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The exploration of the unique properties of stored and cooled beams of highly-charge ions as pro-
vided by heavy-ion storage rings has opened novel and fascinating research opportunities in the realm
of atomic and nuclear physics research. Since the late 1980s, pioneering work has been performed at
the CRYRING at Stockholm (Abrahamsson et al., 1993) and at the Test Storage Ring (TSR) at Heidel-
berg (Baumann et al., 1988). For the heaviest ions in the highest charge-states, a real quantum jump
was achieved in the early 1990s by the commissioning of the Experimental Storage Ring (ESR) at GSI
Helmholtzzentrum fiir Schwerionenforschung (GSI) in Darmstadt (Franzke, 1987) where challenging ex-
periments on the electron dynamics in the strong field regime as well as nuclear physics studies on exotic
nuclei and at the borderline to atomic physics were performed. Meanwhile also at Lanzhou a heavy-ion
storage ring has been taken in operation, exploiting the unique research opportunities in particular for
medium-heavy ions and exotic nuclei (Xia et al., 2002).

As described in the present report, the combination of ESR and CRYRING along with the availability
of heavy bare, one- and few-electron ions and exotic nuclei will open a new horizon for research in the
realm of matter under extreme condition.

Still today, ESR is the only storage ring worldwide which provides access to all naturally occurring
elements up to the most extreme case of fully stripped uranium. Charge states and energies (4 MeV/u to
500 MeV/u) can be tailored according to the requirements of the experiment (Eichler and Stohlker, 2007).
Challenging experiments in the realm of electron dynamics in extreme electromagnetic fields could be
performed exploiting the brilliant, electron-cooled beams of the heaviest one- and few-electron ions such
as, e.g., the 1s Lamb shift, the hyperfine-splitting, or the investigation of dielectronic recombination. In
nuclear physics and at the borderline to atomic physics, even direct mass measurements of short-lived
radionuclides and the study of rare nuclear decay modes such as the bound-state -decay or the orbital
electron capture decay could be addressed for the very first time (Jung et al., 1992; Bosch et al., 1996;
Kienle et al., 2013). Moreover, intense beams of highly charged in-flight synthesized radioisotopes are
at the experimentalists disposition. One may note that this tremendous success of ESR in pushing the
frontiers of physics into before inaccessible regimes was the reason why heavy-ion storage-rings are an
essential pillar of the world’s largest heavy-ion project, the international Facility for Antiproton and Ion
Research (FAIR) project, currently under construction at Darmstadt. Likewise, CRYRING was operated
at the Manne-Siegbahn-Laboratory in Stockholm with great success (Schuch et al., 2005; Schmidt et al.,
2002, 2008; Misra et al., 2009; Vigren et al., 2009; Vigren et al., 2010; Orban et al., 2010), however with
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2 Chapter 1. Introduction

much lighter ions or heavy ions of lower charge state.

CRYRING is optimized for operation in an ion energy range of ~14 MeV/u down to < 300 keV/u
or even lower energies, where the latter is mainly determined by the beam losses. Both rings, ESR and
CRYRING operate in complementary ion energy ranges, and CRYRING thus bridges the gap between
the lowest stable operation of ESR (=~ 4 MeV/u) and the HITRAP facility (Kluge et al., 2008; Herfurth
et al., 2015) with highly-charged ions close to or even at rest whereby preserving the high luminosity,
characteristic for stored ion beams. Moreover, for the low energy regime below 10 MeV/u, the prop-
erties of CRYRING along with its instrumentation have several advantages compared to ESR such as
its compactness, ultracold electron cooler, and the excellent ultrahigh vacuum conditions of < 10~!!
mbar. By combining ESR and CRYRING, the entire energy range from 500 MeV/u almost down to
rest will be available for experiments dealing with intense beams of highly charged ions and exotic nu-
clei. CRYRING@ESR will be the only facility world-wide that provides low-energy highly charged
stable beams and beams of rare isotopes with a free choice of the charge state, including bare ions. Ra-
dioisotopes synthesized in a target after Schwerionensynchrotron (SIS18) can be purified from unwanted
contaminants either with the present Fragment Separator (FRS) (Geissel et al., 1992) or alternatively
directly in the ESR by employing its high resolving power (Steck et al., 2010; Brandau et al., 2013). Of
particular scientific interest are stable ions and artificially synthesized nuclides dressed with few elec-
trons or fully stripped. In such elementary ionic systems the physics topic under investigation is not
masked or hampered by many-body effects. Moreover, low-energy phase space of cooled ions provide
extremely well-defined experimental conditions for high precision spectroscopy experiments (electrons,
ions, and photons). At the same time, compared to ions at rest, orders of magnitude higher luminosity in
collision experiments using low-energy ions in a storage ring is achieved due to the repeated interaction
of the stored ion beam with a target (gas, free electrons, laser). For atomic collision studies, another
appealing aspect is the very strong perturbation to the target atoms due to the impact of the slow highly
charged ions with conditions far from equilibrium. In combination with high-luminosities, even the
study of heavy quasi-molecules might get accessible for the very first time when heavy highly-charged
ions interact with a heavy atomic target, a real terra-incognita. In addition, CRYRING operates in a
particularly interesting energy range for nuclear reactions, that is at the Coulomb barrier and in the as-
trophysically relevant Gamow window of p- and rp-processes of nucleosynthesis. The swift low-energy
beam also makes the detection and monitoring of primary and secondary ions either in a destructive
manner with particle detectors or in a non-destructive manner down to the level of single particles by
means of Schottky techniques experimentally much easier. The dynamic range that is covered with the
various experimental techniques covers the span from single stored ions, detected by means of Schottky

noise analysis up to beams at the space charge limit.

Finally we like to stress the important role of CRYRING@ESR for the portfolio of storage-ring and
trapping facilities of the future FAIR facility (see Figure 1.1). This unrivaled combination of storage
and trapping facilities is a unique feature of FAIR that distinguishes FAIR from all other planned or
operating particle accelerators worldwide. These FAIR facilities cover a beam-energy range of more
than 10 orders of magnitude, enabling precision experiments with brilliant and cooled ion beams starting
at beam energies of as high as 5 GeV/u down to basically rest in the laboratory. Consequently, already
with the installation of CRYRING@ESR and together with HITRAP, an important part of the heavy
ion program as foreseen at FAIR can already be addressed with the synchrotron SIS18, and can been

exploited by the various storage-ring collaborations of the international FAIR project with their dedicated



physics programs (see the related FAIR documents SPARC, 2005; EXL, 2006; ILIMA, 2006). One may
note, that even the challenging program of the Facility for Low-energy Antiproton and Ion Research
(FLAIR) collaboration might get realized by the CRYRING @ESR facility once antiprotons at FAIR will
be available, provided a dedicated transfer beamline from the antiproton-production facility of FAIR to
the CRYRING becomes available (Stohlker et al., 2014; Widmann, 2015; Katayama et al., 2015).
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Figure 1.1. Storage facilities at GSI and FAIR compared to their respective energy ranges for highly-charged
ions. Adopted from Stohlker et al. (2015).

We briefly outline the present parameters of CRYRING at the ESR, such as they will be relevant
for the discussion of the proposed experiment program. A full technical description of the original CRY-
RING setup in its original form is given by Danared et al. (2011). The CRYRING @ESR-project required
to make some amendments, these have been worked out in Lestinsky et al. (2012). The project is cur-
rently under construction and a recent progress report is given by (Lestinsky et al., 2015). Table 1.1
summarizes the expected operation parameters of CRYRING@ESR and Figure 1.2 illustrates the loca-
tion within a modified GSI storage ring topology. A closer view of the new CRYRING installations
may be seen in Figure 1.3. The ring has a diameter of about 18 m and the circumference on the central
orbit is 54.17 m. Its new circumference is slightly increased over the former Stockholm configuration by
~ 2.5 m and now matches half the orbit length ESRs extraction orbit. This additional length is evenly
distributed to the ‘non-magnetic’ straight sections. Stored ions are bent into a closed orbit using twelve
30° dipole magnets connected by twelve straight sections. The ring has sixfold supersymmetry, meaning
that the pattern of ion optical elements repeats every second section. Beam focussing is achieved with
quadrupole magnets and sextupoles correct for chromaticity. In between each two focussing section are
interleaved ‘low dispersion’ sections, where injection, electron cooling, RF de- and acceleration, extrac-
tion, a free straight section for targets, and a diagnostics section are implemented. Ions can be stored at
rigidities Bp between 0.054 Tm and 1.44 Tm. CRYRING is capable of fast ramping of the ion beam
energy at slew rates of 1 T/s or 7 T/s, which corresponds approximately to 1 s or 150 ms ramping times,

respectively, through the full dynamic range of achievable ion energies in CRYRING, thus short-lived



4 Chapter 1. Introduction

Table 1.1. Operation parameters of CRYRING@ESR with heavy ions from SIS18/ESR facility (collated
from Danared et al., 2011; Lestinsky et al., 2012, 2015).

Circumference 54.17 m
Bending radius in 30° dipole magnets 1.2 m

Rigidity at injection

—for p, p 0.80 Tm
— for heavy ions 1.44 Tm
Highest possible injection energy
—for p, p 30 MeV (capped by radiation safety)
— for 12CoF 24.7 MeV/u
— for 238U%F 14.8 MeV/u
Lowest rigidity 0.054 Tm
Lowest energy charge exchange limited
Ion beam lifetimes 3s—15 min
Magnet ramping 1 T/s (upgrade to 7 T/s possible)
Vacuum pressure (N equiv.) 10~ "1-10~'2 mbar
Beam injection multi-turn and fast
Beam extraction slow and fast
Local injector beamline 40 keV/q; 300 keV/u for m/q < 2.85
Transition energy, Y 230 @ O, =2.42

species are within reach. The vacuum conditions of CRYRING are excellent with ~ 10~!2 mbar and long
storage times of around 10 to 1000 s are expected, depending on ion energy and charge state. Besides
ion injection from ESR, a local injector beamline is prepared, which allows for continued service even
at times, where major shutdowns of the GSI accelerators is e.g. a necessity of FAIR construction. The
local injector is equipped with a 300 keV/u RFQ (for m/q < 2.85) and a limited reach of available ion
species, depending on compatible ion sources.

In the following chapters we sketch out a broad scientific program in the fields of atomic and nuclear
physics and at their intersection. The realization will allow for exciting high-precision spectroscopy
studies of atomic systems and their dynamics where special emphasis is given to the effects of quantum
electrodynamics (QED) and electron-correlation in the strong field domain (Chapter 2). Here, also the
intersection of atomic and nuclear physics is addressed where the imprint of nuclear effects on the elec-
tronic shell are investigated with spectroscopic methods (Chapter 3), and exploring the nuclear structure,
nuclear dynamical processes and quantitative measurements of astrophysically relevant (p, y)-reaction
rates (Chapter 4). These experiments are of prime interest for testing modern theoretical methods on
fundamental processes as well as for applications in astrophysics and for modelling plasmas. In the do-
main of slow collisions in of heavy ions at highest charge-states where atomic processes are prevailed by
large perturbations, these studies are expected to refine substantially our understanding of the physics of
extreme electromagnetic fields. Also, CRYRING@ESR will offer extracted high-quality ion beams, thus

enabling novel research opportunities for external-target experiments with slow highly-charged ions. The



Figure 1.2. The new storage ring topology at GSI with CRYRING@ESR inside the former Cave B in the
Target Hall of GSI. The CRYRING is shown with blue lines, the thick red line indicates the transfer beamline
from ESR to CRYRING. A detailed view and discussion of the modified CRYRING cave is given in Lestinsky
etal. (2012).

experimental boundary conditions and suggested future instrumentation upgrades are outlined in Chap-
ter 5. We conclude this text in Chapter 6. This manuscript largely focusses on research that will be
possible with CRYRING@ESR immediately after the project is commissioned and with ion beams that

are already presently available utilizing the present GSI accelerator facilities and at ESR and downstream.
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Figure 1.3. Top view of the CRYRING model in the new CRYRING@ESR configuration. Labels indicate
the section numbering and the dominant functions of each straight section. Please see text for a further
description.
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2.1 Atomic Structure of highly charged ions

2.1.1 Precision X-ray Spectroscopy at CRYRING@ESR

Storage rings for heavy ions provide unique conditions for x-ray spectroscopy of photonic transitions
involving the interaction of high-Z few electron ions with particle probes, such as atoms in a gas target
or with electron beams (Stohlker et al., 1995, 1998; Rzadkiewicz et al., 2006; Gumberidze et al., 2010;
Reuschl et al., 2008; Eichler and Stohlker, 2007; Nofal et al., 2007). The high luminosity of storage
rings along with very clean, almost background free experimental conditions are a prerequisite for the
success of these studies where elementary and fundamental dynamical processes (Stohlker et al., 1995;
Gumberidze et al., 2010; Reuschl et al., 2008; Eichler and Stohlker, 2007; Nofal et al., 2007; Banas
et al., 2015) as well as the structure properties of high-Z one- and few-electron ions have been addressed
in a broad range of experiments by applying various techniques, e.g. angular distribution studies (Stoh-
lker et al., 1997; Stohlker et al., 1999, 2001), polarimetry (Tashenov et al., 2006, 2014; Weber et al.,
2010; Mirtin et al., 2012), and precision x-ray spectroscopy (Stchlker et al., 1993; Beyer et al., 1995;
Stohlker et al., 2000; Gumberidze et al., 2005, 2004; Trassinelli et al., 2009; Beyer et al., 2004; Chatter-
jee et al., 2006; Trotsenko et al., 2010). By combining the ESR and CRYRING facilities, together with
novel instrumentation as currently developed by Stored Particles Atomic Physics Research Collaboration
(SPARC), a large discovery potential is expected to open up in such studies. Precision experiments with
utmost accuracy can be anticipated as well as the exploration of new regimes for the study of atomic colli-
sion dynamics which have been inaccessible up to now. As an example, for the very first time, transverse
electron targets (Section 5.4) will allow experimenters to study the details of the photo-recombination
or electron-impact excitation processes in free-electron—ion collisions by measuring the polarization as
well as the angular differential cross-sections by means of dedicated x-ray polarimeters (Tashenov et al.,
2006; Weber et al., 2010; Martin et al., 2012) and spectrometers (Beyer et al., 2004, 2015; Chatterjee
et al., 2006).

In the following, we discuss two possible experiments at the CRYRING. The first one aims at a most
accurate determination of the 1s Lamb shift in high-Z H-like ions. The goal of the second experiment is
a high precision measurement of the electron-electron correlation in the ground state of the heaviest He-

like systems. These are only prominent examples and the experimental arrangement discussed can easily
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Figure 2.1. Left panel: expectation value of electric field strength for the 1s ground state of hydrogen-like
ions in the range of the nuclear charge Z = 1 — 92 (Soff et al., 1998). Right panel: various contributions to
the 1s Lamb shift as functions of the nuclear charge in comparison to experimental precision achieved at the
various experiments.

be transferred to the investigation of Li-like or other few-electron ions, to be conducted in experiments

either at the electron cooler or at the internal target of CRYRING.

The ground state Lamb shift in very heavy H-like ions

One of the frontiers of QED is the study of electrons in intense electromagnetic fields. As such, the 1s
Lamb shift in the heaviest (stable) one-electron ion available in the laboratory, U?'*, poses as the ultimate
test bed for precision experiments. In H-like uranium, the electric field strength is already close to the
critical value for the spontaneous emission of electron-positron pairs which makes it ideal for testing the
limits of our understanding of bound-state QED (see Figure 2.1). Despite the enormous success in the
low-field domain (Niering et al., 2000; Beauvoir et al., 2000; Parthey et al., 2011; Matveev et al., 2013),
there are still controversial results for exotic atoms (Pohl et al., 2010; Mohr et al., 2008; Antognini et al.,
2013; Pohl et al., 2013; Jentschura, 2015; Karshenboim, 2015) and the non-perturbative regime at high
Z definitely remains still a challenge for both experiments and theory.

At the ESR, the topic of the 1s Lamb shift has already attracted much attention by a series of experi-
ments performed during the last decade. By exploiting the brilliant beams of stored and cooled ions with
well-defined momentum and energy, the experimental accuracy could be improved considerably over the
years (see Figure 2.1) and the study of the 1s-Lamb shift in high-Z ions can nowadays be regarded as
one of the most accurate tests of strong-field QED for one-electron systems. In these experiments, very
different approaches have been applied (electron cooler, internal target etc.) and carefully analyzed with
respect to their potential for future developments. This provides a solid basis for an anticipated future

scenario to push the experimental accuracy to a limit which is necessary for accessing the higher-order
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Figure 2.2. Left panel: X-ray spectrum (laboratory frame) following the radiative recombination of electrons
with bare uranium ions as measured at the ESR electron cooler with an x-ray detector mounted at close
to 0 degree observation angle with respect to the ion beam direction. The beam energy in this experiment
amounted to 43.6 MeV/u. Right panel: the same spectrum, but after subtraction of delayed coincidences
caused by electron capture into Rydberg states (Reuschl et al., 2008; Gumberidze et al., 2005).

QED effects whose evaluation has been recently completed following very extensive theoretical work
(Yerokhin and Shabaev, 2015). A highly desired experimental scenario would be quite similar to the
experimental scheme which has been applied very successfully for the study of the 1s-Lamb Shift at
the ESR electron cooler (Beyer et al., 1995; Gumberidze et al., 2005) (see also Figure 2.2) except that,
besides 0° spectroscopy, photon detection at 180° (Banas et al., 2015) will be added. Therefore, the
new approach includes the combination of 0° and 180° spectroscopy at the electron cooler for strongly
decelerated ions at energies close to 10 MeV/u. Moreover, in contrast to the previous experiments where
semiconductor x-ray detectors were utilized, here, novel high-resolution photon-detection techniques
with a large wavelength acceptance will be applied. Furthermore, time coincidences between the photon
spectrometers and a particle counter for down-charged ions would provide clean spectra and, therefore,
are highly desirable. All of these conditions are expected to be fulfilled in an experiment at the electron
cooler of the CRYRING by using novel micro-calorimeters (Egelhof et al., 1996; Bleile et al., 2000;
Andrianov et al., 2008; Pies et al., 2012; Hengstler et al., 2015; Kraft-Bermuth et al., 2015), providing
excellent energy resolution, timing capability and a reasonable detection efficiency for x-ray energies in
the range of 20 to 150 keV (see Figure 2.3). One may note that such detectors are part of the R&D pro-
gram of the SPARC collaboration. Such an experimental scheme applied at CRYRING provides several

unique features:

1. At the low beam energies of the CRYRING the Doppler corrections and corresponding uncertain-
ties are small. Moreover, as the ion velocity is determined by the electron energy in the electron
cooler, which in turn can be measured with very high accuracy using a new dedicated voltage cal-
ibration device for the electron cooler (Andelkovic et al., 2015, chap. 9), the Doppler shift can be
determined with very good accuracy. Both, the low ion energy and the precise measurement of the
ion velocity, are particularly important, as the systematic uncertainty introduced by the velocity
determination was one of the main limitations of the 1s Lamb shift accuracy achieved in previous

experiments at the ESR electron cooler.



10 Chapter 2. Atomic Physics

180°

X-ray —» 0°

microcalorimeters

time coincidences

o~y
-—
S
—
-

o
U92+(91+) J91+(90+) Particle
detector

Figure 2.3. Scheme for a possible experimental setup at the electron-cooler of the CRYRING. X-rays will
be observed at close to 0° and 180° with respect to the beam axis and recorded in coincidence with the
down-charged ions (U1, U%0+),

2. By combining 0- and 180-degree spectroscopy it is possible to eliminate Doppler corrections to
a very large extent since only uncertainties in the determination of the ion velocity but not of the

observation angle will contribute.

3. The large x-ray energy acceptance of the envisaged detection scheme will accommodate the mea-
surement of radiative-recombination (RR) transitions into the K shell as well as into the j sublevels
of the L shell, and the subsequent Lyman and Balmer transitions all at the same time without chang-
ing detectors. Moreover, due to the excellent energy resolution even the RR transitions into the
251/, and 2py), as well as the 2s1/, — 1si, and 2p;/, — 1s1/, Lyman transitions can be expected to
be energetically resolved. In return, this provides a high level of redundancy which facilitates the

simultaneous determination of the 2s together with the 1s Lamb shift.

4. The geometrical boundary conditions at the electron cooler of the CRYRING provide more favor-
able conditions than those at the ESR electron cooler and, in particular, much larger solid angles
become accessible: the effective cooler length at the CRYRING is 0.8 m compared to 2.5 m at the
ESR; the distance between the detector and the center of the electron cooler is 2 m compared to
4.1 m. Moreover, the envisaged multi-pixel detectors provide high granularity and, hence, high
angular resolution of x-ray observations.

An alternative approach for high precision measurement of the ground-state Lamb shift in high-Z
one-electron systems is based on the gas jet target of CRYRING. Here, the advantage will be a higher
photon event rate due to higher (bound-)electron densities 7, provided by the gas jet target as compared
to the free-electron densities available at the electron cooler. In addition, there is the possibility to mount
the photon detectors closer to the ion—target interaction zone. A disadvantage of a gas target compared
to the scenario at the electron cooler will be that, in addition to uncertainties in the determination of the
ion velocity, there will be uncertainties related to the photon observation angle. This, however, can be, at

least partially, overcome by observing simultaneously the Lyman and the Balmer transitions. The Balmer
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series is very weakly influenced by QED effects and thus the associated line energies can be calculated
with very high accuracy. Thus, the Balmer transitions would provide a means to determine the Doppler
transformation factors independently from a measurement of the observation angle and the beam velocity.
This will be possible due to the large energy-acceptance range of modern x-ray microcalorimeters.

One more related issue to be considered is the finite size of the gas jet and of the ion beam. For
the current setup at the ESR, this leads to an extended interaction volume comparable with a cube of
about 5 mm side length. This, in turn, results in a variation of the photon observation angle which causes
a broadening of the observed x-ray lines. In order to reduce this effect, a novel target with a smaller
diameter and/or employing an ion beam energy as low as possible with a small energy spread is desirable.
CRYRING will offer these conditions. In addition, the high granularity of the microcalorimetric detectors
with small pixels (covering small solid angles) will provide an intrinsic high resolution. Therefore, the
Lamb shift experiments at CRYRING with small ion-atom/molecule interaction volumes in combination

with high-resolution X-ray calorimeters will provide optimal conditions for much improved accuracy.

Strong field QED in He-like heavy ions: electron-electron correlation in extreme fields

The proposed experimental scheme at the electron cooler of the CRYRING (see Figure 2.3) can also be
exploited for precision measurements of differences between ground-state binding energies of hydrogen-
and helium-like heavy ions (for the same nucleus). These differences can be obtained by accurately
measuring energies of x-rays emitted during the K-shell RR into initially bare and H-like ions. This
technique, first introduced at the Lawrence Livermore National Laboratory Super-electron-beam ion-
trap (EBIT) facility (Marrs et al., 1995) has also already been successfully applied at the electron cooler
of the ESR (Gumberidze et al., 2004). The proposed experimental scheme with high-resolution mi-
crocalorimeters, will enable us to significantly improve the precision of such measurements as compared
to the previous attempts. This allows for stringent tests of high-order QED effects on the electron-electron
interaction in the presence of extremely strong electromagnetic fields generated by the heavy nucleus.
In these strong external fields, the influence of relativistic and QED effects on the bound electrons is
significantly enhanced. As a consequence, the correlation (many-body) correction and the specific QED
corrections for the electron-electron interaction are of the same order of magnitude. This provides a
challenge for an accurate theoretical description. In addition, it is important to note that the influence of
the uncertainty introduced by the poorly known extended size of the nucleus is negligible for the theoret-
ical value of the two-electron contribution to the ground-level binding energy in He-like systems Marrs
et al. (1995). These distinctive features make this particular kind of studies unique among other QED
addressing, e.g., the 1s Lamb shift (in one-electron systems), g-factors of bound electrons, or hyperfine
splittings in high-Z ions.

