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Quantemol Electron Collisions (QEC) % quantemol

m User-friendly interface for calculating electron-molecule collisions.
m Molpro quantum chemistry package provides molecular target orbitals.

m Molecular R-matrix (UKRmol+) code calculates cross sections.
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Introduction to QEC Q.}quantemol

m Calculates cross sections and rates for various collisional processes including:
m Elastic scattering.
m Momentum transfer.
m Electronic, rotational, vibrational excitation.
m Dissociative electron attachment.

m lonization.
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R-matrix theory

m Space divided into inner, outer and asymptotic regions.

m Inner region confines the N-electron molecular target.
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m_Outer region wavefunction extends to large distances.

m Connection to asymptotic forms allows calculation of cross sections.

’:& quantemol
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R-matrix theory: inner region Q} quantemol

m Solve (N + 1)-electron time-independent Schrodinger equation using wavefunction
expansion

w{f“ = Azci]’k@f\[(xl, s XN )i (XN 1) + Z bka7]7VL+1(X17 s XN41)-
i,J m

m N-electron target wavefunctions ® (x1, ..., x) calculated using MOLPRO basis
sets and orbitals.
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ff; quantemol

m Solve for the radial wavefunction of a single outgoing electron (N + 1):

)Fij(TN—H).

N+l _\"3 g
v = E (XN EN+1; ON41
- TN+1

)

m At large distances (741 = 100ap), solutions connect to asymptotic forms to
calculate K matrix and eigenphase §(E):

Fi;(r) o 0ij sin(k;r + Im/2) + cos(kir + I /2) K5,

§(E) = tan™'(K;).

6/38



Scattering models: Static exchange (SE) % quantemol

m 1-state target representation (single ®'V)
N+1 N N+1
Y = Azcjkq) (X1, -, XN)INj (XN41) + Z bk Xom (X1, ooy XN1)-
i m
m xV*1is a product of target state and virtual spin orbital for scattering electron.

m Cannot treat electronic excitation (no Feshbach resonances).

Cannot treat target polarization.
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Scattering models:Static exchange+po|arization($EP{)& quantemol

1-state target representation

’L/JIJCV—H = AZ cjk(I)N(Xl, ...,XN)T]j(XN+1) + Z bkaT]X+1(X1, veny XN+1)~
i m

N+1
Xom '

include single-electron excitations of target.

Shape and Feshbach resonances can be resolved.

Captures short-range polarization effects.
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Scattering models: Close coupling q}quantemol

multi-state target representation (set of ®2V).

SR = A cin®Y (X1, XN (XN1) + > brkXn T (X1 ey Xvg1).
i?j m

N+1
m. -

Complete active space for x

Shape and Feshbach resonances can be found.

Applicable at energies up to first missing excitation threshold.
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Results: Elastic scattering cross section CH, % quantemol

== QEC,SEP =—- QEC, SE
- QEC, CC ® Song et al. (2015) — ‘\

N
o
L

=
w
L

10 A

Elastic scattering cross section (42)
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M.-Y. Song et al., J. Phys. Chem. Ref. Data 44 023101 (2015).
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Results: Eigenphases CH,

Eigenphase

“% quantemol
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Results: Dissociative electron attachment q:quantemol
cross section ¢~ + CHy — CHs + H™

—= QEC, SEP
—— QEC, CC
—- QEC, SE
® Song etal. (2015)
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Dissociative electron attachment cross section (42)
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QEC Initial Setup

5 Help Settings

Open Example

Save Geometry File
Quit Molpro xml file
Previous QEC run

X/ Quantemol Electron Collisions (QEC)

4

electron collisions

“% quantemol
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QEC Molecule Setup

o
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QEC Molpro basis sets and orbitals setup % quantemol

) =1E3|
File Help Settings

[®.EC Molpro Setup
Save Image

Molecular Viewer

Molpro Options
Orbital Type:  HFSCF . MCSCF
Basis Set: |cc-pvDz -

| Advanced Options

Point group identified as: C2v

Back |[ Next ||Setup next jobl|job iist|[ Run
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QEC Molpro basis and orbital sets setup %quantemol

m Hartree-Fock (HFSCF) orbitals used with SE and SEP methods.
m Multi-configurational (MCSCF) orbitals used with CC method.

m Dunning (cc-pVXZ), Pople (W-XYZG), and Karlsruhe (def2-WXYZ) basis sets
available.
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Advanced options for ions, radicals, large systems 1’;& quantemol

File Help Settings

[®.EC Molpro Setup
Save Image

Molecular Viewer

Molpro Options

Orbital Type: ‘© HFSCF . MCSCF

Basis Set: cc-pvDZ

\v Advanced Options
_ Use an ECP

~ Charge

© Multiplicity
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© symmetry
© Memory (mw)

Point group identified as: C2v

[ Back ][ Next |[setup Next job|[Show Job List|[Run All jobs
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QEC active space (CAS) settings quantemol

File Help Settings

[®.EC Molpro Setup
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Molpro Options
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’:& quantemol

