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 Precision Sectroscopy through Dielectronic Rcombination - the Role of 
Many-Body Calculations 

 
Eva Lindroth and Fabrizio Ferro 

 
Atomic Physics, Fysikum, Stockholm University, AlbaNova University Centre,  

106 91 Stockholm, Sweden 
 

Measurements of recombination resonances can be used to access highly accurate information 
on atomic energy levels, especially for highly charged ions. The spectroscopic principle is 
that during the formation of a resonance the valence electron is excited by the capture of a 
free electron into a Rydberg state. If the binding energy of the latter can be accurately 
estimated the excitation energy can be accessed. During the last decade the precision with 
which the recombination resonances can be measured has improved dramatically. In a recent 
study on lithium-like scandium, low lying resonances could be experimentally determined 
with an accuracy of just a few tenth of an eV [1]. Concerning the calculation, even a first 
hydrogen-like approximation gives a decent approximation to the binding energy of a high 
lying Rydberg electron. This is a favourable starting point for a systematic improvement of 
the energy through many-body perturbation theory. Not only can energy positions then be 
accurately determined, in addition the convergence rate of the perturbation expansion can be 
used to establish the precision of the obtained result. 
 
A number of storage ring studies on recombination of lithium-like ions have been performed 
over the last ten to fifteen years. The resonances are here formed in a beryllium-like ion, 
which in the energy region closely above the first ionization threshold all have two open 
shells. Here many-body methods are well developed and existing techniques to handle the 
difficulties arising from closely lying configurations work well. Consequently it has been 
possible to determine the Rydberg electron binding energy accurately enough that the 
extracted inner-shell excitation energy is sensitive to many-body quantum electrodynamical 
effects as well as to hyperfine structure. The extension of this technique to sodium-like 
systems recombining into magnesium-like ions has worked rather well. These systems have 
the same general properties; a closed shell core and two-open shell resonances. The lower 
valence excitation energy and the increased number of states available for excitation result, 
however, often in more complex spectra with several and overlapping series of resonances. 
This situation becomes even more pronounced when we turn to resonances in systems with 
three open shells.  Such resonances occur when beryllium-like ions recombine into boron-like 
ions. A new feature here is that the closeness of the states building on the different n=2 
configurations, considerably increases the probability for three-electron recombination.  
 
In the talk the basis for the accuracy obtainable in lithium-like ions will be discussed. 
Strategies to handle problems with overlapping series of resonance, e.g. in sodium-like 
systems will be touched upon and preliminary results from current developments for systems 
with three open shells, with examples from Ge28+, will  be shown.  
 
[1] M. Lestinsky, E. Lindroth, D. A. Orlov, E. W. Schmidt, S. Schippers, S. Böhm, C. 

Brandau, F. Sprenger, A. S. Terekhov, A. Müller, and A. Wolf, Phys. Rev. Lett. 100, 
033001 (2008) 
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Test of Bound State QED in the Strong Field Limit: Precision X-Ray 
Spectroscopy Applied to Cooled and Stored Heavy Ion Beams 

 
Thomas Stöhlker 

 
Physikalisches Institut, University of  Heidelberg  and GSI Darmstadt, Germany 

 
Electron cooled beams of simple atomic ions at high-Z, as provided by electron cooler rings, 
provide a unique testing ground for our understanding of the effects of Quantum 
Electrodynamics (QED) in the strong and critical field limit. In addition they give detailed 
inside into the role of the effects of relativity, QED and correlation as they govern the 
structure of few-electron ions at high-Z. In this review, special emphasis will be given to 
recent developments in precision x-ray experiments aiming on an accurate determination the 
ground state binding energies in H- and He-like ions at high-Z as well as on precision studies 
of intrashell transitions in the He-like species.    

For H-like uranium, these studies allowed us already to determine the ground-state Lamb shift 
from the observed x-ray lines with an accuracy of 1% [1,2]. This result provides the most 
stringent test of bound-state QED for one-electron systems in the strong field regime. For the 
near future a further substantial improvement appears in reach by the application of high-
resolution detection devices such as micro-calorimeters and transmission type crystal 
spectrometers. In this context, a possible future scenario will be discussed aiming on the 
exploration of the effects of QED in supercritical fields, i.e. beyond Z>100.  As compared to 
many-electron ions, heliumlike ions are the simplest multibody systems where the role of the 
electron-electron interaction under extreme conditions can be theoretically treated in a 
rigorous way. For He-like uranium the experimental studies of the electron-electron 
contribution to the ionization-potential will be presented [2] where the specific two-electron 
QED contribution are basically unaffected by nuclear corrections. Moreover, a very first study 
of the 3P2-3S1 intrashell transition will be discussed [3] and its relevance for possible future 
studies of parity violating effects in atomic systems will be pointed out. 

Finally, the additional perspectives for high-precision x-ray studies as provided by the ESR 
storage ring, the upcoming HITRAP facility at GSI [4], the storage, cooler ring facility at 
Lanzhou [5] and by  the  future FAIR facility [6] will be outlined. 

 
[1] S. Fritzsche, P. Indelicato, and Th. Stöhlker, J. Phys. B-At. Mol. Opt. Phys. 38, S707 

(2005) 
[2] A. Gumberidze et al., Phys. Rev. Lett. 94, 223001 (2005); Phys, Rev, Lett. 92, 203004 

(2004) 
[3] M. Trassinelli et al., to be published (2008)  
[4] H. J. Kluge, et al., in Advances in Quantum Chemistry, Vol 53 (Elsevier Academic Press 

Inc, San Diego, 2008), Vol. 53, p. 83-98 
[5] X. Ma et al., J. Phys.: Conf. Ser. 72 012015, 2007 
[6] http://www.gsi.de/sparc 
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Laser Spectroscopy of Highly-Charged Ions at the FAIR Storage Rings 
 

Danyal Winters 
 

Atomphysik, Gesellschaft für Schwerionenforschung mbH, Darmstadt, Germany 
 

Heavy highly-charged ions (HCI) are the strongest laboratory sources of electromagnetic 
fields. This makes these simple atomic systems so interesting and important for fundamental 
studies and interactions. Storage rings are very versatile and thus offer unique possibilities to 
access the structure and dynamics of HCI. Combined with novel and sophisticated 
instrumentation (e.g. cryogenic cluster targets) and powerful methods (e.g. laser cooling & 
spectroscopy), high-precision spectroscopy can be performed. 

The Facility for Antiproton and Ion Research (FAIR) will provide even more possibilities, 
and will trigger new fields of research. For medium- and high-energy experiments with HCI, 
the Stored Particle Atomic Research Collaboration (SPARC) [1] developed a broad research 
programme. The corresponding experiments will be performed at the New Experimental 
Storage Ring (NESR), and at the `Schwer-Ionen-Synchrotron' (SIS300). For low-energy HCI, 
experiments will take place inside the FLAIR facility [2], using the Low- and Ultra-low-
energy Storage Rings (LSR and USR), and the HITRAP facility [3]. The FLAIR facility will 
in particular be used by the FLAIR collaboration, focussing on a broad research programme 
with low-energy antiprotons. 

The possibilities of the new facilities will be elucidated by discussing selected topics from the 
SPARC proposal.  
• For example, at the NESR, it is planned to determine QED effects in strong fields via 
laser spectroscopy of the 1s and 2s hyperfine structure (HFS) in H- and Li-like ions, 
respectively [4]. For this purpose, radioactive nuclei or even chains of isotopes can be used to 
disentangle QED and nuclear effects. In addition, by means of optical pumping with lasers 
(via the HFS), spin-polarised ion beams will be produced for e.g. PNC studies. 
• The PHELIX laser will generate x-rays which, combined with HCI in the NESR, enable 
studies of 2s-2p transitions in high-Z few-electron systems for accurate tests of atomic 
structure theory in the strong field regime.  
• In the SIS300, laser cooling - the only possible cooling method there - and laser 
spectroscopy of Li-like heavy ions are planned. Here, the large Doppler boost (high γ) will be 
exploited to cool relativistic beams of heavy ions with standard laser systems, and to perform 
high-precision spectroscopy experiments [5]. 
 
 
[1] Th. Stöhlker et al., Nucl. Instr. Meth. Phys. Res. B 261 (2007) 234 
[2] E. Widmann, Phys. Scr. 72 (2005) C51 
[3] Th. Beier et al., Nucl. Instr. Meth. Phys. Res. B 235 (2005) 473 
[4] P. Seelig et al., Phys. Rev. Lett. 81 (1998) 4824 
[5] H. Backe, Hyp. Int. 171 (2007) 93 
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Merged Beams Experiments at the Borderline of  Nuclear 
and Atomic Physics 

 
C. Brandau 

 
Gesellschaft für Schwerionenforschung (GSI), Darmstadt, Germany 

 
Dielectronic Recombination (DR) is one of the atomic physics processes that benefited most 

from the advent of heavy ion storage rings. DR nowadays is routinely studied at storage ring 

electron coolers or dedicated electron targets. In DR measurements the co-propagating 

merged beams kinematics of the interacting electrons and ions that both are quasi-

monoenergetic enables high experimental resolution and precision over a wide range of 

collision energies (”0” to ~100 keV). 

The motivation to perform DR experiment goes far beyond a genuine understanding of the 

DR process itself since DR is nowadays widely employed as a versatile “tool” to acquire 

knowledge in such diverse physics fields as fundamental interactions,--in particular QED--, 

astrophysics, plasma physics and nuclear physics. A new application of DR is the study of 

isotope shifts (DR-IS) in the according resonance spectra. In DR not only a single line is 

shifted for different isotopes but a feature-rich pattern of well-resolved resonant structures. In 

ions with an open L-shell (Li-like, …) all resonances that belong to a particular intra-shell 

(Δn=0) core excitation 2s → 2pj (j=1/2, 3/2) are shifted by the same amount namely the one of 

the core. A decisive advantage of using Li-like ions for IS studies is their simple atomic 

structure with a single 2s valence electron outside a closed shell. Many-body effects that 

deteriorate the interpretational power of the high quality data e.g. in Laser spectroscopy, are 

small and can be reliably accounted for in the 3-electron ions under investigation [1, 2]. 

In this contribution I will present the experimental results from a pilot DR-IS experiment with 

the two Li-like neodymium isotopes ANd57+ with A=142 and A=150 performed at the storage 

ring ESR of GSI, Darmstadt [3]. In supplement of this study with stable isotopes the 

possibility to extend the range of applicability of DR-IS to exotic in-flight produced 

radioisotopes, i.e., to nuclei unstable with respect to α- or β-stability will be discussed in 

detail and will be illustrated with first results from a recent commissioning experiment at the 

ESR with unstable isotopes 237U89+ (Z=92) and 234Pa88+ (Z=91). 

