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The Supernova of 1604

The first recorded observation was in northern Italy on October 9, 1604.[2]

Johannes Kepler began observing the luminous display while working at the 

imperial court in Prague for Emperor Rudolf II on October 17.[3] It was 

subsequently named after him because his observations tracked the object for an 

entire year and because of his book on the subject, entitled De Stella nova in pede 

Serpentarii ("On the new star in Ophiuchus's foot", Prague 1606).[citation needed]

It was the second supernova to be observed in a generation (after SN 1572 seen by Tycho Brahe in Cassiopeia). No further supernovae have 

since been observed with certainty in the Milky Way, though many others outside our galaxy have been seen since S Andromedae[citation needed]

and SN 1987A in the Large Magellanic Cloud was visible to the naked eye. Why today

http://en.wikipedia.org/wiki/Kepler%27s_Supernova#cite_note-2
http://en.wikipedia.org/wiki/Johannes_Kepler
http://en.wikipedia.org/wiki/Prague
http://en.wikipedia.org/wiki/Rudolf_II,_Holy_Roman_Emperor
http://en.wikipedia.org/wiki/Kepler%27s_Supernova#cite_note-3
http://en.wikipedia.org/wiki/Wikipedia:Citation_needed
http://en.wikipedia.org/wiki/SN_1572
http://en.wikipedia.org/wiki/Tycho_Brahe
http://en.wikipedia.org/wiki/Cassiopeia_%28constellation%29
http://en.wikipedia.org/wiki/S_Andromedae
http://en.wikipedia.org/wiki/Wikipedia:Citation_needed
http://en.wikipedia.org/wiki/SN_1987A
http://en.wikipedia.org/wiki/Large_Magellanic_Cloud


12.4.1961

Johannes Kepler

socha Atlanta 

Klementinum a astronomie. Astronomická věž

Vostok 1 

9:07 moskevského času (6:07 UTC) 

kosmodromu Bajkonur.
Mikuláš Koperník (1473-1543)

http://en.wikipedia.org/wiki/Johannes_Kepler
http://prahafx.ru/cz/klementinum/klementinum4.html
https://cs.wikipedia.org/wiki/Kosmodrom_Bajkonur


Věž byla dokončena v roce 1722. Na 

vrcholu věže stojí socha Atlanta (olověná 

socha s železnou vnitřní konstrukcí, váha 

asi 600 kg, výška 2,4 m). Atlas nese 

nebeskou sféru (průměr asi 1,6 m, váha asi 

150 kg) s korouhví. 

(Pravděpodobně

Matyáš Braun)

Klementinum and astronomy. 

Astronomická věž

1722

1722

socha Atlanta 





Ions chemistry

Electron – ion interactions

Negative ions ??

ISM

Hydrogen only??

Scio me nihil scire I know that I know nothing



Interstellar medium

92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !

0.1%……C,N,O,S,Si….

Cosmic abundance

~0.005%……D



Importance of Interstellar Hydrogen



Motivations

⚫ H3
+ is the cornerstone of ion-molecule reactions in the 

interstellar medium (ISM)

⚫ Simple chemistry allows for the inference of various 
physical parameters (density, temperature, ionization 
rate, cloud size)



Molecules seen in IR 

absorption and radio 

emission

10 K

10(4) cm-3

H2 

dominant

sites of star 

formation

Dense Interstellar Cloud Cores

Cosmic rays create weak plasma

Fractional ionization < 10(-7)
H3

+



Cosmic Elemental Abundances

• H   = 1

• He = 6.3(-2)

• O   = 7.4(-4) 1.8(-4)

• C   = 4.0(-4)  7.3(-5)

• N   = 9.3(-5)  2.1(-5)

• S   = 2.6(-5)  8.0(-8)

• Si  = 3.5(-5)  8.0(-9)

• Fe  = 3.2(-5) 3.0(-9)

• Dust/gas = 1% by 

mass

• Gas-phase abundances 

of heavy elements in 

clouds reduced.



