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Molecules: Chemical Clocks

H2D+



H2D+

D2H+

Cosmic [D]/[H] ~ 1.5∙10‐5

Deuterated Molecules
in Interstellar Medium

Deuteriumreservoir

[HD]/[H2] ~ 3.0∙10‐5

Isotope Enrichment
[AD]/[AH] ~ 0.1

B. Parise, A. Belloche, F. Du, R. Güsten and K. Menten
A&A, 526, A31 (2011)



Primary Deuteration Reactions

H3
+ + HD                H2D+ + H2 + 232 K

Reactants

Products
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CH3
+ + HD                CH2D+ + H2 + 375 K

C2H2
+ + HD                C2HD+ + H2 + 550 K
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H3
+

HD
H2D+

H2

[H2D+]/[H3
+] = S(T) [HD]/[H2] 

Equilibrium

Isotopic Fractionation
Ideal Case – Laboratory Situation

S(T) = kf/kb
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Isotopic Fractionation

S(T) = kf/kb 
= exp(231.8 K / T)

H3
+

HD
H2D+

H2

Lab
3*10‐4
10 K
~ 106

Space
[HD]/[H2]  3*10‐5  
T 10 K 
[H2D+]/[H3

+]  ~ 105

Lab
3*10‐4  
10 K 
~ 106



Experimental Method:

Electrodynamical Trapping



22‐Pole Low Temperature Ion Trap

primary ions detector

rf II
rf I

sapphire
22‐pole

cold head 10 K

shield 50 K
Dieter Gerlich                        Oskar Asvany



Quadrupole 22‐Pole

RF Ion Trap
Mechanical Model



Trajectories of ions in 22‐pole trap 

f= 17MHz
V0=20V

+ m=20u
× m=2u
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k(T)
Rate Coefficient 



Temperature / K

New Experimental Results & Modelling
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Hugo et al., J.Chem.Phys. 2009, 130, 164302
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Hop Probability 3:3
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Reaction Mechanism: Proton Hop



H3
+

00

11

22

10

0 K

100 K

X

p‐H3
+ o‐H3

+

Lowest energy 
levels of H3

+ 

E



H3
+ + HD H2D+  +H2

00

11

22

10

101

000

111

110
0 K

100 K

X

p‐H3
+ o‐H3

+ p‐H2D+ o‐H2D+



H3
+ + HD H2D+  +H2

00

11

22

10

101

110
0 K

100 K

X

p‐H3
+ o‐H3

+ p‐H2D+ o‐H2D+

o‐H2

000

111

p‐H2



H3
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Spectroscopic results for H2D++

TDoppler=(27±2)K



rotational level populations of H2D+

pop ~
[H3

+]
B ∙P

TDoppler=(27±2)K

Trot,para=(27±2)K

45%

12% 30%

13%

Tortho/para=(35)K

H2D+

para ortho



COLTRAP: Future H3
+ / H2D+ Experiments

Colder Ions

Smaller o/p Ratio

Spectroscopy Options

h1

h2

4 K



FELION: Spectroscopy Trap for FELIX
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H3
+ + O2 H2 + O2H+

Tracer for  O2?

Chemistry of near thermoneutral Reaction





Predictions: Equilibrium Constant

H3
+ + O2 H2 + O2H+

Formation of O2H+ endothermic:  Ea/k = 72 +/‐ 13 K

KT

300 K0 K



H3
+ + O2 H2 + O2H+

Trap Experiments

T = 129 K[O2] = 1.2x1010 cm‐3



Arrhenius Plot

Ea/k = 113+/‐4 K 



Energetics of H3
+ + O2 Collision 

Dieter Gerlich at 2011 COST Meeting



O2 Rotational State Distribution

Dieter Gerlich at 2011 COST Meeting



Towards State Preparation: Collaboration with Dieter Gerlich

fast

o‐H3
+ + O2 o‐H2 + O2H+X



State Popoulation: Light Induced Reactions

fast

H3
+ + O2 H2 + O2H+X

hIR
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+ + h+ O2 H2 + O2H+
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Towards State Preparation: Collaboration with Dieter Gerlich



COLTRAP: Combined Molecular Beam & Trap

Towards State Preparation: Collaboration with Dieter Gerlich

O2 Beam



Molecular Beam Testing

TOF

400µs



Towards State Preparation: Collaboration with Dieter Gerlich

Et

o‐H3
+ + o/p H2 ?
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Inelastic Collisions 
e.g. with H2
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