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Zusammenfassung

Experimente zur dielektronischen Rekombination von Wolfram-Ionen am
Schwerionen-Speicherring TSR und Entwicklung eines Einzelteilchende-
tektors fiir den kryogenen Speicherring CSR — Diese Arbeit befasst sich
mit Elektron-Ion Stofsexperimenten an den Ionenspeicherringen des Max-Planck-
Instituts fiir Kernphysik in Heidelberg. Am Schwerionen-Speicherring TSR wurden
absolute Rekombinationsratenkoeffizienten von hochgeladenen Wolfram-Ionen mit
offener 4-f Schalenstruktur gemessen. Die daraus abgeleiteten Plasmaratenkoeffizi-
enten wurden benutzt, um die Aussagekraft von neu entwickelten, theoretischen Be-
rechnungen zu testen. Plasmaratenkoeffizienten von hochgeladenen Wolfram-Ionen
sind insbesondere fiir die Entwicklung von Plasmamodellen an Fusionsreaktoren in-
teressant, da Wolfram als unvermeidbare Verunreinigung in Fusionsplasmen vorliegt.
Die experimentellen Ergebnisse liegen im relevanten Temperaturbereich um bis zu
einem Faktor 10 hoher als die bisher verwendeten, theoretischen Daten, was die
Notwendigkeit von verlasslicheren theoretischen Rechnungen unterstreicht. Im Zu-
ge dieser Arbeit wurde des Weiteren, in Anlehnung an die Detektoren, die bei den
Experimenten am TSR zum Einsatz kamen, ein beweglicher Einzelteichendetektor
fiir Elektron-ITon Rekombinationsmessungen am kryogenen Speicherring CSR ent-
wickelt. Das Gerat wurde speziell im Hinblick auf die niedrigen Ionenenergien und
die kryogene Umgebungstemperatur des CSR entwickelt. In einer Serie von Tests
wurde der Detektor sorgfiltig charakterisiert und erfolgreich auf seine Kompatibi-
litdt mit diesen Anforderungen getestet. Der Detektor war Teil der Infrastruktur
bei der Inbetriebnahme des CSR bei Raumtemperatur (2014) und wird aktuell im
ersten kryogenen Betrieb des CSR (2015) als Teilchendetektor eingesetzt.






Abstract

Dielectronic Recombination Experiments with Tungsten Ions at the Test
Storage Ring and Development of a Single-Particle Detector at the Cryo-
genic Storage Ring — This work is about electron-ion collision experiments at
the ion storage rings of the Max Planck Institute for Nuclear Physics in Heidelberg.
Absolute recombination rate coefficients of highly-charged tungsten ions featuring
an open 4-f-shell structure have been measured at the heavy-ion storage ring TSR.
The resulting plasma rate coefficients have been used to probe the significance of
newly developed theoretical approaches. Plasma rate coefficients of highly-charged
tungsten ions are in particular interesting for the development of plasma models for
nuclear fusion reactors, since tungsten is a foreseeable impurity in the fusion plasma.
In the relevant temperature range, the experimental results exceed the theoretical
data used so far by up to a factor of 10, showing the need for more reliable theoreti-
cal calculations. Furthermore, based on the design of the detectors which have been
used in the experiments at TSR, a movable single-particle detector for electron-ion
recombination studies at the cryogenic storage ring CSR has been developed and
installed within the scope of this work. The device has been designed specifically
to meet the requirements of the CSR regarding low ion energies and cryogenic am-
bient temperature conditions. In a series of experiments, the detector was carefully
characterised and successfully tested for its compatibility with these requirements.
The detector was part of the infrastructure used for the room-temperature commis-
sioning of CSR (2014) and is currently operated as a single-particle counter during
the first cryogenic operation of CSR in 2015.
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1. Introduction

Interaction of ions with other particles—neutral atoms or molecules, free electrons,
or photons—are important processes in a wide range of natural or man-made plasma
environments. Understanding of these processes allows to link the microscopic,
quantum state of the single particle to macroscopic, classical-statistical properties
of the plasma, like pressure and temperature.

Storage rings are powerful devices for reaction studies on heavy ions since they pro-
vide efficient ways of beam manipulation and diagnostics, as well as of detection
of product particles. In combination with electron coolers, they not only deliver
initial-state prepared parent beams, but also means for precise electron-ion collision
studies. Storage ring experiments on electron recombination and collisional ionisa-
tion processes provide insight into fundamental atomic structure and dynamics. In
plasmas, the charge-state balances of atoms are dependent on the cross sections of
the involved processes, which renders the data valuable for technical plasma appli-
cations. As the amount of data needed exceeds what experiments can deliver in
foreseeable time, theory needs to be developed to the point where it can predict the
data with acceptable accuracy. Still, high-quality, reliable, experimental data on at
least a few selected processes is needed as benchmarks.

As one example, nuclear fusion reactors are a much anticipated possibility of eco-
logically ‘clean’ and virtually unlimited energy production. In order to develop
concepts for the fusion power demonstration plant DEMO, last experiments will be
conducted at the international tokamak I'TER. One of the technical challenges is
the preservation of the fusion condition in spite of the presence of plasma impurities
which are created by sputtering from the tokamak walls. Since tungsten is foreseen
as a coating material, reliable data on ionisation and recombination cross sections of
highly-charged tungsten ions are needed as input parameters for the relevant plasma
models.

Within the scope of this work, merged-beams electron-ion recombination experi-
ments on three species of open 4-f-shell highly-charged tungsten ions were conducted
at the heavy-ion storage ring TSR. With recombination rate coefficients among the
highest ever measured, these experiments drove the apparatus to its technical limits.
Nevertheless, a collection of reliable energy-resolved recombination rate coefficients
for W W+ and W2t could be obtained. The data has already served as a
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1. Introduction

test bench for a promising new class of theoretical models for recombination of open
f-shell ions.

The second half of this work is part of an effort to reimplement the successful
electron-ion merged-beams technique at the new heavy-ion storage ring CSR in
Heidelberg. CSR is a next-generation all-cryogenic and electrostatic storage ring
with emphasis on studies of heavy molecular ions. The cryogenic storage volume,
which mimics the conditions found in cold interstellar plasmas, allows to prepare
these ions in their rovibrational ground states. Cold interstellar media, like e.g. the
cores of dark molecular clouds, have been the topic of scientific research for decades.
Plasma models have been developed to give insight into their chemical evolution
under the typical conditions of very low temperature and particle density. In the last
few years, new findings concerning the role of singly-charged atomic cations in these
reaction chains have drawn some attention towards a lack of accurate recombination
data for the corresponding atomic species.

The future electron-ion merged-beams set-up at CSR will be an ideal platform to
establish trustworthy empirical datasets of these recombination rates. As part of
the full apparatus, a highly efficient, movable single-product-particle detector for
recombination or ionisation experiments at CSR was designed, tested and installed
at the storage ring. While much general experimental expertise could be gained from
the experiments at TSR, the new storage ring imposed many technical challenges on
the way to a successfully operating detector set-up, mainly related to the cryogenic
vacuum environment.

The general structure of this work is the following: A brief introduction to resonant
and non-resonant recombination processes is given in Chapter 2. The impact of
recombination processes on equilibrium conditions in plasmas is discussed in detail,
and general theoretical approaches to dielectronic recombination rate coefficients
are presented. As examples which are directly related to this work, the role of
recombination processes of tungsten ions in hot fusion plasmas and of recombination
processes of singly-charged ions in cold, interstellar plasmas are discussed.

The basics of storage rings are presented in Chapter 3. The main focus is on electron-
cooler storage rings and their application in merged-beams experiments. The two
electron-cooler storage rings, TSR and CSR, of the Max Planck Institute for Nuclear
Physics in Heidelberg, Germany, are described in detail.

Chapter 4 reports on experiments and results of the electron-ion recombination mea-
surements of said three open 4-f-shell charge states of tungsten ions at the heavy-ion
storage ring TSR. The results were used to generate experimental plasma recom-
bination rate coefficients, which are compared with the heuristic model data used
to-date by the fusion community. Two new, more elaborate theoretical approaches
for ions with open f-shell structures are described and their predictions are compared

18



to the experimental results. At last, the experimental results and their relevance to
the field of fusion physics are summarised.

A detailed description of the development and testing of a single-particle detector for
the merged-beams set-up at CSR is given in Chapter 5. The design of the detector
is presented in detail. Extensive offline tests of the detector prior to integration into
CSR were performed, demonstrating, among others, the reliable cryogenic operation
of the device. For the characterisation of the particle sensor, a theoretical description
of the detection efficiency was developed and probed against experiment. The first
operation of the particle detector in CSR is briefly reported. The chapter closes
with a summary and a brief outlook to future applications of the detector.

Chapter 6 summarises the two experimental chapters and presents further possibil-
ities enabled by the results of this work.
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2. Electron-lon-Recombination in
Plasmas

A plasma is a mixture of free particles of which at least some carry electric charge.
This so-called ‘fourth state of matter’ is generated by adding energy (in the form of
pressure, temperature or radiation) such that electrons can escape from the binding
potential of atoms or molecules. While the biosphere, our direct natural environ-
ment, consists primarily of neutral atoms and molecules, this state of matter is
somewhat exceptional on the universal scale: From the hot bodies of stars to the
cold interstellar medium, most of the known matter of our galaxy exists in the form
of plasma.

Depending on physical properties like temperature and particle density, or on ex-
ternal fields, i.e., electric, magnetic, and gravitational fields, plasma can appear in
various types. Figure 2.1 sketches boundary conditions for different classes of so-
called ‘weakly coupled’ plasmas, where the thermal energy of the plasma particles
is significantly higher than their binding energy. This is the relevant regime for nat-
ural or technical fusion plasmas and the molecular plasmas of the cold interstellar
space which are the main topics of this work. More examples are provided within
the figure.

Relativistic plasmas, as found near astrophysical high-energy sources appear at high
temperatures only, but can cover a wide range of particle densities. Their differenti-
ation from non-relativistic plasmas is defined, more or less arbitrarily, at a thermal
velocity of 33% of the speed of light ¢. Besides temperature, the particle density
is an important quantity for the characterisation of plasmas. A classical plasma is
defined by a de Broglie wavelength [2] that is significantly smaller than the mean
next-neighbour particle distance in the electron gas, i.e. by

Mg = < N, = 21 (2.1)
p

where p is the particle momentum, h Planck’s constant, and n. the electron density.
If A\jp is similar or even larger than the interparticle distance, quantum effects
become important and the plasma is degenerate. A well-known example for plasmas
of this type are quantum electron gases in metals. In spite of their high temperature,
also electrons in white dwarfs exist as degenerate plasmas, in contrast to the electrons
of main-sequence stars, which—at much lower density—form a classical plasma.
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Figure 2.1.: Different plasma types characterised by their temperature and electron
density [1]. A few examples of man-made and natural plasmas are given. This
work deals with fusion plasmas and plasmas in the cold interstellar space.

Usually, both classical and degenerate plasmas are macroscopically quasi-neutral
since the ratio between negative and positive charges is approximately 1. Due to the
Coulomb attraction, electrons form clouds of negative charge around the positively
charged ions A", neutralising part or all of its actual charge ge for a distant observer.
This phenomenon is known as shielding or screening. The Debye length [3] is the
characteristic shielding distance, given by

Eok’BT
Ap = 2.2
b V. nee? (2:2)

where €, is the dielectric constant, kg the Boltzmann constant, T the temperature,
and e the elementary charge. In an ideal plasma, the potential Coulomb energy is
smaller than the thermal energy of the particles, hence

Ap < Ap . (23)

For a classical plasma, the Debye length provides the effective range of the Coulomb
interaction.
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2.1. Charge Balance in Plasmas

2.1. Charge Balance in Plasmas

Dynamic ionisation balances for man-made and natural plasmas in non-thermal
equilibrium are generally calculated in a temporal and spatial ‘transport model’.
Therein processes increasing (‘sources’) or decreasing (‘sinks’) the density n, of
particles A7" are considered. Assuming a cylindrical geometry, this creates a set of
equations of the form [4]

% = —%% (rJ,) + sources — sinks (2.4)
where J, is the flux of particles of charge state ¢ which has to be derived analytically.
In steady-state equilibrium at a plasma temperature 7', the balance is described by
the simpler equation

sources = sinks . (2.5)

The equilibrium of collisionally ionised plasmas is determined by the balance of
electron-collisional ionisation and high-temperature recombination [5]. Equation 2.5
transforms to the explicit form of

Nq+1,q + qul,q = Nq,qfl + Nq,qH . (2-6)

The sources of the charge state g are the recombination rate from the higher charge
state ¢ + 1, NqH’q, and the ionisation rate from the lower charge state g — 1,
Nq_17Q' Correspondingly, the sinks are the recombination (quq_l) and ionisation
rates (N, q41) of the charge state .

Since in a steady-state equilibrium Eq. 2.6 is true for all charge states ¢, it simplifies
further to ' '

qul,q — Nq,qfl . (27)
When denoting by &, the ionisation rate coefficient of A%t the ionisation rate for
ions with charge state ¢ — 1 is given by

dNgy_14

di = neNq_l&q_l (28)

where 7, is the electron density and N,_; gives the number of ions with charge state
q — 1. Correspondingly, the recombination rate for ions with charge state ¢ can be

written as
qu,qfl

dt
where o is the recombination rate coefficient of A?t. The equilibrium condition is

= n.N,0y (2.9)
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Figure 2.2.: Charge-state balance of tungsten ions in a fusion plasma of an electron
density n, = 10 cm™3 [6]. The different colours indicate the angular momentum
quantum numbers of the outermost electron(s) of the ground configuration: f
electrons have orange lines, d shells are blue, red stands for p shell electrons and
green for s shell electrons. The employed ionisation cross sections were calculated
using a distorted wave method [7], while the recombination cross sections were
derived by the ADAS code 408 * [8].

described by

N, @,
= 1 . 2.10
o= (2.10)

Accurate modelling of the equilibrium state requires thus knowledge of the recombi-
nation and ionisation rate coefficients of the involved charged states. As an example,
the modelled charge state balance of highly charged tungsten ions in a fusion plasma
as a function of plasma temperature is given in Fig. 2.2.

2.2. Applications of Plasmas

The knowledge of recombination and ionisation processes along with the correspond-
ing rate coefficients is mandatory for accurate modelling of charge balances (cf.
Eq. 2.10) in most types of astrophysical and laboratory plasmas. This work is con-
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2.2. Applications of Plasmas

centrating on two fields, specifically high temperature fusion plasmas in tokamak
devices and cold astrophysical plasmas, as they can be found in dense molecular
clouds of the interstellar medium (ISM). In the following, the relevance of data on
dielectronic recombination processes for both research fields is discussed in detail.

2.2.1. Fusion Plasmas

In tokamak fusion plasmas, radiative power-loss is an important issue since this
determines the device’s capability of maintaining ignition conditions. This power-
loss originates to a large extent from impurity ions which are collisionally excited
within the fusion plasma and decay via emission of photons. Since the ionisation
equilibrium is established within 0.1% to 10% of the plasma confinement time [9],
recombination and ionisation rate coefficients for the relevant charge states of the
impurity species are needed for reliably modelling the ionisation balance.

Tungsten is foreseen as a coating material for plasma facing components in future
fusion tokamaks due to its thermo-mechanical properties. Tungsten coatings have
already been used successfully at ASDEX Upgrade [10] and are part of ongoing
studies at JET [11]. Tungsten is the material of choice for the divertor sections [12]
of ITER [13,14] (see Fig. 2.3), currently under construction in the CEA Cadarache
Research Center in France [13-18]. ITER will investigate the scientific and tech-
nological feasibility of fusion energy in order to pave the way towards future fusion
power plants.

The use of tungsten as a coating material in the heavily-exposed divertor sections
inevitably means that tungsten will be sputtered off the walls and contaminate the
fusion plasma. The initially neutral tungsten atoms are subsequently ionised via
collision processes, producing tungsten of many different ionisation stages. Above a
certain level of tungsten concentration in the core plasma, the tokamak operation is
limited by radiative losses from these ions. Plasma model calculations suggest that
the fraction of tungsten ions in the core plasma must not exceed a few 107> to be able
to maintain fusion conditions [21]. Ionisation and recombination processes involving
tungsten ions are therefore of major interest for the fusion plasma community.

Studies on radiative cooling processes in high and low temperature plasmas, specif-
ically caused by impurities of tungsten ions, have been published in recent years
[22-24]. Therein, the plasma modelling [15,21] uses theoretical recombination rate
coefficients from the ADAS (Atomic Data and Analysis Structure) data base [25].
The so-calculated charge-state balance for tungsten ions in a fusion plasma of n, =
1x10'" em~2 is shown in Fig. 2.2 as a function of plasma temperature. As discussed
by Badnell et al. [26], the ADAS database contains calculations which are based on
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Figure 2.3.: Cut-open illustration of the ITER vacuum vessel (1) adapted from [19].
The divertor (2) is situated at the bottom of the vessel. Right panel: Lateral cut
of an ITER divertor model [20]. All plasma-facing components (3) of the device
are foreseen to have full tungsten platings. Parts of the divertor can be aligned
(indicated by the blue and black surfaces) to the expected particle flux.

the semi-empirical Burgess General Formula [27] (see Sect. 2.3.1). This is a high-
temperature (and low-density) approximation which does not include low-energy
dielectronic recombination (DR, see Sect. 2.3) resonances. However, recent studies
on highly charged tungsten have revealed that DR of low-collision energies can have
impact on the plasma rate coefficient at higher collision energies.

In their spectroscopic investigation of tungsten line emission at ASDEX Upgrade,
Piitterich et al. [6] had to introduce scaling factors for the ADAS recombination rates
in order to match models of population densities to the observed line intensities.
Even by doing so, a good semi-empirical model could only be constructed for charge
states above W26+, Modelling became increasingly difficult towards lower ionisation
states as the emission lines originating from their high number of energy levels could
not be disentangled easily. The resulting quasi-continuum in the spectrum prevented
identification of individual charge states. In order to reproduce the observed line
intensities by models, accurate rate coefficients for the dominating ionisation and
recombination processes are needed. Theoretical predictions, especially of open 4-f-
shell tungsten, are challenging because of the complex electronic structure involved
(cf. Sect. 2.3.1) and experimental data are required to benchmark theory.
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2.2.2. The Interstellar Medium

In comparison to fusion plasmas, temperatures and particle densities in the inter-
stellar medium are many orders of magnitudes lower (see Fig. 2.1). In cold inter-
stellar gases, as found in dark molecular clouds [28], typical temperatures are below
100 K [28,29] and gas densities in the range of ng = 100 to 1000000 cm™~3 [30, 31].
The chemical evolution [32,33] of these cold media heavily depends on barrierless
reactions involving charged particles, i.e., ion-neutral and electron-ion collisions,
which act as driving mechanisms in the formation of larger molecules [32|. Hence,
the study of the ion chemistry in the ISM requires among others knowledge about
cross sections for the recombination of molecular ions with low-energy electrons.

In addition, singly-charged atomic ions, like C*, N* and O™, are present in molecular
clouds and have a significant impact on their chemical evolution. Until recently the
only recombination process accounted for in the models was radiative recombination
[34]. By inclusion of theoretical DR rate coefficients by Badnell et al. [35] into
gas-grain models of dense, cold interstellar clouds, Bryans et al. found that DR
of these singly-charged species could potentially change their abundances by more
than a factor of 10 [34]. As shown below, energy conservation causes DR resonances
associated with an ionic-core excitation of energy E., to occur at collision energies

E, = Eo — Ey (2.11)

where Fj, is the binding energy of the initially free electron. Important DR channels
in molecular clouds of temperatures 7' < 100 K are associated with core excitations
Eox ~ kT < 0.01 eV.

For the singly-charged atoms of astrophysical interest, H*, He™, C*, N*, O, F*,
Na™, Mg*, Sit, P, ST, CI*, theoretical calculations of DR processes have so far
been carried out only for He™, C*, N*, O", F*, Na', and Mg". At magnetic storage
rings like TSR (Sect. 3.4.1), recombination of light systems, e.g. Dt Het, Lit and
Be™ [36-38], has been studied experimentally. Measurements on the heavier systems
were restrained by the background from electron capture by the stored ions from
the residual gas as well as by field ionisation of high Rydberg states by the strong
deflecting fields of the storage rings. In CSR, however, collision studies with slow,
heavy ions will be possible (cf. Sect. 3.4.2). Given the number of levels in the ground
term caused by fine structure splitting, significant DR contribution can be expected
also for Fet, Sit, Pt and CIT [34]. These elements have a first ionisation potential
below that of H (13.6 V), hence they may be ionised in the molecular clouds by UV
radiation, particle collisions and cosmic rays [39]. However, the database on reliable
recombination rate coefficients of the relevant species is only incomplete and most
of the available data come from theory. Laboratory collision-studies of electron-ion
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recombination processes are required to complete the database and to guide the
development of accurate theoretical approaches.

2.3. Atomic Processes in Plasmas

Of the two fundamental processes governing the charge balance of plasmas as laid
out above, collisional ionisation and electron recombination, the latter is the main
focus of this work. A broader overview over all collisional atomic processes in plasma
can be found, e.g., in Miiller et al. [40].

Recombination in a plasma may generally proceed in two fundamentally different
ways: Via non-resonant or via resonant processes.

Radiative recombination (RR) is a non-resonant, two body-process. A free electron
e is captured by a cation A" of charge state ¢q. The energy surplus is translated
into a photon which is emitted, leaving the ion with a charge state of ¢ — 1. RR is
the time-reversed photo-ionisation process and can be described by the equation

e” + AT 5 Al oy (2.12)

The simplest of the resonant processes is dielectronic recombination (DR) [41] which
involves (at least) three collision partners in the sense that the initial ion A" holds
at least one bound electron. After an electron capture from a continuum state, the
ion remains in an intermediate, excited state. The potential energy of the captured
electron is transferred into excitation of one (or several) bound electrons by electro-
magnetic interaction. This first step is called dielectronic capture or inverse Auger
process. In a second step the daughter ion stabilises by emission of n photons to a
final state which lies energetically below the first ionisation threshold. The equation

e” + AT o [ACDH]T 5 AW Ll > (2.13)

describes these two steps of DR. In competition to that, the ion may autoionise from
the excited intermediate state and thereby restore the original ionisation stage. The
net process is resonant electron scattering.

The two recombination reactions paths RR and DR, can be identified by the charac-
teristic resonant fingerprint of DR in the recombination signal or by the spectrum of
the emitted photons [42]. While the RR process may proceed at any collision energy,
the resonant process of DR occurs only at specific collision energies between the free
electron and the ion. The sum of the kinetic energy of the initially free electron and
its binding potential after the capture process has to match the excitation energy
of one shell electron (see Eq. 2.11). For each given ionic core excitation, there is a
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Figure 2.4.: Recombination rate coefficient of Fe!™ featuring Rydberg series of
DR resonances associated with 2s2p® ?Pg /o — 2s2p° 2S5 and 28?2p° ?Pyp —
25?2p° 2Py core excitations [43].

number of highly-excited Rydberg states nl where the free electron can be captured
into. These energy levels F},, which appear as characteristic resonance structures at
collision energies E\s in the recombination rate coefficient, are called Rydberg series.
The series limit, where Ey — 0, corresponds to the excitation energy FE., of the
core electron. In case of many-electron systems, dense DR resonance series may also
appear for collision energies close to zero, as many, nearly degenerate fine structure
core excitations of the ion are then possible, each marking the high-energy limit of
an infinite Rydberg series of recombination resonances. An example for a recombi-
nation rate coefficient featuring distinct non-resonant and resonant contributions is
given in Fig. 2.4.

In general, multi-electron recombination processes with three or more electrons in-
volved are conceivable, and have been observed in experiments [44,45]. Trielectronic
recombination proceeds, in contrast to the above described basic DR process, via
excitation of two initially bound electrons. Each excited core-electron configuration
again features its own Rydberg series. Hence, by expanding these considerations to
multi-electron excitations, the number of resonant levels increases strongly. Theo-
retical modelling of these extreme cases can become challenging due to the number
of involved autoionising levels and the thus required computing power. Experimen-
tal studies of multi-electron recombination processes revealed that the numerous,
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Figure 2.5.: Recombination rate coefficient of Au?*, an open 4-f-shell ion. The data
and figure are reproduced from [46]. The rate coefficient of forming Au?**™ shows
no apparent DR resonances but a strong enhancement of the rate coefficient near
0 eV collision energy.

overlapping Rydberg series result in broad, resonance structures, preventing an un-
ambiguous assignment of the corresponding energy levels. This behaviour has been
observed for ions with complicated shell structures, e.g. near half-open 4-f-shell
structure, as featured by Au®** (Fig. 2.5) and the tungsten charge states that are
reported on in this work (Sect. 4.2).

2.3.1. Theoretical Description of Electron-lon Recombination

Even though, quantum mechanically, dielectronic and radiative recombination are
indistinguishable processes which interfere with each other, Pindzola et al. [47] found
this effect to be very small. Hence, in the independent processes approximation
(IPA), dielectronic and radiative recombination are normally considered separately.

Radiative Recombination was first described theoretically by Kramers [48] for

the simple case of hydrogenic ions. The cross section U(RR)(E/ ,n) for RR of a bare
ion At with the charge state ¢, forming an ion A=Y+ (n) which is characterised
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by the main quantum number n of the captured electron, is in a semi-classical
approximation given by

2.105 x 107%2cm?
nE (11 n?E")

o) (E ) = (2.14)

where

E =—_ . (2.15)

E is the centre-of-mass energy, and R is the Rydberg constant. However, this
approach is not sufficient to describe systems with higher collision energies. Sto-
bbe [49] provided the first quantum mechanically correct description of radiative
recombination into arbitrary nl states assuming that RR originates from free-bound
dipole transition. This non-relativistic approach is appropriate for light ions only.
Several studies on theoretical radiative recombination cross section have been pub-
lished (e.g. [50-53]), where the latest relativistic approaches also consider multipole-
transitions [52] and QED effects [53].

Dielectronic Recombination can be described by using an isolated resonance
approach (IRA). There, resonances are assumed to be narrow and to not overlap with
neighbouring resonances of the same symmetry. Within the IRA the DR resonance
strength for an ion A?" of an initial state i can be calculated as [54]

(2magln)*mo wy Aalu = i) 32 Ac(u — f)
E, 2w; Zi/ Aa(u — ') + Zf/ Ac(u — f')

54 (B, = (2.16)

where u denotes the unstable, intermediate state, and A, and A, are the rates of
autoionisation and radiative relaxation processes to the possible final states i, 7', f,
and f’. The statistical weights of the initial level i and the intermediate level u are
given by w; and w,. FE, is the resonance collision energy, matching the excitation
energy of the intermediate level u. The remaining parameters are the ionisation
energy of the hydrogen atom Iy, the atomic time unit 7y, and the Bohr radius ag.
The summation over f accounts for all radiative transitions into states which lie
energetically below the ionisation threshold, while the summation over f’ accounts
for all states which are accessible via radiative decay of the intermediated level w.

For application in plasma physics, the DR cross section, which is composed of the
sharp resonances described by Eq. 2.16, is convoluted with the Maxwellian collision
energy distribution of a plasma temperature kgT"

Clfplasma(k.BT’) - (kBT)_3/2 dEUf i E B_E/kBT (217)

\/_
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where m, is the electron mass. When the DR resonances are approximated by delta-
functions, i.e. for o},(F) = ¢},(E;)d(E — E;), the plasma rate coefficient is given
by [41]

(kT = (4#@3]}1)3/2 Wy Aa(u — 1) Zf Ar(u = f) B, /kpT
ptasma (R T) = | o7 2 Sy Aa(t = )+ > Au — 1)

(2.18)
wherein the relations agly = €?(8meg) ™! and 79 = 2€2h3(mm.e*)~' were used. This
expression can be simplified by assuming that, on the one hand, the radiative de-
excitation rate is small in comparison to the autoionisation rate, A, < A,, and, on
the other hand, that the contribution of autoionisation processes into excited states
is negligible, thus A,(u — ') = 0V i’ # i. By further replacement of 2l = a*m.c?,
with a being the fine-structure constant, the plasma rate coefficient transforms into
the simpler form of

1

E2
aplasma(k?BT) V2o CLOhC m o waf f N U) —E/kpT (219)

where the radiative de-excitation rate A,(u — f) is expressed by the dimensionless
absorption oscillator strength f(f — u) of the recombining ion as

E N\ me? Wf =
wo )= (5) I g (2.20)
The widely used Burgess General Formula (GF) [27] is a numerical fit to Eq. 2.20
which is applicable to ions with different charge states ¢. By summation over all
intermediate states u which are accessible from the initial state 7, the plasma rate
coefficient can be calculated using

OZGF—T (Q)Zf(@—”i) (z)e cm” s (2.21)
where
=(1+q) (0, —n?)
A(z) = 2"/ (1 + 0.1052 + 0.01527) x> 0.05
B(g) = [q(1+q)*/(* + 13.4)]""? q <20
E/kgT =158 x 107" (1 +¢)*/ [T. - {14 0.015¢* /(1 + ¢)* }] E/kT < 5.0

T, is the electron temperature, f(z — u) is the weighted absorption oscillator
strength of the recombining ion, and n, and n; are the effective principal quan-
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tum numbers of the initial states ¢ and the intermediate state u, respectively.

This approximation is popular, since it does not require the computation of au-
toionisation rates. However, it is strictly applicable to high-temperature [55] and
low particle-density (ng < 10® ecm™3) [56] plasmas only. In plasmas of higher den-

sities, collisions can interrupt radiative de-excitations cascades and cause the state

population to redistribute. This is the typical case for many applications of plasma
physics [57-59].

