ion manipulation by dipolar and quadrupolar RF excita-
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Figure 3.15: Technical drawing of the Penning-trap system installed, adapted from [Eib13]. Ions
leaving the PDT enter the cylindrically shaped purification trap (red) from the left. After mass-
selective buffer gas cooling within the purification trap, they are injected into the precision trap
(purple). For more details, see text.

tions. After centering the ion species of interest, they are ejected through a small

aperture and guided to the subsequent hyperbolical precision trap, which is placed

20 cm apart from the first trap, through a pumping barrier with a length of 50 mm

and an inner diameter of only 1.5 mm. Due to the pumping barrier, only centered

ions can be transmitted from the purification to the precision trap while contami-

nants are lost at the funnel. Simultaneously the pumping barrier reduces the helium

flow into the latter and thereby ensures a low pressure, which is crucial for mass

measurements [Nei08] since ion-gas collisions have to be excluded. To achieve an

appropriate selection quality inside the purification trap it is also of major interest

to avoid overloading this trap with unwanted ions. The precision trap itself has a

hyperbolical shape and is designed for maximum electrical field homogeneity and

minimum perturbation of the magnetic field. It is used to prepare ions for measure-

ment of the cyclotron frequency via the ToF-ICR technique, PI-ICR or in the future

FT-ICR. The size has been kept small in order to trap the ions inside the localized

homogeneous field region of the magnet. Thus its inner volume has an axial length

of only 11 mm with an inner diameter of 12.76 mm. For injection and ejection of

the ions, small holes with a diameter of 1.2 mm are drilled into the endcaps. Like
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the purification trap, the ring electrode is split into four segments to enable an ion

motion manipulation. The two traps have in common that they use correction elec-

trodes to compensate minor field imperfections like the ones caused by the entry and

exit orifices. Both the purification trap and the precision trap, as well as the remain-

ing electrodes are made of oxygen free high purity copper, due to its high thermal

and electrical conductance as well its low magnetic susceptibility. In addition, they

are gold coated to prevent oxidization which could lead to non-conductive patches

on the surfaces. The electrodes are electrically separated by sapphire insulators.

Subsequently attached to the precision trap is the final drift section to guide the

ions onto the MCP detector, which is located 1.2 m outside of the magnet housing.

As introduced in sec. 2.3.2 the mass of an ion can be determined by its cyclotron

frequency (eq. 2.13) with a high precision. During these measurements systematic

or time-dependent effects have to be considered, since they influence the cyclotron

frequency and thereby the determined mass values. One option to avoid these ef-

fects is the calibration of the magnetic field strength ~B. An elegant method is the

measurement of the cyclotron frequency ωref of a stable nuclide with a well-known

mass mref in alternation to the investigation of the ion of interest. Thus the mass

of the probed atom matom can be calculated by

matom =
ωc,ref

ωc
(mref −me) +me (3.4)

with the corresponding uncertainty

∆matom =
∆νc

ωc + ∆ωc
(mref −matom) (3.5)

For offline measurements at TRIGA-TRAP, carbon clusters provide the reference

mass of choice, since the unified atomic mass unit is defined as 1/12 of the mass of
12C. They are produced by laser ablation inside of the so-called mini-RFQ [Sch16],

which is mounted perpendicular to the trap beamline. During online operation, it

is intricate to switch to this ion source, as it requires strongly differing transport

voltages along the beamline. Thus in the present work, the employed mass reference

is 88Sr, which is commonly occurring as traces in, e.g., metallic components of the

setup or is introduced to the system as contamination. The ionization potential
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is low enough to generate an appropriate ion beam within the surface ion source,

whereby the current is sufficiently high to enable rapid recording of reference reso-

nances. The separate time settings used during each measurement cycle presented

within this work, are listed in table 3.4.

Table 3.4: Operation parameters during measurement procedure

Purification trap capture 96 µs
Axial and cyclotron cooling 30 ms
Dipolar magnetron excitation 20.1 ms
Quadrupolar cyclotron excitation 500 ms
Axial and cyclotron cooling 50 µs
Purification trap ejection 50 ms

3.8 Instruments for monitoring and quality as-

sessment

For every experiment, especially after major modifications, having extended knowl-

edge about the performance is of utmost importance. Beside determination of all

partial efficiencies, properties of the ion beam are also relevant. Although there are

plenty of parameters to describe a particle beam [Str92], decisive characteristics for

the performance of TRIGA-TRAP are the shape of the beam profile and the inten-

sity of the ion current. Additionally, instruments for beam monitoring are used for

adjustment of the ion beam. Depending on the ion current and isotopic composition,

different methods come into consideration: Faraday cups are used to quantify the

current carried by the ion beam whereas γ-measurements of fission product collec-

tions yield detailed information about the amount of individual radionuclides. To

detect low ion currents and estimate the beam shape, multichannel plate detectors

(MCP) combined with a phosphor screen are the method of choice. A schematic

drawing of a diagnostic station comprising a Faraday cup and an MCP/phoshpor

screen-combination is pictured in fig. 3.16.

Several positions for both quantitative and qualitative beam diagnostics available

at TRIGA-TRAP are shown in fig. 3.2. The utilized methods are discussed in detail

below.
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Figure 3.16: Detection stage employed at TRIGA-TRAP [Bey14a]. It comprises a Faraday cup
and an MCP with phosphor screen.

3.8.1 Qualitative techniques

Multichannel plate (MCP) detectors are an excellent choice for ion currents below

1 pA. They consist of 104 - 107 parallel electron multipliers, each with an inner

diameter of 10µm to 100µm. They are arranged perpendicular to the surface with

a small angle of 8◦ [Wiz79]. The front and the back surfaces are metal coated and

serve as electrodes. A voltage of around 1000 V to 1800 V is applied between the

two surfaces, thus impacting electrons create a cascade of secondary electrons when

hitting the channel walls. The magnitude of the resulting electron current produced

by one ion depends on the voltage and the channel geometry, but is usually in the

order of 103. Most MCP detectors are assembled in a chevron shape, i.e., one plate is

mounted on top of the other with angled channels rotated 180°from the other. This

MCP geometry produces a significantly higher gain of up to 106 secondary electrons

per ion. After releasing an electron avalanche, the channel walls must be replenished,

which takes several milliseconds. Within this period additional signals cannot be

detected, thus this time is called “dead time”. The efficiency for positive ions of an

MCP depends on their kinetic energy and on the plate voltage. Thus, its value is
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in the range of 30 - 80% depending on the ion energies [Fra02]. A combination of

an MCP and an additional phosphor screen behind allows the visualization of the

spatial distribution electron avalanche, and therefore the original beam shape. A

voltage of about 1200 V is applied to the phosphor screen, thus every electron impact

on the surface induces the emission of several hundred fluorescence photons, thereby

creating a picture of the beam shape respectively its intensity distribution. A CCD

camera outside of the vacuum chamber records this picture via a mirror. The active

area on the phosphor screen is a circle with a diameter of 25 mm, thus the size of

the ion beam can be determined. At TRIGA-TRAP, this kind of MCP/phosphor

screen-combination is mounted on remote controllable motorized feedthroughs in

front of the RFQ, behind the RFQ and behind the PDT. The use before mass

separation, i.e., in between the ion source and the dipole magnet, is not advisable

due to the high sensitivity of the screen and its poor tolerance of highly intense ion

beams. The absolute rate of ions in the beam cannot be determined due to unknown

and inhomogeneous deterioration of the phosphor screen. For this reason MCPs are

deployed only for qualitative purposes.

3.8.2 Quantitative techniques

An easy and simultaneously highly sensitive way for quantifying ions in a beam is the

usage of a so called Faraday cup, which can be inserted into the beam as necessary.

It is considered a universal charge detector since it is a robust device, enduring high

ion currents, independently from the energy or mass of the investigated species. The

design of a Faraday cup is rather simple: It consists of a conductive metal electrode

which is electrically insulated from the outer shielding and connected to ground

potential through an ampere meter. Ions entering the cup are absorbed and induce

a charge drain. The resulting current can be measured by a highly sensitive ampere

meter and used to determine the number of ions entering the cup. Assuming that

ions produced by surface ionization are singly charged, 1 A corresponds to

1 A = 1 C/s = 6.242 · 1018 e/s = 6.242 · 1018 ions/s (3.6)
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with the elementary charge e = 1.602 · 10−19 C. To avoid the detection of emitted

secondary electrons and thereby introducing systematic errors, a ring electrode on a

negative potential (-50 V to -100 V) is added in front of the measurement electrode

to repel these electrons back to the cup.

Faraday cups are part of beam diagnostics stages that are installed at four dif-

ferent positions of the TRIGA-TRAP beamline as indicated in fig. 3.2: The first one

(FC0) is located behind the ion optics. It provides the largest signal as the beam

is not yet mass separated. It can be used to quantify the total amount of ionized

atoms, but is rather an examination for axial injection of the beam into the dipole

magnet. The second Faraday cup (FC1) is located behind the mass separation, more

precisely in front of the RFQ. By slowly increasing the current of the dipole magnet

and simultaneously measuring the Faraday cup current, a mass spectrum can be

recorded, giving detailed information about the constituents of the ion beam. A

third Faraday cup (FC2) is installed directly behind the RFQ for determining the

transmission of the RFQ as well as the size of an ion bunch. The last Faraday cup

(FC3) is placed behind the pulsed drift tube and is the last monitoring facility before

injection of the ions into the purification trap.

To obtain detailed information about quantities of different radioactive ion species

at the same time, an applicable method is the collection of fission products on a back-

ing material. Radionuclides are accumulated over a well defined time and measured

in a GeLi-γ-detector after an appropriate cooling time, which mainly depends on

the time required to dismount the sample and place it in front of the γ detector. By

knowledge of the timings, the γ-line intensity of the nuclide of interest, its half-life

and the efficiency of the detector, the quantity of radioactive ions can be calculated.

The accumulation time is adapted to the expected amount of activity and the half-

lives of the investigated isotopes. To get a distinct starting point for the collection,

the beam is either guided onto the backing material or the backing material is moved

into the beam by a manual feedthrough at a specified time. The various positions

for this kind of data acquisition within the gas-jet are indicated in fig. 3.2. During

a fission product collection inside the target chamber the backing material of choice

is PTFE. Its neutron capture cross section is low and ensures a low activation of the

material during its exposure to the high neutron flux inside the reactor. A 22 mm

PTFE plate with a thickness of 0.5 mm is also stable and can easily be attached
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to the target and accordingly quickly dismounted after radiation. The conditions

for efficiency studies within the gas-jet differ. Thus a different backing material has

to be chosen. Fission products adsorbed to large aerosol particles are comparably

slow or rather have a low kinetic energy. It also has to be taken into considera-

tion that the insertion of a backing plate represents a pumping barrier which could

lead to significant pressure increases. Due to these demands, glass fiber filters are

used to collect fission products from the gas-jet since its permeable structure does

not disturb the gas flow significantly. Aerosol particles accumulate loosely inside

the filter structure, whereas the carrier gas mostly pervades and the pressure raise

remains in an acceptable range. For fission product collections after ionization the

backing material has to be exchanged by a more resistant substance. Therefore,

aluminium is established as backing material for collections behind the ion source,

since it is conductive and will not be charged up when collecting ions. Furthermore,

the kinetic energy of the ions is high enough for them to permanently implant into

the foils.