[1] Y.S. Kozhedub et al., Phys. Rev. A 77, 032501 (2008). 
[2] Z. Harman et al., in preparation. 
[3] C. Brandau et al., Phys Rev. Lett. 100, 073201 (2008).  
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Inner Shell Electron Capture Lifetimes in High Charge States 
 

Yuri A. Litvinov* 
 

Gesellschaft für Schwerionenforschung (GSI), Darmstadt, Germany 
 

The accelerator facility of GSI Darmstadt offers a unique opportunity for decay studies of 
highly-ionized atoms. The heavy ion synchrotron SIS, the in-flight fragment separator FRS 
and the cooler-storage ring ESR allow us to produce, separate, and store for extended periods 
of time exotic nuclei with a well-defined number of bound electrons.  Basic nuclear properties 
such as masses and lifetimes are measured by applying the mass- and time-resolved Schottky 
Mass Spectrometry (SMS) [1]. 
 
Several successful experiments have been performed in the past. One of the highlights was 
the experimental discovery of the new decay mode—the bound state β decay (βb)—in fully-
ionized 163Dy66+ nuclei [2].   
 
In this work we addressed for the first time the orbital electron capture (EC) in hydrogen-like 
(H-like) and helium-like (He-like). EC- and/or β+-decay constants of H-like, He-like and 
fully-ionized 140Pr (Z=59) ions have been precisely measured [3]. The striking result is that—
in spite of the fact that the number of orbital electrons is reduced from two in 140Pr57+ ions to 
only one in 140Pr58+ ions—the EC rate increases by a factor of 1.49(8). Moreover, the half-life 
of 140Pr58+ with a single orbital electron, T1/2= 3.04(9) min, is even shorter than the half-life 
T1/2=3.39(1) min of the neutral 140Pr0+ atoms with 59 orbital electrons. Our result can be 
explained by the conventional weak-decay theory by taking into account the conservation of 
the total angular momentum of the nucleus-leptons system [4,5]. 
 
The experimental results and their interpretation will be presented. Future investigations will 
be outlined.  
 
[1] Yu.A. Litvinov et al., Nucl. Phys. A 756 (2005) 3. 
[2] M. Jung et al., Phys. Rev. Lett. 69 (1992) 2164. 
[3] Yu.A. Litvinov et al., Phys. Rev. Lett. 99 (2007) 262501. 
[4] Z. Patyk et al., Phys. Rev. C 77 (2008) 014306. 
[5] A.N. Ivanov, M. Faber, R. Reda, and P. Kienle, Phys. Lett. B, in press (2008);  

arXiv:0711.3184 [nucl-th]. 
 
 
* E-mail: y.litvinov@gsi.de 
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HITRAP and g-Factor Measurements 
 

W. Quint 
 

GSI, Darmstadt, Germany 
 
 
 

Abstract  to follow 
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 TSR – The Facility 
 

D. Schwalm 
 

Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany 
and 

The Weizmann Institute of Science, Rehovot, Israel 
 

On May 27, 1988, that is exactly 20 years ago, the first heavy ion beam was stored in the 

Heidelberg Test Storage Ring TSR. This was the beginning of a very successful experimental 

program on the structure and dynamics of atomic and molecular systems and their interactions 

with electrons and photons, which is driven by fundamental questions pertinent to many fields 

of physics including astrophysics and quantum chemistry. The success of this program is not 

only based on the continuous and ongoing refinement of the experimental tools and methods 

implemented over the years into the storage ring, but also on the great variety of atomic and 

molecular ions available from the MPI-K accelerators. The present experimental possibilities 

of this unique facility will be discussed and exemplified. 
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Ion Storage Rings: Rosetta Stones for Astrophysics 
 

Daniel Wolf Savin 
 

Columbia Astrophysics Laboratory, Columbia University, New York, NY 10027, USA 
 
 
 
Spectra from cosmic objects are coded messages which can reveal a wealth of information 

about the mysteries of the universe.  Such observations can tell us about the evolution of 

matter from the Big Bang to the present day and the dynamical processes which shaped the 

universe.  Deciphering these spectra, however, requires a deep understanding of the 

underlying physical processes which produce the observed spectra.  Of particular importance 

are accurate models for the charge state distribution (CSD) of the observed plasmas.  Reliable 

CSDs in turn depend on accurate data for electron-ion recombination and electron impact 

ionization.  Ion storage ring studies of these reactions form an important part of foundation 

upon which much of modern astrophysics is built.  Here I will review some of the 

astrophysical motivation behind our ongoing atomic physics studies at ion storage rings.  I 

will also present some recent results, discuss some of the astrophysical implications, and 

present future astrophysical needs. 
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Fragmentation Anisotropies on Low-Lying Electron Capture Resonances 
 

S. Novotny, H. Rubinstein1, H. Buhr, O. Novotny, J. Hoffmann, M. B. Mendes,  
D. A. Orlov, C. Krantz, M. Berg, M. Froese, A. S. Jaroshevich*, B. Jordan-Thaden, M. Lange, 

M. Lestinsky, A. Petrignani, D. Shafir1, D. Zajfman1, D. Schwalm, A. Wolf 
 

Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany 
1 Department of Particle Physics, Weizmann Institute of Science, Rehovot, Israel 

* permanent address: Institute of Semiconductor Physics, 630090 Novosibirsk, Russia 
 

The fragmentation of positively charged molecular ions in resonant electron collisions 
presents one of the most effective neutralization reactions in low-density ionized media and 
has thus attracted rising interest in studies both experimentally and theoretically in the past 
decades. This process denoted as dissociative recombination (DR) is found extremely 
sensitive on the molecular ion state and on the electron collision energy requiring careful 
preparation of the collision partners as well as high resolution measurements down to the 
meV-range. While the DR rate and the branching ratios of the escaping fragments have been 
studied intensively, the product kinematics, in particular the dependence of this process on the 
angle between the incoming electron and the molecular axis, found less attention so far.  

Provided with vibrationally cold HD+ molecules experimental studies are presented which 
could for the first time particularly focus on the product kinematics in DR reactions with well-
directed incident electrons at energies below ~100 meV. These measurements became 
possible by combining fragment imaging with a newly introduced twin-electron-beam 
arrangement at the heavy-ion storage ring TSR in Heidelberg, Germany. With nearly 
unidirectional, cold electrons from a photocathode source, the product kinematics could be 
measured with high resolution and stable ion beam conditions on a dense grid of energies 
between 10 and 80 meV, where pronounced ro-vibrational Feshbach resonances occur. With 
only one final state being accessed at these energies, the observed fragment distance 
distribution can be analysed precisely with regard to angular distribution and to contributions 
from individual rotational levels of HD+ [1]. 

The results show a strong energy dependence of the angular distribution. The anisotropic 
character, described for the first time by contributions of Legendre polynomials higher than 
2nd order, changes rapidly even over small energy steps and partly varies on a likewise narrow 
energy scale as the DR rate coefficient. These reflect the electronic symmetries involved in 
the resonant electron capture process as long as the fragmentation can be assumed to occur 
fast compared to the rotation. However, a comparison to the expected anisotropy for dominant 
d-wave capture and energy variations similar to those of the rotational level contributions 
suggest reconsidering the non-rotation assumption applied so far to predict DR fragment 
angular distributions.  
 
References: 
 
[1] S. Novotny et al., Phys. Rev. Lett. 100, 193201 (2008) 
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High-Resolution Electron Collision Spectroscopy 

C. Krantz, D. Bernhard*, C. Brandau†, J. Hoffmann, M. Lestinsky‡, D. A. Orlov, E. W. 
Schmidt*, S. Schippers*, A. Müller*, and A. Wolf 

Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 
*Institut für Atom- und Molekülphysik, Universität Gießen, 35392 Gießen, Germany 

†Gesellschaft für Schwerionenforschung, 64291 Darmstadt, Germany 
‡now at: Columbia Astrophysics Labratory, 550 West 120th Street, 10027 New York, USA 

Dielectronic recombination (DR) in electron coolers of heavy-ion storage rings provides an 
opportunity of performing precision spectroscopy of valence excitations of highly charged 
few-electron ions. DR is the capture of a free electron into a high Rydberg state of the ionic 
core through an inverse Auger process. As the excess energy of the captured electron is 
absorbed into a valence excitation of the ionic core, this recombination process is resonant in 
the kinetic energy of the free electron and allows thus to perform spectroscopy of the 
capturing ion. 
In cases where the Rydberg binding potential of the captured electron and the excitation 
energy of the ionic core nearly cancel out, spectroscopy of the valence excitation provided by 
DR measurements in a storage ring can surpass the precision of other available techniques in 
the range of high and medium nuclear charges Z [1, 2].  
The experimental setup at the Test Storage Ring (TSR) of the Max-Planck-Institute of 
Nuclear Physics has been significantly improved by addition of a second merged electron-
beam device alongside the existing electron cooler [3]. The electron cooler allows to 
continuously cool the stored ion beam in phase space, while the second, target beam may be 
dedicated to electron collision spectroscopy. Operating at much lower currents than the 
cooler, the target is optimised in order to provide an electron beam of highest quality in 
longitudinal and transverse thermal momentum spread. Employing a cryogenic photocathode, 
the target setup can produce electron beams of transverse kinetic energy spreads kBT of down 
to below 1 meV in the comoving frame of the ion beam [4]. As the target beam is of much 
lower electron density than that of the cooler, changes of the ion velocity by the detuned 
colliding electron beam are not an issue in our setup, even at collision energies as low as 
~10 meV. In this case the transverse electron temperature is the dominant factor limiting the 
energy resolution of observed DR resonances. 
For lithiumlike ionic systems the relativistic many-body perturbation theory (RMBPT) 
calculations employed to determine the few-body effects on the resonance positions are very 
accurate, such that highly precise DR measurements are sensitive to additional shifts of the 
term energies arising from quantum electrodynamical (QED) corrections [2]. Such 
recombination measurements of Sc18+ were performed at the TSR and allowed to determine 
the 2s1/2-2p3/2 transition energy of the lithiumlike core with relative precision better than 
5ּ10−6 [1]. 
In addition we recently performed precise measurements of DR resonance energies for 
beryliumlike Ge28+, boronlike Fe21+, and fluorinelike Fe17+, that may serve as test-benches in 
the process of extending atomic structure calculations to systems with larger numbers of 
valence electrons. With future accurate many body calculations, QED corrections may 
become accessible also for these systems.  
[1] M. Lestinsky et al., Phys. Rev. Lett 100, 033001 (2008) 
[2] S. Kieslich et al., Phys. Rev. A 70, 042714 (2004) 
[3] F. Sprenger et al., NIM A 532, 298 (2004) 
[4] D. A. Orlov et al., NIM A 532, 418 (2004) 
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 Experimental Opportunities with Slow Cooled Ion Beams 
 