Some Fractional Abundances in 

TMC-1

• CO       1(-4)

• HCN     2(-8)

• C4H      9(-8)

• HCO+   8(-9)

• c-C3H2 1(-8)

• HC9N   5(-10)

• OH     2(-7)

• NH3   2(-8)

• HC3N 2(-8)

• N2H+ 4(-10)

• HNC   2(-8)

• O2 <   8(-8)



Characteristics of some astrophysical sources



Molecules in interstellar space
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Molecules in interstellar space

1919-1922 Heger discovers the DIBs

Nearly 100 years ago Mary Lea Heger discovered diffuse bands in the 

spectra of stars due to some sort of material maybe molecules in the 

space between stars and Earth. A map of the data from the Sloan Digital 

Sky Survey, by a team from Johns Hopkins produced this map. Red 

indicates areas with the most abundant DIB molecules, blue the least. 2015



The Orion molecular clouds

Motivation: 

92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !

Just for pleasure. 

H3
+

e-, H+, H, H-, H2
+, H2, ….H3

+



25223 HHHHH +→++ ++

22325 HHHHH ++→+
++

2543 HCHCHH +→+ ++

2003



2014



(IMR & Recombination of H3
+)

H2 and H3
+ Story

Nevyžiadaná reklama

Motivace ?... $$$ ? ….

Smith's Cloud

motto

If you understand hydrogen, you understand all that can be understood. V. Weisskopf 

(Taken from G. Herzberg). 



The cloud, called Smith's Cloud, after the astronomer who discovered it in 1963, contains enough hydrogen to 

make a million stars like the Sun. Eleven thousand light-years long and 2,500 light-years wide, it is only 8,000 

light-years from our Galaxy's disk. It is careening toward our Galaxy at more than 150 miles per second, aimed 

to strike the Milky Way's disk at an angle of about 45 degrees. 

Lockman and his colleagues used the Green Bank Telescope GBT to make an extremely detailed study of 

hydrogen in Smith's Cloud. Smith's Cloud is about 15 degrees long in the sky, 30 times the width of the full 

moon. 

Its shape, somewhat similar to that of a comet, indicates that it's already hitting gas in our Galaxy's outskirts. It 

is also feeling a tidal force from the gravity of the Milky Way and may be in the process of being torn apart. 

…užívajte sveta …. blíži sa kometa ….

The leading edge of this cloud is already 

interacting with gas from our Galaxy 

Massive Gas Cloud Speeding Toward Collision With Milky Way 

240 km/s

1963



…. What about energy…

Our Galaxy will get a rain of gas from this cloud, then in about 20 to 40 

million years, the cloud's core will smash into the Milky Way's plane," 

The cloud will likely strike a region somewhat farther from the Galactic 

center than our Solar System and about 90 degrees ahead of us in the 

Milky Way disk. The collision may trigger a period of rapid star 

formation fueled by the new gas and the shock from the collision. Some 

theories say that the ring of bright stars near the Sun, called Gould's Belt, 

was created by just such a collision event. 

240 km/s

contains enough hydrogen to make a million stars like the Sun



…. blíži sa …..

240 km/s

In first approximation 240 km/s  ~562 eV  ~5x106 K

contains enough hydrogen to make a million stars like the Sun

Asi pocitano pre proton



Plasma is everywhere, but where is truth

Sokrates, Platon

H3
+

“School of Athens” Rafael, Vatican

Plasma

Scio me nihil scire 





H3
+ in Interstellar space

1961



H3
+ in Interstellar space

1973



…….

History of H3
+

1912

1916

1935

H2
+ + H2➔ H3

+ + H

Intensive laboratory search for H3
+ spectra

m=3

1912 1920 1930 1970 1980

⚫ No excited electronic state

⚫ No dipole moment in ground state 

– → no pure rotational spectrum

⚫ v1 symetric stretch - infrared inactive

⚫ v2 vibration fundamental band feasible

freq. ~2700 cm-1



Search for H3
+ in laboratory

25. 4. 1980



Aastrophysical  – Observations of H3
+( v=0)

1980 - Laboratory

T. Oka -IR Spectroscopy Observation of H3
+

R(1,1)u originates from the lowest para level (J = 1, K = 1), while R(1,0) 
comes from the lowest ortho level (J = 1,K = 0). Note that the (J = K =
0) level is forbidden by the Pauli principle.

para ortho

1912 .. 1916 … 1935  ………..

…….