The minimum half-life of measurable nuclides is limited by the time required for

dismounting and transfer to the γ detector. Venting and opening the setup needs

a lot of time, especially when the ion source is running and has to be cooled down

first to prevent oxidation processes at the hot tungsten surface of the filaments.

Thus three “catching stations” have been designed and implemented successfully.

A schematic sketch of the setting is shown in fig. 3.17. They are located in front of

the dipole magnet and the RFQ as well as behind the RFQ.

An Al-foil can be inserted into the ion beam by loosening the fixation of the

linear manipulator and sliding it into the vacuum chamber. As the aluminium

reaches the center of the beam, the collection time starts. After a certain time

period (1 to 10 min), the manipulator is pulled out, the gate valve is shut and the Al

containing fission products can be removed from the top. Thus opening and venting

the complete setup is avoided and the time from end of the beam implantation to

start of the γ measurement can be reduced down to one minute. This gives both

access to short lived isotopes and enables collecting more data in the same time.
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Valve

Turbo pump

Pre pumpAl-foil

Ion beam

Slidable linear translator

Figure 3.17: Schematic drawing of a catching station, employed at TRIGA-TRAP. The alu-
minium foil can be inserted into the ion beam by a slidable linear translator and afterwards
removed with tweezers while venting only the small vacuum chamber.
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Measurements and results

One of the main goals of TRIGA-TRAP is the mass measurement of short-lived

nuclei produced by neutron-induced fission of a target, placed near the reactor core.

Within this work extensive characterization studies of the gas-jet and the whole

experimental beamline have been made in order to optimize its performance. More-

over, a new surface ion source has been installed to increase the intensity of the

generated ion beam. The performance of the new designed ion source has been

optimized and enables ionization studies. After subsequent beam profile character-

ization, these efforts resulted in the first mass measurements of short-lived fission

products performed within the purification trap.

4.1 Characterization of gas-jet and beamline

In the following section studies of fundamental properties of the gas-jet are de-

scribed. It begins with the introduction of the general measurement and evaluation

procedure. Subsequently extended efficiency studies are presented, comprising the

individual transmission efficiencies of the beamline components as well as absolute

efficiencies of the experimental setup. Furthermore determination of the absolute

fission yield and the long-term stability of the gas-jet as well as transport efficien-

cies of fission products through the experiment and transport time measurements

are discussed. Finally measurements of the transport time of the gas-jet are shown,

which represents a crucial parameter to evaluate the performance.
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4.1.1 Efficiency studies

Measurement procedure

To characterize the redesigned beamline, major efficiency studies were mandatory.

Since TRIGA-TRAP works with radioactive nuclei the consequences of fission can

be exploited to verify the performance of the whole setup as well as of individual

components. For this purpose, fission products have been collected on a backing

material at different stages of the experimental setup as indicated in fig. 3.2. After a

predefined collection time (“collection time”), the sample containing the radio nuclei

has been removed from the collecting position and placed in front of a GeLi-detector

in a defined distance (“decay time”) for a subsequent γ-ray measurement (“recording

time”). The backing material had to be matched to the given circumstances as

already discussed in sec. 3.8.2. The chosen materials for fission product collections

at different positions are listed in table 4.1. For the so-called “100 %-catch” a PTFE

plate has been placed directly onto the covered target material, assembled into the

target chamber and inserted into the reactor via beam port A for a subsequent

irradiation. Due to radiation safety issues, this catch is performed at a reactor

power of only 10 kW. During this time produced fission products recoil of the target

and implant into the backing material. After removing the target chamber out of the

beamport, the PTFE plate is disassembled and placed in front of the GeLi-detector.

Results of this 100 %-catch will be presented in sec. 4.1.2. During collections at

the positions “DC”,“pre lens” and “pre IS” aerosol particles have been accumulated

inside a glass fiber filter. These fission product collections are time-consuming as

the first part of the beamline up to the dipole magnet has to be vented to remove

the filter. Especially the “pre IS” collections are elaborate since several flanges

have to be opened, i.e., the connection between the ion source and the aerodynamic

lens. For collections behind the ion source aluminium foils are introduced as backing

material as the kinetic energy of the ions is large enough to implant into the foil. The

implementation of three catching stations (see sec. 3.8.2) enables a rapid removal of

the aluminium foil and thereby frequent fission product collections at these positions.

The collection, decay and recording times were adapted to the expected amount

of nuclei as well as to the half-life of the observed species. The time required for

sample extracting and its transport to the detector were considered as well, which
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mainly sets a lower limit on the decay time, depending on the collecting position. By

implementation of three catching stations, this limit could be significantly lowered

for these positions compared to previous beamtimes [Ren16]. The minimum decay

time of “post IS” collections amounts to five minutes, since the beam diagnostics

station “post IS” is located inside of a high voltage cage, but usually a longer decay

time of 30 min had been employed. For security reasons the high voltage as well

as the extraction electrode have to be shut off before entering this area. Detailed

time parameters, used within the latest measurement campaigns, are listed in table

4.1. Such measurements have been made several times to verify the efficiency of

each experimental section and obtain appropriate statistical significance. During

each measurement series the chosen conditions have been kept constant in order to

gain a direct comparability between the collections. Results will be presented in sec.

4.1.4.

Evaluation procedure

For characterization purposes, relative efficiencies as well as absolute count rates

of radionuclides are of major interest. The former demands identical conditions

during a measurement series, such as collecting-, decay- and recording-time. The

recording conditions, i.e., the sample geometry and the distance between the sample

and the detector, have to be equal as well to eliminate systematic deviations. On

the contrary, determination of absolute count rates requires the preparation of the

γ detector and subsequent calculations: before each measurement campaign, the

detector was calibrated with a standardized sample in order to verify the energy

Table 4.1: Time parameters used for collecting fission products for subsequent γ-measurements
during the latest measurement campaigns.

Position Collection Decay Recording Collection
time (min) time (min) time (min) type

target chamber 30 30/46 30 recoils in PTFE
pre lens 10 30 10 aerosol on filter
pre IS 10 30 10
post IS 10 5/30 10/30
pre RFQ 5 1 5 ion implantation
post RFQ 5 1 5 into Al
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as well as the energy dependent efficiency. For this purpose the certified QCY48-γ-

standard has been used that contains certified amounts of 241Am, 109Cd, 57Co, 139Ce,
203Hg, 113Sn, 85Sr, 137Cs, 60Co and 88Y, which decay by α or β decay in which they

release γ rays with energies in the range of 60 keV to 1836 keV. Since the detector

efficiency is influenced by geometrical parameters, i.e., the distance between sample

and detector, these calibrations are mandatory for each sample position used. To

reduce additional systematic deviations caused by self-absorption, the sample ge-

ometry of the standard was adapted to the future sample geometry. Thus, 50µl of

the standard solution has been dropped onto a fibre glass filter yielding a source

with a geometry similar to that of the following fission product collections. A short

recording time of 30 minutes was sufficient to get significant signals. The calibrations

as well as γ measurements have been recorded and evaluated with Genie2000. As

already mentioned, verification of absolute ion numbers at the observed positions is

of major interest for subsequent mass measurements, and were therefore evaluated.

Within this procedure several aspects were considered like the intensity of the ob-

served γ line, the corresponding detector efficiency at this energy and decay of the

isotope during collection, decay and recording time. The isotopes that have been

analysed in detail and their corresponding properties are listed in table 4.2. Some

isotopes produce further γ lines, but as their intensity is either too low to get an

appropriate number of counts or they overlap with other lines only significant peaks

have been investigated. Rubidium and strontium are appropriate candidates for ef-

ficiency studies since their ionization potential is sufficiently low, whereby a proper

countrate at every collecting spot is guaranteed. Yttrium has also been investigated

as it is a daughter nuclide of the Rb/Sr-decay chains with a much longer half-lives

as shown in fig. 4.1. Analysing the recorded γ spectra yields a certain amount of

counts Nγ,i for an investigated γ decay i. Knowing the detector efficiency εdet(Ei)

at the energy of the decay Ei with its intensity Iγ,i, absolute ion rates Θ inside the

ion beam can be calculated via:

Θ = Nγ,i · Iγ,i · εdet(Ei) · δrecording · δdecay · δcollecting (4.1)

δi considers the amount of ions, that already decayed during the collecting-, decay- or

recording-time. This effect increases with decreasing half-life, especially at collecting
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Table 4.2: Investigated isotopes with the corresponding parameters, that are used for calculation
of the absolute number of atoms. Values for γ energies and their intensity are taken from [Reu83].

Isotope Half-life γ energy (keV) Intensity Detector efficiency
89Rb 15.2 m 1 031.9 0.636 0.0054

1 248.2 0.43 0.0046
91Sr 9.5 h 652.9 0.08 0.0076

749.8 0.236 0.0069
1 024.3 0.33 0.0054

91mY 49.7 m 555.6 0.95 0.0086
92Sr 2.71 h 241.6 0.029 0.0152

430.5 0.033 0.0104
1 383.9 0.9 0.0043

93Sr 7.43 m 590.2 0.68 0.0082
710.3 0.218 0.0072
875.7 0.245 0.0061
888.1 0.221 0.0060

1 269.5 0.071 0.0046
94Sr 76 s 1 427.7 0.942 0.005
93Y 10.18 h 266.9 0.073 0.0143

590.24 0.998 0.0082
94Y 18.7 m 550.9 0.049 0.0087

918.74 0.56 0.0059
1 139.9 0.06 0.0050
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Figure 4.1: Cut-out of the chart of nuclei. For every shown isotope the half-life, the independent
fission yield and the fraction of the cumulative yield, which is produced as a primary fission product,
are listed. Data are taken from [Kat11,Kat16].
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times longer than one or two half-lifes. For calculation of atom or ion rates Θ, the

transmission efficiencies of the individual components τi up to the location of interest

have to be considered. Behind the surface ion source the ionization efficiency Ieff of

the investigated species has to be taken into account as well:

Θ = Γ (Z,N) · τtarget cover · τgas-jet · τlens · Ieff · τextraction · τmagnet · τRFQ · τPDT (4.2)

Here, Γ (Z,N) denotes the fission yield of a certain nuclide.