Andreas Wolf  
 

Max-Planck-Institut für Kernphysik, Heidelberg, Germany 
 

The storage of slow ion beams has been applied over more than a decade for many 
experiments [1] studying, among others, the time dependence of decay processes, the internal 
cooling of molecules and clusters, and collisional processes with electrons in crossed beam 
geometry. A strong potential for additional experimental opportunities will be opened up by 
further improving the storage environment for slow ion beams. In particular, the perturbations 
acting on the stored ions can be reduced much below the presently achieved level by 
minimizing the residual gas densities and the radiation field in the storage devices, cooling 
their surrounding to low cryogenic temperature. Moreover, efficient phase space cooling has 
never so far been realized for slow ion beams with specific energies of, e.g., ~10 keV/u. A 
cryogenic electrostatic storage ring for ion beams with total energies of a few hundred keV, 
together with cold, intense, low-energy electron beams with energies down to a few eV in 
merging beam geometry, for the first time offers the perspective of phase-space cooled slow 
ion beams over a wide mass range with specific energies down to a few keV/u. 

The velocities of these ion beams lie below the atomic unit of velocity and hence are of great 
interest for collision studies with atomic and molecular targets at rest in a ring-internal gas 
target. Moreover, the long storage lifetimes at extremely low ambient radiation density, with 
black-body temperatures in the few-Kelvin range, offer supreme conditions for creating and 
maintaining ions in well-defined single quantum states, from molecular rotations to the 
vibrations and internal conformation of large aggregates. For fast-beam fragmentation 
experiments in molecular and cluster physics, the translational velocities of the disintegration 
product are strongly reduced as compared to the present conditions, giving much improved 
access to highly resolving three-dimensional fragment imaging methods. This will be 
applicable for a wide range of molecular and cluster physics in electron-ion merged beams 
experiments and in many types of laser experiments, including new energetic photon sources. 
Finally, the extreme vacuum of a cryogenic electrostatic storage ring will offer long storage 
times also for slow beams of ions up to the highest charge states, opening up new ranges for 
collisions with in-ring targets at rest and for x-ray spectroscopy. An introductory overview of 
these options, to be taken up by following presentations, will be given. 

[1] L. H. Andersen, O. Heber, D. Zajfman, J. Phys. B 37, R57, 2004 
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 Cryogenic Ion Storage 
 

R. von Hahn, K. Blaum, J. R. Crespo López-Urrutia, M. Froese, M. Grieser, 
M. Lange, S. Menk, D. Orlov, R. Repnow, C. D. Schröter, D. Schwalm, 

A. Shornikov, T. Sieber, J. Ullrich, J. Varju and A. Wolf 
Max-Planck-Institut für Kernphysik , Heidelberg, Germany 

D. Zajfman 
Weizmann Institute of Science, Rehovot, Israel 

X. Urbain 
Université Catholique de Louvain, Louvain-La-Neuve, Belgium 

 
At the Max-Planck-Institut für Kernphysik in Heidelberg a next generation electrostatic 
storage ring at cryogenic temperatures is under development. This unique cryogenic storage 
ring (CSR) with wall temperatures close to 2 K will open new fields in the research on ions, 
molecules and clusters up to bio molecules in the energy range of 20 keV -300 keV. The 
achievement of low cryogenic temperatures for the material walls seen by the ions in the 
storage ring not only causes a strong reduction of black body radiation incident onto the 
stored particles, but also acts as a large cryopump, expected to achieve a vacuum of better 
than 10−15 mbar (corresponding to 10−13 mbar room temperature equivalent). The low 
temperature and the extreme low vacuum will allow novel experiments to be performed, such 
as rotational state control of molecular ions and their interaction with ultra-low energy 
electrons and laser radiation.  

The CSR will have a circumference of about 35 m, thus allowing sufficient space for internal 
experimental sections which will be available, e.g., for a collinear low-energy merged 
electron beam and a reaction microscope. The demand for stable beam operation and a high 
flexibility in detecting reaction products from various processes resulted in an optical design 
where a 90-degree bend is subdivided in the sequence of 6o, 39o, 39o, and 6o deflections. For 
allowing measurements at low velocities and high masses, electrical deflection has been 
chosen instead of a magnetic one. The cryogenic structure will be built as a toroidal beam 
tube with an “onion skin”, composed an outer chamber at room temperature for the isolation 
vacuum, two layers of radiation shields in this outer vacuum at 80 and 40 K, and finally the 
cold ion beam enclosure, housing also the electrostatic elements. The ion beam enclosure 
forms a separate vacuum chamber completely separated from the isolation vacuum by 
helicoflex sealing technology. To cool the experimental chamber to cryogenic temperatures a 
superfluid helium system will be used. 

In order to test the cooling concept, the vacuum achieved in such a large-scale setup coupled 
to a fast ion beam source, and the related technological requirements, a 4 m long linear 
electrostatic fast-beam ion trap (CTF) was built as a prototype. The linear ion trap can be 
loaded with atomic or molecular ions from an external ion source. The CTF has been built up 
at the recently commissioned 2 K refrigerator for the CSR project. The CTF assembly, 
realizing the “onion skin” structure foreseen for the CSR, has been completed and cooled 
down by passing superfluid helium through the innermost cooling leads, with 1.8 K achieved 
at the return lead from the CTF. Probes at the ion trap vacuum chambers indicated their cool 
down below an upper limit of 10 K. Ion storage tests in the CTF structure at warm and cold 
temperatures are starting. 
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 Ultracold Photoelectron Beams 
D. A. Orlov, A. Shornikov, C. Krantz, A. S. Jaroshevich*,  

J. Hoffmann, A. S. Terekhov*, A. Wolf  
Max-Planck-Institut für Kernphysik, D-69117 Heidelberg, Germany 
 (*) Institute of Semiconductor Physics, 630090 Novosibirsk, Russia 

The ultra cold electron target with a cryogenic GaAs photocathode source, developed for the 
Heidelberg TSR, delivers electron currents up to 1 mA at an energy resolution down to and 
below 1 meV for electron-ion recombination merged-beam experiments. A new set of 
recombination measurements demonstrating this improved energy resolution with different 
atomic (Sc17+, Ge28+, Fe21+, Fe17+) and molecular (H2

+, H3
+, HD+, CF+, HF+) systems and 

enabling insight into the nature of the studied processes are presented in this meeting. 
The development of new low-energy electrostatic and cryogenic ion storage rings brings the 
challenge of providing electron cooling and recombination measurements with magnetized 
merged electron beams of eV and sub-eV kinetic energies.  In general the properties of 
electron beams strongly degrade at eV-energies due to lower electron densities, limited by the 
fixed gun perveance, and due to higher longitudinal electron temperatures, defined mainly by 
the emission energy spread of electrons escaping the cathode. Moreover, the magnetic field, 
required to suppress electron beam heating, has a strong effect on slow ions in an electrostatic 
ring in the beam merging and de-merging regions, where the inhomogeneous field strongly 
deflects slow and light ions (e.g. protons) and, in case of the conventional toroid merging of 
the electron and ion beams, reduces almost to zero the dynamical acceptance of the storage 
ring. High density, cold magnetized electron beams in low-energy storage rings therefore 
present a new field with large optimization requirements and potential.  
A new electron-ion merging scheme was developed based on the idea of bringing electrons to 
the ion axis in a uniform transverse dipole magnetic field superimposed to the longitudinal 
guiding field over a distance of ~0.3 m. The orbit of the electrons from the gun in this case 
lies ~0.15 m above the ring plane. A toroid of 0.2 m radius bends the electrons by 90º before 
they enter in interaction with the ion beam in the merging box where, on the other hand, the 
ions experience only the uniform transverse magnetic field. The first-order term for the 
variation of the ion deflection angle in the horizontal plane is reduced to zero, while the 
second-order term is found to be small. With these properties, the proposed merging scheme 
results in a strong reduction of the horizontal-vertical coupling of the ion motion in the ring, 
giving us the possibility to use high guiding magnetic fields up to 50 G even for the most 
critical case of 20 keV protons (allowing only a few G of magnetic field strength in the case 
of toroid merging).  
Efficient cooling of a low-energy CF+ beam at 90 keV/u by a cold photoelectron beam of only 
55 eV energy and 0.3 mA of current was achieved with the TSR electron target. Within 2-3 
seconds transverse cooling yielded a very small equilibrium beam size of about 0.1 mm 
deduced from imaging of the recombination products. The short cooling times are attributed 
to the low electron temperatures of 1 meV in transverse and 0.03 meV in longitudinal 
direction. 
The production of high-density cold electron beams with sub-eV energies has recently been 
demonstrated at the TSR target. High effective perveances up to 10 μA/V3/2 (that is by a factor 
of up to 10 larger than at the gun) were obtained in a controlled way, without finding any 
substantial degradation of the beam quality at a downstream analyzer, using high-energy (up 
to 20 eV) electron extraction with following deceleration by drift tubes in the interaction 
region. Methods to calibrate the sub-eV electron beam energies and to measure the 
longitudinal and transverse electron beam momentum spreads are under development. 
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Experiments with slow highly charged ions at EBIT sources 
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Recombination of Low-Charge Atomic and Cluster ions 
 

Stefan Schippers 
 

Institut für Atom und Molekülphysik, Justus-Liebig-Universität Gießen, Germany 
 

Recombination of highly charged ions with electrons is a well established field of research at 

MPI-K’s TSR and GSI’s ESR storage rings. Recent highlights of this research are the 

measurement of the hyperfine induced decay rate of the 1s2 2s 2p 3P0 state in Be-like Ti18+ [1] 

utilizing dielectronic recombination (DR), the observation of the isotope shift in DR of three-

electron Nd57+ [2] , and the observation of the hyperfine splitting of Sc18+ low-energy DR 

resonances at the TSR high-resolution electron target [3]. The latter experiment resulted in the 

determination of the Sc18+(2s1/2 - 2p3/2) energy splitting with an uncertainty of only 4.6 ppm 

which is less than 1% of the few-body effects on radiative corrections [3]. 