In summary, the experimental scheme proposed for the CRYRING is precisely tailored for an accu-
rate determination of the 1s Lamb shift in a very high-Z hydrogen-like ion. If the conditions discussed
are realized, an energy uncertainty of even significantly below 1 eV can be anticipated. This will provide

a real challenge for our current understanding of the atomic structure within the framework of QED.

2.1.2 Towards supercritical fields

The study of transient superheavy quasi-molecules with Zya > 173, where Zya = Zproj + Ziarget, in adi-
abatic collisions of very heavy projectiles like Pb and U with heavy targets has been a key field of
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investigation at GSI since its beginning (Greiner et al., 1985). In very heavy quasi-molecular collision
systems the 1so molecular orbital (MO) and the evolution of its energy have been in the focus of ex-
perimental and theoretical endeavours since the prediction of its diving into the Dirac sea for transient
supercritical systems. The predicted very strong dependence of MO-energies on various relativistic and
QED effects already for Z > 137 (effects, whose individual Z-dependencies follow Z" with mostly n > 4)
have given rise to new questions about the character of the actual diving of molecular orbitals into the

Dirac sea.

CRYRING in combination with the existing ESR storage ring will open unprecedented possibilities
for investigation of the 1so molecular orbital in these transient superheavy quasi-molecules. Storage
ring technology has now reached the point where intense beams of bare U%>* and H-like U°'* can be
produced and stored at energies of well below 10 MeV/u. This possibility to provide H-like and bare
projectiles at low collision velocities is the all-decisive step beyond the experimental situation that existed
previously. The experiments in the early days of GSI depended on the production of a vacancy in the K
shell of one of the collision partners on the incoming part of the trajectory in order to be able to observe
positrons or an MO x-ray emitted near the turning point of the trajectory. In contrast, storage rings
permit experiments to be conducted where every projectile brings a K-shell vacancy into the collision.

This facilitates a signal enhancement of up to seven orders of magnitude.

With these new conditions high resolution experiments on electron-, positron- and MO x-ray emis-
sion come into reach now. In particular, those phases of the collisions can be studied in detail where
for bare and H-like projectiles in the course of a sufficiently close encounter near the turning point Ry
an empty or singly occupied 1soc MO may be diving into the Dirac sea (see also Figure 2.4). It is em-
phasized that the CRYRING in combination with ESR is an optimum facility for these experiments with
ESR providing the highly ionized ions and CRYRING facilitating their storage at comparatively low
energies. For a sensible investigation of quasi-molecules one has to take into account that their ‘lifetime’
during a collision quickly decreases with increasing collision velocity. This makes CRYRING such a
supremely attractive facility for all studies of transient superheavy quasi-molecules.

Experiments in CRYRING will begin with symmetric systems where Xe>**-Xe is most favorable,
as this system can be directly investigated with existing supersonic gas jets and existing in-ring elec-
tron and photon spectrometers and reaction microscopes. All experiments will study collision dynamics
and molecular orbital structure of transient superheavy quasi-molecules via the emission of electrons,
positrons or X rays in coincidence with outgoing recoil ions. The measurement of the projectile scat-
tering angle will provide the impact parameter, and hence, the internuclear distance during the collision
event (Tupitsyn et al., 2010, 2012). For experiments with superheavy systems with Zys > 137 the system
Hg®+-Hg is an attractive first candidate: the promising 2D-3D magnetooptical traps (MOTs) for Hg de-
scribed in the literature shall be adapted to operation in the storage ring in order to offer the possibility for
a symmetric truly superheavy collision system. A homologue 2D-3D MOT for Li could successfully be
implemented into the TSR at the Max-Planck-Institut fiir Kernphysik (MPIK), Heidelberg by D. Fischer
(see Section 2.2.5).

The previously developed technique (Tupitsyn et al., 2010) for evaluation of charge-transfer and
electron-excitation processes in low-energy heavy-ion collisions has been extended by Tupitsyn et al.
(2012) to collisions of ions with neutral atoms. With this method the K—K charge transfer and K-
vacancy production probabilities for the Ne—F3*(1s) collisions at F8* (1s) projectile energies 130 and

230 keV/u were evaluated. The obtained results were found to be in a good agreement with experimental
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Figure 2.4. Correlation diagram for the symmetric Pb—Pb collision system highlighting the area over the
energy difference of the two innermost molecular orbitals (MO) 1so and 2pc along a trajectory whose
distance of closest approach is Ry. Calculations of the relativistic correlation diagram are from Sepp et al.
(1981). The Pb—Pb system was chosen here for illustration of the effects to be expected. It prominently
features the very strong relativistic effects for the innermost MOs, which materialize as a continuous dramatic
increase in the binding energy with decreasing internuclear separation R down to very small internuclear
distances corresponding to the united-atom limit. This is partly due to the very strong relativistic shrinking
of the wave function of the innermost orbitals and is in strong contrast to the levelling off seen for the outer
orbits. It is apparent from the logarithmic scale of the energy that — unique for very heavy collision systems
like Pb—Pb — even small decreases in the impact parameter below 200 fm will contribute considerably to
the accumulation of phase, thus providing enhanced sensitivity and accuracy for the derivation of energies of
molecular orbitals during the encounter.

data (Abufager et al., 2004; Hagmann et al., 2010). The corresponding calculations were also performed
for the Xe-Xe>** (1s) collision system and, in principle, can be extended to higher-Z systems, including,
for instance, the U-U”!* (1s) collision system. However, the calculations for higher-Z systems and
especially in case of the supercritical regime, when the ground-state of the united quasimolecule can dive
into the negative-energy Dirac continuum, require a proper treatment of the negative-energy continuum
in the framework of the second quantization formalism. Such theoretical work is currently under way
and would require benchmarking through precision experimental data. Such data are unavailable now
and may become accessible for the first time in experiments at CRYRING@ESR. We expect also that
the methods developed can be adopted for calculations of the ionization cross sections in low-energy
ion-atom collisions.

2.1.3 Atomic structure: electron-ion collisions

Collisions of highly charged ions with free electrons offer numerous possibilities for fundamental studies
of the atomic electron shell and of manifestations of nuclear effects on the atomic properties. Experi-
ments on ionization, recombination, and excitation of ions, as well as on resonant scattering provide
sensitive observables for stringent tests of modern atomic theory with respect to QED, many-body, and
relativistic effects.

They also provide deep insight into processes relevant in astro- and plasma physics as well as in
accelerator design (Miiller, 2008). Moreover, nuclear properties can be quantitatively accessed by their
effects on the electronic shell such as shifts of resonance energies due to nuclear-volume effects (Brandau

et al., 2008), level splitting due to the nuclear magnetic moment (Lestinsky et al., 2008), and by their
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impact on the lifetimes of metastable levels via hyperfine quenching (Schippers et al., 2005, 2007, 2012).
A direct coupling of the incident electron to the nucleus mediated by resonant nuclear excitation, the
nuclear excitation by electron capture (NEEC) process (see Section 3.2), has been predicted theoretically.
Investigations employing electron-ion collision spectroscopy are not restricted to ions with stable nuclei
but can be extended to radioactive species provided their lifetime is sufficiently long (about 10 s or
longer) for beam cooling and measurements (Brandau et al., 2009, 2010, 2013).

Beams of electrons with small energy and momentum spreads can be readily produced over a very
wide range of energies. They provide access to regimes where optical methods are not available, in
particular, for directly probing the innermost energy levels in the ionic electron shell of heavy nuclei.
Furthermore, electron beams are, compared to foils or gas-jets, dilute targets that ensure single collision
conditions, and the electrons themselves are fundamental particles without a known internal structure.
Collisions between electrons and stored ions can be realized in two different geometric arrangements,
using either merged or crossed beams. The existing electron cooler at CRYRING naturally provides a
merged-beams configuration. It was already successfully used in electron-ion collision experiments in
the past. A particular strength of the merged-beams arrangement is due to its special kinematics which
gives highest energy resolution at small collision energies.

An alternative approach to in-ring electron-ion collisions is an intense crossed-beams electron target
which will be discussed in more detail below (Section 5.4). In a transverse electron-target arrangement,
the low collision energy domain is not accessible for kinematic reasons. However, much higher electron
densities (up to 10° cm—>) compared to those available at the electron cooler (typically 107 cm™3) can
be provided for systematic measurements at high collision energies. The electron-ion interaction region
is much more accessible in a crossed-beams arrangement than in an electron cooler which is surrounded
by heavy solenoids providing the magnetic guiding field for the cooler electron beam. Therefore, as
a further advantage, a dedicated transverse electron target can accommodate comparatively large solid
angles for the observation of photons from the electron-ion collision region.

The electron cooler of CRYRING was the first to employ adiabatic magnetic expansion of the elec-
tron beam (Danared, 1993). This technique reduces the transverse velocity spread of the electrons in-
versely proportional to the magnetic expansion factor. Experiments in Stockholm demonstrated trans-
verse and longitudinal electron temperatures of kg7 < 1.5 meV and kgTjj ~ 0.05 meV, respectively.
With a maximum magnetic expansion ratio of 100, the transverse electron temperature of the CRYRING
cooler is up to two orders of magnitude lower than that of the ESR cooler. It should be noted that in
addition to the strongly suppressed transverse electron velocity spread longitudinal temperatures in the
CRYRING cooler appear to be a factor of 2—4 lower than those of the ESR cooler. This difference can
be explained by suppression of relaxation processes between the transverse and longitudinal degrees of
freedom.

Even though negative electron affinity GaAs photocathodes nowadays set a benchmark for low
electron-beam temperature (Orlov et al., 2005), the CRYRING electron cooler is a competitive device,
in particular, if one keeps in mind that the operation of a GaAs photocathode is much more involved as
compared to the operation of a conventional thermionic cathode. Moreover, thermionic cathodes still
provide much higher electron current densities than state-of-the-art photocathodes, which strongly helps
experiments with low signal-to-noise ratios.

A simulation of achievable resonance widths with the electron temperatures of the ESR electron

cooler and of the CRYRING electron cooler illustrates the vastly improved resolving power accessible
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at the CRYRING cooler (see Figure 2.5). The resolution gain at the CRYRING cooler is particularly
pronounced at small electron-ion collision energies. Due to conservation of resonance strength both the
signal-to-background-ratio and the total count rate on resonance” improve with larger resolving power
yielding overall significantly enhanced sensitivity. Example experiments benefiting from the improved

experimental conditions will be laid out and discussed next.

QED tests employing high-resolution collision spectroscopy of heavy few-electron ions

The combination of beams of ions up to the highest possible charge states and a cold electron target
with a transverse temperature of roughly a factor 100 below that of the ESR cooler and still a factor
of 2-4 lower longitudinal temperature will allow for high-resolution dielectronic recombination (DR)
measurements and according high-precision collision spectroscopy. One of the decisive benefits of an
improved energy resolution is the possibility to more accurately determine resonance positions (compare
Figure 2.6). Moreover, as a consequence of the low transverse temperature, according asymmetric line
shapes and shifts in energy are almost completely removed. Uncertainties caused by the transverse
temperature were one of the largest sources of experimental errors in recent DR spectroscopic studies at
the ESR (Bernhardt et al., 2015a,b).

The increased accuracy, resolution and sensitivity of DR collision spectroscopy facilitates Lamb-
shift measurements with heavy highly charged ions, e.g., of 25 —2p; transitions in Li-like heavy ions

with unprecedented precision Brandau et al. (2015). Two alternative approaches are currently pursued.
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The first technique utilizes the fact, that in selected cases, the excitation energy of a core electron and
the binding energy of the n/; electron (which should preferentially be captured into a shell with a high
principal quantum number n) almost completely cancel. The second technique is based on the regular
pattern of Rydberg series of resonances.

When the excitation energy of an initially bound electron almost matches the binding energy of the
initially free electron resonances may occur near zero electron-ion collision energy. In this case an excep-
tional precision can be achieved as demonstrated in various experiments at CRYRING and TSR (Lindroth
et al., 2001; Kieslich et al., 2004; Schuch et al., 2005; Lestinsky et al., 2008). We note that the operation
of TSR was stopped at the Max-Planck Institute for Nuclear Physics in Heidelberg. The second, more
general method is well-suited for the determination of excitation energies of very heavy ions. It exploits
the almost hydrogenlike high-n behaviour of Rydberg series associated with a given atomic excitation
channel. This method has been developed and established at the ESR electron cooler for 2s —2py, tran-
sitions in Li-like gold, lead and uranium (Spies et al., 1995; Brandau et al., 2003) and was used recently
for determining transition energies of Li-like and Be-like xenon ions (Bernhardt et al., 2015a,b). At
CRYRING, for both approaches an improvement in accuracy of at least one order of magnitude com-
pared to the present ESR conditions can be expected, i.e., an improvement to the level of below 10 meV.
These favorable experimental conditions will facilitate sensitive tests of higher-order QED contributions
to atomic transition energies. Electron-ion collision spectroscopy is thus definitely competitive with the
most advanced x-ray spectroscopy methods Beiersdorfer et al. (2005). The high resolution that can be
expected at CRYRING also opens possibilities to study predicted changes in line shapes of DR reso-
nances due to interference with radiative recombination (RR) or with other DR resonances of identical
symmetries (Schippers et al., 1998; Andreev et al., 2008). This is particularly promising for applications
to highly charged ions that can be studied at the combined CRYRING@ESR facility.

Spin-flip transitions in the relativistic domain

In DR of fluorine-like ions the lowest-energy core excitation is between fine-structure levels of the 2p°
configuration. Such transitions are forbidden in the LS-coupling scheme and have therefore been ne-
glected in previous theoretical treatments. Experiments with F-like iron ions have, however, shown
sizable contributions of e 4 2p> 21"3/2 —2p° 2P, /> nl processes involving a core spin-flip transition (Savin
et al., 1997). With very highly charged ions such as U8+ these processes can be studied in the relativistic
domain. The fine-structure splitting within the 2p° configuration of high-Z ions is in the keV-range and
thus well suited for high-resolution measurements at the CRYRING cooler.

Hyperfine DR

While excitations within fine-structure levels of a given electronic configuration feature the lowest pos-
sible energies for ions with even-mass nuclei, still much lower excitation energies are possible when
the nucleus has non-zero spin and, hence, a non-vanishing magnetic moment. Similar to the fine-
structure transitions the core excitation involves a spin flip. Theoretical treatment requires the inclusion
of relativistic effects. The first calculations of this kind for DR involving hyperfine transitions were
carried out by Pindzola et al. (1992) for DR processes Bi%?* (1s F=4) + ¢~ — Bi¥!* (1s F=5nl).
DR resonance energies E, can be estimated from the Bohr formula for the binding energy of the Ry-

dberg electron, i.e., E,;, = Eexei — 13.6 eV X q2 / n? with the initial ion charge state g. The inner-shell
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(Ls F=4) — (1s F =5) hyperfine splitting is only Eex; = 5.08 eV (Klaft et al., 1994). With this value
for Eexci and with g = 82, the lowest Rydberg quantum number which yields a positive resonance energy
E, is npin = 135. Such highly excited fragile Rydberg states are easily field-ionized in the motional
electrical field E = ¥ x B that the recombined ions are subjected to in the storage ring dipole magnets
(Schippers et al., 2001). A classical formula for the lowest quantum number n, that is affected by field
ionization is ey (F) = (5.71 x 108 V/cm x ¢? /F)'/4.

Typical ESR experimental conditions are such that gy < nyp, i.€., the observation of hyperfine DR
is prevented by field ionization. However, the condition ngy; > nyi, can easily be fulfilled in CRYRING
which can store highly charged ions at much lower ion velocities v and correspondingly lower fields E=
¥ x B as compared to ESR. Electron-ion collision spectroscopy of low-energy hyperfine DR resonances
holds the promise to yield experimental values for (1s F =4) — (1s F =5) hyperfine transition energy on
the 5 ppm level (Lestinsky et al., 2008) which would even exceed the performance of laser spectroscopy
of such transitions (Nortershiauser, 2011; Ullmann et al., 2015).

A prerequisite for the accurate determination of hyperfine DR resonance energies is the high exper-
imental resolving power of the CRYRING electron cooler. But even with the energy resolution that is
possible at the CRYRING cooler, experiments will be difficult because of the high background cross
section of RR However, it is merely a matter of getting sufficiently good statistics to see isolated DR res-
onances associated with hyperfine transitions. Conditions for lower-Z ions may even be better than for
Bi®?" because the lower Z will reduce the RR cross section and at the same time the Rydberg resonances
to be observed become narrower (and thus more distinct) due to their reduced radiative widths. Hydro-
genlike ions with atomic numbers down to about Z = 60 feature ground-state hyperfine splittings of more
than 1 eV. Even '3In*8* still has a predicted hyperfine splitting of 0.91 eV. Thus, a wide range of nuclei,
including radioactive species, are accessible by hyperfine DR experiments which can be used to measure
the splitting with high accuracy. The CRYRING cooler with its low transverse electron temperature is

ideal for such studies.

Ionization via resonant and non-resonant inner-shell excitation

Electron-impact ionization of atoms and ions can proceed via three different channels:

e direct removal of an (outer-shell) electron,

e excitation of an inner-shell electron with subsequent autoionization,

e resonant excitation, i.e., capture of the incident electron with simultaneous inner-shell excitation

followed by the emission of two electrons.

The latter process is in competition with DR where the intermediate multiply excited state populated
by dielectronic (resonant) capture decays by the emission of radiation. When the atomic number in-
creases, the stabilizing-transition rates can change dramatically which is especially true for radiative
transitions which are forbidden in the LS coupling scheme with low-Z atoms or ions. With dependences
of transition rates from such states proportional to Z'° it becomes clear, that high-Z dielectronic capture
with subsequent stabilization by the emission of electrons or photons can dramatically change the cross
sections for recombination or ionization or resonant elastic scattering. Chen and Reed (1993) have inves-
tigated the influence of relativity and of including ‘forbidden’ transitions on the resonant contributions
to electron-impact ionization of highly charged lithium-like ions and found dramatic effects both in the
resonance energies and in the resonance strengths. Such strong effects can already be seen in Li-like

Fe?3* where resonances in the ionization cross section occur at energies above 6.8 keV. With ESR as an
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injector CRYRING can accommodate even more highly charged ions for such studies. In the electron-ion
merged-beams arrangement resonances and excitation-autoionization steps can be observed with good
energy resolution providing unique access to possible shifts of energies due to relativistic effects.

Since the electron-ion center-of-mass energy range accessible with the cooler at CRYRING will be
limited to only several keV, resonances in electron-impact ionization will be accessible only for relatively
low-Z Li-like ions. However, for Na-like ions the energy is sufficient up to about Xe*** where strong
resonances and excitation-autoionization features are predicted (Reed et al., 1990) which are expected
to dominate the commonly known direct-ionization channel. Higher collision energies will be available
with an in-ring transversal electron target (Sec. 5.4) which will, thus, provide access to electron-impact

excitation and ionization of even more highly charged ions.

2.1.4 Atomic lifetimes

Radiative transition rates in atomic systems are among the fundamental entities needed for any descrip-
tion of atomic structure and dynamics, for the modeling of any plasma, and for synthetic spectra based
on collisional-radiative modeling as a means to interpret and make use of observations of terrestrial and
astrophysical plasmas (Tribert, 2014). Accurate measurements of transition rates of, in particular, ex-
otic decay modes such as hyperfine induced (HFI) or two-photon transitions still pose a challenge for
state-of-the-art atomic structure theory (Johnson, 2011; Fritzsche et al., 2015).

The most common transition type, electric dipole (E1) transitions, has been observed and studied
in many light sources. As far as highly charged ions (HCIs) are concerned, beam-foil spectroscopy is
the presently only practical technique to study E1 transition rates. This technique is suitable for level
lifetimes in the range from many nanoseconds to a few picoseconds, and it has been employed at GSI in
a number of experiments (Moller et al., 1989; Tribert et al., 1994, 1995; Toleikis et al., 2004; Zou et al.,
2005). There are excited levels that for atomic symmetry reasons cannot decay by E1 transitions. For
example, the lowest excited level in He-like ions, 1s2s 354, decays by a relativistic magnetic dipole (M1)
transition; the lifetime of this level in Ar'® (200 ns) has been measured employing a beam of recoil ions
in the GSI Stripper Hall (Hubricht and Tribert, 1987).

Ion-storage ring provides an ideal environment for measuring even longer atomic lifetimes because
of the long ion-storage times and, hence, observation times that can be realized. At CRYRING in Stock-
holm, research specialized on singly charged ions from a special ion source, employing laser-probing of
the level population as a function of time after ion injection into the storage ring and determining mostly
very long level lifetimes up to the one-minute range (Mannervik, 2003). At TSR in Heidelberg, lifetimes
ranging from one millisecond to many seconds were measured on spin-forbidden E1, E1-forbidden M1
and E2, or HFI transitions by optical detection of fluorescence photons (Tribert, 2000, 2002). In addi-
tion, long-lived atomic states associated with rare decay modes, such as M1 (Schmidt et al., 1994; Saghiri
et al., 1999) or HFI (Schippers et al., 2007, 2012) were investigated by means of DR spectroscopy (Sec-
tion 3.1). For some decay types and the millisecond lifetime range, EBITs (especially those at Livermore
and Heidelberg) are a viable competition that, in some cases, leads the field with respect to accuracy
(e.g., Beiersdorfer et al., 2016). The excitation conditions in all the ion sources are different, and this
diversity is necessary for systematic cross checks on the various techniques.

At the ESR, the transition between the hyperfine levels of the ground state of H-like bismuth and
uranium ions (Klaft et al., 1994; Seelig et al., 1998; Ullmann et al., 2015) has been induced by laser
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light (massively shifted in the rest frame of the fast ions), and an upper level lifetime in the millisecond
range was measured (Klaft et al., 1994). Furthermore, DR spectroscopy was used to explore two-photon
transitions in Be-like xenon ions (Bernhardt et al., 2012, 2015b). Hence, GSI has already demonstrated
mastering atomic lifetime measurements on very highly charged ions. CRYRING @ESR will open access
to a multitude of experiments on longer-lived atomic levels and thus on the specific internal symmetries
of various atomic systems. The excellent vacuum conditions of CRYRING allow for long storage times
at low kinetic energies such that quenching of the metastable levels through external fields can be largely
avoided.

There are several parameter ranges with quite a number of valuable research opportunities which can
be addressed in CRYRING@ESR.

1. When CRYRING was operated at the Manne-Siegbahn Laboratory in Stockholm, the ion species
A9 studied were limited to ¢ = 1 by the chosen source. There are various low charge state ions
of heavy elements of astrophysical or fundamental interest. Because of this interest, some species
have been studied in conventional ion traps decades ago, but with only moderate accuracy (few to
some ten percent) — this might be improved in CRYRING@ESR to the one-percent range which
is much more challenging to theory.

2. The injector at TSR in Heidelberg was limited in ion beam energy and in ion species compared to
the GSI accelerator facilities. ESR as injector for CRYRING can provide highly charged ions of
all elements. CRYRING@ESR will thus open up an entirely new range of lifetime measurements
with HCL

3. Theory on hyperfine-induced decays has been improved recently (Cheng et al., 2008; Andersson
et al., 2009; Li and Dong, 2010), improving the agreement with experiment to some extent, but
not conclusively. For the ion species of interest, a broader experimental basis is desirable. New
measurements will require x-ray detection with sufficiently good energy resolution. The required
resolution can be provided, for example, by microcalorimeters.

4. There are moderately high charge state ions in which M2 and E2 decays become important (with
increasing nuclear charge). While extreme ultraviolet (EUV) observations are difficult because
of the necessary combination of detection efficiency and spectral resolution, this should not be a
problem for various x-ray transitions.