Nevertheless, it is not possible to calculate independent ion numbers for Rb and

Sr decay pairs from the detected γ signal in cases where a direct detection of the

Rb beta decay is not feasible due to a too short half-life. Here, the γ signal of the

Sr beta decay originates both from Sr atoms as well as twice decayed Rb atoms.

To deconvolve these two at least the ion ratio of Rb/Sr is required. This ratio is

known for the production by 235U fission inside the target chamber. It is in the

order of unity for A=92 to A=94 as illustrated in fig. 4.1 with the fractional yield,

that represents the ratio of independent fission yield to the total cumulative yield.

The Rb/Sr ratio already changes during extraction and transport out of the target

chamber to the ion source, due to differing half-lives. This additional factor has a

large uncertainty for short-lived isotopes because of the difficult to determine mean

transport time and distribution. To at least give an estimation for the ion rates in

these cases, the analysis was performed under negligence of these precursor effects.

The resulting numbers do not necessarily represent the actual ion rates but allow

comparing between fission product collections with different time-cycles. However,

this precursor effect does not affect relative efficiency studies, but poses a problem

for determination of absolute ion rates for isotopes with Z ¿ 37.

Besides γ lines from nuclides of interest plenty of others can be identified within

a recorded spectrum (see fig. 4.2). The detector is located inside of the reactor hall

close to the reactor, thus typical background peaks occur. One example is the so-

called annihilation-peak at an energy of 511 keV, caused by pair production due to

high-energy photons. Another observable isotope is 41Ar (1293 keV), produced inside

of the reactor hall by neutron activation of 40Ar, which has an abundance of 0.93%

in air. Natural 40K or 40K produced by neutron-activation, can also be seen in almost

every recorded spectrum. If the background is low enough, several lines produced
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by natural decay chains are observed. Their intensity is low and remains constant

independent from experimental conditions. Furthermore significant peaks from Tc

and Mo occur in the recorded γ spectra of samples collected before ionization. But

since their ionization potential is rather high (Tc: 7.28 eV / Mo: 7.099 eV), they

are not ionized appreciably within the surface ion source and cannot be used for

efficiency verifications or commissioning purposes.

4.1.2 Absolute rates of fission products

To determine the total number of produced fission recoils inside the target chamber,

a 100%-catch has been made with the targets B and D (see table 3.1). As the amount

of 235U in target B practically equals that of target C, the 100%-catch of target B

is representative for both targets. The mass of fissionable 235U inside the two other

targets amounts to 1258 µg in B and 1440 µg in D, respectively. As their uranium

content differs by 14 %, an increase in the fission yield of this factor is expected

and will be verified in the following. The PTFE plate has been irradiated inside

the target chamber for 10 minutes at a reactor power of 10 kWth. After a decay

time of 30 min at target B and 46 min at target D, respectively, the PTFE plate

has been put into a GeLi-detector and been measured for 30 minutes (real-time).

The energy-calibrated γ-ray spectrum of target D is shown in fig. 4.2, in which the

investigated γ-ray signals are labeled below the spectrum. Other significant peaks

that are denoted above have not been investigated since they represent background

radiation or their importance for subsequent collections is low. Since the decay

time of this collection amounted to 47 min, short-lived nuclides already decayed and

cannot be seen within this spectrum. The reactor is regularly operated at a power

of 100 kWth but the 100 %-catches have been made at a reduced reactor power of

10 kWth, the absolute count numbers extracted from this data were multiplied with

the factor 10 to enable direct fission collection comparisons and determination of

absolute efficiencies. The production rate of a certain nuclide Γ (Z,N) scales linearly

with the neutron flux:

Γ (Z,N) = N · σ235
f · Φ · Y (Z,N) (4.3)
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Figure 4.2: Recorded γ spectrum of the 100%-catch made with target D. Decay energies belonging
to ions of interest have been marked below the spectrum whereas other significant energies are
labelled above.

Y (Z,N) is the independent fission yield of a certain nuclide. This equation shows

that the presumed production rate at a reactor power of 100 kWth can easily be

calculated. The corresponding ion rates for both targets are listed in table 4.3. The

obtained yields match those of previous experiments [Smo12,Ren16], although they

are much smaller than the theoretical yields due to necessity of the products to recoil

out of the target. The data also demonstrates that an increase of 14 % in fissionable

material increases the ion rates by the same factor, i.e., by average 19 %.

Table 4.3: Ion rates inside the target chamber extracted from collections made with targets
B and D, normalized to a reactor power of 100 kWth. The γ peaks of the bold isotopes have been
evaluated. Their precursors, which contribute to the investigated peaks, are listed as well.

Isotope(s) Target B (2015) Target D (2017)
# Ions (1000/s) # Ions (1000/s)

89Rb 37(2) 36(3)
91Rb + 91Sr 60(7) 68(8)
91Rb + 91Sr + 91mY 35(2) 48(3)
92Rb + 92Sr 288(32) 302(18)
93Rb + 93Sr 6(1) 8(2)
93Rb + 93Sr + 93Y 236(42) 345(55)
94Rb + 94Sr + 94Y 196(10) 207(23)
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Figure 4.3: Temporal evolution of the target chamber pressure (blue) and recorded counts on
the online γ-ray detector (black).

4.1.3 Investigation of the gas-jet behaviour

By implementation of the online γ-ray detector (see sec. 3.1) the long-term stability

of the gas-jet system can be investigated in detail. Besides detection of the trans-

ported activity during beamtimes, the pressure within the target chamber has been

monitored and recorded as well. This combination offers the chance to investigate

the gas-jet system more accurately than ever before. Previously it was assumed

that the pressure within the target chamber remains constant during the day. This

assumption was based on a formerly used analogue manometer with a comparably

rough scale (100 mbar per scale division) that has been read out twice a day. This

hypothesis has now been disproved by continuously monitoring the pressure inside

the target chamber. A typical development of the detected activity on the γ-ray

detector in connection with the target chamber pressure is shown in fig. 4.3. The

recorded activity on the γ-ray detector (black line) clearly depends on the reactor

operation. When it is not operating, the detected signal is extremely low (before

operation). After reactor shut off, e.g., during reactor operation break or after a

day of operation, the signal drops instantly to several hundred counts per second

and then decreases slowly to zero. At the beginning of reactor operation it increases

steadily over around one hour. This behaviour is observed every day and might be

caused by an accumulation of charged particles onto the inner capillary walls. Dur-

ing operation the signal behaves unsteadily and also shows some sudden increases.
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Figure 4.4: Temporal evolution of the recorded signal of the online γ-ray detector and the 89Rb
(1032 keV) signal of fission product collection performed in “pre RFQ”.

The blue curve shows the pressure development inside of the target chamber. The

high peak at the beginning of the plot represents the leakage test that has to be per-

formed each day before reactor operation in order to proof the leak tightness of the

target chamber. For this, a test pressure of 2.5 bar is applied to the system, whose

decrease is monitored for several minutes and has to be smaller than 1 mbar/min.

Afterwards the routine operation mode with a continuous gas flow of typically

400 ml/min is started, generating a pressure of 1.3 bar. At the end of a measure-

ment day the gas flow is increased again in order to accelerate the cooling of the

aerosol oven. During the day the pressure inside of the target chamber increases

by around 30 mbar. Although this quantity is comparably low, it seems to affect

the transported activity. As the pressure increases, the detected γ signal decreases

and vice versa. Without any changes in the operating conditions, a sudden drop in

pressure occurs after 6.5 h. It could be induced by a release of CdI2 deposit that

formerly inhibited the gas flow and thereby increased the pressure inside the target

chamber. The temporal evolution of the γ-ray signal recorded by the online detector

and the amount of transported fission products is depicted in fig. 4.4. The blue

data points represent the results of several fission product collections, made in front

of the RFQ. The collection-decay-recording time sequence was 5 min-1 min-5 min at

standard operating conditions. The mass separator was set to mass 89, thus the

strongest γ-ray signal of 89Rb at 1032 keV has been evaluated. There is clearly a sig-

nificant correlation between the amount collected fission products and the strength
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of the γ detector signal. As the latter decreases the transport efficiency decreases

likewise and vice versa. Also the sudden rise after 6.5 h can be seen in these col-

lections, thereby supporting the assumption of a released salt deposit or rather the

elimination of a minor blockage. This comparably small signal increase of 2 % that

correlates with a pressure change of 30 mbar results in an efficiency gain of a factor

two. As there is a strong correlation between the discussed parameters, the target

chamber pressure respectively the signal on the online detector can give informa-

tion about the development or rather the quality of the fission product transport

efficiency. It also explains occurring fluctuations in the fission product yield that

have been observed in previous beamtimes during both daily measurements and in

between individual days [Ren16,Gün93]. Moreover, the general quality of the gas-jet

also differs from day to day. This illustrates the importance of a gas-jet calibration

to gain comparability between several measurements.

4.1.4 Transport efficiencies

To extract the produced fission products out of the target chamber and transport

them to the experimental setup, an aerosol-based gas-jet system is used. Since a

gas-jet requires regular maintenance, it is of certain interest to prove that this is an

efficient method which is worth the effort. Thus the transport of fission products to

the aerodynamic lens has been investigated, once with the commonly used aerosol,

containing nitrogen and CdI2 particles and once with pure nitrogen as carrier gas.

The corresponding γ spectra are shown in fig. 4.5. All other parameters of these two

measurements were identical, like the gas flow rate of 400 ml/min, the carrier gas

itself, collection, decay, and recording time or preparations of the filter. Nevertheless

it is obvious that the transport efficiency is increased by two orders of magnitude by

adding aerosol particles. Only the most distinct γ-ray signals of the most abundant

isotopes can still be found within the recorded spectrum of the collection performed

without aerosol particles. Omitting these peaks, the red line represents the typi-

cal background inside of the experimental hall during reactor operation. With this

proof of principle, upcoming measurements have been made with the aerosol-loaded

gas-jet.

To characterize the performance of the TRIGA-TRAP setup, two quantities are of
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Figure 4.5: Recorded γ spectra of fission products, collected in front of the aerodynamic lens.
The carrier gas was pure nitrogen (red) or nitrogen loaded with aerosol particles (black). The blue
spectrum shows the background signal, recorded during reactor operation.

major interest: the transmission of individual components τpart to maximize their

performance or identify bottle necks within the setup, and the total transport ef-

ficiency εpart through the beamline to a certain point. The latter results from the

product of separate transmission efficiencies, e.g.:

εRFQ =
n∏
τn = τgas-jet · τaerod.lens · τIS · τmagnet (4.4)

For detailed verification of individual transmission efficiencies, numerous fission

product collections at different stages of the experimental setup as indicated in fig.