Different approaches, described, e.g., by Badnell et al. |26, 60], are based on LS-
coupling or intermediated-coupling (IC) schemes. The LS-coupling scheme is a
frequently used approach for light elements only. Fine-structure transitions are
neglected by the term-based LS-coupling scheme which could result in an underes-
timation of the low-temperature rate coefficient [61] due to LS-forbidden autoioni-
sation processes which are enabled by nuclear-spin orbit mixing. For medium and
heavy ions, calculations which are based on the fine-structure resolving IC schemes
are more accurate.

While the level-resolved, IC approach was found to be in agreement even with the
experimental data of complex system like Au?** [62, 63|, these theories reach their
numerical limit when the number of involved fine-structure levels become exces-
sively high, resulting in a quasi-chaotic structure of the system which gives rise to
multi-electron recombination processes. This behaviour was first observed for open
4-f-shell Au** ions [46]. Figure 2.5 shows the measured recombination rate coef-
ficient, which apparently lacks any clearly distinguishable resonant structures, as
the density of resonances is far beyond the experimental energy resolution. There,
a new theoretical approach had to be developed since level-to-level calculations of
these numerous states would also largely exceed the available computational power.
State-of-the art theories describing these chaotic systems are presented in Sect. 4.3.

2.4. Summary

Plasma modelling of fusion or astrophysical plasmas, requires knowledge of the cross
sections of all relevant processes. However, experimental data are only available for
a limited amount of systems and, hence, theoretical cross sections are needed to
complete the database.

Theoretical calculations can in particular be challenging for complex systems like
highly charged tungsten, which is known to be present in hot fusion plasmas. These
data are of importance for the fusion community since the concentration of tungsten
in the fusion plasma can constrain an efficient operation of the device. Many-body
recombination processes which are enabled by the complex shell structure of highly
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charged tungsten ions cannot be described by standard approximations. Hence,
experimental studies of chosen systems are needed to enable the development of
new theoretical approaches.

The formation of molecules in space are in the focus of ongoing theoretical and
experimental studies. There, the role of dielectronic recombination processes of
singly-charged ions has been neglected for a long time. Recently, theoretical studies
revealed that by inclusion of theoretical DR cross section of singly-charged ions, the
results of the chemical network models can change significantly. Since theoretical
studies are presently not available for all relevant systems, experimental data is
needed to complete the database.
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3. Storage-Ring Experiments on
Electron-lon Collisions

Experimental studies of ionisation and recombination processes provide insight into
fundamental atomic structure and dynamics. As has been shown in the previous
section, this information is valuable in various applications of plasma science since
the charge-state balances in ionised gases depend on the cross sections of the involved
processes. Due to the multitude of possible charge states, the amount of cross section
data exceeds by far what has been measured or what experiments can realistically be
expected to deliver in the future. Hence theoretical models of the cross sections are
developed. In order to assure the accuracy of these theories, experimental data of
selected processes are still needed as benchmarks. Due to their systematic relevance,
these benchmark data sets have to be measured under experimental conditions that
are particularly well understood.

Since charged particles are sensitive to magnetic as well as to electric fields, various
types of devices for the storage and the manipulation of ions, both at low and high
energy, have been developed. One possibility is to form ions in a plasma and study
them in-situ. Electron Beam Ion Traps (EBITs) [64] are an example of a very
successful realisation of this idea. Here, atomic ions are created within an intense
electron beam. The ions are trapped practically at rest in the negative space charge
potential of the latter, and their interactions can be studied in the very same source
plasma that produced them. However, controlled production of specific charge or
excitation states is practically impossible in this way.

One of these limitations can be overcome by extracting the ions from their source,
forming a fast charged particle beam. This beam can be charge-to-mass selected
by magnetic fields. Subsequently, a specific charge state can be guided onto an
experimental target with which to react. However, due to the short time-of-flight
between the ion source and the experiment, such a ‘singe-pass’ set-up (e.g. [65]) still
does not allow excited ion states, that typically form in the source or acceleration
stages, to decay to the ground level.

Heavy ion storage rings certainly offer the most advanced possibilities of charge-
to-mass selection and initial-state control, at the expense of being rather large de-
vices featuring external ion sources and accelerators. Technically, they were derived
from the proton synchrotrons [66, 67| developed in the 1950s to fulfil the needs
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of nuclear and high-energy physics research, but have since established themselves
as workhorses also in the fields of atomic and molecular physics. Ionic atoms or
molecules are created and accelerated prior to injecting them into the ring. In the
storage ring, particles are confined and accumulated on a closed orbit in a vacuum
system by magnetic or electric deflector and focussing elements. Generally, these
‘rings’ are in fact closed polygons with straight sections between the deflectors which
can be used for beam manipulation or experimental equipment. Since these straight
sections may be kept field-free, the stored ions perform a well-predictable drift mo-
tion there, allowing for experiments under controlled conditions. The storage of
highly-energetic ion beams features several advantages, e.g., easy detection schemes,
high energy resolution, and low perturbation due to interaction with residual-gas
molecules. Especially experiments with low cross sections benefit from the fact that
high beam intensities can be reached by beam stacking [68] and that the parent
beam is ‘recycled’, i.e., passes by the experiment multiple times, limited only by the
storage lifetime in the ring. In addition, during storage of atomic and molecular
ion species their excited states have time to decay to the ground level and beam
manipulations such as electron cooling (Sect. 3.3.1) can take place.

Storage rings hence provide ample opportunities for atomic, molecular and cluster
physics. Magnetic storage rings represent the ‘first generation’ of heavy-ion storage
rings. Various devices, e.g. TSR (Sect. 3.4.1), CRYRING [69] or ESR [70], have been
built and operated in the last decades. They enabled measurements on electron-ion
recombination and ionisation of highly-charged ions [71-73], molecular dissociation
[74], QED effects |75], DR of cluster ions [76], lifetimes of metastable states [77],
and studies on biomolecules [78,79]. Their experimental potential has not yet been
exhausted and new experimental set-ups are still being built, e.g. the FAIR facility
[80] at GSI, or the set-up of TSR at the HIE-ISOLDE facility [81] at CERN.

With ELISA [82], the first fully electrostatic storage ring was conceived and today,
several off-springs of this facility are in operation or in construction [83-87]. CSR,
as further described in Sect. 3.4.2, features not only an all-electrostatic design, but
also a fully cryogenic (~10 K) beam line and hence provides perfect conditions for
experiments on low-energetic particle beams. In comparison to similar, electrostatic
and cryogenic storage rings in operation [83] and in construction [87], CSR is the
only one that will feature an electron cooler and, hence, allow studies of ion-neutral,
ion-photon, and ion-electron collisions with cooled, low-emittance stored beams.
DESIREE [83] is a storage device in operation at Stockholm University, Sweden,
which consists of a double ring structure allowing to store ion beams of opposite
charge and to merge them under cryogenic operating temperatures. The electrostatic
and cryogenic storage ring under construction at RIKEN [87], Japan, is dedicated
to experiments on atomic and molecular ions employing tunable laser and merged
neutral beams. Another facility of the same type is the TMU electrostatic ion
storage ring [84], Japan. In contrast to CSR, DESIREE and RIKEN, this ring is
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operated at a more elevated temperature of 77 K.

CSR, as shown in Fig. 3.5, will enable experiments at an ambient temperature of
~10 K at extremely high vacuum (XHV) conditions of 1x107'* mbar room tem-
perature equivalent (RTE) pressure. CSR will allow to re-enact processes which
were restricted to the ISM before, since they would not take place under standard
laboratory conditions. As a proof of concept for the cryogenic design of CSR, a cryo-
genic electrostatic trap for fast ion beams (CTF) [88] has been built and operated
successfully during the last years.

3.1. Characteristics of Storage Rings

Storage rings are characterised by an acceptance which limits the phase-space volume
within which particles can be stored on a closed orbit. Collisions with residual-gas
molecules lead to beam losses, hence the rings are evacuated to a vacuum pressure
of typically about 1071° to 10~ mbar in order to minimise them. Moreover, stable
orbits are only possible for particles of a certain charge-to-mass ratio. Experiments
exploit that fact, since charge-changed products and fragments generally leave the
closed orbit in the bending elements following the experimental sections. These
daughter particles can be studied with detectors placed near the closed orbit without
affecting the stored beam. In case of neutral products, stationary particle detectors
can be used, while for charged products moveable detectors are necessary to account
for the different trajectories of the daughter products due to their specific charge-
to-mass ratios.

The equation of motion for charged particles in a static electro-magnetic field takes
into account the sum of the electric and Lorentz forces

F =ge- (Eq+ v x B)=mi (3.1)

with m, ¢ and v being the ions mass, charge state, and velocity, respectively, e de-
noting the elementary charge, and E, and B the electric field strength and magnetic
induction. For a circular trajectory this is equal to the centripetal force at a radius

r

mv2

Fl=F=—- : (32)

In case of a purely magnetic storage ring, like TSR which is described in Sect. 3.4.1,
the bending radius r,, in the deflecting dipoles depends on the absolute value B of
the magnetic induction B, as well as on the charge-to-mass ratio g/m of the stored

particles:
muv
T = o B ) (3.3)
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The magnetic rigidity
rmB =2 (3.4)
qe
characterises the ability of the specific ring to store particle of momentum p and

charge ge.

While magnetic storage rings are valuable devices for experiments on highly-charged
ions, that are characterised by a relatively low charge-to-mass ratio, the power con-
sumption of the magnets causes high operating costs of these devices.

In order to provide new experimental possibilities, especially for massive molecular
ions, several electrostatic storage rings have been constructed during the last years.
As first demonstrated by the ground-breaking ELISA storage ring [82], they have
proven to work as reliably as magnetic ones. The bending radius in the electric
deflectors r. is dependent on the charge-to-mass ratio according to

mu?

(3.5)

e quel
where Eg is the electric field strength. As easily seen from Eq. 3.5, and in contrast
to Eq. 3.4, the bending radius now depends on the kinetic energy rather than the
momentum of the particle. At given energy and charge state, there is no explicit
dependence on the particle mass. This is a great practical advantage, as in a fully
electrostatic facility it is possible to change the mass of the stored ion without
modifying the deflecting or focussing fields. In analogy to Eq. 3.4, the rigidity of an
electrostatic storage ring can be defined as

2
mu 20
’["eEel = — = k
ge qe

(3.6)

Even though ordinary storage rings, magnetic as well as electric, can cover a wide
range of experiments, in the study of processes relevant to the cold ISM they
meet their limitations in respect to ambient temperature and vacuum quality (cf.
Sect. 2.2.2). Hence, new, cryogenic storage devices have been designed specifically
for reaction studies of ion species which are known to be abundant in the ISM. The
cryogenic environment improves the vacuum pressure due to cryo-adsorption and si-
multaneously limits the thermal black-body radiation which is particular important
in the studies of molecular ions.

Excitation energies for rotational levels of molecular ions can be as low as a few meV
and thus these levels are easily excited by thermal radiation from the surroundings.
Wien’s displacement law approximates the photon wavelength A,,(7") where the
energy density of the black-body radiation of the vacuum chamber has its maximum
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at a given temperature 7"

28978 um - K

An(T) = =

(3.7)
For an ambient temperature of 300 K this wavelength is in the infra-red region
and thermal radiation of this energy is able to excite rotational states in most
molecules [89]. Unless for the rare case of molecular ions of zero electric dipole
moment, this makes studies on ground-state molecular ions impossible in room-
temperature storage devices. Hence, in order to enable ground-state studies on
various molecular species, the ambient temperature of the beam-guiding vacuum
chamber should not exceed ~10 K.

The residual-gas pressure in a storage device is limited by gas desorption from the
surfaces of the walls of the vacuum vessel. Since this value is temperature dependent,
the vacuum pressure can be greatly improved by cooling of the whole vacuum system.
Thus, a cryogenic storage ring features long storage times, enabling experiments also
on very heavy, singly-charged ions of very low velocities.

The lifetime 7 of a stored ion beam is limited by the residual-gas particle density
ng, since it is connected to the mean free path length [, the cross section o, and the

ion velocity v by
[ 1

el 3-8
TTY T neo (38)
The particle density ng is itself given by
P
= 3.9
L kgl (3.9)

with the residual-gas pressure P, the temperature 7', and the Boltzmann constant
kp. At a given particle density, which represents the quality of the vacuum, the pres-
sure is temperature dependent and it is therefore convenient to specify the pressure
in room temperature equivalent (RTE) units.

3.2. Merged-Beams Experiments

Today, the merged-beams technique is a well-established method for interaction
studies with high energy resolution on atomic and molecular species [90,91|. The
essence of this technique is that two fast particle beams (atoms, ions, electrons or
photons) are forced onto a common (collinear) trajectory for a finite distance of
typically several tens of centimetres. For massive particles, this configuration allows
for experiments at very low collision energies given that the two beams can have
similar velocities.
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Following the interaction region, the massive collision products can in many cases
be easily collected by particle detectors arranged in the forward direction of the
experimental section. This is also true for daughter particles which have large scat-
tering angles in the centre-of-mass (CMS) frame of the collision process, given that
the energy released in the reaction is normally small in comparison to the kinetic
energy in the laboratory frame. If the geometrical overlap and density distributions
of the two merged beams are known, absolute measurements of the reaction cross
sections are possible.

Storage rings provide excellent conditions for merged-beams experiments as, due to
the principle of ‘recycling’ the stored particles, repeated interactions with targets
are possible. In addition, long storage times may allow for accumulation of high
beam currents and state-selective preparation of molecular and atomic ion species.
Electron coolers, as described in Sect. 3.3.1, can be used for phase-space cooling
of the stored ions and, since they feature long electron-ion interaction regions, as
merged-beams targets for electron collision experiments.

The deflectors following a merged-beams interaction region separate the product
particles according to their different charge-to-mass ratios compared to the parent
beam, allowing for the collection of the daughter products without interacting with
the stored beam.

The reaction cross section of a certain product forming at a rate R in an interaction

volume V' is given by [91]
R v

o= ———

Q ve — vy

where v, and v; are the target and ion beam velocities, respectively, and the beam
overlap integral  over the reactant particle fluxes J, and J; (of dimension cm~2s™!)

is defined by
Q:/// LIAV (3.11)
1%

In case of extended beam envelopes, determination of this beam overlap integral can
be challenging.

(3.10)

3.3. Electron-Cooler Storage Rings

In order to be able to control the fundamental parameters of electron-ion collision
experiments, ion beams of low divergence, small diameter, and small longitudinal
momentum spread are desired. In the accompanying CMS system this means to
lower the effective temperature and therefore ‘cool’ the ion beam. Static external,
electromagnetic fields can only change the shape of the phase space of the beam
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particles, but not change its volume or increase the particle density therein. Besides
several other methods, e.g., radiative damping or stochastic cooling, electron cooling
[92] is a simple and efficient method of phase-space cooling which has been developed
in the early 1960s. While electron cooling is also feasible in ion traps [93], its genuine
realm of application is the storage ring.

3.3.1. Electron Cooling

In an electron cooler a cold, single-pass electron beam is merged with the stored,
hot ion beam at an average relative velocity of practically zero. The intense elec-
tron beam is normally guided by a weak (few tens of mT) magnetic solenoid field.
Collisions between electrons and ion transfer (thermal) kinetic energy to the cold
electrons. By passing the hot particle beam repeatedly through the cold electron
bath, the stored, hot particle beam is cooled down towards the temperature T, of
the electrons resulting in a decreasing phase space volume, i.e., the stored beam is
spatially compressed and its internal velocity spread is reduced. As the single-pass
electron beam is continuously renewed, no heating of the electron beam occurs. Still,
the equilibrium temperature is somewhat larger than 7, as heating by intra-beam
scattering (IBS) in the ion beam competes with the electron cooling. The time
needed for the cooling of a ‘hot” ion beam of mass m; and charge state ¢ to the
equilibrium temperature is [94]

(3.12)

where n. is the electron beam density.

The requirement of equal average velocities of electron and ion beam (v; = 7;) leads
to the following dependence between the electron kinetic energy E. and the ion
energy Ei, [94]

Ee,cool = % : Eion (313)
m

i
where m, is the electron mass. In the following, E, ... is referred to as the ‘cooling
energy’ of the electron for a given stored ion beam.

3.3.2. Electron Target

As mentioned above, by detuning of the electron energy E., the electron cooler
can also serve as an electron target for collision experiments at non-zero collision
velocities. In a relativistic calculation, the collision (or ‘detuning’) energy E,; can
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be derived from the (laboratory) kinetic energies of the electrons and ions, E, and

Eiom by [95]
m m -2
E; = mc® (1+—8>- 1+2— <1+—) (G—-1)—1 (3.14)
m; m; my;

G = — cosOy/ (72 — 1) (42 — 1) (3.15)

depends on the angle © between the two beams and on the relativistic factors
v = 1+ Eion/mic* and v, = 1 + E./m.c®. In the classical limit and © = 0° a
much simpler result is obtained: [96]

Ey= mevd (\/_ Vi ecool) (3.16)

with E, oo from Eq. 3.13. In the merging and de-merging sections of an electron
cooler an angle appears between the trajectories of the electron and ions leading to
an increase of the average detuning energy Fy. In order to account for this effect, a
deconvolution procedure has been developed [97].

where

In an electron-cooler used as merged-beams target, Eq. 3.10 and Eq. 3.11 simplify
significantly, as the cooled ion beam is fully contained within the electron beam of
homogeneous density n.. The rate of reaction products is then:

Leﬂ

R = n, (ovy) e N; (3.17)

with the detuning velocity vy = [v; — 7;| (derived from the mean velocities of elec-
trons v, and ions ;) and the number of stored ions N;. In order to receive the
effective number of ions interacting with the electron beam, N; has to be scaled
with the ratio between the electron-ion overlap length L.g and the full storage ring
circumference C'. Since L.g and C are known parameters and the reaction rate
R, ion number N;, and density n. can be measured, (ocv,) can be derived experi-
mentally. The latter is called the merged-beams reaction rate coefficient and in a
relativistically correct calculation given by [98§]

R
(1 - ﬁiﬁe)neNiLeff/C

where (1 — ;53.) is a relativistic correction factor with 5 = v/ec.

a(Ey) = (ovg) = (3.18)
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3.3.3. Energy Resolution

Both particle beams, ions and electrons, are characterised by certain velocity spreads
which determine the energy resolution of the merged-beams experiment. Under
cooling condition, the average velocity of electrons v, and ions v; are equal and the
beam temperatures in the co-moving frame are given by

T, = Q;G—z{;me (3.19)
T = % (3.20)

where f. and f; are the numbers of degrees of freedom of electrons and ions, and
ov, and dv; their respective velocity spreads along a certain direction in space. In
principle, the ions could transfer energy to the electrons until a thermal equilibrium

(T; = T.) of
1/2
Sv; = (feme) Sve (3.21)

Jim;
is reached so that dv; is much smaller than dv.. In reality, as noted above, IBS
competes with the electron cooling. The finally achieved ion temperature is hence
limited by the balance between electron cooling and IBS induced heating. However
in most experiments 7T; stabilises close enough to T,, so that the overall collision
velocity spread is still dominated by the electron temperature.

In the co-moving frame of the beam, the electron temperature T, is characterised by a
transverse and a longitudinal component, T, and T. Since the guiding magnetic
field suppresses thermalisation among the transverse and longitudinal degrees of
freedom of the electrons, the two temperatures may be different. As long as the
(average) detuning energy Fy is much larger than the transverse thermal energy of
the electrons kgT,,, the collision energy spread 0FEy and, hence, the experimental
energy resolution, is limited by kgT,|, while at very low average collision energies, it
converges to kg1, . The overall energy resolution at a collision energy FE,; is given

by [99]

0Fs = \/ (ko Tes In(2))? + 16Eakp Ty In(2) - (3.22)
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Figure 3.1.: Photography of the Heidelberg TSR, in operation until end of 2012. In
the front section, the injection (1) and extraction (2) beam lines are shown.

3.4. Storage Rings of the Max Planck Institute for
Nuclear Physics

Within this work, measurements at two different storage rings were performed. Both
storage rings are located at the Max Planck Institute for Nuclear Physics (Max-
Planck-Institut fiir Kernphysik, MPIK) in Heidelberg, Germany.

3.4.1. Test Storage Ring (TSR)

The Test Storage Ring (TSR) [81,100-103| (Fig. 3.1), is a heavy-ion storage ring
that was operated at MPIK until the end of 2012. It features a maximum rigidity
(Eq. 3.4) of 1.5 Tm [104]. At TSR, the beam intensities of stored ions can be
increased by a combination of multiturn injection and electron cooling-stacking [68],
which can enhance the stored ion current by a factor of several thousands compared
to that of the injection accelerator. The TSR’s vacuum conditions in the range of
10~ mbar are achieved mainly by Ti sublimation and ion getter pumps [101]. In
addition, the storage ring is designed for a bake-out temperature of 300°C.

During its operation time of 24 years, a multitude of experiments (e.g. [105-110])
employing different ion sources, accelerators and detectors have been conducted. In
the following, only the parts of the set-up relevant for the here described experiments
are presented.
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3.4.1.1. General Design

In TSR, ions are confined on a closed orbit of 55.4 m circumference by four sets of
pairs of 45°dipole magnets, five quadrupole magnets and three sextupole magnets
arranged in the corner sections of the ring (see Fig. 3.2). In addition, TSR features
four 5.2 m long straight sections used for injection and extraction of the beam, beam
diagnosis, and experiments. As a unique characteristic, TSR is equipped with two
electron beam devices dubbed ‘Cooler’ [111] and ‘Target’ [112]. In spite of those
names, both can be used for electron cooling and collision experiments. In order
to collect the products created in electron-ion reactions, the corner sections behind
these devices are equipped with several kinds of particle detectors.

3.4.1.2. TSR Electron Coolers

The original TSR electron cooling device, Cooler for short, creates an electron beam
from a thermionic emitter cathode heated to ~1100°C [111]. As schematically de-
picted in Fig. 3.3, the electron beam is guided by solenoids into a toroid magnet,
where the electrons are bent by an angle of 45° and are merged with the stored ion
beam. The subsequent interaction section is embedded into a solenoid surrounding
both particle beams. The ion and electron beams can be steered such that the ion
beam is fully contained within the electron beam. Effectively, of the 5.2 m long
straight section only 1.5 m are actually used for electron cooling in order to avoid
conflicts with the dipole magnetic fields [113]. Since, in the toroids, the velocity vec-
tors of the electrons are not yet perfectly aligned to the ion beam axis, the effective
interaction length L.g where ions and electrons have the specified collision energy is
even shorter than those 1.5 m, as will be discussed in Chapter 4.

The transversal temperature kg7t catn Of electrons emitted by the cathode is about
0.1 eV. However, implementation of an adiabatic expansion system [114,115] allows
for further reduction of this temperature. The expansion factor £ of the Cooler can
be varied between 1 and 30 [81,116]. The transversal electron temperature is hence
given by
k Te ca’

kpT,, = % _ (3.23)
In the standard operating mode & = 9.6, the transversal electron temperature is
about 10 meV.

The second electron cooler ‘Target’ [112,118,119] for high-resolution collision exper-
iments was installed at TSR in 2003. From 2007, a LNjy-cooled photocathode was
employed as an electron source. As compared with a hot thermionic cathode, this
leads to a much decreased electron temperature and improved energy resolution.
With the Target in place, the Cooler was mostly used for phase-space cooling of the
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Figure 3.2.: Schematic layout of TSR including the electron beam devices ‘Cooler’
and ‘Target’, the injection and the extraction beam lines. Each corner section of
the storage ring following the experimental sections of the two electron coolers
house a number of various particle detectors.

ion beam while the Target served as target for collision studies. However, due to
the limited quantum efficiency of the photocathode, the Target can only provide a
maximum emission current of few mA [119] while the Cooler can provide currents
up to 1 A and is therefore still used as target for collision experiments where the
expected reaction rate is only small due to a low cross section or a small number of
stored ions.
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Figure 3.3.: Schematic layout of the TSR electron ‘Cooler’ section including the
detector array which is situated behind the subsequent dipole magnet of TSR
[117]. The ionisation products are collected with the inner single-particle detector,
while the charged and neutral recombination products are detected on devices
located outside the closed orbit.

3.4.1.3. TSR lon-Sources and Accelerators

At the TSR facility, several ion sources and accelerators were available. A high
current injector (HSI) consisting of radio-frequency quadrupoles (RFQ) and an as-
sociated drift-tube linear accelerator (LINAC) could provide high intensities of ion
beams produced, e.g., in a CHORDIS ion source (low-charged ions) or an electron
cyclotron resonance (ECR) source (highly-charged ions) [120].

For most measurements on highly-charged ions, a 12-MV Tandem Van-de-Graaff
accelerator [120] was employed. It was fed by a high voltage platform which could
be equipped with several kinds of negative ion sources (e.g., a charge exchange
duoplasmatron for light ions and a high intensity sputter source for heavier ions).
Electron stripping of the ions was done by gas or foil strippers at various energy
stages within and after the Tandem beam line.

A second Van-de-Graaff accelerator with a maximum acceleration voltage of 2.7 MV
could be used either as a negative ion injector for the 12-MV Tandem accelerator or
directly as a source for positively charged molecular ions.

All accelerators were backed by a drift-tube postaccelerator [120] section for further
increase in ion energy, which also provided additional strippers and charge-state
selecting magnets.

3.4.1.4. TSR Detectors

At TSR, among others, experiments on ionisation and recombination rate coefficients
of highly-charged atomic ions have been conducted [71,72,98,121,122]. In the corner
sections following the TSR electron coolers, the charge-changed reaction products
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Figure 3.4.: Schematic drawing and open view of a CEM single-particle detector [123]
as it is used at TSR. The CEM is situated in the focal point of the converter
cathode. The left figure has been adapted from Rinn el al. [123].

Table 3.1.: The standard operating potentials of the TSR CEM-detectors (Fig. 3.4).
Even though a potential difference of AUcgy ~ 3 kV between CEM cone and
collector is feasible, it is normally operated with the given lower gain voltage.

Uconverter -1.1kV
Urepeller -800 V
UCEMcone -700 V
AUcgm 1.8 kV

are separated from their parent beam by dipole magnets according to their charge-to-
mass ratio. In order to collect daughter particles produced in collision experiments
with the TSR Cooler, moveable single-particle counting detectors as developed by
Rinn et al. [123] are situated in the following corner section (cf. Fig. 3.3). They are
driven from outside the experimental vacuum chamber by linear actuators which
are sealed by long edge-welded bellows. One detector is situated on the inner side
of the closed orbit for detection of ionisation products, while its counterparts for
collecting recombination products is mounted at an opposite flange at the outside
of the storage ring. The actual particle sensor is a secondary-electron converter
cathode backed by a channel electron multiplier (CEM) detector with a repelling
electrode in a grounded housing (Fig. 3.4). Secondary electrons, generated by ions
impinging onto the converter, are accelerated towards the CEM funnel creating an
electron avalanche which can be measured as a current pulse at the end of the CEM
channel. The standard operating potentials are given in Tab. 3.1.

The geometry of the converter, repeller and CEM is such that the detector has got
an effective counting efficiency of practically 100% [123| for energetic ions. The
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Figure 3.5.: Photography of CSR during preparation of the room-temperature com-
missioning phase in spring 2014. At this point, the isolation vacuum chamber was
still open, showing the copper-wrapped beam-guiding vacuum chamber. During
commissioning, the outer chamber was closed in order to provide safe high-voltage
operation. Since the thermal shields were not yet completely installed at this time,
the storage ring could not yet operate in cryogenic mode.

detector features a circular opening of 20 mm diameter, which is sufficiently large to
collect the entire daughter beam. Since the vertical acceptance window of TSR for
stored parent beams is larger than this aperture, the detectors are not only moveable
horizontally, but also vertically.

3.4.2. Cryogenic Storage Ring (CSR)

CSR, as shown in Fig. 3.5, is an electrostatic, cryogenic storage ring with a maximum
design energy of 300 keV per unit charge for the stored particles, equivalent to an
electric rigidity of ~600 kV according to Eq. 3.6.

3.4.2.1. General Design

The storage ring, as schematically depicted in Fig. 3.6, has got a circumference of
about 35 m and a fourfold symmetry. Each lattice section consists of two sets of
quadrupole doublets, two 39° dipole and two 6° dipole deflectors. Each corner sector
starts with a focussing quadrupole, followed first by a 6° deflector and second, behind
a drift region, by the first 39° deflector. A second, shorter drift region is followed by
the same elements but in reverse order, forming an effective deflecting angle of 90°.
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In between these corners there are four 2.4 m long, straight drift sections. Three
of these sections are reserved for experiments, the fourth straight section is used
for beam diagnostics. Except for the experimental section reserved for the future
electron cooler ((J) in Fig. 3.6, described in Sect. 3.4.2.2), all straight sections feature
two pairs of capacitive beam position pick-up electrodes ((E) in Fig. 3.6) following
and preceding the quadrupole doublets. In addition to that, the diagnostic section
is equipped with an ion current pick-up electrode and a Schottky-noise pick-up
electrode. The single turn, destructive beam-imaging system consists of three beam
viewers equipped with off-the-shelf MCP-phosphor-screen stacks (BOS-40 by Beam
Imaging Solutions). A radio-frequency system for beam bunching and synchrotron
acceleration is integrated into the first straight section following the injection corner,
from which ion beams are fed into CSR in single-turn mode, by fast switching of
one of the 6° deflectors [86].

The corners following the experimental sections of the CSR will be equipped with
various kinds of detectors. The initial defecting angle of 6° is small enough to allow
for separation and detection of a variety of charge-changed reaction products, but
still large enough to allow neutral particles to pass the following 39° deflector in
order to be collected on dedicated detectors next to the latter. By integrating two
39° deflectors instead of one 78° deflector, an additional drift section between the
39° dipoles provides an opportunity for fine-grained separation of product particles
of charge-to-mass ratios close to that of the stored parent beam. For the first CSR
experiments two detectors ((K) in Fig. 3.6) have been installed in the corner following
the electron cooler section, one of which was developed as part of the here reported
work (Sect. 3.4.2.3).