5. A particular class of exotic transitions, the two-photon E1IM1 decay of Be-like ions in the metastable
2s2p 3P, level has attracted considerable attention recently (Bernhardt et al., 2012, 2015b; Fritzsche
et al., 2015). The lifetimes are unexpectedly long due to relativistic effects. For the heaviest Be-
like ions they come into reach of storage-ring measurements. Experiments with species such as
U+ are planned for CRYRING@ESR.

Most of the ions of interest can be provided by the GSI backbone accelerators. A rule of thumb
from the TSR passive observation experiments calls for stored ion currents of / > 1 uA particles to
reach a satisfying signal-to-noise ratio. The passive photon observations or DR spectroscopy do not
require any specific ion beam energies, so that it may be convenient to use parasitic beams from the
backbone. Some of the suggested measurements can be done without the big machines (for example,

during commissioning phases) using CRYRING’s stand-alone injector.
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2.1.5 Polarization spectroscopy of hyperfine transitions in helium-like ions: A novel
approach to study nuclear magnetic moments

Significant progress has been achieved recently in applying atomic spectroscopy methods to investigate
the nuclear structure of radioactive as well as stable isotopes. For instance, a number of laser-supported
collision experiments are currently prepared at the ESR storage ring and developed for the FAIR fa-
cility. In these studies, optical techniques, based on hyperfine structure splitting shall provide precise
information about nuclear spins, moments and charge radii of various isotopes. In contrast to these mea-
surements, which mainly deal with the transition energies and total rates, much less attention has been
paid until now to polarization-resolved analysis of hyperfine transitions not only in the optical but also
in the x-ray regime. Owing to the recent advances in x-ray detector techniques (Mirtin et al., 2012) such
an analysis may provide an alternative route for probing properties of stable nuclei as well as of exotic

isotopes far from stability.

Figure 2.7. Degree of linear polarization of the F; = Oy T 0

3/2 — Fy = 1/2 hyperfine line (left panel) and the § | J
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jectile energy T, = 100 MeV/u. Calculations are per- 2_0'3 n \\ // 4 o3k /) i
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In order to illustrate the potential application of the x-ray polarimetry to the analysis of the nuclear
properties, theoretical investigations of the linear polarization of 1s2ps/, 3P, — 15% 1Sy decay of helium-
like ions with non-zero spin have been recently performed (Surzhykov et al., 2013; Wu et al., 2014, 2015).
Because of the hyperfine interaction, which mixes the excited 23P; state of such ions with the short-lived
213P; levels, the 23P, — 1S, decay can proceed via the quenched electric-dipole E1 channel in addition
to the leading M2 transition. Owing to the angular momentum selection rules not all individual hyperfine
lines, that give rise to the overall 23P, — 1Sy, are influenced by the E1-M2 mixing. In the ions with the
half-integer nuclear spin, I = 1/2, for example, the hyperfine-quenched M2 channel is allowed only for

the F; = 3/2 — Fy = 1/2 transition. The linear polarization of this transition:

k_g % A (06F;) gk Yia (6,0)
Biy(8) = 1+ Y (aF) fiP(cos) ’ 2.1
k=24,...

is defined—apart from the alignment <7 of the initial ionic state—by the structure functions:

agi 2 agi

fHr1-2V3 sl — ——. (2.2)

TMZ ) 8
Here we used the short-hand notation ag y2 = <1 ISoF; =1/2 ‘ ‘H,,(EI,M2){ ‘ 23p, Fr= 3/2> for the re-
duced matrix elements of the hyperfine-quenched electric-dipole and the leading magnetic-quadrupole
transitions. These amplitudes depend on the hyperfine-mixing coefficients and, consequently, on the nu-
clear magnetic dipole moment ;. The analysis of the interference between the E'1 and M2 transitions, as

parameterized by Equation 2.2, may be used, therefore, as a tool for probing the nuclear dipole magnetic



2.1. Atomic Structure of highly charged ions 21

moments.

In the left panel of Figure 2.7 the linear polarization of the individual F; = 3/2 — F; = 1/2 line is
displayed following the radiative electron capture (REC) into the 1s2ps), 3P, 1 F; = 3/2 excited state
of helium-like thallium 2T17%* (I = 1/2, y; = 1.638) ion. Calculations have been carried out for the
projectile ion energy 7, = 100 MeV/u and for the different photon emission angles. Moreover, in order to
illustrate the role of the E1-M2 mixing, predictions based on Equation 2.1-2.2 are compared with those
obtained within the pure magnetic-quadrupole M2 approximation, i.e. when the hyperfine interaction
and, hence, the quenched E1 transition are neglected. As seen from the figure, the admixture of the
E1 channel generally results in the reduction of the (degree of) linear polarization (2.1). The effect is
most pronounced for an almost perpendicular photon emission, 6 ~ 70°, where the absolute value of the
polarization is maximal. For these angles, P;; decreases by about from -35% to -27% if apart from the
leading magnetic-quadrupole M2, the hyperfine-quenched E'1 decay channel is taken into account.

The experimental restrictions make it impossible to directly compare the calculated polarization of
the individual F; = 3/2 — Fy = 1/2 transition with the measured data. Owing to a relatively small (~ 2 eV)
energy separation between F; = 3/2 and F; = 5/2 states, their radiative decays following the REC can not be
distinguished in the current investigations. In the right panel of Figure 2.7 we display, therefore, the linear
polarization of the 23P, — 1S line, ‘seen’ as the incoherent superposition of its F; = 3/2 — F '+ =1/2and
F; =5/2 — Fy = 1/2 components. Such an ‘incoherent’ summation is justified since the splitting between
F; = 3/2 and 5/2 levels is larger than their widths. Similar to before, calculations have been performed
within the magnetic-quadrupole approximation and by taking a full account of the interference between
the E1 and M2 transitions. Although in contrast to the F; = 3/2 state, the decay of the F; = 5/2 level
can proceed only via the magnetic-quadrupole channel, the overall 23P, — 115 line is still remarkably
affected by the £1-M2 multipole mixing.

The polarization analysis of the E1-M?2 interference remains feasible even in the case when the
fine-structure 1s2ps/, 3P, — 1s? 1Sy transition can not be resolved from the 1s 2ps, 1P — 15 1Sy one.
As we have recently shown, the linear polarization of the overall Ko line is strongly affected by the
hyperfine-quenched E1 channel and the effect becomes most pronounced for low-energy collisions (Wu
et al., 2015). Based on these results, we argue that the linear polarization of the K¢ line, which can be
analyzed with available polarization detectors, may provide a novel tool to study the nuclear magnetic

moments of stable as well as radio-active isotopes.

2.1.6 Photoionization of stored ions

Photoionization of ions occurs in many cosmic environments and man-made plasmas. An accurate
knowledge of photoionization cross sections is mandatory for a detailed understanding of the charge
balance in photoionized plasmas and, consequently, of the emitted radiation. In general, the atomic data
needs for the modeling of nonequilibrium plasmas are vast. Most of the body of compiled data comes
from theory which needs to apply approximations to make calculations tractable even with modern com-
puter technology at hand. Therefore, benchmarking by experiment is vitally needed. The presently
most advanced experimental technique for investigating photoionization of ions is the photon-ion merged
beam technique (Schippers et al., 2015) where a beam of energetic photons from a synchrotron radiation
source is collinearly merged with a beam of mass/charge selected ions from an ion source (Figure 2.8).

An inherent limitation of this method is that the internal state of ions from the ion source cannot be
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Figure 2.8. Essential features of a photon-ion merged-beams arrangement (Schippers et al., 2015). The
reaction products A"+ result from n-fold ionization of the A4+ primary ions by photon impact.

controlled. In particular, long lived metastable levels survive the flight time of typically a few microsec-
onds from the source to the photon-ion interaction region and thus contribute to the ionization signal in
unknown quantity. An experimental environment that offers control of the internal degrees of freedom of
ions is a heavy-ion storage ring (see, e.g., Schippers, 2015) where ions can be stored for sufficiently long
times such that metastable levels can decay to the ionic ground state before data taking is started. The
combination of an extreme ultraviolet (XUV) beam with a heavy-ion storage ring would thus be ideal
for the measurement of absolute cross sections for the photoionization of atomic ions. In addition, the
spectroscopy of photoionization resonances would provide a complementary experimental approach to
unraveling the electronic structure of highly charged ions.

The setup of a storage ring at a synchrotron radiation facility would be a major investment and, in ad-
dition, would require much more floor space than usually available at a synchrotron light source. There-
fore, all existing photon-ion merged-beams experiments at synchrotron light sources are based on single-
pass arrangements (Kjeldsen et al., 1999a; Yamaoka et al., 2001; Covington et al., 2002; Gharaibeh et al.,
2011; Schippers et al., 2014). We thus propose to install an intense source of XUV photons at a heavy
ion storage ring.

Recent advances in laser technology have lead to the development of intense beams of XUV photons
from comparatively small-scale lasers. Such laser systems are capable of providing photon fluxes ex-
ceeding 10'? Photon/s in the photon energy range 20-40 eV (Hidrich et al., 2014). Currently, research
is focused on reducing the relative energy bandwidth of these sources to below 1073 (Rothhardt et al.,
2014, 2015). These conditions are almost comparable to what is available from undulator beam lines of
3rd generation synchrotrons. In addition, cooled ion beams in storage rings usually have higher particle
densities than ion beams in single pass experiments. Thus, photoionization measurements using intense
stored ion beams in combination with a state-of-the-art XUV laser are definitely feasible.

As a first step we will install an intense XUV laser at CRYRING and conduct proof-of-principle
experiments using low-charged ions from the CRYRING injector. The experimental section YR09 (Sec-
tion 5.1) of CRYRING will serve as the merging region. Photo ions can be directed onto a single-particle
detector (e.g., Rinn et al., 1982) behind the first CRYRING dipole magnet following the interaction
region. The arrangement would be very similar to the single-pass configuration sketched in Figure 2.8.

For the selection of a suitable ion species for a proof-of-principle experiment one has to consider
several boundary conditions. First, the ionization energy should be within the accessible photon energy
range 20-40 eV. Second, the mass-to-charge ratio of the ion and its kinetic energy must match the re-
quirements of the injector and the storage-ring. A closer inspection suggests that C* might be a good

candidate for a proof-of-principle experiment. C* ions were already stored in CRYRING, when it was
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still located in Stockholm, and used for electron-ion recombination experiments (Ali et al., 2012).
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Figure 2.9. Measured (symbols) and calculated (full line) cross sections for photoionization of C* ions
(Kjeldsen et al., 1999b). The resonances 4—18 are associated with the excitation of 2s2p np autoionizing res-

onances. The resonances 1-3 are associated with the resonant ionization of initially metastable C*(2s2p? *P)
ions.

Cross sections for photoionization of C* were measured at ASTRID storage ring in Arhus, Denmark
(Kjeldsen et al., 1999b, 2001). Figure 2.9 shows the corresponding results in the energy range around
the threshold for the ionization of C* ions in the 25> 2p P ground term. The measured spectrum shows
distinct signatures (resonances labelled by 1, 2, and 3) of initially metastable C*(2s 2p* *P) ions with
lifetimes of up to about 100 ms (Tribert et al., 1999). In a storage ring experiment there would be
sufficient time to allow for the decay of the metastable 4P levels, and a photoionization measurement
could be performed with a pure ground-state beam.

The XUV radiation is created by high harmonic generation (HHG) of an infrared femtosecond fiber
laser. In the spectral domain odd harmonics can be observed as shown in Figure 2.11. A single harmonic
line can be isolated by a monochromator, thin metal foils or dielectric multi-layer mirrors. The relative

energy bandwidth of a single harmonic is typically of the order of 102, depending on the generation
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Figure 2.10. Typical HHG spectrum obtained with a) Xenon and b) Krypton as nonlinear medium. c) spatial
far field beam profile of a single harmonic (Rothhardt et al., 2015).
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conditions and the driving laser pulse. A reduction of the bandwidth below 103 appears realistic. Such
a XUV source is typically operated at 100 kHz to 1 MHz repetition rate and can be synchronized to the
revolution frequency of ions in the storage ring. The XUV source is normally not tuneable in photon
energy. However, the effective photon energy seen by the ions can be tuned via the ion velocity because
of the Doppler shift. Even the moderate ion velocities at CRYRING allow for sufficient tuning of the
effective excitation energy. For example, the mode H23 shown in Figure 2.11 (27.7 eV) could be tuned
across resonance 7,8,9 and 10 of C* shown in Figure 2.9. Later a selection of different harmonic orders
with adequate filters in combination with Doppler tuning plus parallel and anti-parallel excitation would,
in principle, allow for continuous scans of the excitation energy. A portable XUV source to be employed
at the FAIR facility is currently under construction. It can be connected to CRYRING via a differential
pumping section as illustrated in Figure 2.11.

additional
differential pumping

section (if necessary) fast shutter valve
Turbo MV2 GV
mMv3 |_|
106 mbar 6P XUV beam
/ towards storage ring
[[=—F= v
pressure gauge
HHG gas jet IR Laser
b &
103 mbar A

Figure 2.11. Schematic drawing of the XUV beam coupling section to the storage ring. Thin metal filter
equipped valves (MV1-MV3) separate the different sections of the vacuum systems, turbomolecular pumps or
ion-gether pumps will be employed for differential pumping to step-whise reduce the pressure to <10~ mbar.
Fast shutter valves can separate the XUV source from the storage ring in case of broken filters or vacuum
leaks.

The C* proof-of-principle experiment will demonstrate the feasibility of our new approach. As the
XUV sources mature such experiments have the potential to become superior to the traditional single-
pass photon-ion merged-beams approach since ion storage allows for the preparation of pure ground-level
ion beams. In addition, resonant photoionization provides access to the atomic structure of ions, in partic-
ular, to multiply excited states. In this respect, resonant photoionization is complementary to electron-ion
collision spectroscopy (Section 2.1.3 and 3.1) where multiply excited resonance states are formed during
photorecombination, i.e., by the time-inverse process of photoionization. As laser technology progresses
higher photon energies might be reached as well as photon energy spreads smaller than what is available
for electron beams. This would enable the experimental characterization of resonance states in highly
charged ions with hitherto unattainable precision. Such measurements would be of utmost interest, e.g.,

for the study of isotope effects with exotic nuclei from the FAIR accelerators.
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2.2 Atomic collisions dynamics

2.2.1 Magnetic interaction and retardation effects upon the electron emission from
HCI

Studies of X-ray emission from HCIs have been found to be a unique tool for improving our under-
standing of the electron-electron (e-e) and electron-photon interactions in the presence of strong fields
(Fritzsche et al., 2005, 2009). The x-ray spectroscopy of these systems showed that accurate energies
and cross sections are obtained only if, apart from the static Coulomb repulsion among the electrons,
the magnetic and retardation contributions to the electron-electron interaction as well as the leading
quantum-electrodynamical effects are taken into account (Artemyev et al., 2013; Yerokhin et al., 2014;
Fritzsche et al., 2015). In contrast to the x-ray spectroscopy, however, much less is known so far about
how the magnetic and retarded interaction among the electrons affect their emission and, hence, the
dynamics of electrons in strong fields.

To gain further insight into the electron dynamics, the excitation and autoionization of highly charged
ions has been re-analyzed with the aim to separate the magnetic and retardation contributions to the
electron-electron (e-e) interaction from the static Coulomb repulsion in strong fields. A remarkable
change in the electron angular distribution due to the relativistic terms in the e-e interaction is found
especially for the autoionization of (initially) beryllium-like projectiles, following a 1s — 2ps/, Coulomb
excitation in collision with some target nuclei. In this process, the angular distribution of the emitted
electron is given by

W(0) e 1+ Y d(a) fi(odr, 00d5) Pi(cos ), (2.3)

k=2,4,...
where %% (a,J,) characterizes the alignment of the intermediate state after the excitation, 6 is the polar
angle with regard to the beam direction and where the fi(e.J,, 0tpJr) are characteristic functions that
describe the dynamics of the autoionization. The function f; in Equation 2.3 merely depends on the

(reduced) matrix elements {(aJy, ex)J||V|| a,J-) of the (frequency-dependent) e-e interaction

v = veqvB (2.4)
1 cos(r;; cos(mr;;)—1
— Z < _ (a,-'aj)M + (- Vi) (e - V.i)(2])> (2.5)
i<j \Tij Tij W7
Tp=5MeV/u Tp= 10 MeV/u Tp= 100 MeV/u

1.1 — T
1.05—

Figure 2.12.  Angular distributions of
electrons emitted in the 1s2s2 2p3/2 3P2 —
15225 28, /> autoionization of beryllium-like
ions with projectile energies 7, = 5, 10 and
100 MeV/u, following the Coulomb exci-
tation from their 1s>2s> Sy ground state.
Results are shown in the rest frame of three
beryllium-like projectiles with charges Z =
54,79 and 92 and in two approxima-
tions.  Angular distributions with only
the Coulomb repulsion incorporated into
the Auger amplitudes (blue dashed lines)
1 F in Equation 2.3 are compared with those
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Figure 2.13.  Angular distributions of
electrons emitted in the 1s2s>2ps, P —
1522528, ), (left panel) and 152s>2ps, *Py —
1522p Py, (right panel) autoionization of
US8 projectiles with energy 7, =5 MeV/u.
Results are shown in the laboratory frame
and by incorporating only the Coulomb
repulsion into the Auger amplitude (blue
dashed lines) in Equation 2.3 as well as for
a full account of the e-e interaction (black 6‘0 1‘20 =0 % 6‘0 ]‘20 130
solid lines). Laboratory angle (deg) Laboratory angle (deg)
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that comprises both, the instantaneous Coulomb repulsion (first term) and the Breit interaction, i.e. the
magnetic and retardation contributions (second and third term).

For this excitation-autoionization process via the 15252 2p3/2 3p, resonance, a diminished (electron)
emission in forward direction as well as oscillations in the electron angular distribution due to the mag-
netic and retarded interactions are predicted especially for the Auger decay into the 1s%2s %S, /> ground
and 1s%2p °P, 1, excited levels of the finally lithium-like ions. This emission pattern is in strong contrast to
a pure Coulomb repulsion between the bound and the outgoing electrons. For example, Figure 2.12 dis-
plays the angular distribution for the autoionization of the 1s2s> 2ps, 3P, resonance into the 15 2s S, A
ground state of the lithium-like ion for three projectile energies 7, = 5, 10 and 100 MeV/u and for
beryllium-like ions with nuclear charge Z = 54, 79 and 92. The angular distributions of the correspond-
ing electron lines is calculated in two approximations with regard to how the e-e interaction is included
into the characteristic functions f;. Apart from a pure Coulomb repulsion between the bound and out-
going electrons (blue dashed lines), we here consider the full relativistic e-e interaction (Equation 2.4)
in this figure (black solid lines). A rather strong interference between the Coulomb and the magnetic
terms in the e-e interaction arises especially at low projectile energies, 7, < 10 MeV/u, and gives rise to
a double-peak structure in the angular distributions as well as to a 10 % reduction of the electron yield in
forward direction if the nuclear charge of the projectiles is increased from Z = 54 to 92. This lowering of
the electron emission in forward direction (6 ~ 0°) is significant and further enhanced in the laboratory
frame due to the Lorentz transformation of the energetic electrons, cf. Figure 2.13.

In conclusion, the proposed excitation-autoionization process can be observed at existing storage
rings and will provide novel insight into the dynamics of electrons in strong fields (Fritzsche et al.,
2012). The most simple signatures of the relativistic contributions to the e-e interaction in high-Z ions is
the reduced electron emission in forward direction (6 < 5°) as well as the double-peak structure in the
expected angular distribution; these signatures arise especially at low projectile energies < 10 MeV/u and
for beryllium-like ions with nuclear charge Z = 70. The electron angular distribution from such projec-
tiles can be analyzed with present-day electron spectrometers and provide complementary information

about the electron dynamics in strong fields that is not accessible from x-ray spectra alone.

2.2.2 Inelastic Electron Scattering in Inverse Kinematics: Spectroscopy and Colli-
sion Dynamics at CRYRING and ESR

In atomic collision physics, (e,2e)-spectroscopy has itself established as one gold standard and the most

significant test of theory for determination of atomic structure, e.g. state specific momentum wave func-
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Figure 2.14. Absolute TDCS for (e,2¢) on He for incident energy
Eg=70.6 eV, i.e. an excess energy of 46 eV above threshold (Ren
et al., 2011a,b, 2010, 2012). The TDCS is displayed as a func-
tion of the emission angle of an electron with kinetic energy of
E> =5 eV. The emission angle of the other electron (E| =41 eV)
is fixed to ®; = —20° (a) Experimental 3D cross section. (b) CCC
calculation. The dashed and dotted frames in (a) indicate the cut-
ting planes through the 3D pattern in the scattering (I) and perpen-
dicular plane (II), respectively (for details see Ren et al., 201 1a,b,
2010, 2012).

Binary

tions, and for the quantitative description of collision dynamics on the atomic scale. The applied ex-
perimental techniques, however, are limited to using neutral atomic and molecular targets and are not
practically applicable for corresponding studies with ions (McCarthy and Weigold, 1991). In this con-
text we are developing in-ring experiments in CRYRING and ESR to measure kinematically complete
triple differential cross sections (TDCS) m
Li-like and other few-electron ions over a wide Z range and for selected ions of astrophysical relevance,

for (e,2e) electron impact ionization of H-, He-,

¢ (Eo) + AT — AUt o (E1,0)) +eg,,, (E2, 62). (2.6)

slow (

We have shown, that kinematically complete collisions of the type Equation 2.6 can be very efficiently

investigated via inverse kinematic reactions, e.g., for He-like configurations (Kollmus et al., 2002),
A9T (15%) +-He — AT (1s) + He ™ + e, (EE, 0,) + ey, (EE, 6p). 2.7)

Here, the cold He-target produced by an ultrasonic jet serves as a source of quasi-free electrons. A
collision according to Equation 2.7 with a specific energy E; of the incident heavy ion A" corresponds
to an electron impact ionization according to Equation 2.6 with the same collision velocity, when the
incident electron collision energy Ey = E;/ mie ~ E;/1823.

The (e,2e) experiments devised for the CRYRING@ESR storage-ring combination thus permit to
cover the TDCS along the isoelectronic sequences of few-electron high-Z ionic targets for a wide range
of charge states. This allows to extend these studies well into the relativistic domain. The kinematically
complete (e,2¢) 1s-ionization of ions with very high Z up to 92 will be preferably studied with emphasis
on H-, He- and Li-like ions. The collision energy range provided by CRYRING makes this storage ring
particularly suited to focus on the theoretically very important region just above the ionization threshold:
for kinematically complete 1s-electron impact ionization this applies for intermediate-Z ions up to Z = 36
and for 2s- and 2p-ionisation for ions up to Z = 70 and 74, respectively. For M-shell ionization, all ions
up to uranium may be covered by the collision energy ranges available at CRYRING.

These (e,2e) experiments constitute critical tests of advanced ab-initio theories exterior complex
scaling (ECS) and covergent close coupling (CCC) for highly charged ionic targets (Schubert et al.,
1979; Ehrhardt et al., 1971; Diirr et al., 2007; Bray et al., 2012). The configuration of a heavy ion storage
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ring combined with inverse kinematics opens up unique experimental possibilities. The achievable lu-
minosities exceed by many orders of magnitude those available from conventional electron-ion crossed-
beams arrangements (which are superior for very high resolution spectroscopic studies, see Section 5.4).
High luminosities are a prerequisite, in particular, for kinematically complete ionization experiments on
high-Z HCI.