3.2 were performed in the framework of several beamtimes (June 2016 to August

2017). The resulting γ-ray spectra were analysed, i.e., every γ line listed in table 4.2

has been evaluated. Afterwards the results have been averaged and compared with

a corresponding collection performed at different position. By the large amount of

considered isotopes and many collections, statistical deviations were reduced signifi-

cantly. Table 4.4 shows the resulting values for the transmission of the aerodynamic

lens, the ion source (IS), the magnet as well as that of the RFQ during its operation

in either continuous (cw) or bunched mode. The listed efficiencies refer to a gas flow

rate of 400 ml/min, an oven temperature of 290 °C with CdI2 as aerosol material and

an ion source temperature of 1900°C. The calculated transmission of the latter refers
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to rubidium that is assumed to be ionized with 100% efficiency at this temperature

(see sec. 2.2). Further ionization studies are discussed within sec. 4.2.3.

During data taking it was already apparent that the performance of the gas-jet

was suboptimal. Its transport efficiency of 17.7(4) % is quite low in comparison

with earlier measurements that had been made with the former aerosol inlet / ion

source combination, but otherwise with the same gas-jet. In 2015 investigations

at identical experimental conditions yielded 37(8) % transport efficiency to the first

vacuum chamber of the TRIGA-TRAP beamline [Ren16]. However, no obvious fault

could be found at the components outside of the reactor, since they had not been

changed at all. Maintenance on the target chamber itself was not possible because

of the high radiation levels, thus the measurement campaign has been continued.

The listed value of τaerodyn.lens represents the combined transmission through

lens and skimmer, since both components are permanently connected to each other

within the new design and do not allow to perform a dedicated collection in front

of the skimmer or behind the lens, respectively. However, the transmission through

the skimmer is assumed to be about 100 % as the entrance orifice has a diameter of

4 mm, which is significantly larger than the expected diameter of the particle beam.

With the previous setup the transmission of the lens amounted to 84(3) % and that

of the skimmer 78(10) %, yielding a combined transmission of 66(7) % [Gru16]. By

implementation of the new rectangular vacuum chamber in combination with an ad-

ditional turbomolecular pump, the pressure in front of the lens has been decreased

from 1.8 mbar [Gru14] to 3 · 10−2 mbar. Furthermore, the pressure in front of the

ion source has been reduced by three orders of magnitude from 2.0 · 10−2 mbar to

Table 4.4: Determined values for the transmission of single stages τpart and absolute transport
efficiencies εpart from the target chamber to the inlet of the denoted part.

Part τpart (%)
Gas-jet 17.7(4)

Aerodyn. lens 40(2)
IS 55(8)

Magnet 88(9)
RFQcw 25(4)

RFQbunched 38(8)
PDT 2 · 10−4

Transport to εpart (%)
Target chamber 100
Aerodyn. lens 17.7(4)

Ion source 7.1(4)
Magnet 3.9(6)

RFQ 3.5(3)
PDT cw: 0.9(1) / bunched: 1.3(3)

Purification trap 2.6 · 10−6
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3.4 · 10−5 mbar, which represents optimum condition for the subsequent surface ion

source. It is expected that the change in pressure strongly influences the performance

of the aerodynamic lens, as introduced in sec. 2.1, potentially resulting in a trans-

mission drop. Nevertheless, the determined transmission of τaerodyn.lens = 40(2) %

through lens and skimmer still amounts to a decent value. The surrounding condi-

tions of the aerodynamic lens have not been optimized within this thesis as efforts on

other components promised stronger effects. However, several degrees of freedom,

e.g., the distance between skimmer and ion source, allow to perform optimization

studies in the future. With this an improvement of the transmission to the previous

values or even better seems possible.

The transmission of the ion source τIS comprises the ionization efficiency for

rubidium, the extraction of the produced ions out of the source and the transport

through the ion optics to beam diagnostics station (a), which is approximately

one meter away from the ion source. This combined transmission is determined

to be 55(8) % for the given conditions. With the already mentioned assumption

of 100 % ionization rate of rubidium within the ion source, the observed loss in

transmission can either be explained by absorption processes of ions within the hot

cavity or an incomplete extraction of these ions. However, although the gas-jet

efficiency as well as the transmission through the aerodynamic lens decreased, the

total transport efficiency to the RFQ amounts to 3.5(3) %, which matches former

measurements [Ren16]. It corresponds to ion rates of up to several thousand ions

per second depending on the ion species.

The transmission of the RFQ has been determined for the masses 90, 91 and 93.

As their difference in mass and transport properties are negligible with respect to

the RFQ performance, the determined values have been averaged. The investigated

transmission of the RFQ amounts to 25(4)% during continuous mode and increases

to 38(8) % during bunched mode. For the first time since the TRIGA-TRAP beam-

line was installed, both the continuous and the bunching efficiency of the RFQ were

successfully investigated using short-lived nuclides. Previous RFQ commissioning

depended on light, stable nuclides (39K,40Ca) with which transmission efficiencies

of 25 % and 54(4) % were determined for the continuous and bunched mode opera-

tion, respectively [Bey14a,Bey14b]. The difference to the values determined in this

work can possibly be attributed to the lower ion mass as well as different timing
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parameters in the RFQ bunch mode operation. To avoid overloading the buncher

and thereby broadening the bunch width, the accumulation time had to be opti-

mized. As shown in [Bey14a] the performance gets worse at ion numbers >106,

thereby limiting the accumulation time. With the previously measured bunching

efficiency of 38(8) %, it is expected to produce ion bundles containing several 101

to 102 ions using an accumulation time of 95 ms or 102 to 103 with a prolonged

accumulation time of 995 ms. Both amounts should be sufficient for a measurement

within the purification trap.

Before entering the purification trap, the ion bunches have to pass the PDT in

which they are slowed down to an energy of 1.1 keV, which generates some exper-

imental challenges. During this process the transverse emittance of the ion bunch

increases by more than a factor of 5 [Smo12], expanding the bunch shape and thereby

increasing the probability of partial or even total cut off of ions by orifices along the

beamline. Furthermore, the decelerated low-energy ion bunches are more sensitive

to electrostatic stray fields and thus the chance of deflection is highly increased.

Lastly it has to be considered that the injection efficiency into the purification trap

strongly depends on the energy spread of the ion bunches. Therefore the ions have

to be decelerated again to around <5 eV to match the acceptance of the trap. Thus

optimization of the system proves to be difficult. During the latest beamtime around

0.3 ions per minute (see sec. 4.4) of short-lived ions were observed within the purifi-

cation trap, corresponding to a transport and injection efficiency of around 2 · 10−6.

Due to the limited measurement time, extended tuning of this section was not pos-

sible. During former commissioning studies, measurements yielded a transmission

of 5 · 10−5 for the transport through the PDT with subsequent injection into the

purification trap [Bey14a]. Both values are far below expectations and cannot be

explained by pulse lengths alone. A thorough investigation is needed to identify the

cause of this and eliminate it.

4.1.5 Gas-jet transport time measurement

The transport time of the recoiling fission products to the subsequent experimental

setup is a crucial parameter (see sec. 3.1) as it limits the range of accessible nuclides.

Thus extended studies have been made in order to characterize this value at different
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Figure 4.6: Recorded γ radiation during and following a reactor pulse at a gas flow rate of
600 ml/min. The black solid line indicate a gaussian fit for the reactor pulse, whereas the blue line
represents an empirical fit for the fission products in order to determine the transport times.

experimental conditions typically employed at TRIGA-TRAP. For these transport

time measurements it was exploited that the TRIGA reactor cannot only be oper-

ated in continuous mode but also in a pulsed mode (see sec. 3.1). The prompt γ rays

produced by a reactor puls can be used as a distinct start signal for these measure-

ments as fission products are only produced within this short interval. The sodium

iodide-based γ-ray detector, which is installed at the capillary coming from the tar-

get chamber around two meter distant from the high voltage platform, then records

the signal of the pulse as well as the signal from the transported fission products.

Figure 4.6 shows a typical transport time measurement with a nitrogen gas flow rate

of 600 ml/min. Without reactor operation, i.e., before a reactor pulse, the recorded

detector signal is low, indicating that fission products are either not produced or not

transported by the gas-jet. The time of the reactor pulse is detected by the prompt

γ-radiation signal, which has an evaluated FWHM of 60 ms. It can be approximated

by a Gaussian distribution due to the time dependence of the neutron flux of the

reactor [Men75]. This signal represents the starting trigger with an uncertainty of

FWHM/2 for subsequent transport time determinations. After a delay of several

hundred milliseconds the measured radiation increases, which indicates that the

produced radio nuclides have reached the detector. The recording time frame of the

detector is adjusted to be 16 s in total, i.e., one data point per millisecond, to have
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a sufficiently high time resolution. For enhanced readability, the shown spectrum is

averaged over 20 data points and only every 100th error bar is indicated. The decay

of the fission product signal to background level is not completely shown in this

figure because of the limited recording time. The measured signal A(t) caused by

the transported activity can be empirically described with a modified error function

multiplied with an exponential decay:

A(t) =
1

2
·
(

1 + erf

(
t− µ√
2 · σ2

))(
Â · e−λ(t−µ)

)
(4.5)

The transport time ∆t is defined in the following as the duration between the max-

imum of the prompt γ pulse and the time, when the activity of the fission products

reaches 50 % of its maximum, given by µ in the fit. The other parameters represent

the shape of the signal: Â describes the peak activity, σ the slope of the onset and λ

the decay constant. From this fit the time until 50% of the total activity is detected

∆t50, i.e., 50% of the total peak area, can be extracted.

This kind of measurement has been made for a set of different N2 gas flow rates

in the range of 300 ml/min to 800 ml/min. Within this measurement series a waiting

time of around 20 minutes has been added between each change of the gas flow rate

to ensure that the whole system has reached its pressure equilibrium. The lower

limit of the gas flow rate is given by the required minimum pressure inside the tar-

get chamber, which has to be sufficiently high to thermalize the fission products,

whereas the higher gas flow rate is limited by the pumping capacity of the turbo

molecular pump installed behind the surface ion source. As the flow rate of the

carrier gas controls the pressure inside the target chamber, the latter has also been

recorded during the measurements. Each measurement has been repeated several

times and the results have been averaged in order to reduce the statistical uncer-

tainty. An overlay of the recorded data of the different measurements is shown in fig.

4.7. For clarity reasons, only data points of the averaged 400 ml/min-measurement

are shown. The remaining curves indicate the A(t) fits resulting from the recorded

data. The intensity of the used reactor pulses is identical during each measurement,

thus the height and width of the prompt γ-ray peak was equal in each spectrum.

As expected, the higher the gas flow rate, the faster the velocity of aerosol parti-

cles and thus the earlier rises the signal of the fission products. Detailed results
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Table 4.5: Determined values for the transport times ∆t and ∆t50 at different gas flow rates with
the corresponding pressure, measured inside the target chamber.

