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Lecture 7: Gas Phase Experiments



Recap: Molecules Everywhere!

McGuire, ApJS 259, 30 (51pp), 2022

Almost 300 today!
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Recap: Ion-Neutral Reactions drive Gas Phase Chemistry



I. Smith, Annu. Rev. Astron. Astrophys.  49, 29 (2011)

Number`Number of reactions of different types that are included in the OSU kinetic database (osu-09-2008) 

Different classes of reactions relevant for Interstellar Chemistry

In most reactions, charged particles are involved

4500 reactions in total





General concepts: rate coefficient

Generic reaction:  A + B → C + D  

Product formation rate: R =
𝑑 𝑛𝐶

𝑑𝑡
= 𝑘 𝑇 𝑛𝐴𝑛𝐵

[cm-3 s-1] [cm-3][cm-3]

Rate coefficient [cm3 s-1]

Arrhenius law: 𝑘 𝑇 = 𝑀 𝑒−
𝐸𝐴𝑐𝑡
𝑅𝑇

Activation energy 𝐸𝐴𝑐𝑡

Pre-exponential rate factor 𝑀

k(T)
in units of M

Temperature T
𝐸𝐴𝑐𝑡 ≫ 𝑅𝑇

𝐸𝐴𝑐𝑡 ≪ 𝑅𝑇

Typical rate coefficient Neutral-Neutral reaction:
𝒌 = 𝟏 𝒙 𝟏𝟎−𝟏𝟏 cm3 s-1

Example:                                𝐻2 + 𝑂 → 𝑂𝐻 + H 𝒌 = 𝟗 𝒙 𝟏𝟎−𝟏𝟐 cm3 s-1

at high temperature



General concepts: cross section and rate coefficient

• Consider point-like bullets B colliding
with a spherical Target T with diameter R

• The number of interactions
is the number of particles scattered
out of the „shadow“ volume V times the
beam density 𝑛𝐵

𝑁𝑖𝑛𝑡 = 𝑛𝐵 𝜋𝑅
2 𝑣𝑡

• The number of interactions per

unit time (interaction rate) is 
𝑁𝑖𝑛𝑡

𝑡

𝐹𝑖𝑛𝑡 = 𝑛𝐵 𝜋𝑅
2 𝑣

• Usually the target is not a single particle. 
Let‘s now consider the interaction rate 
per volume filled with a target density 𝑛𝑇

𝑅 = 𝑛𝑇 𝑛𝐵 (𝜋𝑅
2 𝑣)

V = πR2 vt

Geometric cross section: 
𝜎 = 𝜋𝑅2

Rate coefficient:
𝑘 = 𝜎 𝑣 = 𝜋𝑅2𝑣

Cross section
averaged over
relative energies



General concepts: cross section and rate coefficient

Geometric cross section: 
𝜎 = 𝜋𝑅2

Point vs. sphere

Sphere vs. sphere

Geometric cross section: 
𝜎 = 𝜋(𝑟 + 𝑅)2

In atomic and molecular physics particles can not really be represented by
hard spheres, especially when attractive forces are at play. 
Effective cross sections depend on the type of interaction.

Estimate: Atom-Atom collision cross section:   𝜎 = π(2𝑎0)
2 = π(1 𝑥 10−8 cm)2

𝜎 = 3 𝑥 10−16 cm2



General concepts: cross section and rate coefficient

Estimate: Atom-Atom collision cross section:   𝜎 = π(2𝑎0)
2 = π(1 𝑥 10−8 cm)2

𝜎 = 3 𝑥 10−16 cm2

not enough energy
for ionization to occur

Cross section drops
at higher energies
because the 
interaction time is not 
long enough for 
ionization

Ionization of hydrogen atoms:
H + He → H+



Examples beyond the geometric cross section:
classic capture theory for ion-neutral reactions

