
Electron –ion recombination

Andromeda
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H+ + e-
➔ products

H2
+ + e-

➔ products

H3
+ + e-

➔ products

H5
+ + e-

➔ products

92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !



Ion –ion recombination
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Recombination processes in plasma
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Electron Neutral interaction 
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Multiple collisions
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Recombination in electron – ion plasma 
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Electron neutral interaction

Born-Oppenheimer
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Vibrationally excited



Resonances



H2
*

Electron  - Ion Collision

Electron collisions with H2
+  - how to describe  ????

H+ + e-
➔~ no recombination

H2
+ + e-

➔ H  +  H, 

Dissociative Recombination - DR

H2
+

H+ + e- + e-➔H + e- ternary CRR

H+ + e-
➔ H + h RR



e- + AB+

AB* resonant state(s)

Capture

Autoionization

predissociation

To get high recombination rate, we need 

(a) efficient capture

(b) predissociation faster than auto-ionization



Direct DR process Indirect DR process

BAABAB stab

auto
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→+ −+ ****

Ions: Ar2
+, N2

+, CH4
+, NH4

+(NH3)2 -   10-7 – 10-6 cm3 s-1

Theoretical calculation: H2
+, HD+, D2

+-  = 2.3×10-8, 2.2 ×10-8, 4×10-9 cm3 s-1, respectively

5.0− ed r T 5.1− eid r T 15.0),( −− veve TTTT
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He2
+

H2+



Electron  - Ion Collision- Recombination



Dissociative recombination



Dissociative Recombination without a Curve Crossing

Theory predicted: DR rate coefficient is vary small  10-11 cm3s-1

HeH+ and HCO+ ions-

examples of a non-crossing case.

However, experiments gave 

α  210-8 and α  2 10-7 cm3s-1 

Multi-step indirect 

dissociative recombination

(“tunneling mode” recombination)

A new mechanism has been proposed!

Theoretical background



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



Environments with H3+



Interstellar medium

HHHeH 3,23 ++ −+

92.1% of nucleons in the universe are protons 

7.8% are helium nuclei !

(T)=???

@ 10-50K

s(vr) =???

@ meV-eV

Experiments ???!!!





h H2

H2 H2
+ H3

+

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

Cosmic-ray ionisation rate        g3x10-17s-1

b)  DIFFUSE CLOUDS:

H3
+ + e- d[H3

+]/dt ~ - DR [H3
+][e-]

DR=2x10--7cm3s-1 x(T/300)-0.65 (the value  from 2005)

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

~ NO with observation 

a) DENSE CLOUDS:

H3
+ + CO           d[H3

+]/dt  ~ -kCOx[H3
+]x[CO]

(kCO=2x10-9cm3s-1)

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

~OK with observation

Formation

History of experiments



… history is repeating itself ….
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(T=300 K)

RSDM

2012

“Presently no rate coefficient measurement 

with a confirmed temperature below 300 K exists“. 

Doubts  2011

and … history repeated itself .

…. there is …. 

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

HHHeH 3,23 ++ −+

M. Larsson et al, CP Letters (2008)

Plasma in TDE 

… One remaining 

problem is to understand

the plasma afterglow 

experiments.

DR

2013

…. many times it was concluded, 

that the task was finished….

p/o… and the caravan is on its way



Recombination of H3
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Direct DR process Indirect DR process
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Theoretical calculation: H2
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Tunneling dissociative recombination

H3
+



H3
+ Potential curves In the case of H3

+, a simple 2-dimensional picture of molecular states

suggests that recombination should be very inefficient



Dissociative recombination of H3
+

75%

25%

Symmetric deformation

Equilateral 

H3
+

H3*

Prototype system for electron 
capture and dissociation 
mechanisms in polyatomic species

Remote curve crossing

Electron capture via
Jahn-Teller coupling of 
electronic and ro-vibrational 
motion



H3
+(v=0) molecular ion
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The experiments  - FALP, AISA, TDT+CRDS 

The battle ship enters the stage

Cryo-NIR-CRDS

Cryo-FALPAISA

Plsm

H3
+ is 

fundamental

Pressure dependence



PULSED STATIONARY AFTERGLOW

20-100ms decay
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+
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(T)
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dni/dt=-nine

40 cm diameter

UHV - 10-9 Torr

External magnetron

2 Torr of He/Ar/H2

ne(), ni()

AISA

VT - AISA He/Ar/H2
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Line intensity H3
+ 

observed

High sensitivity required
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IR-CRDS 

Laser absorption spectroscopy

2
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Stationary afterglow + Spectroscopic identification of recombining ions

CRDS
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History of experiments   –“time evolution“
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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)



State of the art in 2013???

….. Presently no reliable recombination rate coefficient for H3+ measured with storage rings below 

300 K exists.  …..

The dissociative recombination of H3
+ – a saga coming to an end?

H. Kreckel, O. Novotny, K. N. Crabtree, et al., Phys. Rev. A (2010).
A. Petrignani, S. Altevogt, M. H. Berg, et al., Phys. Rev. A (2011).

…. It is time to present some recent results from afterglow experiments … ☺

K. N. Crabtree, N. Indriolo, H. Kreckel, B. A. Tom, and B. J. McCall, Astrophys. J. (2011) 

SA a FALP

The recent observations made towards several diffuse molecular clouds showed large difference between 

excitation temperatures T10(H2) and T(H3+), for details see ref. [cra11]. 

These observations lead to conclusion that in reliable chemical models the nuclear spin dependences of the 

reactions, including recombination of para- and ortho-H3+, have to be considered. 

The dependences on spin, rotational excitation and temperature have to be measured. 