It is important to note that (e,2e) experiments with ions (in contrast to those with neutral atoms)
which measure the TDCS for inner shell ionization (as opposed to outer shell ionization) access highly
critical configurations for ionization: applying inverse kinematics using HCI with vacant outer shells,
e.g., the 1s ionization investigated in Au’’* instead of s ionization in neutral Au (or Au'") is the only
way to remove essential ambiguities arising from multiple outer shell ionization in measurements of
TDCS for inner shell ionization (Keller and Dreizler, 1998; Keller et al., 1999).

The narrow impact energy range of validity of the Wannier theory above the ionization threshold
(typically few eV at low electron collision energies) has been investigated in detail for H and He targets,
but for ions in various charge states the range of validity is still open to debate, particularly when the
Z-dependence is considered for HCI. This appears plausible under the following considerations: The
momentum transfer vector § which is very meaningful at collision energies well above threshold because
it provides an orientation axis for most of the emitted electrons, loses its relevance as a single determining
parameter close to threshold (see Figure 2.14 for an intermediate collision energy region, where already
the direction of ¢ deviates noticeably from the center of the lobe characterizing the TDCS) (Ren et al.,
2010, 2011a,b). This axis corresponds to the direct ionization amplitude (Ehrhardt et al., 1986) but
is meaningless for the other ionization amplitudes (exchange and resonance/capture) which close to
threshold in the Wannier region have magnitudes comparable to the direct amplitude. Here data for
(e,2e) ionization along isoelectronic sequences are needed for a rigorous quantitative understanding of
the collision dynamics.

The tremendous success of a-priori theories like ECS and CCC in correctly producing the full TDCS
for H and He (see for example Figure 2.14) over the entire collision energy range had given rise to hopes
for a final theoretical solution of impact ionization (Bray et al., 2010). However, it was found that the
validity of these two most advanced theories at this time is indeed restricted to bound s-states and H and
He targets. Already for initial p states of Ne they fail to reproduce the experimental TDCS cross sections.
It is thus of utmost importance to provide experimental benchmarks for TDCS for electrons from several
inner shells, for 1s and 2s ionization for ions of the H, He, and Li isoelectronic sequences for medium
and high Z as well as for the Ne and Ar isoelectronic sequences for closed p-shells and for the B and C
isoelectronic sequences for one and two-electron open p shells.

In Figure 2.15 we show distorted wave Born approximation (DWBA) calculations which were per-
formed using the code of McCarthy (1995) for TDCS for electrons of Ey = 16457 €V ionizing the 1s
electron of Fe?** (equivalent to 30 AMeV Fe?** + He). The angular distribution of the ionized electrons
is strongly dependent on the scattering angle of the incident electron, i.e., the momentum-transfer vector
4. These angular distributions, when transformed from the projectile frame (= emitter frame) into the lab-
oratory frame, are the distributions to be found on the 2D-position sensitive electron detector in the focal
plane of the forward electron spectrometer. The peculiarities of the features observed in the TDCS for
high-Z atomic targets and attributed to relativistic terms (Keller and Dreizler, 1998; Keller et al., 1999)
can then for highly charged ions be traced quantitatively without ambiguities due to many-electron ef-

fects in neutral atoms. A comparison of these TDCS for ions with those for neutral atoms then allows to
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Figure 2.15. TDCS for electron impact ionization of He-like Fe?** (1s?) for 16457 eV impact energy in
the projectile frame corresponding to a laboratory collision energy 30 AMeV. Calculations were performed
with the DWBA code of McCarthy (1995). The momentum transfer to the ionizing projectile is 11 a.u. for
1 degree scattering angle and 32 a.u. for 60 degree scattering angle.

quantitatively assess the role of the different mechanisms identified by Keller and Dreizler (1998); Keller
et al. (1999). Interestingly enough, kinematically complete experiments for 1s ionization very close to
threshold will also permit high precision measurements of the 1s binding energy due to the kinematic
relations of ionized electron energies in the emitter and laboratory frames (Ullrich et al., 1996).

For 15 electron-impact ionization of Fe with a 16.95 AMeV Fe?* beam corresponding to an incident
electron energy of 20 eV above the 1s-ionization threshold Figure 2.16 shows the laboratory energy- and
angular distribution of the inelastically scattered electrons in the continuum. It is apparent that using
the (e,2e) technique in inverse kinematics current high energy resolution forward electron spectrome-

ters permit determination of the Ls binding energy, e.g., in the H-like Fe?>*

projectile, competitive with
those achieved by photoionization. Experiments will be performed with a longitudinal reaction micro-
scope (Ullrich et al., 2003) combined with the existing 2D- position sensitive in-ring forward electron

spectrometer in ESR and a new 2D- position sensitive forward electron spectrometer in CRYRING.

2.2.3 Radiative electron capture to the continuum and the high-energy endpoint of
electron-nucleus bremsstrahlung

It has been shown previously that storage rings offer a supremely well suited environment, where the
fundamental process of electron-nucleus bremsstrahlung can be studied in inverse kinematics in kine-
matically complete fashion at the theoretically important high-energy endpoint of the bremsstrahlung:
bremsstrahlung photons from the high-energy endpoint appear in coincidence with electrons emitted un-
der 0° with respect to the projectile beam in the radiative electron capture to the continuum (RECC) cusp
(Nofal et al., 2007; Hillenbrand et al., 2014a). For this highly interesting region, theory has postulated
deep lying equivalences of electron-nucleus bremsstrahlung, photoionization, and radiative recombina-
tion. In the rest-frame of the nucleus, all energy is transferred from the incoming electron to the emitted
bremsstrahlung photon, such that the outgoing electron has (almost) no kinetic energy with respect to
the nucleus. This case cannot be investigated in classical configurations of electron beams impinging
on a target at rest because of the practical impossibility of detecting an electron, which leaves the target

without kinetic energy.
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The previous experiment of Hillenbrand et al. (2014a) was performed at the ESR for the collision
system UST+N, at a projectile energy of 90 MeV/u. Using a magnetic electron spectrometer and
appropriate photon detectors, the energy distribution of electrons emitted under 0° was measured in co-
incidence with the angular distribution of bremsstrahlung photons. The results were shown to be in
agreement with fully relativistic calculations using Dirac wave functions while refuting the applicabil-
ity of semi-relativistic Sommerfeld-Maue wave functions for this process (Figure 2.17). The interest
of extending this study towards lower collision energies is twofold. Firstly, the RECC cross section
increases with decreasing collision velocity approximately as v;5. The associated increase of the ob-
servable count rate permits to study the process in finer detail. Secondly, the asymmetry of the RECC
cusp, which is seen in Figure 2.17, increases with decreasing collision velocity approximately as Z, /v,
(Jakubassa-Amundsen, 2003), thus making studies of RECC with high projectile charges Z,, at low col-

lision velocities most fruitful.

As was predicted theoretically by Jakubassa-Amundsen (2003) and confirmed experimentally by
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Hillenbrand et al. (2015), RECC is competing with the non-radiative electron capture to the continuum
(ECC) process where an initial target electron is transferred to the projectile continuum. It was shown
that the cross sections of both processes are comparably large for a nitrogen target at 90 MeV/u. Going
to lower collision velocities, the collision energy at which ECC and RECC are comparably large, was
predicted by Jakubassa-Amundsen (2007) to be around 11 MeV/u for a hydrogen target, independent of
the projectile charge Z,. At CRYRING@ESR, where this collision energy is accessible, the previously
performed studies on RECC and the high-energy endpoint of electron-nucleus bremsstrahlung can be
extended to significantly increased levels of detail and precision. The experimental data will thus provide
further stringent tests to most advanced theories of photon-matter interaction, such as the fully relativistic

Dirac theory of bremsstrahlung (Miiller et al., 2014).

2.24 Complete Atomic Fragmentation with Topologically Stable Multi-electron Trans-
fer into the Projectile Continuum

The future storage ring CRYRING@ESR provides the unique opportunities to store highly charged ions
of very high-Z bare U%>* and H-like U°!* at low energies in the 1-10 MeV/u range. Using the combina-
tion of the highest ion charge state g = 92 with low collision velocities such as v = 6 a.u., a qualitatively
new collision regime will be accessible: The large Sommerfeld parameter s = g/v ~ 15 indicates a
regime dominated by very strong perturbations, and the low collision velocity further indicates highly
adiabatic collisions, at least when considering inner shell processes for heavy ions. At present there is
no ab-initio theory available that reliably describes the ionization dynamics in this collision regime. This
can be attributed to the fact that the observed multiple ionization is as strong as single ionization. It
neither follows simple binomial statistics nor can it be described by perturbation theory. Actually, per-
turbation theory is not applicable for s > 1 (Aberg, 1991), and that multiple-ionization distributions here
The complications encountered by current theories can to a large extent be attributed to the fundamental
difficulty to describe the infinite-range multi-electron Coulomb continuum correctly. So far, theory has
failed to quantitatively reproduce the experimental results (Lahmam-Bennani et al., 2002, 2010; Jia et al.,
2002).

Experiments in adiabatic, but moderate perturbation conditions s > 1 like I*>*+He at 0.35 MeV/u
have shown that in the ionization a topologically stable multi-electron transfer into the projectile con-
tinuum dominates (compare Figure 2.18a,b). This is entirely at variance with observations in ionizing
collisions of fast ions with atoms at small perturbations s < 1, e.g. p+Ne, that single and sparse mul-
tiple electron continua are dominated by electrons being removed from the target atom with minimum
momentum transfer ¢ = AE/ Tivproj into the continuum. The overwhelming number of electrons for small
perturbations s is found with low kinetic energies near threshold in the laboratory (slow electron emission
(SEE) target cusp at v, ~ 0 in Figure 2.18a).

For slow adiabatic collisions with a large Sommerfeld parameter s the multi-electron continuum
is dominated by a singularly sharp ECC electron cusp at v, = vpoj (Figure 2.18b), whose half width
even decreases with increasing projectile charge. This indicates that some new propensity rule may be
active which — one may speculate — leads phenomenologically to a near conservation of the nodes
in the electron density profile during transfer. This observation and closely related results from very
heavy projectile-recoil coincidence-experiments (Datz et al., 1990) can presently not be described by
theory. For CRYRING@ESR, it is intended to investigate in adiabatic collisions of HCI, like Au’®*
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Figure 2.18. (a) Double differential cross section for electron emission in 1-MeV p+Ne collisions (Hagmann
et al.). The prominent features for this small-perturbation collision are the SEE cusp near 0 eV in the lab
frame, the small but perceptible ECC cusp and the ring of Ne-KLL Auger electrons.

(b) Double differential cross section for electron emission in 0.35-MeV/u I?**+He collisions (Hagmann
et al.). The only prominent feature in the spectrum is the ECC cusp at v, = vp5. Note that this non-
coincident spectrum is dominated by the contributions from multiple ionization of the target. The SEE cusp
at threshold in the laboratory around v, = 0, which is the most prominent feature in fast collisions and for
small perturbation s like p+Ne is marginal in these high-perturbation adiabatic collisions like I3+ +He.

and U°!'"92% the electron continua corresponding to multiple ionization up to complete atomic frag-
mentation with a reaction microscope and the forward electron spectrometer. An example for such an
experiment could be

5—MeV/u—U"'"" +Ar — UCT=9F L AP 4 (n—g)e + 0. (2.8)

The final vector momenta of all ionized electrons will be determined in complete kinematics with par-
ticular emphasis on the momentum-transfer dependence of the topologically stable multiple ionization
resulting in the sharp electron cusps which dominate the electron distribution in the continuum. It has
been found that in such highly adiabatic collisions of highly charged ions (Datz et al., 1990; Hagmann
et al.) simultaneously with ionization a large number of electrons is transferred into bound states of the
projectile. For understanding this kind of collisions it is therefore important to elucidate the interde-
pendence of continuum energy and bound final (n,/) state distribution in dependence on multiplicity of
capture, g, and of ionization, n, respectively, and endo-/exoergicity Q. These experiments are expected
to provide benchmarks for advanced ab-initio theories for describing the apparently highly structured

multi-electron continua generated in strongly perturbing adiabatic collisions.

2.2.5 Precision studies of Ion-Lithium collisions with a MOTReMi in CRYRING

Ion-impact induced ionization of atoms or molecules provides a very well suited testing ground for the
investigation of the dynamics of correlated few-particle systems. This is largely due to the very good

understanding that was achieved already about the underlying interaction, i.e. the electromagnetic field,
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Figure 2.19. The MOTReMi apparatus. Electron, target ion, and projectile trajectories are indicated by the
green, red, and dark-blue lines, respectively.

acting between pairs of particles. However, solving the equations of motion is by no means trivial as
soon as more than two particles are involved. This is known as the ‘few-particle problem’ which is
one of the most fundamental and, at the same time, challenging theoretical problems in physics (e.g.
Rescigno et al., 1999; Bray, 2002; Feist et al., 2008; Guan et al., 2008). Highly charged ions represent a
particularly interesting class of projectiles as the interaction strengths can be varied from a photon-like
perturbative regime to a strongly non-perturbative region at very small velocities which e.g. for electrons
would bring the collision energy below the ionization threshold. Interaction times from femtoseconds
down to zeptoseconds in relativistic collisions can be realized corresponding to the shortest, and for
very high projectile charges most intense electro-magnetic pulses (> 10*> W cm™?2) that are accessible
in laboratories. Thus, ion collisions provide benchmarks for theoretical models covering very ‘exotic’
situations in extremely strong fields (McGovern et al., 2010; Fischer et al., 2003b).

On the experimental side, the most detailed information on ionization reactions can be obtained
in kinematically complete experiments, i.e. in studies where the momenta of all involved particles are
analyzed in coincidence. For electron or photon impact, such experiments are routinely performed since
the 1960s measuring the energy and angular distributions of the free electrons in the final state. However,
obtaining highly differential data for ion-atom collisions is much more involved, because the projectile
scattering angles and, therefore, the relative projectile momentum changes, are often immeasurable small
(at large projectile energies typically 10~°rad). This became possible only about 20 years ago with
the development of ‘Reaction Microscopes’, often also referred to as COLTRIMS (cold target recoil
ion momentum spectroscopy) (e.g. Ullrich et al., 2003). Here, the momentum vectors of electrons and
recoiling target ions are measured in coincidence and the projectile momentum change is calculated
exploiting momentum conservation.

Recently, a next-generation Reaction Microscope was developed at the MPIK and operated in TSR
(Fischer et al., 2012; LaForge et al., 2013; Hubele et al., 2013). In contrast to conventional Reaction
Microscopes (ReMi), where the cold target is prepared by supersonic expansion in a gas jet, the novel
apparatus uses a MOT for target preparation (Hubele et al., 2015). In this setup, which is referred
to as MOT reaction microscope (MOTReMi) (see Figure 2.19), an atomic lithium target is cooled to

temperatures of typically mK, which allowed improving the achievable momentum resolution by a factor
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of 2 to 3 compared to conventional Reaction Microscopes. Extending the range of available targets to
calcium is planned for the near future. CRYRING, in turn, offers a wide range of projectile species up to
fully stripped ions with energies between 1 and 10 MeV/u. That means collision systems covering a broad
range of perturbations can be investigated. The reactions to be observed are ionization or excitation of the
target or the projectile as well as charge transfer which also can occur in combination with each other. The
experiments to be performed in the CRYRING will provide benchmark data in a regime where, if any, so
far only limited or kinematically incomplete experimental data is available, and they will allow testing
in detail the range of validity of standard theoretical methods and possibly even prompting theorists to
develop new models. The high resolution achievable with the new momentum-imaging spectrometer will
not only allow to study the dynamics of scattering and fragmentation processes in unprecedented detail.
Even information on electronic energy levels of the highly charged projectiles becomes accessible with
a resolution that is on a par with state-of-the-art spectroscopic methods.

In the following, selected examples of planned experiments in CRYRING are briefly discussed.

Precision spectroscopy on highly charged ions Precision spectroscopy on highly charged ions
is a very active research field at GSI (see also Section 2.1). In earlier in-ring experiments investigating
e.g. the 1s-Lambshift on highly charged hydrogen-like ions, germanium detectors were used to measure
x-ray energies emitted in Lyman transitions and a overall accuracy of about a few eV has been achieved
(e.g. Gumberidze et al., 2005). However, this precision is not sufficient to test higher-order QED effects.
Therefore, there are presently few novel x-ray detection schemes in development, based on e.g. crystal
spectrometers (Beyer, 1997; Beyer et al., 2015) or micro-calorimeters (e.g. Egelhof et al., 1996; Bleile
et al., 2002; Pies et al., 2012; Hengstler et al., 2015; Kraft-Bermuth et al., 2012), that provide substan-
tially higher resolutions than semiconductor detectors. Also momentum imaging has proven already to
be suitable for gaining information on the structure of highly charge ions (Fischer et al., 2002, see Fig-
ure 2.20). Here, the development of a complementary and completely novel experimental approach is
proposed also exploiting kinematic information of the collision in order to obtain high-precision spectro-
scopic data on highly charged projectiles.

The technique discussed here is based on a similar principle as the conventional electron energy
loss spectroscopy (Hillier and Baker, 1944). However, in the scheme to be realized in CRYRING the
electrons are not free but loosely bound in an excited lithium atom. Furthermore, the electrons are
essentially at rest in the laboratory frame but the ‘sample’, i.e. the highly charged ion, moves with high
velocity, a situation often dubbed as ‘inverse kinematics’ (see also Section 2.2.2). Seen in the rest frame

of the highly charged ion, a quasi-free fast electron collides with the highly charged (but not bare) ion
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in an inelastic collision, thereby exciting or even ionizing the ion. At threshold the electron loses all
its energy and appears as a ‘cusp electron’ in the projectile continuum which can be detected with high
resolution (meV in the projectile frame) by a forward magnetic imaging spectrometer (Nofal et al., 2007;
Hillenbrand et al., 2014a,b, 2015) or in the MOTReMi itself. Additionally, obtaining high resolution
spectroscopic data about the highly charged ion requires the measurement of the momentum change of
the recoiling target ion which directly contributes to the total energy balance. Depending on the collision
velocity and the observed reaction the achievable resolution can be by a factor of 2—10 higher than with
conventional germanium detectors.

This kinematical method will allow obtaining precision spectroscopy data between any ground-state
and excited levels of any ion species that can be stored in the ring with an accuracy comparable or even
superior to all other optical (cf. Section 2.1.1) or cooler dielectronic recombination methods (cf. Sec-
tion 2.1.3). It will eventually be limited only by the beam velocity uncertainty. In principle, this is the
final limit for most spectroscopic methods applicable in storage rings and is, thus, similar for all methods
applied. In the CRYRING this new method shall be tested and pioneered for hydrogen-like ions with

nuclear charges up to 23 (vanadium).

Higher order effects in target single ionization At not too large projectile charges and at large
collision velocities, the interaction between the projectile and the target is expected to be well described
by perturbative first order methods, which is considered to be an ‘easy’ case for a theoretical treatment.
However, in the fully differential cross sections for single ionization of helium colliding with 100 MeV/u
C%* ions surprising discrepancies between experimental results and state-of-the-art calculations were
found (Schulz et al., 2003). For an explanation, a higher order ionization mechanism, involving the
additional interaction between the projectile and the target nucleus, was proposed. A simple model ne-
glecting interferences between the two scattering channels enabled to reproduce the experimental results
(Schulz et al., 2007). Later on it was found that the interferences might be suppressed due to the small
projectile coherence length, which in this experiment was orders of magnitude smaller than the target
atom size (Egodapitiya et al., 2011; Wang et al., 2012). At increased projectile charge states and lower
velocities, i.e. if the perturbation of the target system by the projectile gets stronger, higher order effects
contribute strongly to the collision dynamics. Even though the electron emission characteristic is fairly
well reproduced by theory (Moshammer et al., 1999, e.g.), for describing the fully differential cross sec-
tions essentially all available theoretical models fail completely (McGovern et al., 2010; Fischer et al.,
2003b).

Apart from the correct description of the coherence properties of the incoming projectile wave and
of the interaction between the projectile and individual target particles, there are two additional factors
to be considered, that complicate the situation: First, the target structure and the correlation between
the two electrons which are bound in the target influence the collision dynamics (Fiol and Olson, 2004;
Fischer et al., 2003b). The electronic correlation in the ground state of the helium target, however, cannot
be fully incorporated in a dynamical calculation and, in most of them, is not even included explicitly.
Second, the experimental resolution might strongly influence the structure of the measured cross sections
and, hence, may result in an impairment of the significance of the experimental results.

Due to the extremely low target temperatures achievable in magneto-optical traps the impact of the
experimental resolution will be decisively reduced as compared to all earlier experiments. Moreover,

due to the simple H-like electronic structure of lithium and the helium-like structure of calcium with
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only one and two valence electrons, respectively, effects of electronic correlation can be studied in great
detail. Hence, the proposed experiment in the CRYRING will provide an ultimate test for the theoretical

description of the projectile-target interaction including possible multiple scattering contributions.

Correlation in target multiple ionization The investigation of multiple electron transitions in
atomic targets provides a fundamental test of dynamical electronic correlation (e.g. McGuire, 1997).
Previously, the helium atom was the prototype system of choice to study electronic correlations in col-
lisions (e.g. McGuire, 1982; Schulz et al., 2001; Fischer et al., 2003a, note: there is also a vast amount
of literature on electron impact, single photon, and strong laser-field induced double ionization of He)
mainly for two reasons: On the experimental side, it can easily be produced as an atomic target for col-
lision experiments by means of supersonic gas-jets and, on the theoretical side, due to its rather simple
structure with only two electrons its description is still manageable.

In experiments at CRYRING@ESR an attempt to study multiple ionization of lithium and calcium
can be undertaken. As a three-electron system, lithium represents the next step in complexity after
helium. Its loosely bound 2s electron and deeply bound closed inner shell makes it a qualitatively com-
pletely different target as compared to the noble gases, which have so far been used in most experiments.
From the theoretical side, lithium has attracted considerable attention in the last few years. There are nu-
merous approaches to address the problem of triple electron emission (e.g. Emmanouilidou et al., 2008;
Colgan and Pindzola, 2012). Lithium is therefore destined, to become a benchmark atomic system of
the future, as helium has been in the past (Colgan et al., 2001). Calcium, in turn, represents a many-
electron system and is in this respect complementary to lithium. Here up to 20 electrons can be emitted
simultaneously which allows studying few-body dynamics by a statistical analysis of the many electron
continua. Up to now, not a single coincidence experiment on multiple ionization of Li or Ca has been

reported.

2.2.6 Two-center interference in charge transfer at MeV ion-molecule collisions

When CRYRING was operational at Stockholm University, a significant fraction of the experimental pro-
gramme involving the internal gas-jet target and its recoil-ion-momentum spectrometer was dedicated to
the investigation of the dependence on the relative orientation of the incoming projectile direction and
the target molecular axis in MeV ion-molecule charge transfer collisions. The orientation information
can be extracted experimentally for charge-transfer processes that are accompanied by rapid target dis-
sociation so that the momentum vector of one or more charged target fragments can be measured and
thereby reveals the molecular orientation at the instant of the collision. For the fundamental system p+H,
a very strong variation (of about a factor of two for 1.3-MeV protons) was found in the cross section for
the transfer and excitation process as a function of the molecular axis orientation (Stgchkel et al., 2005).
This was found to be caused by the interference of the two components of the outgoing de Broglie wave
of the neutralized projectile corresponding to the electron transfer taking place in the vicinity of either of
the two target nuclei (Schmidt et al., 2008). Furthermore, an even stronger orientation effect was found
when double-electron capture in He?" + H, collisions was considered (Misra et al., 2009).