Q (ml/min) pTC,abs(mbar) ∆t (ms) ∆t50 (ms)
300 1000 2030(50) 7410(70)
400 1125 1950(50) 8340(70)
500 1300 1420(50) 6110(70)
600 1375 1320(50) 7000(70)
700 1600 1140(50) 5400(70)
800 1600 1040(50) 5630(70)

including the corresponding pressures measured inside of the target chamber and

the extracted ∆t50, are given in table 4.5. The given uncertainty of ∆t results from

the uncertainty of the fit and the 30 ms systematic uncertainty from the width of

the reactor pulse. The same was applied to ∆t50. Figure 4.8 shows the determined

transport times in dependence on the gas flow rate. Both transport times roughly

follow an inverse proportionality to the flow rates. At a flow rate of 800 ml/min,

the investigated transport time ∆t is 1040(50) ms, whereas it is a factor two larger

at a rate of 300 ml/min. Usually the gas flow rate was set to 400 ml/min, since this

offers the optimum performance of the gas-jet [Gru16]. The development of the

∆t50 values show a similar behaviour but is less steep, thus the difference between

300 ml/min and 800 ml/min amounts to a factor of only 1.3.
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Figure 4.8: Left: Determined transport time ∆t at different gas flow rates Q Right: Determined
values for ∆t50 in dependency on the gas flow rate. For more details, see text.

For future experiments at TRIGA-TRAP it is of interest to predict the decay losses

of radio nuclides with short half-lives during the transport. Because the measured

activity was produced by a large number of isotopes with different half-lives, the

detected activity signal is not necessarily equal to the time distribution of the trans-

ported particles. However, assuming this equality, the decay losses can be calculated

by a convolution of A(t) with the radioactive decay for an isotope of interest. This

was carried out for half-lives of 0.5 s to 10 s, as a representation of short-lived fission

products. The resulting curves are shown in fig. 4.9, displaying the transported

amount of a particle with the chosen half-life in comparison to A(t). The ratio of

the peak area of the convoluted curve to A(t) yields the fraction of nuclides that are

transported before they decay. The results of this evaluation are listed in table 4.6.

Table 4.6: Transported fraction yields ε for nuclides with half-lives in the range of 0.5 s to 10 s at
different gas flow rates.

Q (ml/min) ε0.5s (%) ε1s (%) ε2s (%) ε10s (%)
300 0.9 5.0 36.7 61.0
400 0.5 3.1 10.2 50.0
500 1.9 8.7 45.4 68.1
600 1.4 6.5 36.9 60.3
700 2.4 9.1 43.8 66.3
800 2.6 9.3 43.4 65.7
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Figure 4.9: Transport efficiency curves for radio isotopes with different half-lives (0.5 s, 1 s, 2 s
and 10 s). The red curve represent the evaluated fit curve for the fission product signal detected
with a gas flow rate of 400 ml/min. Convolution with a decay curve (blue) yields the grey curve
that represents the transported activity.

For a half-life of 10 s the transported fraction is larger than 50%, therefore the

losses for longer half-lives can be neglected. This is reduced slightly for a half-life

of 2 s, but for even shorter half-lives the transmission drops steeply. Higher gas

flow rates can increase the yield for 0.5 s half-life nuclides by more than a factor of

two, but have a negligible effect for long half-lives. Finally, the significantly lower

transmission for a half-life of 2 s and a gas flow rate of 400 ml/min highlights the

strong dependence on ∆t50, which for this gas flow rate was determined to be about

1 s longer than for other gas flow rates. Overall, these findings indicate that nuclides

with 2 s half-lives can be easily extracted with the current gas-jet setup. For half-

lives around 1 s, the gas flow rate can be increased to maximize yields, but it has to

be considered that a change in the gas flow rate also affects the extraction efficiency

of fission products out of the target chamber or the performance of the aerodynamic

lens [Gru16].
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4.2 Characterization of the surface ion source

As the surface ion source is a new installation, extended studies about its oper-

ation characteristics were carried out. Extended knowledge of its operation was

acquired and an optimum heating procedure was investigated for reliable and sta-

ble operation. Furthermore, limitations in achievable temperatures were verified.

During these studies smaller conceptual flaws of the ion source design have been

identified and eliminated. During ion source operations its temperature has been

recorded continuously with the pyrometer that is installed at a view port of the

dipole magnet (see sec. 3.2). Its transmission factor has been set to τ = 100 % and

the emissivity to ε = 28 %, which is quoted for tantalum in the pyrometers manual.

The temperature readings could be confirmed with a wire pyrometer in the range

of 1000 °C to 1600 °C.

4.2.1 Heating procedure

The surface ion source is a new installation and has not been used in this electri-

cal configuration before, thus the development of a reliable heating procedure is

necessary. Since there are strong interdependencies between several components or

parameters, performance studies were made and the relevant aspects will be dis-

cussed.

For constant temperature operation it is crucial to prevent instabilities in the

filament power and the bombardment power. Operating the electron bombardment

power supply in current restricted mode leads to a self-energizing system. With

increasing heating / filament power, the temperature and therefore the filament re-

sistance increases. Due to the fixed set current, this then leads to a rising voltage

and heating power and finally a further increase in temperature. This positive feed-

back is only restricted by the set voltage limitation, thus, once it is reached, the

system experiences a current drop that temporarily decreases the temperature of

the ionizer as well as the filament. At this point, the system heats up again in the

same way, ending up in an oscillating state. These fluctuation usually occur around

2000 °C (see fig. 4.10) with amplitudes of several degree centigrades, increasing at

higher temperatures. Thus a stable operation above this temperature is impeded.
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Figure 4.10: Temperature oscillations occurring during ion source heating with current limited
operation of the electron bombardment power supplies. For details see text.

Besides this constraint, oscillations have to be avoided, because thermal stress gen-

erated by sudden temperature changes decreases the lifetime of the filaments and

could lead to a complete fracture.

Conversely, operating the filament power supplies in a current restricted mode in

combination with a voltage restriction on the electron bombardment power supplies

proved to prevent temperature instabilities caused by unstable electron currents

and simultaneously disables a continuous increase of power and temperature. The

optimized heating procedure increases the ion source temperature from room tem-

perature to 2000 °C within 45 minutes and is effective and time saving on the one

hand, but also gentle and stable on the other hand. Detailed parameters of this

heating routine are listed in table 4.7. A newly implemented ion source control soft-

ware features the ramped increase of operation parameters, i.e., the current applied

to the filaments Ufil, the electron bombardment voltage UEB and the ramping speed

Table 4.7: Adjusted and observed parameters during the optimized ion source heating procedure.
The two filaments are heated equally, thus their parameters are specified separately.

IIS (°C) Ifil (A) vramp (A/min) UEB(V) UEB (mA)
0 – 770 0 – 20 2 300 0

770 – 1000 20 – 32 1 300 0 – 10
1000 – 1300 32 – 35 0.5 300 10 – 80
from 1300 35 – 38 0.3 300 80 – 530
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vramp . It enables – to a certain extent – an automated heating procedure and simul-

taneously a smooth heating. It also allows a permanent recording of the mentioned

parameters during ion source operation. Their trend throughout the heating pro-

cess is shown in fig. 4.11. Both filaments are heated simultaneously and equally by

increasing the applied current while the voltage remains unrestricted. The ramping

rate starts with two ampere per minute, but has to be adapted later depending on

the momentary temperature or rather the current applied to the filaments. The

electron bombardment power supply creates a potential difference of around 300 V

between filaments and ionizer. First commensurable electron bombardment occurs

at around 1000 °C. Since it increases rapidly with raising filament current, the ramp-

ing speed has to be reduced. The generated temperature TIS is proportional to the

total power Ptotal:

TIS ∝ Ptotal = Ufil1 · Ifil1 + UEB1 · IEB1 + Ufil2 · Ifil2 + UEB2 · IEB2 (4.6)

It consists of filament heating and electron bombardment, in which the latter makes

the substantial contribution to this heating. The observed dependence of the ion

source temperature on the heating power is shown in fig. 4.12. Whereas this de-

pendence is almost linear up to a heating power of around 750 W or 1900 °C, a

temperature gain above this value requires a tremendous increase in power. Thus

the limit of maximum achievable temperature seems to be located around 2400 °C.

With the established operation parameters, stable temperatures could be kept

for the complete daily operation cycles. Figure 4.13 shows the recorded temperature

over a day of beamtime. After reaching the temperature of choice (2005 °C), it has

been kept constant with minor fluctuations in the range of ± 4 °C during seven hours

of operation. It has to be mentioned that the occurring changes are mainly caused

by readjustment of certain parameters, e.g. the voltage applied to the filament, and

are not caused by instabilities of the ion source itself.

The temperature of the ion source can be set to a chosen value within a few

minutes as it is shown in fig. 4.14. This heating is precise and stable as long as

the ion source is operated with appropriate patience. The occurring instability in

temperature between 2200 °C and 2300 °C was caused by an operator mistake: the

combination of an increased restriction of filament current and EB voltage caused a
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Figure 4.11: Simultaneous heating procedure of the entry and exit filament, split into filament
heating (top) and electron bombardment (center). Whereas the filament heating is operated in
current restricted mode, the electron bombardment power supply is restricted in its voltage. As
the temporal evolution of the current restriction is identical for both filaments, both curves overlap
completely (top). Bottom: Total heating power and the resulting temperature of the ion source.
The lower detection limit of the pyrometer amounts to 599 °C, thus the temperature curve starts
at this value. For details see text.
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Figure 4.12: Dependence of the ion source temperature on the total heating power, consisting of
filament heating and electron bombardment.
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sudden rise of the EB current as well as its voltage up to their adjusted restrictions.

The resulting negative feedback resulted in a drop of the EB current from 1550 mA

to 800 mA at each filament. A readjustment of the mentioned parameters stabilized

the system at the chosen temperature within less than ten minutes.

Nevertheless, the introduced procedure is only suitable if the vacuum system has

been baked out before. By opening the experimental setup for maintenance of the

whole ion source or in order to exchange one or both filaments, surface moisture as

well as other pollutants contained within the replaced parts are introduced to the

system. Therefore, the system has to be baked out to outgas volatile solvents or

other involved contaminants. Especially during heating up the ion source to around

1000 °C for the first time after venting, the pressure inside of the ion source chamber

increases drastically. A rapid heating procedure could therefore damage the turbo

molecular pumps and has to be avoided. Another issue that has to be considered, is

the deformation of the filaments during heating up for the first time. They are made

of tungsten, which is relatively ductile in its unheated state. This circumstance al-

lows to fix it within the correspondent holdings, whereby the filament experiences a

certain tension. Thus, either a deformation of the shape itself or tilting of a complete

filament can occur during heating. The latter results in an asymmetric gap between

the filament and the ionizer, thereby generating a non-uniform abrasion of tantalum
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by the electron bombardment. In the worst case, the filament gets in contact with

the ionizer, whereby a short circuit arises and the setup has to be reopened. By a

comparably slow increase of the temperature, these two instances can be prevented.