Neutral B

Ion A+

b
b

b

𝑉𝑒𝑓𝑓 =
−1

8𝜋𝜀0

𝑒2 𝛼

𝑟4

Attractive induced dipol potential between singly charged reactant A+

and neutral reactant B with polarizability α

b: impact parameter
r: distance between particles

Charge-induced
Dipole potential

-

-
--

+++

+

Reactions only happen if impact parameter b is small enough,
Particle A+ then can be captured and spends enough time around B to react



Ion-neutral reactions: the Langevin rate coefficient

𝑘𝐿 = 𝑣 𝜋𝑏𝑐𝑟𝑖𝑡
2 = 𝑒

𝜋 𝛼

𝜀0𝜇

polarizability
of the neutral 

reduced mass

Independent of E, T, v !

Tielens: Physics and Chemistry of the interstellar medium

[in units of  cm3 s-1]

𝑉𝑒𝑓𝑓 =
−1

8𝜋𝜀0

𝑒2 𝛼

𝑟4
+ 𝐸

𝑏

𝑟

2

Attractive potential between induced dipole
of the neutral and the charged reactant

𝜎 𝐸 = 𝜋 𝑏𝑐𝑟𝑖𝑡
2

Effective cross section

Generic reaction:         A+ + B    → C+ + D

Centrifugal
barrier



Example: estimates of collision time scales

Reaction rate (for a particular particle)   =    Rate coefficient   x  number density (target)

𝑅 = 𝑘 𝑛

Neutral-neutral collision in Earth’s atmosphere:     k =  10-11 cm3 s-1 , n = 3 x 1019 cm-3

Example 1)    Neutral N2 molecule with other N2 molecules in Earth’s atmosphere

R = 3 x 108 s-1

(3 million collisions per second)

Example 2)      H2
+ ion colliding with H2 atoms in the diffuse ISM

Ion-neutral collision in diffuse ISM:     k =  10-9 cm3 s-1 , nH2 = 10 cm-3

R = 1 x 10-8 s-1

(1 collision every 3 years) 



I. Smith, Annu. Rev. Astron. Astrophys.  49, 29 (2011)

Number`Number of reactions of different types that are included in the OSU kinetic database (osu-09-2008) 

Different classes of reactions relevant for Interstellar Chemistry





Gustave de Laval (1845-1913) Space shuttle



The Cresu Technique

I. Smith, Annu. Rev. Astron. Astrophys.  49, 29 (2011)



E. van Dishoeck / Astrochemistry Master class



E. van Dishoeck / Astrochemistry Master class



E. van Dishoeck / Astrochemistry Master class



E. van Dishoeck / Astrochemistry Master class



Neutral-Neutral Experiments: Crossed Beams

Group of Ralf I. Kaiser
Department of 
Chemistry, University 
of Hawai’i at Manoa

(Y. T. Lee: Nobel prize in Chemistry 1986)

Examples:
HCCCCH on CN (molecular clouds, Titan)
B on C2H2, C2H4, CH3CCH, etc …



I. Smith, Annu. Rev. Astron. Astrophys.  49, 29 (2011)

Number`Number of reactions of different types that are included in the OSU kinetic database (osu-09-2008) 

Different classes of reactions relevant for Interstellar Chemistry

In most reactions, charged particles are involved

4500 reactions in total



Ion-neutral reactions and electron recombination:
The Flowing Afterglow / Selected Ion Flow Tube (SIFT)Technique

SIFT Instrument
In Boulder/Colorado
Snow & Bierbaum, Annu. Rev. Anal. Chem. 1, 229 (2008)

Problem: measurement in flow of helium gas (1 mbar), usually at room temperature



Ion-neutral reactions and electron recombination:
The Flowing Afterglow / Selected Ion Flow Tube (SIFT)Technique

Snow & Bierbaum,
Annu. Rev. Anal.
Chem. 1, 229 (2008)

Room temperature,
High pressure



Radiofrequency Ion Traps

The original “Ionenkäfig”

Wolfgang Paul, Rev. Mod. Phys. 62, 531 (1990)