The final experimental project with the CRYRING internal target in Stockholm concerned the trans-
fer of core electrons from Nj to proton projectiles. Here another aspect of possible relevance to the
interference behaviour should become important, namely the symmetry of the initial molecular state of

the active electron. In Hj both electrons occupy single-electron states of gerade symmetry, whereas the
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core electrons of Nj, depending of the preferred choice of basis, will have to be described either as lo-
calized to either nucleus or as two electrons of gerade and two of ungerade symmetry. As the expected
interference pattern was believed to be inverted for capture of electrons from initial ungerade states the
a priori expectation would be that no interference effects should be observed for the transfer of core
electrons from N to a fast proton. Nevertheless, our first such investigation using 1.04-MeV protons
as projectiles indicated an orientation dependence in accordance with what should be expected from the
interference model presented by Schmidt et al. (2008) for electron capture from H; without taking the
initial state symmetry into account (Gudmundsson et al., 2011).

With the possible renewed opportunity to study fast ion-molecule collisions with the CRYRING in-
ternal gas-jet target at GSI, it would be very interesting to return to this problem for further investigations.
One possibility would be to simply repeat the p+N, experiment at a higher projectile energy. While the
measured cross section at 1.04 MeV varies monotonically with the molecular orientation with maximum
for the molecular axis transverse to the beam and a cross section reduced by 30% for parallel orientation a
more dramatic and characteristic orientation dependence is foreseen by the interference model if 2-MeV
projectiles are used. Here, a strong variation with angle is to be expected and an intermediate minimum
in the cross section is foreseen in the interference picture for an angle between the beam and the molec-
ular axis of about 58°. Hopefully these investigations will show whether the interference model is still
relevant for other systems than H, and one can move on to other targets as O, or to break the symmetry
of the initial state CO or NO.

Another aspect of the single measurement with molecular orientation information performed on
p+N; so far, which would also call for further investigations of this collision system, is that we found
an increased yield of multiply charged atomic nitrogen fragment ions for molecules oriented along the
beam direction. Our interpretation of this finding is that for this orientation there is an increased proba-
bility to form target states with two core holes (one at each site) which then leads to the higher atomic
charge states through multiple Auger processes. Such two-site double-core hole states are presently be-
ing investigated in some of the first x-ray free-electron laser experiments (Berrah et al., 2011) and further
measurements with the internal gas-jet target may be helpful in shedding light on this related interesting

field of research.

2.2.7 Collision of highly-charged ions with a hot, dense plasma

Research on warm dense matter (WDM) having near-solid density and low temperature of 0.1 ~ 10 eV,
which is relevant to astrophysical phenomena, has been extensively pursued (Koenig et al., 2005) and
a comprehensive understanding of this state of matter is a challenging issue. In order to investigate
the physical property and atomic physics in WDM, various methods, such as reflected/transmitted light
measurement by using an ultrashort IR laser pulse, emission spectroscopy, x-ray Thomson scattering and
extended x-ray absorption fine-structure (EXAFS), have been employed so far. Relativistic beams of HCI
also provide a useful tool to probe WDM produced in the laboratory, since the penetration depth is rela-
tively long compared with the characteristic scale length of WDM. In particular, the well-defined beam
in the CRYRING and the use of droplet targets will allow for a novel approach towards the investigation
of the interaction of HCI with WDM.

A well-defined high energy-density target can be provided by heating a droplet with an ultra-high

intensity laser pulse. A proof-of-principle experiment for the creation of WDM has already been per-
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Figure 2.21. (a) Focal laser intensity distribution.
The dashed circle indicates the 21 um diameter argon
droplet.

(b) Time-integrated XUV image of the droplet’s ther-
mal emission. The laser pulse comes from the left.

(c) X-ray emission spectrum showing the strong argon
K-o and He- transition lines. The K-shell transitions
in intermediate charge state argon ions are visible as 2.9 3 3.1 3.2 3.3
satellites between the K- and Heo line Photon energy (keV)

formed at the Petawatt high-energy laser for heavy-ion experiments (PHELIX) facility (Bagnoud et al.,
2010), in which an argon droplet with a diameter of 21 um was used as a target (Costa Fraga et al.,
2012). Laser pulses of 370 fs duration, containing 2.5 J energy from the pre-amplifier stage, with a rep-
etition rate of about one shot every 3 minutes, were focused onto the droplets by a 90° off-axis parabola,
producing a spot of 3 um in diameter (see Figure 2.21(a)) and peak intensities of around 10'° W/cm?.
Temporal synchronization was obtained by triggering the laser amplifier chain with the high-frequency
signal that drives the Rayleigh breakup process of the droplet target. For the ring experiments this has to
be also synchronized with the ion bunches.

Figure 2.21(b) shows a time-integrated 2D image of the XUV emission in a narrow spectral range
around 13.7 nm, evidencing a spherically shaped plasma that remains close to the initial droplet size
during the thermal emission stage. This supports the conclusion that the droplets are heated isochorically
to high-density plasma conditions. The droplet x-ray emission is spectrally dispersed by a cylindrically
curved graphite crystal and is then recorded by a back-illuminated charge-coupled device (CCD) camera.
The measured x-ray spectrum is shown in Figure 2.21(c), which covers the energy range from the cold
argon K- line at 2.96 keV to the Ly-« transition at 3.32 keV. The K-« line represents the fluorescence
following collisional ionization of K-shell electrons by the relativistic electron population produced dur-
ing the interaction with the intense laser pulse. The estimated conversion efficiency of the laser energy
into K-o radiation of about 10~ indicates an efficient coupling to the relativistic electrons. The plasma
condition will be maintained for a time window of roughly 1 ns, limited by the duration of heating after
the laser pulse by the refluxing electrons, and the expansion speed of the droplet. According to calcu-
lations, temperatures in the order of 100 eV will be reached using the pump laser as foreseen for x-ray
laser experiments of the ESR, providing up to 10 J in 500 fs pulses.

Here, it should be noted that a high energy-density plasma itself is a promising subject for the under-
standing of the interior of a giant gas planet. In fact, although relatively low temperature (~ 6000 K) and
ultra-high pressure (~ 200 GPa) condition is predicted for the deep core of Jupiter Saumon and Guillot
(2004), the equation of state (EOS) of the transition phase from molecule to metallic hydrogen remains
poorly understood.

In combination with the high-quality ion beams in a storage ring, such a WDM target will also allow
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for studies of processes relevant for astrophysical phenomena. For example, since completely stripped
uranium ion has an extremely strong Coulomb field, many electrons bound in the bulk matter (atom)
undergo the charge transfer into the HCI, that is, A" + B — A4~V 4 Bt  AE (AE: inelastic energy
gain). Once the captured electrons decay into the ground state due to subsequent radiative transition,
they can never escape from the deep Coulomb potential of the ions. The interaction of such HCI with the
electrons in the WDM, therefore, might be considered as a collision of an electrostatic ‘black hole’ with
the giant gas planet.

In the CRYRING experiment, highly charged ions (U%>*) with an energy of more than 10 MeV/u
(Table 1.1) will collide with the WDM target (hydrogen and argon) generated by the intense laser pulse,
as described above. Then, we measure the cross section of the charge exchange and the energy change
AE of the projectile ion (A@~1+), which provides important information on collective effects in WDM.
For example, the influence by the lowering of the ionization potential, distortion of the lower electronic
energy structure and band structure in the extreme condition can be studied. Moreover, excitation pro-

cesses of the WDM by HCIs can be explored by x-ray spectroscopy.

2.2.8 Intense laser-induced recombination: The inverse above-threshold ioniza-
tion process

Laser induced recombination has been extensively studied at TSR, ESR, and CRYRING (Schramm et al.,
1991; Borneis et al., 1994; Asp et al., 1996). The situations at TSR (Lestinsky et al., 2008) and CRY-
RING (Danared et al., 1994) are peculiar, since the quality of the electron-cooler is by far exceeding the
parameters reached at the other installations. Due to the extremely low energy spread of the electrons,
high-resolution spectra can be expected. In addition the density of electrons in a given band above the
bound states is accordingly higher. In this situation, a completely new realm can be reached by utilizing
ultra-high intensity lasers to induce the recombination. In this case the inverse above-threshold ioniza-
tion (IATI) phenomenon will be observable. In the IATI process, the electrons recombine with ions in an
intense laser field, and high-order harmonics light corresponding to the incident laser photon energy (hv)
is emitted, that is, A9t 4+ e~ — AW=D+ 4 nhv. Note that both even and odd harmonics are generated,
which is different from the interaction between intense laser pulse and gaseous media. The IATI process
has recently been studied theoretically by Hu and Collins (2004) who revealed that the recombination
probability peaks at specific energies of the injected electron. Furthermore, it has been found that recom-
bination into excited states due to the IATI process also occurs with high probability. Figure 2.22 shows
the spectrum for the case of the recombination of a proton beam in an intense laser field (A = 800 nm,
intensity: 2 x 10'* W/cm?, pulse width: 50 fs, initial electron energy: ~ 3.4 eV), which is calculated
by solving the time-dependent Schrodinger equation. The high order harmonics up to a cutoff energy at
~ 60 eV due to the IATI process are clearly seen.

In the experimental scheme, these studies will follow the well-established set up supported by the
CRYRING lattice (see Figure 2.23). The charge exchanged A(9~1)* jons, and the emitted harmonics
radiation in the direction of the laser will be recorded in coincidence. The novelty of these measurements
lies in the fact, that the spectral shape can reveal details of the dynamics of the progress. Of practical
interest is also the fact, that due to the ultra-high intensity, much higher recombination rates are to be
expected, which might even be useful for non-Liouville extraction of portions of a bunch.
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3.1 Accessing nuclear properties of stable ions and artificially in-
flight synthesized radioisotopes employing electron-ion collision

spectroscopy

A relatively new application of resonant electron-ion recombination is the determination of nuclear prop-
erties from DR spectra (Brandau et al., 2015). Early measurements at CRYRING and TSR that addressed
isotope effects in DR used Cu-like and Zn-like configurations (Schuch et al., 2005; Schippers et al.,
2005). This choice was dictated by the limited performance of the injectors available at that time. In this
respect, GSI is the ideal experimental environment for isotope-shift studies using DR. GSI provides a
free choice of charge states, and even the heaviest long-lived natural element, uranium, is available with
the spectroscopically preferred three-electron configuration, that, in most cases ideally combines +ex-
perimental precision with simplicity of electronic configuration (Brandau et al., 2008; Kozhedub et al.,
2008; Lestinsky et al., 2008; Brandau and Kozhuharov, 2012; Bernhardt et al., 2015a).

In contrast to ions with a more complex electron shell, as typically used in isotope shift studies
employing laser spectroscopy, the extraction of the nuclear data from atomic spectra of Li-like ions can
be carried out at a full QED level (Brandau et al., 2008; Lestinsky et al., 2008; Kozhedub et al., 2008;
Zubova et al., 2014). It is not masked by many-body effects and, thus, free of the associated ambiguity.
As an example Figure 3.1 provides results of a DR isotope-shift study for the two Li-like Nd isotopes
with atomic mass numbers A=142 and A=150. Notably, in this experiment energy shifts SE 4150 ~ 40
meV of resonances associated with excitations of several hundred eV [E(2s —2pi,) = 139.25 eV and
E(2s— 2p3/2) =729.12 eV] were derived with uncertainties of less than 1 meV and 3 meV, respectively
(Brandau et al., 2008; Kozhedub et al., 2008). In the meantime pioneering experiments with artificially
synthesized isotopes of three-electron uranium and protactinium ions could be performed (Brandau et al.,
2009, 2010, 2013; Steck et al., 2010) (Figure 3.2) as well as experiments with nuclear isomers (Brandau
et al., 2013) illustrating the potential of the technique.

Nuclear volume shifts and hyperfine splittings scale with large powers of the nuclear charge, i.e.,

41
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Figure 3.2. DR of the two radioisotopes >*Pa%®* (left) and 27U+ (right). The 23*Pa - spectrum was
obtained with intensities as low as 2 — 3 x 10* stored ions (Brandau et al., 2009, 2010, 2013; Steck et al.,
2010).

with 2>+ and Z*, respectively. Consequently, the DR approach is especially well-suited for the heaviest
elements. It is the ideal tool for precision studies with the heaviest highly charged ions uniquely available
at the GSI facility. By using the CRYRING@ESR combination and exploiting the high resolution of the
CRYRING electron cooler (Figure 2.6) a substantial boost in both, sensitivity and precision, can be
expected. This is strikingly evident already from the simulations (Figure 2.6). Important topics that can
be addressed using CRYRING at GSI comprise:

e High-resolution high-precision isotopic or/and isotonic energy shifts and hyperfine-splitting stud-
ies with few-electron heavy ions. Nuclear charge radii, magnetic moments and nuclear spins of
stable isotopes, of radioisotopes with a lifetime > 10 s and even of nuclear isomers can be derived
from the DR spectra. In this context, it is appropriate to highlight once more the uniqueness of
such experiments due to:

— the dedicated preparation and control of the ions in ESR (Brandau et al., 2009, 2010, 2013;
Steck et al., 2010),

— the possibility of the full QED treatment (three-electron ions) in the analysis of the candidates
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of interest (Lestinsky et al., 2008; Brandau et al., 2008; Kozhedub et al., 2008; Zubova et al.,
2014; Bernhardt et al., 2015a).

e The sharp resonance features of DR are ideally suited for monitoring the relative intensity of
associated beam admixtures. Such monitoring can be applied, for example, to cocktail beams of
different isobars, atomic metastable states, hyperfine-excited states or nuclear isomers. The unique

signatures of DR resonances can be exploited for:

— Lifetime measurements of the beam components, i.e., of the long-lived atomic and nuclear

states but also of otherwise unresolved isobars.

— Detection and identification of reaction products, e.g., in support of laser-spectroscopy ex-

periments.

— Enrichment, or separation of isobars, isomers or atomic metastable ions (based on the charge-

changing nature of DR).

With the argument already addressed above, that the total resonance strength is conserved while
the peak cross section is inversely proportional to the experimental energy spread, the contrast be-
tween the signal from the state under study and the ‘background’ arising from other processes with
different beam components will be enhanced by up to two orders of magnitude at the CRYRING
cooler (Figure 2.5).

e A central topic already in the present DR program at the ESR electron cooler is the investigation
of the many facets of the lowest known isomeric states, e.g. in 229mT (E*=T7.6eV, T, /2=79 h, Beck
et al. 2007), and 23U (E*=76.5 eV, T, /2 26 min). The lifetimes given here refer to neutral atoms
and are distinctively different for highly charged ions due to the suppression or even absence
of internal conversion. In particular, the ‘nuclear clock’ isomer 2> Th is in the focus of recent
research worldwide due to the overwhelming opportunities that arise as soon as a handle for its
dedicated investigation is found (Peik and Okhapkin, 2015; Tkalya et al., 2015; Jeet et al., 2015,
and references therein). Again, the combined storage ring facility CRYRING@ESR together with
the high-resolution electron target at CRYRING provide an ideal environment for such studies.

3.2 Search for the Nuclear Excitation by Electron Capture (NEEC)
process

NEEC (Goldanskii and Namiot, 1976; Palffy et al., 2006; Palffy, 2010) is an atomic collision process
where an initially free-electron is captured resonantly into a bound atomic orbital accompanied by si-
multaneous excitation of the nucleus. This is the exact inverse of the decay of nuclear states by internal
conversion (IC). So far, no experimental evidence has been reported for NEEC. Besides the fundamental
reasons for studying the NEEC process related to the understanding of atomic-nuclear coupling, NEEC
plays an essential role in astrophysical nucleosynthesis processes (Palffy et al., 2008) and has also been
discussed as a process leading to efficient isomeric triggering (Palffy et al., 2007). Here we focus on a
possible application of the planned CRYRING@ESR facility for the search for this process.

One of the often considered ways to detect the NEEC process, is to perform the nuclear excitation

on a highly-excited, long-lived isomeric state. In such a case, the de-excitation of the state populated
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Figure 3.3. Known level scheme of '2?Sb atoms (NNDC, 2012; Genevey
et al.,, 2003). The (19/27), 17.7 min isomeric state decays via a 722 keV 128 keV
M4 transition to the (11/27) state at 1128 keV. There is a (15/27) state
which is merely 10 keV higher than the isomer. The dominant decay of v
this level is via a 732 keV transition to the same 1128 keV level. The 72 0 44h
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by NEEC can ideally be identified by a prompt high-energy characteristic y-transition. During the last
few years, several suitable isomeric states have been suggested. It is important to note, that the in-flight
production technique employed at GSI provides very flexible conditions with access to essentially all

isomeric states in all elements below uranium (Steck et al., 2010).

Here we discuss a possible experimental procedure for the example of the 17.7 min (19/27) isomeric
state at 1851 keV in the neutron-rich '>?Sb nuclide (NNDC, 2012). We note however, that this isomer
might happen to be not the best choice, but the experimental procedure will change very little if a different
isomeric state is considered in a real experiment. In our chosen example, the next excited state lies at
1861 keV, that is merely 10 keV above the isomeric state. If one succeeds to induce a NEEC transition
from the isomer to this state, it can be identified by an intense (~ 100%) 732-keV 7y-transition (see
Figure 3.3).

A unique feature of the existing GSI accelerator family is that a beam of '2°¢Sb can be produced
in the FRS, purified from all contaminations and then be injected into the ESR as a pure mono-isotopic

beam. The high kinetic energies allow for producing '2%¢:

"Sb as fully-ionized or few-electron ions. In
addition, the ultra-high vacuum conditions allow for preserving this charge state for a long time. The ESR
is a high-resolution mass spectrometer which can be used for further purification of an isomeric beam
of 12°'Sb. The latter capability is illustrated in Figure 3.4. The Schottky spectrum reveals storage of an
isobar doublet, “°Pr33+ and “0Ce+ separated by a Q-value of 3388 keV. The two beam components
are on different well separated trajectories which facilitates interception of one of the beam components

140Ce58+  can continue circulating the

with a mechanical scraper. Only the other component, in this case
ring. In the case of '2°"Sb, the separation from the ground-state '2?Sb is slightly less than 2 MeV, which
makes scraping-out the undesired component still feasible. Moreover, a better location for scraping in

the ESR with a higher resolution exists and can be exploited (Scheidenberger et al., 2006).

The pure beam of >*”'Sb can be slowed down in the ESR to about 4 MeV/u and transported to the
CRYRING, where it can further be slowed down to several tens of keV/u. At these energies, the beam of
fully-ionized or few-electron '2*"Sb ions will be extracted and implanted onto a movable tape. The low
kinetic energy has to be chosen to exclude Coulomb excitation of the isomer in the implantation material.
The isomers will neutralize by capturing about 50 electrons. If the NEEC process occurs and populates
the 1861 keV state (indicated by the red arrow in Figure 3.3), a 732 keV 7y-line will be emitted, which
can easily be measured by a conventional y-detector. The neutralization will be accompanied by a huge

background of < 50-keV x-rays. A suitable absorber can be applied to prevent this background radiation
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Figure 3.4. Schottky frequency spectra of a well resolved isobaric doublet separated by a Q-value of about
3.4 MeV. Pure mono-isotopic fragment beams can be separated in the FRS and injected and stored in the
ESR. Left panel: undisturbed traces in time of hydrogen-like Pr and fully ionized Ce ions recorded for
about 520 s. Right panel: 170 s after the injection into the ESR, the beam of Pr ions was eliminated by
mechanical scraping. This demonstrates the feasibility of providing pure isomeric beams in the storage ring
(Scheidenberger et al., 2006; Walker et al., 2013).

from swamping the detector. The background from spontaneous decay of the isomer can be reduced by
moving the tape after each implantation.

In summary, the CRYRING@ESR will facilitate unique and extremely clean experimental conditions
to hunt for the yet unobserved NEEC process. The number of possible candidates for the demonstration
of NEEC is huge, and since all elements can be studied at GSI the best isomeric state will be selected
for the pioneering experiment. Furthermore, if the pioneering experiments are successful, a systematic
investigation of the NEEC as well as nuclear excitation in electron transition (NEET) (Kishimoto et al.,
2000, 2006) processes and their dependence on the excitation-energy, transition multipolarities, atomic

charge state, atomic number etc. can be envisaged.

3.3 Laser-induced polarization of ions in storage rings

While polarized beams of particles like electrons, protons, and muons are nowadays routinely produced
and have found many applications in basic research, beams of polarized light or even heavy ions are
not yet available in storage rings even though proposals have been discussed already at the end of the
last century (Bosch and Egelhof, 1997). However, optical pumping of ion beams with a few keV beam
energy in collinear geometry is applied (Arnold et al., 1987), e.g., at the COLLAPS setup at ISOLDE
and the TRIUMF B-NMR beamline (Levy et al., 2004) in order to polarize nuclei that are afterwards
implanted into crystals or other surfaces. The problem at storage rings is the conservation of polarization
during the round-trip through the magnetic fields of the quadrupole and dipole magnets. It is not known
whether the ion polarization will survive the fast and repetitive transition through the strong magnetic
fields and gradients (Prozorov et al., 2003; Bondarevskaya et al., 2011).

The interest in polarized beams is largely motivated by the possibility of parity non-conservation
effects (Bondarevskaya et al., 2011; Labzowsky et al., 2001; Zolotorev and Budker, 1997; Ferro et al.,
2011). Especially in highly charged helium-like ions these effects can be very pronounced. The in-

formation on the standard model that can be extracted from such investigations is complementary to
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Figure 3.5. Indication for optical pumping was observed in experiments on a A-scheme of Li™ ions (left part,
red arrows) with B = 0.34 at the ESR. The center frame shows the fluorescence signal observed for different
polarizations. Using opposite circular polarizations leads to a disappearance of the signal as shown in the
lower trace in the center. It is assumed that the optical pumping into the mp = 5/2 state (right) is maintained
within a roundtrip of the ions in the ESR.

information obtained by the investigation of neutral systems or singly charged ions, due to the contri-
bution of radiative corrections that are negligible in neutral atoms. For a polarization of lithium-like
ions, optical pumping of hydrogen-like ions with subsequent electron capture that maintains the nuclear
polarization was proposed (Bondarevskaya et al., 2011). Special consideration was given to the preser-
vation of the obtained polarization in the storage ring experiment, since experimental information on this

subject is not available.

Recently, an indication for optical polarization of an ion beam has been observed at ESR: For a
test of time dilation in special relativity (SR), spectroscopy was performed in the 1s2s 35| — 1s2p 3P
transition in Li* ions stored in the ESR (Novotny et al., 2009). Two lasers were used to apply Doppler-
reduced A-spectroscopy employing the 1525 3S; F =5/2 — 1s2p 3P, F =5/2 and the 152535 F =3/2 —
1s2p 3P, F = 5/2 hyperfine transitions (Botermann et al., 2014) as shown in the left part of Figure 3.5.
In the middle of the figure the resonance signal obtained with linear polarization is shown (top) and its
disappearance as soon as one of the laser polarizations is changed to circularly polarized light. This can
be understood taking into account optical pumping as depicted in the right part of the figure, where it
is illustrated for the 1s2s 35; F =3/2 — 1s2p P, F = 5/ transition. Applying o*-light, the population
is transferred into the my sub-state with the maximum projection along the quantization axis mg = +F.
From here, further excitation with o™ -light is not possible anymore: the resonance disappears. The
situation is similar for ¢~ -light, just that the population is now transferred into the mr = —F state.
However, this is only true, if the polarization induced by the laser, survives the revolution in the ring. To
our knowledge, this would be the first time that such an optically polarized ion beam has been established
in a storage ring at relativistic energies. However, we have so far only indirect signs of polarization and

many more tests have to be carried out to understand the dynamics of the polarization. Moreover, due to
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the fact that the laser addresses only a small sub-population of all ions, it is not a considerable fraction
of the beam that has been polarized. At maximum 1% of the ions are in the metastable 3S; state and the
narrow-band single-mode laser addresses only a tiny fraction of the Doppler width of about 1 GHz.