At the existing magnetic storage rings, recombination of low-charged ions is difficult because 

such ions can be bent in the storage ring’s dipole magnets only if they move with low 

velocities. At low velocities cross sections for electron capture from rest gas molecules are 

large and, consequently, beam lifetimes are low and background in the recombination channel 

is high. At the electrostatic cryogenic storage ring CSR these limitations will be overcome 

since i) the bending of the ions will not depend on their mass and ii) the residual gas pressure 

at cryogenic temperatures will be low such that beam lifetimes will be long even at low ion 

velocities. Thus, recombination studies will be feasible at  the CSR  not only with low-

charged atomic ions but also with large (bio-)molecular ions and with mass selected cold 

cluster ions. One of the many interesting issues is recombination associated with collective 

excitations in highly correlated many-electron systems such as (endohedral) fullerene ions [4]. 

An applied aspect of the recombination of low-charge ions is its importance in astrophysics 

[5] where accurate atomic data are needed for the detailed understanding of a large variety of 

cosmic objects. 

References: 

[1] S. Schippers et al., Phys. Rev. Lett. 98, 033001 (2007). 
[2] C. Brandau et al., Phys. Rev. Lett. 100, 073201 (2008). 
[3] M. Lestinsky et al., Phys. Rev. Lett. 100, 033001 (2008). 
[4] S. Scully et al., Phys. Rev. Lett. 94, 065503 (2005); 98, 179602 (2007). 
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Cryogenic Particle Detectors 
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The rapid development of low temperature thermal detectors since the early1980s has resulted 

in remarkable improvements in the sensitivity and precision of many types of measurements 

in astro-particle physics, nuclear physics and material science. Among these calorimetric 

detectors, semiconductor thermistors, transition edge sensors and magnetic calorimeters play 

an important role. In principle, a calorimeter is a simple device, consisting of an absorber 

suited for the particles being detected, which is weakly coupled to a thermal reservoir, and a 

thermometer with which the temperature of the absorber can be monitored with high 

precision. X-ray quanta are stopped in the absorber primarily by the photoelectric effect, 

which initially leads to a non-equilibrium distribution of energy among the degrees of 

freedom in the absorber. Ideally, the time for the down conversion to thermal modes within 

the absorber/thermometer system should be very short compared to the time constant for 

thermalization with the heat sink. With a resolving power E/δE of well over 2000 cryogenic 

micro-calorimeters provide today by far the best energy resolution of any energy dispersive 

detector for single hard x-rays.  The recent development of generic multiplexing schemes for 

transition edge sensors has made possible the realization of detectors with several thousand 

pixels and opened up the path for many now applications for such detectors. We will discuss 

the concept of calorimetric particle detectors and the results for X-ray detection obtained with 

different types of calorimeters. 
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On the Possibility of Realizing Shortest Bunches  
in the Ultra-low energy Storage Ring (USR) 
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The Facility for Low-energy Antiproton and Ion Research (FLAIR) and a large part of the 
wide physics program decisively rely on new experimental techniques to cool and slow down 
antiprotons to 20 keV, in particular on the development of an ultra-low energy electrostatic 
storage ring (USR). The whole research program connected with anti-matter/matter 
interactions is only feasible if such a machine will be realized.  
 
For the USR to fulfil its key role in the FLAIR project, the development of novel and 
challenging methods and technologies is necessary: the combination of the electrostatic 
storage mode with a deceleration of the stored ions from 300 keV to 20 keV, electron cooling 
at all energies in both longitudinal and transverse phase-space, bunching of the stored beam to 
ultra-short pulses in the nanosecond regime and the development of an in-ring reaction 
microscope for antiproton-matter rearrangement experiments. 
 
As it will be shown in this contribution, it is highly desirable to realize ultra-short bunches in 
the nanosecond regime for some very interesting experiments in the USR. These bunches will 
then be used for collision studies with atomic or molecular gas jet targets where the time 
structure of the bunches will be used as a trigger for the experiment. Thus, the control of the 
longitudinal time structure of the stored beam is of central importance since it directly 
determines the quality of the envisaged experiments.  
 
Since many years, it has been a significant challenge for the storage ring accelerator-physics 
community to develop techniques to reduce the duration of bunches.  Up to now, all methods 
that have been developed go along with various difficulties, which can include reduced 
stored-beam lifetimes. Thus, novel and innovative concepts for the manipulation and control 
of the longitudinal beam structure will have to be developed.  
 
In this talk, I will show the present layout of the USR together with a possible approach to 
realize shortest bunches in such an innovative electrostatic storage ring. 
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in Ion Storage Rings 

 
D. Fischer, R. Moshammer, T. Ferger, K.-U. Kühnel, B. Najjari, 

M. Schäfer, A. Voitkiv, J. Ullrich 
MPI für Kernphysik, Heidelberg, Germany 

Z. Berényi, H. Cederquist, M. Gudmundsson, N. Haag, H. Johansson, A. Källberg, D. Misra, 
P. Reinhed, R. Schuch, A. Simonsson, K. Støchkel, H. Zettergren, H. Schmidt  

Stockholm University, Stockholm, Sweden 

S. Hagmann, H. Bräuning, H. Brandau, C. Dimopoulou, A. Gumberidze, C. Kozhuharov, 
M. Nofal, R. Reuschl, M. Steck, M. Trassinelli, S. Trotsenko, Th. Stöhlker  

GSI, Darmstadt, Germany 
 

In the last decade cold target recoil ion momentum spectroscopy (COLTRIMS) and so-called 

Reaction Microscopes became standard tools to study the dynamics of atomic and molecular 

break-up processes. They enable to obtain momentum-resolved data sets by the detection of 

the charged target fragments produced in single collisions with electrons, ions, single photons, 

or in strong laser fields. In combination with ion storage rings, which provide excellent 

experimental conditions w.r.t beam intensities and emittances, they represent the ideal tool to 

obtain highly differential information on fundamental processes like ionization or charge 

transfer in ion-atom collisions. 

An overview on recent advances in collision studies at the CRYRING at MSL in Stockholm 

and the ESR at the GSI will be given. With the COLTRIMS setup implemented in 

CRYRING, single and double electron capture from hydrogen molecules in collisions with 

protons and He2+-projectiles has been investigated. A variation in the total electron-transfer 

cross section as function of the molecular orientation has been observed which is attributed to 

interference in analogy to a Young-type double-slit scenario. 

Recently, for the first time a fully-equipped Reaction Microscope allowing the momentum-

resolved detection of electrons in coincidence was operated in a storage ring, the ESR at GSI 

in Darmstadt. The results of the first experiments on target ionization and charge transfer in 

collisions between He, Ne, and Ar targets and highly charged projectiles ranging from 13 

AMeV U92+ to 400 AMeV Ni28+ will be presented. Future experiments are planned to study 

e.g. radiative and non-radiative charge transfer reactions where also photons are detected in 

coincidence. Furthermore, simultaneous ionization of target and projectile shall be 

investigated, to obtain insight into the dynamics of electron emission from HCIs. 
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We have recently concentrated on the theoretical description of dissociative recombination 

(DR) collisions between an electron and a molecular ion, especially those that are controlled 

by indirect Rydberg capture mechanisms rather than by the direct DR process pinpointed by 

Bates in the 1950s.  For an H3
+ target molecule, DR occurs surprisingly rapidly, and this has 

been identified as a consequence of the comparatively weak Jahn-Teller coupling between the 

incident degenerate p-wave continuum electron and the vibrational angular momentum degree 

of freedom of the ion.  Similarly, the observed high DR rate of HCO+, initially puzzling in 

view of the absence of any relevant crossing of Born-Oppenheimer surfaces at low energies, 

could ultimately be attributed to Renner-Teller coupling.  Other information has been gleaned 

from DR studies of the exclusively Rydberg-mediated systems LiH+ and LiH2
+.  This 

presentation will concentrate on the insights extracted from these studies, and it will provide 

an overview of remaining theoretical challenges for experiment and theory. 

 
This work was supported in part by NSF, and in part by the Alexander von Humboldt 
Foundation. 
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M. Mendes, A. Petrignani, D. Bing, M. Froese, M. Grieser, R. von Hahn and A. Wolf 
Max-Planck Institut für Kernphysik, D-69117 Heidelberg, Germany 

 
 

A laser ion source (LISE) has been developed for the production of beams of ro-
vibrationally selected molecular ions. The gas is introduced through a thin needle between 
electrodes producing an electric field compensating for the strong space-charge repulsion 
resulting from the high ionization degree in the focal volume of a pulsed laser beam. The ions 
are extracted and formed into a beam of several keV for laser and electron impact 
experiments, and may serve as an ion source for large scale accelerators. 

The selectivity is achieved in H2 by 3+1 REMPI via the C 1Πu state [1,2]. The absolute 
number of ions was determined by means of a calibrated electron multiplier, and easily 
exceeds a million per laser shot (3 ns, 25 mJ at 300 nm). The vibrational excitation of the ions 
was characterized with the help of our dissociative charge exchange apparatus, consisting of a 
potassium target and a pair of position-sensitive detectors operating in coincidence [3]. The 
rotational lines are hardly resolved due to both power broadening and ac-Stark shift of the 
intermediate levels. 

The LISE ion source was installed on the RFQ injector of the TSR in Heidelberg to study 
the dissociative recombination of ro-vibrationally selected H2

+ in combination with the 
photocathode electron target. A rate coefficient was successfully measured for no less than six 
different v+,N+ quantum states.  A rich structure of Rydberg resonances is observed, that is 
sensitive to the rotational state prepared in the source. Excellent agreement is found for v+=0, 
N+=1, with the measurements performed at CRYRING with para- and ortho-hydrogen [4]. 
This unique data set may serve as a test bench for the consistency of the present theoretical 
calculations. 

The low transmission of the nanosecond ion bunch into the storage ring, and the rapid de-
excitation of the vibrationally excited ions by super-elastic collisions, limit for now the 
applicability of this method. However, the production of molecular ions with no permanent 
dipole in selected quantum states is a promising step towards state-to-state molecular 
dynamics studies. 
 
[1] S. T. Pratt, P. M. Dehmer and J. L. Dehmer, Chem. Phys. Lett., 105, 28 (1984). 
[2] M.A. O’Halloran, S.T. Pratt, P.M. Dehmer and J.L. Dehmer, J. Chem. Phys., 87, 3288 

(1987). 
[3] X. Urbain, B. Fabre, E.M. Staicu-Casagrande, N. de Ruette, V.M. Andrianarijaona, J. 

