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e-/MOLECULAR  CATION 
collisions 
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Rich dynamics, many continua, unified treatment 
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Elastic collision 

Dissociative recombination 

Electron/molecular cation reactive collisions 
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Elastic collision 

(Ro)vibrational  
de-excitation,  

SUPERelastic collision 

A+ + B + e- 

(Ro)vibrational  
excitation,  

INelastic collision 

Dissociative recombination 
Dissociative excitation 

Electron/molecular cation reactive collisions 
Rich dynamics, many continua, unified treatment 
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v' < v 
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 v' > v 

AB*, AB** 

A(n) + B(n') 

AB+ (v ) + e- 

Elastic collision 

(Ro)vibrational  
de-excitation,  

SUPERelastic collision 

A+ + B + e- 

(Ro)vibrational  
excitation,  

INelastic collision 

Dissociative recombination 
Dissociative excitation 

AND photoabsorption by neutral molecules 

hν+AB 

Photoabsorption 

Electron/molecular cation reactive collisions 

Rich dynamics, many continua, unified treatment 



Main THEORETICAL approach: MQDT 

a 

        DIRECT 
 

            état dissociatif 
 

           AB**  
 

     e- + AB+          A* + B 
 

            AB*
 

 

          état lié 
 

        INDIRECT 

Multichannel Quantum Defect Theory 
Seaton (1958-1983), Fano, Jungen, Greene, Giusti -Suzor  (1970-…),…   

Quantum Interferences CHANNEL interactions 

Electron/molecular cation reactive collisions 

Dissociative state 

Bound (Rydberg) state 

Dissociative excitation 



 
VERY ACCURATE  

computations: 
rotational & vibrational 

interactions 
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H2
+  

et isotopomers 

2012/09/24: Cadarache ADAS 



TSR  
(Heidelberg) 

HD+ vi
+=0 

Ni
+=0, 1, 2,…,6,…  

TSR 
 (Heidelberg) 

MQDT 
Decisive role of 
ROTATIONAL 

effects 

LOMC, MPIK, UCL (Louvain) 

Assignment of resonances in dissociative 
recombination of HD+ ions: high-resolution 

measurements compared with accurate 
computations   

Physical Review A 84 022710 (2011) 
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Electron/molecular cation reactive collisions 
RESULTS: MQDT computations and comparison with experiment 

2011 
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The SAME  
Rydberg resonances 

(related to CLOSED channels !)  
have an enhancing role in the 
PHOTOIONIZATION of H2 
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Theoretical framework

Processes studied

Photoabsorption,

spontaneous emission
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H2(N
��, v��)+hν → H2(N

�, v�)

H2(N
�, v�) → H2(N

��, v��) + hν

Photoionization

H2(N
��, v��) + hν −→ H

+
2 (N

�, v�) + e−

0 10
R (a.u.)

-1

-0.8

-0.6

-0.4

En
er

gy
 (a

.u
.)

H(1s)+H(1s)

v=0

X 1!g

(2p"C) 1#u
-

(3p"D) 1#u
-

(4p"D,) 1#u
-

(5p"D'') 1
#u

-

v=0v i+
1=v

i+1

H2
+ 2
!u

+
H2

+ X 2!g
+

IP

 h$

Lyman limit

J.Zs. Mezei et al (LAC-LOMC) Photoionization of H2 Orsay, 2 April 2012 7 / 24

Photoabsorption by neutral molecules 
Ch. Jungen’s Global-MQDT method 



Ch. Jungen’s Global-MQDT method 

Saturday, November 20, 2010

Results

Photoionization cross sections
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J. Zs. Mezei, I. F. Schneider, E. Roueff and Ch. Jungen, accepted to Phys. Rev. A
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Resonances in photoionisation: Cross sections for vibrationally excited H2 
J. Zs. Mezei, I. F. Schneider,  E. Roueff  et  Ch. Jungen 

Physical Review  A 85  043411 (2012). 

Photoionization 

Photoabsorption by neutral molecules 

H2 



Spectroscopy & reactivity perspectives 
(Jungen, Mezei, Schneider) 
 
* Adapt the Global-MQDT method to  
   the study of the Dissociative  
   Recombination 
 
* Study the resonant role of the  
   mono-excited Rydberg H2 states in  
   two-photon absorption  
   (collaboration with D. Dowek,  
     F. Martin) 

2012/09/24: Cadarache ADAS 



 
QUICK & APPROXIMATE, 

but REALISTIC  
estimations 
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Interstelar 
molecular  

clouds  
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H3
+  

Dissociative Recombination 
H3

++e- => H2+H, H+H+H  

2012/09/24: Cadarache ADAS 



DR of H3
+: … a «long-lived» mistery since the 1970’s ���
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2001 theoretical breakthrough: 
 
DR in H3

+ is an indirect process mediated by the 
Jahn-Teller mode in the p-wave channel 
 
since then sophisticated large-scale  
calculations by the same group  
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Moreover, we will restrict ourselves in this study to the

cross section averaged with respect to the resonances,
given by the formula (7.18) from [18], a very important

result obtained by Gailitis [38]. Accordingly, instead of

(34), we will use its average:

< |Sde|2 >= |Xde|2 +
|Xda|2|Xae|2

|Xad|2 + |Xae|2
(35)

Xde is already computed and displayed in the second

equality of (28). As for the other elements of the X-

matrix, they are obtained from the application of (7-10).