After first curing, contaminants are eliminated and simultaneously the tungsten re-

crystallizes and becomes less ductile [Klo66], thus the shape of the filament remains

constant, even during rapid heating. However, at room temperature the recrystal-

lized structure is highly brittle and has to be handled carefully to prevent fractures.

By treating the filaments carefully, their lifetime can be extended to two or even

more weeks, before they have to be exchanged.

4.2.2 Further ion source modifications

Since the ion source and the subsequent ion optics have been a new installation and

their design has not been tested before, certain modifications of different parts had

to be made after commissioning.

Heat shields

Fission products are ionized within the surface ion source, extracted through the

heat shields and guided into the subsequent beamline. The shape of the produced

ion beam can then be monitored on MCP detectors as introduced in sec. 3.8.1. After

implementation of the ion source, a ring-shaped structure as depicted in fig. 4.15

appeared around the ion beam spot on the MCP detector behind the dipole magnet.

The small spot in the center is the expected beam focus, which is small, accurately

defined and circular. The ring leads to additional peaks appearing in recorded mass

spectra, leading and tailing several peaks of identified stable nuclides, e.g., 88Sr.

It appeared already at a low heating power, long before an ion beam spot was

observable. The analogous behaviour occurred during the cooling down process of

the ion source. For identification of the cause, the ratio of the ring diameter to

the central spot size has been determined. The same ratio of dimensions can be

found between outer heat shield and ionizer orifice. It appears therefore evident

that the observed MCP-signal is a result of the configuration of ionizer and heat

shield, although the reason of its appearance could not be identified. To counteract

the creation of this ring, a thin molybdenum disc with a smaller orifice (Ø=6 mm)
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Figure 4.15: Recorded MCP-signal in front of the RFQ (left). The red rectangle marks the
investigated area which yields the corresponding intensity profile (center). The photograph on
the right is taken from the extraction side of the ion source, showing the same dimension ratios
between the ionizer and the heatshield.

has been added between the two heat shields as indicated in fig. 4.16. It reduces

the distance between ionizer and heat shield from 1.5 mm to 0.5 mm and thereby

successfully prevented the creation of the ring.

Insulation

Another modification was essential concerning the insulators of the copper rods,

which provide power to the filaments. To enable keeping a potential difference be-

tween these parts and the vacuum chamber or the ionizer, the filaments and their

feedthroughs are electrically insulated against the remaining components. Each

feedthrough has been surrounded by two identical insulators, whose plain surfaces

touch each other at the half thickness of the base plate. Any imperfection of these

surfaces or the presence of contaminations on the touching surfaces causes a narrow

slit. The small distance between the copper feedthrough and the metallic base plate

of 1.05 mm, combined with unevenness and a potential difference of ∼ 300 V caused

electrical discharges and sputtering that destroyed the insulator. These feedthroughs

were not designed for large potential differences, as the ion source at JAEA/Tokai is

operated in a different connection concept. Therefore, the feedthroughs were adapted

to withstand much higher voltages. A comparison of the two feedthroughs is shown

in fig. 4.16.
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Figure 4.16: Direct comparison between the original JAEA ISOL design (left) and the modified
design used at TRIGA-TRAP (right). The dashed areas denote the redesigned insulators. The
added heat shield inlay is illustrated in red.

4.2.3 Ionization efficiency studies

Knowledge about the ion source performance is of major interest to estimate the

range of accessible elements. An option for verification of the ionization behaviour

is the determination of the ionization efficiency of various elements at different tem-

peratures. Since the ionization ability of a surface ion source is limited to elements

with comparably low ionization potentials, rubidium (IP = 4.177 eV) and strontium

(IP = 5.696 eV) are appropriate candidates for ionization efficiency investigations.

Such investigations are affected by precursor effects as mentioned in sec. 4.1.1, thus

these investigation cannot be performed for most strontium isotopes directly with

their measured peak areas. Rubidium is exempted from these precursor effects as

the corresponding parent element, krypton, is neither ionized by the surface ion

source nor adsorbing to the aerosol particles due to its volatile nature. Based on

this, the following decay chains are relevant for the evaluation, with bold isotopes
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being detected in the γ spectra:

90Rb
4.3m (m) / 2.6m−−−−−−−−→ 90Sr

28 900 a−−−−→ 90Y ... (4.7)

91Rb
58 s−−→ 91Sr

9.5 h−−→ 91Y... (4.8)

92Rb
4.5 s−−→ 92Sr

2.71 h−−−→ 92Y... (4.9)

93Rb
5.84 s−−−→ 93Sr

7.43 m−−−→ 93Y... (4.10)

94Rb
2.7 s−−→ 94Sr

74 s−−→ 94Y
18.7 m−−−→ 94Zr (stable) (4.11)

95Rb
378 ms−−−→ 95Sr

23.9 s−−−→ 95Y ... (4.12)

The ideal decay chain to determine the strontium ionization efficiency is the one

with the weakest precursor effects. This situation occurs if the Rb member has a

very short half-life, such that it decays to Sr before entering the ion source, or when

the independent fission yield of the Rb precursor is negligible compared to that

of the Sr isotope. Independent fission yields of rubidium and strontium isotopes

inside the target are shown in fig. 4.1. They are in the same order of magnitude,

whereas those of rubidium are significantly higher compared to those of strontium

up to a mass of 94 u. It would be interesting to investigate 95Sr, since the precursor

effect of rubidium is significantly lower compared to other masses. Furthermore,

it would offer the advantage that 95Rb decays with a half-life of 377 ms. As the

transport time to the ion source is longer than 1950 ms (see sec. 4.1.5) at a gas

flow rate of 400 ml/min 95Rb decays almost entirely to 95Sr before entering the

ion source. Thus only the daughter is ionized, thereby yielding the undisturbed

ionization efficiency of strontium. Unfortunately, the short half-life of 24.4 s makes

detection difficult: with an expected ionization efficiency of 2 %, a measurement

time pattern of 5/1/5 min (see table 4.1), the γ line at 686 keV with an intensity

of 22.6 % and a detection efficiency of 0.9 % at this energy, around 20 counts are

expected within a spectrum. With the usual background level, this is not enough

for unambiguous detection. It should be possible to detect its daughter nuclide 95Y,

but even from a mass separated beam no significant signal above background was

found with this measurement pattern. Thus, the nuclides 89Rb, 92Sr, 93Sr and 94Y

were investigated and the corresponding results are discussed below.

Two different approaches are conceivable to gain information on the ionization
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efficiency of strontium: a comparison of individual element quantities before and

after ionization directly yields efficiencies, whereby the examination of the ratio

between two different species yields relative values for the ionization efficiency of

the two species. The first method theoretically allows obtaining absolute efficiencies

comparably easy by comparison of two gamma spectra. However, in practice the

experimental conditions prohibited application of this method: A “pre IS” or “pre

lens” collection would have to be compared to a “post IS” collection, taken ideally at

the same time or at least in quick succession, to reduce systematic errors. As there

is no advanced beam diagnostic station in front of the ion source, the setup has to

be opened and vented in order to remove the glass fiber filter, requiring about 30

minutes. This limits the range of accessible nuclides to those with correspondingly

long half-lives. Subsequently the ion source has to be heated to a given temperature,

which takes further 45 minutes (see sec. 4.2.1). This reduces the comparability of

the acquired spectra significantly due to possible gas-jet fluctuations. Moreover, a

collection at these stages contains numerous isotopes producing an increased back-

ground within the γ spectra as indicated in fig. 4.17. This is particularly critical

during efficiency studies at different temperatures. Smaller signals of less abundant

isotopes or less intensive γ lines may be overshadowed. Furthermore, venting the

beamline requires a comparably cold ion source as tungsten oxidizes at temperatures

of ≥ 400°C and tantalum at ≥ 300 °C. The amount of collections is thereby limited

to at most two per day, offering poor statistics. Studies at different temperatures

are therefore not possible since a beam time is usually too short. Due to these facts,

this method is not suitable to determine ionization efficiencies at TRIGA-TRAP.

Another approach compares the ratio of two individual species and is thereby

almost independent of gas-jet fluctuations, the main source of systematic deviations.

Thus, the evolution of the ionization efficiency can be observed by collecting several γ

spectra at either beam diagnostic station “post IS” or “pre RFQ”, with only one ref-

erence spectrum in front of the ion source being necessary. An attempt to determine

an ionization efficiency was made by ion collections behind the ion optics subsequent

to the ion source at beam diagnostic station “post IS”. The major advantage of this

location is that the resulting γ spectra yield information about the complete range

of ion species. This offers the possibility to compare the yield of several isotopes

at the same time and allows eliminating gas-jet fluctuations by normalization to
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Figure 4.17: γ spectrum of a “pre lens” collection (black) and a “post IS” collection (blue),
respectively. The cycle for both measurements has been set to 10 min collection, 30 min decay and
30 min recording time.

a chosen isotope. Figure 4.18 summarizes the results of this measurement study,

comprising “post IS” collections taken in a temperature range between 1770 °C and

2330 °C, performed with a measurement cycle of 10 min collection, 30 min decay and

30 min recording time. Although more than one γ line for 89Rb, 92Sr, 93Sr and 94Y

each has been analyzed, only one evaluated γ line per isotope is shown for clarity.

The aforementioned isotope ratio to eliminate the influence of gas-jet fluctuations

on the ion count rate is taken by normalizing to the count rate of 89Rb. Linear

functions are fitted to the data to determine the trend from the widely scattered

data points. The data sets of both strontium isotopes do not yield a significant

increase in the count ratios. Thus it is rather difficult to determine a distinct value

for the ionization efficiency.

Assuming that the transport efficiency of the aerosol-based gas-jet is independent

from the chemical element, the ratio of particle numbers occurring inside the ion

source before ionization, represented by (Sr/Rb)in, should be equal to that of their

production rates. This additionally presumes, that neither strontium nor rubidium

decays during the transport time. It also neglects the presence and the decay of

krypton isotopes, which are precursors of rubidium. This negligence is reasonable

as Kr is not transported within the aerosol-based gas-jet due to its volatile nature.
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However, after ionization the particle ratio decreases to (Sr/Rb)out:(
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)
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�
(

Sr
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)
out

=
Ieff (Sr)

Ieff (Rb)
·
(

Sr

Rb

)
in

with Ieff (Rb)� Ieff (Sr) (4.13)

The ionization efficiency of rubidium is assumed to be 100 % while the expected ion-

ization efficiency of strontium should rise by only 0.5 % to 1 % per 100 °C (see sec.