It might be that the polarization is largely produced during the excitation in front of the optical detec-
tion region. But due to the relatively long lifetime of the upper state (30 ns) and the limited interaction
length, a full polarization that completely destroys the resonance signal is not likely if not at least a part
of the polarization is maintained during the round trip. Since a clear conclusion about the polarization
cannot be drawn from the data currently available, this topic deserves further investigation and more
detailed studies. CRYRING is an ideal place for such investigations, since it is equipped with an off-line
ion source and does therefore not require the full GSI accelerator facilities for such studies.

Singly charged magnesium or beryllium ions would be favorable candidates for these investigations
since they provide closed two-level schemes. The most abundant magnesium isotope 2*Mg can be used
to investigate polarization of the atomic shell, i.e. pumping in the 25, a —2 P, /, state with circularly
polarized light should lead to dark pumping into the m; = +1/2 state for 6" light and m; = —1/2 state
for o~ light. Optical polarization could clearly be proven, e.g. by applying another laser on the same
transition and using 7m-light or the opposite circular polarization in another arm of the ring. If the signal
that was pumped away previously, reappears as soon as the second laser is applied, this would manifest
a clear indication for optical pumping. Additionally, a high-repetition-rate laser with e.g., picosecond
pulses, adapted in the line width to the Doppler width of the electron-cooled ions could be applied to
address all velocity classes simultaneously.

Once this has been successfully demonstrated, further tests including isotopes with a nuclear spin can
be performed. The isotopes *Be and >’>Mg provide a hyperfine structure and can be used for hyperfine
pumping, but this time two lasers are already required to avoid dark pumping in the hyperfine structure
of the ground state. The next step would then be to address the hyperfine structure of a highly charged
ion.

A particular interesting application would be optical pumping in the hyperfine transition of highly
charged heavy ions, like, e.g. 2PBi%**, 207pPb8!+ or 140Pr8+ . This is much more sophisticated since
the slow transitions require a long durability of the produced polarization. It is of course important to

measure the obtained degree of polarization. For '0Pro8+

, the electron capture decay could be an in-
dicator of the optical polarization: It has been demonstrated at the ESR that the new, high-resolution
Schottky system is capable of determining the emission direction of the electron neutrino from the recoil
of the daughter ion (Litvinov et al., 2008; Kienle et al., 2013). An unpolarized beam shows the daughter
ion appearing statistically with a higher or lower momentum than that expected from the electron cooler
voltage. Once the beam is polarized, the daughter ion should appear always on the same side. The
direction can be switched by changing the laser polarization from o+ to 6~ or vice versa. This exper-
iment provides information about the neutrino helicity as it was measured in the Goldhaber experiment

(Goldhaber et al., 1958).

3.4 Combining laser spectroscopy with dielectronic recombination

Laser spectroscopy on the M1 transition in hydrogen-like (Klaft et al., 1994; Seelig et al., 1998) and
lithium-like ions (Nortershiuser et al., 2013; Sanchez et al., 2015; Nortershduser and Sanchez, 2015) is

often hampered by the long wavelength of the transition and the very low detection efficiency for the
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emitted fluorescence photons and the strong background that is inherent in the detection of low-energy
photons (Hannen et al., 2013). Partially this can be improved by the Doppler shift of relativistic ions
but a more versatile technique could be based on low-background ion detection. Here, CRYRING offers
the opportunity to test and develop a resonance detection using DR (Section 2.1.3 and Section 3.1). The
principal idea is to look for a DR signal with the bound electron being excited in the DR process from
the upper hyperfine level. No prior knowledge about the exact value of the hyperfine splitting is needed,
however, in order to be able to resolve the different DR resonance structures originating from hyperfine
ground and upper states the energy splitting should be larger than 50 meV for stable ions and larger
than 100 meV for radioisotopes corresponding to transition wavelengths of approximately 24 um and
12 pm, respectively. These values apply for the energy resolution of the present DR set-up at the ESR.
At CRYRING these limits can still be considerably lower due to the higher energy resolution that can be
achieved at its cooler (compare Figure 2.5 and Figure 2.6). The higher DR resolution at CRYRING adds
a further decisive benefit to the approach: in DR measurements the area of a resonance is preserved with
increasing resolution, which in consequence leads to a significantly improved signal-to-background ratio
of the DR-detection process and thus precision and sensitivity. Using DR as a detector for the population
of the upper hyperfine state, only a small DR detection background signal will be observed as long as the
laser is not in resonance, because the initial population of the upper state is negligible after a sufficiently
long waiting for the initial decay of the upper hyperfine level after injection. As soon as the laser is in
resonance and transfers a considerable part of the lower state population into the upper state, a DR signal
will appear. Fast switching of the DR voltage between the DR energy for a signal and a second voltage
in the smooth RR background region will allow for a sensitive detection. Recording the time dependence
of this signal would also give access to the lifetime of the upper hyperfine state and allow us to determine

even the g-factor of the bound electron, which also serves as a test of strong-field QED.
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4.1 Nuclear Structure and Nuclear Reactions

Nuclear reactions between light charged particles are an invaluable spectroscopic probe for nuclear prop-
erties. They are employed widely in nuclear physics and are a key to understanding the evolution of
nuclear matter. In storage rings, experimental conditions are exceptionally clean. Light-ion induced re-
actions can be performed in inverse kinematics and profit from thin windowless gas targets, repeated use
of the latter due to a circulating beam and cooled beams of radioactive ions, which allow for well-defined
kinematics at the target position and high energy resolution for recoil detection. The CRYRING@ESR
combination provides world-unique access to such reactions in a very large energy regime without re-
strictions due to the chemical properties of the reaction partners. The physics case and the experimental
conditions for such experiments are discussed in Egelhof et al. (2003), FAIR (2006), Grieser et al. (2012),
and feasibility studies for the EXotic nuclei studied in Light ion induced reactions (EXL) project were
already successfully performed at the ESR storage ring (Ilieva et al., 2007, Moeini, Ilieva, et al.; 2011;
Yue et al., 2011, Zamora et al., 2015).

Recently a first reaction experiment with a stored radioactive beam was successfully performed at
the ESR, where elastic and inelastic proton scattering on °Ni was investigated in inverse kinematics
(von Schmid et al., 2014; Egelhof et al., 2015; von Schmid et al., 2015). For the energy range accessible
at the CRYRING the investigation of one- or few-nucleon transfer reactions is a prominent example.
Due to momentum matching criteria for the transferred particle(s) such investigations are most favorably
performed at low incident energies of about 5-30 MeV/u.

Direct reactions studied at the internal target of CRYRING provide access to single particle neutron
and proton structure in nuclei such as excitation energy spectra, angular momenta and spectroscopic fac-
tors, and matrix elements of the nucleon-nucleon effective interaction (Egelhof, 1997; Henning, 1997).
These pieces of information are essential for understanding nuclear shell structure especially of neutron-
rich nuclei, but also for probing, e.g., the influence of the tensor component of the nucleon-nucleon
interaction on nuclear structure as function of the isospin (see e.g. Schiffer et al., 2004; Kay et al.,
2008). Here, an extension of experiments done with stable beams along Z = 50 and N = 82 becomes
possible. Examples for other questions of interest are the onset of collectivity near magic numbers in the
vicinity of the N = 126 neutron shell below and above 28Pb,
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The detection of light ejectiles is possible via highly segmented silicon or diamond detectors, while
beam-like particles can be momentum-analyzed by the bending magnets of CRYRING, using appropriate
position-sensitive detectors downstream from the magnet. Here the availability of fully ionized beams
greatly reduces ambiguities due to charge states. Detection systems need to be able to operate under ultra-
high vacuum (UHV) conditions. These challenges can be met; the EXL collaboration tested successfully
a number of detector prototypes, which can be employed in storage-ring experiments. Even highly
segmented silicon detectors can operate in a UHV environment (Moeini, Ilieva, et al., 2011; Streicher
etal.,2011; Mutterer et al., 2015). Reaction cross sections and /-selectivity can be optimized by choosing

a suitable beam energy.

4.2 Reaction measurements for nuclear astrophysics

Fusion reactions of charged particles in stellar interiors are responsible for the creation of the majority
of the elements lighter than iron and nickel. It is believed that about one half of the elements from
iron to bismuth is produced in the so-called slow neutron capture process, s-process. Another half and
all of the thorium and uranium are synthesized through the rapid-neutron capture process, r-process.
However, these two processes can not explain the production of about 35 neutron-deficient nuclei be-
tween Se and Hg (Reifarth et al., 2014). It is presently assumed that these nuclei are the products of the
photo-dissociation processes like (,n), (v,p), and (7,&) reactions on heavy s- and r-process seed nuclei.
This is the so-called p-process. High temperatures of about 2 — 3 - 10° K are required and, therefore,
the favoured sites for this process are the explosively burning O/Ne layers in type II Supernovae. The
needed temperatures are maintained for about 1 s at densities of ~ 10® g/cm?® (Lambert, 1992). Photo-
dissociation ((y,n), (v,p) and (y,)) and capture ((p,Y)) reactions involve several hundreds of nuclides,
where the capture reactions are more important for lighter nuclei. An example of the reaction networks
is illustrated in Figure 4.1. As the temperature decreases after the explosion, the reaction path moves

back to the region of stable nuclei.

- stable isotopes
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Figure 4.1. Example of the p-process reaction network on the chart of the nuclides. Shown is the re-
gion between niobium and indium. The assumed temperature is T9 = 2.4. Main reactions are the (y,n)-
photodissociations. Other reactions are shown, when they are dominating. The 3-induced decays occur only
after the explosion. See Arnould and Goriely (2003) for more details.
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The number of reactions involved in the p-process is huge and it will hardly possible to address
them all experimentally. Therefore, the p-process studies will have to rely on theoretical reaction rates,
obtained, e.g., with a Hauser-Feshbach statistical model. However, the calculations have to benchmarked
by experimental cross sections. Uncertainties of calculated cross-sections reach several hundred percent
even for stable nuclides and rapidly increase when moving away from the stable nuclei.

For the photodissociation (y,n) reactions, there is a sufficient basis of experimental data on stable
nuclei, which allows for constraining theoretical calculations such that the theoretical uncertainties for
stable nuclei can be reduced to a level of about 30% (Rauscher and Thielemann, 2000). However, for the
(7.p) and (y,) reactions, the number of measured reaction rates in the Gamow window of the p-process
is very scarce. Due to this, the calculated rates are uncertain by factors of two to three even for the stable
nuclides (Rauscher and Thielemann, 2004). As a consequence, the element abundances obtained from p-
process models are reproduced within a factor of about three (Arnould and Goriely, 2003). No p-process
models can explain the relatively large abundances of °>**Mo and *®°®Ru, the so-called Mo-Ru anomaly.

An alternative origin of these Mo-Ru nuclei could be imagined via (p,y) reactions. One of the pos-
sibilities could be the rapid-proton capture process, rp-process, which powers novae or x-ray bursters
(Schatz et al., 1998). In this process, the hydrogen layer on the surface of a neutron star is explosively
burned providing high temperature and density conditions sufficient for the (p,y) reactions to proceed
with significant rates. However, there is presently no understanding how the produced matter could be
ejected from the neutron star surface. Another possibility could be the p-process during type Ia Super-
novae, where recent model calculations suggest the importance of (p,y) rates for the production of light,
neutron-deficient molybdenum isotopes (Howard et al., 1991; Kusakabe et al., 2011; Travaglio et al.,
2011).

Photo-dissociation rates of (y,p) and (7, ) reactions can be obtained from the proton and « induced
(p,y) and (e,7) reactions via the detailed balance principle (Glorius et al., 2014). Furthermore, direct
(p,7) and (a,y) capture reactions are themselves important for the p- and rp-process network calculations
(Arnould and Goriely, 2003; Schatz et al., 1998).

Addressing (p,7y) and (¢, ) reactions in the astrophysically interesting energy range, Gamow window,
is a challenge. It is difficult already for the stable nuclei. However, the majority of the nuclei involved
in the p-process are radioactive. The investigation of these reactions is probably the best to be done in
inverse kinematics where the produced radioactive beam is impinged into the hydrogen or helium target.
At many facilities in the world such experiments are performed/planned with using an external target. A
storage ring offers the possibility to re-use the produced exotic nuclei by storing them at a defined energy
and to measure the reaction rates of interest by intersecting the beam with the internal hydrogen or helium
thin, pure gas-jet target. The bending magnets of the storage ring are used as a magnetic spectrometer
to analyze the reaction products, which can be detected with high efficiency. CRYRING@ESR turns to
be a versatile tool for such measurements. A proof-of-principle experiment has been performed at the
ESR ring of GSI, where the cross section of the proton capture on stable *Ru nuclei (*®Ru(p,y)’’Rh)
was measured (Zhong et al., 2010; Mei et al., 2015).

In order to perform measurements in the Gamow window of the p-process, the stored ions have to
be slowed down to energies between 2 MeV/u and 5 MeV/u. The beam life-times of such low-energy
ions in CRYRING are much higher than in ESR, which makes the combination of ESR and CRYRING
ideal. For many-electron ions, intersection with the gas target will lead to electron stripping, which is

the main beam loss mechanism. Furthermore, due to momentum conservation, single electron stripping
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Figure 4.2. double-sided silicon strip detector (DSSD) as used to detect (p,y) reaction products inside the
ESR (Mei et al., 2015). The DSSD were successfully baked and used under the UHV conditions of the ESR.

and proton capture reaction products have identical magnetic rigidities after the target and thus identical
positions behind the dipole magnet. Therefore, it is of a clear advantage to employ fully-stripped ions for
these studies especially that they can routinely be provided at ESR. In ESR, the fully-stripped ions can
be slowed down from about 100 MeV/u to an energy acceptable for CRYRING. In CRYRING itself, the
ions will then be further slowed to the the required low energies of 2 MeV/u to 5 MeV/u and the actual
(p,y) and («,y) measurement will be performed.

The reaction products will be counted by dedicated silicon detectors, Figure 4.2 installed on the inner
side of the ring behind one of the dipole magnets. Such detectors can be used under UHV conditions
and have very good energy and position resolution. In addition to the position measurements, the dead
layer in front of the detectors can be used to discriminate background event. It can be adjusted between
about 5 um and about 100 pum. It is therefore possible to optimize the dead layer in order to increase the
energy difference between the desired reaction products and background products. For example, if the
above mentioned 96Ru(p,}/)97Rh reaction is investigated at 4 MeV/u, the total kinetic energy Eii, of the
9%Ru jon after the pick up of one electron is still 384 MeV. However, Ei, of the 9TRh ion after the proton
capture is 380 MeV. The energy loss in a dead layer is approximately proportional to the square of the
ion’s charge. Hence after a dead layer of 10 um the energy of the Ru ions would still be 257 MeV while
the energy of the Rh ions would be reduced to 249 MeV corresponding to a difference of 3%. Such a
difference can be resolved with silicon detectors.

Ions capturing an electron from the gas-jet atoms move on the outer orbits of the ring and can also

be detected by a dedicated counter. The theoretical description of this atomic process is well developed
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and the corresponding uncertainty in the order of a few percent can be expected. Therefore, the capture
reaction rate can be used as an in situ calibration of the luminosity.

The number of cases for possible studies is huge, in particular since not only reactions important
for the p-process can be studied, but also (p,y) and (p,n) reactions for the vp-process or fusion reactions
important for the understanding of the different burning stages of the stars. It is suggested to start the
experimental program with stable beams (e.g. 8Kr, 2Sn). The data are hardly available and even the
first experiments will make high scientific impact. The cross sections for (p,y) and (@, y) reactions in the
Gamow window of the p-process are relatively high. For the first experiments one can select the cases
with cross sections in the range of 0.1 mb to 10 mb and, thus, moderate intensities of only a few 10°

stored ions would be required.

4.3 Direct measurements of nova (p,y) resonant reaction rates

Approximately 30% of main sequence (MS) stars in our galaxy are observed to be within binary star
systems (Lada, 2006). Systems containing constituents of disparate masses can evolve to a point where
one star has become a white dwarf (WD), while the companion still lies on the MS. Eventually, when
the MS companion becomes a red giant (RG), hydrogen-rich material from the outer envelope of the
RG can cross over the Roche-lobe and be captured into the WD’s gravitational well. Losing angular
momentum, this material will spiral down onto the WD’s surface; its kinetic energy is thereby converted
into heat. Here, under high density, this material forms a hot, partially degenerate envelope surrounding
the WD (José et al., 2006), with the material at the base of the envelope having highest degeneracy and
density. Nuclear burning will occur, therefore, in a thin radial zone at the interface between the base of
the envelope and the surface of the WD. The burning is first initiated by the proton-proton chains which,
themselves, drive up the temperature in the burning zone. When the temperature reaches ~ 50 MK,
the nuclear energy generation rate becomes dominated entirely by CNO-cycle burning (Starrfield et al.,
1972; José and Hernanz, 1998). At this temperature, the CNO-cycle burns with an energy generation
rate €(T) o< T'3, where T is the temperature, which is extremely sensitive to changes in temperature, and
it does so while under degenerate conditions. This sets the stage for a thermonuclear runaway (TNR):
the ongoing CNO-cycle nuclear burning, combined with the degenerate conditions, rapidly drives up
the temperature of the burning shell without it subsequently expanding and cooling. Meanwhile, proton
captures onto the seed nuclei comprising the WD surface begin to occur.

When the underlying WD is the oxygen-neon type (ONe type), proton capture processes beginning
on the seed nuclei ’Ne allow the throughput of the (p, y) reaction flow to produce a higher abundance
fraction of nuclei between 20 < A < 40 compared to the abundances produced in the case of a carbon-
oxygen WD. Some ~ 100 — 1000 s later, with the temperature exceeding ~ 200 MK (depending on the
model), the degeneracy of the envelope is lifted when the temperature within the envelope exceeds the
Fermi temperature of the degenerate matter, the envelope luminosity exceeds the Eddington luminosity
limit, and the envelope, with freshly forged elements, is explosively ejected into space (Jos¢ and Hernanz,
1998; Wanajo et al., 1999; José et al., 2001). These events are known as novae.

Within the TNR, resonant proton-capture reactions are responsible for pushing the matter flow up
to A ~ 40. The resonant (p,7y) reaction rate, (Gv), is given by a sum over contributing resonance states
lying in the Gamow window of the compound nucleus. If the resonance energy, E,, is known then a

direct measurement of the resonance strength, @7y, completely determines the reaction rate.
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Figure 4.3. B-decay scheme for 3*Cl (Firestone, 1996). The
34m(C] isomeric state at 146 keV decays into excited states of 3*S
producing three y-rays of astronomical interest. §-decay branch-
ings are given as percentages.

EL 35Ar 36AF
Y A A
33C| 310 35C)
Figure 4.4. The S-Cl burning cycle. §-decays are depicted with 32g 335 34g
blue arrows and (p,y) reactions are depicted with vertical red ar-
rows. The cyclic nature is depicted by the thick outer red arrow A

for the (p, o) reaction on 33Cl. 3*Cl is the relevant y-ray emitter.

CRYRING@ESR can be used to constrain/measure the resonant (p,y) reaction rate for at least two
reactions in the sulfur-chlorine (S-Cl) cycle of oxygen-neon novae. These reactions are intimately con-
nected to the production of a potential astronomical y-ray emitter, the isomeric state of 3*"Cl, and the

expected isotopic ratios of the sulfur isotopes in presolar grains (star dust).

Gamma-ray astronomy and the 3*"Cl thermonuclear ‘Thermometer’

Theoretical nova models calculating the nucleosynthetic output of the each nova-type show that,
within the burning zone of the ONe-type, the composition mass-flow reaches as high as calcium (José
and Hernanz, 1998). Within this mass range exist three y-ray emitting isotopes which are, themselves,
potential targets of y-ray astronomy. They are: *’Na with £, 5 =2.6yr, 26 Al with ¢, 5 =T12X 10° yr,
and 3*"Cl with 1, /> =32 min. In the latter case, 34mC] B-decays into various excited states of S (see
Figure 4.3), giving rise to the following y-rays (and population fractions): 1.18 MeV (14%), 2.13 MeV
(42%) and 3.30 MeV (12%). Since the y-rays originate from the decay of radioactive parent nuclei (**Na,
26 Al and 3*"Cl) produced within the TNR, the detection of any one of these lines in nova ejecta would
provide a direct isofopic abundance determination of the corresponding radioactive parent. This, in turn,
would impose demanding constraints on the predictive abilities of theoretical novae models.

The S-Cl cycle is schematically illustrated in Figure 4.4. The production of 3*”"Cl proceeds via only
one (p,7y) path: 2S(p,y)3C1(BVv)*3S(p, y)3*"Cl. The 3*"Cl isomeric state is produced via feeding from
the y-ray decay of resonant states in *Cl that lie in the Gamow window of the 3*CI(Bv)**S(p,y)**"Cl
reaction. The path 32S(p, 7)33Cl(p,7)**Ar(Bv)3*Cl entirely by-passes the 3*"Cl isomeric state because
the 3*Ar B-decay feeds almost entirely into the **Cl ground state (94%), while the remaining ~ 6%
of the decay feeds into excited states which, themselves, y-decay with branches that by-pass the iso-

mer (Endt and Firestone, 1998; Firestone, 1996). Thus, the production of the three astronomical y-ray
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lines [1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%)] arising from the -decay of 34mC] comes
purely from (p, y) capture on **>S. Within these reaction paths the $-decay rates of >3Cl and 3*Ar are both
known (Endt and Firestone, 1998); however, it must be stressed that both the 33Cl(p,y)3*Ar isomeric-
bypass reaction is entirely unknown at the present, as is the 3*¢Cl(p,y) (g = ground state) destruction
rate. Both are presently modelled employing the Hauser-Feshbach statistical model for their reaction
cross-sections. The level densities of both 3*Ar and 3 Ar, within the ONe-nova Gamow window, do not
justify this treatment, as can be seen in Figure 4.5, where the vertical red bars indicate the Gamow win-
dow for the labelled temperature (in units of GK). Those states lying within the excitation energy range
spanned by the 0.1 and 0.3 GK lines can contribute to resonant (p,y) capture at ONe nova temperatures.
Additionally, the 33S(p, 7)3*$"Cl reaction rate and the subsequent model yields of 3*"Cl and 3*¢Cl will
require revision owing to work done at the Maier Leibnitz Tandem Laboratory in Munich; seven new
states within the Gamow window have been found in 3*Cl (Parikh et al., 2009); their (p,y) resonance
strengths have yet to be determined. Presently, their decay branchings into the 3*"Cl isomeric state only
have estimated upper limits, in terms of partial strengths (resonance strength times decay branching), of
~ 1 meV (Freeman et al., 2011).

With its relatively short half-life of 32 min, **"Cl will undergo 3-decay predominantly during the
opaque phase of the expanding ejecta. Furthermore, it has been calculated (Coc et al., 2000) that the
isomeric level can be destroyed via photo-excitation to higher levels which subsequently branch, via y-
decay, to the 3*Cl ground state with larger branchings than that to return back to the isomer. This effect
is highly temperature dependent, with the result that the effective 3*"Cl half-life is reduced to ~ 1 s at
temperatures around 200 MK (Coc et al., 2000), greatly reducing the survival probability of this isotope
into the ejecta phase (unless, of course, convection serves to transport a sizable fraction of it out of
the peak temperature zone to the cooler surface zones of the envelope). Thus, it may well be that the
Y-ray flux from this isotope may go undetected unless there is a nearby ONe nova event (Leising and
Clayton, 1987). However, should it ever be detected, the subsequent *”Cl abundance derived therefrom
could help, using a backward iterative method with nova models, to place empirical constraints on the
maximum TNR temperature. But this possibility can only be meaningful with improved nova models in

which the aforementioned (p, y) reaction rates in this mass range are also improved.