3.4.2.2. Low-Energy Electron Cooler

An electron cooler with an interaction section of 1 m will be included in CSR in 2015
(c.f. Fig. 3.6). It will be used for electron cooling and in addition serve as target for
electron collision experiments. The electron cooler will re-use the TSR photocathode
system [119] for generating low energy, cold electron beams of kinetic energies down
to 1 eV [124] allowing for phase-space cooling of singly-charged 300-keV ions with
masses of up to 160 u [125].

The electron source will be installed in the room-temperature part of the new elec-
tron cooler system. The merging and de-merging sections connecting the room-
temperature parts to the cryogenic parts of the new cooler, had to be redesigned
completely. Particle energies at CSR are significantly lower than at TSR. In order
to avoid irreversible disturbance of the ions by the toroidal magnetic field, a combi-
nation of superconducting toroidal deflectors and dipole magnets, shown in Fig. 3.7,
is used for merging of the beams. In the new design, the toroidal deflectors do not
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Figure 3.6.: Schematic top-view illustration of CSR including injection (A), beam
bending and focussing optics (39° deflectors (B), 6° deflectors (C) and quadrupoles
(D)), beam diagnostics (position pick-ups (E), Schottky pick-up (F), current pick-
up (G), RF (I) and beam viewers (H)), the future electron cooler (J) and product
detectors (K).

influence the stored beam and the remaining disturbance of the ions by the dipole
merging field can be corrected for by compensation elements preceding and following
the electron cooler section. The newly designed, cryogenic merging and interaction
section of the electron cooler will replace the temporary laser interaction section
which is used as experimental section in the first cryogenic beamtime at CSR.
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Figure 3.7.: Sketch of the CSR electron cooler. The cooler consists of three parts:
two room-temperature sections ((1) and (2)) and the cryogenic merging and in-
teraction beam line is incorporated in the isolation vacuum vessel of CSR. The
TSR photocathode system will be mounted to the injection side (1), while the
opposite side (2) will house the electron collector. The electrons (B) are merged
with the ion beam (A) in the interaction section (3). The disturbances of the
ion trajectories by the magnetic fields of the toroids (4) can be corrected for with
additional dipole magnets (5) situated in front of and after the interaction section.
(6) and (7) are the quadrupole dublett and the 6° deflector of the neighbouring
CSR corner sectors.

3.4.2.3. CSR Detectors

In 2014, two particle detectors have been installed at CSR in the corner section
following the future electron cooler section. A neutral imaging detector [126] with
a large sensitive area of 120 mm diameter is installed ahead of the electron cooler
section. It consists of a chevron MCP stack backed by a phosphor screen which
will be monitored from the room-temperature side of the set-up by a fast camera
system. This detector, called NICE (Neutral Imaging in Cryogenic Environment),
will allow for analysis of fragmentation processes by imaging and timing of near-
coincident neutral product particles. In addition, a movable particle counter [127],
in detail described in Chapter 5, for detection of charge or mass-changed daughter
products, is situated after the first 6° deflector of the corner following the future
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electron cooling section.

3.4.2.4. Structure of CSR Vacuum System and Thermal Shields

In order to reach an ambient temperature below 10 K, CSR consists of two vacuum
systems [128]. The beam-guiding vacuum system is made of stainless steel vacuum
chambers which are cooled by liquid helium down to a temperature below 10 K in
the cryogenic operating mode of CSR. The helium pipes are connected via thick
copper meshwork to the chamber walls, which, in order to provide an overall good
thermal conductance, are themselves completely wrapped in thin copper sheets.

The envisaged vacuum pressure of the beam-guiding chamber is 10~ mbar RTE in
cryogenic operation mode. In order to reach UHV (10~ mbar) condition also in
room-temperature operation, the beam-guiding vacuum chamber can be baked to
up to 250°C. At room temperature, the experimental vacuum is mainly pumped by
non-evaporative getter pumps (NEGs), ion-getter and charcoal cryo pumps. In the
cryogenic operating mode, these pumps are supplemented by cryo-condensation of
hydrogen at 2 K cold surfaces which are thermally coupled to the superfluid liquid
helium circuit.

The beam-guiding vacuum chamber is completely enclosed by the isolation vacuum
system. Its purpose is mainly to protect the cryogenic vacuum chambers from ther-
mal heat load through convection from the room-temperature surfaces. In addition,
as it is shown in Fig. 3.8, there are two thermal radiation shields inside the isolation
vacuum chamber. The inner shield directly surrounding the beam-guiding vacuum
chamber is kept below 40 K during cryogenic operation. The shield rests on titanium
supports on the bottom of the isolation vacuum chamber. Identical titanium posts
hold the beam-guiding vacuum chamber on top of the 40-K stage.

The second thermal shield, surrounding the 40 K shield, is held at a temperature of
below 80 K during cryogenic operation. It is wrapped with several layers of thermal
multi-layer insulation (MLI) [129,130]. As this material cannot withstand the high
bake-out temperature of 250°C, the 80 K shield is equipped with water cooling pipes
to keep the temperature below 100°C during bake-out.

CSR is designed to allow also experiments on ions of very low rigidity. This is the
main reason for the all non-magnetic design of CSR. Particles of small velocities
and high charge-to-mass ratio are easily distracted by magnetic fields. In order to
avoid any disturbances of the ion trajectories by remanent fields in the ring itself
and in order to allow for the future possibility to compensate the Earth’s magnetic
field by external coils, all materials installed in vicinity of the stored beam orbit are
required to be of very low relative magnetic permeability (u,. < 1.01).
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Figure 3.8.: The two vacuum chambers and
the thermal shield structure of CSR. The
40 K and 80 K shields surrounding the beam-
guiding vacuum chamber (1) are fully con-
tained within the isolation vacuum vessel (4).
Since the side and top plates of the shields
are not yet installed here, (2) and (3) mark
only the base plates of the 40 K shield and
the 80 K shield including the surrounding
multi-layer insulation. The 40 K base plate is
used for mounting of the beam-guiding vac-
uum chamber, which is resting on titanium
posts, and of the 80 K shield, which is hang-
ing on thin Inconel wires.

3.4.2.5. lon Sources

The storage ring is fed by an ion injector platform, which can be biased at positive or
negative potentials of up to 300 kV and equipped with different kinds of ion sources,
e.g., sputter ion sources for negative ions, Penning sources, ECR ion sources for
positive ions, a buffer-gas 22-pole-trap for creating precooled ions [131], or an electro-
spray source for large biomolecular ions. A second, smaller source for production of
anions with a kinetic energy of up to 60 keV will be attached to the ring in 2015.
Using the same injection beam line as the standard CSR ion source platform, these
negatively-charged ions are neutralised via laser interaction prior to injection into
CSR [132]. This set-up will then enable collision studies between neutral atoms and
ions stored in CSR.

3.4.2.6. Present Status and Future Experiments

CSR has been commissioned at room-temperature operation in spring 2014. Al-
though the beam-guiding vacuum chamber had been baked out at 120°C, due to
limited pumping facilities then installed the pressure in the beam-guiding vacuum
chamber was not better than 1 x 1077 mbar causing the lifetimes of the stored par-
ticles to be as short as 1 ms [86]. Still, 50-keV Art and N3 were successfully stored
and first performance tests with the beam diagnostics and the detector array [127],
as reported in Sect. 5.3.1, took place.
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In the present status of CSR, the ring is equipped with a laser interaction section
at the position where the CSR electron cooler will be installed later. The set-up
allows for experiments with crossed (6, = 90°) or grazing angle (0, = 2.7 °) beams,
the latter results in an interaction length which is ~20 times larger. In March 2015,
the CSR has been cooled down to cryogenic temperatures and the first experiments
on photodetachment and dissociation of molecular ions at a temperature of less
than 10 K are presently being prepared. An Optical Parametric Oscillator (OPO)
laser (EKSPLA NT 342B with a SH/SF generator) will be used for first studies
on rotationally cold molecular ions. The first candidate molecular ion is OH™.
Photodetachment studies on molecular OH™ of a rotational temperature of 5746 K
have been preformed previously [133] showing a change of cross sections at given
photon energy due to the closing of detachment channels with ongoing rotational
de-excitation of the anion. Therefore OH™ can act as a molecular ‘thermometer’
and demonstrate the CSR’s capability of storing internally cold ions.

Later in 2015 the laser interaction section will be replaced by the new CSR electron
cooler. In addition, the above mentioned neutral interaction section will be installed
in the first straight section following the injection. With the electron cooler available
the subsequent cryogenic beamtime can be used for experiments on recombination
of cooled atomic ions and molecular fragmentation via electron capture.
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4. Experimental Recombination Rate
Coefficients of Tungsten lons

As discussed in Chapter 2, the understanding of the temperature-dependent con-
centration of tungsten ions in man-made fusion plasmas is critical as it limits the
parameter space for plasma ignition and can hence hamper efficient operation of fu-
sion reactors. Since highly-charged tungsten is known to be abundant in the fusion
plasma, accurate data on their electron-ion recombination cross sections is valu-
able knowledge for the fusion community. The only data available for intermediate
charge states of tungsten with open 4-f-shells, were, until recently, the theoretical re-
combination rate coefficients of the ADAS database. However, experimental studies
on half open 4-f-shell gold ions [46] revealed that the recombination rate coefficient
is enhanced towards lower collision energies due to multi-electron excitations [134]
which were enabled by the chaotic nature of the system. Hence, the ADAS data
for tungsten ions with similar electron-configuration were expected to be inaccu-
rate since these processes were neglected in the calculations. Laboratory studies on
electron-ion recombination of highly-charged tungsten serve as test-benches that are
needed to rebut, support and eventually improve new theoretical approaches.

Before the here reported work, only few direct measurements of recombination rate
coefficients of highly-charged tungsten ions had been published [72,135]. By investi-
gating recombination of Wt forming W', Schippers et al. [72] found that the rate
coefficient in the energy region below 50 eV is dominated by resonant processes like
DR while the contribution from RR is negligible. These strong, mutually overlap-
ping low-energy recombination resonances have a significant impact on the overall
thermal plasma recombination rate coefficient even at the rather high temperatures
of interest for fusion devices. A discrepancy of a factor of four was found between
the experimental results and the ADAS rate coefficient, showing the need for more
sophisticated, theoretical calculations.

In an effort to understand these experimental findings, and similar effects in other
open f-shell ions [46], new theoretical approaches for calculating recombination rate
coefficients of highly-charged tungsten ions with an open 4-f-shell have been de-
veloped [60, 136, 137]. The calculations are technically challenging since the large
number of energy levels that these configurations support yield numerous, multi-
electron excitation channels. However, two approximation approaches, a statistical
theory by Dzuba et al. [137] and the partitioned-damped level-resolved calculations
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by Badnell et al. [60,135], have proven their ability to reproduce the experimental
data better than any other theoretical approach that is presently available.

Based on the experimental expertise gathered in the measurements on W2+, and
in order to provide a series of experimental recombination rate coefficients of four
neighbouring f-shell highly-charged tungsten ions, storage-ring measurements on
Wt forming W, W% forming W, and W2 forming W?°* have been per-
formed. Parts of this work have previously been published by Spruck et al. [135].
The experimental procedure including measurement schemes and a discussion of sys-
tematic uncertainties are given in Sect. 4.1. The experimental results are presented
in Sect. 4.2. The latest theoretical models, developed by Dzuba et al. [136] and
Badnell et al. [135], for reproducing these findings are briefly discussed in Sect. 4.3.
The comparison between experiment and theoretical results is given in Sect. 4.3.3.
The findings are summarised in Sect. 4.4.

4.1. Experiment

In a series of measurements, absolute rate coefficients of W'+ [135], W19 [13§],
and W2 were studied at the TSR heavy-ion storage ring, already depicted in
Sect. 3.4.1. The employed experimental procedure and data analysis have also been
described for the previously published measurement of W2°* [72] and many other
experiments on DR performed at the TSR storage ring. After creating a parent
beam of ~10 puA of negatively-charged tungsten carbide in a sputter ion source,
the WC™ ions were injected into the 12-MV Tandem Van-De-Graaff accelerator (see
Sect. 3.4.1.3). They passed a thin carbon stripping foil at the high voltage terminal
of the accelerator (at 10 to 11 MV). Therein, the molecular bond was broken and
several electrons were stripped off. After passing a second carbon stripping foil
at higher particle energies, isotopically pure tungsten of the desired charge state
was momentum-selected with a dipole magnet behind the accelerator. The time-
averaged, electrical ion-beam current at this point was typically a few 100 pA. 169-
MeV 182W18+ 186-MeV BOW1OF or 208-MeV 84W?2I* | respectively, were selected
and then multiturn-injected [81] into the storage ring, accumulating to ion currents
of several 10 nA. In all tungsten measurements presented here, the TSR Cooler
(Sect 3.4.1.2) was both used for electron cooling of the ion beam and as an electron
target for recombination measurements.

The here presented experiments on tungsten ions were rather challenging. First,
the ion currents after the stripping process were only weak. Therefore, even after
multiturn-injection into TSR, a direct measurement of the ion current was not pos-
sible. Hence, alternative methods of determining the absolute rate coefficient (cf.
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Eq. 3.17) were required. In addition, the very high recombination rate at zero col-
lision energy (Sect. 4.2) resulted in very short beam lifetimes of a few seconds only
as soon as electron cooling was switched on. The transverse cooling time (Eq. 3.12)
of the TSR Cooler can be approximated as [139]

To R ﬁ; X 3s (4.1)

4q

where ¢ and m; are charge state and mass (in atomic mass units) of the stored
ions, resulting in expected cooling times of 1.7 s for ¥2W1!8+ 1.5 s for 86W+ and
1.3 s for 184W2* Since these cooling times are of the order of the beam lifetimes,
the ion currents after cooling were an order of magnitude smaller than immediately
after injection. Data taking took, thus, place with a very small number of stored
ions in the ring, such that comparatively long measurement times were required for
reaching an acceptable level of statistical uncertainty.

In the corner section of the storage ring following the electron cooler (Fig. 3.3), the
recombination and single-ionisation products of electron collisions were separated
from the stored beam and counted simultaneously by two moveable single-particle
detectors (see Sect. 3.4.1.4) installed behind the next dipole magnet of the TSR.
Both detectors were adjusted horizontally and vertically such that recombined and
ionised product ions were fully collected within the circular detector openings of
20 mm diameter. These are significantly larger than the size of a cooled beam.
Count rates of up to a few 10* s™! were recorded. Hence, dead time effects were
negligible as the data acquisition system is able to process count rates of up to
several 10° s7! [140]. Since the absolute scaling of the measured recombination rate
coefficients was determined by separate lifetime measurements (cf. Sect. 4.1.3), the
effective counting efficiency of the detectors does not contribute to the measured
recombination rate coefficient. Nevertheless, the effective counting efficiency for
energetic ions is expected to be practically 100% [123].

At the beginning of each measurement cycle, tungsten ions of the desired charge
state were injected into the storage ring and first cooled for 1.5 s, with the Cooler
electron-beam energy adjusted for matching electron and ion velocities. Due to the
low beam intensities and the short beam lifetimes, this initial cooling time was kept
as short as possible. The 1.5 s correspond to the above estimated transverse cooling
times for a stored beam of W'+ and W' jons. However, for a stored beam of W2+
ions, Eq. 4.1 yields a value of 1.7 s. Nevertheless, while cooling, the beam profile
of the stored W2'* ions as a function of time was continuously monitored. If was
found that, after 1.5 s, this profile was not changing anymore. Hence, it could be
assumed that the stored W2'™-ion beam was cooled already by then and an initial
cooling time of 1.5 s is sufficient also for this charge state.

Following this initial cooling time, two kinds of measurements were conducted. Rel-
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ative recombination rate coefficients (cf. Sect. 4.1.2) were obtained by varying the
cathode voltage of the electron cooler, and hence the electron energy, in order to
perform a scan over a predefined collision energy range. As mentioned above, the
low ion currents stored in TSR prevented a direct measurement of the absolute re-
combination rate coefficient. The measured relative recombination rate coefficients
were put on an absolute scale by normalising to the absolute recombination rate co-
efficients at zero collision energy obtained by a separate measurement as described
in Sect. 4.1.3.

4.1.1. Level Populations

A consequence of the ion production scheme described above is that various excited
level can be populated during the foil stripping process. While levels with short
lifetimes decay during the initial cooling time, long-lived metastable levels can sur-
vive and, hence, also contribute to the measured electron-ion recombination signal.
The measured recombination rate coefficient o is, in general, a mixture of the re-
combination rate coefficients o; which originate from these different energy levels

1.

where p; denotes the corresponding level population. Electron-ion recombination
from excited levels of the parent ion is normally strongly suppressed due to the ad-
ditional amount of energy available, opening autoionisation channels which compete
with the actual recombination. Hence any residual presence of excited levels in the
ion population during the measurements might lead to an underestimation of the
rate coefficient which has to be accounted for (cf. Eq. 4.4).

Lifetimes of metastable levels of the here investigated tungsten charge states were
calculated employing the AUTOSTRUCTURE |[141] atomic structure code to esti-
mate the remaining metastable fraction in the cooled-ion beam. The code delivered
E1, E2, and M1 radiative rates from excited levels of the given configurations into
all lower levels accessible by the corresponding dipole or quadrupole transition [142].
These transition rates were used to simulate the time-dependent level populations
by numerical solution of the corresponding coupled rate equation [143]. Although
the physical level population produced in the fast foil-stripping process is unlikely
to be thermal [143], a Boltzmann distribution of levels with an electron tempera-
ture of kgT = 510 eV (W!8T) 560 eV (W) and 620 eV (W?'T), respectively,
corresponding to the particular ion beam energy, was assumed as initial condition.
However, the resulting distributions are largely independent of the assumed initial
distribution and hence they are believed to reflect the actual beam compositions of
the experiments. Results for each charge state are given in the following. The code of
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Table 4.1.: Lifetimes of W' levels of the [Kr| 4d'% 4f'° configuration. Listed are
only levels with lifetimes longer than 10 ms. FE. denotes the excitation energy

from the Ig ground level.

Ee (eV) |  level | lifetime (s)
0 4110 5T 00
2977 410 5T, 2.13x1072
3.543 410 5T 2.22x107!
4273 | A0 OF; 2.55x1072
4.390 410 571, 7.19x1072
4.650 | 4f'03F, 3.79x1078
5.271 410 °F, 3.80x1072
5.862 410 S, 4.13x1072
5.982 | 4fl0 °F, 4.28x1072
6.331 4f10 °F, 1.72x1072
7.090 | 4f'0 3L 3.41x1072
8.032 | 4f19 5G4 1.29%1072
8.049 | 4fY 3Kq 1.16x1072
8.498 | 4ft0 3M,, 0.23x107¢
9.542 | 4f!% 3p, 1.97x1072
12.050 | 4f1° 5D, 1.21x1072
19.775 4f9 58 5M11 6.29% 1071
19.988 | 4f° 5s My | 1.74x1072
26.484 | 4f° 55 3015 | 3.71x1072

the WOLFRAM MATHEMATICA [144] program used for the solution of the above
mentioned coupled rate equation and for the calculation of the level distribution, is
provided in Appendix A.

4.1.1.1. Level Populations for W'8* ions

The ground level for W' is found to be [Kr| 4d'® 4f'° °Iy as predicted earlier
[145]. Lifetimes of 1970 excited levels from the [Kr| 4d'® 4f1° [Kr| 4d'° 4f° 5s,
and |Kr] 4d'® 4f° 5p electron configurations with energies of up to 114 eV above
the ground level were calculated using the AUTOSTRUCTURE atomic code [142].
However, only one (*F3) of these levels was found to have a lifetime above 1.5 s.
Since the ion beam was initially cooled for 1.5 s, this was expected to be the only
metastable level to be present in the parent ion beam during the measurement. In
Tab. 4.1 lifetimes of the long-lived 19 levels with lifetimes of more than 10 ms are
given.
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4. Experimental Recombination Rate Coefficients of Tungsten Ions

Figure 4.1 shows the time dependent fractional abundance of the same 19 levels of
W1+ modelled as described above. After the initial cooling time of 1.5 s, a fraction
of 10% of the ions remains in the metastable 3Fy level, which has a lifetime in the
order of 10® s. Since all other excited levels have by then decayed, the remaining
90% are in the ground level. Due to the long lifetime of the 3F, level, this fraction
is not changing during the recombination measurement time of 2 s for W8+,

Fractional level population

0.01

0.100

1.000 10.000

0.001

0.010

Storage time (s)

Figure 4.1.: Level populations of W!*. The blue, thick solid line represents the
ground level (°Tg), the red, dashed line the metastable level (*Fy) and the black,
thin solid lines the remaining 17 levels from Tab. 4.1. The green, dotted line
represents the sum over the remaining 1670 excited levels with lifetimes below
10 ms.

4.1.1.2. Level Populations for Wt jons

In the same way as for W¥* the level population for W' was derived. Lifetimes
of 2468 excited levels from the [Kr| 4d'0 4%, [Kr] 4d'° 4f8 5s, and [Kr| 4d'° 4f8 5p
electron configurations with excitation energies of up to 129 €V above the ground
level were calculated. The latter is found to be [Kr| 4d'® 4f SH; /2 as predicted
earlier [145]. The 15 levels with lifetimes of more than 20 ms are listed in Tab. 4.2.

Figure 4.2 shows the level populations of W%* derived from the tabulated lifetimes.
It was found, that after 1.5 s of initial cooling time, only 65% of the ions have
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Table 4.2.: Lifetimes of W' levels of the [Kr| 4d'° 4f® and [Kr| 4d'° 4% 5s config-
urations. Listed are the 15 levels with lifetimes longer than 20 ms. FE., denotes
the excitation energy from the H;s /2 ground level.

Eey (eV) | level | lifetime (s)
0 4f9 6H15/2 (0. ¢]
2114 | 4P °Hyy, | 154x10°
2523 | AP 5Fg; | 8.88x107!
2.588 | 4f° °Fy1 4.17x1072
2.979 | 4 "Hyy 3.53x1072
3.422 41 3H7/2 4.90x1072
3.602 417 5F7/2 4.57x1072
3839 | 4P Ol | 2.83x10 !
1178 | 4P 5Fy, | 348x107!
1524 | 4P °F,, | 341x10°!

6.025 4f9 3M21/2 oo

6.065 | 4P "Kyr;p | 4.23x102

6.343 | 4f 3L19/2 2.31x10%9
12117 | 4 30y3 | 4.78x10°2
28278 | AFF bs °Hys5 | 6.39x10 2

accumulated in the ground level ®°Hy;/o. The remaining 35% are distributed among
the four most long-lived metastable levels 4f “Lig /o, °F3/2, °Fg/2, *May /2, which are
listed in Tab. 4.2. During the experimental measurement time of 2 s, the beam
composition slightly changes due to the lifetime of only 2.31 s of the *Lig/s level. Its
level population decreases from 4% to 2% during the measurement time between 1.5 s
and 3.5 s in Fig 4.2. As other systematic uncertainties are much larger, this effect
on the 1072 scale is neglected in the following. However, the presence of metastable
levels during the measurement cannot be neglected and has to be considered in the
analysis and interpretation of the measured recombination data below.

4.1.1.3. Level Populations for W?'* ions

For W2t lifetimes of 2597 excited levels of the [Kr| 4d'Y 47 electron configuration
with excitation energies of up to 169 eV above the ground level have been calculated.
The latter is found to be [Kr| 4d*® 4f" 8H; /5 in accordance with previous findings
[145]. Table 4.3 lists the 15 states with lifetimes of more than 10 ms.

Figure 4.3 shows the derived level populations of W2'*. After 1.5 s of cooling time,
about 48% are in the ground level ®S7 /5. A large fraction of 33% has accumulated
in the °Iy7/5 level and 10% can be found in the °Iy3/5 level. Less than 5% are in the
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Figure 4.2.: Level populations of W!*. The blue, thick solid line represents the
ground level (°Hy;/2). The four metastable levels with lifetimes of more than 1 s are
Fy, (red, long-dashed), *Ma; » (dark red, dot-dashed), “Lig» (red, short-dashed)
and °F3/ (orange, dot-dot-dashed). The black, thin solid lines represent the sum
of the ten remaining levels from Tab. 4.2. The green, dotted line represents the
sum over the remaining 2468 excited levels with lifetimes below 10 ms.

*Nys/2 level, while both, the ®I;5/5 and the ®I 2 level, have level populations below
2%. The contribution of the 619/2 level can be neglected since the level population
is less than 0.3%.

The measurement times of the recombination measurements of W2+ ranged up to
13 s. During this time span, starting after 1.5 s of cooling time, the level populations
are changing on the 10% level. The fraction of ions in the ground level rises from
48% to 58%, while in the same time the population of the %14 /2 level decreases from
initially 10% to 1%. The population of the ®I;7/ level rises only slightly from 33%
to 36%. The level population of the *Ny; /5 level stays at 5%, whereas the population
of the 15 /2 and 614 /2 levels drops to below 0.2%. This change of level population
during the experiment is not negligible and has to be considered in the analysis
as well as in the theoretical modelling and interpretation of the experimental data
below.
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Table 4.3.: Lifetimes of W2'™ levels of the [Kr| 4d'® 4f" configuration. Listed are
the 14 levels with lifetimes longer than 10 ms. E, denotes the excitation energy
from the #S;/, ground level.

Ee (eV) | level | lifetime (s)
0 4f7 887/2 o0

8.906 | 4f7 P 3.64x107!
9.007 | 4f° %T7 /2 1.57x10~2
9.397 | 4f" ®Ig;, | 8.19x1072
9.474 4f7 6117/2 o

9.722 | Af" °Tyy)9 6.12x107!
9.852 | Af" °T;5,9 7.23x107!
9.869 | 4f" °Tj35 | 6.37x107°
14.792 | 4f" *Nygsp | 3.52x1072
14.876 4f7 4N23/2 1.51X10+12
15.278 | 4f" *Noy o | 3.50x107"
16.268 | 4f7 *Lig | 1.91x1072
18.312 | 4f" *Qa5/9 | 6.35x1077
18.719 | 4f7 *Mygo | 1.64x1072

4.1.2. Relative Merged-Beams Recombination Rate
Coefficient

4.1.2.1. Measurement Scheme

Relative rate coefficients of collision energies between few 100 ueV and 300 eV (W18+
and W!9T) and between few 10 peV and 590 eV (W2F) | respectively, were measured
by scanning the electron cooler cathode voltage through a preselected range of values,
corresponding to the desired range of collision energies Ey. In each measurement
step, the electron energy E, is derived from the measured cathode voltage U,y and
the electron current I, by [146]

[8 e e 2 b
E. = eUcatn — eUSp = eUcath — % |} +In <_)} (43)

Ve a

where 7, is the classical electron radius, m, and v, are the electron mass and velocity,
respectively, and b and a are the known diameters of the beam tube and of the
electron beam, respectively. Since v. depends on the space charge potential U, via
E., Uy, is calculated recursively. The effective collision energy E; is then derived
from Eq. 3.14.

DR measurements on ions with simpler shell structures, e.g. Fe!*™ [103] or Fe!™" [43]
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Figure 4.3.: Level populations of W*'*. The ground state ®Sy s is represented by the
blue, thick solid line. Six metastable levels were found to have a share of more
than 0.002 fractional level population present in the parent ions beam after the
initial cooling time of 1.5 s: °I;7» (dark-red, dot-dot-dashed), Ny (dark-red,
long-dashed), °Iy3/5 (red, dot-dashed), ®I;1 /o (orange, short-dashed), °Iy5/5 (dark-
orange, dotted) and Iy, (red, dot-short-dashed). The black, thin solid lines
represent the seven remaining levels with lifetimes above 10 ms from Tab. 4.3.
The green, dotted line is the sum over the remaining 2597 excited levels with
lifetimes below 10 ms.

(Fig. 2.4), are characterised by clear resonance series which can be used for an ac-
curate calibration of the energy axis by fitting of the data to the well-understood
Rydberg levels given by the hydrogenic Dirac formula. However, within the mea-
sured recombination rate coefficient of highly-charged tungsten presented in the
course of this work, no sharp resonances were observed and it was hence not possi-
ble to clearly assign the measured structures to Rydberg series and thereby improve
the accuracy of the energy calibration. The uncertainty of the collision energy in the
here presented measurements is thus given by the uncertainty of the above described
procedure (see Sect. 4.1.5).

The measurement scheme used for the recombination measurements on W+ and
W9+ featured a dwell time for each collision energy of 1 ms, with each scan con-
taining 2 000 distinct energy steps, resulting in a measurement time of 2 s. For the
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recombination measurements on W2'* various measurement schemes with dwell
times ranging from 1 ms to 10 ms for each measurements step and different num-
bers of steps were employed. In addition, few measurements included three steps
per individual measurement point: Each measurement step was accompanied by a
cooling step, where the cathode potential was adjusted for matching velocities, and
a reference step at a predefined collision energy common to all measurements in the
scan. This special mode of operation resulted in overall measurement times of up
to 13 s.