2.2). Thus the height of recorded γ-ray signals should be rather low, even at a tem-

perature of 2330 °C. The rubidium precursor isotopes decay entirely into strontium

during a fission product collection and contribute to the subsequently recorded γ-ray

peaks of strontium as indicated in fig. 4.19. It therefore can be considered that this

contribution is independent from the temperature and generates a constant offset.

The increase in detected signal or the ratio (Sr/Rb)out is therefore solely produced

by the gain in ionization of strontium. The theoretically expected cumulative ion

rates ξ can be used for estimations of the experimental performance. It has to be

mentioned that in the case of the decay chain of isotopes with the mass number 94,

the strontium isotope is short-lived as well and thus cannot be observed within the

γ spectrum. Hence the signal of 94Y is investigated. It is assumed, that this signal

is solely produced by former rubidium and strontium, as the theoretical ionization

efficiency of yttrium amounts to values around 0.1 %, 20 times less than strontium.

As depicted in fig. 4.18, a linear function is fitted to the experimental values,
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Table 4.8: Ion rate ratio of ξ(2297 °C) to ξ(1787 °C), based on theoretical calculations and ex-
tracted from experimental results, respectively.

ξ2297 °C/ξ1787 °C

Mass (u) Theory Experiment
92 102 % 108(27) %
93 105 % 112(30) %
94 118 % 129(24) %

providing experimental values for ξ. The modified Saha-Langmuir equation (eq.

2.10) has too many free parameters to get appropriate results with the little amount

of experimental data, thus it was not fitted directly to the data. Due to the broad

scattering of the data points it is not possible to extract significant ratios for every

temperature, but it can be calculated by comparison of ξ at limit temperatures.

Results of this analysis are listed in table 4.8 and compared to expected values. The

latter are calculated by eq. 2.10 with N = 50, which seems to be an appropriate ap-

proximation for the number of effective atom-wall interactions as reported by Sato

et al. [Sat15a]. The resulting ratios agree within the given accuracy, corresponding

to an ionization efficiency for strontium of 1.5 % at 1787 °C and 7.0 % at 2297 °C,

respectively. Thus, no discrepancy to the ionization behaviour from this model is

expected.

4.3 Ion beam characterization

With regard to subsequent mass measurements, it is important to gain information

about available ion species that can be guided to a subsequent Penning trap. The

beam produced within the surface ion source contains isotopes with different masses

from different elements. The installed dipole magnet can separate them by their m/q

ratio (see sec. 3.4), but it has to be calibrated to verify the relationship between the

magnet current and the separated ion mass. Additionally, analysis and optimization

of the ion beam, i.e., its shape, is of major interest for an improved transport of ions

to the trap.
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Figure 4.20: Mass spectra recorded on the Faraday “pre RFQ” behind the mass separator. The
surface ion source has been loaded with Ti foil for a first calibration of the dipole magnet.

Calibration of the mass separator

For a mass calibration of the dipole magnet it is useful to scan a certain range of

masses, detect their current by a Faraday cup and subsequently identify character-

istic peak patterns, assuming to observe only singly charged ions. Due to limited

time during a measurement campaign, a calibration should be made before beam-

time, thus without using the gas-jet. Since the amount of observable species is

smaller under these conditions, milligram amounts of a metal foil can be inserted

into the ion source to produce ions of corresponding species. The produced isotopes

and their masses are well known, thus they are easy to identify. A suitable metal is

titanium, since its ionization potential of 6.8 eV and melting point of 1668 °C are not

too high, so that a feasible evaporation rate and ion current can be reached at ion

source temperatures of 1400 °C and beyond. Furthermore natural titanium consists

of five stable isotopes with appropriate abundances that generate a characteristic

peak pattern (see table 4.9). A typical mass spectrum of a Ti sample, recorded in

front of the RFQ at an ion source temperature of 1500 °C, is shown in fig. 4.20. The

adjusted temperature is low enough to enable investigations over several hours. The

recorded spectrum shows titanium isotopes in the mass region of 46 u to 49 u. As

the scan has been stopped quite early 50Ti is not detected. The ratios of the peak

height of 49Ti to the other peak heights are listed in table 4.9 and compared with

expected ratios. The observed peak ratios are in agreement with the natural isotope
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Table 4.9: Isotope abundances of natural titanium as well as their ratio to 49Ti and peak hight
ratios extracted from the recorded mass spectrum.

Isotope Nat. abundance (%) Ratio (th.) Ratio (meas.)
46Ti 8.0 1.4 1.5
47Ti 7.3 1.3 1.3
48Ti 73.8 13 13
49Ti 5.5 1 1
50Ti 5.4 0.98 -

abundances and confirm the determination.

The inserted Ti-foil has to be removed before the start of an online measurement

campaign, thus Ti-isotopes are not longer observable. Usually the two most abun-

dant stable isotopes of potassium (39K: 93.26% / 41K: 6.73%) are distinctly iden-

tifiable as their presence within the setup, i.e., the gas-jet is comparatively high.

Thus they can be used for a check of the calibration and for first verifications of

the experimental system. In general, the calibration can be extrapolated to higher

masses by following eq. 3.1. However, in the case of a misaligned ion beam, the

actual deflection angle φ or radius ρ might be different, thus a calibration based

on more anchor points should be performed. For subsequent mass measurements

of short-lived fission products, masses in the region of 80 u to 100 u are of major

interest, thus this region is investigated more precisely. Figure 4.21 shows a detailed

scan of these masses. Overall the spectrum is quite empty with a background of

several tens to hundreds of fA. As mentioned in sec. 4.1.4 the rate of radioactive ions

in front of the RFQ amounts to 103 - 104 ions per second, corresponding to a current

of 0.17 fA to 1.7 fA, depending on the considered isotope. Thus fission products are

not observable within this spectrum and signals are solely produced by stable ions.

The labeled peaks belong to the natural isotopes of strontium. Their individual sig-

nal heights correspond to the natural abundance of each isotope and are consistent

amongst each other (see table 4.10). This proves that the mass calibration of the

dipole magnet has been done correctly. Besides the distinctly identified strontium

peaks, two more signals are detected between the masses 90 and 91 with a current

of 51 pA and on mass 93 with 18 pA. An unambiguous identification is not possible,

because they do not match singly charges, and monoatomic ions of natural occur-

ring elements. It is also unknown, if these species are singly or doubly charged, thus
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Figure 4.21: Mass spectra in the region of 82 -94 amu detected by the Faraday cup behind the
mass separator during reactor operation, using the CdI2 loaded gas-jet.

their mass cannot be determined unambiguously. The signal appearing at 90.5 u

implies at least a doubly charged ion, making 181Ta2+ a possible candidate, which

could have been created by the electron bombardment on the ionizer. The signal

appearing at 93 u could be created by 186W2+ evaporating from the filaments.

Table 4.10: Isotope abundances of natural strontium as well as their ratio relative to 87Sr and
peak hight ratios extracted from the recorded mass spectrum.

Isotope Nat. abundance (%) Ratio (th.) Ratio (meas.)
86Sr 9.86 1.4 1.4
87Sr 7.00 1 1
88Sr 82.58 11.8 11.3

Beam shape

The MCP/phosphor screen-combinations installed at several positions of the TRIGA-

TRAP beamline offer the chance to verify the optics tuning and the shape of the

generated ion beam. As this detector type is extremely sensitive to larger currents,

it is not suitable to use before mass separation but highly convenient for detection

afterwards. Thus the separated masses can be visualized by the detectors as shown

in fig. 4.22. The exposure time of the camera as well as gas-jet parameters remained

unchanged during the detection of both signals. The left picture shows the masses

87 u and 88 u, where the stable isotopes 87Sr and 88Sr were identified in the mass
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Figure 4.22: Camera images of the MCP phosphor screens in front of the RFQ (left) and behind
it (right) after ion cooling and bunching. The observed spot of 88Sr appears larger due to over
exposure of the phosphor screen from the larger ion current. The colours are inverted for a better
visualization.

calibration. To picture two separated masses, the adjustable slit blades installed

behind the magnet were completely opened. For operation of the RFQ they are typ-

ically closed to create a slit with a width of 1.5 mm. This ensures that only one m/q

species can enter the inner volume of the RFQ and neighboring ones are cut off. The

picture on the right shows mass 88 u, detected behind the RFQ operated in bunched

mode. At the given conditions optimum buffer gas cooling has been achieved at a

helium gas flow rate of 0.11 mbar·l/s. The beam spots shown in fig. 4.22 appear with

different intensities because the positions of the MCP’s are not aligned axially to

the beam. The geometrical shapes of the observed spots are circular. This implies a

uniform and highly focused ion beam, offering optimum conditions for transmitting

the ions to subsequent components. Knowing that the active area of the MCP has a

diameter of Ø = 25 mm, the beam diameter can be determined to 0.8 mm to 1.4 mm

depending on the ion species. Naturally isotopes with a higher abundance generate

larger beam spots with an enlarged visibility.

4.4 Mass measurements of fission products

The last step in the commissioning process was to transfer the ions into the Penning

traps and perform the first mass measurements of short-lived nuclides at TRIGA-

TRAP. The prepared ions are transferred to the purification trap with a kinetic
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Figure 4.23: Recorded cooling resonances of 88Sr+ within the purification trap. The FWHM is
indicated in both spectra. Left: Conversion amplitude of 0.20 V. Right: Conversion amplitude of
0.24 V. For details, see text.

energy of only 1.1 keV. Due to the low transmission through the PDT, an ion rate

of only 40 stable ions per minute or around 0.3 ions per minute in the case of radio

nuclides is observed within the purification trap. Still, this should be sufficient for

a subsequent mass measurement. A moderate resolution measurement of νc can

already be performed in the purification trap by resonant buffer gas cooling (see

sec. 2.3.1). This method not only allows selective centering of ion species but also a

measurement of νc, as introduced in sec. 2.3.1. Due to broadening effects of the buffer

gas, the achievable relative precision is limited to around 10−6. Unfortunately, the

precision trap was not available during the measurement campaigns, thus it was not

possible to achieve a higher precision. The first ion species that has been investigated

within the purification trap was 88Sr+, the most abundant isotope of natural Sr,

which is ionized by the surface ion source. As such it offers the strongest ion beam

in the mass region of interest to tune the trap parameters quickly. During the

optimization procedure, various values for the conversion amplitude in the range of

100 mV to 400 mV have been tested. For the extraction of νc, the target is to obtain

a narrow resonance without a loss in peak or ion count rate. Figure 4.23 shows two

cooling resonances recorded with the best setting in these regards with a conversion

amplitude of 0.24 V and 0.20 V. Smaller amplitudes lead to wider resonances, i.e.,

worse centering, whereas with higher amplitudes the count rate was too low to record

a proper resonance. It was chosen to use a cooling amplitude of 0.24 V, although it

results in a broader peak compared to those observed at 0.20 V, but it results in a
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Figure 4.24: Left: Excerpt of the Karlsruhe nuclide chart, showing the investigated species and
their half-lives, respectively the natural abundance of stable nuclides. Right: Fission yield of the
determined species, produced within the used 235U-target.

higher ion rate (see table 4.11). After successful and reproducible measurement of

this stable nuclide, radioactive species were investigated.

