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Hydrogen Formation on Grain Surfaces
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Symmetry considerations and Pauli Principle
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Initial Reactions in Dense Interstellar Clouds
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rays | He
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http://sift.nyperlink.cz/interste.htm
CH,C,N

D. Smith and P. Spanel, Mass Spectrometry Reviews, 14 (1995) 255-278. 9



Relative intensity

Detection of H;™ in the Diffuse Interstellar
Medium Toward Cygnus OB2 No. 12

B. J. McCall,” T. R. Geballe, K. H. Hinkle, T. Oka
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Isotopic Fractionation

H,* + HD — H,D* + H,

E. Hugo, O. Asvany and S. Schlemmer, J. Chem. Phys. 130, Art.-No. 164302 (2009)



Deuterated Molecules
in Interstellar Medium

Cosmic [DJ/[H] ~ 1.5-10°

T T Deuteriumreservoir

Velocity (km/s)

[HD}/[H,] ~ 3.0-105

Isotope Enrichment
[AD]/[AH] ~

-9 0 10

Velocity (km/s)

B. Parise, A. Belloche, F. Du, R. Gusten and K. Menten, A&A 526, A31 (2011)
C. Vastel and T.G: Phillips, APJ, 606, L127 (2004) 12



Primary Deuteration Reactions

Reactants \ AE

Products
N~
AH AD

H3+ + HD 4—_> H2D+ + H2 + 232 K
CHy* + HD === CH,D*+H, + 375K

C,Hy* +HD =— C,HD" +H, + 550K



|Isotopic Fractionation
|deal Case — Laboratory Situation

HD
Hi* » H,D*
H2

Equilibrium
[H,D*)/[H5*] = S(T) [AD)/[H,]

S(T) = kyk,
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|Isotopic Fractionation

Cloud Model
H, D, HD, H,

HD
Hi* 5 » H,D*
H2

MD*, MH"*
Equilibrium
[H,D*)/[H3"] = S(T) [HDJ[H]

S(T) = kd(ky + o fo_ + ky, fiy)
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Astrophysical Observations

visual extinction or
“dust density”

(gray scale) toward

the western core of

the IC 5146

Bergin et al. The Astrophysical Journal, 557:209-229,12001



Enhancement Factor

Isotopic Fractionation
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Deuteration of H;*

Theory (Thermodynamics)

[HDJ/[H,)] 3104
T 10 K
S(T) 3.6*109

[H,D*H5"]




Experimental Method:

Electrodynamical Trapping

Sandra Briinken Dieter Gerlich Oskar Asvany .,
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lons per Filling

Example: H,"+H, — H;"+H
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RF lon Traps
Mechanical Model

Quadrupole

FAQ: Why 22 poles?

25



Hy* + HD < H,D* + H,
[n-H,] = 1.4x10™ cm3, [HDJ/[H,] = 3*104, T = 10 K
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Current Experiments with para-H, (J=0,2,...)

Raman Spectra
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H,* + HD < H,D* + H,
[p-H,] = 1104 cm3, [HDJ/[H,] = 3*104, T = 10 K
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Log ([H,D*}H;")

| o/p H,

Experimental Results & Modelling
Hugo et al., J.Chem.Phys. 2009, 130, 164302
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Isotopic Fractionation
H,* + HD — H,D* + H,
and the H, / H,D* OPR

o/p-H,D* + o/p-H, — o/p-H,D* + o/p-H,



Lowest energy
levels of H;*
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Role of Nuclear Spin?

Conservation laws: E, J, P, |, ...
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Para — Ortho Conversion

scrambling
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Laboratory Approach

H.,D* State Distributions

Translation
Rotation
Nuclear Spin
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Light Induced Reactions
Spectroscopy in Traps
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relative B coefficients

i
i

transition lime position [ em™  laser power [/ mW | meas B, | cale By
H, Dt

Ooo — 111 (466,532 1.5

Opp — 1o1 6330073 4.0 0.3240.02

111 — Lo 6303, 784 5.0 (.20

111 — Ugg 640,688 .3 0.27 +£0.03

111 — 200 (450,036 1.1 0.35 +£0.04
DoHT

Ogp — 1yg (6536.319 1.6 1

Ogp — 111 (6482.033 3.8 0.3340.02

signal~B-pop-P-k”
conclusions:

1) ab initio predicted (relative) B coefficients reliable
2) reaction probability independent of rovib. overtone excitation



Rotational Level Populations of H,D*
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H,D* Detection in Space

H,*+ HD H,D* +H,
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Light Induced Reactions probing H,D*

+ +
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Results

20

H,D*

ion counts per trapping cycle
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O. Asvany et al., PRL 100, 233004 (2008)
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Protostellar Cloud Core [16293A

116293 T, 116293 N(H,)
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Para-H,D* found in Space
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Astrochemical Modelling

Physics -
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H,D* observations

| give an age of at least
one million years for a
cloud core forming
Sun-like stars

S. Brunken et al.
Nature
doi:10.1038/nature13924
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High-Resolution
Spectroscopy of
Interstellar Molecules K
WW‘W Cologne Astrophysics Group /\ SEB 956
Universitat zu Koln

Complex Molecules in Laboratory and Space
Frank Lewen, Holger Miiller, Christian Endres

Carbon Chain Molecules
Thomas Giesen S=a_.

Sven Thorwirth

He-Clusters Leonid Surin O

Trap Experiments 7 X0
Sandra Briinken, Oskar Asvany, Pavol Jusko




ion counts per trapping cycle
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THz Action Spectroscopy
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HCO,* Products
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Infrared Action Spectroscopy

LIR COLogne TRAP

i i
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wavenumber [em-1]

2932.998459(7) cm’
T=20.9+-0.4K Accuracy: 0.2 MHz

Asvany et al. 2012, Rev Sci Instr Asvany et al. 2013, Appl Phys B
55



THz Action Spectroscopy

LIICG 2-photon LIR
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