On the basis of Eq. 3.18, the merged-beams recombination rate coefficients « of a
collision energy FEj is in each measurement step derived by [98]

R(Eq)fe
(1 — BiBe)eNineLeg/C

where R is the measured product ion rate at the recombination detector, n. the
electron density and N; the number of stored ions in the ring. As described already
in Sect. 3.2, NN; is scaled with the ratio between the effective interaction length L.g =
1.4 m and the storage ring circumference C' = 55.4 m. For each collision energy, the
corresponding background apg(Ey) has to be subtracted. The relativistic correction
(1 — B;B.) is small in these measurements since for all charge states the velocities
are below 5% of the speed of light ¢. The remaining correction factors, ¢ and f,.
account, respectively, for the detection efficiency of the recombination detector (e =
0.97) and for the fraction of ground-state ions in the stored beam (Sect. 4.1.1).

a(Eq) =

— apg(Ea) (4.4)

As noted above, a challenge of the here presented measurements on highly-charged
tungsten was the low ion current. The TSR beam diagnostic is not capable to reliably
measure ion currents on the nA scale. However, as long as the maximum electron-
ion collision energy is below the ionisation threshold for the individual charge state,
ionisation of parent tungsten ions could occur only in collision between ions and
residual-gas molecules and the ionisation rate, thus, only depends on the stored par-
ent ion current and the density of the residual gas. The maximum collision energy for
all charge states is below the ground-level ionisation threshold E; (462 eV for W8t
503 eV for W and 595 eV for W'+ [145]). Nevertheless, since metastable levels
are known to be present in all measurements (Sect. 4.1.1), the ionisation thresholds
of these levels have also to be take into account. The long-lived metastable levels
found for W't and W' (Tab. 4.1 and Tab. 4.2) have ionisation thresholds (FE;
-AFE) which are more than 100 eV above the maximum collision energy and hence
do not interfere with the measurements. The metastable levels of W2'* which are
populated during the measurements have excitation energies AFE ranging roughly
from 9 to 15 eV. Hence, their ionisation thresholds lie within the experimental en-
ergy range which end only few eV below the ionisation threshold of the ground level.
However, towards the end of the experimental energy range, the signal of the ioni-
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sation detector was examined carefully during the measurements and no additional
decrease of the rate due to the opening of ionisation channels could be observed.
Thus, in all measurements, the signal of the ionisation detector could be used as a
proxy for the ion current. As a result, all recombination rate coefficients obtained
by this method are only relative.

4.1.2.2. Data Acquisition and Analysis

The mileDAQ software [140] was used for data acquisition and experiment control.
At each collision energy, the count rates of both detectors, the dwell time, the
cathode voltage, and the electron current were recorded in a (VME) multichannel
scaler. The thus recorded signal rates were written into a ‘raw-file’ and were the
basis for all further analysis.

For a given collision energy range, the measurement scheme described above was
repeated for usually about 1 h to accumulate data. Hence, each measurement con-
tains fully time resolved rate signals of several (1000s) identical injection cycles.
During the offline analysis, these data were integrated into a single histogram of
counts versus cathode voltage, which was then converted to a recombination rate
coefficient versus collision energy.

The full experimental energy range was obtained by joining several of the above
described scan measurements, each covering a different collision energy range. Each
energy scan was prepared such that it had an effective overlap of 50% with its
predecessor. This characteristic was used in the offline data analysis to eliminate
systematic effects between the single scans, e.g., changes in the residual gas pressure
or the discriminator threshold of the detectors, which had to be increased during
the experiment in order to suppress electrical noise on the signal line. The latter
operation reduced the measured count rate such, that, even though the detectors
themselves feature a detection efficiency of practically 100% [123], their effective
counting efficiency in the experiment was less. Knowing that the recombination
rate coefficient has to have the same value for a given collision energy, the relative
rate coefficients of scans with deviating results were scaled to match them to the
remaining measurements. However, this was only necessary for measurements with
changed discriminator settings of the detectors. Most of the measurements could be
joined without further scaling.

Traditionally, in TSR measurements, each measurement step of a scan is accompa-
nied by a cooling step and a reference step for the determination of the background
signal due to electron capture from the residual gas (see e.g. [74,147,148|). How-
ever, as already mentioned above, most of the here described measurements included
only a measurement step, since the low ion currents in combination with the high re-
combination rate coefficients limited the available measurement time after injection.
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Hence, the level of the background signal had to be derived by choosing a flat region
of the recombination spectrum, and subtracting a background count rate in such
a way that the residual count rate at this chosen energy matched the theoretically
calculated pure RR recombination rate coefficients.

An absolute scaling of the measured relative recombination rate coefficient was done
only in the last step of data reduction, by pinning the rate coefficient value at zero
collision energy to the absolute measurements described in Sect. 4.1.3.

4.1.3. Absolute Recombination Rate Coefficient

The absolute recombination rate coefficient o at 0 €V collision energy was determined
by analysing the lifetime of the stored ions beam with the electron cooler switched on
and off, respectively. The rate of recombination products on the associated detector
is monitored as a function of storage time. While the lifetime of the parent ion beam
without electron cooling (Cooler off) is only limited by collisions with residual-gas
particles, it is reduced significantly by electron recombination as soon as the intense
electron beam is overlapped with the ion beam (Cooler on). The 1/e-lifetimes of
the stored ion beam in both cases can be measured by fitting of exponential decay
functions of the type f(x) = A-e /7 to the measured count rate as a function of
time (Fig. 4.4).

Assuming that the electron and the residual gas densities, as well as the level pop-
ulations of the tungsten ions are constant during the time of the measurement, the
absolute value of « is derived from the decay constants via [149, 150]

-1 1

Ton — T;

This determination of «(0 eV) is independent of an absolute knowledge of the stored
ion current or the detector efficiency. As already mentioned in Sect. 4.1.2, the
absolute value should be corrected for the fraction of metastable ions contained in
the parent ion beam as it is done in Eq. 4.4, in order to yield the true recombination
rate from the ground-level only.

As already discussed in Sect. 4.1.1, the population of metastable levels can reduce
the measured recombination rate coefficient. These metastable levels would induce
a double (or multiple) exponential decay in the measured rate over the time of
the lifetime measurement (a few seconds after production). Even though it was
found (Sect. 4.1.1) that metastable levels were populated during the time of the
measurement, no additional exponential decay could be observed for any of the
measured charge states. It should be noted that, due to the short measurement
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Figure 4.4.: The absolute recombination rate coefficients at 0 eV collision energy is
obtained by analysing the lifetimes of the stored ion beam with the electron cooler
switched on and off, respectively. The absolute electron-induced recombination
rate o can be derived from only the decay constants in both cases, as well as from
the electron density and geometry of the Cooler (Eq. 4.5). As an example, the
lifetime measurements of W'+ forming W™ is given here. The obtained decay
constants were T,¢ = 14 (4) s with Cooler off and 7, = 1.62(2) s for Cooler on,
resulting in an absolute recombination rate coefficient at 0 eV collision energy of
2.16 (9) x107% cm? s71.

time, only levels featuring lifetimes which are at maximum of the same dimension
as the lifetimes of the ground level could have been observed.

The metastable level population for W+ (Fig. 4.1) was found to be on a constant
level of 10% during the time of the measurement. This could mean that either
the long lived levels presented in Sect. 4.1.1 are not significantly populated or the
recombination cross sections for metastable and ground-level ions are too close to
distinguish them by their recombination-induced lifetimes. It was concluded that
the absolute value of «(0 eV) is not sensitive to the population of the metastable
levels and taken to correspond to the value for a pure ground-level population.

In contrast to that, the level populations of W't (Fig. 4.2) and especially of W21+
(Fig. 4.3) showed not only a high (more than 35%) population of several metastable
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levels, but also a development in time of this fraction. It has to be assumed that
the observed recombination signal contains contributions of not only the ground-
level ions but also of a mixture of ions in metastable levels. Still, in all lifetime
measurements of both charge states, only one decay constant could be identified. In
absence of further possibilities to analyse, the absolute recombination rate coefficient
at zero collision energy was derived after Eq. 4.5 without any further corrections.
The parameter f. of Eq. 4.4, which accounts for the fraction of metastable levels in
the stored beam, was thus set to 1 for all measurements.

It should be noted, that this method of obtaining an absolute value for the recom-
bination rate coefficient at zero collision energy is also applicable when monitoring
the ionisation rate over time while switching the Cooler on and off. However, in
most of the measurements the ionisation signal was only weak and the absolute
recombination rate coefficient was deduced from the recombination signal.

4.1.4. Energy Resolution

The experimental findings are compared with the theoretical calculations [60, 136]
described in Sect. 4.3.1 for the various charge states. To this end, the theoretical
recombination cross section has been convoluted with the flattened Gaussian colli-
sion velocity distribution of the merged-beams experiment [146]. This distribution
is, for a cooled ion beam, represented by the parallel and perpendicular electron
beam temperatures, which, based on previous measurements, were assumed to be
kpT, = 0.1 meV and kgT.; = 10 meV, respectively, in our experiment. Given the
results from Eq. 4.1, all tungsten beams can be expected to be cold enough at the
beginning of the recombination measurements, so that the velocity spread of the ions
is negligible compared to the electron temperature. However, since, as described in
Sect. 4.1.2, the majority of the measurement scans did not include a cooling step
in between the measurement steps, the ion-beam temperature increased during the
measurement due to intra beam scattering (IBS). Moreover, due to the low ion cur-
rent of some 10 nA, the adjustment of the electron cooler was difficult and imperfect
alignment is likely to have introduced an additional deterioration of the experimen-
tal energy resolution. The magnitude of these effects could only be estimated, in
absence of sensitive beam diagnostics. By comparison of the experimental and the
theoretical merged-beams recombination rate coefficients, values of kg7 ~ 0.2 meV
and kpT| ~ 20 meV were derived for W'+ [135]. Since measurement schemes and
currents were similar, these values have been adapted also for the measurements on
W and W2 resulting in an experimental energy resolution (Eq. 3.22) of 0.05 eV
at collision energies of 1 eV, 0.80 eV at 290 eV, and 1.14 eV at 590 eV.
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4.1.5. Uncertainties

The electron acceleration voltage which corresponds to 0 eV collision energy (match-
ing electron and ion velocities) was first calculated from the ion energy. Since the
latter is known only to a limited accuracy, a more precise calibration of the en-
ergy axis had to be performed. Therefore, a high-resolution energy scan around
the expected electron energy for 0 eV collision energy was conducted. The recom-
bination rate coefficient is known to reach its maximum for matching velocities and
hence the corresponding electron energy could be derived from the position of this
peak. The voltage difference to this point, together with the energy dependent
space-charge potential of the electron beam (see Eq. 4.3), defines the experimental
electron-ion collision energy. The systematic error lies in the sub-meV scale at 0 eV
collision energy and increases towards higher collision energies. It is conservatively
estimated [146] to be 0.3 eV at 10 €V, 1.2 eV at 290 eV and 1.5 €V at 590 eV collision

energy.

Apart from the counting statistical error on each data point, there are several sources
for systematic errors arising from the measurement procedure. Since these uncer-
tainties are independent of each other, they have to be summed up in quadrature
in order to obtain an absolute uncertainty. All uncertainties are given at a 90%
confidence level.

An energy independent uncertainty arises from the absolute rate coefficient at 0 eV
collision energy. Here, the total uncertainty is derived from the uncertainties of the
electron density and of the beam lifetimes 7., and 7,¢ (see Sect. 4.1.3). An additional
contribution is introduced by the length of the interaction section. The effective
interaction length L.g of Eq. 4.5 is shorter than the geometrical length L of the
electron cooler (1.5 m) since the velocity vectors of electrons and ions have different
directions in the merging and de-merging sections at the beginning and at the end
of the overlap region. These differences cause ions and electrons to have collision
energies higher than the selected relative velocity at the edges of the cooler. This
broadens the measured rate coefficient which is in particular visible in energy ranges
with steep gradients of a(Ey). By using the known geometry of the guiding field of
the electron cooler to calculate the effective collision energy along the beam axis, a
deconvolution procedure which corrects for these effects was developed by Lampert
et al. [97]. However, this procedure requires knowledge of the recombination rate
coefficient at higher energies beyond the experimental energy range. This is presently
not available and therefore the deconvolution method has not been applied to the
here presented results. Hence, in order to provide a correct normalisation value for
the recombination rate coefficient at zero collision energy, the effective interaction
length L.g has to be determined. Even though the geometry of the guiding magnetic
field of the Cooler is known, this value is not easy to access. Finally, a value of Leg
= 1.4(1) m was chosen for all measurements since this is the mean value of the
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geometrically shortest (1.3 m, excluding the toroidal sections) and longest (1.5 m,
cooler length) overlap lengths, with the uncertainty being half the difference between
these two values. Nevertheless, assuming that the recombination rate coefficient at
higher energies is zero, the effect of the deconvolution procedure on the experimental
plasma rate coefficient (see Sect. 4.1.6) was briefly investigated. The difference
between the deconvolved and the non-deconvolved plasma rate coefficient was within
the given uncertainties and thus the error introduced by the broadening of the
measured rate coefficient is believed to be negligible. The combined uncertainties
on the absolute recombination rate coefficients at zero collision energy are given for
cach charge state separately (see Sect. 4.2).

As described in Sect. 4.1.2, the background signal was obtained from the lowest
measured recombination rate coefficient. The low counting statistics in the cor-
responding energy region introduced an uncertainty to the size of the background
signal. By performing the background subtraction, this systematic uncertainty was
propagated to the rate coefficient at lower collision energies and also to the corre-
spondent plasma rate coefficient (see Sect. 4.1.6).

A further source of systematic uncertainty arising from the background subtraction
should be mentioned. In principle the assumption that the part of the spectrum cho-
sen for background subtraction consisted of a pure RR signal might be erroneous.
As no individual DR resonances are observed in these measurements, it is in prin-
ciple possible, that the seemingly flat parts of the data consist of unresolved arrays
of resonances. Hence, in this case, too much ‘background’ have been subtracted.
Therefore, purely empirically, our results may be regarded as a lower limit for the
actual recombination rate coefficient. However the theoretical results which are pre-
sented in Sect. 4.3.3 indicate that for the highest measured energies no resonances
should expected.

In storage rings, while travelling towards the detectors through the magnetic or
electric fields of the deflectors, recombined particles experience a motional electric
field F'. This results in field ionisation of high Rydberg states above a certain
quantum number ng,. Consequently the measured recombination rate is smaller
than the total recombination rate. The limiting quantum number of the weakly
bound Rydberg electron can be estimated to be [151]

qg 1/4
cut — | 7~ 4.6
o= (25 (4.6

where ¢ is the charge of the stored particle and F' is the electric field in atomic
units. For the TSR dipole magnet, n., is calculated for each tungsten charge state.
The critical principal quantum numbers for field ionisation of Rydberg states in the
magnetic fields of the dipole magnets are ney — 67 for W®F n. = 69 for Wt
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and ney = 74 for W2, The corresponding systematic error in the plasma rate
coefficient is estimated by theoretical calculations to be less than 5%.

4.1.6. Plasma Rate Coefficient

The experimental merged-beams recombination rate coefficient was measured for
distinct collision energies, limited only by the experimental resolution of the electron-
target set-up (see Sect. 3.3.3). In order to reproduce the distribution of tungsten ions
and electrons in plasmas, the measured merged-beams recombination rate coefficient
had to be convolved with a thermal collision velocity distribution. As the merged-
beams rate coefficient « is the convolution of the recombination cross section o with
the collision energy distribution, o = (ov), this in principle requires first a decon-
volution from the distribution of electron velocities v, and then a renewed folding
of the resulting experimental cross section with the isotropic Maxwellian collision
energy distribution characteristic of each given plasma electron temperature kgT.
In practice, this procedure is only necessary for plasma temperatures where the rela-
tive collision energy Ej is smaller than the experimental energy spread (Sect. 4.1.4).
Since these small collision energies are not relevant for the recombination of tung-
sten ions in fusion plasmas, the plasma rate coefficient could be derived by using a
simplified procedure [121]. There, the reaction cross section is calculated by

__«E)
o(E) = NI (4.7)

where F is the relative collision energy given by Eq. 3.14. The plasma rate coefficient
can then be derived by Eq. 2.17.

4.2. Experimental Results

Results on recombination rate coefficients for the three tungsten charge states that
have been measured within this work are given in the following sections. Since the
previously published W2t [72] also belongs to that series, it is discussed as well to
some extent. An overview of the recombination rate coefficients for W8+ to W2+
including the state-of-the-art theory described in Sect. 4.3.1 is given in Sect. 4.3.4.

4.2.1. Electron-lon Recombination of W8+

The recombination rate coefficient of W8T [135] was measured employing the schemes
described above. 2W18+ was selected and injected into TSR at an energy of 169-
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MeV.

The TSR lifetime of the stored beam was 7,¢ = 14 (4) s with electron cooler off
and 7,, = 1.62(2) s when electron cooling was applied (see Sect. 3.3.1). With
these values an absolute recombination rate coefficient at 0 eV collision energy of
2.16 (9) x107% cm?® s7! was obtained by using Eq. 4.5. This value could be repro-
duced in repeated measurements within the given uncertainty at a confidence level of
90%. As already discussed in Sect. 4.1.1, after the initial cooling time of 1.5 s, 10% of
the stored ions were believed to have accumulated in a metastable level (Fig. 4.1).
However, since no double exponential decay was observed (cf. Sect. 4.1.3), it is
concluded that the measured value can be taken to represent a pure ground-level
population of ions.

The relative recombination rate coefficient between 0.2 meV and 290 eV collision en-
ergy was measured employing the schemes described above, background subtracted,
and normalised to the independently found value at 0 eV. Since no reference steps
were included in the measurements, the lowest measured recombination rate coeffi-
cient (at 260 eV) was used for background subtraction. The resulting recombination
rate coefficient is shown in Fig. 4.5, together with the calculated RR rate coefficient
(Eq. 2.14). Between 0 eV and 5 eV the experimental rate coefficient decreases by
approximately two orders of magnitude. Between 5 eV and 230 eV, broad resonance
features are visible. Their widths are much larger than the experimental energy
spread given in Sect. 4.2, hence they are not due to few individual autoionising lev-
els, but likely originate from dense arrays of unresolved resonances. Above 230 eV
and up to the end of the experimental energy range, the measured rate coefficient
approaches zero. Up to collision energies of at least 100 ¢V, the measured recombi-
nation rate coefficient exceeds the RR rate coefficient by two orders of magnitude.

The uncertainties of the recombination rate coefficient, as described in Sect. 4.1.5,
result in an energy dependent combined experimental error bar. The value of the
independently measured rate coefficient at 0 eV is not affected by the uncertainty of
the background subtraction procedure. The statistical error at 0 €V collision energy
is 4.7% and the total uncertainty together with the systematic error amounts to 8%.
Towards higher collision energies, the background subtraction causes an additional
systematic error which is 2% at 1 eV, 25% at 30 eV and 80% at 220 eV collision
energy. In combination with the counting statistical error, the total uncertainties
at a confidence level of 90% amount to 8% at 0 eV, 9% at 1 eV, 38% at 30 €V and
120% at 220 eV collision energy.

At energies below 10 meV, an enhancement in the recombination rate coefficient
is observed. The solid yellow line in Fig. 4.5 is an extrapolation of the measured
rate coefficient starting from a few meV towards lower collision energies. The lowest
energy ‘peak’ above that extrapolated line is a known artifact of the merged-beams
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Figure 4.5.: The experimental recombination rate coefficient for W'+ is shown to-
gether with theoretical calculations. The inset shows a magnification of the lower
energies range of the same datasets. The black, filled circles is the experimental
rate coefficient obtained within this work, while the white, dashed line represents
the calculated, theoretical RR rate coefficient (Eq. 2.14). The rate coefficient
above the solid, yellow line is an experimental artifact due to time-dependent
electric and magnetic field (see text). The error bars given for the experimental
results are the statistical uncertainties in each measuring point.

method and most likely caused by additional electron capture and radiative stabili-
sation in the time-dependent electric and magnetic fields seen by the stored tungsten
ions when travelling through the electron cooler [152,153|. However, these effects
are of importance only at very low collision energies and are not relevant for the
plasma rate coefficient in the temperature range of interest.

The merged-beams recombination rate coefficient and the calculated RR rate co-
efficient (Eq. 2.14) were converted into plasma recombination rate coefficients as
described in Sect. 4.1.6. The results for a plasma temperature range of kT =
1 to 1000 eV are shown in Fig. 4.6. The uncertainties of the recombination rate
coefficient, as discussed above, were propagated to the plasma rate coefficient and
are exemplarily given as 10% at 10 eV and 36% at 150 eV plasma temperature.
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Table 4.4.: The fit parameters for the parametrisation of the experimentally derived
plasma recombination rate coefficient of W'+ using Eq. 4.8. In the plasma tem-
perature range from 1 to 1000 eV, the fit deviates by less than 0.5% from the
experimental findings.

i | ¢ (em® s7'K¥?) | E; (eV)
1 0.1652 1.05797
2 0.5085 4.96985
3 0.8513 13.7193
4 0.8128 40.6401
) 0.8851 102.876

6 0.6247 232.047

The experimental plasma rate coefficient is 51078 cm?® s7! at 1 ¢V and decreases

monotonously down to 1071 cm? s at 1000 e€V. The relative difference to the
much smaller RR plasma rate coefficient is more than two orders of magnitude at
low temperatures, and still a factor of 80 at 1000 eV. The plasma rate coefficient
from the ADAS [25] database roughly coincides with the here derived RR plasma
rate coefficient in the range below 17 eV. This indicates that the resonant processes,
which cause the enhancement of the experimental merged-beams recombination rate
coefficient at low collision energies, are not included therein. The ADAS plasma rate
coefficient exceeds the RR plasma rate coefficient towards higher plasma tempera-
tures, with a maximum at 130 eV, slowly approaching the newly derived experi-
mental plasma rate coefficient up to a minimum relative difference of less than an
order of magnitude at the end of the shown energy scale of 1000 eV. The energy
range where W'+ is expected to be most abundant in collisionally ionised plasmas
can be taken from Fig. 2.2 to lie roughly between 90 and 190 eV. In this energy
range (shaded area in Fig. 4.6), the relative difference varies between a factor of 5
to 10. This situation roughly corresponds to what has been previously discovered

for W20+ [72].

In order to easily incorporate the here reported experimentally derived plasma rate
coefficient into numerical models, the latter was fitted in the range kgT = 1 to
1000 eV by the following 12-parameter empirical formula:

6
ap(T) = T732 Z c;e” Fil (k) (4.8)
i=1

The fit parameters are given in Tab. 4.4. The fit deviates by less than 0.5% from
the experimentally derived plasma rate coefficient in the temperature range from 1
to 1000 eV.
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Figure 4.6.: The experimentally derived plasma rate coefficient for W'+ (solid line)
obtained from the measured recombination rate coefficient by convolving with a
Maxwellian energy distribution. The error bars represent the experimental uncer-
tainty at a 90% confidence limit given for 10 eV and 150 eV plasma temperature.
The dashed line is the theoretical plasma rate coefficient for RR and the dashed-
dotted line is the plasma rate coefficient from the ADAS database [25]. The
grey-shaded area highlights the plasma temperature, where W'+ is expected to
have an abundance of more than 0.01 in a collisionally ionised plasma (cf. Fig. 2.2
in Sect. 2.2.1).

4.2.2. Electron-lon Recombination of W+

The recombination rate coefficient of W' was experimentally investigated [138]
employing the same measurement scheme as for W, The lifetimes of the stored
I86W19t beam with an energy of 186 MeV were 7.5 = 12 (5) s with electron cooler off
and 7o, = 1.51 (3) s when electron cooling was applied. The absolute rate coefficient
at 0 eV collision energy (Eq.4.5) is 2.08 (14) x107% ¢cm?® s™! at a confidence level of
90%. This value could be reproduced by repeated measurements within the given
uncertainty. Even though metastable levels (cf. Fig. 4.2) are know to be present in
the parent W%* ion beam, a significant contribution to the measured absolute rate
coefficient was not observed, a conclusion that was drawn based on similar grounds
than for W*¥*. Hence, the rate coefficient is directly derived from Eq. 4.5 without
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Figure 4.7.: The experimental recombination rate coefficient for W'+ in the experi-
mental energy range from 0 eV up to 300 eV. The inset depicts a magnification of
the lower energies range of the same datasets. The black, filled circles is the ex-
perimental rate coefficient obtained within the scope of this work while the white,
dashed line represents the calculated, theoretical RR rate coefficient for W1+
(Eq. 2.14). The rate coefficient above the solid, yellow line is an experimental ar-
tifact due to time-dependent electric and magnetic field. The error bars given for
the experimental results are the statistical uncertainties in each measuring point.

further corrections (f. = 1.0).

The results of the merged-beams recombination rate coefficient measurements be-
tween 0.1 meV and 300 eV collision energy are presented in Fig. 4.7. The lowest
measured recombination rate coefficient (at a collision energy of 170 eV) was used
for background subtraction. Using the same procedure as described above, the rate
coefficient was first normalised to the ionisation signal and, in a second step, scaled
to the absolute value at 0 €V collision energy obtained by the lifetime measurements.
As already observed for W't the rate coefficient is enhanced artificially at collision
energies below a few meV by the influence of the magnetic field of the electron cooler.
In the energy range between 0 €V to 5 eV the experimental rate coefficient decreases
by approximately two orders of magnitude. Between 5 eV and 40 eV broad, non-
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Figure 4.8.: Experimentally derived plasma rate coefficient for W, The solid line
gives the experimental results with the error bars representing the total uncer-
tainty at a 90% confidence limit given for plasma temperatures of 10 ¢V and
150 eV. The dashed line is the theoretical plasma rate coefficient for RR and the
dashed-dotted line is the plasma rate coefficient from the ADAS database [25].
The grey-shaded area indicates the plasma temperature, where W7 is expected
to have an abundance of more than 0.01 in a collisionally ionised plasma [6].

resolved resonance structures cause strong but slow variations of the rate coefficient
with energy, while on the average it decreases by one more magnitude. Up to a col-
lision energy of 170 eV, further unresolved resonance arrays are visible, even though
they are weaker than those at lower collision energies. Starting from 170 €V to the
end of the experimental energy range, the recombination rate coefficient approaches
zero within the accuracy and the precision of the measurement. As shown in the
inset of Fig. 4.7 for the low collision energy range, the theoretically calculated RR
rate coefficient (Eq. 2.14) is, up to energies of about 100 eV, again two orders of
magnitude smaller than the experimental rate coefficient.

At 0 eV collision energy, the statistical error is 6.8% and sums up with the systematic
error to a total uncertainty of 9.9%. At higher collision energies, the background
subtraction causes an additional uncertainty, which is of 2% at 1 eV, 9% at 30 eV
and 55% at 150 eV collision energy. In combination with the counting statistical
error, the total uncertainties at a confidence level of 90% amount to 10% at 0 eV,
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Table 4.5.: The fit parameters for the parametrisation of the experimentally derived
plasma rate coefficient of W** using Eq. 4.8. In the plasma temperature range
from 1 to 1000 eV, the fit deviates by less than 1% from the experimental findings.

i | ¢ (em® sT'K¥2) | E; (eV)

1 0.05484 0.55425
2 0.16475 2.58134
3 0.2892 7.18355
4 0.51843 16.28191
) 0.56981 34.37625
6 0.64806 85.96273
7 0.90815 212.12071

11% at 1 eV, 16% at 30 eV and 155% at 150 eV collision energy.

The experimentally derived plasma rate coefficient in the temperature range of 1 to
1000 eV is shown in Fig. 4.8. The given error bars stem from the uncertainties on the
recombination rate coefficient mentioned above. The absolute, relative uncertainty
is 12% at 10 eV and 27% at a plasma temperature of 150 e¢V. The experimental
plasma rate coefficient is 3.5x107® cm?® s7! at 1 €V and decreases monotonously
down to 1072 cm? s=! at 1000 eV. In comparison to the above described W8+ this
is a factor of 2 less. The difference to the much smaller RR plasma rate coefficient is
more than two orders of magnitude at low temperatures, reducing to only a factor
of 50 at 1000 eV. The plasma rate coefficient which can be found in the ADAS [25]
database is in the temperature region of up to 17 €V similar to the RR plasma rate
coefficient and exceeds it significantly only towards higher plasma temperatures. It
has got its maximum at 105 eV and approaches the experimentally derived plasma
rate coefficient, until, at a temperature of 1000 eV, the deviation is less than a
factor of 3. In the energy range where W' is expected to be most abundant in
collisionally ionised plasmas (see Fig. 2.2), roughly from 100 to 260 eV, the relative
difference varies between a factor 3 to 8.

The experimentally derived plasma rate coefficient was fitted using Eq. 4.8 for easy
approximate numerical reproduction of the result. The fit parameters are given in
Tab. 4.5. The fit deviates by less than 1% from the experimentally derived plasma
rate coefficient in the temperature range of 1 to 300 eV.

4.2.3. Electron-lon Recombination of W32t

W2+ was the last tungsten charge state stored in the TSR at the MPIK facility.
In contrast to the measurements on W+ and W'+ W2+ was measured over a
broader collision energy range of 0.04 meV to 590 eV.
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208-MeV 4*W2+ was injected into TSR. After an initial cooling of 1.5 s duration,
scan measurements employing different measurement schemes were conducted. The
predefined cathode voltage was ramped in 100 to 6500 steps, while the measure-
ments time for each collision energy varied between 1 and 10 ms, resulting in overall
measurement times of up to 15 s. In order to provide a sufficiently strong parent
beam for such long measurements, W' was accumulated in TSR by up to 3 multi-
turn injections before starting the measurement with the help of cooler assisted ion
stacking [68]. Some measurements included, in addition to the measurement step,
a reference and a cooling step for each collision energy. While rough scans over
the entire experimental energy range were used for to gain overview rate coefficient
spectra, fine scans of smaller step widths were added in energetic regions exhibiting
resonances in the measured recombination rate coefficient.

