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The CSR – motivation

Cold molecular clouds
in the ISM:

Astrochemistry

 storage times > 1000s

 electrostatic: mass-independent storage of ion beams

 molecular ions in well-defined quantum states

 merged beam experiments at low collision energies

CSR interstellar clouds
Temperature < 10 K ~ 10 – 150 K

Density ~ 100 cm-3 ~ 10 – 1000 cm-3

Goal:
Rotationally resolved
state-to-state studies



The CSR – overview

10-14 mbar
(~ 100 cm-3)

R. v. Hahn
M. Grieser



• fully electrostatic storagemass independent

• 24 optical elements
4 x 2 pairs of quadrupoles (10 kV)
4 x 2 6°-deflector electrodes (30 kV)  
4 x 2 39°-deflector electrodes (30 kV)

• 4 field-free straight sections (2.4 m each)

The CSR – electrostatic beam optics

betatron tunes:
Qx ≈ Qy ≈ 2.59  

3 kV/cm 

6 kV/cm 



The CSR – cryogenics
• Multi-layer cryostat

– Inner vacuum chamber ≤ 10 K
– 2 radiation shields (40 K & 80 K)
– Multi-layer insulation
– Isolation vacuum chamber

• cooled by closed-cycle
helium system

1.8 K L-He
20 W 5 K He (g)

600 W

First cooldown
April 2015

6 K
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The CSR – Experimental Setup

Photocathode
electron

beam

Merged & crossed
Laser beam

Merged
neutral
beam

Reaction microscope (2018):
very thin internal gas target

Movable particle counter
for charged fragments

Multi-coincidence MCP 
Imaging detector for

neutral particles

ASTROLAB
H. Kreckel



The CSR – residual gas density
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The CSR – residual gas density
Photodetachment diagnostics

OH- +   X    →    OH   +   X‘     rest gas

OH- +   γ →    OH   +   e      Laser

< 0.6s
ion  >  1.5 × 10σ > 6 × 10 cm n ≤ 140 cm-3

PRTE ~ 5.8 x 10-15 mbar7



The CSR – storage lifetime
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Rotational cooling of stored molecules

CSR
• p < 10-14 mbar
• τ > 2500 s
• Twall ~ 6K   

• What is the internal temperature of a stored molecular ion?

• What is the radiative field in the CSR? 

• Space (ISM) conditions?

measuring the population of rotational states

 internal state thermometry

• “antenna“: stored molecules
equilibrate with black body
radiation field

J: rotational level






Rotational cooling of stored molecules

state-selective
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J Photon energy

60 keV 



Rotational cooling of stored molecules

state-selective
OH- photodetachment

J Photon energy

60 keV 



Rotational cooling of stored molecules

state-selective
OH- photodetachment

J Photon energy

60 keV 



Rotational cooling of stored molecules

state-selective
OH- photodetachment

Measured photodetachment rates

60 keV 

C. Meyer
S. George
H. Kreckel
O. Novotný
A. Wolf
(MPIK)



Rotational cooling of stored molecules

Measured photodetachment rates

Population of ~ 90% in J = 0
~ 15 K effective blackbody field

60 keV 

state-selective
OH- photodetachment

C. Meyer
S. George
H. Kreckel
O. Novotný
A. Wolf
(MPIK)



Rotational cooling of stored molecules

Measured photodetachment rates

Population of ~ 90% in J = 0
~ 15 K effective blackbody field

1st direct pure-rotational lifetime 
in-vacuo measurement  

60 keV 

state-selective
OH- photodetachment

C. Meyer
S. George
H. Kreckel
O. Novotný
A. Wolf
(MPIK)



Rotational cooling of stored molecules

Measured photodetachment rates
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The CSR electron cooler



The CSR electron cooler
Photocathode in 

space-charge-limited
current operation:



main challenges:
• assure τcool < τstore

 ~ eV electron beam with
high densities & low temperature

• cooler must be contained in CSR cryostat
 10 K, 10-13 mbar, bakeable to 250°C

The CSR electron cooler
Photocathode in 

space-charge-limited
current operation:



The CSR electron cooler

ion beam 
correction coils

ion beam 
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High Temp. Superconductors
in cryogenic region



The CSR electron cooler

ion beam 
correction coils

ion beam 
correction coils

• Magnetic guiding and merging of beams

• Compensation of ion beam disturbance

• Variable electron energy (drift tube)

• Beam diagnostics (two wire scanners) 

High Temp. Superconductors
in cryogenic region



The CSR electron cooler

interaction region

electron
collector

electrons

ions



2...10 K

~32 K toroid coil
Room temperature 
solenoids

~32 K dipole inflectors

~32 K solenoid

Electron
beam

Ion
beam

The CSR electron cooler

Gate Valve



The CSR electron cooler

steering copper coil pairs located 
inside aluminum body for toroidal 
drift compensation

High-temperature superconductor 
attached onto cooled copper strips 
distributes ~ 60 A currents to the 
magnets



The CSR electron cooler
Independent HTS coil-cooling system 
provides sufficient cooling power for the 
HTS magnets

30W @ 30K



The CSR electron cooler

GaAs 
photocathode

collector

HV platform

HTS coil-cooling 
system

electronsions



The CSR electron cooler – temperature spreads

• Thermocathode:

 higher Ie needs higher Tcathode ( ~ 1300-1800 K) 

• Photocathode:

– GaAs(Cs,O): effective negative electron
affinity (NEA= Ec-Evac)

space-charge-limited current operation

~ 10 meV

GaAs photocathode

adiabatic magnetic expansion

~ 0.5 meV

Tf,   = Ti, / α

~ (10-100) µeV

kinematic compression
• acceleration of electron cloud

by potential difference U



Ultra low energy electron deceleration scheme

A. Shornikov et al., Phys. Rev. ST Accel. Beams 17, 042802 (2014)

• difference of contact potentials ~ Ekin,e- ~ Uspace charge ~ eV !

scheme developed 
in tests at the TSR e-target setup



αexpansion =   20
dcathode =   3mm
Eion =   300 keV

Electron density in interaction region

A. Shornikov, phd thesis

electron deceleration scheme
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Bunched-beam electron cooling

longitudinal phase space

damping of synchrotron oscillation

electron 
cooling force

separatrix closed orbit



Electron cooling of F6+

capacitive current pickup

• F6+ acceleration voltage = 223 kV 
 E(F6+) = 1.34 MeV 
 Ee = 38.7 eV

• F6+ current ~ 300 nA
• N ~ 1e6 particles

• rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz
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Electron cooling of F6+

capacitive current pickup

• F6+ acceleration voltage = 223 kV 
 E(F6+) = 1.34 MeV 
 Ee = 38.7 eV

• F6+ current ~ 300 nA
• N ~ 1e6 particles

• rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz
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FT
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A

A

t

f

ΔT

1/ΔT 2/ΔT

A

A

3/ΔT

FT

rf only cooling



Electron cooling of F6+

capacitive current pickup

• F6+ acceleration voltage = 223 kV 
 E(F6+) = 1.34 MeV 
 Ee = 38.7 eV

• F6+ current ~ 300 nA
• N ~ 1e6 particles

• rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz

1 second: Ion beam injection
+3 seconds: Electron beam on
+5 seconds: Electron beam off



Electron cooling of F6+

capacitive current pickup

no electrons

electrons on 

• F6+ acceleration voltage = 223 kV 
 E(F6+) = 1.34 MeV 
 Ee = 38.7 eV

• F6+ current ~ 300 nA
• N ~ 1e6 particles

• rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz



Electron cooling of F6+

electrons on 

• F6+ acceleration voltage = 223 kV 
 E(F6+) = 1.34 MeV 
 Ee = 38.7 eV

• F6+ current ~ 300 nA
• N ~ 1e6 particles

• rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz

ne = 1.7 x 105 cm-3



Space charge limitation of bunch length
space charge ion bunch

longitudinal profile 

sE


in front of
synchronous 
particle

behind 
synchronous  
particle

synchronous particle
s

λ(s)

sE


Δφ>0 Δφ<0

Ueff(Δφ) = U· sin(Δφ+φs)+Us(Δφ)

Us(Δφ) = Es(Δφ)·C0



Space charge limitation of bunch length

sE


in front of
synchronous 
particle

behind 
synchronous  
particle

synchronous particle
s

λ(s)

sE


Δφ>0 Δφ<0

Ueff(Δφ) = U· sin(Δφ+φs)+Us(Δφ)

Us(Δφ) = Es(Δφ)·C0

Ueff(Δφ)=0

parabola profile: only distribution to 
compensate the synchrotron motion of 
each ion (forΔφ <<  2π)

space charge ion bunch
longitudinal profile 



Space charge limitation of bunch length

space charge ion bunch 

sE


in front of
synchronous 
particle

behind 
synchronous  
particle

synchronous particle
s

λ(s)

sE


Δφ>0 Δφ<0

Ueff(Δφ) = U· sin(Δφ+φs)+Us(Δφ)

Us(Δφ) = Es(Δφ)·C0

parabola profile: only distribution to 
compensate the synchrotron motion of 
each ion (forΔφ <<  2π)

 RF resonator voltage is compensated by space 
charge voltage of the ion beam

 frozen synchrotron oscillation

 Electron cooling creates a stable, space charge 
limited bunch length

Ueff(Δφ)=0



Space charge limitation of bunch length

w

beam width at space charge limit:

10 sec after injection,
7 sec after cooling

wexp = 535 ns

wtheo = 597.5 ns



Ie = 14.4 µA
ne = 1.7 x 105 cm-3

Ie = 1.6 µA
ne = 1.6 x 104 cm-3
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ABC+

Tenv

Fast (stored)
molecular ion beam

C

AB

e

Te

Electron capture and dissociation
Dissociative recombination

Fragment detectors

Outlook: Electron-beam collision studies

Ecoll = ½ me (ve – vi)²
can be scanned from ~ 1 meV … 50 eV



Outlook: Electron-beam collision studies



Outlook: Electron-beam collision studies

internal cooling/heating by
inelastic electron collisions



Outlook: Electron-beam collision studies

internal cooling/heating by
inelastic electron collisions

Collaboration: 
C. Greene, S. Kokoouline, R. 
Curik,
arXiv:1705.10153



Outlook: Electron-beam collision studies

internal cooling/heating by
inelastic electron collisions

Collaboration: 
C. Greene, S. Kokoouline, R. 
Curik,
arXiv:1705.10153



Summary

CSR

• ion-beam storage lifetime up to ̴1h
• molecular ions cool down to 15 K
• facilities for cold molecular collisions with

• photons
• electrons
• neutral atoms

June 2017:
First (bunched-beam) electron cooling

in an electrostatic storage ring

Photodetachment: 
OH− beam stored over 20 min

Radiative rotational level lifetimes 
& dipole moments

in preperation:
Low-temperature inelastic

electron-ion collision studies

Special thanks to
Stephen Vogel     Oldrich Novotný 
Marius Rimmler     ANDREAS WOLF
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