1980

1980



Back to the Interstellar Search



Environments with H3
+

Observation of H3
+: 

Ionosphere of large planets:

Jupiter (1987), Saturn (1993), 
Uran(1993)

1987

1993

1993



Search for H3
+ - Interstellar space

1996



Search for H3
+ - Interstellar space

1999



The Orion molecular clouds

in infrared

Conditions in ISM

Npara =  4.0(9)  1014 cm-2

Northo = 3.0(6)  1014 cm-2 (DE~32.9K)

Molecular Cloud GL2136. 

The first detection of interstellar H3
+

CGS4 spectrometer at UKIRT

T. R. Geballe & T. Oka

Nature 384, 334 (1996)

Dark Clouds:

• T ~ 10K

• H2 density ~ 104cm-3

H3
+

1996



Jupiter

Aastrophysical  – Observations OF H3
+( v=0)

1980 - Laboratory

T. Oka -IR Spectroscopy Observation of H3
+

1987 -2006; Observation of H3
+: 

Supernova 1987A

Interstellar clouds (1998….)

Centre of Galaxy (1999)

Ionosphere of large planets:

Jupiter (1987), Saturn (1993), 
Uran(1993)

R(1,1)u originates from the lowest para level (J = 1, K = 1), while R(1,0) 
comes from the lowest ortho level (J = 1,K = 0). Note that the (J = K =
0) level is forbidden by the Pauli principle.

para ortho

Laboratory

1987 – 1999 - ….



Environments with H3+



Plasma Plasma.

e-
+

-



Motivations

⚫ H3
+ is the cornerstone of ion-molecule reactions in the 

interstellar medium (ISM)

⚫ Simple chemistry allows for the inference of various 
physical parameters (density, temperature, ionization rate, 
cloud size)



Importance of Interstellar H3
+



Balance in ISM

PRODUCTION: H2 hn H2
+ H2 H3

+ d[H3
+]/dt~ g.[H2]

Cosmic-ray ionisation rate g~3x10-17s-1

LT ~ LII

H3
+,H2,CO,e-

LT

LII .[H3
+] COLUMN DENSITY N(H3)

b)  DIFFUSE CLOUDS: DESTRUCTION: H3
+ + e-

d[H3
+]/dt ~ - aDR [H3

+][e-]

[e-]~[C]

aDR=2x10--7cm3s-1 x(T/300)-0.65 ? 

[H3
+]=g/ aDR . [H2]/[C]= ~1x10-7cm-3

~ NO with observation 

a) DENSE CLOUDS: DESTRUCTION:

H3
+ + CO              HCO+ + H2

kCO=2x10-9cm3s-1

d[H3
+]/dt ~ -kCOx[H3

+]x[CO]

[H3
+]=g/kCO . [H2]/[CO]= ~1x10-4cm-3

~OK with observation



??????????

b)  DIFFUSE CLOUDS: DESTRUCTION: H3
+ + e-

d[H3
+]/dt ~ - aDR [H3

+][e-]

[e-]~[C]

aDR=2x10--7cm3s-1 x(T/300)-0.65 ? 

[H3
+]=g/ aDR . [H2]/[C]= ~1x10-7cm-3

~ NO with observation 

HHHeH 3,23 ++ −+



Interstellar medium

92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !

0.1%……C,N,O,S,Si….

Cosmic abundance

D/H ratio ~ 10-5

D   .

DENSE INTERSTELLAR 

CLOUDS

N

E

U

T

R

A

L

S

H3
+

H2
+

H
+
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+

C
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HCO
+

HCN
+

CH3
+

CH5
+

OH
+

H3O
+
...

CnHm..

H

H2

He

cosmic rays

N
+

a=?    e
-

+e-

H2

@ 10-50K

productsneutraleH ⎯→⎯+ −+ a
3

a (10 K) = ????



Interstellar medium,   HD role

92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !

0.1%……C,N,O,S,Si….

@ 10-50K

Cosmic abundance

D   .

DENSE INTERSTELLAR 

CLOUDS

N

E

U

T

R

A

L

S

H3
+

H2
+

H
+
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+
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HCO
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CH3
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CH5
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OH
+

H3O
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...
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H2

He
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a=?    e
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D3
+

HD HD2
+

H2D
+

productsneutraleH ⎯→⎯+ −+ a
3

a (10 K) = ????