Jureta, J. H. Posthumus, A. Saenz, E. Baldit and C. Cornaggia, Phys. Rev .Lett., 92, 
163004 (2004). 

[4] V. Zhaunerchyk, A. Al-Khalili, R. D. Thomas, W. D. Geppert, V. Bednarska, A. 
Petrignani, A. Ehlerding, M. Hamberg, M. Larsson, S. Rosen, and W. J. van der Zande, 
Phys. Rev. Lett. 99, 013201 (2007). 
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3Laboratoire de Méchanique, Physique et Géosciences Université du Havre, 
Le Havre, France 
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5Department of Physics, Faculty of Science, University of Douala, Douala, Cameroon 
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Louvain-la-Neuve, Belgium 
 
For the understanding of dissociative recombination (DR) mechanisms and their interference, 

HD+ is a benchmark system. The direct pathway, in which an electron is captured directly into 

an dissociative neutral state of the molecule, is accessible already at lowest collision energies. 

It competes and interferes with indirect processes, where the HD is formed as a 

rovibrationally excited HD+ core with a Rydberg-like electron before it couples to the 

dissociative state. These interferences lead to resonances in the low-energy range DR as was 

shown in theoretical works [1]. Improvements in the experimental field – especially the 

implementation of the new electron target at the TSR in combination with the application of 

an ultra-cold photocathode [2] – allow to measure the DR rate coefficient as a function of 

collision energy with sub-meV resolution. The good agreement between theoretical and 

experimental results that was found [3] encouraged an attempt to label the resonances 

observed according to their initial rotational (J) and intermediate rovibrational core (vRyd, JRyd) 

and Rydberg-like electronic (nRyd, lRyd) state. In the range of 0-24 meV a detailed study of the 

occuring resonances was performed and the relevant initial and intermediate state 

combinations were identified. 

 
[1]   I. F. Schneider et al., J. Phys. B 30 (1997) 2687 
[2]   D. A. Orlov et al., Nucl. Instrum. Meth. A 532 (2004) 418 
[3]   H. Buhr, PhD thesis (2006) 
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Polyatomic Ions in Space 
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In my presentation I will review major processes that dominate chemistry under space 

conditions. Formation and destruction of molecular ions are among the most important 

evolutionary mechanisms. A critical analysis of our current knowledge on observational as 

well as theoretical and experimental aspects of this problem will be presented. Incompleteness 

of astrochemical databases and uncertainties associated with poorly derived reaction rates 

may impose severe problems for modelers and those seeking to constrain the observations. In 

particular, I will demonstrate how important it is to handle correctly dissociative recom-

bination reactions and respective branching ratios. 
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Investigations on the dissociative recombination (DR) of molecular ions have reached such 
detail that the focus is presently on vibrationally and even rotationally resolved DR studies. 
Ion sources are being developed that can produce populations with few quantum states in 
order to measure state dependences in ion storage rings. These ion populations are prepared 
and characterised beforehand in separate experiments, e.g., using charge-exchange reactions 
in fast-beam translational spectroscopy setups or by storing the ions in a trap and probe them 
using action spectroscopy [1-3]. In storage rings, however, the so carefully mapped ion 
populations could change during extraction, transfer, and/or circulation in the ring. 
Investigations on heating or cooling effects have been performed [4]. A more direct method, 
however, would be to probe the ions in situ. 

To this purpose, we are studying the photodissociation of H3
+. The H3

+ has been extensively 
studied and detailed investigations are needed for further understanding [5]. The DR of 
rotationally cold H3

+ has been measured in storage rings, however, the exact internal 
population of these ions, is subject to debate [6,7]. We want to probe the cold rotational states 
using photodissociation in a sequence of resonant steps. For the first step(s), we investigate 
the excitation, up to the dissociation limit, of low single rotational states of H3

+, prepared in a 
cryogenic 22-pole trap, using action spectroscopy in order to find suitable platforms to excite 
to. In parallel, we study the photodissociation of an already hot H3

+ beam in the storage ring, 
TSR, to find suitable platforms to photodissociate from. In the end, we would like to use the 
found resonant states from both investigations for the multi-step photodissociation of cold H3

+ 
in the TSR. A suitable calibration of the transition probabilities and the dissociation rates is 
hoped to lead to probing capabilities for the cold rovibrational state populations. We present 
our first results on the photoexcitation and dissociation of H3

+. 
 
[1] Urbain et al., Phys. Rev. Lett. 92 (2004) 163004 
[2] Petrignani et al., J. Chem. Phys. 122 (2005) 014302 
[3] Mikosch et al., J. Chem. Phys. 121 (2004) 11030 
[4] Wolf et al., Phil. Trans. R. Soc. A (2006) 364, 2981–2997 
[5] Larsson et al., Phil. Trans. R. Soc. A (2000) 358, 2433–2444 
[6] Petrignani et al., to be published (2008) 
[7] dos Santos, Kokoouline and Greene, J. Chem. Phys. 127 (2007) 124309 
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Over a dozen sulfur-containing molecules have been observed in the interstellar medium.  
Their formation pathways are still disputed and in many respects interstellar sulfur chemistry 
is still a very unexplored field.  Ion processes are thought to play a crucial role herein, which 
can be illustrated by the invoked gas-phase mechanism for production of H2S in interstellar 
clouds: 
 

H3
+ + S → SH+ + H2        (1) 

H2 + SH+ → H3S+ + hν         (2) 
H3S+ + e- → H2S + H        (3) 

 
Unfortunately, experimental data on rate constants of such processes is very often lacking 
even for the most important species. This is particularly unfortunate in the case of the last DR 
step of the synthesis (Reaction 3), where, due to the high exoergicity of electron attachment, 
four different product pathways are possible. The branching fraction between the different 
pathways strongly affects the feasibility of the suggested reaction scheme to produce 
interstellar H2S and thus the prediction of models in respect to abundances of sulfur-
containing compounds. Generally, the chemistry of sulfur compounds in the interstellar 
medium is still a quite unexplored field and, especially in the case of H2S and HCS+ model 
calculations fail to reproduce the observed abundances. In our Contribution, we present an 
experimental determination of the rate constants and branching fractions of the DR of H3S+ 
and other sulfur-containing ions using the CRYRING storage ring located at Stockholm 
University. From our data we conclude that interstellar H2S is mainly produced on grain 
surfaces by successive hydrogenation of S atoms [1].    

One of the long-standing puzzles in interstellar sulfur chemistry is the high ratio of HCS+/CS 
in the interstellar medium, which is vastly superior to the one of the isovalent oxygen species 
(HCO+/CO). For a long time this has been attributed to a fast production of HCS+ rates by 
proton transfers and a lower dissociative recombination rate constant in HCS+ than in HCO+ 
[2]. Experimental investigations into this process did not validate this assumption and 
inclusion of the new data into model calculations using the UMIST code exacerbates the 
discrepancy between their predictions and the observed abundances in the dark cloud TMC-1 
[3]. 
 
[1] M. Kamińska, E.Vigren, V. Zhaunerchyk, W. D. Geppert, H. Roberts, C.Walsh, T. J. 

Millar, M. Danielsson, M. Hamberg, R. D. Thomas, M. Larsson, M. af Ugglas and J. 
Semaniak,  Astrophys. J., in press 

[2] T. J. Millar, Mon. Not. R. Astr. Soc., 202, 683 (1983)  
[3] H. Montaigne, W. D. Geppert, F. Hellberg, J. Semaniak, R. Thomas, V. Zhaunerchyk, M. 

Kaminska,  A. Källberg, A. Simonsson, G. Angelova, A. Paal and M. Larsson, 
Astrophys. J., 631, 653, (2005) 
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Photofragment imaging experiments on molecular ions using dilute fast moving ion targets in 

the crossed beams geometry have proven feasible in the VUV and soft-X-ray spectral range 

[1] using the laser pulses of the Free-electron LASer in Hamburg (FLASH) [2] which 

operates at ~20-210 eV with extreme intensities of ~1013 photons within 30-50 fs. An ion-

beam infrastructure that also allows for rovibrational cooling of the molecular ions by long 

time (ms-s) trapping in an electrostatic ion beam trap prior to the laser irradiation has been 

created for such experiments at the FLASH plane grating monochromator beam line. The 

dynamics on high-lying potential surfaces reached by energetic photons can thus be probed 

for a wide range of species and fragmentation channels that have so far been inaccessible, 

ranging from fundamental molecular ions up to complex molecular and cluster systems. 

Selected fundamental systems have recently been studied at FLASH; the benchmark system 

HeH+ was probed at 32 nm (~39 eV) showing dissociation routes considered neither in theory 

nor in astrophysical models to be dominant [1], and very recently results on the 

photofragmentation of the astrophysically and atmospherically relevant H3O+ have been 

obtained at 92 eV (13.5 nm).  

 

[1] H. B. Pedersen et al., Phys. Rev. Lett. 98, 223202 (2007). 

[2] V. Ayvazan et al., Eur. Phys. J. D 37, 297 (2006) 
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Reaction Dynamics of Cold Trapped Anions 
 

Roland Wester 
 

Physikalisches Institut, Universität Freiburg, 
Hermann-Herder-Straße 3, 79104 Freiburg, Germany 

 
Reactions of negative ions with neutral molecules represent model systems for complex 
reaction dynamics in few-body systems. They feature a corrugated potential energy landscape 
that originates in the competition of long-range attractive and short-range repulsive forces.  
This requires the coupling of different vibrational degrees of freedom for reactions to occur 
and leads to unexpected properties of the reaction cross section. 

To study anion-molecule reaction dynamics, we have adopted two complementary 
experimental approaches. Using velocity map imaging in combination with crossed beams at 
low energy, the differential scattering cross section of negative ion reactions is measured at a 
controlled relative energy [1]. This setup has allowed us to image the nucleophilic substitution 
reaction, a prototypical reaction in organic synthesis, and we have observed several distinct 
reaction mechanisms as a function of collision energy [2]. 

Using a 22-pole ion trap, which allows for efficient buffer gas cooling of all degrees of 
freedom of trapped molecular ions, we study reaction rates of negative ions at cryogenic 
temperatures down to 8 Kelvin [3,4]. Due to the recent detection of negative ions in 
interstellar molecular clouds, these measurements have become relevant for understanding the 
interstellar abundance of anions. Absolute cross sections for anion photodetachment, a 
significant destruction mechanism in photon dominated regions, are measured in our 22-pole 
trap with high systematic accuracy [5]. In addition, we have observed unexpected 
temperature-dependences for a proton transfer reaction as well as for a ternary cluster 
stabilization reaction at low temperatures [6,7]. 