The absolute value for a(E = 0 eV) of W' was derived from four lifetime mea-
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Figure 4.9.: The experimental recombination rate coefficient for W2'* in the energy
range from 0 to 590 eV (filled black circles). The inset is a magnification of the
low energy range of the same datasets. The error bars represent the statistical
uncertainties. The white, dashed line represents the calculated, theoretical RR
rate coefficient for W' (Eq. 2.14). The rate coefficient above the solid, yellow
line is an experimental artifact due to time-dependent electric and magnetic field.
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Figure 4.10.: Experimental recombination rate coefficient of W2'* in the energy
range which exhibits strong resonance features.

surements employing the method described in Sect. 4.1.3. The count rates of both
detectors, the ionisation and the recombination detector, were sufficiently high to
delivere an analysable signal proportional to the stored ion number. Thus one mea-
surement provided at least two possibilities for the determination of .. In addition,
during three out of the four measurements the electron cooler was switched twice
(on-off-on) and therefore two exponential decays could be fitted. Other than the
two previously measured tungsten charge states, for W'+ no decay of the stored
ions due to collisions with the residual-gas paticles (electron cooler off) could be ob-
served. The value for a was thus only determined by an exponential fit to the decay
rates for ‘Cooler on’. Altogether, 12 fits could be performed and an average value
of 7on = 1.34(15) was found. This led to an absolute value for the rate coefficient
at 0 eV collision energy of a(E = 0 eV) = 2.47(27) x 1075 ¢cm? s7! at a confidence
level of 90%.

It has to be noted, that, as already shown in Fig. 4.3, several metastable states are
predicted to be present in the parent W2'* ion beam also after cooling in the storage
ring. During the lifetime measurement time of up to 14 s, the state population
changes significantly. However, since a contribution of metastable level could neither
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Figure 4.11.: Experimentally derived plasma rate coefficient for W2'* in the plasma
temperature range from 0 to 1000 eV. The solid line represents the experimental
results with the error bars representing the total uncertainties at a 90% confidence
level, exemplarily given for 10 eV and 150 eV plasma temperatures. The dashed
line is the theoretical RR plasma rate coefficient and the dashed-dotted line is
the plasma rate coefficient from the ADAS database [25]. The grey-shaded area
indicates the plasma temperature, where W2t is most abundant in a collisionally
ionised plasma [6].

be excluded nor isolated, the given value for a(£ = 0 eV) was used for normalisation
of the relative rate coefficients without further correction.

The resulting experimental recombination rate coefficient is shown in Fig. 4.9. Be-
low collision energies of a few meV, the rate coefficient is enhanced due to the time-
dependent electric and magnetic fields seen by the ions by transmitting the electron
cooler. As also observed for the other charged states, from 2.47 (27) x 1076 cm? s7!
at 0 eV collision energy the rate coefficient decreases by about two orders of magni-
tude up to collision energies of 3 eV. Starting from collision energies of 3 eV broad
resonances can be observed. Since this region was measured with low statistical
uncertainty, a detailed plot of these resonances can be shown in Fig. 4.10. Weaker
resonance structures are still visible up to 300 eV and the experimental recombi-
nation rate coefficient is about two orders of magnitude higher than the calculated
RR rate coefficient. At collision energies higher than 300 eV, no resonances are
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Table 4.6.: The fit parameters for the parametrisation of the experimentally derived
plasma recombination rate coefficient of W2'* using Eq. 4.8. In the temperature
range from 1 to 1000 eV, the fit deviates by less than 1% from the experimental
findings.

i | ¢ (em® s7'K¥?) | E; (eV)

1 0.12161 0.73046
2 0.32102 4.01224
3 0.77705 11.06334
4 0.880 23.58157
) 1.70193 61.15095
6 2.46946 147.0257

7 2.38031 326.72464

observed anymore and the background corrected, measured rate recombination rate
coefficient approaches zero.

As already mentioned, the absolute recombination rate coefficient at 0 eV collision
energy has a statistical error of 11.0%. By including the systematic error, a combined
uncertainty of 13% is obtained. The error caused by the background subtraction is
3% at 1 eV, 35% at 30 eV and 58% at 150 eV collision energy. Together with the
counting statistical error, which is lower for this charge state in comparison to W+
and W7, the total uncertainties at a 90% confidence level amount to 14% at 0 eV,
14% at 1 eV, 39% at 30 eV and 65% at 150 eV collision energy.

The experimentally derived plasma rate coefficient for W2'* in the temperature
range from 1 to 1000 €V is shown in Fig. 4.11. The error bars of 15% at 10 ¢V and
38% at a plasma temperature of 150 eV result from the absolute uncertainties of the
merged-beams recombination rate coefficient. The experimental plasma rate coeffi-
cient is 5x 1078 cm?® s7! at a plasma temperature of 1 ¢V and decreases monotonously
to 2x1071% cm?® s=1 at 1000 eV. The difference to the much smaller RR plasma rate
coefficients is more than two orders of magnitude for the entire plasma temperature
range considered. The plasma rate coefficient from the ADAS [25] database roughly
corresponds to the RR plasma rate coefficient in the temperature region of up to
17 eV and exceeds it towards higher plasma temperatures. The relative difference
between ADAS and the experimental plasma rate coefficient is still about a factor
of 3 at a plasma temperature of 1000 eV. The ADAS recombination rate coefficient
reaches its maximum at a temperature of 105 ¢V. In the energy range where W2+ is
expected to be most abundant in collisionally ionised plasmas (see Fig. 2.2), roughly
between 110 and 420 eV, the relative difference varies between factors of 4 to 8.

Similar to the previously mentioned charge states, the handling of the experimental
plasma rate coefficient was simplified by fitting with seven exponential functions
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Figure 4.12.: Experimentally derived plasma rate coefficient for W' in compar-
ison with theoretical and artificial plasma rate coefficients. The dashed line is
the RR plasma rate coefficient, the dashed-dotted line is the ADAS plasma rate
coefficient [25], the red-dotted line is the artificial plasma rate coefficient neglect-
ing all DR contributions below an electron-ion collision energy of Fy, = 160 €V,
and the two blue, short-dotted and dotted-dotted-dashed lines are the artificial
plasma rate coefficient for Fy.; = 80 eV and 240 eV, respectively. The grey-shaded
area indicates the plasma temperature range, where W2'* is most abundant in a
collisionally ionised plasma [6].

using Eq. 4.8. The parameters for which the function reproduces the experimentally
derived plasma rate coefficient on a plasma temperatures scale of 1 to 1000 eV with
less than 1% deviation are listed in Tab. 4.6.

Using the example of W2 the relation of the measured data to the published
ADAS plasma rate coefficient is examined further. Therefore a synthetic plasma rate
coefficient was generated by neglecting all resonances of the experimental merged-
beams recombination rate coefficient at low collision energies. In a first attempt, only
the strong resonances below F,, = 80 eV were omitted by replacing the experimental
recombination rate coefficient at low collision energies by the RR rate coefficient. In
a second attempt, this was repeated for all resonances below 240 eV. As shown in
Fig. 4.12, both plasma rate coefficients could not reproduce the ADAS results. Last,
a mean energy of E,., = 160 eV was chosen. The result is in good agreement with the
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ADAS plasma rate coefficient when using the theoretical RR rate coefficient instead
of the experimental recombination rate coefficient at collision energies below 160 eV.
For W and W't this energy is about Eye = 100 €V. Schippers et al. found a
similar connection between the ADAS data and their experimental results on W2°+
(Epneg = 47 €V). These finding may suggest that autoionising resonant contributions
to the recombination at smaller energies are neglected in the calculations used by

ADAS.

4.3. Theoretical Interpretation of the Results

Theoretical physics has put forward various approaches for calculation of electron-ion
recombination cross sections of tungsten cations. Simpler systems of highly-charged
tungsten ions have been theoretically treated, e.g., by employing the Flexible Atomic
Code FAC [154] which is based on relativistic, level resolved configuration interaction
[155,156]. However, these methods meet their limitation for more complex systems
due to the large number of involved electrons and energy levels. In extreme cases,
such as provided by half open 4-f-shell W8+ the density of levels exceeds 107 eV !
[157]. The resulting chaotic nature of such half open 4-f-shell systems has already
been pointed out for Au*** by Gribakin and Sahoo [134].

The striking disagreement between the experimental findings and the rate coeffi-
cients from the ADAS data base has spawned two similar, more elaborate theoreti-
cal calculations for the recombination of open 4-f-shell tungsten ions. Section 4.3.1
discusses the new theory by Badnell et al. [60,135], while Sect. 4.3.2 provides a brief
introduction to the purely statistical approach of Dzuba et al. [136]. Both theories
are tested against the measured experimental recombination rate coefficients. The
results are presented within Sect. 4.3.3.

4.3.1. Level-Resolved DR Calculations

The approach followed by Badnell et al. [60,135] is based on level-resolved, interme-
diate coupling (IC) calculations of one electron promotions plus dielectronic capture.
However, as discussed before, the complex level structure of open-f-shell tungsten
also allows for multi-electron promotion processes and, hence, a single-promotion
calculation cannot be expected to reproduce the full natural recombination rate.
While, for the here presented theoretical calculations, only one-electron promotions
of 4d or 4f electrons into n'l’ levels with n’ = 4,5 are included in the capture step
of the recombination process, the contribution of multi-excited autoionising levels is
accounted for by allowing mixing between these DR levels.
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4. Experimental Recombination Rate Coefficients of Tungsten Ions

The AUTOSTRUCTURE atomic code [141] was employed to calculate all significant
energy levels, radiative rates, and autoionisation rates. Using an independent pro-
cess, isolated resonance plus distorted wave approximation, the resonance strength
for a transition between an initial state 7, via an intermediate state u of a resonance
energy FE., and to a final state f, can be calculated using Eq. 2.16. It is convenient
to ‘bin’ the rate coefficient into energy intervals of a binwidth AE [158,159]. The
energy-averaged, recombination rate coefficient @; is composed by summation over
all accessible, intermediate states u whose excitation energies F, correspond to the
given energy interval, and over all associated final states f of the recombined ion:

5i(E,) =Y olE) =Y 5} ,(E) VE; € [Ey, Enga) (4.9)
u u,f

The width AFE can be chosen arbitrarily, e.g. linear or logarithmic. For linear
spaced energy widths, E, is defined by FE,, = E, 1 + AFE. The energy averaged,
recombination rate coefficient 7} ;(E;) is given by

(2maply)®*0 wy Aa(u = i) Ac(u = f)

TralBr) = AEE, 2w; 8 Do Aa(u =)+ 30 Ad(u — f)

(4.10)

The presence of multi-excited electron configuration results in an enhancement of
the effective cross section. These levels are not directly populated from the ini-
tial level i, but via so-called ‘doorway states’, which are directly coupled to the
ground level. Hence, for these multi-excited levels, there are more radiative de-
excitation than autoionising channels available, >, A.(u — i) < > A/(u — f),
while for the doorway states the autoionising channel is still dominant, ), A,(u —
i) > > Ad(u — f). Considering these extreme cases in Eq. 4.10, the total recom-
bination cross section in the presence of many multi-excited electron configurations

is enhanced by a factor of 3>, Aa(u — i)/ > Ar(u — f).

In order to account for the contributions of these multiple excitation of bound elec-
trons, Badnell et al. allows for mixing of DR levels within an energy interval I' =
10 eV [160]. Thus, instead of taking into account only intermediate states u with
E, = B, — F;, also transitions to neighbouring states u are allowed. By this, the
rate coefficient is enhanced due to the number of ‘forbidden’ transitions which are
included. A new set of autoionising levels @ for the use in Eq. 4.9 and Eq. 4.10 is
introduced. The dielectronic capture/autoionisation rates A,(u — i) are weighted
by a Breit-Wigner distribution:

1 r

Lﬂ Er =
(E:) 2n (Ez + E,)?+12/4

(4.11)

where E7 is the energy of the forbidden level u and the energy of the autoionising
doorway state u is given by the energy difference between the initial level and the

88



4.3. Theoretical Interpretation of the Results

resonance energy. The outcome of the calculation is not sensitive to the precise
value of I'. The autoionisation rate A,(u — i) in Eq. 4.10 can then be replaced by
Lz(E,)A.(u — ). Using this approach, a sufficient agreement between theory and
experiment for low energies, up to 1 eV for W2°* could be achieved [60].

However, this approach exceeds the experimental rate coefficient at higher colli-
sion energies. This is due to alternative, autoionising channels via higher-energetic,
excited fine-structure states which then become energetically accessible for the for-
bidden levels. Hence, in a next step of the calculation, the partitioned theory is
damped by a non-unity fluorescence yield

_ Ar(u — f)
Do Aalu—4') + Zf’ Ar(u — f7)
Autoionisation widths are therefore recomputed at each partitioned energy to ac-

count for the closing-off /opening-up of channels at lower/higher re-distributed bin
energies.

wy (4.12)

4.3.2. Statistical Theory

The statistical theory by Dzuba et al. [136] takes advantage of the chaotic charac-
teristics of the open 4-f-shell system. Theoretical rate coefficients are obtained by
employing artificial compound eigenstates, each originating from a dielectronic door-
way state which is directly coupled to the initial state. Multi-electron processes are
introduced by mixing of these doorway states with a large number of adjacent en-
ergy levels which are weighted by a Breit-Wigner distribution [160]. This method is
based on the idea, that one captured electron can distribute it’s energy via collisions
with other bound electrons to many internal, multiply excited eigenstates of the
same symmetry. Electron capture as well as autoionisation is only possible for the
dielectronic entrance (doorway) state. By averaging over all accessible eigenstates
|¢;), a compound state |¥,) is formed as a linear superposition

T,) =Y CY o) (4.13)

with the eigenvalues
Ej = (0;|H|9;) (4.14)

where C7 correspond to nearly random mixing coefficients for the states j of the
energies IJ; and H is the Hamiltonian operator. The distribution of eigenstates for
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one respective doorway states has a spreading width of

H|g;)?
Fspread = 277—% (415)
where D is the mean level spacing between the eigenstates of a given total angular

momentum and parity J". The C7 are the diagonal matrix elements for k = j:

1./2 — 2 I‘spread
J 27T (EJ—E)2+F2 /4

spread

(4.16)

The energy-averaged total cross section @ for recombination through the compound
resonance is approximately given by [137]

T p  AA,

—— 4.1
2F Wi (Ar + Aa) ( 7)

T =
where p = > ;- wyp,~ is the total level density of the compound state with w; being
the corresponding statistical weights, E' is the energy of the incident electron, and ¢
denotes the initial (ground) state with the statistical weight w;. The parameters A,
and A, represent, respectively, the average radiative and autoionisation rate of the
compound state. By assuming a fluorescence shield of wy ~ 1 (Eq. 4.12), Dzuba et
al. derived the recombination cross section from the energy-averaged cross section
for electron capture into the compound state,

_ 7w p

= A B 4.1
o 2F w a(m — i, F) (4.18)

by summation over the dielectronic doorway states. An explicit expression for this
formula is given in [136, 137|. For low collision energies, they restrict their calcula-
tions to the energy interval -

E=1+AF (4.19)

where I is the ionisation energy of the ground state. AE is derived iteratively
with the initial assumption that AE ~ I'gpead. The latter is derived by Eq. 4.15.
There, (¢r|H|¢;) is found by averaging over Nypread eigenstates whose corresponding
energies F; lie within the energy interval, and the mean level spacing is D is derived
by AE /Nspread- With this approximation, a good agreement to the experimentally
derived recombination rate coefficient of Au®** [46] could be achieved in the collision
energy range below 1 eV [161].

At energies above few eV alternative de-excitation channels open up as the captured
electron has more energy than needed for the autoionisation process [137]|. Since
this path is neglected in the assumption of wy ~ 1, theory using this approximation
will overestimate the DR rate coefficient towards higher collision energies. A better
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agreement with the experimental results can be achieved by deriving the fluorescence
shield by calculating A, and A, [137]. However, Dzuba et al. did, up to now, not
provide any updated results on the theoretical calculations of W8+ W+ and
W2+, Hence, the single data points [136] presented in Sect. 4.3.3 were derived from
Eq. 4.18 as described before.

4.3.3. Theoretical Results for Tungsten lons

Both theoretical approaches presented above predicted recombination rate coeffi-
cients for W2* that could be tested against the measured data for that charge state
which has been published prior to this work [72]. The partitioned results from the
level-resolved calculations of Badnell et al. [60] achieve a sufficiently good agreement
with the experimental results in the low collision energy region up to 1 eV. How-
ever, their theory overestimates the recombination rate coefficient largely for higher
collision energies. The statistical approach of Dzuba et al. [136] was initially in sim-
ilarly good agreement with the experimental finding in the collisions energy region
of up to 1 eV. Later, they refined their calculations and could achieve good agree-
ment with the experimental recombination rate coefficient up to collision energies
of 120 eV [137].

To date, however, Dzuba et al. [136] provide only single data points for the recombi-
nation rate coefficients of the other tungsten charge states between W¥+ and W2+
at 1 eV collision energy. Meanwhile, Badnell et al. have improved their model by
inclusion of damping into their partitioned results as described in Sect. 4.3.1, now
achieving much better agreement with the experimental results at higher collision
energies. They provide theoretical merged-beams and plasma recombination rate
coefficients for W8t [135] and W'+ [138] covering the entire experimental energy
range. The results are discussed in the following section.

4.3.3.1. Theoretical Recombination Rate Coefficients

Figure 4.13 shows the experimental merged-beams recombination rate coefficient of
W18t together with the state-of-the-art theory of Badnell et al. and the single data
point at 1 eV collision energy by Dzuba et al. [136]. As shown in the inset, the
intermediate coupling result is greatly underestimating the recombination rate coef-
ficient at lower energies, while it is capable of delivering a reasonable agreement to
experiment for collision energies of 70 to 170 eV. The partitioned-damped result is in
agreement with the experiment at collisions energies of up to 10 eV (inset Fig. 4.13)
and, even though it does not reproduce the resonances between 10 and 20 eV col-
lision energy, it is in reasonable agreement with experiment for collision energies
starting from 20 eV. The enhancement at collision energies below few meV, which
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Figure 4.13.: Experimental and theoretical merged-beams recombination rate coef-
ficients for W!8*, The inset shows a magnification of the low-energy range of the
same datasets. The black, green-filled circle is the theoretical recombination rate
coefficient at 1 eV collision energy provided by Dzuba et al. [136]. The orange,
solid line is the IC result, while the light-blue, short-dashed line is the correspond-
ing PD result by Badnell et al. [135]. The black, filled circles are the experimental
rate coefficient, while the white, dashed line represents the calculated, theoretical
RR rate coefficient for W, The error bars given for the experimental results
are the statistical uncertainties only.

has already been discussed in Sect. 4.2, is naturally not reproduced by theory. Both
theories, IC and PD, exceed the experimental results in the collision energy range
between 170 and 230 eV. The data point provided by Dzuba et al. overestimates
the recombination rate coefficient at 1 eV by a factor of about 3.

The partitioned-damped result for the recombination rate coefficient of W'+ is
shown together with the experimental findings in Fig. 4.14. Even though up to a
collision energy of 1 eV the theoretical approach is slightly overestimating the rate
coefficient, it is in nearly perfect agreement with experiment between 1 and 35 eV.
For higher collision energies, similar to the results for W'+, theory is overestimating
the experimental results. The data point provided by Dzuba et al. overestimates

92



4.3. Theoretical Interpretation of the Results

NN

19+ r &

>
W

E ! I I I I I
)
1
P

g
o

[
()}
TTTTTTTTTT

=
(9}
T

Rate coefficient (10'8 cm’ s'l)
(e}
s

<
=

0 50 100 150 200 250

Electron-ion collision energy (eV)

Figure 4.14.: Experimental and theoretical merged-beams recombination rate co-
efficients for W'*. The inset shows a magnification of the low-energy range
of the same datasets. The light-blue, short-dashed line is the PD result of the
level-resolved calculations of Badnell. The black, green-filled circle is the theoret-
ical recombination rate coefficient at 1 eV collision energy provided by Dzuba et
al. [136]. The black, filled circles represents the experimental rate coefficient while
the white, dashed line is the calculated, theoretical RR rate coefficient for W1+,
The error bars given for the experimental results are the statistical uncertainties
only.

the recombination rate coefficient at 1 eV by a factor of about 4.5.

Up to now, there are no state-of-the-art theoretical results available for W2'* apart
from the single data point at 1 eV collision energy provided by Dzuba et al.. As
shown in Fig. 4.15, it overestimates the rate coefficient by a factor of about 4, similar
to the other two charge states already discussed.

As already mentioned, this systematic overestimation of the recombination rate
coefficient at 1 eV collision energy of statistical theory is most likely due to neglecting
alternative autoionisation channels opening up at higher collision energies. This is
a deficit of the initial statistical theory of Dzuba et al. that has recently been
addressed successfully in the case of W2 [137]. However, for the remaining charge
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Figure 4.15.: Experimental and theoretical merged-beams recombination rate coef-
ficients for W2+, The inset shows a magnification of the low-energy range of the
same datasets. The black, green-filled circle is the theoretical recombination rate
coefficient at 1 eV collision energy provided by Dzuba et al. [136]. The black,
filled circles are the experimental rate coefficient, while the white, dashed line
represents the calculated, theoretical RR rate coefficient for W2!*. The error bars
given for the experimental results are the statistical uncertainties only.

states, updated theoretical calculations have not been published yet. Badnell et al.
have successfully addressed the same issue by damping of their partitioned result, as
they first demonstrated on the example of W' [135]. Even though this new theory
cannot yet predict every feature of the measured rate coefficient, it is in overall good
agreement with the experimental finding for W*¥* and W'%*. For comparison, all
experimental and theoretical recombination rate coefficients presented within the
scope of this work are shown together with the results for W2°* of Schippers et al.
in Sect. 4.3.4, Fig. 4.18.

In an effort to assign the observed structures in the rate coefficient of W2t at
least roughly to atomic levels, the Los Alamos National Laboratory (LANL) Atomic
Physics Codes [162] have been used to calculate excitation energy for W2 ions
of the [Kr| 4d'® 4f7 ground-level configuration. However, for the transitions from
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ground level to the [Kr| 4d' 4f% 5s' and [Kr| 4d'% 4% 5p! configurations, more than
2500 transition energies have been found and it was hence not possible to assign the
observed resonance structures to single autoionising DR levels on the basis of these
calculations.

4.3.3.2. Theoretical Plasma Rate Coefficients

The theoretical merged-beams recombination rate coefficients of Badnell et al. for
W1 and WF were used to generate theoretical plasma rate coefficients for use in
plasma modelling codes.

107 . .
—~ 1()'8_
g
< 9
— 10 F
<
.9
=
“g 10"
S
Q
s
g 10"
8
~
10'|2 Lol el . e
1 10 100 1000

Temperature (eV)

Figure 4.16.: Experimentally derived plasma recombination rate coefficient for W'+
in comparison with theoretical results. The solid line with the error bars represents
the experimental results, the dashed line is the RR plasma rate coefficient and
the dot-dashed line is the ADAS plasma rate coefficient [25]. The dot-dot-dashed
line is the plasma rate coefficient derived from the IC result and the dotted line is
the final PD result [135]. The grey-shaded area indicates the plasma temperature
where W' is most abundant in a collisionally ionised plasma [6].

Figure 4.16 shows the experimentally derived plasma rate coefficient and the theo-
retical IC and PD results for W8+, At a temperature of 1 €V the IC results is about
a factor of 3 lower than experiment, a relative difference which is even increasing
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Figure 4.17.: Experimental and theoretical plasma recombination rate coefficients for
W19 The solid line with the error bars represents the experimental results, the
dashed line is the RR plasma rate coefficient and the dot-dashed line is the ADAS
plasma rate coefficient [25]. The dotted line is the PD plasma rate coefficient
by Badnell at al. [138]. The grey-shaded area indicates the plasma temperature
where W' is most abundant in a collisionally ionised plasma [6].

for plasma temperatures of few 10 eV. On the other hand, in the temperature range
where W!¥T is estimated to be most abundant (shaded area in Fig. 4.16) the IC
result is again 100% to 25% lower than the experimental result, while it is in nearly
perfect agreement at temperatures above 300 eV. The PD result on the other hand,
is in agreement with the experimentally derived rate coefficient at plasma tempera-
tures below 100 eV, but is exceeding the experimental findings toward higher plasma
temperatures. At 200 eV this deviation is about 43%. However, the PD results do
provide a much better overall agreement with the experimentally derived plasma
rate coefficient than the IC result or the ADAS dataset.

The theoretical results for the plasma recombination rate coefficient of W'+ are
shown in Fig. 4.17 together with the experimentally derived plasma rate coefficient.
Up to a plasma temperature of 30 eV, theory exceeds the experimental results by
about 25%. This discrepancy rises towards higher temperatures. In the energy range
of interest (shaded aera in Fig. 4.17) it reaches 50% at 100 eV and 230% at 260 eV. In
comparison, theory is in better agreement with experiment for W'+, Most-likely,
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this reflects the overestimation of the experimental merged-beams recombination
rate coefficient of W°* towards higher collision energies starting at 30 V.

Up to date, except for the already discussed ADAS data, no theoretical plasma rate
coefficient for W2t is available. In order to provide an overview over all experimental
and theoretical plasma recombination rate coefficients for the tungsten charge states
investigated in the campaign at TSR, Fig. 4.19 shows results for W'+ to W21+,

4.3.4. Comparison of Results on Open 4-f-Shell Tungsten lons

Considering also the previously published results on W2°* forming W'*, merged-
beams recombination rate coefficients for four highly-charged tungsten ions featuring
an open 4-f-shell configuration have been measured. Figure 4.18 shows the absolute,
experimental merged-beams recombination rate coefficients of W*¥* forming W17+,
Wt forming W W29t forming W'+ and W2'* forming W2°*. The results
share two main characteristics: The recombination rate coefficients at zero collision
energy are among the highest atomic recombination rate coefficients which have
been measured, about 2x107¢ cm? s7!, decreasing rapidly towards higher collision
energies. Such high rate coefficients are normally observed only in recombination
of molecular cations. Above a collision energy of 30 eV all rate coefficients are in
the 107 cm?® s™! range and below. A second characteristic are the broad structures
which originate from mutually overlapping resonances. The fast recombination at
0 eV collision energy as well as the lack of isolated DR resonances had also been
observed for the recombination rate coefficient of Au®** (see Fig 2.5). Both phe-
nomena originate from numerous overlapping autoionisation resonances. The results
of the partitioned-damped level-resolved calculations, also shown in Fig. 4.18, are
only available for two of the depicted charged states. However, this approach can
reproduce the experimental findings to a high degree.

The experimentally derived, plasma recombination rate coefficients of Wit (¢ =
18, 19, 20, 21) are shown in Fig. 4.19. The plasma rate coefficients start at a
value of about 3x107® cm? s™! at 1 eV and then decrease towards higher plasma
temperatures, reaching 107!° cm?3 s™! range for the plasma temperatures of interest
(shaded areas of Fig. 4.19). There, for all four charge states, discrepancies of up to
a factor of 10 between the experimental result and the ADAS theory were found.
The results of the new partitioned-damped theoretical model of Badnell et al., to
date only available for two of the shown charge states, is in much better agreement
with experiment.
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Figure 4.18.: Experimental and theoretical recombination rate coefficients of all mea-

sured tungsten charge states, including the previously published W2* [72]. Solid
circles including error bars are the experimental plasma rate coefficients, together
with the theoretical results by Badnell et al. (solid lines for IC and dotted lines
for PD results, dot-dot-dashed for the fully partitioned result without damping
used for W2°T) and the RR plasma rate coefficient (dashed lines).
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Figure 4.19.: Experimental and theoretical plasma recombination rate coefficients of
all measured tungsten charge states, including the previously measured W2+ [72].
Solid lines are the experimental results including error bars. They are compared
to the theoretical results by Badnell et al. (dot-dot-dashed lines for IC and dotted
lines for PD results), the plasma rate coefficients from the ADAS database (dot-
dashed lines) and the RR plasma rate coefficient (dashed lines). The shaded areas
indicate the energy ranges where, according to [6], the abundance of the charge
state exceeds 0.01%.

99



4. Experimental Recombination Rate Coefficients of Tungsten Ions

4.4. Summary and Conclusion

Absolute, merged-beams recombination rate coefficients for highly-charged tungsten
with Wt (¢ = 18, 19, 21) were measured within the scope of this work. The
corresponding experimental plasma recombination rate coefficients were derived and
compared to the ADAS data presently used by the plasma fusion community. It was
found that the ADAS plasma rate coefficients are omitting DR resonances at low
collision energies. This results in an underestimation of the plasma rate coefficients
for all charge states investigated. Relative differences of a factor 3 to 10 were found
when comparing these theoretical plasma rate coefficients to the experimental results
in the plasma temperature region where these charge states are expected to be most
abundant.

Theoretical calculations are challenging due to the many-electron nature of the prob-
lem. The present experiments as well as the earlier result for W2°* [72] have pro-
vided a solid empirical ground which helped the development of two new theoretical
models [60, 135, 137| of these open 4-f-shell systems. Since the standard DR ap-
proach cannot account for all relevant many-body interaction, statistical methods
have been invoked for the calculation of electron-ion recombination rate coefficients.
Though simplifications are necessary for numerical handling of the problems, the
resulting model rate coefficients agree remarkably well with the experimental find-
ings for W+ W% and W2°*  with theoretical results on W2'* being on the
way. The comparison with the present experimental results reveals that the newly
developed statistical approach is, thus, more able of producing reliable electron-ion
recombination rate coefficients for complex ions than any other theoretical approach
available.

The experimental recombination rate coefficient exceeds to what has been predicted
by earlier simpler theoretical calculations. Thus, inclusion of the new data into the
models of the charge balance of tungsten in fusion plasmas will cause the predicted
charge-state distribution to change, shifting towards a higher population of tungsten
of lower charge states.