++++ ⎯→⎯⎯→⎯⎯→⎯ 3223 DHDDHH HDHDHD

D/H ratio ~ 10-5

k (10 K) = ????



Emotional history of experiments

–“time evolution“ of a(H3
+), a(D3

+)

AISA
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H3
+ (full symbols)

D3
+ (open symbols) THEORY OF DR

CRDS

IR spectroscopy

FALP
H2

H3
+

He+

FALP
H2

H3
+

He+

He

mw discharge cell 



Small problems and post consonance studies
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THEORY OF DR

During 2000-6

The theory and well defined storage ring experiments 

(internally cold ions) 

obtained agreement : a(T=300 K) = 7x10-8 cm3s-1

Small problems:
-Disagreement with some Afterglow experiments

N. Adams & D. Smith; D. Smith & P. Spanel;…. 

R. Johnsen, Amanno

-Observation of Rydberg H3 in plasma

- Merged-beam experiment in which the deflection field used to separate 

product neutrals from the ions in the post-collision region was varied It 

was found that the measured DR product signal increased by a factor of 

five (approaching that obtained in ISR experiments) when the field 

strength in that region was reduced from 3000 V/cm to 200 V/cm. (R. 

Johnsen Mosbach)

RYDBERG STATES  H3
Herzberg: in emission from a hollow cathode discharge of H2 (Herzberg et 

al 1979-82,Dabrowski & Herzberg 1980;

Helm: Fast-neutral-beam photoionization spectra of H3 were observed 

(1986); high-n Rydberg states were identified. Cosby & Helm (1988) and 

Helm (1988) further measured the ionization potential and investigated the 

photodissociation processes. 

Figger and co-workers (Figger et al . 1989; Ketterle et al . 1989) also 

observed the emission spectra by neutralizing the parent H3
+ ion, and 

obtained the lifetimes of the Rydberg states. 

Bjerre et al . (1991) performed high-resolution laser spectroscopy of a fast 

neutral beam of H3 and observed the spin-splittings in the 3d states.

Amanno (2000) … D3
+ + D2→ D5

++e → D3
* + ….

Etc. 80 % have life time few ns ???

c=30cm/nsv=??cm/ns



Small problems or post consonance studies
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THEORY OF DR

RYDBERG STATES  H3
Herzberg: in emission from a hollow cathode discharge of H2 (Herzberg et 

al 1979-82,Dabrowski & Herzberg 1980;

Helm: Fast-neutral-beam photoionization spectra of H3 were observed 

(1986); high-n Rydberg states were identified. Cosby & Helm (1988) and 

Helm (1988) further measured the ionization potential and investigated the 

photodissociation processes. 

Figger and co-workers (Figger et al . 1989; Ketterle et al . 1989) also 

observed the emission spectra by neutralizing the parent H3
+ ion, and 

obtained the lifetimes of the Rydberg states. 

Bjerre et al . (1991) performed high-resolution laser spectroscopy of a fast 

neutral beam of H3 and observed the spin-splittings in the 3d states.

Amanno (2000) … D3
+ + D2→ D5

++e → D3
* + ….

Etc. 

Tashiro

During 2000-6

The theory and well defined storage ring experiments 

(internally cold ions) 

obtained agreement : a(T=300 K) = 7x10-8 cm3s-1

Small problems:
-Disagreement with some Afterglow experiments

N. Adams & D. Smith; D. Smith & P. Spanel;…. 

R. Johnsen, Amanno

-Observation of Rydberg H3 in plasma

- Merged-beam experiment in which the deflection field used to separate 

product neutrals from the ions in the post-collision region was varied It 

was found that the measured DR product signal increased by a factor of 

five (approaching that obtained in ISR experiments) when the field 

strength in that region was reduced from 3000 V/cm to 200 V/cm. (R. 

Johnsen Mosbach)



Quo vadis ???