The short-lived neutron-rich fission products 90/90mRb+, 91Rb+,93Rb+ and 93Sr+

have been trapped and identified within the purification trap. The most exotic

trapped nuclide was 93Rb with a half life of 5.84 s. These ion species have been

chosen since their production rates within the 235U-target are amongst the highest

(see fig. 4.24) and the ionization potentials are comparably low resulting in maxi-

mum yield. However, due to the low transmission from the RFQ to the purification

trap, rates of only 0.3 to 0.9 ions per minute had been observed, thus the measure-

ments typically took up to 140 min to detect an appropriate number of ions. Fig-

ure 4.25 shows the measured cooling resonance of 90/90mRb+ (t1/2 = 4.3 min(90mRb);

2.6 min (90Rb)) and 91Rb+ (t1/2 = 58 s). The FWHM of the cooling resonances are

narrow enough to unambiguously identify the ion species via the determined cy-

clotron frequency ratios.

Figure 4.26 shows a single cooling resonance of 93Rb+, the most exotic fission

product measured within this work, and a combined one of both 93Rb+ and – con-

jecturally – 93Sr+. During the latter measurement, the scanned frequency range was

extended in order to capture the two different ions. Although this resulted in a

rather long measurement to get appropriate count rate for both nuclides, the given

Table 4.11: Properties of recorded 88Sr+ resonances and their determined cyclotron frequencies.

UAmp (V) trec (s) # Ions Rate (#/s) νc (Hz) FWHM (Hz)
0.24 273 281 1.03 1 222 904.92 (1.03) 41.3 (1.7)
0.20 745 503 0.67 1 222 906.72 (0.57) 29.8 (0.8)
0.20 410 307 0.75 1 222 906.72 (0.57) 29.1 (2.5)
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Figure 4.25: Recorded cooling resonance of 90/90mRb+ (left) and 91Rb+ (right). The red lines
indicate a Gaussian fit curve for determination of the center frequency. For more details, see text.
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Figure 4.26: Recorded cooling resonance of 93Rb. Right: Simultaneous measurement of 93Rb+

and 93Sr+. For more details, see text.

time frame was too short to achieve a more significant signal of 93Sr+. Details about

all measurements of short-lived nuclides, e.g., the full width at half maximum and

the determined center frequency, are listed in table 4.12. The determined FWHM-

values of the respective resonances prove the selective centering of ions with a mass

selectivity of m/δm = 5 · 10−5. To extract the atomic mass of an unknown trapped

ion from a measured cooling resonance and thereby identifying the ion species, the

cyclotron frequency has to be determined first. In the case of a cooling resonance,

it coincides with the center frequency and can be determined by the maximum of

a Gaussian function, fitted to the detected data. The atomic mass can then be

calculated by eq. 3.4 using the resonance of a reference ion as a calibration standard

for the magnetic field. For that, 88Sr+ was chosen, because its mass is well known

and close to those of the ions of interest which is ideal to minimize mass-dependent
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Table 4.12: Free cyclotron frequencies determined by resonant buffer gas cooling.

Ion # Ions trecording (hh:mm:ss) νc (Hz) FWHM (Hz)
90Rb+ 14 00:45:54 (45.9 min) 1 195 583.29 (2.71) 27.4 (5.8)
91Rb+ 51 02:20:43 (140.75 min) 1 182 405.40 (2.07) 43.3 (4.2)
93Rb+ 61 01:08:52 (68.87 min) 1 156 887.77 (2.08) 41.7 (4.2)
93Rb+ 49 01:50:10 (110.17 min) 1 156 887.07 (2.29) 39.1 (8.4)
93Sr+ 5 01:50:10 (110.17 min) 1 157 000.31 (5.16) 46.7 (3.9)

Table 4.13: Evaluated masses of the trapped ions. 88Sr+ was used as reference ion. ∆m is defined
as mTT

atom- mAME2016
atom .

Atom mTT
atom (µu) rel. prec. mAME2016

atom (µu) ∆m (µu)
90Rb 89 914580 (210) 2 · 10−6 89 914798.8 (7.0) -220 (210)
91Rb 90 916670 (170) 2 · 10−6 90 916537.3 (8.4) 130 (170)
93Rb 92 922060 (130) 1 · 10−6 92 922039.3 (8.4) 19 (130)
93Sr 92 912990 (420) 4 · 10−6 92 914024.3 (8.1) -1030 (420)

errors. In addition, it offered the strongest signal, allowing to take reference mea-

surements quickly and regularly. Because it is produced in the same ion source as

the ions of interest, further possible systematic errors caused by, e.g., deviating ion

energy, are excluded. Therefore it is an excellent choice as a reference for mass

measurements of short-lived fission products in the adjacent mass range. The calcu-

lated mass values of the trapped radioactive ions are listed in table 4.13. The data

gained by the two 93Rb+ measurements have been averaged in order to reduce the

statistical uncertainty. The determined atomic masses are compared to the masses

listed in the Atomic Mass Evaluation 2016 [Wan17] and agree within the scope of

accuracy. An exception to this is the measured mass of 93Sr resulting from the low

statistics. The determined masses reach a precision of 10−6, which is the lower limit

that can be reached by resonant buffer gas cooling. Due to broadening effects of

the buffer gas, it is not possible to achieve a higher precision within the purification

trap.
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Conclusion & Outlook

This thesis describes the successful coupling of the mass spectrometry experiment

TRIGA-TRAP to the research reactor TRIGA Mainz. The major part is about

the design of a new surface ion source, its implementation into the experimental

setup and subsequent characterization. The installation of beam diagnostic stations

and the introduction of continuous monitoring of crucial experimental parameters

enabled extended performance studies and optimizations. A benchmarking step has

been made by trapping and identification of short-lived fission products within the

purification trap at TRIGA-TRAP for the first time.

Comprehensive monitoring of the gas-jet revealed detailed information about its

performance, i.e., about the interconnection of transport efficiency and target cham-

ber pressure. Measurement of the transport time of fission products yielded their

dependence on the gas flow rate and can be used for further gas-jet optimizations.

The operation of the surface ion source fulfilled all requirements as its performance

was reliable, even at temperatures above 2000 °C, and yielded good ionization ef-

ficiencies for alkaline metals. In combination with precise alignment of the exper-

imental setup and the implementation of new ion beam optics, an ion beam with

excellent properties, especially a small and circularly focussed spot, was generated.

The transmission of each component was optimized, resulting in a total transport

efficiency of 1.3(3) % to the pulsed drift tube, which proved itself as the bottleneck

of the beamline. Although its transmission was far below expectations it was suffi-

cient to detect and confine short-lived fission products inside the purification trap.
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This demonstrates that ion bunches coming from the RFQ can be decelerated from

30 keV to 1.1 keV. Four different radionuclide were captured inside the first Penning

trap and identified by their atomic mass which in turn was determined by resonant

buffer gas cooling. The evaluated masses agree with those listed in the AME2016

within the scope of accuracy, confirming the successful transport of fission products

from the target to the Penning trap. As the subsequent precision trap was not

available during the measurement campaigns, it was not possible to perform mass

measurements using the ToF-ICR technique to gain a higher precision. Nevertheless,

capturing short-lived fission products within the purification trap was an important

advancement and finalized the commissioning of TRIGA-TRAP.

Furthermore, the beamline is now ready for high-precision mass measurements

of neutron-rich nuclides, which was the main research goal of this experiment. Fu-

ture data will contribute to test and refine theoretical models that investigate the

nucleosynthesis, i.e., the path of the r-process. Moreover, as TRIGA-TRAP is a

development platform for the planned mass spectrometry experiment MATS, the

technical developments will contribute to this future setup. As MATS will be in-

stalled at the accelerator facility FAIR, the most exotic nuclides far from stability

can be studied. The knowledge of their fundamental properties will contribute to

further improvements of theoretical models and thereby the exact investigation of

the nucleosynthesis process. This is of major interest, in particularly as the site of

the r-process and its general path have been confirmed recently.

For future measurement campaigns at TRIGA-TRAP it is of interest to use

a non-covered target of 235U or 249Cf to enable mass measurements of the heavy

branch of fission products. It was not feasible so far as the usage of a non-covered

target is associated with long-term contamination of the experimental setup, which

is inconvenient when the setup needs a frequent exchange of components due to

optimizations. As the beamline has now successfully been commissioned and pro-

vides a reliable and satisfying performance, this is no longer necessary. Already the

easy to ionize isotope chain of 140Cs to 144Cs is of interest for high-precision mass

measurements as their listed mass uncertainties are greater than 7 keV [Wan17].

The gas-jet performance could be optimized with regard to its long-term stability

to reduce the uncertainties of determined transmissions of individual components.

However, this is not necessarily needed for mass measurements as changes in the
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ion rates do not affect the measurement precision. Furthermore, shortening the

capillaries or reducing transitions from one capillary diameter to another would be

valuable to reduce particle losses. The latter would increase the transport time,

but the gas-jet could be operated with higher gas flow rates or with helium instead

of nitrogen if required. The first option would influence the pressure inside the

target chamber and therefore the stopping power or the thermalization performance.

The latter option would enable to run the system with higher gas flow rate while

keeping the present stopping power inside the target chamber. Both changes would

improve the transport time of the gas-jet significantly, thereby giving access to radio

isotopes with shorter half-lives. A GeLi-detector with a better detection efficiency

and a higher resolution or the installation of a tape station would enable to measure

the short-lived nucleus 95Sr or its daughter 95Y in order to verify the ionization

efficiency of strontium with an appropriate accuracy. However, as the pulsed drift

tube represents the bottleneck of the setup, there is a urgent demand for a thorough

investigation of the ion optics alignment as well as new calculations for the required

voltages to efficiently guide the ions to the purification trap. In combination with a

tuned precision trap and the implementation of the PI-ICR or FT-ICR technique,

the way is then paved for high-precision mass measurements of neutron-rich nuclides

at TRIGA-TRAP.
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den Heliumjet Massenseparator Helios und Zerfallsstudien an massenge-

trenmass, neutronenreichen Praesodymisotopen. Ph.D. thesis, Johannes

Gutenberg-Universität Mainz (1983).
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