φ0 = U + V cos ωt

φ0

• Cooling with a buffer gas possible
• Problem: Radiofrequency heating

Nobel prize 1989

Trapping potential created by
radiofrequency applied to the electrodes



Quadrupole 22-Pole

Field Geometry: higher order multipoles
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Problem for light ions:
Radiofrequency heating

Advantage:
Large field free zone reduces RF heating



5 cm

Cold ion-neutral reactions: 
Cryogenic Ion Traps with helium buffer gas cooling

Gerlich, Physica Scripta, T59, 256, (1995)
Dieter Gerlich

1944 - 2020



Analyze
Reaction
products

(Electron impact on
Water vapor H2O)

Guide OH+, H2O+

(and H3O+)

Store OH+, H2O+, H3O+
, 

bleed in H2 and He buffer gas

Study OH+ + H2 and H2O+ + H2 in Temperature-Variable Ion Trap



Precise rate coefficients for gas phase water formation

H3
+ OH+ H2O+ H3O+ H2O + H

OH   + H2

O H2 H2 e

Water in Space: Gas Phase Formation Route

HERSCHEL found
Surprising abundances
of OH+, H2O+ and H3O+

Kumar et al.,  Science Advances 4: eaar3417 (2018)

Store OH+ and H2O+ in 
temperature-variable 
ion trap and bleed in H2



Water in Space: Gas Phase Formation Route

Kumar et al.,  Science Advances 4: eaar3417 (2018)

Theory: Ring Polymer Molecular Dynamics 
Y. Suleimanov



Example: CH+ + H  → C+ + H2

measured in a 22-pole ion trap

Plasil et al, ApJ 737, 60 (2011)
The rate coefficient is a factor of 50 smaller

than the classical Langevin value at low energy!



History of molecular observations in space I
Sharp absorption bands (optical): 

• CH: Swings & Rosenfeld (1937)

• CN: McKellar (1940)

• CH+: Douglas & Herzberg (1941)

G. Herzberg, J. Roy. Soc. Can. 82, 115, (1988)

“Historical Remarks on the discovery of interstellar molecules”

B.J. McCall, R.E. Griffin, Proc. R. Soc. A 469, 0604 (2012)

“On the discovery of the diffuse interstellar bands”

Diffuse Interstellar Bands (DIBs), optical:

• Discovered by Mary L. Heger (1922) 

• Probably molecular carriers

• Remain (largely) unidentified to date



Action spectroscopy in ion traps: 
C60

+ as carrier of diffuse interstellar bands?



Action spectroscopy in ion traps: 
helium tagging identifies C60

+ as carrier of diffuse interstellar bands

Form C60
+-He compounds at low temperature,

detach He by laser light and detect the pure C60
+

Diffuse interstellar band positions

Campbell et al., Nature 528, 321 (2015)

22-pole 
ion trap
(4 K)

Laser 
light
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Dissociative Recombination (DR):
Important neutralization process in space (and Earth´s atmosphere)

O2
+ + e-→ O* + O

1st step: DR of O2
+

O (1S → 1D) emission at 5577 Å 

2nd step: emission from excited atomic products

Solar radiation produces a lot of electrons in the Ionosphere by photoionization.
How are these electrons removed?

AB+ + e- →     A + B  Molecular ion



Molecular Ions: Dissociative Electron Recombination

Non-resonant electron capture into a dissociative neutral state

Direct mechanism,
originally proposed by David Bates

AB+ + e- → AB** → A + B
Molecular ion Free electron Atomic or molecular fragments (neutral)



Heavy Ion Storage Rings: Historical Remarks

Low Energy Antiproton Ring (LEAR)

CERN (1982-1996)       Cooler ring!

