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Ro-Vibrational (de)Excitation: RV(d)E 

Dissociative Recombination: DR 

Dissociative Excitation: DE 

MAR 

MAD 



Dissociative recombination (MAR) 
Dissociative excitation (MAD) 

of several molecular cations invoked in the previous talks 
H2

+ and others (will be shown at the end) 
Talks of: 
Ivo CLASSEN, 
Richard ENGELN,   
Dirk WÜNDERLICH, 
Kevin VERHAEGH 
Mathias GROTH, 
Annarita LARICCHIUTA 
,… 
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Coppola, Galli et 
al, 2011-… 
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Coppola, Galli et 
al, 2011-… 



 
 

  
Typical behaviour  

of 
           e-/H2

+ (HD+, D2
+) recombination ostly 
on  

Dissociative Recombination 
 



ALL 3 EUROPEAN 
storage rings: 



HD++ e- 
 

1/Ed behaviour @ low Ed 
 

NARROW resonances @ low Ed 
 BROAD resonances  

@ high Ed 
 



 
 

  
How one measures ? 
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Best parameters: 
Tlong  =   20 µeV= 0,23 K=0,16 cm-1 

Ttrans = 500 µeV= 5,80 K=4,03 cm-1 
14 

      …+ 
Convolution 
with 

ANISOTROPIC 
Maxwell  
Distribution:  

< 2012 
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> 2016 



 
 

  Towards STATE-to-STATE results, 
i.e. 

ROTATIONALLY & 
VIBRATIONALLY  

resolved xs & rates. 
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On the theoretical side� 
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Takagi: e-/H2
+ dynamics  



 AB+(Ni
+,vi

+) + e-          A + B   

A + B+ + e-   
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Dissociative Recombination: DR 

Dissociative Excitation: DE 

AB+: H2
+, HD+, D2

+   



 AB+(Ni
+,vi

+) + e-          A + B   

AB+(Nf
+,vf

+) + e-   
A + B+ + e-   
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Ro-Vibrational (de)Excitation: RV(d)E 

Dissociative Recombination: DR 

Dissociative Excitation: DE 

AB+: H2
+, HD+, D2

+   

WHY new calculations ? 
1) Different – some updated - molecular structure data 
2) Data on ro-vibrational transitions 



Electron-cold molecular ion reaction: Dissociative Recombination 

HD+ (2Σg
+) 

HD+ (2pσu) 

H(1s)+D(2l) 

D(1s)+H(2l) 

e- 

Direct process Indirect process 

Interference 

Kinetic 
Energy 
Release 

HD+ + e- ⇒ H(n) + D(n’) + KER 

Rydberg state 

2021/03/31-IAEA-FZJ-WH 
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D. Zajfman 
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Total (direct & indirect) vs direct mechanisms 
in H2

+ dissociative recombination 

Energy of the incident electron (eV) 

C
ro

ss
 se

ct
io

n 
(c

m
2 )

 

H2
+: DR xs 

Quantum Interferences 
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The relevant  
POTENTIAL ENERGY CURVES 

(PEC’s) 
 



2021/03/31-IAEA-FZJ-WH 24 

H2
** 

H2
* 

 ! One of the NUMEROUS symmetries ! 

  
 P. Burke, C. Noble, B. Schneider, I. Shimamura,  
 J. Tennyson, S. L. Guberman, Ch. Jungen,  
 F. Martin, P. Schmelcher, M. Telmini … 
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H2
** 

H2
* 

Valence  
DISSOCIATIVE 
super-excited  
states: 
Feshbach 
resonances 
 

Rydberg  
BOUND 
super-excited 
states: 
Rydberg 
resonances 

ION states 
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H2
** 

H2
* 

Quasi-DIABATIC 
representation 

BEYOND  
Born-Oppenheimer context 

Rydberg/valence 
COUPLING 
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H2
 



 
 

  
How do we compute 

electron-impact 
recombination  

and  
excitation? 
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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 
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The various mechanisms 

which drive the DYNAMICS 
depend on the 

ENERGY: 
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  “Very” Low Energy:  
ROTATION and Vibration, 

DISCRETE ro-vibrational spectrum, 

“Fano”resonances,  
maximum ACCURACY 
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H2
** 

