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ion –ion recombination



Recombination

Dissociative recombination 

AB+ + e➔A + B

Radiative recombination 

Ar+ +  e-
→Ar + hn

O2
+ + e ➔ A + B

+ -
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predissociation

To get high recombination rate, we need 

(a) efficient capture

(b) predissociation faster than auto-ionization



Electron –ion recombination

H+ + e-
➔ products

H2
+ + e-

➔ products

H3
+ + e-

➔ products

H5
+ + e-

➔ products



Processes: at low impact energies

Elastic scattering    

AB + e AB + e

Electronic excitation    

AB + e AB* + e

Dissociative attachment / 

AB + e A− + B 

A  + B−

Vibrational excitation    

AB(v”=0) + e AB(v’) + e

Rotational excitation    

AB(N”) + e AB(N’) + e

Impact dissociation   

AB + e A + B + e

All go via (AB-….)** . 

Dissociative recombination 

AB+ + e A + B Go via (AB….)** . 



H2
*

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

H2
+ + e-

➔ H  +  H, 

Dissociative Recombination - DR

H2
+

H 

H 



H2
*

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

H2
+

H 

H 

H2
+ + e-

➔ H  +  H, 

Dissociative Recombination - DR
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Electron-cold molecular ion reaction: Dissociative Recombination

HD
+
 (

2

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+
) 

HD
+
 (2p

u
) 

A(n)+B(n’)

e-

Direct processIndirect process

Interference

Kinetic
Energy
Release

AB+ + e-  A(n) + B(n’) + KER

Rydberg state

AB+

AB**

R

V



Recombination of H3
+ : No ion-neutral crossing
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Single collision

H2

H
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+

e-

recombination rate coefficient

xH3
+ + e-

→ H + H2; 3H

vr

k(T)

(vr) recombination cross section

I(x)

+

+

+

e-e- e-

k(T)=<v>

T
a

dni/dt=-knine

dne/dt=-kne
2



Concept of recombination rate coefficient (plasma binary reactions)

e- + A+
→ products

dNA/dt= -aneNA

RECOMBINATION RATE COEFFICIENT

a= a(T) 
=  (v) =  (e) 

Collision rate coefficient, Recombination rate coefficient

a = < ur>

e A+

at T

T

Direct and indirect process



Recombination processes in plasma

nhHeH +→++

OOeO +→+
+

2
2

2
2 ][

][
ee

e nnO
dt

Od

dt
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+
+

++ →+ 67 FeeFe

Binary Recombination

RR

DR

DiR
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Recombination processes in plasma

nhHeH +→++

OOeO +→+
+

2

eAreeAr +→+++

HeArHeeAr +→+++

2

2
2 ][

][
ee

e nnO
dt

Od

dt

dn
aa −=−==

+
+

++ →+ 67 FeeFe

eeffee
e nArnArK

dt

Ard

dt

dn
][][

][ 2 ++
+

−=−== a

eeffeM
e nArHenArK

dt

Ard

dt

dn
][][][

][ ++
+

−=−== a

Binary Recombination

Ternary electron assisted recombination

Ternary neutral assisted recombination

][HeKMeff =a

eeeff nK=a

RR

DR

DiR

Collisional Radiative Recombination CRR



Next lecture: SA and absorption experiments 

(CRDS)



Electron  - Ion Recombination

H + H(n)



Resonances

DR of HD+



Dissociative recombination

Details of DR of HD+

Resonances



Dissociative recombination

Details of DR of HD+

e



Dissociative recombination HD+

Scan of electron ion relative energy E

Electron temperature kTPer=4meV (30meV for E>0.3eV)

kTPar=0.1meV 

Energy resolution ~4….8 meV (E< 0.08eV)

Absolute accuracy of cross section ca. +- 30%

Details of DR of H2+



Recombination H2
+



Recombination only one rotational quanta change the whole spectra 

Details of DR of H2+



Recombination calculation and theory H2
+ …..vibrational excitation

Different energy region 

Details of DR of NO+



Recombination NO+

HD+



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  210-8 and α  2 10-7 cm3s-1 

Multi-step indirect 

dissociative recombination

(“tunneling mode” recombination)

A new mechanism has been proposed!