State specific processes

p/oH3
+ + e-

➔
H- + H➔H2 +  e-

N+ (3Pja) + p/oH2➔NH + +H

O- + H2➔H2O +  e-

H+  + p/oH2➔H3
+ + g

p/oH3
+ + e- +He ➔

D3
+ + e-

➔

g, e-, H+, H, H-, H2
+, H2, ….H3

+

D- + H ➔H- + D; 

➔HD+ e-

Nuclear spin

p/oH3
+ + e- +H2➔

O+ + H2➔….➔ HO+ 
➔ H2O

+
➔ H3O

+ ….➔H2O
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Binary reactions       Reaction rate coefficient
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dt
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Simple picture of ion – molecule interaction
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f=e/r

d=ae/r2
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F(ion) = 2ae2/r5

f= -ae/2r4

E(ion) = 2d/r3 = 2ae/r5

U(pot) = -ae2/2r4

a - polarisability



Two particles interaction
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Simple picture +

r

F(r) ~ 2ae2/ r5

U(pot) = -ae2/2r4

U(kin)=mv0/2

For U(pot) < U(kin) we have capture ➔

Capture is for r<r where U(r, pot) = U(r, kin) 
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2/2 = ae2/2r4
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Ion-molecule interaction
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Collision cross section of IMR
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U(pot) = -ae2/2r4

U(kin)=mv0/2

For U(pot) < U(kin) we have capture ➔

Capture is for r<r where U(r, pot) = U(r, kin) 
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Ion induced dipole interaction

For ion induced dipole force
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Collision rate coefficient -Langevin rate coefficient
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IMR thermal



Ionic composition of the atmosphere



Reaction Rate of IMR relevant for ionosphere
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The ion chemistry of the lower atmosphere

Binary reactions

Ternary reactions 



Branching ratio of IMR
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Reaction rate coefficients

• reactants products rate coefficient

• Electron atomic ion rec. A+ + e-
➔ A + hn ~10-11cm3s-1

• Electron - ion recomb. O2
+ + e-

➔ O + O 2x10-7cm3s-1

• Electron – cluster ion recomb. H5
+ + e-

➔ products 3.5x10-6cm3s-1

• Ion – ion recombination Ar+ + Cl-
➔ Ar + Cl 2x10-8cm3s-1

• Ion – molecule reactions H2
+ + H2, ➔ H3

+ + H 2x10-9cm3s-1

H3
+ + H2 + He ➔ H5

+ + He keff BIN= k3x[He]

k3<2x10-29cm6s-1

• Attachment CCl4 + e- Cl- +CCl3 ~10-7cm3s-1

• Penning ionization He* + Ar Ar+ + e- + He 7x10-11c .

Typical values of at 300K (approximate values)



Rate coefficients

%productsA+ B k[cm3s-1] T

2003



Decay of plasma – change of plasma composition 

H3
+ + H2O → H3O

+ + H2

OHHOHHk
dt

dH
2323
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Ion density in low temperature plasma, e.g. DC discharge [H3
+]~1010cm-3

Water impurities ~10-5 Torr ➔3x1011cm-3

“Pure He”  … grade 5 …. 99.999%  ….0.001 % of impurities

H3
+
→ H3O

+



Techniques for study of IMR – reality

Dynamic of IMR



Reaction coordinate
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Potential energy 3D



Techniques for study of IMR – reality



Guided Ion Beam
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Techniques for study of IMR – reality

Dynamic of IMR
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Dynamic of IMR 
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Dynamic of IMR 
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Dynamic of IMR 
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Dynamic of IMR 
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Reaction mechanism



Guided Ion Beam
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Reaction proceeding via intermediate states



Reaction mechanism



Endothermic ion-molecule reactions



Implications of a barrier along reaction path

Arrhenius:

k(T) = <sv> = A exp (-EA/kT)

EAReactants

Products



EAReactants

Products



Implications of a barrier along reaction path

Arrhenius:

k(T) = <sv> = A exp (-EA/kT)

EAReactants

Products
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IMR Energy dependence  eV region

0,1 1
10

-15

10
-14

10
-13

10
-12

10
-11

10
-10

COLLISION INDUCED DISSOCIATION

 CH
3
O

+

 N
4

+

 (CO)
2

+

 CH
5

+

 C
2
H

5

+

k
2
 [

c
m

3
/s

]

E
b
 [eV]

HeNNHeN ++→+ ++

224

Endothermic IMR

~ T

k(T) = <sv> = A exp (-EA/kT)

ln(k(T)) ~ (-EA/kT)



0 20 40 60 80 100 120 140 160
10

-120

10
-110

10
-100

10
-90

10
-80

10
-70

10
-60

10
-50

10
-40

10
-30

10
-20

10
-10

(CO)
2

+

N
4

+

80K

100K

120K

200K

300K

400K ARRHENIUS PLOT  N
4

+

 (CO)
2

+
 calc.

