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Interstellar environment – challenges for the laboratory

Low density and temperature
High reaction rates

Barrier-less reactions
Down to 1 cm−1, 10 K

Ions 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
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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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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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Results from storage-ring merged beams

Product rates

Product masses

Product kinetic energies

Internal excitation of molecular products

Internal excitation of incident molecular ion

Atomic final states and
measurement of dissociation energies

(diatomic reactions)

Cross section (collision energy dependent)

Thermal rate coefficients

Reaction branching ratios
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Fragment imaging and
rate coefficient
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 ~ 300 K
Background gas
~105 cm−3
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Probing the Rydberg resonances
that drive recombination

cold (~100 K)
hot (~3000 K)

Ion source:
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H + H + H
e−

Petrignani et al., 
PRA 83, 032711 (2011)

Theory of Rydberg
recombination
resonances

C. H. Greene, V. Kokoouline
(Boulder / Miami / Paris)

 ~ 300 K
Background gas
~105 cm−3

Electron
energy
scan

Electron capture by ro-vibrational excitation
of the target ion
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Probing the fragmentation
        into molecular products
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Probing the fragmentation
        into molecular products

>3 eV vibrational excitation

H. Buhr et al., Phys. Rev. Lett. 105, 103202 (2010) Kinetic energy release (eV)
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Production of molecular isomers
by dissociative recombination

EMU detector:
Fragment mass identification 
and momentum spectroscopy
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Production of molecular isomers
by dissociative recombination

EMU detector:
Fragment mass identification 
and momentum spectroscopy
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Production of molecular isomers
by dissociative recombination

EMU detector:
Fragment mass identification 
and momentum spectroscopy
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Production of molecular isomers
by dissociative recombination

EMU detector:
Fragment mass identification 
and momentum spectroscopy

M. Mendes et al., Astrophys. J. Lett. 746, L8 (2012)

HCN
HNC

CN + H + H
0

−0.6 eV

−4.0 eV

−5.3 eV

−5.9 eV

1.9 eV

HCN/HNC + H

HCNH+  + e−

Radiative
relaxation
(ms scale)

Isomerization
barrier

Isomerization
(sub-ps scale)

[HCN]/[HNC] of ~1:1 by electron recombination

 ~ 300 K
Background gas
~105 cm−3

 ~ 10 K

HCN + H

HCNH+

e−

CN + H
2 CN + H + H

3 … 5 eV vibrational excitation

Ground state product

Kinetic energy release (eV)

D
C

N
 +

 D

D
N

C
 +

 D

C
N

 +
 D

 +
 D

Isomeric product ground state

Isomerization
barrier

DCND+  + e−

DCN/DNC + D



http://www.mpi-hd.mpg.de/ion-storage

  

Halogen chemistry:
destruction of HF
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Halogen chemistry:
HCl+ DR rate
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Toward cryogenic ion beam experiments

 ~ 300 K
Background gas
~105 cm−3
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Photocathode
electron cooler /
merged beams
electron target

Gas jet / reaction
microscope

Stored ion
diagnostics

2K cryocooler

Ion injection
300 keV

1 m

1 eV
n

e 
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2 K cryopumping and
suppression of

radiation background

Gas density ~103 cm−3

Electron cooling
of molecules
up to A ~ 160

D. A. Orlov,
C. Krantz,
A. Shornikov
et al.

Ion-electron and
      ion-atom
      merged beams

Laser spectroscopy

Merged
neutral
beam

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

heavy atomic beams, highly charged ions

Cryogenic electrostatic storage ring CSR
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Gas jet / reaction
microscope

Stored ion
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Ion injection
300 keV

1 m

3D coincidence fragment detector

Segmented microcalorimeter detector

Photocathode electron beam 
A. Shornikov, C. Krantz

Cryogenic merged electron–ion beams 
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3D coincidence fragment detector

Segmented microcalorimeter detector

Photocathode electron beam 
A. Shornikov, C. Krantz

Fragment imaging microcalorimeter

Absorber
Thermal
sensor

A. Fleischmann, C. Enss et al. In development at
Kirchhoff Institute of Physics
University of Heidelberg

36 mm
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2K cryocooler

Ion injection
300 keV

1 m

- Stored ion beams at 10 K
    internal temperature
- Organic molecules, heavy atoms

   (300 keV for all masses) 
- Rotationally resolved

   ion spectroscopy (laser, IR)
- Negative ions (also multi-charged)
- Cluster systems, H

2
O-loaded

+ / −

Ion sources
300 kV

Electron cooler /
target

Cryogenic ion beam experiments at CSR 



http://www.mpi-hd.mpg.de/ion-storage

2K cryocooler

Ion injection
300 keV

1 m

- Stored ion beams at 10 K
    internal temperature
- Organic molecules, heavy atoms

   (300 keV for all masses) 
- Rotationally resolved

   ion spectroscopy (laser, IR)
- Negative ions (also multi-charged)
- Cluster systems, H

2
O-loaded

 − / ++ / − Negative-ion
photodetachment

Ion sources
300 kV

Ion source
60 kV

Ion–atom merged beams
Example:
D + H

3
O+ → H + H

2
DO+

→ Deuterium enrichment by
ion chemistry

D−

D

H
3
O+

H
2
DO+

H
3
O+

Electron cooler /
target
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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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