
H3
+ in Interstellar space

motto

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

(Taken from G. Herzberg). 
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Electronvolt

Conversion factors:

1 eV = 1.6021765(40)×10−19J (the conversion factor is numerically equal to the elementary charge expressed in coulombs). 

1 eV (per atom) is 96.485 kJ/mol. 

1 TeV: A trillion electronvolts, or 1.602×10−7 J, about the kinetic energy of a flying mosquito

1.6 to 3.4 eV: the photon energy of visible light. 

1.65eV              2.50               3.27 eV

13.6 eV: The energy required to ionize atomic hydrogen. 

Molecular bond energies are on the order of one eV per molecule 

14 TeV: the design proton collision energy at the Large Hadron Collider (which has operated at half of the energy since March 30, 2010). 

By definition, it is equal to the amount of kinetic energy gained by 

a single unbound electron when it accelerates through an electric potential difference of one volt 

0 +1V-

E→kT

1eV ~ 11 604.505 K

1K ~ 9x10-5eV

http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/Elementary_charge
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http://en.wikipedia.org/wiki/Joule
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92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !

0.1%……C,N,O,S,Si….

The cosmic elemental abundances extend over 12 orders of magnitude. 



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

Andromeda composite



Estimated abundances of the chemical elements in the Solar System 

(logarithmic scale)

The cosmic elemental abundances extend over 12 orders of magnitude. 



(IMR & Recombination of H3
+)

H2 and H3
+ Story

motivation?... $$$ ? ….

Smith's Cloud

motto

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

(Taken from G. Herzberg). 



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. 

Don’t worry! It will hit 30,000 light years away from Earth.

called Smith’s Cloud, after the astronomer who discovered it in 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

Smith's Cloud

240 km/s ~562 eV  ~5x106 K

Smith’s Cloud



Importance of Interstellar Hydrogen



Importance of Interstellar H3
+



Plasma Plasma.

e-+

-

C6H
-…..



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)

The Orion molecular clouds





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



H3
+ in Interstellar space

1961



H3
+ in Interstellar space

1973



Search for H3
+ in laboratory



"Black Widow"



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

"Black Widow"



Back to the Interstellar Search



Environments with H3
+

Observation of H3
+: 

Ionosphere of large planets:

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

1987-1993



Search for H3
+ - Interstellar space

1996



Search for H3
+ - Interstellar space

1996

1996



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
+



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

"Black Widow"



Environments with 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



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
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Emotional history of experiments

–“time evolution“ of a(H3
+), a(D3

+)

AISA

1970 1975 1980 1985 1990 1995 2000 2005
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H3
+ (full symbols)

D3
+ (open symbols) THEORY OF DR

CRDS

IR spectroscopy

H2

H3
+

He+

FALP
H2

He

mw discharge cell 



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
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H3
+ , H2D

+, HD2
+ D3

+ are fundamental

products neutraleH binH3
3 ⎯⎯⎯ →⎯+ −+ a

products neutraleDH binH2D
2 ⎯⎯⎯ →⎯+ −+ a

products neutraleHD binHD2
2 ⎯⎯⎯ →⎯+ −+ a

products neutraleD binD3
3 ⎯⎯⎯ →⎯+ −+ a



H3
+ , H2D

+, HD2
+ D3

+ are fundamental

H3
+ HD2

+

H2D
+ D3

+

~T-0.5

~T-0.5

~T-0.5 ~T-0.5

~T-0.5

a~T-0.5

a~<vs>
products neutraleH binH3

3 ⎯⎯⎯ →⎯+ −+ a
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products neutraleD binD3
3 ⎯⎯⎯ →⎯+ −+ a

2009

2009



Nuclear spin dependence of H3
+ recombination

Unfortunately the experiments on storage rings were stopped  ...…

ortho

….2008, new improved calculations

3D 60 K

B. J. McCall, et al. Physical Review A (2004) 

H. Kreckel, J. Glosik, et al. Phys. Rev. Lett. 2005, 

H. Kreckel, O. Novotny, et al., Phys. Rev. A (2010).

K. N. Crabtree, N. Indriolo, et al., Astrophys. J. (2011) 

M. Larsson, B.J. McCall, A.E. Orel (2008)

J. Varju, M. Hejduk, J. Glosik, et al. Phys. Rev. Lett., 2011.

J. Glosik, R. Plasil, et al. Phys. Rev. A, 2009.

P. Dohnal, M. Hejduk, J. Glosik, et al. J. Chem. Phys., 2012.

H3
+

“Presently no rate coefficient measurement 

with a confirmed temperature below 300 K exists“. 