The half open 4-f-shell structure of the here presented tungsten ions gives rise to
recombination processes via multi-electron excitations. This effect has been shown
to be negligible for ions with a nearly-filled 4-f-shell structure [62,63|. Hence, multi-
electron recombination processes are expected to become less important for tungsten
ions with an increasing or decreasing number of electrons in the 4-f-shell. There, a
better agreement can be expected between the experimental results and the theo-
retical data of the ADAS database, since these processes are believed to be the main
reason for the observed deviations.
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5. Development of a Single-Particle
Detector for the Cryogenic Storage
Ring

The new Cryogenic Storage Ring CSR, which has been described in Chapter 3, will
feature a merged electron-ion beams set-up similar to the one of TSR that has been
used in the recombination experiments presented in Chapter 4. Also here, single-
particle detectors, that can be moved across the CSR beamline, are required for
counting of the reaction products from such experiments.

Due to the lower residual-gas density and the low-energetic electrostatic design of
CSR (Sect. 3.4.2), electron-ion collision experiments also on singly and weakly-
charged ions become possible. Until today, such measurements were hampered by
the limitations of room-temperature storage rings. As explained in Sect. 2.2, exper-
imental data on recombination processes of singly-charged heavy ions are relevant
for the interstellar chemistry network.

In this chapter, the development and testing of the first single-particle counter for
CSR is described in detail. Much of the work has been published independently as
a technical paper [127].

5.1. Concept and Design

At the future CSR electron cooler set-up, electron collision experiments leading
to ionisation, recombination, or molecular fragmentation of the parent species will
produce daughter particles which leave the closed orbit of the stored parent beam
in the subsequent deflector because their charge-to-mass ratio is different from the
one of the stored primary particles. Rectangular vacuum ports along the beam line
are foreseen to house particle detectors off-beam-axis that collect these daughter
particles (Fig. 5.1). The vis-a-vis situated ports allow for the installation of two
opposed detectors on both sides of the stored parent beam, in order to simultaneously
collect ionisation and recombination products as it was done at TSR [135].

The first particle-counting detector for CSR [127] is named COld Moveable PArticle
CounTer (COMPACT) and is placed in the deflection corner behind the electron

101



5. Development of a Single-Particle Detector for CSR

Figure 5.1.: Schematic illustration of CSR (see also Fig. 3.6), magnifying the corner
section where reaction products of electron-collision experiments are collected.
The detection corner (3) is following the future electron cooler section (2) which
is situated in the second straight section after the injection (1). Reaction products
with changed charge-to-mass ratio will be separated from the parent beam (red,
solid line) by the CSR bending elements (6°deflectors (5) and 39°deflectors (6)).
The dotted lines indicate exemplarily the trajectories of neutral product particles
and daughter particle with an absolute and relative charge-to-mass ratio of 1.
Four rectangular ports ((4a) to (4d)) are foreseen to host counting detectors for
collection of these product particles. The first specimen of these detectors is
integrated at the detector position (4b).

cooler section at port (4b) (cf. Fig. 5.1) since a wide range of possible product
particles from first CSR experiments can be collected at that position. Due to their
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5.1. Concept and Design

charge-to-mass ratio, product particles will have trajectories differing from the stored
parent beam after the CSR bending element, hence the detector has to be moveable
across the CSR vacuum chamber. The detector has to be movable along a length of
only 300 mm in order to cover all positions where daughter particles may possibly
impact.In order to obtain absolute cross sections of collision reactions, the efficiency
has to be known, especially for the typically low energetic SSR particle beams. The
relative difference in charge-to-mass ratio 7 of daughter (index d) products compared
to the parent (index p) beam for the given detector position is

. qd/md

n= e 1 (5.1)
which is limited to a theoretical range for 7 of
—14<n<11 (5.2)

for particles of charge ge and mass m. Product particles of higher absolute values
of n hit the chamber walls before reaching the detector. For the experimentally
important case of a positively charged atomic parent beam, the range —1 < n <1is
most relevant, with the lower and upper boundaries corresponding, respectively, to
full neutralisation or ionisation to double charge of the stored parent. At position
(4b), the detector itself is partly modular and consists of a translation stage (see
Sect. 5.1.3) featuring a thread drive and a movable carriage, and a particle sensor
which is mounted on top of the latter. The fully assembled detector is pictured in
Fig. 5.2.

All materials of the particle sensor and the translation stage have to meet the de-
mands of the CSR beam-guiding vacuum chamber environment (cf. Sect. 3.4.2),
i.e.; the design has to work reliably at an ambient temperature of ~10 K and should
be bakeable to a temperature of 250°C. All materials are required to be of very low
relative magnetic permeability p, < 1.01 and to be XHV compatible. In order to
meet these demands, only materials from Tab. 5.1 were used for the set-up in the
beam-guiding vacuum chamber of CSR.

As described in Sect. 3.4.2, CSR consists of two vacuum vessels. In order to me-
chanically and electrically operate the detector, further components are needed to
interconnect the atmosphere components with those within the beam-guiding vac-
uum vessel. Since the heat load onto the CSR vacuum cryostat has to be kept at
a minimum, a new concept, in particular for the transfer of the rotational motion
of the thread drive, induced from the atmosphere side had to be developed, as de-
scribed in Sect. 5.1.4. Figure 5.3 shows schematically the mechanical parts of the
detector.

Besides the highly-charged ion-electron collision experiments COMPACT is primar-
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5. Development of a Single-Particle Detector for CSR

Figure 5.2.: The COMPACT detector is mounted on a rectangular flange of CSR
(A) and consists of the detector sensor (B) and a translation stage (C).

Table 5.1.: List of chosen materials for XHV components of the COMPACT detector.

material H designation ‘ application
stainless steel || 14435 BN2, 1.4404 | U1V Hanges, detector housing,
thread drive, screws
titanium TiAlgV4 3.7165 springs
aluminium AL 99.5 light-weight mechanical corpponents,
secondary-electron emitter
copper Cu-OFE 99.99 electric connections
beryllium copper BeCu2 springs, electric connections
alumina ceramic Al,O35 99.6 electric isolation
silver Ag coating material
Constantan CussNigyMny resistive wire
sapphire (monﬁclfl(r);s tals) electric isolation, thermal coupling
PEEK C19H1405 electric isolation, sliding bearings

ily designed for, the detector is capable of counting any product particles that it can
reach within its motional range. This includes charged and neutral products from
fragmentation processes of molecular ions stored in CSR, as well as ultra violet (UV)
photons. UV-photons have been used for first detector tests in CSR, as described
in Sect. 5.3.
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Figure 5.3.: Schematic cut-open illustration of the COMPACT detector within CSR.
The CSR cryostat (1) is completely enclosed by the room-temperature isolation
vacuum chamber (2). The two thermal radiation shields (3) are surrounding the
inner vacuum chamber. The detector mechanics consist of the translation stage in
the UHV chamber (4), a bellow-sealed rotary feed-through (5) and an intermediate
drive (6) which rests on the base-plate of the 40-K stage and thermally decouples
the inner parts from the standard rotary feed-through on the room-temperature
chamber wall (7). The detector sensor (8) is modular and was developed inde-
pendently. The dotted red line represents the closed-orbit trajectory of particles
stored in CSR, whereas the dot-dashed red line follows the trajectory of a charge-
changed product beam intercepted by the detector.
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5. Development of a Single-Particle Detector for CSR

5.1.1. Detector Sensor

The detector sensor is mounted onto the carriage of the translation stage described
in Sect. 5.1.3. The design of the sensor is adapted to the spatial constraints and the
experimental conditions of CSR.

5.1.1.1. Choice of Particle Sensor

The choice of the detection principle is restricted by the CSR environment and the
experimental parameters. The following considerations were taken into account.

e CSR is designed for a maximum kinetic energy of 300 keV per unit charge. The

specific kinetic energies of stored ions and therewith also of daughter particles
produced in collision experiments, can be as low as a few keV /u. Penetration
depths in solids can thus be as short as 100 nm [163]. Any detection prin-
ciple requiring the particles to traverse significant layers of passive material
before reaching the detection volume (as in e.g. surface-barrier semiconductor
detectors) is therefore excluded.

The TSR single-particle detectors were based on the detection of secondary
electrons from a converter cathode by a CEM, a concept which has shown
a very good quantum efficiency in the specific energy range of a few keV /u
[123]. The secondary-electron principle is expected to work also in a cryogenic
environment, while the electron multiplier had to be tested for its performance
at such low temperatures.

Low resistance, extended dynamic range (EDR) micro-channel plates (MCPs)
had already been proven to work reliably at temperatures of 20 K and below
[164-167|. Up to this date, no data on the cryogenic performance of CEMs were
available. It was expected that, due to the steep rise in resistance towards low
temperatures, depletion of their single, long channel would prevent electron
multiplication.

5.1.1.2. Spatial Constraints

The size of the complete detector sensor is limited by the following consideration.

e The sensor has to fit entirely through the rectangular, 80x200 mm? flange of

the CSR chamber. Situated after the 6°deflector of CSR, the sensor is also
inclined with respect to the axis of the vacuum chamber by 6°. This limits the
depth of the housing to less than 80 mm.
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Figure 5.4.: CSR beam-guiding vacuum cham-
ber (A) featuring two opposed, rectangular
ports ((B) and (C)) for the installation of up
to two variants of the COMPACT detector.
This would allow for simultaneous detection
of ionisation and recombination products as
it was done at TSR.

e As a future upgrade, a second COMPACT-type detector could be mounted
to the opposite rectangular flange of CSR (Fig. 5.4). This is possible if the
translation stage of the second detector fits above the sensor of the first. The
height of the sensor is limited to ~90 mm.

e Daughter particles of changed charge-to-mass ratios similar to that of the
stored beam have trajectories nearby the closed orbit. In order to collect these
particles without intersecting the stored beam, the non-sensitive rim of the
detector has to be as narrow as possible. Since the realisation of movement in
one direction was already challenging, it was decided not to implement a means
to vary the vertical position of the detector sensor as it is traditionally done
(cf. Sect. 3.4.1.4). In return, the sensitive area of the detector, as described
in Sect. 5.1.1, was vertically elongated in order to cover the CSRs vertical
acceptance of 30 mm in applicable extent.

5.1.1.3. Detection Principle and Sensor Design

The actual particle sensor as pictured in Fig. 5.5 is based on the well-established
idea of an aluminium converter cathode for secondary-electron emission backed by
an electron multiplier. The electrodes are enclosed in a grounded, stainless steel
housing preventing disturbances of the CSR ion optics by stray electric fields. The
housing has an opening of 20x50 mm?. For the reasons mentioned above, the rim
of the sensor aperture is only 2.5 mm broad. The width of the sensor aperture of
20 mm is chosen such that even at the extreme detector positions, where impinging
particles have a maximum horizontal entrance angle of ~7°, no more than half of
the cathode is shaded by the housing. As electron multiplier, a chevron set of
EDR MCPs (Photonis type 18/12/10/12 D 40:1 EDR, MS) with a sensitive area of
18 mm diameter was chosen. The detector signal is decoupled from a stainless steel
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5. Development of a Single-Particle Detector for CSR

Figure 5.5.: The COMPACT sensor consists of an aluminium converter cathode and
an MCP-anode stack completely enclosed in a stainless steel housing (1). The
left figure shows the completely assembled COMPACT sensor with the sensor
aperture surrounded by the 2.5 mm rim (2). The centre figure is a photography of
the sensor before closing the last side plate of the housing, exposing the converter
cathode (3) and MCP-anode stack (4). The right panel depicts the detection
scheme of the COMPACT sensor. Particles (A7) impinging onto the converter
cathode cause secondary-electron (e~) emission. These electrons are accelerated
towards the MCP-anode stack, causing a current pulse which can be decoupled
from the high-voltage line of the anode.

anode. This detection principle features two main advantages: First the MCP is
not directly exposed to the impact of heavy particles which could lead to damage of
the surface by sputtering. Second, since each impinging particle can release several
secondary electrons [168,169], the detection probability is no longer limited to the
open area ratio of the MCP surface and can reach unity (see Sect. 5.2.2.2). Due
to the spatial constraints described above it was impossible to closely copy the
design of the detectors of Rinn et al. (see Sect. 3.4.1.4, Fig. 3.4). In contrast to
those, the sensitive aperture of the COMPACT detector is almost as large as the
detector housing. Among others this breaks the convenient cylindrical symmetry of
the secondary electron collector optics. A curved shape of the converter cathode (cf.
Fig. 5.5) was chosen after simulating the collection efficiency of the detector sensor,
as described later.

The values for the standard operating potentials of the COMPACT particle sensor
are listed in Tab. 5.2. Incident particles impact onto the converter cathode biased at
—400 V. The emitted secondary electrons are accelerated towards the front side of
the MCP stack which rests on a potential of 4800 V. A potential difference of 1.8 up
to 2.0 kV over the two MCPs provides a sufficient secondary-electron multiplication
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Table 5.2.: The standard operating potentials of the converter cathode and the
MCP-anode stack.

Uconverter —400 V
Uncp front | 800 V
AUMCP 1.8 kV
Uanode 3.0 kV

of typically 10°. The resulting current pulse is collected at the anode, which rests
on a potential of +3 kV.

5.1.1.4. Heating Element

A small, bakeable heating element is fixed to the back of the MCP holder in order to
locally raise the temperature of the MCPs by few tens of K while operating CSR. at
its low temperature (see Sect. 5.2.1.1). The heating element is electrically isolated
from the MCP electrodes and the anode by sapphire spacers which, simultaneously,
provide thermal coupling at low temperatures. The heating element consists of a
0.1 mm thick, 27 cm long Constantan wire wound around ceramic isolators. The wire
is spot-welded at one end to a stainless steel fixation at electric ground potential
and at the other end to a connector equipped with an M2 screw (cf. Fig. 5.6)
through which the electric power is applied. The resistance of the wire is 17 €2
at room temperature and does not significantly change when cooled. The heating
element was baked at 260°C without damage. It was successfully tested at a power
of 200 mW (cf. Sect. 5.2.1.1).

5.1.1.5. High-Voltage Wiring

The high voltage is fed to the electrodes by 1 mm thick, silver-plated copper wires
isolated by ceramic tubes (see Fig. 5.7). All wires are fixed to the electrodes by

Figure 5.6.: The bakeable, 17 {2 heating el-
ement (1) which is mounted at the back
side of the MCP-anode stack (2)
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5. Development of a Single-Particle Detector for CSR

Figure 5.7.: Left panel: Photography showing the power line of the heating element
(1) and the high-voltage wires of the MCP electrodes and the anode (2). The high-
voltage connection of the converter cathode is not shown since it is connected at
the bottom of the housing. The right panel shows all five electrical connections
between the detector sensor (3) and the power lines of the carriage (4). These
connections are covered by an additional shielding which is not shown.

flattening their ends such that small (1 mm) holes can be drilled through them and
then connecting them to the electrode by an M1 screw. Outside the housing all
wires are fixed with the same method to the copper wires from the carriage.

5.1.2. Electric Field Simulations
5.1.2.1. Simulated Collection Efficiency

The secondary-electron collection efficiency of the converter cathode and the MCP
arrangement was simulated using the charged-particle optics software SIMION 8.1
[170]. The grounded detector housing, the converter electrode, the MCPs and the
anode were defined mathematically in a geometry file. In order to match the condi-
tions of the physical efficiency measurements described later (see Sect. 5.2.2.2), the
simulations were done for the extreme case of He™ with an energy of 6 keV, i.e., an
ion of very low rigidity. In CSR, particles of typically much higher energies per unit
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charge and higher rigidity can be expected. The simulated ions entered the sen-
sor housing and hit the converter cathode which was on a potential of —400 V. To
simulate the collection efficiency of the sensor, each impinging ion was set to create
exactly one electron on the converter cathode. The emission velocity vector of the
secondary electrons was randomly chosen from a 27 solid angle around the surface
normal of the conversion cathode. Their initial kinetic energy of 1 eV corresponds
roughly to the peak in energy distribution reported for secondary electrons released
from metals by ionic bombardment [168,171,172]. The simulated electrons were ac-
celerated towards the MCP surface which was resting on a potential of +800 V. The
collection efficiency was then determined by the ratio of ions entering the aperture
of the sensor and the electrons collected by the MCPs.

In each simulation step, one hundred He™ ions of 6 keV were created as a 2-
dimensional Gaussian-shaped beam of 1 mm standard deviation at a few mm dis-
tance in front of the sensor aperture. This simulated ion beam was then scanned
vertically across the detection aperture in 0.5 mm steps for six characteristic hori-
zontal distances to the sensor aperture centre. All ions which entered the detector
housing hit the converter, the collection efficiency is hence only limited by the ability
of the converter cathode of focussing the secondary electrons onto the MCP.

The simulated secondary electron collection efficiency is > 95% over practically
the entire area of the sensor aperture. Figure 5.8 shows a model of the converter

cathode along with the collection efficiency projected onto the detection aperture of
the COMPACT sensor.

Due to the spatial constraints described in Sect. 5.1.1 it was not possible to place the
MCPs in the focal point of a simple converter cathode optics as for the TSR-type
CEM detectors [123]| (Fig. 3.4). During numerical simulations it turned out that
the narrow shape of the grounded sensor housing prevented a sufficient focussing of
the electrons onto the MCP surface. This problem was addressed by introduction
of side panels to the converter cathode. The rectangular shape of the housing could
partly be compensated by a curved shape of the cathode. The possibilities to create
a lensing effect by either lifting the front side of the MCPs holder to a potential of
—400 V or, by covering the sensor aperture with a grid at a potential of —400 V,
were briefly investigated, but rejected for the final design.

The simulations were only used to model the collection efficiency of the sensor geom-
etry and not the overall efficiency of the sensor. The influence of the MCPs detection
efficiency in conjunction with the number of secondary electrons created on the con-
verter plate was neglected. This issue is addressed theoretically and experimentally
in Sect. 5.2.2.2.
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Figure 5.8.: The left panel shows a model of the simulated design of the sensor ge-
ometry. He' ions of 6 keV A?" (red) are impinging onto the converter cathode,
thereby creating secondary electrons e~ (blue). The curved geometry of the con-
verter plate (1) with its asymmetrically shaped side panels (2) is depicted in the
model shown in the centre panel. The right panel shows the result of the simu-
lations with numbers given in %. The collection efficiency of the sensor aperture
was derived by scanning the area with a simulated ion beam as described in the
text.

5.1.2.2. Stray Field

It was decided not to cover the active area of the detector sensor by a grounded
mesh. Therefore, the electric field which protrudes through the sensor aperture and
its effect on the nearby ion trajectories in CSR had to be calculated. Figure 5.9
shows the potential map in a horizontal plane in the height of the stored beam. The
horizontal deflection angle «, in this plane for a stored particle of charge ge and
energy F passing the COMPACT sensor in z direction is approximately given by

the formula
qe
a, = — | E,dz 5.3
5F (5.3)
with E, being the horizontal component of the electric field perpendicular to the
flight direction of the particles. For the extreme case of a proton beam of 20 keV
passing the detector sensor in a distance of 5 mm, a, was found to be less than
2x1077 mrad. This is several orders of magnitudes less than the expected beam
divergence even for an electron-cooled beam (few 1072 mrad). Therefore, the stray

field is not expected to have any influence on the stored particle beam [139].
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Figure 5.9.: A cut through
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5.1.3. Translation Stage

As described in Chapter 3, moveable single-particle detectors are standard compo-
nents of storage rings. Traditionally, these detectors are driven by linear actuators
from the atmosphere side which are sealed by long edge-welded bellows. While
manufacturers provide no information on their performance in cryogenic environ-
ment, excessive compression or expansion of the bellows is believed to cause vacuum
leaks due to embrittlement of the stainless steel welding joint. Hence, this tech-
nical solution was not considered for CSR. At the DESIREE storage ring stepper
motors directly inside the vacuum cryostat drive detectors which are mounted onto
moveable carriages [83|. Provided that a suitable distance to the closed orbit of
the stored particle beam could have been maintained, the magnetic field induced
by these motors might still have been tolerable at CSR. However, also a signifi-
cant heating effect by the electrical current through the motors was observed, which
disturbed the cryogenic environment [83].
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It was decided that the COMPACT sensor will be moved by a cryogenic thread
drive contained fully within the CSR beam-guiding vacuum chamber and driven by
a cryogenic rotary UHV feed-through mounted to the rectangular detector flange.
The translation stage design can be adapted to other locations in CSR. Since the
detector sensor is a modular component, it can also be combined with other kinds
of sensors.

5.1.3.1. Spatial Constraints

A neutral particle detector, NICE [126], is situated next to the 39°deflector in the
corner section following the COMPACT detector. Since this detector should not be
shaded by the immovable parts of the COMPACT detector, the translation stage
must not exceed a height of 50 mm. The width of the translation stage is limited
by the 80-mm-wide detector flange. The travel range of the detector is limited by
the diameter of the beam line to approximately 300 mm.

5.1.3.2. Thread Drive

The thread drive consists of a 400 mm long, trapezoidal threaded rod (Tr10x2)
of V4A stainless steel rotating inside a matching PEEK nut which is fixed at the
carriage supporting the detector sensor. The rod is at one end fixed to the rotary
feed-through while its other end is guided loosely by a ceramic ball-bearing. The
nut has to have a very loose fitting (~0.2 mm) at room temperature in order to
compensate for the different thermal shrinking of PEEK and stainless steel. It
was manufactured by first cutting the Tr10x2 thread into the PEEK body at room
temperature. Then the nut was cooled down with liquid nitrogen and, while the
material was still cold, the thread was recut. In this way, an (unlubricated) cryogenic
thread drive was accomplished. The loose guidance at room temperatures of a few
tenths of mm is not relevant experimentally as the position of the detector is chosen
by observation of the impact of products and needs only to be vaguely determined
on an absolute scale.

The threaded rod is fixed to a non-magnetic, rotary UHV feed-through (model
16691301, on CF 16 flange by Agilent Technologies). No liquid lubricants are used
in any part of the drive to preserve compatibility with cryogenic operation and UHV
requirements of CSR.
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5.1.3.3. Carriage and Rail

The carriage which is supporting the sensor is low-friction guided by two additional
ceramic ball-bearings clinching to an aluminium rail. The carriage is the connection
between the static part of the translation stage and the detector sensor and provides
the high-voltage and power connections for the sensor (Fig. 5.10). Since the carriage
is mainly resting on the ceramic ball-bearings on one side and on the PEEK nut
described above, it is in principle isolated against ground. A sliding contact on
the beam-facing side of the carriage cannot alone provide a safe connection to the
chamber ground. Therefore an additional grounding connection was attached to the
carriage using one of the CuBe2 strips described below. The strip is fixed to the
carriage at one end and at the other end to the Faraday cage for the high-voltage
connections providing the chamber ground. Figure 5.2 shows that the strip has no
further guidance. This is acceptable since the grounding strip can only touch parts
of the chamber wall and the rail which are on ground potential.

Figure 5.10.: The CuBe2 strips (1) are at one end fixed to the silver coated, copper
wires (2) of the carriage (3), which lead to the power connections for the detector
sensor (8). On the other side the strips are fixed to a static terminal (6) of the
translation stage rail. The strips are isolated against each other by PEEK spacers
(4) which are fixed to the strips by thin copper wires (5). They not only isolate
the power lines against each other but also provide safe guiding of the CuBe2
strips in the Faraday cage (7).

The rail of the translation stage consists of a guiding platform for the carriage, a
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O 0 5 Figure 5.11.: Simplified illustration of the com-
plete COMPACT detector highlighting the
CuBe2 strips (1) of the power connections
between detector carriage (3) and terminal
at the translation stage (6), as also shown in
Fig. 5.10.

mounting for the threaded rod and the Faraday cage of the high-voltage connections
which are described below.

5.1.3.4. High Voltage Connections

A permanent, high-voltage and power connection between the static part of the
translation stage and the moving carriage (Fig. 5.11) is achieved via 0.1 mm thick,
4 mm broad and 250 mm long CuBe2 strips shown in Fig. 5.10. At the moving
carriage the CuBe2 strips are connected to silver coated, 1 mm copper wires which
are lead to the top of the carriage, providing the power connections for the detector
sensor. On the other static end, the strips are connected to the cryogenic, high-
voltage feed-throughs of the detector flange.

The strips have been baked at 350°C for two hours in order to harden them, while
keeping them elastic enough to bend in the high voltage Faraday cage of the trans-
lation stage during motion of the detector sensor. The strips are isolated against
the cage by PEEK spacers that keep the CuBe2 strips in line. The PEEK spacers
are loosely fixed to the strips by 0.1 mm thin, copper wire preventing them from
sliding along the strips in an uncontrolled way.

5.1.4. lIsolation-Vacuum Components

In order to thermally decouple the ~10 K beam-guiding vacuum chamber from the
room temperature outside the cryostat, all electrical and mechanical connections
had to be designed in order to minimize the heat load on the cryostat.
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5.1.4.1. Mechanics

An intermediate drive provides transmission of rotary motion from the atmosphere
side actuator to the cryogenic translation mechanics. It is mounted onto the base
plate of the 40-K CSR thermal shield (cf. Sect. 3.4.2.4, Fig. 3.8). The thermal
decoupling is achieved via nosings of very loose fitting as it can be seen in Fig. 5.3.
This still allows for a simple determination of the detector position as the number
of full turns introduced from the atmosphere side roughly corresponds to that of the
thread drive of the translation stage. However, by applying a certain sequence of
partial rotations, it is always possible to position the 40 K-drive in a way that it
has neither contact to the room temperature parts, nor to the cold inner chamber.
In that way, a nearly perfect thermal isolation among the different temperature
stages of the CSR cryostat is guaranteed. The drive is based on a spring loaded
sliding bearing with relatively high friction, ensuring that the actuators maintain
the desired position. The titanium spring ((3) in Fig. 5.12) and the axis of rotation
((2) in Fig. 5.12) are electrically isolated from the holder by PEEK spacers and
bearings. Via an attached sensor wire, the titanium spring can be used to check
whether the intermediate drive touches ground potential on any side.

Figure 5.12.: The intermediate drive, which is mounted with the bearing aluminium
block (1) onto the base plate of the 40 K-shield of CSR (see Fig. 3.8), ther-
mally decouples the room-temperature actuator from the mechanics of the ~10 K
cold, beam-guiding vacuum chamber. The rotation axis (2) is electrically isolated
against the aluminium block. A sensor wire is fixed to the titanium spring (3)
that provides a means to check whether the drive is touching ground potential on
either side.
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5.1.4.2. Electrical Connections

All electronics and power supplies are kept on the atmosphere side of CSR. Within
the isolation vacuum chamber, the connections among the electric feed-throughs on
the cryogenic beam-guiding vacuum chamber and the feed-throughs on the outer,
isolation vacuum chamber are achieved via wires of different thermal and electrical
conductivity. In order to provide a sufficiently low electric resistance while simul-
taneously avoiding excessive head load on the beam-guiding chamber, each wire is
a trade-off between thermal and electric conductivity. The high-voltage potentials
for the converter and MCP electrodes are provided via Kapton-insulated 0.25-mm
thick Manganin wires, each having a low thermal conductivity and a resistance of
10 2 for the used length of 1.5 m. The connection for the anode not only serves
as a carrier for the potential but also transports the fast detector current pulse,
consisting of an estimated 10® electrons (~0.1 pC) collected at the anode within a
few ns. To preserve the quality of that weak (~10 pA) current signal on the way to
the atmosphere-side circuitry, a screened coaxial cable (Allectra 311-KAP-50-RAD,
50 2) is used for interconnecting the 10-K and 300-K electric vacuum feed-throughs.
The screen is interrupted at both ends of the wire avoiding an unnecessary thermal
connection between the atmosphere side of CSR and the cryogenic vacuum chamber.
Instead, the screen is thermally and electrically coupled to the 40-K shield and in
addition reduced to a single litz wire between the 40-K and 80-K shields of CSR,
reducing the thermal load while still ensuring electric connection. For the resistive
heating module a 0.25 mm thick PEEK-isolated silver wire was chosen in order to
keep the resistance of the wire low compared to the internal resistance of the heat-
ing module. All wires are thermally anchored to the 40-K shield. The heat load
for the detector is dominated by the anode connection and estimated to amount
to 25 (5) mW, a value which is derived from tabulated values for thermal conduc-
tivity of an average sample of oxygen free copper [173]. The spring-contact of the
40 K-drive is connected via a similar wire which is used for the heating module.

5.1.5. Electronics on the Atmosphere Side

On the atmosphere side of CSR, the high-voltage potentials for the converter, anode,
and MCP input electrodes are generated by standard low-ripple power supplies
(ISEG NHQ 204M). The potential of the MCP output, provided by a floating high-
voltage supply (Spellman), is biased by the Uycp frons potential (Tab. 5.2). The
bias current across the two MCPs is monitored by a floating nano-amperemeter.
The electron current pulses on the anode are separated from the high potential by
a 2.2 nF decoupling capacitor. The signal is driven into a 50-{2 current-sensitive
fast front-end amplifier (ORTEC VT120A) with gain factor 200 and afterwards
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Figure 5.13.: Signal decoupling scheme comprising all electrical connections to the
vacuum components. The COMPACT operating potentials (in blue) U.node,
AUnicp, Uncp front, and Ugonverter are given within Tab. 5.2. Values for the ad-
justable resistors are given in the text.

discriminated with a reasonable threshold setting in order to obtain a digital (NIM)
signal suitable for pulse counting electronics.

Figure 5.13 shows schematically the electrical connections inside the vacuum as well
as the electronics on the atmosphere side. In order to improve the signal quality,
several low-pass filters and resistors for noise and reflected-wave suppression were
included. The empirically optimised values of the three adjustable resistors found
for room-temperature CSR operation of COMPACT are R; = 25 €2, Ry = 150 Q
and R3 = 80 Q (Sect. 5.3.1).

