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Low-energy collisions of H,*
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Low-energy collisions of H,*
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Storage ring DR measurements

Milli-eV electron collisions Merged beams, ~5 K electrons
Control of molecular excitation Ion storage
Neutral fragments with eV energies Fast (MeV) beam

— efficient detection

lon storage ring (~ MeV energy)
Merged electron beam (~keV energy)
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Electron cooling: v, = v
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Collision measurements: v, # v,
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Neutral - collision energy
fragments ~1 meV upto keV

Storage ring DR measurements

Storage time up to 80 s Radiative relaxation
Black-body equilibrium
Cooling by milli-eV electron collisions

Cold ion sources Cooled hollow cathode
Expanding jet discharge
10 K buffer-gas cooling injector trap

lon storage ring (~ MeV energy)
Merged electron beam (~keV energy)
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Fast stored H; ion beams
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Fast stored H; ion beams

Target foll
Velocity sum after Coulomb explosion of H,* nuclei
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® Experiment 3-10 sec
— simulation (no rot.)
— simulation (T=230 meV)
— simulation (T=500 meV)
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Long lived rotational levels in H,*
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TSR cryogenic injector trap

Neutral fragment
detector

High energy
linear accelerator

TSR

Stored

— < | ion

beam
| Electron target

Buffer-gas cooling
' ion injector trap

Neutral fragment

dBtatar Electron cooler

=T =
TSR cryogenic injector trap
Storage ion source  Quadrupole ion guides T
High-energy
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10-20 eV 360 eV 1.6 keV
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) Transfer efficiency
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TSR cryogenic injector trap

lon trap on
10 K cold head

~ 5 eV quadrupole
ion guide and
mass filter

12 keV H,* ions

to linear accelerator
and TSR

Oct. 2004: H. Kreckel
M. Motsch
J. Mikosch

TSR photocathode electron source
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TSR photocathode electron source
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TSR photocathode electron source

gun chamber
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laser window
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Photocathode gun

Laser illumination upto 1 W
Temperature rise 15-20 K/W at 90 K
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TSR photocathode electron source

Energy resolution test: DR of HD*
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Energy-resolved DR with cold H.*
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Energy-resolved DR with cold H.*
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Energy-resolved DR with cold H.*

Experimental parameters

CRYRING
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Cold H,* source
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Electron density

Magnetic field
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Energy-resolved DR with cold H.*
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Spin symmetry variations: exploratory study
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Spin symmetry variations: exploratory study

PC(I"C(-'"'2 [ OI"ThO-H3+] _ ~(0.1.0.8 Cordonnier et al. (2000)
Normal H, [ Para-H,"] 1

0T T‘u

_ ;: |
Storage ion source Hﬂlg J I Acceleration
~ 500 K L1 |
RF trap
H," nuclear spin symmetry  He buffer gas
determined by ion source ~13K

Spin symmetry variations: exploratory study

x0°

T T T T 0.35F T ]

BN Para-H ] Ortho-H.* |

2 ] 0.3 [ Ortho-H.*] .

s Normal H2 : [ PGI“G-H3+] ]

- | 0.25 y

= ~01.08 |

=7 |
E10 r e / | 0.2 - T
o A\ _ 1
o : |
T H,' ortho:para 1:1 \ Sl
(@] 3 L
e | H; ortho:para 0:1 ot
(U o LN
10} »
0.05|
Energy distribution
| L Ll L | Loiinn L O PRI TN TRN (NNN YRNT UNNT SONNAT SR NN TN TR W WA NN ST ST SR T N '
(0l [ G (s R [ [ 0 0.005 0.01 0.015 0.02
Energy E, (eV) Energy E, (eV)

Theory: Kokooline & Greene (2003) TSR: k T, ~ 4 meV Kreckel et al. (2005)



Probing of low-energy rate coefficient
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Probing: Recombination rate with cold electrons

Probing of low-energy rate coefficient
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Probing of low-energy rate coefficient

D,H* interaction with low-temperature (140 K) electrons
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Probing of low-energy rate coefficient

D,H* interaction with low-temperature (140 K) electrons
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Probing of low-energy rate coefficient

H; rotational levels
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Pump-probe measurement of electron impact excitation

Neutral fragment
detector

High energy
linear accelerator

Storage time

0..80s ¢ eg
=1 or
? beam
Pumping (fast electrons) | "Warm" ion sources
— ] » \
i ‘
= —
1 m

Neutral fragment

dBtatar Electron cooler

Probing: Recombination rate with cold electrons

T3 ¥

Pump-probe measurement of electron impact excitation

Bl 1 0.116 eV
= _
<18
8 |
§16— {10 eV
E 1.
§ |7~ cold electrons: R,
S 14f . I
L | L | L | L | L o
0 10 20 30 40 50 107

_ Storage time (s)
Data: Lammich et al. (2005)
~ 2% rotational excitation by 10-eV electrons
(normalisation measurement)

==



Pump—probe measurement of electron impact excitation

Rotational impact excitation curve by energetic electrons
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Summary and outlook
Excitation in stored, fast H,* ion beams
Probing methods
- Vibrations: Coulomb explosion imaging
- High rotations: Molecular fragment imaging
- Low rotations: Long-time (~60 s) variation of low-temperature rate coefficient

H,* rotational cooling by cold electron interaction (140 K)
Differential depletion by DR, or superelastic collisions

H," rotational excitation by residual gas: =10%
by 10 eV electrons: ~2%

Electron impact rotational excitation rate coefficient ~E % at 1 10eV



Summary and outlook

Merged beams experiments with cold electrons

Control of internal excitations and electron collision energies (few-Kelvin level)
- Cryogenic photocathode electron beam
- Cryogenic RF trap coupled to accelerator/storage ring

Low-energy rate coefficient
- High-resolution low-energy structure of DR rate coefficient
- Variation of low-energy DR rate coefficient with nuclear spin symmetry

Rotational resonance structure
- Low energy resonances at <0.1 meV, 1.4 meV, 6 meV
- Much less resonant structure than predicted at >10 meV

Summary and outlook

Outlook
Spectroscopic determination of H,* ortho:para ratio in ion injector trap

Sensitive in-situ diagnostic for rotational level populations in stored H,* beam
- Ortho:para H," contributions to DR
- Electron impact excitation and cooling

High-resolution low-energy DR measurement for D*

Rotational relaxation by radiation, cryogenic temperatures
- Low-energy cryogenic storage ring with cold electron beam (under construction)
- High-resolution low-energy resonances for isotopologues H,D*, D,H*, cold