Doubts  2011

Petrignani et al. Phys. Rev. A (2011)

The main mechanism (Jahn-Teller coupling) 

that leads to the fast dissociation when 

electron recombines with the ion requires 

vibrational excitation of ionic core

Theory of Binary DR

Thermal

Averaged 



H3
+ Potential curves In the case of H3

+, a simple 2-dimensional picture of molecular states

suggests that recombination should be very inefficient



Line intensity H3
+ 

observed

High sensitivity required
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IR-CRDS 

Laser absorption spectroscopy

2

33
3 ][][

][ ++
+

−=−= HnH
dt

Hd
e aa

Stationary afterglow + Spectroscopic identification of recombining ions

CRDS

He/Ar/H2
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Ionic composition of H2/D2 plasma 

0

50

100

150

0

50

100

150

p

p

p

p

p

p

p

1

2

0

1

1

1

2

1

2

00

01

01

10

12

*

*

*

*
*

o

o

o

o

o

o

o

1

1

1

0

1

2

2

0

11

10

00

11

02

11

*

*

*

*

p 00

 HD
+

2
H

2
D

+

E
ne

rg
y 

[c
m

-1
]

H
+

3

T
em

pe
ra

tu
re

 [K
]

6458.9 6459.0 6459.1

0

2

6466.4 6466.5 6491.2 6491.3 6491.4

 

a
 [

10
-8

 c
m

-1
]

a) ortho- b) para-

 

 Wavenumber [cm
-1
]

1
1 1

     2
0 2

0
0 0

    1
1 1

 1
0 1

    2
1 2

c) para-H
2
D

+

 

 

 

H2D
+

D2H
+

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

D
2
H

+
 (2

0 2
   3

1 3
)

H
2
D

+
 (1

0 1
   2

1 2
)

 
R

e
la

ti
v
e
 d

e
n
s
it
y
  
[a

. 
u
. ]

D
2
 / (D

2
 + H

2
)

He/Ar/H2/D2

D2H
+

H2D
+



Observation of high population of deuterated molecules 

H2D
+ Stark (1999) 110–111 transition of ortho- emission from young stellar object NGC 1333 IRAS4A.

H2D
+ Caselli (2003) detected towards L1544.

HD2
+ Vastel (2004) the first detection

CH2DOH… Parise (2003, 2004) have detected 4 isotopomers of deuterated methanol

NHD2/NH3 Roueff (2000)

Loinard (2001) is 0.005 in the cold cloud L134N and 0.03 in the low-mass protostar 16293 E 

D2CO/H2CO Loinard (2002)

Bacmann (2003) is between 0.01 and 0.4 in a low-mass protostars and prestellar cores

NH2D/NH3 J. Hatchell (2003) high ratios~4–33% in protostellar cores 

ND3/NH3 Lis (2002) ratio ∼10-3 cold dense Barnard 1cloud

Tak (2002) Class 0 protostar NGC 1333 IRAS4A

Cosmic  D/H ratio = 1-2x10-5

The first detection of deuterated molecules were made in the early 1970s…….   Observed enhancement of D in molecules

ND3 JK=10-00

Observed ratio ∼10-3

statistical ratio ~ (D/H)3 10-14
➔Enhancement of 1011

10 K

ratio ∼10-3



High population of deuterated molecules D3
+H3

+

D3
+

Cosmic D/H ≈ 10-5

XD/XH ≈ 10-1-10-3

XD2 / XH2 ≈ 10-2

XD3 / XH3 ≈ 10-3

Species Observed ratio

NH2D/NH3 0.01

HDCO/H2CO 0.005-0.11

DCN/HCN 0.023

DNC/HNC 0.015

C2D/C2H 0.01

DCO+/HCO+ 0.02

N2D
+/N2H

+ 0.08

DC3N/HC3N 0.03-0.1

HDCS/H2CS 0.02

Gas phase reactions, 

ion-molecule reactions, 

recombination

Grain surface reactions

Physics of condensation and evaporation from grain surface

Cosmic  D/H ratio = 1-2x10-5



Different views 

& different plasmas H3
+ and its interaction of with e- is 

FUNDAMENTAL

DR HeH+ H2
+ HD+

y

a

s

t Evergreens and Bestsellers

H3
+ & D3

+

H3
+ D3

+ H2D
+ H2D

+

H3
+ + e-

If you understand hydrogen, 

you understand all 

that can be understood. 

(V. Weisskopf & G. Herzberg).



H3
+ , H2D

+, HD2
+ D3

+ are fundamental

H3
+ HD2

+

H2D
+ D3

+

~T-0.5

~T-0.5

~T-0.5 ~T-0.5

~T-0.5

a~T-0.5

a~<vs>
products neutraleH binH3

3 ⎯⎯⎯ →⎯+ −+ a

products neutraleDH binH2D
2 ⎯⎯⎯ →⎯+ −+ a

products neutraleHD binHD2
2 ⎯⎯⎯ →⎯+ −+ a

products neutraleD binD3
3 ⎯⎯⎯ →⎯+ −+ a



H3
+ interaction with e-



H3
+ interaction with e-



H3
+ interaction with e-



Electron trap

R.U.R.

Rossum´s Universal Robots
Karel Čapek

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjGqIz49PWCAxXLzwIHHbJ4BcIQFnoECDcQAQ&url=https%3A%2F%2Fwww.knihydobrovsky.cz%2Fkniha%2Fr-u-r-rossum-s-universal-robots-69640&usg=AOvVaw3_xFkVNr0tnPEMtXepMIZK&opi=89978449