Sulfur isotopes in nova presolar grains

In addition to y-ray astronomy, presolar grains (‘stardust’) potentially offer a chance to constrain
nova models based on measurements of isotopic ratios of key elements locked within the grains. In
the last decade, a handful of presolar grains have been discovered that possess the signatures of ONe
novae parentage (Amari et al., 2001; José et al., 2004). This conclusion is based on a comparison of
their measured '*N/!>N to '>C/!3C ratios (which are related to the CNO cycle in the early stages of
the TNR) along with the measured '°0/!'30 to '0/!70O ratios, with the results of ONe nova models
in which the WD mass and degree of mixing were both varied (Amari et al., 2001; José et al., 2004).
However, the parentage interpretation is not without problems: to achieve reasonable agreement between
these measured grain ratios to the nova model predictions, a mixing factor > 95% of solar-like material
from the companion star must be used (Amari et al., 2001) to effectively dilute the model ratios to match

those of the grains. A theoretical model that explains this is still absent.

Sulfur abundance results, X;, from several one-dimensional hydrodynamical ONe nova models indi-

cate that 3233343 will have overproduction factors f; = X;/X, of ~ 100, 150 and 11, respectively, in the
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Figure 4.5. Level schemes of 34Ar (Endt, 1990) and 33 Ar (Endt and Firestone, 1998) showing the states of
astrophysical interest along with their associated excitation energy, resonance energy and spin-parity assign-
ments. The vertical red lines indicate the Gamow windows for (p,y) capture with temperatures indicated in
units of 10° K. The state at E, = 5225 keV in 3*Ar is only tentatively assigned (Grawe et al., 1974). Spin-
parity assignments are shown nested inside on the right, while resonance energies and excitation energies are,
respectively shown on the outer left and outer right of each scheme.

ejecta (see José et al., 2001; José et al., 2004)). Here, X, is the solar abundance of each isotope. Alter-
natively, the model results imply isotopic ratios of 328 /%3S ~ 94 and 33S/3*S ~ 2 and *2S/3*S ~ 200.
These model results, however, are again based on unmeasured reaction rates in the S-Cl cycle. Referring
back to Figure 4.4, it is clear that the production of 3*S will depend on the unmeasured 3*Cl(p, y)3*Ar
reaction rate, along with its own unmeasured destruction rate 33S(p,7)**Cl. Neither of these rates have
been measured and, moreover, these sulfur abundance predictions are based on a theoretical **S(p, 7)**Cl
rate (José et al., 2001) computed from the then known 34(C] level scheme. As mentioned above, seven
new, hitherto unknown, levels above the proton threshold of 34C1 and within the ONe nova Gamow win-
dow were discovered recently (Parikh et al., 2009). Upper limits for the 33S(p, ¥)3*Cl derived from this
work suggest that the production of 3*S could be reduced by a factor of ~ 12 over that predicted in the
model of José et al. (2001). Such a reduction would clearly affect the 32S /33S ratio to be expected in
ONe nova presolar grains. Finally, ONe nova production of 3*S can only occur through the -decay
of 3*™8Cl, which depends on the aforementioned unknown rates; while 3*S destruction is determined
by its own unmeasured destruction rate via **S(p,y)3Cl. This rate, too, is presently modelled using
the Hauser-Feshbach formalism (Iliadis et al., 2001). To exploit any future measurements of sulfur iso-
topic ratios in ONe nova candidate grains requires that those measurements can be interpreted within the
framework of ONe nova models.

Thus, it is essential to begin experimental efforts to measure and/or constrain these (p,7y) reaction
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Table 4.1. 3*Ar states and resonance strength and yield estimates. Theoretical and experimental data were
collected from Endt (1990), Endt and Firestone (1998), and Iliadis (1997).

3§ Mirror  JF E, E, T, (meV) ') (meV) oy (meV)  Yield (day~!)

4889 2+ 4865 201 > 16 <57x107% <3.6x107* 20
5228 0" 4967 303 25 29x1073 3.6x107% 10
5322 2~ 5225 561 25 38 9.5 1.2 x 10°
5689 57 5310 650 1.9x107° 8.5x1072 2.6x1073 28
5381 1t 5542 878 10 8500 3.8 3.1 10*

rates. Limited information exists for the excited states in both 3*Ar that are of interest for this study. For
example, only crude upper and lower limits on the decay branches of the 4865, 4967 and 5225 keV states
in 3*Ar exist (Grawe et al., 1974). Much more information on the 3* Ar mirror nucleus 3*S exists and this
information can be used to make some estimates for the resonance strengths for the states of interest in
3*Ar. Table 4.1 shows a listing of the *Ar levels of interest along with their associated 7 = 1 mirror
counterparts in 3*S.

CRYRING@ESR will offer a unique opportunity to address the (p,7y) reactions of interest. Intense
beams of radioactive nuclei will be slowed down in the ESR and then transferred to CRYRING where
they will be slowed down to the required energy of below 1 MeV/u. Since we aim at measuring resonant
reaction rates, the energy of the beam has to be well defined, which will be done by the electron cooling
available in the CRYRING. The existing internal gas-jet target will be employed as a windowless hydro-
gen target. Analogous to the experiment performed in ESR on the “°Ru(p,7)°’Rh reaction (Mei et al.,
2015), the (p,7y) reaction products can be intercepted by a particle detector with about 100% detection
efficiency. Particle detectors will have to be placed in the CRYRING ultra-high vacuum. Suitable detec-
tors are being presently prepared for ring experiments at FAIR. Their possible employment in CRYRING
will facilitate their successful development. The radiative recombination rate in the target will be used
for the in situ luminosity monitor.

The experimental studies will be started with stable S or Cl isotopes to establish the technique before
going to exotic nuclei. The yields for the 3*S(p,7)3*Cl reaction of interest in Table 4.1 were deter-
mined assuming a stored 3*Cl beam of 10° atoms circulating at 100 kHz frequency and assuming 100%

detection efficiency of the **Ar recoils.
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In Chapter 2 — Chapter 4, we have highlighted a rich research programme in atomic and nuclear
physics which may realistically keep CRYRING@ESR busy for decades. Pursuing the exciting new
opportunities simultaneously requires a set of novel installations for probes and targets, for radiation and
recoils detectors, and for quantifying small numbers of stored ions produced through exotic processes.
Hence, this chapter will focus on relevant technical aspects and developments. We first give a descrip-
tion of available and planned infrastructure of the CRYRING sections dedicated to experiments (Sec-
tion 5.1). Then, a discussion of vital experimental instrumentation follows, i.e., detectors for radiation
from the visible to x-ray regime (Section 5.2 and 5.3), new targets (Section 5.4) and beam probes, and
detectors for nuclear fragments (Section 5.5). Moreover, as the precise determination of cross sections
and spectroscopy inherently depend on the ability to quantify the energy and the number of stored ions,
in particular, at low, coasting ion currents, latest developments for a new cryogenic current comparator
(Section 5.6) and laser-based velocimetry (Section 5.7) are highlighted. Finally, and in preparation for
FLAIR, an extraction of the stored ion beam from CRYRING towards the even lower-energetic storage
ring Frankfurt Low-energy Storage Ring (FLSR) is sketched in Section 5.8.

The subsequent descriptions largely outline the new experimental installations briefly and summarize
their key parameters and specific design choices. For some of these installations already first steps of
realization have already been made, and their details were given in corresponding technical design reports
(Andelkovic et al., 2015; Kraft-Bermuth et al., 2014; Hengstler et al., 2013).

Even though we do not touch on the specifics of their experiments, one may also mention research
programs pursued elsewhere, where synergies with CRYRING@ESR may be utilized. One of them
would e.g. be Fast-Ion Slow-Ion Collisions (FISIC) as a French and German cooperation at Spiral2
(Lamour et al., 2010). Parts of their setup is generally mobile and may be transported to Darmstadt for

joint campaigns.

5.1 Target section

One of the straight sections in CRYRING, ‘YR09’, is used for installation of targets. The nature of the
targets is not restricted, as long as the performance of the storage ring is not compromised. One candidate
is the original gasjet target section of CRYRING (Schmidt et al., 1997), but MOTReMi experiments

(Section 2.2.5), XUV lasers (Section 2.1.6), and transverse electron targets (Section 5.4) for storage
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Figure 5.1. Ion beam parameters for one superperiod of CRYRING, centered around the middle of a non-
magnetic section (Gorda et al., 2015). The horizontal and vertical S-functions are shown with red and green
curves, respectively, the dispersion using a blue curve. All units are in meters. The shaded background image
is projection of the 3D model of this segments and aligned to scale.

rings are under consideration as well. Generally, experimentalists may devise any kind of setup to be
installed in this section, provided the proposed setup meets the following criteria:

The beam axis is at a nominal height of two meters. The maximum length of the setup is limited
to ~3.43 m. Laterally, the experiments may extend up to 1.2 m from the beam axis and the total height
is limited to 2.8 m'. The ring vacuum is segmented and two CF100 gate valves on the entrance and the
exit of this section are part of the ring vacuum control system. The experiments can utilize the volume
between these valves under the following conditions. In particular, the section must be equipped with
sufficient pumping capabilities in order to reach vacuum levels of below 10~!! mbar by itself. Standard
pumping segments are available and may be integrated into the experimental setup. Alternatively, the
experiments need to provide their own systems if the standard pumping units are incompatible with the
demands of the experiment. Within the section, one CF40 flange must be foreseen for a UHV pressure
gauge which is known to and characterized by the GSI vacuum experts and will be integrated into the
vacuum control system. The specifications for providing a baking infrastructure in the experiment section
are still under discussion. The closed orbit of the circulating stored ion beam must not be destroyed
through uncompensated magnetic or electric fields. Moreover, the acceptance of the storage ring must
not be compromised by any obstructions in the beamline. As the CRYRING-cave will be in general
inaccessible during beam operation, experiments need to be designed with sufficient remote control of
all sensible parameters.

The beta function and dispersion for one superperiod are plotted in Figure 5.1 for the design values
of the ring tunes Q, = 2.42, Q, = 2.42. The minima of both, horizontal and vertical beta functions and
of the dispersion lie at the centers of the non-magnetic sections. Hence, they are also the ideal positions
for targets, as the stored beams will have their narrowest envelopes in these positions.

Particle detectors for ‘beam-like’ products at the target sections are planned at various positions (An-

delkovic et al., 2015). ‘Beam-like’ refers to particles produced from coasting ions which have altered

A 3D model of the installation space can be provided in STEP file format.
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Figure 5.2. Positions of the particle detectors for a segment of the ring with its instrumentation, This layout
covers heavy reaction products from the full range of primary ions, from the lightest p™ to the heaviest
U%?*, planned at CRYRING@ESR. Shown is a segment of the ring around the target section, YR09, the
arrangement after the electron cooler will be similar.

their charge or mass through reactions in the target zone. As many of these processes impose only a neg-
ligible momentum transfer onto the involved projectile, these will continue their initial trajectory largely
unaltered from the stored parent beam. A separation of these product particles only occurs through the
next ring dipole magnets. Figure 5.2 shows the foreseen detector positions which cover the full range of

Ag = +1 reactions from the lightest ions in low charge states to the heaviest highly charged ions.

5.2 Development of a VUV-VIS-Spectrometer for Target Characteri-

sation

The interaction of HCI beams with atomic or molecular beams (Rzadkiewicz et al., 2006; Gumberidze
etal., 2010, Section 2.1.1) or free electrons (Section 2.1.3 Gumberidze et al., 2005; Banas et al., 2015) has
been successfully studied by means of x-ray spectroscopy in order to investigate fundamental interactions
such as, e.g., radiative electron capture and its time-reversed counterpart, i.e., the photoelectric effect,
in highly charged systems. In addition, beam-foil spectroscopy in the x-ray regime has proven to be a
powerful tool for the measurement of dipole transition rates and corresponding lifetimes of excited states
(Toleikis et al., 2004, Section 2.1.4).

However, a variety of decay pathways of highly-excited states in atoms and molecules, namely direct
fluorescence and autoionization into radiative states (Ehresmann et al., 2004b, 2006), end in excited frag-
ments (Ehresmann et al., 2004b), which by themselves subsequently emit one or more fluorescence pho-
tons in the range from visible to vacuum-ultraviolet light, a spectral range that is currently not covered by
fluorescence spectrometers at the GSI. Decay pathways producing excited states occur commonly as a re-
sult of an ion impact on particle targets. A study by means of fluorescence spectroscopy will give insights
into formation processes, not only of specific ions or fragments but also of the electronic states of these

reaction products due to the inherent state-selectivity of the technique. The possibility to identify the
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charge state of an ion via its fluorescence spectrum offers quantitative information on multiple-electron
transfer during the interaction between the ions and the target: the recorded fluorescence intensity is a
measure for the population probability of the fluorescence transition’s initial state.

Core-hole formation in target gases via electron transfer onto heavy stored HCI beams is an attractive
opportunity for studying the dynamics of the relaxation processes via Yrast cascades in such multiply
excited states. HCI collisions for the core hole formation penetrate to the deepest atomic levels, such as
for example in the K shell of xenon, and thus give access to energy regimes beyond what is presently
technologically feasible via photoionization at free-electron laser (FEL) and synchrotron radiation beam
lines. Moreover, processes of electron transfer, inner-shell excitation or ionization are not restricted
by the dipole selection rules known from photonic mechanisms and, thus, have the potential to access
entirely different atomic levels. An analysis of electronic states that have been populated in such a
process will give data on the decay of these states and thus on electron dynamics in these systems.
These experiments require a strongly collimated beam of ions with a low momentum spread as it can be
achieved at the CRYRING facility. Due to energy-dependent interaction cross sections, the explanatory
power of the recorded data is improved by a small momentum spread and the collimation allows for a
sharp imaging of the interaction volume.

A further application is the study of the enhancements of electron-ion recombination at low ener-
gies (Gao et al., 1995; Uwira et al., 1997b; Gwinner et al., 2000; Shi et al., 2001, 2002) that has not
been fully understood theoretically and can be performed by the spectroscopy of emitted photons arising
from dielectronic recombination and radiative recombination. For bare and few-electron low-Z ions, the
varying magnetic guiding field along the ions’ path through the electron cooler appears to lead to an ad-
ditional electron capture process (Horndl et al., 2005; Horndl et al., 2006). First qualitative experimental
investigations support this theoretical model (Lestinsky, 2007). However, for high-Z ions with complex
electronic shells, the field-induced rate enhancement does not appear to fully explain the discrepancies
of calculated and measured recombination rates with factors of up to three orders of magnitude (Uwira
et al., 1997a; Hoffknecht et al., 1998; Schippers et al., 2011; Spruck et al., 2014). Spectroscopy of the
emitted recombination photon and a polarization analysis may shed new light on the dynamics of the
mechanisms at play, here.

To illustrate the potential of fluorescence spectroscopy, an example is shown in Figure 5.3 for flu-
orescence from KrII formed by photoexcitation followed by autoionization from neutral Kr1. There,
energies for individual autoionizing Rydberg states of two-electron excitations have been determined
after excitation by monochromatized synchrotron radiation.

Every emission cross-section function for a particular fluorescence wavelength corresponds to the
final state of an autoionization channel which at the same time is the initial state of the fluorescence tran-
sition. With the channels being separated by their fluorescence wavelength, an individual determination
of Rydberg states energies has been enabled which is completely impossible in absorption experiments
due to the high density of all doubly excited Rydberg states contributing to the absorption signal (Ehres-
mann et al., 2004a).

Experimental setup and status of the project

In order to overcome the gap in the fluorescence detection range and to gain information on the aforemen-

tioned processes, the set-up of a fluorescence spectrometer for use at the ESR and CRYRING is planned
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which is capable of covering the demanded fluorescence wavelength range (see Figure 5.4). The setup
consists of a McPherson 1 m-normal-incidence spectrometer that can be equipped with interchangeable
diffraction gratings for the dispersion of the fluorescence radiation ensuring optimized radiation detec-
tion in the vacuum ultraviolet (VUV) and visible light (VIS) spectral ranges. There is no transparent
material for the EUV, and only limited transparency in the VUV. Thus, the corresponding spectroscopic

arrangement can only use reflective optics, with as few components as possible.

Position-
sensitive
detector

Figure 5.4. Schematic setup for the

planned VIS-VUV spectrometer. Fluo-

rescence light (yellow) from the inter-

‘ action volume passes the entrance slit

& o and is dispersed by an optical grating

that images the dispersed fluorescence

(red/green/blue) onto the surface of a

position-sensitive detector. This way,

a certain fluorescence wavelength range

that depends on the line density of the

grating and the size of the detector can

be measured at once. Detector and grat-
ing are interchangeable.

Interaction
volume and
entrance slit
Optical
grating

The detection of the photons is performed by 2-dimensional position- and time-resolving single-
photon detectors that allow the simultaneous measurement of several fluorescence lines within a certain
fluorescence wavelength range. A time resolution of approximately 300 ps for the photon detection offers
the option for lifetime or coincidence measurements in reference to the bunch pattern which helps in
reducing the noise caused by random events. In order to further increase the insight in ion and fragment

formation after highly charged ion impact, an analysis of the polarization of the fluorescence radiation
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is planned. For the visible fluorescence range down to 300 nm, it is possible to place a Wollaston prism
in the path of the dispersed light and splitting the linear horizontal and vertical part of the fluorescence
while still being able to detect both parts on the detector simultaneously. However, shorter wavelength
ranges are excluded from this method due to the transmission properties of the required materials. Two
detectors with wavelength ranges of 190nm to 700 nm for the visible and 115nm to 300 nm for the
ultraviolet (UV) and VUV spectral range from Quantar Technology are currently tested and adapted to
the system. A third detector for the EUV spectral range from 30 nm to 150 nm was developed at the
University of Kassel and will be tested after completion.

5.3 Micro-calorimeters for x-ray spectroscopy

The development of calorimetric particle detectors operated at temperatures below 1 Kelvin started about
30 years ago. Ever since, one of the driving forces for this development work has been to combine the
excellent resolution of crystal spectrometers (which have a very limited wavelength acceptance range)
with the large acceptance range of Ge- or Si(Li)-detectors (which have poor energy resolution).

Micro-calorimeters detect the temperature change of an absorber after a photon deposited its energy
as heat. The presently leading micro-calorimeter concepts make use of 3 different types of tempera-
ture sensors: Superconducting transition-edge sensors (TESs), highly-doped semiconductor thermistors
(neutron transmutation doped germanium (NTD) and implanted silicon) and paramagnetic alloys metal-
lic magnetic calorimeter (MMC). The detection principle and the properties of these three techniques are
reviewed in detail in Enss (2005). With all three concepts an energy resolution below 3eV for soft x-rays
has been demonstrated and, recently, TES and MMC based micro-calorimeters even achieved an energy
resolution of 1.6 eV (full width at half maximum (FWHM)) for x-rays up to 6 keV.

For the physics program at CRYRING two detector systems, based on different thermometer con-
cepts will be available: SiM-X, making use of doped silicon thermistors, and maXs, using metallic
paramagnetic temperature sensors. In both detector systems a ‘dry’ >He/*He-dilution refrigerator pro-
vides the necessary operational temperature below 0.05 Kelvin without the need of handling cryogenic
liquids. In both systems the relatively small active area of single micro-calorimeters is compensated
by operating an array of several tens to hundreds of them in parallel. Compared to ESR, CRYRING
is much more compact. In particular the distance between the electron cooler and the nearest bending
dipole is short enough to allow for an attractive solid angle and detection efficiency when maXs/SiM-X
are positioned in 0°/180° direction just behind/in-front these dipoles. This arrangement will minimize

uncertainties caused by Doppler broadening and Doppler shifts to a minimum.

5.3.1 Silicon micro-calorimeters — SiM-X

Compensated-doped silicon thermistors combine an excellent temperature sensitivity with a large dy-
namic range. In addition, the use of silicon allows for the production of detector arrays by micro-
machining (Stahle et al., 1996). Silicon micro-calorimeters for hard x-rays have been developed and
applied at GSI since about two decades (Egelhof et al., 1996; Egelhof and Kraft-Bermuth, 2005; Kraft-
Bermuth et al., 2014). The present detector array contains 32 detector pixels which consist of silicon
thermistors, micro-machined from a wafer of silicon and featuring an implanted area as the thermometer

(Stahle et al., 1996) Sn or Pb absorbers are glued onto the thermistors with an epoxy varnish (Bleile
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et al., 2002). Each absorber has an active area of about 0.4 mm? with a photo peak efficiency of > 30%
at 100 keV. In the laboratory, an excellent energy resolution of the order of £ ~ 60 eV for E, = 59.5 keV
has been achieved.

To obtain a reasonable solid angle, the detectors have to be located as close as possible to the region
from which the x-rays are emitted. Accordingly, a special *He/*He-dilution refrigerator was designed,
constructed (Egelhof et al., 1996; Bleile et al., 2002) and applied in experiments (Andrianov et al., 2009;
Kraft-Bermuth et al., 2015). This refrigerator is equipped with a side arm which fits to the geometry of the
ESR gas-jet target. The micro-calorimeter array is mounted inside the cryostat onto a cold finger at the
end of the side arm. In this configuration, the microcalorimeters are kept at an operation temperature of
about 50 mK. The vacuum chamber of the cryostat is separated from the ultra-high vacuum of the storage
ring by windows made of aluminum-coated mylar as well as beryllium or stainless steel. Two detector
arrays were applied in two experiments to determine the 1s Lamb shift in hydrogen-like 2°’Pb8!* in
2006 (Andrianov et al., 2009) and in 7 Au”8* in 2012 (Kraft-Bermuth et al., 2015). Within experimental
uncertainties, good agreement with theoretical predictions was obtained. Both experiments demonstrated
the potential of micro-calorimeters to improve the experimental precision. In both experiments, the most
significant contribution to the systematic error comes from the correction of the Doppler shift, i.e., from
the uncertainty of the exact relative position of gas jet and detector. Doppler broadening from the finite
size of gas jet and ion beam, as discussed in Section 2.1.1, contributed to the experimental line width

with approximately 50%.

Plans at CRYRING The excellent vacuum conditions in the CRYRING allow for energies well below
10 MeV/u even for highly-charged uranium. As compared to 100 MeV/u at the ESR, this will greatly
reduce the Doppler shift of the experimental energies and all the systematic errors that come with its
correction. It will also reduce the Doppler broadening of the 1s Lamb shift from 100-200 eV to less than
15 eV without reducing the diameter of ion beam or gas-jet target. In such a scenario, the excellent energy
resolution of the micro-calorimeters can be exploited to its full extent. Furthermore, as microcalorimeters
combine their excellent energy resolution with a large dynamic range, the simultaneous observation of

Lyman-o and Balmer lines, which lie at energies around 15-25 keV (Reuschl et al., 2006), is possible.
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The low ion energies at CRYRING provide an advantage in this regard also, because the observation of
the Balmer series is much more difficult at high ion energies when they are Doppler shifted to a line
energy of about 3 keV or even lower.

As the silicon micro-calorimeter array has already been applied at the internal gas-jet target at the
ESR, the setup is well tested. It can be moved to a new experimental site at CRYRING without ma-
jor modifications. However, further developments are in progress to improve the performance of the
detectors and to optimize the cryogenic setup for the application at CRYRING:

e A new *He/*He-dilution refrigerator with similar design as the refrigerator used in the Lamb shift
experiments (Bleile et al., 2002), but running without the supply of cryogenic liquids (Kraft-
Bermuth et al., 2012), is currently under commissioning in Giessen. Omitting the use of liquid
helium minimizes the interruptions of beam times due to maintenance, because a refilling of the
cryostat is not necessary.

e The use of a cryostat without liquid cryogenics permits to mount the micro-calorimeters vertical
to the beam line. This geometry is favorable when mounting micro-calorimeters at the electron
cooler as is displayed in Figure 2.3.

e The current detector array has 32 pixels which amounts to an active detector area of approximately
10 mm?. To increase the active area, a new detector array with 96 pixels and larger absorbers is
currently in preparation.

e The Lyman-o transition energies of highly-charged uranium or gold are of the order of 100 keV.
Accordingly, the main focus of micro-calorimeter development has been optimization for x-ray
energies of 30-100 keV. However, the investigation of hyperfine interactions (Section 2.1.3) or
interaction of highly-charged ions with plasmas (Section 2.2.7) calls for micro-calorimeters which
are optimized for energies below 5 keV. Accordingly, a new detector array will be equipped with
very thin absorbers of HgTe in order to provide high energy resolution for these very low x-ray
energies.