Using the definitions:

P ≡ Eξee +Aξea Q ≡ Eξea +Aξaa

R ≡ Eξaa −Aξea S ≡ Eξea −Aξee (36)

ξaa ≡< χv+
a
|e+iπµ|χv+

a
> (37)

the relevant matrix elements write (see eqs. (27)):

Xde = −iP sin(2δd) Xda = Xad = −iQ sin(2δd)

Xae = PQ cos(2δd) +RS (38)

and consequently, using all these formulas in (35) and

eventually in (12), the cross section writes:

< σ
(3ch,total)
de >=

πr sin
2
(2δd)

k2
· [|P |2 + |Q|2 1

1 + | Q sin(2δd)
PQ cos(2δd)+RS |2

] (39)

This formula can be easily coded and used for the com-

putation of the average total cross section below the vi-

brational threshold corresponding to the opening of the

channel a.

C. The case of negligible electronic coupling

between the entrance channel and the dissociative

state

This corresponds to:

ξde � 0, β � 0, E � 0, A � 1, ξd � ξda (40)

and, obviously, the approximate formulas (22) and (32)

are no more applicable, even for rough estimations.

Physically, this means that the dissociative recombi-

nation through direct capture into the d channel is prac-

tically forbidden. Instead, the only way to recombine is

a two-step process (see Fig. 1): the electron is captured

due to the vibronic interaction (expressed quantitatively

by ξea or θ) into the additional a channel, and this cap-

ture is followed by (pre)dissociation (whose probability

is expressed by ξda or γ).

Using Eqs. (40), the formula (30), modelling the direct

mechanism, writes:

σ
(3ch,direct)
de � 4πr

k2

θ

2 + γ +
1
γ

, β � 0 (41)

As for the total mechanism, Eqs. (40) imply for (36):

P � ξea, Q � ξaa, R � −ξea, S � −ξee (42)

We will also assume the approximations:

|ξaa| � |ξee| � 1 (43)

Consequently, using (42) and (40) in (39) we get:

< σ
(3ch,total)
de >� 4πr

k2

θ(1 +
1

γ+θ )

2 + γ +
1
γ

, β � 0 (44)

Formulas (41) and (44), are very simple, and involve

physical intuitive interaction parameters θ and γ.

V. APPLICATION TO H
+
3 DISSOCIATIVE

RECOMBINATION
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FIG. 2: Dissociative recombination of ground state H
+
3 ion

into ground state H3. The two lowest vibrational modes of
the ion are included in the computation. Black open circles
and brown filled squares: experimental results obtained in the
TSR storage ring [37] and [40] respectively. Grey filled cir-
cles: experimental results obtained in the CRYRING storage
ring [39]. Grey continous (brown online): MQDT previous
computations [26]. Long-dashed (blue online): Breit-Wigner
estimation [29] . Present results: continous (red online):
γ = 0.161, double-dashed dotted (orange online): γ = 0.2,
Dasehd-dotted (green online): γ = 0.3, dotted (cyan online):
γ = 0.5, short-dashed (black online): γ = 1.0.

One of us (Ch. J.) and S. Pratt provided recently a

Breit-Wigner-type estimation of the low-energy ground

state H
+
3 DR cross section [29], assuming that:

(i) the direct DR is negligible,

(ii) the only efficient DR mechanism is the indirect
one: the recombination into bound Rydberg states - al-

lowed by the vibronic (Jahn-Teller in this case) coupling
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TSR storage ring [37] and [40] respectively. Grey filled cir-
cles: experimental results obtained in the CRYRING storage
ring [39]. Grey continous (brown online): MQDT previous
computations [26]. Long-dashed (blue online): Breit-Wigner
estimation [29] . Present results: continous (red online):
γ = 0.161, double-dashed dotted (orange online): γ = 0.2,
Dasehd-dotted (green online): γ = 0.3, dotted (cyan online):
γ = 0.5, short-dashed (black online): γ = 1.0.