5.2. Offline Tests and Characterisations

The wide range of temperatures of CSR, with a bake-out at 250°C and cryogenic
operation at 10 K, puts high strain on all materials which are in use. Thermal
stress tests of all components, in particular those installed in or at the beam-guiding
vacuum chamber, were mandatory. In addition, cryogenic operating tests of the
translation stage and the detector sensor were conducted.

The electrical and mechanical feed-throughs of the beam-guiding vacuum chamber
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of CSR had to pass three cycles of bake-out and cryogenic test without developing
a vacuum leak. The bake-out was usually up to a temperature of 260°C and the
cryogenic test was done in a bath of liquid nitrogen (77 K). After these cycles, a
concluding helium leak test was carried out to confirm CSR compatibility.

The detector sensor and the translation stage were tested separately due to spatial
constraints in the used test set-ups. For the bake-out tests, both assemblies were,
one after the other, placed into a vacuum chamber which was then heated up to
260°C with a maximum temperature gradient of 15°C per hour. The maximum
temperature was kept for few hours, then the set-up was cooled to room temperature.
Before and after the test the tightness of all screws was checked.

Cryogenic operating tests of the particle sensor are presented in Sect. 5.2.1. The
cryogenic operating test of the translation stage and the intermediate 40 K-drive of
the detector are described in Sect. 5.2.3. Further tests were performed addressing
the detection efficiency of the COMPACT sensor. The influence of the secondary
electron yield of the converter cathode and the MCPs electron detection efficiency
on the absolute detection efficiency of the sensor was investigated theoretically and
experimentally. A theoretical description of the detection efficiency is provided in
Sect. 5.2.2.1. Details of the experiment are discussed in Sect. 5.2.2.2.

5.2.1. Cryogenic Operating Test of the Detector Sensor

As described in detail in Sect. 5.1.1.1, an MCP-anode set was chosen as a secondary-
electron multiplier for COMPACT. In order to ensure reliable operation in CSR, the
COMPACT sensor including the MCPs was tested for its operation ability at cryo-
genic temperatures (Sect. 5.2.1.1). These tests were of particular importance since,
even though performance of MCPs at ambient temperatures of down to 12 K have
been documented [165], it is well known that the resistance of the semiconducting
MCP glasses rise strongly with decreasing temperatures [164,166,167] which could
lead to problems in CSR operation at 10 K and below.

CEMs are considered as alternative secondary-electron multipliers in future versions
of COMPACT. They can produce pulses which might be easier to discriminate, since
CEMs collect all secondary electrons produced by the converter cathode into one
channel which provides higher gain and stronger pulse height saturation. Therefore,
two CEM-detectors of the design of Rinn el al. [123] were tested for their operating
ability at 25 K within the test series described in Sect. 5.2.1.2.
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5.2.1.1. Cryogenic Test of the COMPACT Sensor

The cryogenic operation tests of the COMPACT sensor were conducted at the cryo-
genic test bench schematically depicted in Fig. 5.14. The set-up is placed completely
in a vacuum chamber and consists of a test cryostat built around a Leybold RPK-800
dual-stage pressurised helium refrigerator. The design reflects, at least partly, the
thermal structure of CSR: A 400x80 mm? copper platform, which is attached to
the second stage of the cold head, cools down to 17 K without load and serves as an
experimental platform for components foreseen for the CSR beam-guiding vacuum
chamber. The platform is completely enclosed by a thermal radiation shield con-
sisting of an aluminium case with a 12 mm-base plate installed on the first stage of
the cold head. Several layers of multi-layer insulation (MLI) material further limit
radiative heat input into the set-up. The thermal shield cools down to a tempera-
ture of 40 K. It can thus also serve as an experimental platform for isolation vacuum
components which should be attached to the 40-K shield of CSR. The set-up can be
evacuated to a base pressure of 1x107% mbar by a turbo-molecular pump. Several
Pt1000 thermo-sensors are available to monitor the temperature at various positions
of the cold head, the shield and the copper platform. Spare sensors can be attached
directly to the equipment to be tested. Even though CSR, in cryogenic operation,
features ambient temperatures of below 10 K, the cooling power of the cold head

and the finite accuracy of the Pt1000 sensors limit the minimum useful temperature
of the test bench to 20 K.

Outside the 40 K-shield, an 2! Am « source with an activity of 3.4 MBq is attached to
the room-temperature vacuum chamber of the test bench. It is kept at a temperature
above 273 K. 5.4-MeV « particles can enter the experimental volume by small holes
in the insulation layers and in the thermal shield. The particle flux is collimated

such, that « particles enter the inner volume of the test set-up at a rate of few
103 s71.

A series of measurements was carried out to examine the performance of the COM-
PACT detector sensor at cryogenic temperatures. To this end, the detector sensor
was placed onto the copper platform directly facing the o emitter. A 100-{2 heating
resistance as available off-the-shelf was attached to the platform allowing to raise
the temperature of the entire experimental platform by a few tens of K while the
cryostat is operating. The converter, MCP front, MCP back, and anode electrodes
were separately thermally anchored to the cold-head temperature via their respective
high-voltage leads, and a Pt1000 temperature sensor was attached to the outside
of the grounded detector housing. The detector was operated with its standard
potentials (Tab. 5.2).

The count rate of « particles on the detector was monitored by setting the threshold
of the discriminator safely above the electric noise level. The cold head was then
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Figure 5.14.: The cryogenic
test bench consists of a vac-
uum chamber (1) housing a
dual-stage cold head (2). A
thermal shield (3) wrapped
in several layers of MLI is
attached to the first stage of
the refrigerator. The exper-
imental platform (4), which
served for cryogenic tests of
the detector sensor and the
translation stage, is fixed
to the second stage and
cools down to 20 K. The
inset shows the a-emitter
(6) in its housing (7) which
is fixed to the warm vac-
uum chamber at position
(5). The cover of the hous-
ing has a 1 mm aperture (8)
collimating the a-particle
flux.

switched on and the count rate as well as the temperature of the detector sensor
were monitored while cooling. After 20 h the temperature of the detector housing
was ~22 K. Figure 5.15 shows the evolution of the sensor temperature and the count
rate of o particles as a function of time. As indicated by the shaded areas, three
different regimes can be observed. After pumping for one day to a base pressure of
2.4x107% mbar, potentials are applied to the electrodes and the detector is operated
at room temperature for some days. The count rate, starting from an initial value
of 2.7x10% s7! decreases in the following 90 h by 7% to 2.5x103 s~!. This effect in
believed to stem from the well-known initial burn-in period [174] where degassing
of residual-gas molecules from the channel surfaces changes the gain of the MCPs,
and thus the likelihood of the pulses to be positively discriminated.

A second phase started when the cold head was switched on (after 90 h) and the set-
up cooled to cryogenic temperatures. The dominating effect is here a steep decrease
of the count rate by 8% over 20 h to 2.3x10? s~!. Simultaneously the resistance of
the MCP stack, derived from the measured bias current, rose from initially 56 M¢2
at 300 K to 85 G2 at 22 K. These findings are similar to what has been observed
previously for MCPs at cryogenic temperatures [167]. Again the decrease of the
count rate is caused by a reduction of the average pulse height, now as a result of
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Figure 5.15.: The COMPACT sensor temperature (dashed line) and count rate (solid
line) of « particles as a function of time. The shaded areas mark the three
discussed phases: burn-in (dark shaded), change in resistance (light shaded) and
a process with a longer time constant (not shaded) which is believed to origin
from cryo-adsorption of residual-gas particles on the MCP surface.

the temperature dependent recharging resistance of the MCP channels. Due to the
rising resistance, once a channel has produced an avalanche of electrons, it needs
more time to recharge. Measurements under cryogenic conditions may therefore
require adapted, low count rates.

The peak like excursions of the count rate that occurred after about 105 h (Fig.5.15)
might be the result of pressure changes by cryo-absorption, an assumption which is
supported by the measurements of the residual-gas pressure, but since the vacuum
gauge is outside the thermal shield of the cryogenic test bench, the actual pressure
at the MCP is uncertain.

In the third phase, starting after ~110 h in Fig. 5.15, the detector sensor is in a
thermal equilibrium and the bias current of the MCPs is constant. Still, a decrease
of 20% in the count rate was observed in the following week. This effect cannot be
assigned to the change in resistance. As later described in detail, it is believed to
stem partly from cryo-adsorption of residual-gas particles onto the cold surface of
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the MCPs. The residual gas pressure at CSR will be much lower and therefore this
effect is expected to be much lesser in COMPACT operation in the storage ring.

Also, part of this pulse amplitude degradation can be restored by local heating of
the MCPs, as shown below.

A high-voltage ohmmeter was attached to the electrodes of the MCPs to probe
their resistance while cooling. The result plotted against the temperature of the
COMPACT housing can be found in Fig. 5.19. However, accurate measurements
are only possible in thermal equilibrium of the experimental platform, as the true
temperature of the MCPs can only then be assumed to be equal to that measured
by the Pt1000 sensors. The commercial 100-2 heating-resistance was used to obtain
a precise calibration of MCP resistance versus temperature. The temperature of the
experimental platform including the COMPACT sensor was step-by-step increased
using that heating while the bias current on the MCPs was monitored simultane-
ously. As soon as the current was stable, the detector sensor was assumed to be in
thermal equilibrium with the surroundings. Under these conditions, the tempera-
ture os the housing is taken to correspond to the MCP temperature. In this way the
temperature of the sensor was calibrated against the MCP resistance in the temper-
ature range of 22 to 45 K. The result is shown in Fig. 5.16. The curve provides a
means to deduce the MCP resistance from the measured bias current also in future
experiments at CSR.

The available cooling power did not allow to cool the test bench to the CSR’s ambient
temperature of below 10 K. In spite of the fact, that the MCPs still delivered an
adequate signal at a temperature of 22 K, the steep rise in resistance towards lower
temperatures (Fig. 5.16) might cause problems in CSR operation since it could easily
exceed few TS for temperatures of 10 K. In order to provide a means to keep the
resistance in a region which ensures a reliable operation of the MCP, the COMPACT
sensor features a heating element (Sect. 5.1.1.4) which can locally raise the MCP
temperature.

By feeding electric current through the Constantan wire, the heating element was
operated in order to investigate the response of the count rate to a rise in the MCP
temperature. Figure 5.17 shows the count rate of a particles, the temperature of
the sensor housing, and the temperature of the MCPs obtained from the measured
bias current via the calibration described above. The different shaded areas of the
plot define different work points of the heating. A heating power of 85 mW was
applied first, resulting in an MCP temperature of 29 K. It took about 2 h until the
temperature of the MCPs had stabilized. By applying a heating power of 200 mW,
the temperature of the MCPs could be raised by more than 20 K with respect to the
starting temperature of 23 K. The MCP resistance was lowered to less than 5 G2
after 80 min of heating. In contrast to the significant temperature rise of the MCPs,
the temperature of the sensor housing did not increase by more than 1 K when the

124



5.2. Offline Tests and Characterisations

100 L L L e e e e e
90
80

HEf=h

70

60

T
A
1

50

40
30

MCP resistance (GQ)
=}

20

T
&
|

& +H
20 25 30 35 40 45 50

Temperature (K)

Figure 5.16.: The filled circles show the MCP resistance derived from the measured
MCP bias current. The resistance could be reduced by heating with the 100 €2-
heater to below 4 GS2. The grey line is an exponential fit Rycp(7T) = 3.36+ 6876
e~ T/478 0 the data which was used as calibration function.

maximum heating power of 200 mW was applied. The thermal coupling of the MCP
holder to the housing is apparently weak enough to allow for a rise in temperature
which is strongly localised to the MCP and anode structure.

The current of the heating element had no impact on the signal quality received from
the COMPACT anode but the resulting rise in MCP temperature led to a significant
increase of the pulse amplitudes. This is clearly visible in the count rate of « particle
pulses above the discrimination threshold. Figure 5.17 shows that the count rate
quickly increased by 5% when switching on the heating element. The second rise, due
to the increase of heating power from 0.085 mW to 0.2 mW, is delayed by 0.5 h and
provided a gain of 10% in count rate. After turning down the heating power to 0 W,
the count rate follows with a delay of 1 h, but stays on a 15% higher level than before
the heating processes. This effect cannot be assigned to a change in MCP resistance
as this is the same before and after the thermal cycle. Instead, it is believed to
originate from desorption of previously cryo-adsorbed residual-gas molecules from
the MCP surfaces when locally heating the MCP to a higher temperature than
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Figure 5.17.: The COMPACT heating element was used to locally raise the tem-
perature of the detector (dotted line) to more than 43 K. While the count rate
on the MCPs (solid line) reacted quickly, the temperature of the sensor hous-
ing (dashed line) was almost unaffected. The shaded areas indicate the different
heating powers applied to the heating element.

the surroundings. During the experiment, the effect could be observed repeatedly,
supporting the explanation by cryo-adsorption on the MCP surfaces. CSR will start
its cold operation from a much better base pressure, hence the effect is expected to
be smaller when the detector is operated in the CSR vacuum.

Following the positive test results, a similar heating element was introduced to the
detectors of the beam-imaging system of CSR in order to provide a possibility to
locally heat their MCP phosphor-anode stacks [86] as well.

5.2.1.2. Cryogenic Tests with CEM Detectors

Keeping in mind that, in principle, the COMPACT sensor can be replaced by various
kinds of sensors which are suitable for CSR conditions, a CEM-based particle sensor,
of a design which was adapted from Rinn et al. [123] (Sect. 3.4.1.4), was tested for
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its ability to operate at cryogenic temperatures. In two consecutive measurements,
different CEMs were tested by incorporating them into the sensor housing (Fig. 3.4).
In a first attempt, a standard, high resistance CEM (Philipps type X 719 BL) was
used as secondary electron multiplier. In a second test, the standard CEM was
replaced by a low-resistance EDR CEM (Photonis type 7010M C EDR).

The cryostat described in Sect. 5.2.1.1 was employed as an experimental platform.
It was not possible to fix a sensor directly on the CEM to monitor its temperature.
Therefore, in a preliminary test only, no potentials were applied to the CEM and one
Pt1000 sensor was placed at the converter cathode while the other was attached to
the detector housing. The detector housing was fixed onto the copper mounting stage
which is connected to the second stage of the cryopump (Fig. 5.14). Subsequently,
the set-up was cooled down to a temperature of 30 K.

It was found that the temperature of the converter cathode directly follows the
temperature of the detector housing. Since converter cathode and CEM are fixed to
the same ceramic rods (cf. Fig. 3.4, Sect. 3.4.1.4) connecting them thermally to the
detector housing, it is assumed that the temperature of the converter and, hence, of
the housing also reflects the temperature of the CEM.

For the subsequent operating test of the Philipps CEM, the temperature sensor
at the converter cathode was removed. The detector was placed into the chamber
facing the 2! Am source allowing a particles to irradiate the converter electrode.
The operating potentials as summarised Tab. 3.1 were applied. The CEM signal
was driven into the COMPACT fast preamplifier and amplified further using an
ORTEC 474 timing filter amplifier before being fed into a linear discriminator of a
certain trigger threshold. While monitoring the count rate after the discriminator,
the set-up was cooled down to 20 K. The resistance at various temperatures was
measured via a high-voltage ohmmeter.

Figure 5.18 shows the mean count rate as measured by the Philipps CEM as a
function of the detector housing temperature. Two main slopes in the rate can
be observed (shaded areas in Fig. 5.18). The first one starting at around 225 K
was not investigated further, but could stem from a change in alignment between
the a-source, collimator and detector aperture due to thermal contraction. The
second strong drop in signal rate starts at 100 K. It is caused by the steep raise in
resistance of the CEM which would reduce the pulse heights of the a pulses to below
the discriminator threshold. This assumption is supported by the resistance curve
shown in Fig. 5.19 as well as by the fact, that practically all thermal shrinking occurs
between 300 K and 100 K, so that further misalignment of the apertures below 100 K
can be excluded. Starting from originally about 400 Mf) at room temperature, the
CEM resistance rose steeply towards lower temperatures, exceeding 1 T2 at 25 K.
Even by increasing the gain voltage of the CEM no signals could be observed. It can
be concluded that the high resistance causes electron depletion in the long channel of

127



5. Development of a Single-Particle Detector for CSR

20 —m™————————————7————

— —
e W
—T T

Count rate (103s'1)

=
(9]
T

0.0 L e
300 250 200 150 100 50

Temperature of detector housing (K)

Figure 5.18.: The count rate of the standard Philipps CEM versus the temperature
of the detector housing. The two shaded areas indicate the tree observed regimes
explained in the text. Below temperatures of about 50 K the CEM is virtually
blind.

the CEM which prevents secondary electrons from the converter cathode to trigger
an avalanche at very low temperatures. After warming the test cryostat the CEM
worked at room temperature as before.

The Philipps CEM was replaced by a EDR MCP by Photonis for a second oper-
ational test. With about 70 M2 at 300 K, the EDR CEM has a resistance which
is about one order of magnitude lower than the resistance of the standard CEM.
The sensor was mounted onto the copper plate of the cryostat in the same way as
it was done in the previous tests. The detector, initially, was also operated with
the potentials given in Tab. 3.1 and the system was cooled down to a minimum
temperature of 23 K while simultaneously monitoring the signals caused by the «
particles on the detector.

As already observed in the cryogenic test of the standard CEM, the amplitudes
of the « particle induced current pulses decreased with decreasing temperatures.
However, for the EDR CEM, it was always possible to increase the pulse heights
by application of a higher gain voltage. At the final temperature of 23 K, the gain
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Figure 5.19.: Resistance curves of the two tested CEMs and the COMPACT MCPs.
The yellow, long-dashed line is the resistance curve of the standard Philipps CEM
while the red, short-dashed line belongs to the Photonis EDR CEM. The lowest
resistance curve (green, dot-dot-dashed) is recorded for the EDR MCPs which are
in use in the COMPACT detector.

potential difference of the detector was set to AUcgym = 3 kV. Even though the pulses
were then smaller than in room-temperature operation, the EDR CEM appeared to
work as reliably as the EDR MCPs (Sect. 5.2.1.1) at a temperature close to 20 K.

The resistance of the EDR CEM amounted to about 90 G at a temperature of 23 K.
Fig. 5.19 shows the resistance curves of both tested CEMs and of the EDR MCPs
of the COMPACT sensor. While the standard CEM has a resistance which is by
more than an order of magnitude higher, the EDR CEM and the EDR MCPs show
similar behaviours across the entire temperature range. Hence, EDR CEMs seems to
be suitable replacements for EDR, MCPs in future COMPACT-type single-particle
sensors. For cryogenic operation at CSR it is however recommended to include a
similar heating element as incorporated in the COMPACT sensor (Sect. 5.1.1.4),
since smooth performance at 10 K or below cannot be guaranteed.
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5.2.2. Detection Efficiency

The detection efficiency of a plain MCP detector directly exposed to the particles to
be detected is given by the efficiency ey;cp of the MCP itself. However, by introduc-
ing a converter cathode of secondary electron yield 7 collecting those secondaries
onto the MCP efficiently, the overall detection efficiency can be increased signif-
icantly. In the following the overall COMPACT sensor efficiency is characterised
theoretically (Sect. 5.2.2.1) and experimentally (Sect. 5.2.2.2).

5.2.2.1. Theoretical Description of the Detection Efficiency

Primary particles entering the COMPACT sensor impact onto the aluminium con-
verter cathode leading to the emission of a number of secondary electrons which
are then accelerated towards the MCP surface. Depending on the surface condi-
tion of the cathode, the secondary-electron yield v may vary spatially across the
cathode. Theoretically, the number of electrons can then be described by a Polya
distribution, as well established in the context of statistical models of secondary
emission from discrete-dynode electron multipliers [175-177|. The basic idea is that
for each specific point of impact on the cathode the number of emitted secondary
electrons follows a Poisson distribution of mean ~, whereas the local value for ~
varies from point to point following a Laplace distribution. Since the probability for
secondary electrons reaching the MCPs surface might fluctuate spatially as well,
is in addition weighted with the collection efficiency .. A defining quantity of the
secondary emission and collection process is hence the product ye.. The Polya dis-
tributed probability W, (7, b) for n secondary electrons being collected at the MCP
input surface upon impact of a given primary particle onto the converter surface is
described by

~n n—1
W,(7,b) = %(1 +03) P T +ib) with 0<b<1 (5.4)

1=0

where 7 is the average secondary electron yield weighted with the probability . for
an electron reaching the MCP surface, i.e., ¥ = (7e.). The dimensionless parameter
b is the relative variance [176] of the product ~ye., hence 0 < b < 1. The distribution
features two extreme cases: If b = 0, meaning that there is no variation in ve. over
the area of impact, the Poélya distribution reduces to a Poisson distribution. In the
limit of b = 1, the Pélya distribution converges to the negatively exponential Furry
distribution [176] describing a large variance of e, over the irradiated cathode area.

The probability for an electron impinging onto the MCP to trigger an avalanche in
a channel is denoted in the following as eycp. For n electrons being emitted by
one primary particle on the converter, the total number k of electrons triggering a
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channel avalanche in the MCPs is binomially distributed with By (eymcp,n). Since
the number n of secondary electrons is itself Polya-distributed according to Eq. 5.4,
the number k£ of MCP avalanches per primary ion is distributed according to

P, = Z By.(emcp, n) Wi (7,0) = Z (Z) eniep (1 — encp)" " Wi (7, b) (5.5)

n=~k

The COMPACT detector in CSR will mainly be irradiated by a product beam
generated by electron collisions with a cooled, low-emittance ion beam [178]. The
irradiated area of the converter cathode can therefore be smaller than 0.01 mm?.
Assuming that the spatial variation of ye. is negligibly small within this area, b may
be taken to be 0, hence Eq. 5.4 becomes equal to a Poisson distribution of a mean

7, causing the overall distribution of Eq. 5.5 to become

. 0 n . ,?n . (SMCch’Y)k . .
== Zk </~c)€§40p(1 ~ ence) kme T= e e (5.6)

An incident particle is recorded if at least one electron is detected by the MCPs.
The overall detection efficiency of the COMPACT sensor comprising the secondary-
electron yield of the converter, the collection efficiency of the sensor geometry, as
well as the detection efficiency of the MCPs, can eventually be given as

e=1—Py=1— e moreey (5.7)

According to the SIMION simulations which have been presented in Sect. 5.1.1, the
collection efficiency . of the converter is > 95% over practically the entire detector
aperture (Fig. 5.8). Consequently, ¢ is depends on the detection efficiency of the
MCPs for 1.2-keV electrons (eycp) and on the local secondary electron yield .
Theoretically, these numbers are hard to predict. Since an electron is only detected
if it triggers an electron avalanche in an MCP channel, it is common practice to use
the open area ratio of the MCPs of 0.6 as estimate for eycp, although somewhat
higher values for electron energies around 1 keV have been reported [179-182|. The
secondary-electron yield ~ is even harder to assess. Electron ejections from metal
surfaces are known to be surface-sensitive processes. Hence v depends not only
on the energy of the impinging particle and the cathode material, but also on the
chemical composition and thickness of any oxide or other adsorption layers that may
have formed even on an originally clean surface [168,169,175,183]. Even though these
surface phenomena are hard to predict theoretically, it is safe to assume that, given
a proper velocity of the impinging ions, on average several secondary electron are
emitted. Figure 5.20 shows the overall detection efficiency of COMPACT calculated
theoretically by employing Eq. 5.7. It shows, that & > 95% for v > 5. A systematic
error of 33% as an estimated combined, relative uncertainty on eycpe. is given
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Figure 5.20.: The theoretical sensor detection efficiency e (solid line) as a function
of the secondary-electron yield v from Eq. 5.7 with eyycp = 0.6 and €. = 0.95 .
The dashed lines represent an estimated combined uncertainty of 33% on e. The
filled circles are the two experimentally derived efficiencies including their total
uncertainties.

within the graph.

The secondary electrons which are detected by the MCPs are assumed to impinge
into different MCP channels. While, for high numbers of impinging electrons, the
output signal of a CEM is damped due to the space-charge limit of the electron
avalanche, the output signal amplitude of the MCPs is therefore expected to be pro-
portional to the number of electrons succeeding to penetrate into an MCP channel.
If the pulse height distribution for one electron is already known, this characteristics
provides a means to determine the average number of produced secondary electrons
from a second measured pulse height distribution (Sect. 5.3.1.2).
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5.2.2.2. Experimental Detection Efficiency

In order to support the theoretical approach developed in Sect. 5.2.2.1, the exper-
imental detection efficiency was analysed in two measurements on ions of different
energies.

Efficiency Measurement with 6-keV Ar™"

In a first experiment, the mean secondary-electron yield of the converter ~ for 6-keV
Ar* ions entering the detector roughly in the centre of its sensitive area, was deter-
mined. To this end, the detector was placed in a vacuum chamber featuring a small
Penning ion source. A 20 mm-diameter Faraday cup, featuring a repeller electrode
for secondary-electron suppression and a 4 mm-hole in the bottom was placed ap-
proximately centred in front of the COMPACT sensor. The measurement principle
was such, that an ion beam of up to 1 nA of 6-keV Ar™ (150 eV /u) was alternatingly
steered onto the bottom of the cup and then through the hole onto the converter
cathode of the COMPACT sensor. A preliminary measurement showed that the
beam envelope was small enough to fit entirely through the 4 mm circular aperture.
The secondary-electron yield v was determined by alternatively measuring the ion
current [, on the Faraday Cup and the current on the converter electrode I.., with
a floating nanoamperemeter. The MCP was on operation potential (see Tab. 5.2) in
order to provide the correct electric field lines. However, its active area was covered
by a sheet metal, in order to protect it from the high-currents released from the
converter plate. The ion current from the ion source was stable enough that [,
could be assumed not to have changed in-between two steerer settings. Hence, the
mean number of secondary electrons per ion v emitted by the converter cathode can
be derived from
Ie [con - [ion

= ¢ —con cim 5.8
Iion Iion ( )

since I, is the sum of both the current from the impinging ions [;,, onto the
converter and the current originating from the emitted secondary electrons I.. The
number of secondary electrons emitted from the converter electrode for an impinging
6-keV Ar" ion was determined to be 7., 6 xevart = 1.3(2).

Subsequently, the hole in the Faraday cup was reduced to a pinhole aperture of a
diameter of 10.5 (5) pm. This is much smaller than the beam envelope at the Faraday
cup, and hence decreased the rate of particles that could reach the COMPACT
sensor to a value suitable for single-pulse counting at the MCP-anode stack, whose
protective cover could hence be removed. By employing the method developed
by Rinn et al. [123], the total experimental detection efficiency for 6-keV Art was
determined by steering the ion beam across the pinhole aperture in two dimensions
(x,y) while simultaneously measuring the count rate and the ion current. Since the
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fraction of the ion beam entering the aperture was very small (~0.001%) its effect
on the ion current measured in the Faraday cup was negligible.

In each measurement step the count rate r;; and the corresponding ion current I; ;
was recorded. The experimental efficiency is then given by

_ AN Ty
Eexp = a ; _['L] (59)

with ¢ being the charge state of the impinging ion, e the elementary charge, a the
area of the pinhole and A the rectangular area enclosed by four neighbouring steerer
settings

A= (@1 — 1) X (Yj1 — Yj) - (5.10)

A was obtained from a calibration of the electrostatic steerer, which was done by
steering the beam all across the known aperture of the Faraday cup in two dimen-
sions.

In this way, a detection efficiency for 6-keV Ar™ ions of ey, = 38 (9)% was obtained.
The large statistical error is due to the poor focussing and collimation properties of
the small Penning source which produced a large background rate and an asymmet-
ric, steeply peaked beam shape (Fig. 5.21). The high background signal had to be
subtracted from the beam-induced count rate, and hence led to a quite large uncer-
tainty on r;;. Moreover, the irregular shape of the ion current density, as visible in
Fig. 5.21, limited the maximum allowed total current [;,,, in an effort to keep the
MCP count rate below 10° s~! at all measurement steps. In return, this resulted in
a relatively large error on /;;. In addition to these statistical uncertainties, there are
systematic uncertainties, dominated by the size of the pinhole aperture a. Direct
microscopic measurement of the pinhole diameter yielded a value of 10.545 pm cor-
responding to a relative systematic uncertainty of ~9% on eeyp. Since the 12.7-pm
thickness of the aperture is comparable to the pinhole diameter of of 10.5 pum, the
angle of incidence of the ion beam onto the cup causes an additional, asymmetric
uncertainty of the aperture size. The angular uncertainty is estimated to be £3°at
most, corresponding to an uncertainty of *3% on the projected pinhole size and,
hence, an error of 3% on the experimental detector efficiency €exp- The obtained
value for €4_povar+ Of Vo_kevar+ 1s shown in Fig. 5.20 together with the theoretical
calculations for the detection efficiency.

Efficiency Measurement with 80-keV Ar*"

Following the experiment with 6-keV Ar™ ions, a second efficiency measurement
was conducted using 80-keV Ar?* ions. While the measurement principle remained
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Figure 5.21.: Beam
profile of the 6-keV
Ar* beam used for
the first efficiency
measurements.
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method is in prin-
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the same, the Faraday cup and the sensor were moved to the CSR injection accelera-
tor where 80-keV Ar** (2000 eV /u) was generated in a Penning-type ion source. The
beam from the source was momentum-selected in a 90°dipole magnet and collimated
to a size of 2.6x2.7 mm? at the position of the experiment (Fig. 5.22). The opening
of the Faraday cup was reduced to a diameter of 10.25(5) mm and an additional
shield was placed into the beamline in front of the cup in order to prevent stray ions
from entering the detector sensor. The thereby achieved signal-to-background ratio
was approximately 10 and much improved as compared to the low-energy Ar™ ion
source set-up described above.