At FAIR, the investigation of nuclear and atomic properties of highly charged rare nuclides will be
an important part of the experimental program. Of particular interest will be x-ray spectroscopy of rare
nuclides. High intensity beams of such rare nuclides will be available from the Super FRS and can be
stored in the CRYRING@ESR facility. Then an alternative method to determine absolute nuclear charge
radii, namely by measuring the contribution of the nuclear radius to the 1s Lamb shift, can be exploited
(Egelhof and Kraft-Bermuth, 2005). Once the QED corrections have been established by measuring the
1s Lamb shift in one isotope with known radius, the measurement in a chain of isotopes allows to extract
the nuclear radius of each isotope. However, the contribution of the finite size effect to the Lamb shift
is of the order of 200 eV for the heaviest nuclides (Stohlker et al., 2008). To obtain high precision on
the nuclear charge radius, high energy resolution is required. A first test case for such an investigation
can be tin which has a large number of stable as well as long-lived isotopes. If one of the ion sources
at CRYRING be capable to produce bare tin ions, these test experiments can even be performed without

the initial need of the GSI accelerator infrastructure.

5.3.2 Maetallic magnetic calorimeters — maXs

Magnetic calorimeters consist of a metallic absorber for the photons to be detected and a metallic para-

magnetic temperature sensor that is placed in a weak magnetic field. Both have a strong thermal link to



5.3. Micro-calorimeters for x-ray spectroscopy 67

Figure 5.6. Left: Cryogenic platform of maXs. The detector array is operated behind IR-blocking x-ray
windows at the end of a 40 cm long side arm with 80 mm outer diameter. Right: SEM picture of a maXs-30
detector, an 8 x 8 pixel array of micro-calorimeters optimized for x-ray energies up to 30 keV.

each other and are weakly coupled to a thermal bath. By monitoring the magnetization of the sensor with
a low noise, high bandwidth superconducting quantum interference device (SQUID) magnetometer one

obtains an accurate measure of the temperature and therefore of the energy content of the calorimeter.

Micro-calorimeters based on metallic paramagnetic temperature sensors differ from TES- and NTD-
based in particular in four points which are of relevance in the context of the experiments planned at
CRYRING.

1 The intrinsic rise time is 1 to 3 orders of magnitude faster compared to presently discussed TES or
NTD detectors, offering coincidence capabilities.
ii There is no abrupt saturation at the upper end of the acceptance range, as exists in the case of TES
sensors when the temperature exceeds the transition range.
iii Excellent linearity of the detector response.
iv The properties of the detectors are well explained by standard thermodynamics, which allows for

numerical optimization of detector designs for photons of different energy.

The detector system maXs uses a common cryogenic platform (Figure 5.6, left) and a common
readout system to operate a variety of 8 x 8 arrays of micro-calorimeters, each optimized for a different
energy range, i.e. up to 20 keV, 30 keV (Figure 5.6, right) and 200 keV, with energy resolutions of 2 eV,
6 eV, 30 eV (FWHM), respectively, all designed and fabricated at KIP, Heidelberg University (Hengstler
etal.,2013). We recently started the development of polar-maXs, a calorimeter-based Compton/Rayleigh
polarimeter for x-rays, where the x-rays undergo polarization dependent scattering in dedicated low-
Z/medium-Z scatterers before they are detected by an array of 576 micro-calorimeters with high-Z x-ray

absorbers.

In 2014 we performed the first two measurements at the internal gas target of the Experimental
Storage Ring at GSI with a metallic magnetic calorimeter of type maXs-200 . In one of these beam times
we measured the x-ray spectrum emitted during the radiative recombination of bare Xe ions interacting
with a Xe gas jet target, as shown in the Figure 5.7. Here we achieved an energy resolution below 60 eV
from 0 keV to 60 keV. We were able to detect K-lines from differently charged Xe ions, including the
Lyman series involving high-n levels and could fully resolve the Ly-@-doublet in hydrogen-like Xe. The
K-a doublet (as well as the K- hyper-satellite transitions) produced by double-electron capture events
are also clearly visible in the spectrum. A description of the experimental setup and a discussion of the

results is provided in Hengstler et al. (2015).
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Figure 5.7. X-ray emission spectrum during the radiative recombination of bare Xe-ions (50 MeV/u) inter-
acting with a gas jet of neutral Xe-atoms, measured with maXs-200 at ESR.

5.4 A free-electron target in transverse collision geometry

The established approach to perform electron-ion collision spectroscopy at storage rings employs the
electron cooler or a cooler-like electron target with a collinear arrangement of electron and ion beam.
For CRYRING a transverse-geometry (‘crossed-beams’) free-electron target is currently being developed
by a collaboration of the universities of Frankfurt and Giessen together with GSI (Figure 5.8). Such a
target where the electron beam crosses the stored ion beam under an angle of 90° (see, e.g., Shi et al,,
2003; Borovik Jr et al., 2014) is a novel approach for ion storage rings. In contrast to a cooler-like
target the interaction region is spatially well localized and facilitates x-ray and electron spectroscopy
with relatively large solid angles. Compared to a gas-jet target, providing "quasi-free electrons" in high-
energy collisions, the kinematic resolution accessible with a transversal electron target is significantly
better, since the electron-energy spread is as low as 0.1 to 0.2 eV (thermal cathode) as opposed to the
13.6 eV binding energy of a H-target and the resulting Compton-profile.

In a first step an electron density of several 10° cm ™ at a target length of 6 to 10 cm and an electron
energy of the target of up to 10 keV will be realized. Later extensions to electron energies up to 20
kV, to still higher electron densities and to alternative cathode types (field emission or photocathode) are
envisaged. A new level of electron-target technology will be reached with the availability of suitable
cold beams of polarized electrons.

The new concept of a transversal electron target is ideally suited for CRYRING and offers appealing

multifaceted perspectives:

e The use of free electrons in a transversal electron target facilitates photon spectroscopy at low
ion energies and thus offers substantially reduced uncertainties due to Doppler shift and Doppler
broadening. In this context, the very good vacuum in CRYRING is an important advantage with
respect to ion-beam lifetime and detector background.

e Compared to a gas-jet target non-radiative capture (NRC) is absent; at low ion energies (~ 1MeV/u)

usage of a gas-jet target will lead to short beam lifetimes, especially for the highest charge states
such as U2+,
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Figure 5.8. (Left) Electron target that operates in
crossed-beams geometry (Borovik Jret al., 2011) as used
at the University of Giessen. (Right) Schematic draw-
ing of the target. The ribbon shaped electron beam (blue)
with a width of 6 cm crosses the ion beam (red) at an an-
gle of 90°. For application in a storage ring and to allow
for photon spectroscopy modifications to the set-up have
to be performed (Geyer and Kester, 2011; Geyer et al.,
2013).

o A further advantage of such a transverse free-electron target is the ease of changing the relative
collision energy in very fine energy-steps and over a wide range (~ 300 eV — 18 keV at the
CRYRING). In addition, several combinations of ion and electron energy that lead to the same

center-of-mass collision energy can be realized for studying systematic effects.

¢ In addition, the absence of a target nucleus allows unambiguous electron-impact excitation studies

to be performed that are not masked by excitations due the nucleus.

e The combination of an intense mass- and charge-selected cooled ion beam with a transversal elec-
tron beam providing a spatially limited target of free electrons, together with high-resolution pho-
ton spectroscopy (Section 5.2) where the geometry facilitates large solid angles opens the door to
a new level of electron-ion collision studies of excitation and recombination processes. Electron-
ion coincidence techniques will greatly help to eliminate background and to detect correlations

between the product-ion charge state and the emitted photon spectrum.
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e Experimental evidence for the yet unobserved NEEC process (Section 3.2) comes into reach by
using an approach similar to the one described by Pilffy et al. (2008). The electron energy is
sufficient to cover collision energies in the center-of-mass frame of E.,, ~ 15 keV, depending on
the actual ion energy. This energy is sufficient to even excite specific nuclear transitions and allows

for the measurement of the NEEC followed by x-ray emission (NEECX) processes in 233U+ and
232,90+
Th™™.

e Measurements of the processes of resonant and non-resonant elastic and inelastic electron scatter-
ing become possible by combining the transversal free-electron target and high-resolution electron
spectroscopy. A particularly attractive subject is the resonant scattering (RS) of free electrons from
hydrogen-like ions as an alternative to DR where identical intermediate doubly excited states are
populated which then decay by the emission of electrons (RS) or photons (DR). A 10 keV transver-
sal target at CRYRING will facilitate such studies with ions with atomic numbers of below about
Z =40.

e Studies of resonant and non-resonant pathways in electron-impact ionization of highly charged
ions will be performed by observing the ionized ions as a function of the electron-ion collision
energy. For such investigations the transverse target, in comparison with a merged-beams geome-
try, offers the advantage that higher electron-ion collision energies can be accessed. Electron-ion
center-of-mass energies of 18 keV are sufficient to study electron-impact ionization of Li-like ions
up to about Xe!'* Chen (1992) or Na-like ions up to uranium UB!* Reed et al. (1991) in the in-
teresting ranges of excitation-autoionization and resonant-excitation with subsequent emission of

234

two electrons. The highest charge state accessible so far to such studies has been Se~>™ measured

at the TSR (Linkemann et al., 1995; Miiller, 1995).

5.5 An UHYV compatible detector setup for the investigation of nu-
clear reactions at the internal gas-jet target of CRYRING@ESR

For the investigation of direct nuclear reactions with stored beams, interacting with internal targets of
CRYRING@ESR (see Section 4.1) we propose to use an experimental setup which was recently im-
plemented at the internal gas target of ESR, and successfully used for first reaction experiments with
radioactive stored beams (von Schmid et al., 2014; Egelhof et al., 2015). The setup (see Figure 5.9),
designed as prototype version of the recoil detector for the EXL project consists of an UHV compatible
detector chamber which allows to install, besides an internal gas jet target, UHV compatible detectors
for target-like reaction products in a relatively large angular range, as well as the necessary infrastructure
for performing direct reaction experiments in a storage ring.

At present, two detector units (see Figure 5.9), one consisting of a telescope of a DSSD with an
active area of 60 x 60 mm?, and two 6.5 mm thick Si(Li) detectors, the other of only a DSSD, covering
the angular range 72° < Oy < 88°, and 27° < Oy, < 38°, respectively, were installed and used for first
experiments.

In order to fulfill the strict vacuum conditions in a storage ring a new concept (Streicher et al., 2011;
Mutterer et al., 2015) for using Si detector telescopes including their readout and infrastructure in this
environment was designed, tested, and recently successfully applied for the first time under running

conditions: DSSDs were used as active windows, separating the UHV from an auxiliary vacuum in a
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Figure 5.9. schematic view of the EXL setup recently used for reaction experiments at ESR. The total length
of the setup in beam direction amounts to about 1.50 m.

vacuum sealed pocket, in which additional Si(Li) detectors, as well as all cabling for the readout of
DSSDs and Si(Li)s were housed. In addition the Si(Li)s were cooled during bake-out of the whole setup,
as well as during operation. In order to reach the necessary angular resolution required by the experiment,
presently limited by the extension of the gas jet target, a remotely-controlled moveable aperture, mounted
on two UHV-compatible piezo-motors, was placed in front of the target. Besides improving the angular
resolution, this system was also very helpful for determining the actual target position. For an online and
off-line energy calibration and functionality test of the DSSDs an Americium «-source (not shown in
Figure 5.9) could be placed in front of the detection systems.

The present setup was recently mounted at the ESR, commissioned and used for first reaction exper-
iments with stored radioactive beams. As an example, preliminary data for elastic and inelastic proton
scattering from *°Ni (von Schmid et al., 2014; Egelhof et al., 2015) are displayed in Figure 5.10 Besides
the physics interest, this experiment served also as a proof of principles for the experimental concept
of the EXL recoil detector. For the next series of experiments planned at ESR and at CRYRING an
upgraded detector setup including 10-20 individual detectors, and thus covering a considerable larger

angular range, is presently under design.

5.6 The Cryogenic Current Comparator for CRYRING@ESR

This section gives an overview of the CCC as a non-destructive beam monitor. The CCC consists of a su-
perconducting meander-shaped shielding, a sc pickup coil with a ferromagnetic core, a superconducting
matching transformer and a low-temperature direct current SQUID (LTS-DC-SQUID) (see Figure 5.11).
The superconducting pickup coil transforms the azimuthal magnetic field of the beam into a current
which is measured by a SQUID based current sensor. All other magnetic field components will be highly
attenuated by the superconducting shielding. Due to the superconductivity of all parts of the CCC and the
use of a SQUID the CCC is able to measure continuous as well as bunched beams. The upper frequency
limit is set by the bandwidth of the pickup coil as well as the SQUID electronics. The installation of
the CCC requires a ceramic gap in the beam tube like the conventional beam transformers and a liquid
helium supply.

The previous CCC was tested in the Horizontal Bi-Cavity Test facility (HoBiCaT) at the Helmholtz-
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Figure 5.10. The energy of the recoil protons versus the laboratory scattering angle as measured by the
detector telescope 1 for (p, p) and (p, p') reactions on °Ni in inverse kinematics at Ej,, = 400 MeV/u (von
Schmid et al., 2014).

Zentrum Berlin (HZB) as a monitor for dark currents in superconducting cavities in the presence of
high gradient electric fields (Geithner et al., 2011). In a quiet laboratory environment the current noise
density at 4.2 K was measured to be 130 pA Hz~"? at 5Hz and 11 pA Hz~ "2 at 1 kHz. During the test in
HoBiCaT the current noise density was increased due to external disturbances like mechanical vibrations.
The current noise density at HoBiCaT at 2.1 K was measured to be 0.2 nA Hz '/ at 5 Hz and increases to
50nA Hz " in the frequency range from 5-500 Hz (see Figure 5.12). The real time measurement of a 5
s bunch of electrons with an intensity of 5 nA was successful (see Figure 5.13). This was achieved by the
use of a 10 Hz low pass filter but without any averaging. The bandwidth of that system was limited to 50
kHz due to the used core material in the pickup coil and the SQUID electronics working in a modulated

flux-locked loop mode.

current noise density [A/Hz'"?]
E
% %
.
e ——
= —
=

Figure 5.12. Current noise density of the CCC in HoBiCaT at o T

10" 10° 10’ ;EF '1;:\‘ 10* 10°
HZB. frequency [Hz]

Using SQUID-systems with an extremely low noise level, the sensitivity ultimately depends on the
pickup coil with the embedded ferromagnetic core. From intensive investigation on different core ma-
terials at low temperatures we found a new material which reduces the current noise density at 4.2 K
to 66 pAHz~"2 at 5Hz and 4 pAHz "> at 1kHz in a quiet laboratory environment. The total current
noise of the pickup coil is reduced by a factor of 3 to approximately 1nA at 10kHz bandwidth. The
new material also shows a higher bandwidth. Together with a new direct coupled SQUID electronics an

overall bandwidth of the CCC of about 200 kHz is aspired. Some constructional changes will be done
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to reduce the interference of external disturbances. Dependent on the strength of interference of external
disturbances the absolute measurement of DC as well AC beam currents down to 1 nA in an accelerator
environment should be possible in the real time mode.

5.7 Laser-based velocimetry and high-voltage measurements

Laser spectroscopy is a tool for very precise velocity deter-

mination of ions. It has been mentioned before that the ve- T 1 L.

r '.‘: o —— | toroidal
locity determination of the ion beam is limiting the accuracy Shiohiing e E core
of many experiments. Precision voltage dividers, as they T

dark current
electrons

or
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are available at the University of Miinster (Thiimmler et al.,
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2009) and have previously been used to measure beam en-
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troscopic investigation of transition frequencies of the ions A 2 cartridge
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inside the ring can be used to compare the measured volt- e i

ages with the real ion velocity and to study the influence of Figure 5.11. Design and working principle
experimental parameters like electron-beam ion-beam beam ©f the cryogenic current comparator (CCC)
overlap in great detail. Since the transition wavelengths in working as a beam monitor
Mg™ ions is well known (Batteiger et al., 2009), measure-
ments like those described in Section 3.3 inherently generate data for such studies, provided that the
laser frequency is measured with sufficient accuracy. This can be realized at different levels of accura-
cies, e.g., by a high-precision wave meter (Lochmann et al., 2014), laser stabilization to known atomic
or molecular transition frequencies (Reinhardt et al., 2006, 2007) or to a frequency comb (Nortershiuser
et al., 2009; Krieger et al., 2012). All techniques have already been used at the ESR or other on-line

facilities.

5.8 FLSR - the electrostatic Frankfurt low energy storage ring

FLSR is a fully electrostatic storage ring for atomic and molecular ions (Stiebing et al., 2010). The
ring has been designed for experiments investigating the dynamics of energetic atomic and molecular

reactions. It also serves as a test system for the development of various kinds of novel ion optical
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Figure 5.14. Photograph (top) and schematic drawing (bottom) of the FLSR electrostatic storage ring.

devices and diagnostic tools for very low-energy ions. The design energy of FLSR is 50 keV total kinetic
energy. Its versatile design (from 4 basic types of vacuum chambers with an inner diameter of 250 mm)
allows for easy extension of the maximum energy as well as the size of the ring, which presently is
restricted to a ‘racetrack’ geometry of 1.8 m by 5.9 m offering two straight sections for experiments and
beam manipulation (figure below). A later extension to a symmetric ring with four straight sections for
experiments/beam manipulation and diagnostic can easily be accomplished from this design.

As main experimental diagnostic devices two position sensitive multi-channel plate (MCP) detector
systems are installed (at the 0° ports) to observe the neutralized particles. The optical lattice of FLSR
has been optimized to provide two points of enhanced ion density in each of the straight sections to
allow for sufficient luminosity for differential measurements. FLSR is presently operating at the ion

beam facilities of the Institut fiir Kernphysik Frankfurt (IKF). Besides a transfer beam line from the IKF

Table 5.1. General parameters of FLSR

Maximum energy 50 keV
Circumference 147 m
Revolution time 45 us
(protons at 50keV)

Smallest beam 3x4 mm?
Tune values Qx 3.574

Qy 2.125
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14-GHz electron cyclotron resonance (ECR) ion source a separate 50-kV HV terminal is presently under

construction to allow for the installation of various ion sources.
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In this text, we have previewed a research programme for the immediate future of CRYRING@ESR.
This new facility offers a unique ‘sweet spot’ of available ions and isotopes for research with and on
slow beams of highly charged ions, up to the ultimate bare U°>*. Production of these ions in the GSI
accelerator infrastructure leading towards CRYRING@ESR is a routine operation already today and with
the new machine obtains access to long-lived storage of intense and brilliant beams at low energy. Thus,
we can start with experiments in uncharted territory already from the first day of operation. Examples of
such experiments are the precision measurements on atomic structure and dynamics in extremely strong
fields, on nuclear structure near the Coulomb barrier and nuclear reactions, on deriving nuclear charge
radii, hyperfine interaction, or studying couplings between electronic shell and nucleus. In addition, with
the local 300 keV/u RFQ injector beamline an option for self-sustaining beam operation exists, even

though at a reduced set of available ions.

Furthermore, research beyond atomic and nuclear physics has not even been touched upon in this
manuscript. Such would be e.g. materials research with slow, highly charged ions interacting with bulks
and surfaces, or the interaction of complex organic molecules with HCI radiation, relevant e.g. for under-
standing the breakup reactions and chemistry of molecular clouds in interstellar space or in biophysics.
Another large field, for which CRYRING@ESR will play an essential role, is the physics with slow and
cooled antiproton beams as pursued by the FLAIR collaboration (Widmann, 2015) at FAIR. For the latter,
a proposal exists to extend the future FAIR facility, where *A’ stands for “antiprotons”, by constructing
a dedicated beam line connecting FAIR to the ESR and thus also to CRYRING (Stohlker et al., 2015;
Katayama et al., 2015). In this way high quality antiproton beams will be available in CRYRING for
experiments directly in the ring as well as with extracted beams. Thus there is an immense potential even

yet to be contrived.

Commissioning of CRYRING with the local ion injector is planned for 2016, and based on the present
timeline of FAIR construction, we may begin with injection HCI beams from ESR into CRYRING in
2018, thus deploying the full facility of ‘CRYRING@ESR’ to the scientific community. The first set
of experimental instrumentation of CRYRING@ESR (Andelkovic et al., 2015) has recently received
approval and funding for a period of 2015-2018. With these setups, research at CRYRING@ESR may

commence in due time for the GSI accelerator facility being brought back into operation in 2018.
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CCC cryogenic current comparator
CCC covergent close coupling

CCD charge-coupled device

DR dielectronic recombination
DSSD double-sided silicon strip detector

DWBA distorted wave Born approximation

EBIT electron-beam ion-trap

ECC electron capture to the continuum

ECR electron cyclotron resonance

ECS exterior complex scaling

EOS equation of state

ESR Experimental Storage Ring

EUV extreme ultraviolet

EXAFS extended x-ray absorption fine-structure

EXL EXotic nuclei studied in Light ion induced reactions at the NESR storage ring
http://www.rug.nl/kvi-cart/research/hnp/research/exl/

FAIR Facility for Antiproton and Ion Research in Europe, Darmstadt, Germany

http://www.fair-center.eu
FEL free-electron laser

FISIC Fast-Ion Slow-Ion Collisions
http://www.insp.upmc.fr/Collisions-Ion-Lent-Ion-Rapide.html

FLAIR Facility for Low-energy Antiproton and Ion Research
http://www.flairatfair.eu/
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FLSR Frankfurt Low-energy Storage Ring
FRS Fragment Separator

FWHM full width at half maximum

GSI GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany
http://www.gsi.de/

HCI highly charged ion

HFT hyperfine induced

HHG high harmonic generation

HoBiCaT Horizontal Bi-Cavity Test facility

HZB Helmholtz-Zentrum Berlin

IATI inverse above-threshold ionization
IC internal conversion

IKF Institut fiir Kernphysik Frankfurt

LTS-DC-SQUID low-temperature direct current SQUID

MCP multi-channel plate

MMC metallic magnetic calorimeter
MO molecular orbital

MOT magnetooptical trap
MOTReMi MOT reaction microscope

MPIK Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany
http://www.mpi-hd.mpg.de/

MS main sequence

NEEC nuclear excitation by electron capture
NEECX NEEC followed by x-ray emission
NEET nuclear excitation in electron transition
NRC non-radiative capture

NTD neutron transmutation doped germanium


http://www.gsi.de/
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Acronyms
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PHELIX Petawatt high-energy laser for heavy-ion experiments

QED quantum electrodynamics

REC radiative electron capture

RECC radiative electron capture to the continuum
RG red giant

RR radiative recombination

RS resonant scattering

SEE slow electron emission
SIS18 Schwerionensynchrotron (heavy ion synchrotron) with a maximum rigidity Bp = 18 Tm

SPARC Stored Particles Atomic Physics Research Collaboration
http://www.gsi.de/sparc/

SQUID superconducting quantum interference device

SR special relativity

TDCS triple differential cross sections
TES transition-edge sensor
TNR thermonuclear runaway

TSR Test Storage Ring

UHYV ultra-high vacuum

UV ultraviolet

VIS visible light

VUV vacuum ultraviolet

WD white dwarf

WDM warm dense matter

XUV extreme ultraviolet


http://www.gsi.de/sparc/
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