 
[1] J. Mikosch, U. Frühling, S. Trippel, D. Schwalm, M. Weidemüller, R. Wester, Phys. 

Chem. Chem. Phys. 8, 2990 (2006) 
[2] J. Mikosch S. Trippel, C. Eichhorn, R. Otto , U. Lourderaj, J. X. Zhang, W. L. Hase, M. 

Weidemüller, R. Wester, Science 319, 183 (2008) 
[3] J. Mikosch, U. Frühling, S. Trippel, D. Schwalm, M. Weidemüller, R. Wester, Phys. Rev. 

Lett. 98, 223001 (2007) 
[4] J. Mikosch et al., submitted 
[5] S. Trippel, J. Mikosch, R. Berhane, R. Otto, M. Weidemüller, R. Wester, Phys. Rev. Lett. 

97, 193003 (2006) 
[6] R. Otto et al., submitted 
[7] J. Mikosch et al., submitted 
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He and T Measurements in Penning Traps 
 

D. Pinegar 

 
Max-Planck-Institut für Kernphysik, D-69117 Heidelberg, Germany 

 
 
Beta-spectrometer experiments to constrain neutrino masses (such as KATRIN [1] and the 

completed Mainz experiment [2]) have a long history, as do independent helium-3 and tritium 

mass difference measurements like the most precise result from SMILETRAP [3]. The main 

goal of MPIK/UW-PTMS, the Max-Planck-Institute for Nuclear Physics/University of 

Washington Penning Trap Mass Spectrometer collaboration, is to use simultaneous axial-

frequency-lock in two externally-loaded hyperbolic Penning traps to perform single-ion 

cyclotron frequency measurements for a determination of the 3H to 3He mass ratio with 10−11 

uncertainty. Ideally their mass difference (which is easily calculated from the mass ratio) will 

be found with an uncertainty much smaller than the tritium β-spectrum endpoint can be 

determined by the KATRIN experiment. For KATRIN, the uncertainty on the endpoint 

depends on absolute calibration of the spectrometer retarding potential as well as several other 

factors. Because mechanisms causing systematic uncertainty in beta-spectrometers generally 

effect both the fitted endpoint E0 and the fitted electron neutrino mass mν, agreement between 

the spectrum endpoint and independent mass difference measurements should reinforce 

confidence in the understanding of KATRIN systematic uncertainties. Hopefully, in the future 

agreement at the ~50 meV level will be found, just as good agreement was found at the ~2 eV 

level between earlier 3H to 3He mass difference measurements and beta-spectrometers of 

lower resolution than KATRIN. 

 
[1] J. Angrik et al., FZKA Scientific Report 7090, MS-KP-0501, (2004). 
[2] Ch. Kraus et al., Eur. Phys. J. C 40, 447-468 (2005). 
[3] Sz. Nagy et al., Europhys. Lett. 74, 404-410 (2006). 
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Precision Mass Measurements using Penning Traps 
and Highly Charged Ions 

 
M. Hobein, O. Kamalou, A. Solders, M. Suhonen, L. Yuwen, Sz. Nagy1, 

K. Blaum1, G. Marx2 and R. Schuch 

Atomic Physics, FYSIKUM, AlbaNova, Stockholm University, S106 91, Stockholm, Sweden 
1Physics Department, Johannes Gutenberg University, D-55128 Mainz, and 

Max-Planck-Institut für Kernphysik, D-69117 Heidelberg, Germany  
2 Institut für Physik, Ernst-Moritz-Arndt-Universität Greifswald, 17487 Greifswald, Germany 
 
The mass of an atom and its inherent connection with the atomic and nuclear binding energy 
is a fundamental property of the atom. Accurate mass values are therefore important for a 
variety of application in nuclear and atomic physics studies ranging from the verification of 
nuclear models, test of the standard Model and QED, to determination of fundamental 
constants. Furthermore, ion traps can be used for precise measurements of Q-values for decay 
studies.  

The long observation time and the well understood dynamics of the ions motion in Penning 
traps brings these mass spectrometers into the front line of high precision mass spectroscopy. 
And, using highly charged ions (HCI) the accuracy limits for heavy atoms are improved 
considerably[1]. At SMILETRAP I, the first dedicated highly-charged ion precision mass 
spectrometer, we have reached a relative precision of the order of 10-10 also for heavier 
elements. 

The masses of Li-like and H-like 40Ca and 24,26Mg, necessary for evaluating g-factor 
measurements of the bound electron in these ions, were improved with SMILETRAP by an 
order of magnitude to ~10-10 accuracy [2]. The mass differences of 76Ge - 76Se gave the Q-
value [3] of the 76Ge double β-decay and energy for its possible n-less channel. The presently 
most precise tritium β-decay Q-value, important for n rest-mass experiments, comes from 
SMILETRAP I[3]. We uncovered a 14-sigma error in the tabulated 7Li mass value[4], a 
significant change in calibration for nuclear charge radii and mass measurements for neutron 
halos 9Li and 11Li. Before shutting down SMILETRAP I, we remeasured the proton mass by 
using the D+ - H2

+ doublet. A proton mass value with 1.810-10 accuracy was obtained [5], 
confirming the tabulated value. 

Presently, SMILETRAP II is being set up at the new facility for highly-charged ions at 
AlbaNova to continue the row of successful mass measurements with an improved accuracy. 
As a first step, a 1.3T Penning trap for cooling highly-charged ions extracted from the new 
Stockholm electron-beam ion trap (S-EBIT) was brought into position and successfully tested. 
The system allows the simultaneous storage of two ion species (e.g. Ar18+ and He+) in the 
trap. Cooling of highly-charged ions should be achieved by evaporation of the light ions. The 
cold HCI will then be injected into the 6T precision Penning trap, where a selected one of 
them will be excited for mass measurement. An outlook on the planned research program will 
be given.   

 
[1] I. Bergström et al., Nucl. Instrum. Methods Phys. Res., Sect. A 487, 618 (2002)  
[2] Sz. Nagy et al., Europhys. Lett. 74 (3), 404 (2006)  
[3] R. Schuch et al., Advances in Quatum Chemistry 53, 67 (2008) 
[4] Sz. Nagy et al., Phys. Rev. Lett. 96, 163004 (2006) 
[5] A. Solders et al., Phys. Rev. A (to be published) 
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Precision Penning Trap Mass Spectrometry on Radionuclides 
and Design of a Novel 5TRAP 

 
S. George 

Max-Planck-Institut für Kernphysik, D-69117 Heidelberg, Germany 

for the ISOLTRAP and 5TRAP Collaboration 
 

The inherent connection of the mass and all forces acting in an atom allows accurate mass 
values to become elementary pillars in many research fields of physics. The required mass 
precision for different applications ranges from δm/m=10-5 to below δm/m=10-8 for 
radionuclides, which often have half-lives considerably less than a second [1], and even down 
to δm/m=10-11 for stable nuclides [2]. Presently masses of more than 3200 nuclides are known 
or estimated. In recent years Penning traps turned out to be ideal storage and measurement 
devices for charged particles [3,4]. The high precision can be achieved by a measurement of 
the characteristic cyclotron frequency ωc=q/m*B in the trap, which is proportional to the 
charge-to-mass ratio q/m and the magnetic field B. Despite the fact that Penning traps are 
nowadays routinely used in almost all high-precision mass measurement projects world-wide, 
the measurement technique itself can differ. A time-of-flight detection technique is applied for 
mass measurements of short-lived radionuclides and highly-charged stable isotopes [5]. Here, 
the status of mass measurements on short-lived radionuclides and its applications for tests of 
the weak interaction and the Standard Model is presented. The second technique is the 
detection of the image current, introduced in the trap electrodes by the harmonic motion of a 
single ion. It is used in very high-precision mass measurements of stable isotopes. Up to now 
no measurements of highly-charged ions using the latter technique has been performed. In the 
second part of the talk such a project started at the MPI in Heidelberg will be presented. It 
aims for mass measurements of singly isolated and highly-charged ions. Here, one research 
goal is to determine the binding energy of the last electron in 208Pb and 238U down to a few 
eV, which would serve for stringent tests of quantum electrodynamics in very strong fields.   
 
[1]  D. Lunney, J.M. Pearson, C Thibault, Rev. Mod. Phys. 75 (2003) 1021. 
[2]  R.S. Van Dyck Jr., S.L. Zafonte, S. Van Liew, D.B. Pinegar, P.B. Schwinberg, Phys. Rev.  
       Lett. 92 (2004) 220802. 
[3]  L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233. 
[4]  K. Blaum, Phys. Rep. 425 (2006) 1. 
[5]  I. Bergström, C. Carlberg, T. Fritioff, G. Douysset, J. Schönfelder, R. Schuch, Nucl. Instr.  
      and Meth. A 487 (2002) 618. 
 

  Preliminary online version, June 4, 2008 32



Friday, June 13, 2008           8/5 

Atomic Lifetime Measurements 
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Atomic transition probabilities and level lifetimes reveal details of atomic structure and 

dynamics that are not accessible by spectroscopy alone. In the context of ion trapping, the 

interesting level lifetimes range from microseconds to minutes and relate to electric dipole 

forbidden transitions, that is, mostly to magnetic dipole (M1), electric and magnetic 

quadrupole (E2, M2) transitions. However, spin-forbidden electric dipole (intercombination) 

transitions and magnetic octupole (M3) transitions have also been studied.  

There are two areas of principal interest; one is the question whether extremely accurate 

lifetime measurements can indicate that something may be missing in the combination of 

quantum mechanics and QED that is employed to predict transition rates. Two atomic lifetime 

measurements at the Heidelberg EBIT have reached such a high precision, and the 

disagreement with theory seems to get worse when including QED corrections to the 

transition operator. The other topic are level lifetimes in the ground configuration of multi-

electron ions of astrophysical interest. The level populations in such configurations reflect the 

interplay of collisional and radiative processes, and line intensity ratios of transitions from 

other electronic shells depend on the population distribution in the ground configuration. 

Usually the line intensity ratios are modeled involving theoretical data sets that comprise 

thousands of levels and tens of thousands of transitions, but the only transition rates in such 

models that can be practically verified experimentally are the E1-forbidden transitions in the 

ground configuration. A fair number of those have been measured at TSR, in a lifetime range 

from microseconds to several seconds, using rather simple procedures.  