H2
* 
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 HD+ + e-  
 
 HD*,HD** 
 
 

    H + D 
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HD+ + e-     HD**, HD*   
                        H + D 
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N. De Ruette, X. Urbain, O. Novotny, A. Wolf,…. @ TSR vs MQDT 
H2

+(Ni
+,vi

+) + e-           H + H 
1st state-to-state comparison experiment/theory 



How important is the 
target excitation ? 
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HD+ + e-     HD*,HD**  
                        H + D 

 



H2
+  + e- 
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H2
+(Ni

+)+e-     H2
**,H2

*     H2
+(Nf

+)+e-   
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How important are the  
   RESONANCES ? 

How important are the 
   ROTATIONAL effects ? 
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H2
+(Ni

+=0)+e-     H2
**, H2

*     H+H 
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Focus on ISOTOPIC effects 
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HD+  DR & rovibrational transitions for 
« ALL » the rovibrational levels  
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HD+  DR & rovibrational transitions for 
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HD+  DR & rovibrational transitions for 
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HD+  DR & rovibrational transitions for 
« ALL » the rovibrational levels  

2021/03/31-IAEA-FZJ-WH 53 

vi
+=0 



HD+  DR & rovibrational transitions for 
« ALL » the rovibrational levels  
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Rate coefficients (cm3/s) vi
+=1 



D2
+  DR & rotational transitions for 

vibrationally relaxed states 
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vi
+=0 



D2
+  vs HD+ vs H2

+: rotational transitions 
for vibrationally relaxed states 
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vi
+=0 



 
 

  “Moderately” Low Energy:  
“NO rotation”, 

DISCRETE vibrational spectrum, 

“Fano” RESONANCES 
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H2
** 

H2
* 
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Moulane 2017, Colboc 2016 
H2

+ 



 
 

  
High Energy:  
“NO rotation”, 

DISCRETE & CONTINUUM 
vibrational spectrum, 

NO “Fano” RESONANCES 
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H2
** 

H2
* 
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H2
** 

H2
* 

Vibrational CONTINUUM 



HIGH energy: 
vibrational continuum

effective, Dissociative Excitation 
64 2021/03/31-IAEA-FZJ-WH 
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Moulane 2017 

H2
+ 



20190226-ATMOSTEL-Rennes 66 

H2
+ 

Rate coefficients depending on Te and Tv 

Moulane, Mezei, Laporta,�, 2018 
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Abdoulanziz, Laporta, Mezei et al 2019 

HD+(vi
+=0) 
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Abdoulanziz, Laporta, Mezei et al 2019 

HD+(vi
+=1) 
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Abdoulanziz, Laporta, Mezei et al 2019 

HD+(vi
+=2) 
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HYDRIDES ! 



List of the main elements relevant to the ITER plasma (D. Reiter) 

Be 

W 
C/W 

Fe (SS) 

H/D/T, He 

N,Ne,Ar 

CORE 



BeH+ + e- 

                2017 

                2017 
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BeH+ + e- 

2019/09/12-LOMC-BIOENGINE 

                2017 



20190530-Timisoara-TIM19 

                N. Pop, S. Niyonzima, J. Zs. Mezei, … 

BeD+ + e- 

                2018 
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BeT+ + e- 

                2021 
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Cf. Dmitri FURSA’s talk 



ArH+ + e- 

2018 

                V. Laporta, A. Abdoulanziz, 
 E. Roueff,� 



ArH++ e- 
 

          E. Djuissi, V. Laporta, et al 
2019-2021 



N2
++ e- 
 

          A. Abdoulaziz, J. Zs. Mezei, et al 
2021 
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What about  
WH+ ? WmXn

+ ? 
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CONCLUSIONS 
 

Temporary captures into super-excited states: 
HUGE RESONANT EFFECTS 

 
Dependence of the cross section and  

rate coefficients on the  
INITIAL ro-vibrational level: 

STRONG 
 

We provide STATE-TO-STATE 
 cross sections & rate coefficients 

 
… 
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SUPORT 
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PicoLIBS (2014-2018) 

Financement 

EMoPlaf (2017-2019) 

RIN-VIRIDIS-CO2 (2018-2019) 

PCMI/INSU (2018-2020) 
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Thank you for your attention ! 
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