 N
4

+
 calc.

 (CO)
2

+

k
f [

cm
3
/s

]

1/E
b
 [1/eV]

Collision induced dissociation 

HeNN

k

k

HeN

f

r

+++++
224

0.1
-14

-13

-12

-11

-10
0.1

-14

-13

-12

-11

-10

 

 

lo
g

(k
2
) 

 [
c
m

3
s

-1
]

E
B
[eV]

 logk2

0.01 0.1
-120

-100

-80

-60

-40

-20

0
0.01 0.1

-120

-100

-80

-60

-40

-20

0

 

 

lo
g(

k
f)  

[c
m

3 s-1
]

E
B
[eV]

 logk2

0 2 4 6 8 10
10

-14

10
-13

10
-12

10
-11

10
-10

10
-9

N
4

+

ARRHENIUS PLOT

k
f [

c
m

3
/s

]

1/E
b
 [1/eV]

)/exp(~ kTHkk collf D−

kTHk f /~)ln( D−



Equilibrium

HeNN

k

k

HeN

f

r

+++++
224



N4
+

HeNN

k

k

HeN

f

r

+++++
224

N2
+

N4
+

N2
+

N4
+

N2
+



Van’t Hoff equation



The Arrhenius Equation

Experimental observation : k=Aexp(-B/T)

1889 Arrhenius sugested expression:

k=Aexp(-Ea/RT)    Arrhenius equation
A - pre exponential factor or Frequency factor

Ea – activation energy

Better definition is  lnk = (-Ea/RT) +lnA

Dependence of lnk versus 1/T will have a slope equal -Ea/R

Boltzmann’s Distribution Law

Boltzmann distribution law

Ni/N = [exp(-i /kT)]/[S exp(-i /kT)]

N2/N1 = exp(-(−1)/kT)

Ni/N = gi [exp(-i /kT)]/g

g – molecular partition function



Van’t Hoff equation
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Ion – molecule reactions
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Techniques for study of IMR – reality

Kinetics of IMR



Techniques for study of IMR – reality

FA– Flowing Afterglow principle 

Flow tubes



RECOMBINATION

FLOWING AFTERGLOW

The battle ship enters the stage
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Time resolved mass spectra
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Rate Law

• rate = k[A]x[B]y

• rate order = x + y

• knowledge of order can help control reaction

• rate must be experimentally determined

Injection

mixing
detector

Flow meter



FA– Flowing Afterglow principle 

Reactor with plasma



z~vflowt

He

Microwave discharge

Gas inlet

Mass spec

Flowing afterglow - IMR and recombination

z

Langmuir probe measures  ne(z)

FA FALP



Techniques for study of IMR – FALP 

1965



Experimental studies of IMR ➔FA

Flow 
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PLASMA  

SOURCE 

PUMPING 

Diameter ~7cm;    Length 100cm,    Gas Velocity 100m/s, 

Pressure ~1Torr,    Plasma Density ~ne=n+~ 10
10

cm
-3 



FLOWING AFTERGLOW

Plasma source

Carrier gas

He + A

reaktant B

Rreaction region

FA E.E.Ferguson, Fehsenfeld, ~1965
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VGAS =50-100m/s

FA

)/][exp(][)][exp(][][

][][],][[/][

,

000 vLBkAtBkAA

BAatABkdtAd

productsBA k

−=−=

−=

⎯→⎯+

+++

+++

+

A+ A+ + B

Ion-molecule reactions

SIFT

, D. Smith, N. Adams, ….
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FA– Flowing Afterglow HHCOCOH ++ ++
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Table 1. Table of reactions taking place in He/Ar plasma. The values in the middle column are calculated for 80 K if temperature dependence was known.  

N Reaction

Rate coef.