One of us (Ch. J.) and S. Pratt provided recently a

Breit-Wigner-type estimation of the low-energy ground

state H
+
3 DR cross section [29], assuming that:

(i) the direct DR is negligible,

(ii) the only efficient DR mechanism is the indirect
one: the recombination into bound Rydberg states - al-

lowed by the vibronic (Jahn-Teller in this case) coupling
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Abstract
We have investigated the production of fast metastable H(22S) coming from the dissociation of
cold H2 molecules produced in a Campargue nozzle beam after crossing with an electron beam
emerging from a high intensity pulsed electron gun. We have achieved dissociation by electron
impact in order to avoid limitations due to the selection rules governing radiative transitions.
Two detectors, placed 230 and 254 mm away from the collision centre, have analysed the
neutral fragments as a function of their time-of-flight through localized quenching of H(22S)
in H(22P) and Lyman-α detection. Performing coincidence experiments in order to ascertain
the existence of the H(22S)–H(22S) dissociation channel is appealing due to the anlysis of the
spectra.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The dissociation of a diatomic molecule in a pair of atoms
is a well-known problem, and it is also established that the
two fragments, say twin atoms for a homonuclear diatomic
molecule, will share some coherence between them because
they are linked to the same molecular state. The signature of
the coherence between the fragments is revealed in coincidence
experiments, for the centre of mass (CM) and relative motions,
but a finer analysis also requires the spin coherence between
the atoms to be detected, in the same way as performed for
twin photons [1].

The superexcited states of the H2 molecules have been
shown to be good candidates for performing twin photons
experiments, using the dissociation in twin H(22P) atoms
that disintegrate in twin Lymann-α photons [2]. As the spin

analysis of the H(22S) atom has been achieved through the
use of Stern–Gerlach interferometry [3], it is legitimate to
investigate the dissociation of superexcited states of the H2

molecule in pairs of twin H(22S) atoms. Other systems are, or
have been, in focus such as Hg2, the first system that has been
extensively studied [4], and there is current work in progress
in cold or ultracold conditions [5].

This paper presents the first step of this study where
we have revisited the dissociation of H2 molecules excited
by electron impact, using a molecular nozzle beam in order
to use molecules with cold internal degrees of freedom and
high intensity flux. We have sought the optimal experimental
conditions for the largest possible production of H(22S) atoms.

The paper is organized as follows: in section 2, we present
a small survey of the studies concerning superexcited states of
the H2 molecule; in section 3, we discuss our experimental
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The same doubly-excited Rydberg states: 
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H2 dissociation 

•  H2  beam (supersonic nozzle beam) 
+ 

•  Pulsed electron beam 

•  H (2s) + H (2s)    correlated pair of metastable 
states with opposite velocity and correlated 
spin polarization (Twin Atoms)  

2012/09/24: Cadarache ADAS 



 

BeH+  
et isotopomers 

2012/09/24: Cadarache ADAS 



1. Introduction: Contexte de l’étude 

Walls coated with Be 

Molecules: BeH/BeH+, BeC/
BeC+, CH/CH+, CH4/CH4

+, 
CH2 /CH2

+, H2
+, HeH+, and 

isotopomers (H→D, H→T) 

Fuel: H, D, T 

  
 
 

 Dissociative recombination, dissociative excitation and 
vibrational excitation at the walls of the  

fusion plasma devices (ITER project) 
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BeH/BeH+ 

VE 

VE 
Niyonzima et al 2012, collaboration with A. Larson & A. Orel  
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in 
Lanza et al 2012, collaboration with A. Larson & A. Orel  



 
 

ATOM/MOLECULE 
collisions: 

The role of the REACTIVITY 
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H3: three undistinguishable protons, symetry D3h 	

      - Wavefunctions properly antisymmetrized with the interchange of the protons (Miller 1969)	


      - Post-symetrization (protons as distinguishable) :	


ortho-para-H2 ratio in plasmas 
H2 : 	
	


	
ortho/para ratio : key parameter for the physical 	

	
chemistry of hydrogen dominated plasmas 	


	

H2 is a homonuclear molecule (no dipole moment) -> 
Ro-vibrational transitions with ∆j=+/- 2 	

Inelastic collisions do not change ortho/para ratio	

	


Odd j	
 Even j	
ò 
ortho-para-H2 conversion in plasmas ?	