The measurements with Ar** of 80 keV energy resulted in an experimental detec-
tion efficiency for egy_joya2+ = 97 (3)%. No direct measurement on the secondary-
electron yield of 80-keV Ar?* was performed, due to the limited availability of the
high-energy accelerator platform. However, for both experiments, 6-keV Ar™ and 80-
keV Ar?*, the pulse height distribution was recorded. As discussed before, the pulse
height is proportional to the number of secondary electrons triggering an avalanche
at the MCPs which, for a narrow impinging particle beam as delivered by the pinhole
cup, are Poisson-distributed according Eq. 5.6 around a mean value of eyicpe.y. By
comparing the mean pulse height of 6-keV Ar™ to the one for 80-keV Ar?*, it was
found that the latter was higher by a factor of 3.6 (7). Hence, a secondary-electron
yield of vgg_yevasz+ = 4.7 (1.2) could be derived. This value, as well as the observed
secondary-electron yield of 1.3 (2) for 6 keV Ar™, is lower than previously pub-
lished observations for Argon impacting onto contaminated Al surfaces [184, 185],
but still significantly higher than what has been reported for atomically clean Al
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Figure 5.22.: Beam-
profile of 80-keV
Ar*>*. The second
efficiency mea-
surements were
conducted with the
CSR ion source
which produced
a nicely defined
ion beam of 80-
keV Ar?t. The
beam was cut
down to a size
of 2.6x2.7 mm?
in advance of the
Faraday cup.

Normalized detector counts (Hz/nA)

targets [169, 186].

The experimental detection efficiency together with its total uncertainty, including
also the systematic errors already discussed for the measurements on Ar*, is sum-
marised in Fig. 5.20. Both experimental results agree with the theoretical model for
the detectors detection efficiency developed in Sect. 5.2.2.1.

5.2.3. Cryogenic Tests of the Translation Mechanics

In order to assure a smooth operation in CSR, the translation stage without the
detector sensor was tested for its performance at low temperatures in the cryogenic
test set-up described in detail in Sect. 5.2.1.1. In a first test, the rotary UHV
feed-through by Agilent Technologies was fixed to the experimental platform of the
cryogenic test bench (Fig. 5.14) and cooled down to 22 K. A thermally decoupling
drive—similar, but not identical to the one to be implemented at CSR—allowed to
rotate the feed-through at low temperatures. Even though the UHV feed-through is
only specified down to a temperature of 77 K, it performed more than 20 000 turns
at 22 K without developing a leak, as was tested, after rewarming, with a helium
leak detector.

A second test was conducted of the full UHV translation stage of COMPACT (see
Fig. 5.2) including the rotary feed-through, the rail, the thread drive, the carriage
and several of the CuBe2 electric power lines. Due to the spatial constraints of the
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Figure 5.23.: Schematic illustration of the cryogenic test set-up used for the transla-
tion stage (1) and the 40 K-drive ((2), inset). The translation stage was attached
to the experimental copper platform (3) which was kept at a temperature below
30 K during the test, while the drive, which has only to be tested at a temperature
of 40 K, is fixed to the thermal shield (4) of the test cryostat.

test vacuum cryostat, it was not possible to include the particle detector sensor into
the test. Instead, a similarly massive aluminium block of ~200 g was mounted onto
the carriage to simulate the stess onto the mechanical components by the weight
of the sensor. Figure 5.23 shows a schematic illustration of the set-up. The set-up
was cooled and the carriage was moved along the full stroke of the rail 200 times,
corresponding to a total of 30 000 turns of the cryogenic tread drive. The movement
of the carriage as well as the thermal contact to room temperature caused by the
intermediate drive caused a slow rise in the temperature during operation of the
translation stage. Therefore short breaks had to be included, during which the set-
up could cool. In this way it was possible to keep the temperature below 30 K at
all times. No deterioration of either the PEEK /stainless steel drive or the electric
connections was observed after the test.

A separate test was carried out on the 40 K-drive, which is designed to thermally
decouple the room temperature, outer feed-through from the cryogenic, inner feed-
through. As shown in the inset of Fig. 5.23, the drive was fixed to the thermal
shield of the cryogenic test bench. Since the thermal shield of the test bench is not
spacious enough to allow rotation of the complete 40 K-drive, the actuator at one
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end of the drive was removed. In that way, the mechanics were successfully tested
at a temperature of 40 K.

5.3. CSR Operation

5.3.1. Room-Temperature Operation

The commissioning of CSR [86] at room temperature took place in March 2014.
The storage ring was first baked out at an intermediate temperature of 120°C.
Since most of the CSR pumping facilities had still to be installed, the vacuum in the
beam-guiding chamber was only in the lower 10~7 mbar range. The isolation vacuum
chamber was pumped as well, mainly for the sake of safe high-voltage operations.
The laser interaction section had not yet been installed. Therefore, only reactions
of the stored beam with the residual-gas particles could be used for detector tests.

The storage ring was operated with a beam of 50-keV N3 ions produced from the
injection accelerator, in order to allow operational tests of the installed detectors.
Upon colliding with a residual-gas particle (X), kinetic energy can be transferred
to the electronic shell of the NJ molecule, resulting, mostly, in the excitation to a
dissociating state that causes breakup into a neutral/charged fragment pair, each
fragment carrying approximately 25 keV of kinetic energy. The reaction is given by

Ny +X > X+N+N" . (5.11)

The two reaction fragments are separated from the parent Nj in the deflecting el-
ements of CSR. The corresponding parameters 7 from Eq. 5.1 are —1.0 for N and
+1.0 for N*, respectively. These values are within the detection range given in
Sect. 5.1, hence the products of collision reactions occurring in the straight section
of the future electron cooler could be counted selectively by moving the COMPACT
sensor to the corresponding positions. The detector was operated with the poten-
tials given in Tab. 5.2. Figure 5.24 shows an averaged pulse shape produced by
impact of 25-keV N particles onto the COMPACT detector at room temperature.
Despite the long signal line connecting the anode in the UHV chamber to the de-
coupler /preamplifier circuitry on the atmosphere side of CSR, the signal is followed
by only little ringing, allowing for a low discrimination threshold of a few 10 mV.
As described in Sect. 5.1.5, the signal is measured after a 50-{2 current-sensitive
amplifier with a gain factor of 200. By integration, the number of electrons which
created the pulse on the anode can roughly be estimated from the pulse shape of
Fig. 5.24 to be 2x10°. Assuming a gain of 5 (3)x10° for the MCP-stack, the average
number of secondary electrons impinging onto the MCP surface is derived to be e,
= 10(6) (cf. Sect 5.2.2.1).
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Figure 5.24.: An averaged anode pulse shape obtained from 25-keV N* ions imping-
ing onto the detector. After decoupling from the high voltage of the anode, the
current pulses were driven into a 50-€) resistor and amplified by a factor of 200 to
yield the voltage pulses shown here (cf. Sect. 5.1.5). The signal quality allows for
a low discrimination threshold of few 10 mV.

5.3.1.1. lon-Beam Lifetime Measurements at 300 K

The lifetime of the stored Nj-beam was measured by monitoring the count rate of
N product particles versus storage time. Count rates of up to 10% s=! were recorded
directly after injection, followed by an exponential decay due to the decreasing stored
ion current. A lifetime of 7 = 1.12(2) ms was derived from the measured curve in
Fig. 5.25. This lifetime which matches the anticipated lifetime of the ions due
to residual-gas collisions (Eq. 3.8). The data are averaged over several thousand
individual ion injections into the storage ring. After 15 ms, corresponding to ~250
revolutions of the stored ion bunch, the measured count rate vanished, revealing
that the EDR MCP stack is effectively free of any dark count rate, even during
room-temperature operation.

The injected NJ beam had a bunch length of only 29 m, corresponding to 80% of the
35.4-m closed-orbit circumference of CSR. This caused a sharp modulation in the
count rate of the detector, as seen in Fig. 5.26. In addition betatron oscillation cause
a weaker modulation of the measured count rate since the amplitude of the oscillation
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Figure 5.25.: Lifetime measurement for a 25-keV NJ beam stored in CSR. The
count rate of N product particles (black dots) from residual-gas collisions onto
the detector was measured as a function of storage time. The dark-grey error bars
indicate the counting statistical uncertainty. The red line is an exponential decay
fit of the stored ion beam with lifetime 7 = 1.12 (2) ms

is larger than the detector acceptance. This is due to a slight misalignment of the
injected beam during these first CSR experiments.

5.3.1.2. Pulse Height Spectrum

Based on the model for the secondary-electron multiplication and detection devel-
oped in Sect. 5.2.2.1, some level of understanding of the pulse height distribution
measured in the experiment on collisional dissociation of N3 can be obtained. Con-
sidering our results of Sect. 5.2.2.2, it can be assumed that an impinging 25-keV
N* ion released on the average several secondary electrons 7 from the converter
cathode, of which, in average, 4 impinge onto the MCP input electrode. Since the
parent beam of N was uncooled, the daughter particles N and N* were expected to
irradiate the full sensitive area of the sensor, hence the number k of secondary elec-
trons triggering an avalanche in the MCPs is then governed by the Polya statistics
given in Eq. 5.4. The pulse height spectrum is characterised by the electric response
of the MCP stack to these k electron avalanches. In order to deduce 4 from the
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Figure 5.26.: The periodic, sharp modulation of the measured NT count rate (black
dots) is a characteristic of the bunched beam passing the detector only during
80% of one revolution. One period of revolution is exemplarily indicated by the
green, shaded area. The modulation in the amplitude between the revolutions is
believed to stem from betatron oscillations, as explained in the text. The figure
is a close-up of the shaded area in Fig. 5.25.

experimental data of N*, knowledge of the pulse height spectrum for exactly & = 1
electrons triggering an electron avalanche in the MCPs is needed.

An ultraviolet (UV) AlGaN light emitting diode (LED, SETi UVTOP 240) is per-
manently installed in CSR in the corner section preceding the future electron cooler.
For testing purposes, the diode can irradiate the COMPACT and NICE [126] de-
tectors by an uncollimated beam of 245-nm photons. Since the photon energy of
5.1(1) eV allows only to eject a maximum of one single electron from the converter
cathode, no more than k£ = 1 avalanches can be triggered in the MCPs. The UV
diode can hence be used to measure the required single-electron pulse height spec-
trum.

With f; being the pulse height spectrum corresponding to the & = 1 electron
avalanche triggered in the MCPs, the response for precisely k& = 2 electron cas-
cades is given by the convolution fo = f; * fi, and for precisely k£ cascades by
fx = f1* fr—1. The theoretical pulse height spectrum F for N ions can thus be
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Figure 5.27.: Measured pulse height spectra for UV irradiation (filled circles) and
for 25-keV N7 ions (filled squares). The solid, blue curve (f;) is a fit to the UV-
induced single secondary-electron spectrum. The dashed red line (F') is modelled
from the latter assuming Polya-distributed secondary-electron numbers k. Some
individual contributions Py fy (dot-dashed, orange lines) are labelled 1 to 15 (see
text).

modelled from the measured single-electron detector response f; as
F=(1-PR)" %) Pfe (5.12)

where the values of Py are given by Eq. 5.5 as a function of the parameters 7 and b.
The normalisation factor (1 — P)~! accounts for the non-vanishing probability ()
for an ion to produce no signal.

Figure 5.27 shows the normalised pulse height spectra derived from the measured
MCPs response for UV photons and N* particles. Empirically, the UV response is
found to be well reproduced by the sum of an exponential decay and a Gaussian
centred at zero. The modelled pulse height spectrum F for Nt particles is derived
from f; by numerically computating the convolutions f; up to k& = 150. By fitting
Eq. 5.12 to the data, the best agreement between experiment and model is obtained
for ¥ =10(1) and b = 0.8 (2) (see Eq. 5.5). The uncooled, broad particle beam was
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expected to have irradiated a large area of the converter cathode. A large value of
b was therefore to be expected. Since the Polya parameter b is the relative variance
[176] of the distribution of ve., this corresponds roughly to values ye. ~ 10 (9) across
the entire converter cathode area for 25-keV N7 particles. This value is in agreement
with the value of e, ~ 10 (6) estimated from the pulse shape shown in Fig. 5.24.

It should be noted that the model fit function F' depends quite strongly on the
low-energy part (< 50 mV) of f; which, as visible in Fig. 5.27, has not been mea-
sured but extrapolated. Hence, the model for F' is bound to a large systematic
uncertainty. Still, it seems that basic understanding of the pulse height spectra can
be obtained from Eq. 5.5. Moreover, this modelling provides another evidence that
keV /u-ions are detected with practically 100% detection efficiency. The measured
pulse height spectrum for 25-keV N* shows that the loss in detection efficiency by
a discrimination threshold of a few 10 mV is only small (a few 1072).

5.3.2. Cryogenic Operation

In early 2015, CSR was prepared for the commissioning at cryogenic temperatures.
Prior to cooling, the storage ring was baked at a temperature of 180°C and the NEG
pumps were activated. The CSRs pumping facilities had been installed completely,
and consequently the residual-gas pressure was much lower (1x107!° mbar at room
temperature after bakeout) than in the initial test phase (Sect. 5.3.1). While CSR
was cooled to its cryogenic operating temperature, the diagnostic systems and the
detector array, consisting of the COMPACT and NICE detectors, were characterised
using a stored 60-keV Ar' beam. First, preliminary results are presented in the
following sections.

At an ambient temperature of 5 K, COMPACT was moved along the full length
of the translation stage several times, showing that the cryogenic thread drive (see
Sect. 5.1.3.2) can safely be operated at such low temperatures. While moving the
detector, the temperature of the vacuum chamber locally rose by less than 1 K.
Once the detector was at rest and the intermediate rotary drive was decoupled, the
chamber cooled down to its initial temperature.

5.3.2.1. Storage Times of a 60-keV Ar" Beam at Different Temperatures of
CSR

COMPACT was used to determine the lifetime of the stored 60-keV Ar™ beam at
several temperatures of the beam-guiding vacuum chamber. Products from collisions
between the ion beam and the residual-gas particles were monitored as a function of
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Figure 5.28.: Beam lifetime measurements of 60-keV Ar™ stored at different temper-
atures of CSR. The red dots are the lifetime measurements performed at a storage
ring temperature of 260 K, the green dots are the measurements at 110 K, and the
blue dots represent the lifetime measurement at an ambient temperature of about
5 K. For better illustration, the data of the 5-K measurement are multiplied by a
factor of 103. The error bars represent the counting statistical error bars. During
cooling of the storage ring, the lifetime increased from about 3.52 (1) s at 260 K
to about 276 (7) s at 5 K. The (cyan, yellow, and orange) lines are the exponential
decays fitted to the data obtained at a temperature of 260 K, 110 K, and 5 K,
respectively.

storage time. Figure 5.28 shows the obtained beam-decay curves at chamber tem-
peratures of 260 K, 110 K, and 5 K. Each data set was generated by averaging over
a few injection cycles. The beam lifetimes were determined by fitting an exponential
decay function to the data points. The background count rate was measured inde-
pendently by dumping the remaining ion beam at the end of each measurement. The
beam lifetimes obtained from the measurements, shown in Fig. 5.28, were 3.52 (1) s,
17.4(2) s, and 276 (7) s at chamber temperatures of 260 K, 110 K, and 5 K, respec-
tively. Since the analysis of systematic uncertainties is still ongoing, the given error
bars represent only the standard error of the numerical fit.
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At chamber temperatures above 100 K, the lifetimes were determined by monitoring
neutral Ar particles, formed by electron capture of Art, on the COMPACT detector
(red and green data sets in Fig. 5.28). Towards lower temperatures, the production
rate of neutral Ar particles decreased due to the decreasing residual-gas particle
density caused by cryo-absorption at the cold surfaces. Consequently, the lifetime
of the stored Ar™ beam increased. At a temperature of 5 K, the rate of neutral Ar
particles generated within the straight, future electron cooler section was too low
to be detected. This indicates that in this section the residual gas density was very
low. However, right in front of the detector, a vacuum tube connecting the cold,
beam-guiding vacuum chamber to a room-temperature ion-getter pump, generated a
gas target in close vicinity of the detector. Residual-gas particles which were ionised
by the stored Ar" beam had a small probability of reaching COMPACT and could
thus be used as a proxy signal for the beam lifetime. The beam decay curve which
was obtained from this beam-induced signal is shown in Fig. 5.28 (blue data points).

5.3.2.2. Pulse Height Spectra

The pulse heights generated in the MCPs were analysed for different CSR tempera-
tures. Pulse height distributions, both for 60-keV Ar particles and for UV photons,
were recorded at ambient temperatures of 200 K and 10 K, respectively. As visible
in Fig. 5.29, neither the distribution for high-energetic Ar particles nor the distri-
butions of the UV photons changed significantly with temperature. Thus, it can be
concluded that at the given count rates, electron depletion of the MCPs due to their
high resistance at 10 K cryogenic temperatures does not compromise the operation
of the detector.

5.3.2.3. Cryogenic Heating Element

Despite of the fact that the detector operated successfully also at very low temper-
atures, the function of the MCP heating element was tested. By application of a
heating power of 80 mW, the MCP resistance dropped in one hour from the initially
~100 G2 to ~10 GS2. Using the calibration curve of Fig. 5.16, a temperature of the
MCP of approximately 35 K can be derived. Heating of the MCP might be helpful
once the detector operates at higher count rates.
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Figure 5.29.: Pulse height distributions of 60-keV Ar particles and UV photons at
COMPACT. The red squares and the light-blue triangles represent the pulse
height distributions for the high-energetic Ar particles, measured at CSR tem-
peratures of 200 K and 10 K, respectively. The blue filled circles and the brown
diamonds correspond to the pulse height distribution induced by UV photons
irradiation at the same temperatures.

5.4. Summary and Outlook

A movable, single-particle counting detector for the CSR has been developed, char-
acterised, and successfully commissioned. This ‘COMPACT’ detector consists of a
translation stage and a particle sensor which is based on secondary-electron detec-
tion by an MCP-anode stack. The design is suitable for operation in a cryogenic
ultra-high vacuum environment and bakeable to high (250°C) temperature.

The collection efficiency of the sensor has been simulated and experimentally inves-
tigated. At the typical beam energies of CSR a detection efficiency close to 100%
can be expected.

In order to provide reliable operation at cryogenic temperatures, a small heating ele-
ment for locally raising the MCP temperature, has been integrated. After a series of
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offline tests had shown that the detector is suitable for cryogenic operation, COM-
PACT was successfully integrated into CSR and operated at ambient temperatures
of less than 10 K.

Cryogenic operation tests on the TSR-type CEM detectors revealed that variants
of these secondary-electron multipliers may be equally suitable for CSR operation.
CEMs are therefore considered as candidates for detector sensors at other positions
in CSR. The COMPACT translation stage is in principle capable of carrying various
kinds of sensors. In the present design, the stage provides five power connections
to the sensor. This number could easily be enlarged to six or seven with only small
modifications.

Along with the CSR electron cooler, a second COMPACT-type detector will be
integrated at position (4a) of Fig. 5.1. This detector will be able to count daughter
particles with high relative changes in charge-to-mass ratio 7. Since the impact
angles of the product particles are then larger than at position (4b), the new detector
sensor at position (4a) will feature a broader detection window. Also at the future
ion-neutral interaction experiment variants of the COMPACT detector will be used
to detect product particles at positions (4a) and (4b), Fig. 5.1.
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6. Conclusion and Outlook

On two different examples, this work has laid out how heavy-ion storage rings can
be used to address problems of plasma physics. The studies were performed during
a transient, but technically and experimentally very interesting, phase in scientific
research on stored ion beams at the Max Planck Institute for Nuclear Physics. This
work involved both, the now decommissioned storage ring TSR as an example of
a traditional high-energy experimental platform, and the new cryogenic and elec-
trostatic storage ring CSR which, in Heidelberg, marks the onset of a new era of
research on mainly low-energetic ionic processes.

As it has been shown in Chapter 2, experimental studies of electron-ion recombi-
nation processes are needed to predict ion charge balances as a function of statis-
tical properties of a high-temperature plasma. Using the well-established, merged
electron-ion beams set-up at the storage ring TSR, absolute recombination rate co-
efficients of highly-charged tungsten ions W7t (q = 18,19,21) for collision energies
of up to few 100 eV could be obtained (Chapter 4). The corresponding, experi-
mentally derived plasma rate coefficients show the deficits of the wide-spread but
over-simplified model that is currently used to calculate theoretical plasma recombi-
nation rate coefficients for predicting tungsten charge balances in tokamak plasmas.
In a fruitful interplay between experimental and theoretical physics, the data has
also been used to probe new, more reliable numerical predictions of the recombina-
tion rate coefficients for such open-f shell ions.

With the Heidelberg Tandem Van-De-Graff injector and the storage ring TSR de-
commissioned at the end of 2012, further measurements on highly-charged tungsten
ions must be conducted at different accelerator laboratories. One opportunity could
be the planned re-commissioning of TSR at the ISOLDE facility of CERN [81].
Though the main focus of that project lies in the use of TSR as an accumulation
and storage ring for radioactive nuclei, a charge breeder may enable experiments on
highly-charged stable ions as part of a secondary scientific program.

The adaption of the proven experimental techniques used at TSR to the newly
commissioned CSR facility is challenging, mainly due to the cryogenic operating
temperature and the much lower ion energies of the new storage ring. The movable,
cryogenic single-particle detector, which has been developed and tested within this
work, will be part of the new merged electron-ion beams facility at CSR. The COM-
PACT detector, presented in Chapter 5, has shown to be a reliable and powerful
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instrument for single, low-energetic particle detection in a cryogenic environment.
The storage ring’s electrostatic bending elements along with the movable detector
sensor serve as a product mass spectrometer for collision and photon interaction
studies with charged molecular and atomic ions.

While in the early commissioning experiments reported here, only naturally occur-
ring residual-gas molecules could act as collision partners, implementation of the
CSR electron cooler will enhance the set-up into a platform for precision experi-
ments on electron-ion collisions. Further experimental facilities at CSR, like the
ion-neutral-atom merged-beams interaction section and a supersonic jet target ex-
periment, that are currently being developed, require fast product particle sensors
similar to the one developed in this work. Hence, based on the results presented in
this work, variants of the COMPACT detector set-up are currently being developed.

In the foreseeable future CSR will be the only cryogenic storage ring featuring a fully
functional electron cooler. It provides unique possibilities for ambitious studies of
electron-ion collisions, which are very difficult in standard laboratory environments
due to thermal radiation or short beam storage times. Examples are the dissocia-
tive recombination of rovibrational ground-state molecular ions or the dielectronic
recombination of singly-charged atomic ions. Also these futures studies are expected
to deliver data that is important for reliable modelling of steady states and evolution
of plasmas—with emphasis now on low-temperature environments like the cold cores
of interstellar molecular clouds.

The CSR storage ring and accelerator are, however, flexible enough to enable re-
search outside that primary experimental program. Installation of an electron cy-
clotron resonance (ECR) ion source at the CSR injector will allow to produce highly-
charged ions, which can be stored for long times due to the extremely good vacuum
conditions of the cryogenic environment. Together with the merged electron-ion
beams set-up and COMPACT-type highly efficient single-particle detectors, this
will enable a continuation of the experimental work also on electron-ion collision
processes relevant for high-temperature plasma environments.
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A. A Program for Computation of Level
Populations

The initial level populations for the measured tungsten charge states were computed
using WOLFRAM MATHEMATICA (Sect. 4.1.1). The program code is provided
in the following.

(x Reads a file x.oic containing radiative transition rates
and plots state populations as function of time x)

(x The content of the x.oic—file is assumed to be organized
as follows x)

(x 1st line: <nstates> [number of states]| x)

(x 2nd line: arbitrary content (ignored)x)

(x next <nstates> lines: K LV T 25+1 L 2J CF (EK-E1)/RY x)
(x next 2 lines: arbitrary content (ignored) x)

(x all subsequent lines: x)

(x CF LV W CF LV W ARxSEC DEL(RYD) E-G(RYD) x)

(x some energy coversion factors x)
Ryd2eV = 13.6057; (x Rydberg —> eV x)
Iem2eV = 1.24E—4; (x inverse cm —> eV %)

filename = SystemDialogInput|‘‘FileOpen’’, ¢‘x.o0ic’’]|;
fin = OpenRead| filename |;
nstates = Read|fin , Number|; (x number of states x)

Read|fin , String]|;

states = ReadList|fin , {Number, Number, Number, Number,
Number, Number, Number, Number} nstates |;

(x state information x)

Read|fin , String]|;

rates = ReadList|fin , {Number, Number, Number, Number,
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Number, Number, Number, Number}|; (* transition rates x)
Close| fin |;

nstates = Input|‘ ‘number of states:’’, nstates|;
nrates = Length|[rates|;

(x sort rates into a matriz )
Clear [A, sumA|;
A = Array|0 &, {nstates, nstates }|;
sumA = Array|0 &, nstates|;
For[i = 0, i < nrates, i++;
If[Mod[i, 10000] — = 0, Print[i]];
nini = Position|states [[All, 2]], rates|[[i, 2]], 1]
TG
If [ nini > nstates, Continue]|]];
nfin = Position|states [[ All, 2]|],rates|[[i, 5]], 1]
ARSNRERIE
If[nfin > nstates, Continue]|]];
Arad = Abs|rates |[[i, 7]]];
A[[nfin, nini]] += Arad;
sumA [[ nini || += Arad;
|

A 4+= DiagonalMatrix|—sumA | ;

(x display 10 x 10 submatriz for wvisual inspection %)
MatrixForm |[A[[1 ;; 10, 1 ;; 10]]]

(x export lifetimes to file x)

lsymb = {S, P , D, F, G, H, I, K, L, M, N, O, Q, R, T, U,
V, W, X, Y, Z};

levfilename = StringJoin [DirectoryName|filename |,
FileBaseName | FileNameTake [ filename ||, ‘¢ lev.dat’’];
Export | levfilename , Table|[{states[[i, 1]], states|[[i, 2]],
states [|[1, 3]|], StringJoin|ToString|Abs|states [[i, 4]]]].
ToString [lsymb [[1 + states[[i, 5]]]]|], ToString|states|[[1,
6]]* 0.5]], states|[[i, T7|],Ryd2eV % states|[[i, 8]],
FortranForm|[1.0/sumA[[i]]]}, {i, 1, nstates }]]|;

EnergyConversion = Ryd2eV;

(x specify initial populations: Boltzmann or statistical x)
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kbT = Input|‘‘Electron temperture at stripping (eV, 0
results in statistical populations):’’, 0];

IF [kbT > 0,

X0 = Table[(states [[i, 6]] + 1) x Exp[—states[[i, 8]] *
EnergyConversion /kbT|, {i, 1, nstates}],

(x Boltzmann distribution x)

X0 = Table|(states|[[i, 6]] + 1), {i, 1, nstates}]];

(x statistical populations x)

X0 /= Total[X0]|; (¥ nomalise initial values x)

(x set up system system of rate equations x*)
(x vector with elements y_ i[t] *)

X[t_| = Map|Subscript |y, #]|[t|&, Table[i, {i, 1, nstates }|];
(x rate equations *)

system = MapThread|#1 = = #2 &, {X'[t], AX[t]}];

(x initial population values x*)

initial = MapThread|#1 = = #2 &, {X[|0], X0}];
TableForm|Table[{ initial [[i]], system[[1]]}, {i, 1,

nstates }|, TableAlignments —> {Left, Center},
TableSpacing — {2, 5}|;

(x solutions of the rate equations x)

analytic flag := TRUE;

If [TrueQ|analytic_flag]|,{sol = Simplify [DSolve|{system ,
initial }, X[t]|, t]];

Column|sol [[1, All|], Alignment —> Left, Spacings —> 2|},
sol = NDSolve|{system, initial}, X[t], {t, 0, 100},
Method —> {‘‘EquationSimplification’’ —> ‘‘Solve’ ’}|];

levels = {1, 4, 5, 6, 7, 8, 9, 10, 28, 29, 34, 46, 71 ,74};

Off|General :: ovfl , General:: unfl , InterpolatingFunction ::
dmval, InterpolatingFunction::dprec];

levsymb = Table|StringJoin | “\!\ ( \ (\ )\ ~77,

ToString|Abs|states [[i,4]]]], “\ )\! \ (7,
ToString [lsymb [[1 + states|[[i,5]]]]], <\ \(’7,
ToString[states [[1,6]]], “°/2 \) \)"'], {i, levels}];

strlabel = If[kbT > 0,strlabel = StringJoin|k BT = |
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ToString [kbT|, “‘eV’’|, ‘‘statistical population ’’
strlabel = StringJoin|FileNameTake | filename], ‘¢ \
ToString | nstates]|, ‘‘states \ n’’, strlabel, “° \

)

Y

ik

)
Y

|

popplot = LogLogPlot [{ Evaluate X[t ||| levels|]|/.sol]},

{t, 10~ -3, 10°2}, PlotRange — {{10~—3, 10°2}, {10~ -3, 2.0}},
PlotLegends —> LineLegend|levsymb, LegendLabel —> strlabel ,
LabelStyle —> Small|, ImageSize —> Scaled[0.8], Frame —>
True, FrameLabel — {‘‘Time (s)’’, ‘‘Level population’’},
LabelStyle — {FontFamily — Helvetica}, Background —> None|

(x compose file name %)
plotfilename = StringJoin |DirectoryName|filename |,

FileBaseName | FileNameTake [ filename || , 7
ToString [ nstates]|, <‘ ’’, ToString|kbT]];

(x save plot in pdf format x)
Export | StringJoin | plotfilename , ‘‘.pdf’’|, popplot];

(x save data in ascii format x)

Export | StringJoin | plotfilename , ‘. dat’’|, Table|{
FortranForm |t |, FortranForm|Evaluate X[t |[[levels]]]|/.sol],
FortranForm |Evaluate [Sum|[X[t |[[i]], {i, 1, nstates}]|/.sol]]|},
{t, Table[10"(0.2x), {x, —50, 10}]}], “‘CSV’’|;
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