Ref.[cm3s−1], [cm6s−1]

1 He+ + He + He → He2
+ + He 1×10−31 [Ikezoe et al., 1987]

2 Hem + Hem → He+ + He + e− 5×10−9 [Deloche et al., 1976]

3 → He2
+ + e− 5×10−9 [Urbain et al., 1999]

4 He2
+ + e− → 2He <5×10−10 [Deloche et al.,1976]

Ar+ formation and destruction

5 He+ + Ar → Ar+ + He <1×10−13 [Johnsen et al., 1973]

6 Hem + Ar →Ar+ + He + e− 7×10−11 [Glosík et al., 1999]

7 He2
+ + Ar → Ar+ + 2He 2×10−10 [Ikezoe et al., 1987]

8 Ar+ + e− + e− → Ar + e− 1.1×10−17 [Kotrík et al., 2011]

9 Ar+ + e− + He → Ar + He 2.7×10−26 [Bates et al., 1965]

Arn
+ formation and destruction

10 Ar+ + Ar + He → Ar2
+ + He 1.3×10−31 [Smirnov, 1977]

11 Ar2
+ + e− → 2Ar 8×10−7 [Okada et al., 1993]

12 Ar2
+ + Ar + Ar → Ar3

+ + Ar 3.2×10−30 [Hiraoka et al., 1989]

13 Ar2
+ + Ar + He → Ar3

+ + He 5.5×10−31 [Smirnov, 1977]

14 Ar3
+ + e− → 3Ar 3.6×10−5 Estimate

15 Ar3
+ + Ar + He → Ar4

+ + He 5.5×10−31 Estimate

16 Ar4
+ + e− → 4Ar 3.6×10−5 Estimate
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FA– Flowing Afterglow HHCOCOH ++ ++
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FA– Flowing Afterglow
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Evolution along the flow tube

vDL
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High temperature study



RENNES    MS - FALP



RENNES absorption studies

N2 entry port
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Emission spectroscopy for identification products of recombination

collisional radiative recombination of argon ions

Ar+ + e- + e-
→Ar + e-

Pittsburg Rainer Johnsen FALP



The Pittsburgh flow tube
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Ar+ + H2 →   Ar H+ + H   (+ 1.53eV)

ArH+ +H2 →  Ar +  H3
+ (+ 0.57 eV)



N.G.ADAMS University of Georgia, Viktoria Poterya



FA– Flowing Afterglow 2005
MFF.CUNI.CZ



FA– Flowing Afterglow 2005
MFF.CUNI.CZ



FA– Flowing Afterglow 1965 -2006
MFF.CUNI.CZ

CU – Chemistry 1980: 

Eldon Ferguson  watching the  flow-tube centers

1980



FALP – MFF.CUNI.CZ 0
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Apparatus -FALP  

α ~ 5x10-9 cm3s-1

Plasma decay can be monitored up to 35 cm➔ 65 ms, Temperature – 130 - 300 K Pressure up to 12 Torr
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Evolution along the flow tube
vDL
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Ion-molecule reactions
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Recombination in He/Ar Afterglow Plasma at Low Temperatures

P. Dohnal, P. Rubovič, T. Kotrík, R. Plašil, and J. Glosík 
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CRYO-FALP

30-300 K



Low Temperature Collisions

in Flow Systems and Traps

(state-of-the-art experiments)

CRESU (cinétique de réaction en ecoulement supersonique 

uniforme or reaction kinetics in uniform supersonic flow)
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CRESU: Cinétique de Réaction en Ecoulement Supersonique Uniforme

B. Rowe (Rennes), I. Sims (Rennes), M. Smith (Tucson)



Schematic of the CRESU apparatus devoted to the 

measurement of ion/molecule reactions at low 

temperatures



CRESU apparatus 

Variation of the rate coefficient with temperature 

N+ NH3



Free jet flow 
reactor 
Mark Smith

The jet originates from a pulsed beam valve 1, and ions are produced by REMPI using a focused pulsed laser. 
The reaction zone is bounded by a repeller plate 2 and an endplate 3: 
ions are propelled, by a pulsed voltage on the repeller, towards a sampling aperture in 
the endplate which leads to a TOF-MS 4 
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Selected Ion Flow Tube - SIFT



Ion-molecule reactions
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SIFDT experiment

Selected Ion Flow Drift Tube – SIFDT
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Proton transfer mass spectroscopy - Innsbruck

OHHCHCOH 276663 +→+
++