H + p-H2 -> H + o-H2              H+ + p-H2 -> H+ + o-H2              H3

+ + p-H2 -> H3
+ + o-H2	


	


Rotational excitation of H2 by H: reactivity via ortho-para transitions 
Beyond the rigid rotor model (proton exchange) 
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(a) Probablilities for the H+H2(j=0)→H+H2(j’=2) reaction for J = 0.  
(b) H+H2(j=0)→H+H2(j’=2) cross section: Dashed and continuous lines refer to the calculations excluding 
and including the GP respectively. Cross indicate the results obtained using the method of Miller (1969)  
 

Geometric phase effect:	

the ground electronic state of H3 conically intersects the first 
excited state of  H3: sign change of the electronic wavefunction 	

	

	

Sign change of the diffusion matrice	


ò 

Rotational excitation of H2 by H 



Temperature dependence of the 
rate coefficients for the 
rotational excitation of p-H2 
(a) and o-H2 (b) by H 	


  The p-o-H2 et o-p-H2 transitions are slower than the transitions conserving nuclear spin 	

 Only one order of magnitude of difference for high temperature (T > 1000 K)	

  Important process for hot plasmas	
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(b)

j = 1  j = 0

j = 1  j = 3 j = 1  j = 2

Collisional enegy dependence 
of integral cross sections for 
the rotational excitation of p-
H2 (a) and o-H2 (b) by H 	


Rotational excitation of H2 by H 
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Temperature dependence of the rate coefficients for the p–o-H2 
and o–p-H2 conversion. The line with circles indicates the 
experimental results of Schulz & Le Roy (1965). 	

	


Comparison with experiment 
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FIG. 4: Temperature dependence of the rate coefficients for
the p–o-H2 and o–p-H2 conversion. The line with circles in-
dicates the experimental results of Schulz & Le Roy (1965).

Boltzmann averaging was done using the partition func-
tion Q of the first rotational states (j = 0− 8) of the H2

molecule:

k̄(j = 0− 8) =

∑8
j=0(2j + 1)e−εj/kT k(j)

Q
(4)

Q =
∑

j

(2j + 1)e−εj/kT .

We note that j = 8 is ∼4000 cm−1 above the ground
para state j = 0, which ensures a good convergence of the
Boltzmann averaging for temperatures below ∼1500 K.
Figure 4 and Tab. I present the p–o-H2 and o–p-H2

conversion rate coefficients (averaged over the distribu-
tions of the rotational states of the molecules) as func-
tions of temperature. One can see that the thermally av-
eraged rate coefficient for p–o-H2 and o–p-H2 conversion
increases rapidly with temperature in the range consid-
ered in this work. One can note that the o–p-H2 rate
coefficient is smaller than the p–o-H2.
An experimental study of the p–o-H2 conversion by

collisions with H was performed almost half a century
ago by Schulz & Le Roy24. They measured thermal rate
coefficients for temperatures ranging from 300 to 444 K.
An analytical fit of their data can be found in Ref.31.
To the best of our knowledge, no comparison between
theoretical results and these experimental data was per-

formed. In Fig. 4, we compare our theoretical results
with the measurements of Schulz & Le Roy24. As one
can see, the theoretical and experimental results are in
good agreement for both the magnitude and the temper-
ature dependence. At 300 K, the agreement is excellent
and one observe a small deviation (within a factor of
two) between the two sets of data at temperatures larger
than 400 K. Part of the difference might simply reflect a
small departure from the Boltzmann distribution of p-H2

levels in the experiment. Nevertheless, the overall good
agreement between theory and experiment confirms once
again the high accuracy of the H3 PES of Mielke et al.16

and suggests that the present rate coefficients are reliable
for the modelling of H2 excitation and cooling at kinetic
temperatures below 1500 K.

IV. CONCLUSION

We have presented accurate quantum mechanical cal-
culations of cross sections and rate coefficients for the
rotational excitation of H2 by H, including the hydro-
gen exchange channels. The calculations were performed
with the recent high accuracy H3 PES of Mielke et al.16.
The protons were treated as distinguishable and the geo-
metric phase effect was taken into account. The p–o-H2

and o–p-H2 conversion rate coefficients due to H colli-
sions were compared to available experimental data. A
very good agreement was found, confirming both the high
accuracy of the H3 PES and the employed scattering ap-
proach.
We expect that the present rate coefficients will help

in the modelling of astrophysical plasmas where the ro-
tational excitation of H2 by H is efficient, especially
in shocks, PDRs, supernova remnants and in the early
Universe where the very first stars are believed to have
formed thanks to H2 cooling.
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  The rates increase rapidly with 
increasing temperature 

  o-p-H2 <  p-o-H2 
  

 Very good agreement between 
theory and experiments 

 ò 
Accurate understanding of o-p-H2 
and p-o-H2 conversion process	


Rotational excitation of H2 by H 

2012/09/24: Cadarache ADAS 



   Coming:  
9th International Conference  

on Dissociative Recombination: 
Theory, Experiment &  

Appliccations 
7-12 july 2013, Paris 

I. F. Schneider, O. Dulieu, J. Robert  

Paris 

Le Havre 


