
atomic ions 

molecular ions
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electron –ion recombination

Recombination …  

ion –ion recombination



Recombination

Dissociative recombination 

AB+ + e➔A + B

Radiative recombination 

Ar+ +  e-
→Ar + hn

O2
+ + e ➔ A + B

+ -



H2
*

H2
+



e- + AB+

AB* resonant state(s)
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e- + AB+

AB* resonant state(s)
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to
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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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A+ + B

Direct mechanism Indirect mechanism



Electron-cold molecular ion reaction: Dissociative Recombination

HD
+
 (

2


g

+
) 

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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Direct processIndirect process

Interference

Kinetic
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Rydberg state
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I=I0exp(-nix)

H3
+

Single collision

H2

H

H3
+

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

dn
aa −=−==

+
+

++ →+ 67 FeeFe

Binary Recombination

RR

DR

DiR
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Recombination processes in plasma

nhHeH +→++

OOeO +→+
+

2

eAreeAr +→+++

HeArHeeAr +→+++

2

2
2 ][

][
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dt
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aa −=−==

+
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++ →+ 67 FeeFe

eeffee
e nArnArK

dt

Ard

dt
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][][

][ 2 ++
+

−=−== a

eeffeM
e nArHenArK

dt

Ard
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][ ++
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−=−== 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  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
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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



2004-7



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        g3x10-17s-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 ….

1970 1975 1980 1985 1990 1995 2000 2005
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- T. Gougousi

- S. Laube
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- M. Larson

- D. Mathur

- T. Amano

- P. Van der Donk
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- n>0

A
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D

E,F

H,G,I

J
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N
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P

(1)

(2)
 

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



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
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The experiments  - FALP, AISA, TDT+CRDS 

The battle ship enters the stage

Cryo-NIR-CRDS

Cryo-FALPAISA

Plama

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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International J. Mass Spectrom., 189, 103-113 (1999)
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M.T.Leu, M.A. Biondy, R. Johnsen  

recombination of H3
+ and H5

+

R. Johnsen N4+ recombination

at 300-800 Torr a= 2.6x10-6cm3s-1

Stationary afterglow (M. Biondy, R. Johnsen)

mw SA

High pressure SA

RF probe, spark discharge



ADVANCED INTEGRATED STATIONARY AFTERGLOW

AISA

flow in

flow out

Magnetron

QMS

Baratron

Auxiliary

Probe

A I S A

Turbo Pump

Turbo Pump

Heating / Cooling system

2.45  GHz
0..30 W
0..5 ms
25 Hz

He

Ar

H 2

10 cm

Window

40 cm diameter

UHV - 10-9 Torr

External magnetron

2 Torr of He/Ar/H2

PULSED STATIONARY AFTERGLOW

20-100ms decay

Langmuir probe Ø 14mm

QMS

Exp. No.1



AISA - ADVANCED INTEGRATED STATIONARY AFTERGLOW 
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CALCULATION OF PLASMA DECAY IN CYLINDER

DIFFUSION AND RECOMBINATION

D=60 ms, a=1x10-7cm3s-1 and a=5x10-9cm3s-1
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RECOMBINATION AND DIFFUSION

in He/O2
+/e- plasma (2 Torr, D~60ms)
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PULSED STATIONARY AFTERGLOW

20-100ms decay
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dni/dt=-anine

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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IT IS NOT A MYSTERY !!

From over 30 years of systematic studies of kinetics of IMR follows:

Kinetics of formation of H3
+ is clear



R. 

No

Reaction Rate coef. 

[cm3 s-1] or [cm6 s-

1]

Reactant number 

density [cm-3]

Reaction 

time [ms]

Ref.

1 He+ + 2He → He2
+ + He 1E-31 6,5E16 2

2 HeM + HeM → He2
+ +e 5E-9 5E10 

(assumption)

4

3 HeM + Ar → Ar+ + He + e 7E-11 1E14 0,14

4 He2
+ + Ar → Ar+ + 2He 2E-10 1E14 0,05

5 Ar++H2 → ArH+ + H

→ H2
+ + Ar

8E-10

ArH+ is dominat

2E11 6,3

6 H2
++Ar → ArH+ + H 2,3E-9 1E14 <0,01

7 H2
++H2 → H3

+ + H 2,1E-9 2E11 2,4

8 ArH++H2 → H3
+ + Ar 1.5E-9 2E11 3,3

9 H3
+ + H2 + He → H5

+ + He <1E-29 2E11; 6,5E16 >8000

10 H3
+ + H2 + H2 → H5

+ + H2 4,6E-30; 210K 2E11 >1E9

11 H+ + He + He → HHe+ + He 0,9E-31 6,5E16 2,6

Table of reactions 



2 Torr of He/Ar/H2

AISA

VT - AISA
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Time resolved mass spectra
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Rates of the decays are dependent on [H2]