Theoretical background
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Ternary recombination
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eAreeAr +→+++

HeArHeeAr +→+++
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Ternary electron assisted recombination

Ternary neutral assisted recombination

][HeKMeff =a

eeeff nK=aCollisional Radiative Recombination CRR



Ar+ + e- + e- H+ + e- + e-

D

e
eCRR

D

e
eCRR

e n
nK

n
nArK

dt

dn


−−=−−= + 32][

Anti hydrogen formation

CRR Ar+ theory of alpha

Colisional Radiative Recombination -CRR

eCRRCRR nK=a



H+ + e-+ e-
➔H + e-

Kvantovka na každý deň
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H+ + e-+ e-
➔H + e-Kvantovka na každý deň

KE=0.1 eV
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H+ + e-+ e-
➔H + e-

Kvantovka na každý deň

KE=0.1 eV
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Recombination of H3
+

H3
++ e- → H+H+H

→ H2+H

→ H3*   (?)

p+

p+p+

e- e-

e-



Tunneling dissociative recombination

H3
+



Tunneling dissociative recombination

H3
+



Dissociative recombination of H3
+ .

Relevant potential curves

3-body decay

2-body decay



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



Dissociative recombination of H3
+

75%

25%

Symmetric deformation

Equilateral 

H3
+

H3*

Prototype system for electron 
capture and dissociation 
mechanisms in polyatomic species

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

Three atomic ions
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e- + H3
+

H3* resonant state(s)

Capture

Autoionization

predissociation

To get high recombination rate, we need 

(a) efficient capture

(b) predissociation faster than auto-ionization



hn H2

H2 H2
+ H3

+

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

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

b)  DIFFUSE CLOUDS:

H3
+ + e- d[H3

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

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

[H3
+]=g/aDR . [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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a(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
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The experiments  - FALP, AISA, TDT+CRDS 

The battle ship enters the stage

Cryo-NIR-CRDS

Cryo-FALPAISA

Plama

H3
+ is 

fundamental

Pressure dependence



Pulsed (stationary) afterglow

Discharge pulse 

microwave, UV, x-ray, e-beam

Plasma chamber

He: ~ 1 –20 Torr

Ar:    10 to 30 %

+ molecules
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We measure effective – apparent binary recombination rate coefficient

processes at high densities at low T
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We measure effective – apparent binary recombination rate coefficient

processes at high densities at low T
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If there are 2 or more ion species, the fast recombining 

species  disappears first 
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PULSED STATIONARY AFTERGLOW

20-100ms decay
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40 cm diameter
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External magnetron
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AISA

VT - AISA He/Ar/H2
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FLOWING AFTERGLOW
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He + A

reaktant B

Rreaction region
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FALP High pressure UHV version - PRAGUE



FALP – Ion detection system
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Experiments
PLASMA experiments SA and FA - multi collisions {a(T)} 

Crossed beam experiments - single collisions {(vr)}

Marched beam, Storage rings - TSR, Cryring, Astrid - single collisions {(vr )}

H3
+ + e-

→H, H2

Interaction
INTERACTION
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Center of mass resolution:

~ meV resolution for zero relative kinetic energy!

Electron-cold molecular ion reaction:
Dissociative Recombination
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TSR electron target



Reality - TSR (MPIK Heidelberg) 

Injection of INTERNALY  COLD  H3
+  IONS(12-50K) with kinetic energy  1-2 MeV

Detection of H3
+(v,j)Detection

of neutrals

INTERACTION at meV collision energies

Detail
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Detail

InteractionINTERACTION

TSR (MPIK Heidelberg)

Kumulativní prstenec



TSR Heidelberg, ion injection and ion source
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State diagnostics
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