Help! Theory for H3
+ Recombination Still Needed

…. We still badly need theory … 

Takeshi Oka, DR2013 

‘Yes, the saga is coming to an end; but slowly.’

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

… and the caravan is on its way



Multiple collisions
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DR2007  - Dependence on He and H2 pressure at 260 K Afterglow in He/Ar/H2 mixture

aeff =aeff(T, [He])

].[HeKHebineff +=

H3
+ - theory of DRproductsHeH →

→++ *

33

He, 

*

THEORY binary

para

ortho

Battle ships

aeff =aeff(Te, Ti, ne, [He], [H2], 
o/pf2, 

o/pf3)



Binary + He assisted ternary recombination 
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Experiments -State of the art 2015
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By solving the set of balance equations we obtain:

In the low density limit ([He] and [H2]→ 0),     linear approximation 
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Rate coefficient binary
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KHe = αF kSHe τa KH2 = αF kSH2 τa
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KHe = αF kSHe τa KH2 = αF kSH2 τa
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H3
+/e- plasma  in He/Ar/H2 gas mixture

(T=300 K)HHHeH 3,23 ++ −+
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Different views 

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

FUNDAMENTAL

DR HeH+ H2
+ HD+

y



s

 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).



Ion storage rings

AISA

FALP

Quo vadis??



6534.3 6534.4

0

2

4

6

6535.9 6536.0 6536.3

 


 [

1
0

-8
 c

m
-1
]

a) ortho- b) para-

 

 Wavenumber [cm
-1
]

2
0 2

3
1 3

1
0 1

2
1 2

 0
0 0

1
1 1

c) ortho-D
2
H

+

 

 

 

7241.1 7241.2 7241.3 7241.4

-2x10
-9

0

2x10
-9

4x10
-9

6x10
-9

8x10
-9

1x10
-8

-2x10
-8

0

2x10
-8

4x10
-8

6x10
-8

8x10
-8

1x10
-7

[H
+

3
] ~ 6.7×10

10
 cm

-3

T = 380 K

7241.260(15) cm
-1

H
2
O   ~1.4 mPa

7241.12415 cm
-1


 [c

m
-1

]  
fo

r 
H

3

+
 li

ne

 


 [c

m
-1

]  
fo

r 
H

2
O

 li
ne

s
wavenumber (cm

-1
)

Absorption studies

???
3
+D

+
3

H
He/Ar/H2/D2

ν0 = 6491.352(2) cm-1

ν0 = 6534.377(1) cm-1

7241.260(15) cm-1

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

 


 [

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
+ (2v2 + v3 ← 0)

H2D
+

D2H
+

D2H
+ (v1 + 2v3 ← 0)

ν0 = 6491.352(2) cm-1

Combination band

Combination band

4000 5000 6000 7000
-0,2

-0,1

0,0

 Schlemmer 2006

 Farnick 2002

 present 2006

2 
3

2 
2

 

 

ob
s-

ca
lc

 / 
cm

-1

wavenumber / cm
-1

3 
2


2
+ 

3

2 
2
+ 

3

2 
2
+ 

1

H2D
+



6534.3 6534.4

0

2

4

6

6535.9 6536.0 6536.3

 


 [

1
0

-8
 c

m
-1
]

a) ortho- b) para-

 

 Wavenumber [cm
-1
]

2
0 2

3
1 3

1
0 1

2
1 2

 0
0 0

1
1 1

c) ortho-D
2
H

+

 

 

 

Ionic composition of H2/D2 plasma 
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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



Calculated life time from Slava

Dear Chris and Juraj,

I'm sending you the plot with the time delay calculation for two different 

symmetries that correspond to the lowest rotational states of ortho- and 

para-H3. In the both cases, rotational autoionization is important.

Since time delay is proportional to lifetimes (at maxima of the time delay 

spikes), I scaled the spectrum in such way that one can read the lifetime 

directly in ps (again at the tops of the spikes).

JURAJ, you probably don't want to go into details of these calculation. To 

obtain the lifetime of one of these resonances you just look what is the 

value of the corresponding maximum. This will give you the lifetime in ps. 

You don't need to estimate the width. 

The important message here to me is that "typical" lifetimes associated with 

rotational autoionization are larger than 10ps. Thus, our previous estimation 

of the three body coefficient should be corrected and now it gives a value 

close to the one that Juraj has derived from the experiment. 

Notice that the experimental temperature is close to the second ionization 

limit for para-H3+ . This is the (21) rotational state. The lifetimes there 

are very long >100ps. Another interesting feature: the perturbers at 40, 85, 

120 and 150 cm-1 in the red curve. They are due the higher rotational states 

(31). Due to their presence, the formation of rotational states (21) is 

enhanced.

Slava 30 08 07  

Dear Juraj and Chris, I'm sending you the figure with the DR 

probabilities for two different symmetries (red and black 

curves). The red curve corresponds to the rotational 

autoionization region. Fro this figure you can have an idea 

about the widths of the resonances. With best wishes, Slava 

*

33 HeH →++

→++ *

33 HeH

Slava 30 08 07



Recombination rate coefficients



Tunneling dissociative recombination

HCO+



Recombination of HCO+ - state of the art
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Do we really understand what is going on ????!!!!

I. Korolov, at al.:Int. J. Mass Spectom. 280, 144 (2009)



Cross sections comparison
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State of the art – 1st December 2014
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New “state selective” study with “cold ion source” observed faster recombination of para H3
+ in 

comparison with ortho H3
+ …... 

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

ortho

Before 2007 2008, new improved calculations

State of the art 2013

B. J. McCall, et al. Physical Review A (2004) H. Kreckel, et al. Phys. Rev. Lett. 2005, 
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