Large Hadron Collider / CERN (27 km) LEAR and its heritage 



Heavy Ion Storage Ring Technique
Merged electron-ion beams for recombination studies

Very powerful technique!
But:
• Ion temperature ≥ 300K
• Limited to small molecules



Relative
collision
energy

Reduced mass Beam 1 Beam 2 Angle between beams

H3
+ beam 

energy:
5.25 MeV 

Energy electron beam (eV)

Merged beams 101: electron-ion collisions H3
+ + e-



Electron recombination of
the most simple polyatomic ion: H3

+

TSR (Heidelberg)

CRYRING
(Stockholm)

Ed [eV]

H3
+ + e- →

H2 + H
H + H + H{

1 meV ≈ 10 K (kbT)

McCall, Nature 422, 500 (2003)
Kreckel, Phys. Rev. Lett. 95, 263201 (2005)

Kreckel, Phys. Rev. A 82, 042715 (2010)



Toward colder molecular ions:

the Cryogenic Storage Ring (CSR)

300 keV

ion source

platform 

60 kV

ion source

platform

• electrostatic,  Ebeam ≤ 300 keV → no mass limit
• cryogenic, T < 10 K                          → cold molecular ions
• extreme vacuum (p < 10-13 mbar)   → long storage times
• positive and negative ions

1
0
 m

 



The Cryogenic Storage Ring CSR

at MPIK (Heidelberg)

The CSR in February 2015



Tfinal = 5.5 K

Low temperatures
Ag2

-

Long storage times

Time (µs)

Efficient storage

Nion ≈ 2 x 108

Extreme vacuum

nres_gas ≤ 140 cm -3

prte ≤ 10-14 mbar

Time (days)

CSR: Commissioning and Performance Milestones

R. von Hahn et al., „The Cryogenic Storage Ring CSR“, Rev. Sci. Instrum. 87, 063115 (2016)



CH+ : The first molecular ion identified in space

Douglas and Herzberg, ApJ 94, p.381 (1941)



Summary: Molecular Levels and Transitions

Electronic
Transitions: 

∆E = 1-15 eV

Visible-UV

Vibrational
Transitions: 

∆E ≈  0.1 eV

Infrared

Rotational
Transitions: 

∆E ≈ 0.001-0.01 eV

(sub)-Millimeter



ΔE=64 cm-1

CH+ Photodissociation

pre-dissociation

UV

J=0
J=1

J=2
J=3

CH+ + UV  → C+ + H 



CH+ Photodissociation

J = 2

J =
 1

J =
 0

J =
 2

J =
 1

J =
 0

CH+ + UV  → C+ + H 



CH+ Photodissociation

CH+ + UV  → C+ + H 



CH+ Photodissociation

CH+ + UV  → C+ + H 



CH+ Photodissociation

CH+ + UV  → C+ + H 



CH+ Photodissociation

CH+ + UV  → C+ + H 



CH+ Photodissociation

Trad = 15 KTrad = 20 K

J=0J=1

J=2

O’Connor et al., Phys. Rev. Lett., 116, 113002 (2016)

CH+ + UV  → C+ + H 



Stored ions

Merged Beam Sections to study Gas Phase Processes

Study ion-neutral reactions

Study electron collisions and recombination

Electron beam
energy down to
1 eV (at kT=2meV)  

Laser neutralization
of a fast beams of 
negative ions 
(H,D,C,O)

Electron
cooler

A. Wolf,

O. Novotny,

D. Paul,

A. Kalosi, 

L. Isberner

Neutral beam
section

H. Kreckel,

F. Grussie,

D. Müll

A. Znotins

L. Berger

X. Urbain



Cryogenic electron  
ion beam line
(HT supercond.  @32 K)

Electron
beam

The CSR Electron Cooler

Stored 
ion beam

≈1 eV
ΔE ≈ 1 meV

Room temp.
electron beamline

≈20 eV

≈20 eV

Photo cathode electron source 

≈10 x lower initial electron temp.

A. Wolf, O. Novotny,
C. Krantz, P. Wilhelm,
D. Paul, S. Saurabh 



Molecules in the Early Universe

First 
molecules

HeH+, H2
+, H2, HD+, HD, H3

+, LiH+...