Time resolved mass spectra
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It is only qualitative information, not sufficient to obtain a
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RECOMBINATION

FLOWING AFTERGLOW
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FLOWING AFTERGLOW

Plasma source

Carrier gas

He + A

reaktant B

Rreaction region

FA E.E.Ferguson, Fehsenfeld, ~1965
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Flowing afterglow/Langmuir probe (FALP)

D. Smith, N. G. Adams and P. Spanel
⚫ A schematic diagram of the FALP apparatus showing the relative

positions of the microwave discharge that generates the afterglow plasma
and the three reactant gas entry ports P1, P2 and P3. The distance (z) scale
is referenced to the downstream mass spectrometer sampling orifice. The
complete flow tube is surrounded by a vacuum jacket to facilitate high and
low temperature operation (ranging from 80 to 600K).
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Positive ion/electron dissociative recombination

⚫ e.g. NO+ + e  → N + O
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Next lecture: SA and absorption experiments (CRDS)



Next lecture: SA and absorption experiments (CRDS)



Electron temperature measurement

(a) Obtained in helium

afterglow (at a pressure of 1 

Torr) with a small admixture 

of argon to destroy helium 

metastable atoms. 

(b) Obtained in pure argon 

afterglow (at a pressure of 0.7 

Torr). 

(c) Obtained in argon

afterglow into which O2

(partial pressure of ~5mTorr) 

has been added to generate an 

O2
+/electron plasma.

D.Smith and P.Spanel



Electron temperature dependence
Plots of 1/ne against the distance

z along the flow tube obtained in

O2
+/electron afterglow plasmas

from which values for a(O2
+) are

obtained.

The data indicated by filled

circles were obtained in helium

carrier gas when Te = Ti = Tg =

300 K; the linearity of the plot

over a factor of about ten

indicates that dissociative

recombination is the dominant

loss process for electrons and

ions.

The data represented by open

circles (Te=650 K) were obtained

in argon carrier gas at Tg = 300

K, and at elevated Te.

O2
+/electron



FALP and in-situ data

The points indicated by blue triangles are
the a(NO+) deduced from in-situ satellite
data by

M. R. Torr, J. P. St-Maurice and D. G. Torr, 

J. Geophys. Res., 82 (1977) 3287.

The agreement between these data and
the laboratory data is remarkable.
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Dissociative recombination of different ions



RENNES    MS - FALP



RENNES absorption studies



Emission spectroscopy for identification products of recombination

collisional radiative recombination of argon ions

Ar+ + e- + e-
→Ar + e-

Pittsburg Rainer Johnsen FALP
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The Pittsburgh flow tube

Laser

window
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windows
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pump
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probe

Retractable

reagent inlet Mass

spectrometer
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FLOW TUBE (side view)
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Retractable

mirror
D.C. discharge

Microwave discharge

Movable 

PMT

FLOW TUBE (top view)

Ar+ + H2 →   Ar H+ + H   (+ 1.53eV)

ArH+ +H2 →  Ar +  H3
+ (+ 0.57 eV)



N.G.ADAMS University of Georgia, Viktoria Poterya



FALP High pressure UHV version - PRAGUE



FALP – Ion detection system



FALP - Pumping units and gas handling system



FALP high pressure version

To demonstrante how simple it is in reality 

2 men experiment
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Evolution of the probe characteristics along the flow tube
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Plasma parameters along the flow tube
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EEDF measurements
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The time evolution of the EEDF in the recombination dominated FA plasma 

In  He (p= 9 Torr) with small admixture of HCOH (0.05 %). 

EEDF is normalized to the electron number density.
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Recombination aldehyde protonated dimmers with electrons
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Conditions for measuring of therecombination

H+·(HCOH)2 a = (3.3 ± 1)·10-6 [cm3s-1], at Te~400 K
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Dissociative electron attachment  CF3Br +e-

Te dependence

TG dependence

buffer He/Ar mixture

Smith and Spanel
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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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TSR (MPIK Heidelberg)

Kumulativní prstenec



TSR Heidelberg, ion injection and ion source



Ion storage rings
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TSR instrumentation
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Electron cooling
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State diagnostics



Recombination H2
+
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The experiments  - FALP, AISA, TDT+CRDS 

The battle ship enters the stage

Cryo-NIR-CRDS

Cryo-FALPAISA

Plama

H3
+ is 

fundamental

Pressure dependence
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IR-CRDS 

Laser absorption spectroscopy
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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
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DR2007  - Dependence on He and H2 pressure at 260 K Afterglow in He/Ar/H2 mixture
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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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If you understand hydrogen, 

you understand all 

that can be understood. 

(V. Weisskopf & G. Herzberg).



Ion storage rings

AISA

FALP

Quo vadis??



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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Electron  - Ion Collision

Electron collisions with H2
+
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