CSR would offer to continue such studies under different conditions of systematic effects and 

errors (no magnetic field, low temperature, extremely good vacuum), reaching also for much 

longer lifetimes. It would also be a chance to add infrared detection “naturally”, a spectral 

range that is of growing importance in astrophysics. 
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A New Magnetic Trap for Low-Energy Ion Chemistry Studies 
 

J. Glosík*, M. Jilek, T. Kotrík, M. Hejduk, P. Dohnal, I. Korolov, R. Plašil 
 

Faculty of Mathematics and Physics, Charles University in Prague, Czech Republic 
 
 
For study of electron-ion recombination and electron attachment at cryogenic collision 
energies (down to 10 K) we are constructing electron-ion trap.  
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The electron trap will use electrostatic field and magnetic field from permanent magnets for 
confinement of electrons (using strong gradient of magnetic field - magnetic mirror like). 
Trapped electrons will be cooled by collisions with Helium buffer gas. The density of 
electrons will be ~ 107 cm-3, i.e. high enough to form 3-dimensional potential minimum on the 
axis of the trap. The ions formed in external ion source will be trapped in three dimensional 
potential minimum created by electrodes and trapped electrons (sort of nested trap). The 
trapped plasma will be cooled by elastic collisions with cold helium (or hydrogen) buffer gas. 
Low temperature and relatively high density of electrons can open possibility for study of 
Collisional radiative recombination, which has rate proportional to T-4.5, so it can be at 10 K 
very fast and competitive to dissociative recombination.  
 
Acknowledgements: This work is a part of the research plan MSM 0021620834 financed by 
the Ministry of Education of the Czech Republic and was partly supported by GACR 
(202/08/H057, 202/07/0495) by GAUK 53607 and GAUK 124707. 
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At Stockholm University the cryogenic double electrostatic ion-storage ring DESIREE is 

presently being constructed. This facility will for the first time allow studies of interactions 

between internally cold and oppositely charged ions with very low and well-defined relative 

velocity in a merged-beams configuration. These aspects will make DESIREE an ideal tool 

for investigating the process of mutual neutralization among oppositely charged ions; a 

process which is of major significance in a variety of cold plasmas of e.g. atmospheric [1] or 

astrophysical [2] relevance. The presentation will consist of two parts of which one is 

concerned with the scientific motivations for the project [3], while the other addresses the 

storage ring design [4] and in particular the experimental aspects of the merged-beams 

experiment such as expected velocity resolution. Further we will discuss the requirements on 

the beams in terms of intensity and beam quality – and how to meet these requirements.  

 

[1] R. P. Turco, J. X. Zhao, F. Yu, Geophys. Res. Lett., 25, 635 (1998) 
[2]  M. C. McCarthy, C. A. Gottlieb, H. Gupta, and P. Thaddeus, Astrophysical Journal, 652, 

L141 (2006) 
[3] H. T. Schmidt et al., International Journal of Astrobiology, in press 
[4] H. Danared, et al., AIP Conf. Proc. 821, 465, (2006) 
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Neutral-ion collisions play an important role in many astrophysical environments ranging 

from temperatures of 10 K to 106 K. Modern merged beams experiments are ideally suited to 

study these processes since they not only cover the entire temperature range (corresponding to 

collision energies from meV to keV) but they can also yield absolute cross sections. Due to 

the complexity of such experiments, however, and the difficulty of preparing ground state 

ions and neutrals of matching velocities, the cross sections for many fundamental ion-neutral 

reactions are still afflicted with large uncertainties. For the associative detachment (AD) 

reaction H– + H → H2+ e– , which is responsible for the formation of the first H2 molecules in 

the early universe, only one experimental data point exists – measured in a flowing afterglow 

and uncertain by a factor of at least 2  – while theoretical predictions differ by a factor of 4 

[1]. 

I will illustrate the merged beams technique using the example of a recent charge exchange 

measurement [2] of Si3+ + H(1s) → Si2+ + H+ that has been carried out at the Multicharged 

Ion Research Facility at Oak Ridge [3].  I will then introduce our new experimental approach 

to study the AD reaction of H– + H  at Columbia University. The production of a strong 

ground state H beam will be explained in detail and the status of the experimental setup 

nearing completion will be given. Furthermore, I will discuss perspectives for future 

applications at storage rings and the extension to different atomic species. 

 
[1] S. C. Glover, D. W. Savin, A.-K. Jappsen, ApJ 640, 553 (2006) 
[2] H. Bruhns, H. Kreckel, D. W. Savin, D. G. Seely, C. C. Havener, PRA accepted (2008) 
[3] C. C. Havener, in The Physics of Multiply and Highly Charged Ions, Vol 2 (Kluwer 

Academic Publishers, Dordecht, The Netherlands, 2003) 193-217. 
 
 

  Preliminary online version, June 4, 2008 36



Saturday, June 14, 2008          9/3 

Cold Collisions and Spectroscopy in RF Traps 
 

S. Schlemmer  
 

1. Physikalisches Institut der Universität zu Köln, Germany 
 
 
 
 

Abstract to follow 
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Energy, Temperature and Decay of Stored Molecular Ions 
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Department of Physics and Astronomy, University of Aarhus, DK-8000 Århus, Denmark 
 
 

When a molecular ion is stored in an ion trap or in a heavy-ion storage ring in an ultra-high 

vacuum environment, the couplings by which the ion may exchange energy with its 

surroundings are normally weak. Hence, on the short timescale, energy rather than 

temperature is the conserved quantity – unlike the typical situation with a heat bath. 

Moreover, at low temperatures, the density of the states is small and their exact position may 

be crucial to, for instance, the decay rate for electron emission. In this presentation we discuss 

the decay of SF6
- by electron emission, and a recent measurement of the SF6

- lifetime in the 

electrostatic ion-storage ring ELISA [1] which shows a non-exponential behavior.  

 
 
[1] Jyoti Rajput, Lutz Lammich, and Lars H. Andersen: Measured lifetime of SF-. Phys. Rev. 

Lett. 100, 153001 (2008) 

  Preliminary online version, June 4, 2008 38



Saturday, June 14, 2008          10/2 

Experiments with Trapped Cluster Ions 
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Storage devices allow to prepare and investigate trapped particles for extended periods of 
time. Not only the increased interaction and observation durations add to the flexibility of 
such experiments, but traps also open the way to multi-sequential manipulation and even to 
the creation of species that would otherwise not be available. 
 

 
 

Fig. 1: Overview of interaction partners (left column) and reaction processes (right column) 
for stored cluster ions (underlined: already investigated at ClusterTrap). 

 
ClusterTrap [1] is a Penning trap system specialized in the exploration of atomic clusters. In 
particular, noble metal clusters and fullerenes have been investigated. Figure 1 shows some of 
the possibilities with regard to interaction partners and subsequent reaction channels. As 
already indicated above these reaction steps can be repeated or combined for the creation and 
investigation of specific cluster species. The presentation will give an overview of earlier and 
recent activities (examples can be found in [2]). 
 
 [1]  S. Becker et al., Rev. Sci. Instrum. 66, 4902-4910 (1995); L. Schweikhard et al., Eur. 

Phys. J. D 9, 15-20 (1999), L. Schweikhard et al., Eur. Phys. J. D 24, 137-143 (2003) 
 [2]  C. Walther et al., Phys. Rev. Lett. 83, 3816 (1999); C. Yannouleas et al., Phys. Rev. Lett. 

86, 2996 (2001); M. Vogel et al., Phys. Rev. Lett. 87, 013401 (2001); A. Lassesson et al., 
Eur. Phys. J. D 34, 73 (2005); A. Herlert et al., Int. J. Mass Spectrom. 252, 151 (2006); 
N. Walsh et al., Eur. Phys. J. D 43, 241 (2007) 
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Excited clusters may relax through several mechanisms including electron emission, 

fragmentation and radiation.  These cooling processes are statistical in nature and can occur 

on very long time scales (hundreds of microseconds and even seconds).  We will present 

results on small aluminium clusters, using the ‘bent electrostatic ion beam trap’ (developed in 

the Weizmann Institute) which allows simultaneous direct measurement of electron emission 

and fragmentation and indirect measurement of radiative cooling.  In addition we will discuss 

how these cooling processes can be used as a tool for studying the thermodynamic properties 

of very small systems, with applications to the CSR. 
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Fragmentation Through Excited States in Complex Molecules 
 

S. Chourou and A. E. Orel 
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Electron collisions with molecules and molecular ions that lead to dissociation play a key role 
in a number of environments, since they produce the radicals and molecular fragments that 
initiate and drive the relevant chemistries. Examples of such systems can be found in biology 
as well as in chemistry and physics; they range from the technologically important plasmas 
used in plasma enhanced chemical vapor deposition, to planetary atmospheres and interstellar 
clouds to environmental chemistries driven by secondary electron cascades in mixed 
radioactive waste 

In general, when an electron collides with a molecule or molecular ion, there is inefficient 
transfer of energy from the electron into the motion of the nuclei, leading to little vibrational 
excitation or dissociation. This is due to the large difference in mass between the electron and 
the nuclei. However, in certain special cases, the electron can temporarily attach to the 
molecule and change the forces felt between its atoms for a period of time comparable to a 
vibrational period. This leads to a large coupling between the electron interaction with the 
target and the nuclear dynamics of the target. The results of such an interaction can be quite 
dramatic. This can lead to resonant vibrational excitation and dissociative attachment, for 
neutral targets, or dissociative recombination in the case of ions.  

Therefore we can simplify the calculation by first considering the capture of the electron into 
a resonant dissociative state, and then describing the dynamics of the molecule moving on the 
excited state (resonant) potential energy surface. The dynamics must be able to describe 
autoionization since the molecule can re-emit the electron. If no autoionization occurs, the 
molecule fragments into products, during which the probability may be distributed into 
various product states due to non-adiabatic coupling. Our studies of this process follow the 
comparable treatment of quantum reactive scattering. First we carry out ab initio electron 
scattering calculations at fixed internuclear geometries to determine the resonant energy 
surfaces and the corresponding surface of autoionization widths, using the Complex Kohn 
variational method [1]. We then study the dynamics using either time-dependent wave packet 
methods [2] or time-independent methods such as Multichannel Quantum Defect Theory 
(MQDT) [3]. In the case of polyatomic systems, we have employed the MultiConfiguration 
Time-Dependent Hartree  (MCTDH) method developed by the Heidelberg group [4,5]. 