Güsten et al, Nature 568, 357 (2019)



Previous studies: Electron Recombination of HeH+

C. Strömholm et al., Phys. Rev. A 54, 3086 (1996)
T. Tanabe et al., J. Phys. B 31, L297 (1998)



Electron Recombination of cold HeH+

C. Strömholm et al., Phys. Rev. A 54, 3086 (1996)
T. Tanabe et al., J. Phys. B 31, L297 (1998)

O. Novotný et al., 
Science 365, 676–679 (2019)



Rate coefficients for Astrochemical Models

Expect Early Universe Abundance of HeH+ to be much higher!

James Webb Space Telescope

S. Bovino et al.,
AA 529, A140 (2011)

PART III

O. Novotný et al., 
Science 365, 676–679
(2019)



Another first: Inelastic electron collisions of CH+ + e-

Dissociative recombination
CH+ + e- → C + H

TSR
(300K)

D. Paul et al., ApJ 939 122 (2022)



Another first: Inelastic electron collisions of CH+ + e-

Dissociative recombination
CH+ + e- → C + H

TSR
(300K)

D. Paul et al., ApJ 939 122 (2022)



Laser-monitored populations

no electron cooling

electron cooling

Another first: Inelastic electron collisions of CH+ + e-

Dissociative recombination
CH+ + e- → C + H

TSR
(300K)

e-

J=2 → J=1

First ever inelastic electron cooling rates for CH+

A. Kalosi, Phys. Rev. Lett. 128, 183402 (2022)D. Paul et al., ApJ 939 122 (2022)



Among most problematic reactions:

H3
+ + C CH+ + H

HCO+  + C CH+ + CO
H3

+ + O OH+ + H2

H+ + O O+ + H
H3O+ + e H2O + H
CH2

+ + O           HCO+ + H

Vasyunin et al., ApJ 672, 629 (2008)

Protoplanetary Disks

ESO:  L. Calçada

Dense Interstellar Clouds

ESO: FORS / VLT

Among the Top 15 most
influential reactions:

Wakelam et al., A&A 495, 513 (2009)

H3
+ + O OH+ + H2

H3
+ + C CH+ + H2

HCO+ + C CH+ + CO
H3O+ + e H2O + H
HCO+ + e CO     +  H

Choosing the Right Targets:
Key Reactions Identified by Sensitivity Studies



Extraction section
• Dump and measure neutrals
• Differential pumping
• Detect heavy products

Laser neutralization zone
2 kW diode laser matrix @ 808nm 

20m

Ion-Neutral Collisions at the CSR 

Neutral beam

Stored ion beam

Neutral density
102-103 cm-3



Creation of a ground term neutral atom beam

Laser
diode
matrix - 2 kW @ 808nm

Laser dump

Beam cleaner

Faraday cup

Neutral cup

Neutral beam

Ion beam [C-, O-, D-, H-]

Laser beam

Photo-detachment chamber

La
se

r 
ga

te
Io

n
N

eu
tr

al

O´Connor et al., RSI 86, 113306 (2015)



Proof of principle data: 
H3

+ (50 kV) + C (200 kV)            CH+ + H2

Solid line:
Fit to Columbia
single pass data

Absolute
scale
adjusted 

Next steps: use deuterated molecules (H2D+, D2H+) to monitor rates
during vibrational and rotational cooling



Ion-neutral collisions
HD+ + C                CH+ /CD+ + H/D 

Comparison to theory (150 K): absolute cross sections

Theory: Quasi Classical Trajectory (QCT) by Fabrice Dayou, Paris Observatory, Meudon, France

HD+ + C   → CH+ + D

HD+ + C   → CD+ + H



Comparison to theory: kinetic isotope effect

HD+ + C   → CH+ + D

HD+ + C   → CD+ + H

Ion-neutral collisions
HD+ + C                CH+ /CD+ + H/D 



Summary:
Molecular Astrophyiscs in the Age of ALMA and JWST
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James Webb Space Telescope
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