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The R-matrix method 
J. Tennyson, Electron - molecule 

collision calculations using the R-matrix 

method, Phys. Rep., 491, 29 (2010). 
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Dominant interactions 

Inner region 
Exchange 

  Correlation 
Adapt quantum chemistry codes 

Outer region 
Long-range multipole polarization potential 

Adapt electron-atom codes 

High l  functions required 

Integrals over finite volume 

Include continuum functions 

Special measures for orthogonality 

configuration generation must be appropriate 

Many degenerate channels 

Long-range (dipole) coupling 

Boundary Target wavefunction has zero amplitude 



A.  The UK Molecular R-Matrix Codes 

Å Freely available online 

Å People can join as users on CCPForge 

Å Comprehensive but hard to use 

  (Can take a whole PhD (3 years) to correctly run one molecule!) 

B. Quantemol-N 

Å Easy to use graphical interface 

Å Very simple input, requires little scientific knowledge or training 

Å Extra features (ionisation, dissociative attachment estimator,  

                            high energy electronic excitation, etc) 
 

 

 

Two methods of doing R-matrix calculations: 

Note also:   

Quantemol-P        0D plasma chemistry code (runs GLOBALKIN) 

Quantemol-D     2.5D simulation of industrial plasma processessing (runs HPEM) 

 

 



UKRMol  inputs:  

electron ï silane (SiH4) 



Quantemol-N  inputs:  

electron ï silane 

Si ï H bondlength 



Main advantages of using Quantemol-N: 

 ̧User friendly interface, which vastly   

simplifies setting up an R-matrix simulation.  

 ̧Full tutorial system to reduce learning curve.  

 ̧Library containing 40+ examples.  

 ̧Easy to use results format. 

 ̧24/7 service support from Quantemol team. 



Quantemol-N 4.1 can calculate: 

¸ Elastic cross-sections 

¸ Electronic excitation cross-sections 
(extended to high energies with BEf) 

¸ Super-elastic cross-sections between 
excited states 

¸ Electron impact dissociation 

¸ Scattering reaction rates 

¸ Resonance parameters 

¸ Dissociative electron attachment 
cross-sections estimator 

¸ Differential cross-sections 

¸ Momentum transfer cross-sections 

¸ Atomic cross-sections 

¸ Electron impact ionisation at all 
energies 

 

      Red: features not in standard code 

 

(BEB) 



Examples obtained using 

 Quantemol-N 



Chlorine  ï Dissociative Attachment 

 ̧DZP basis for the target and frozen bond-length of 1.988Angstrom.  

 ̧CAS-CI representation: 20 core electrons are frozen (Cl 1s, 2s and 2p orbitals).  

 ̧14 active electrons are distributed as: (4 - 6ůg, 4 - 5ůu, 2 ú, 2 ǵ)14.  

 ̧Lowest virtual orbitals of ůg, ůu and ú retained in the scattering calculation  

  48 target states in the close-coupling expansion. 

 Dissociative electron attachment cross sections for Cl
2
  

 Calculations used the DEA cross section estimator in Quantemol-N  



Oxygen  ï Dissociative Attachment 

 ̧Calculations: 6-311G* target basis at frozen bond length of 1.2144 A. 

 ̧Target CAS: 4 core electrons frozen,and10 electrons in 12 valence orbitals: 
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)12.  

 ̧Scattering calculation augmented with the 4ů
g
, 4ů

u
 and 2

ǵ
 orbitals.  

  48 states retained in close-coupling expansion. 



T. Mori, M.Sasaki, T Nishizuka and T. Nozawa, 55th AVS (2011) 
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Reaction model 

-Charged species: e-, Br-, Ar+, HBr+, Br+, Br2
+, SiBr2

+, and SiBr+ 

-Neutral species: Ar, Ar*, HBr, Br, Br2, H2, H, SiBr2, SiBr, and SiBr2 

-Electron impact reactions: Ionization, excitation, dissociation, 

attachment, and recombination 

-Ion ï neutral reactions 

-Ion ï ion reactions 

-Molecule ï molecule reactions 

SiBr, SiBr2, SiBr+, SiBr2
+ omitted in original chemistry 
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Ar/Cl2 = 90/10 sccm 

500 W ICP 

15mTorr 

 

 

ñRe-fluxò of SiCl2
+ was 

important but was not 

dominant at this lower 

pressure. 

 

 

Agarwal A. & Kushner M. 

JVSTA 26 (2008) 498 

 

 



 ̧Study effect of etching by-products (SiBr
x
) on the plasma. 

 ̧Quantemol-N estimates of cross sections for  new species 

 ̧Below estimated dissociative electron attachment cross sections for SiBr and SiBr
2
 

 ̧Full cross section set calculated for these species. 

Estimated DAE cross sections as a function of electron impact energy. 

SiBr SiBr
2
  



Microwave 

Wafer 

Stage with rf bias 

Gases  

inlet 

Pumping out 

Gas flow 



e- Br- SiBr2 

With 

SiBrx reactions 

Without 

SiBrx reactions 

Electron distributions are localized near top, because microwave heat comes from top. 

Br negative ion produced both inlet and near wafer because of attachment reaction of SiBrx. 

SiBr2 in case with SiBrx reactions is localized near wafer because there are reactions of SiBr2. 
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SiBr Si 

SiBr2
+ SiBr+ 

SiBr2 

SiBr and Si are produced from SiBr2 and SiBr respectively. 

Ions produced from byproducts are localized near wafer which is dominant ions attack to wafer. 
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o Ion mass gets heavier as pressure increases 

o Ion fluxes and energies will change significantly with pressure 

in this collisional sheath. 
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Re-entry physics:  

plasmas created on spacecraft (rocket) re-entry 

Vibrational excitation of 

key molecule: 

Venus, Mars, Earth 



Electron ï CO: 2P resonance 

R-matrix resonance positions  

and widths 

 

Static exchange plus polarisation  

(SEP) model 

 

 

 

 

Widths 

Resonance position 



Electron ï CO:  
resonance enhanced vibrational excitation  0 Ą vô 

 