We will illustrate our method with the examples of the dissociative attachment of C2H2 [6] 
and some preliminary results on the dissociative recombination of H2O+ and N2H+. 

1) S. Chourou, V. Ngassam , J. Royal and A. E. Orel, Atomic and Molecular Data and Their 
Applications, edited by Evelyne Roueff, AIP Conference Proceedings, Vol. 901 (New 
York, 2007), pg 127-136. 

2) C. W. McCurdy and J. L. Turner, J. Chem. Phys., 78  (1983) 
3) A. Giusti, J. Phys. B,  13 3867 (1980) 
4) G. A. Worth, M. H. Beck, A. Jackle, and H.-D. Meyer, The MCTDH Package, Version 8.2 

(2000); H.-D. Meyer, Version 8.3; See http://www.pci.uni-heidelberg.de/tc/usr/mctdh/ 
5) M.H. Beck, A. Jackle, G.A. Worth and H.-D. Meyer, Physics Reports, 324 (2000) 1-105. 
6) S. Chourou and A. E. Orel, Phys. Rev. A, 77  (2008) 
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Collisions of molecular ions with low-energy electrons imply several types of reactions 
important in a variety of plasma environments. Dissociative recombination (DR) in particular 
is an exothermic process active down to the lowest energies and leading to neutralization and 
chemical fragmentation, while dissociation excitation (DE) is an endothermic electron-
induced fragmentation channel becoming important at higher energies. Knowledge of 
absolute rate coefficients, their temperature dependences, and of the branching ratios to the 
various final states is required by a very wide range of other fields, starting from industry 
applications (e.g. models of etching plasmas), up to astrochemistry (e.g. models of chemistry 
in cold interstellar medium). Other aspects, like the dependence of the DR rate on the angle 
between incoming electron and the molecular axis, give detailed insight into the dynamical 
properties of DR process and its quantum origins. Quantum-mechanical calculations still do 
not provide a full description of discussed processes and experimental results are therefore 
required also as a benchmark for new calculation methods.  
 DR and DE for a wide range of “light” molecular ions with electrons have been 
investigated at the heavy ion Test Storage Ring (TSR) in Heidelberg during the last decade. 
Several technological improvements now allowed us to perform high resolution 
measurements also with more complex molecular ions, such as CF+ (mass 31 amu). The twin 
electron beam configuration with an electron cooler and a separate electron target for collision 
measurements allows efficient phase-space cooling of the molecular ions. This  
correspondingly boosts the collision energy resolution at the electron target, which uses a 
photocathode-produced electron beam with temperatures of T||  = 25 μeV and T⊥ = 0.5 meV in 
longitudinal and transverse direction, respectively. The DR and DE rate measurements were 
performed by mass selective counting of neutral products at distance of ~12 m from the 
reaction zone. An upgraded 3D-fragment-imaging system was used for obtaining branching 
ratios of particular neutral dissociation channels of DR and their angular dependence.  
 The results of an experiment on the DR and DE of CF+ will be presented as the first 
high-resolution measurement on “heavy-ions” (mass >30 amu). Rich structures observed in 
the DR and DE rate spectra are attributed to resonant DR processes through neutral Rydberg 
states lying below excited states of CF+. Results of the fragment imaging technique display a 
fast variation of the product states as a function of the collision energy and a strong angular 
anisotropy. 
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Computations of Collision Rate Coefficients between Electrons and  
Molecular Cations – on the Experimental Test Bench 

F. O. Waffeu Tamo1,2, H. Buhr3,4, R. D. Backodissa Kiminou1, D. E. Tudorache1,5,  
A. Hyeudip1, O. Novotny3, M. Fifirig5, K. Chakrabarti6,7, O. Motapon2,1, 
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4Department of Particle Physics, Weizmann Institute of Science, 76100, Rehovot, Israel 
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The dissociative recombination and the ro-vibrational excitation (de-excitation) of molecular 
cations: 
                                                  AB+ + e− →  A + B,   AB+ + e−                                        (1) 

play a major role in the kinetics and in the energy transfer of numerous ionized cold 
environments – interstellar molecular clouds, planetary atmospheres, combustion flames, 
plasmas for surface processing and fusion edge plasmas.  

The measurement of the rate coefficients of these reactive collisions reached a remarkable 
precision. Indeed, recently conceived REMPI-based sources allow the ion production in 
perfectly determined ro-vibrational states [1]. On the other hand, after their injection in a 
storage ring, the ions are strongly “cooled” by the interaction with a photocathode-produced 
electron beam, a procedure resulting in electron/ion relative velocities described by 
anisotropic Maxwell distributions of longitudinal and transversal temperatures of 20 μeV et 
500 μeV respectively[2]. 

Meantime, the computation of the rate coefficients is strongly needed, since the measurements 
correspond to limited ranges of energy and initial states. On the other hand, the computations 
are meant to help the interpretation of the measurements, offering the opportunity of mutual 
validation between theory and experiment, prior to any systematic campaign of data 
production. We are presently able to describe efficiently the interference between the major 
mechanisms – direct and indirect – governing the reactive collisions, including in the analysis 
the contribution of numerous series of valence and Rydberg states of resonant capture, within 
an approach [3,4] based on the multichannel quantum defect theory (MQDT)[5], taking into 
account the ro-vibrational structure of the ion and of the neutral system. This approach is 
applied to several diatomic species: H2 and its isotopes[4], NO, CO, CH et CF. A recent 
application of the wave-packet method to the account of the indirect process[6] opens the way 
to the prediction of branching ratios and to the description of the polyatomic systems. 

[1] X. Urbain et al, “Laser ion source for state prepared molecules”, talk at this meeting 
[2] O. Novotny et al, Phys. Rev. Lett. 100, 193201 (2008) 
[3] A. Giusti-Suzor, J. Phys. B At. Molec. Phys. 13, 3867 (1980) 
[4] O. Motapon et al, Phys. Rev. A 77, 052711 (2008) 
[5] Ch. Jungen (editor), "Molecular Applications of Quantum Defect Theory", IOP (1996) 
[6] S. Morisset et al, Phys. Rev. A 76, 042702 (2007) 
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Cryogenic Electron-Ion Trap 
 

M. Jílek, T. Kotrík(*), R. Plašil, M. Hejduk, I. Korolov, J.Glosík 
 

Faculty of Mathematics and Physics, Charles University in Prague, Czech Republic 

We designed new experiment for study of recombination in cryogenic electron – ion plasma. 
In experiment plasma will be trapped in Electron-Ion trap. Electrons and ions will be cooled 
in collisions with pre-cooled (4K) He buffer gas. The trap will use electrostatic field and 
inhomogeneous magnetic field (magnetic mirror like) from permanent magnets (NdFeB, 
SmCo) for radial and axial confinement of electrons. The finite element solver FEMM 
developed by D. C. Meeker is used to model the magnetic field in the trap. PIC calculations of 
electron injection, trapping, confinement and cooling using the XOOPIC code are carried out 
to optimize the design of the trap.  

 

 

 

 

 

 

 

Fig. Electron-Ion trap proposal. Top: 
Calculated magnetic and electric field on 
the axis of the trap. Bottom: Calculated 
radial electron distribution. 

 
The calculations were confirmed by measurement of the magnetic field in the prototype of the 
trap. In the calculation 2×107 electrons and 1×105 ions are injected into the trap and time 
evolution of the plasma cloud is calculated. The results of the modeling and the desigh of the 
trap will be presented. 
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The (1s2s) 1S0 state of He-like ions decays to the ground state via two-photon electric dipole 
(2E1) transitions. The study of the spectral shape of this 2E1 decay mode in He-like ions is of 
interest due to its sensitivity to electron-electron correlations and relativistic effects [1]. In the 
present investigation, a novel experimental approach has been applied to study two-photon 
transitions in few-electron high-Z ions. Projectile K-shell ionisation, via collisions of 
relativistic Li-like projectiles with low-dense gaseous matter, was used to form the desired 
initial (1s2s) 1S0 state [2]. By means of x-ray spectroscopy, an accurate measurement of the 
undistorted two-photon spectral shape could be performed. The decay of the (1s2s) 1S0 state 
in He-like tin was measured, following an earlier successful experiment with He-like uranium 
[3]. In our analysis, the continuum shape of the two-photon energy distribution was compared 
with fully relativistic calculations, which are Z-dependent. The preliminary results clearly 
show that the best agreement between theory and experiment is obtained for relativistic 
calculations with the correct nuclear charge. These experiments, for the first time, 
experimentally confirm the sensitivity of this process, and of the method used, to the nuclear 
charge Z. 
 
[1] A. Derevianko and W.R. Johnson, Phys. Rev. A 56 (1997) 1288 
[2] Th. Stöhlker et al., Phys. Rev. A 57 (1998) 845 
[3] J. Rzadkiewicz et al., Phys. Rev. A 74 (2006) 012511 
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Recent advances in the development of energy, time, and position sensitive 2D microstrip 
detectors [1], opens up new possibilities for hard x-ray spectroscopy. These detectors make 
ideal Compton polarimeters, which enable us to study the polarisation of x-rays emitted 
during photon-matter interactions in the strong field domain. In this paper, we present our 
recent measurements of Radiative Electron Capture (REC) into the K- and L- shells of highly-
charged uranium ions. 
 
The experiments were performed with a novel 2D Si(Li) strip detector (Compton polarimeter) 
at the Experimental Storage Ring (ESR). A stored and cooled beam of U92+ ions, with a 
kinetic energy of 96.6 MeV/u, was crossed with a hydrogen gas, produced by a novel 
cryogenic cluster jet. The preliminary data analysis shows that the x-rays from the K-REC 
process, emitted perpendicularly to the ion beam (90°), are strongly linearly polarised. In 
contrast, under 35° a strong depolarisation has been observed. This is qualitatively in 
agreement with theoretical descriptions and earlier experiments [2,3], and can be explained by 
the contribution of higher-order multipoles to the radiation field. The present status of the data 
analysis will be discussed, where special emphasis will be given to the dependence of the 
linear polarisation on the final state. 
 
[1] Th. Stöhlker, U. Spillmann, et al., J. Phys. 58 (2007) 411 
[2] Tashenov, Th. Stöhlker, et al., Phys. Rev. Lett. 97 (2006) 223202 
[3] A. Surzhykov, S. Fritzsche, Th. Stöhlker et al., Rad. Phys. Chem. 75 (2006) 1767 
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