Storage Ring Experiments on
Electron — Molecular lon
Interactions

Andreas Wolf
Max-Planck-Institut fur Kernphysik (MPIK), Heidelberg, Germany

ICAMDATA 2012, Gaithersburg, 1-4 October 2012

Molecular processes in interstellar environment:
Challenges for laboratory studies
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Storage-ring studies of dissociative recombination
Recent results with improved experimental tools

Developments toward cryogenic ion storage ring experiments




Molecules in space

Interstellar medium
Molecular clouds near galactic centres
Star-forming regions
Protoplanetary discs

Cooling of gas clouds

Orion nebula
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Interstellar environment — challenges for the laboratory

Low density and temperature

Downto1cm™, 10 K High reaction rates
Barrier-less reactions

lons and radicals as drivers of chemistry

Unstable species
Special production mechanisms

Wide range of molecular species

Choice of representative model systems
Benchmarking of theories with high predictive power

Knowledge of quantum levels, innermolecular interactions,
needed for many individual cases



Chemical evolution driven by ionic collisions
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Chemical evolution driven by ionic collisions
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Chemical evolution driven by ionic collisions
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Dissociative recombination: flea and elephant
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Dissociative recombination: flea and elephant
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Dissociative recombination: flea and elephant

T~10K Hev e H™o H, +H

— H+H+H

S
O
P
o
' H, +H = '
| Il L H+H+H
e
H,-H_ i :
YL .. H+H+H . TN, +H
e NH +H, e 0 7 Ay



Electron—ion merged beams
lon storage ring TSR, Heidelberg
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Electron—-ion merged beams 7, ~300k Bgdroyndgas
lon storage ring TSR, Heidelberg N\
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Electron—ion merged beams T.. ~300K ?fgggrr:_gnd gas
lon storage ring TSR, Heidelberg
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Results from storage-ring merged beams

Product rates
Cross section (collision energy dependent)

Thermal rate coefficients

Product masses
Reaction branching ratios

Product kinetic energies
Internal excitation of molecular products
Internal excitation of incident molecular ion

Atomic final states and
measurement of dissociation energies
(diatomic reactions)
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Fragment imaging and T ~300K ?fgé‘g::};"d gas
rate coefficient "\
NH*+e > N+H
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Fragment imaging and T, ~300K Daoxoroyndgas
rate coefficient \
NH*+e - N+H
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Fragment imaging and T,, ~300K Dacydroyndgas
rate coefficient \
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. . EMU detector:
Fragment iImaging and High-count-rate fragment imaging at E__ > 0

rate coefficient Molecular-ion dissociation energies
NH*+e >N +H probed on <0.1 eV level (sometimes to <1 meV)
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Probing the Rydberg resonances r,, ~300k Backgroundgas

~10° cm™

that drive recombination

Electron capture by ro-vibrational excitation

of the target ion
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Probing the fragmentation T _~300K Dackgroundgas
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Probing the fragmentation T _~300K Dackgroundgas
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into molecular products "\
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Production of molecular isomers 1. ~300k ?fgskg::_‘;"d gas
by dissociative recombination N

Te
~10 K
EMU detector:

Fragment mass identification
and momentum spectroscopy
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Production of molecular isomers 7, ~300k 537x9roynd oas
by dissociative recombination N

Te
~10 K
EMU detector:
Fragment mass identification
and momentum spectroscopy
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Production of molecular isomers 7, ~300k 537x9roynd oas
by dissociative recombination N

Te
~10 K
EMU detector:

Fragment mass identification
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Production of molecular isomers 7, ~300k 537x9roynd oas
by dissociative recombination N

Te
~10 K
EMU detector:

Fragment mass identification
and momentum spectroscopy
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Halogen chemistry:
destruction of HF

Background gas
~10° cm™
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Halogen chemistry: T ~300K Dackgroundgas
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Halogen chemistry:
HCI* DR rate
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Toward cryogenic ion beam experiments
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Toward cryogenic ion beam experiments
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Cryogenic electrostatic storage ring CSR

A 300 keV ion storage ring with electrostatic beam optics
for molecular ions and clusters (cations, anions),

2 K cryopumping and heavy atomic beams, highly charged ions

suppression of
radiation background
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Gas density ~103 cm™3
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Cryogenic merged electron—ion beams

Segmented microcalorimeter detector
3D coincidence fragment detector

Photocathode electron
A. Shornikov, C. Krantz

" Stored ion
diagnostics
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lon injection
300 keV
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thermal link
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Cryogenic ion beam experiments at CSR

2K cryocooler
Electron cooler/

- Stored ion beams at 10 K
internal temperature

- Organic molecules, heavy atoms

(300 keV for all masses) lon injection
. 300 keV
- Rotationally resolved
ion spectroscopy (laser, IR) + /-

- Negative ions (also multi-charged)
- Cluster systems, H,O-loaded

lon sources
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Cryogenic ion beam experiments at CSR

Holger Kreckel group @ MPIK

) S 2K cryocooler
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lon—-atom merged beams

Example:
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— Deuterium enrichment by
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Summary

Storage-ring merged beams technique for molecular fragmentation
— Cross sections, branching ratios, product excitation

Experimental advances:
Collision energy resolution down to ~10 K (photocathodes)
Mass sensitive fragment imaging detectors

Recent results for dissociative recombination:

— Collision energy dependence of final-channel partial rates
— Deconvolution of low-energy rate coefficients

— Internal excitation of molecular fragments

New developments using cryogenic ion storage:

— Internal state control

— Merged beams experiments in electrostatic rings
— Goal to implement cryogenic microcalorimeters
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