QEC R-matrix setup (SE)
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QEC R-matrix setup (SEP) ‘f& quantemol
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File Help Settings
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|save Image|
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f& quantemol

QEC R-matrix setup (CC)
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f& quantemol

QEC R-matrix setup (CC)
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QEC cross sections to calculate (SE or SEP) quantemol

QuantemolEectron calsions (QE€)
File Help Settings

==E)

[0.EC Cross-Sections to Calculate

v Calculate standard R-matrix cross-sections. Options
Standard R-matrix cross-sections:
v Calculate total elastic cross-section

© Calculate Eigenphases

¥ Calculate Binary-Encounter-Bethe (BEB) ionisation cross-section

Options’
Calculate differential, momentum transfer and rotational cross-sections
Calculate vibrational excitation cross-sections

Calculate estimate of dissociative attachment cross-section
Run calculations for other R-matrix sphere radii or geometries (diatomics only)

Back | Setup Next Job| |Show Job List| Run All Jobs
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QEC cross sections to calculate (CC)

‘Quantemol Electron Callsions (QEC)

o
File Help Settings

[0.EC Cross-Sections to Calculate

v Calculate standard R-matrix cross-sections
Standard R-matrix cross-sections:

v Calculate total elastic cross-section
© Calculate Eigenphases

v Calculate excited states cross-sections

¥ Calculate Binary-Encounter-Bethe (BEB) ionisation cross-section
Calculate differential, momentum transfer and rotational cross-sections.
Calculate vibrational excitation cross-sections

Calculate estimate of dissociative attachment cross-section

Calculate higher energy inelastic electronic cross-sections (BEf)

Run calculations for other R-matrix sphere radii or geometries (diatomics only)

quantemol

==E)

Options

Options’

Back | Setup Next Job| |Show Job List Run All Jobs
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QEC cross sections to calculate (CC) % quantemol

@ weeniss A 4O

s Applicatons_ Places _ Dissocitve Attachment Cross-section Options
Quantemol Electron Collsions (3EC) o e x
File Help Settings
Dissocative Attachment Cross-section Options M
CEC 1
Dissociation Energy (eV): | 0.0000
Vibrational Frequency:
* Assume default (1000 cm*-1)
¥ Calculate standard Rmatrx cross-sections. Sl 100000
Standard Rmatrix cross-sections: Fragmentation:
& Assume break up into:
¥ Calculate total elastic cross-section Fragment A: [H4 Fragment B-: C-
Specify break up:
¥ Calculate Eigenphases Fragment A:| Fragment B-:
Electron Affinity of fragment B (eV): 0.00 B
“ @ Cancel || #OK |
¥ Calculate Binary-Encounter-Bethe (BEB) lonisation cross-section Options |
¥ Calculate differential, momentum transfer and rotational cross-sections Options |
¥ Calculate estimate of dissociative attachment cross-section Options |
Calculate high energy cross-section (SCOP)
Back Run
I3 I3 p— I

B ooper@peo0s ioec @ etone Mt Frefon
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QEC cross sections to calculate (CC)

8
File Help Settings

% quantemol

Quantemol Electron Collisions (QEC) [=1==]

v/ Calculate standard R-matrix cross-sections Options
Standard R-matrix cross-sections:

v Calculate total elastic cross-section
v/ Calculate Eigenphases

v Calculate excited states cross-sections

v/ Calculate Binary-Encounter-Bethe (BEB) ionisation cross-section

Options

Calculate differential, momentum transfer and rotational cross-sections
Calculate vibrational excitation cross-sections

Calculate estimate of dissociative attachment cross-section

Calculate higher energy inelastic electronic cross-sections (BEf)
Run a batch calculation

Back

26 /38



EC results output

s Applcations _Places _ Guontemal Hectron Collsions (OEC)

quantemol

@ Fun A4 o

‘Quantemol Eectron Collsons (QEC) - e x
File Help Settings
Calculation Log
Hotecular Information
Nolsculer cis
chargo - 0
coordinaces (angscrons)
£, 0.8906, 0.0, 0.6298
~0.8306, 0.0, 0.5258
W 0.0, -0.8906, -0.6298
& 0.0, 0.8908, -0.5288
<. 00, 00, 0
Foint growp: c2v
State Eneray = -40.1967119763411 2.3,
Dipoles:
o= 0.0 oY - 0.0 52 - 6.50954384360257e-16 a.u.
Polarizability = 13.001989372258466 a.u.
Molecular arbitals
occupation Symecry & (sartree)
2. ) 1216575
2 1
2. 1
ol 1
o 1
0. 1
o 1
o 1
o 1
o 1
o 1
o 1
0. 1
o 1
oo 1
20 2
00 2
oo 2
oo 2 0588757 o
Stop
] | @ 1) 5ext Lo contims vt .| I cooper@peo08 -Iaecnelppages | "= quantemotecpat - Adobe Reocer | BB Quentemot Flecron Collsons (G€Q) 14
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QEC results output quantemol

=[=1E3|
File Help Settings

Calculation Log

? ST0-36_SE_HFSCF 10

Total Elastic Cross-se

Eigenphases GEC
X

BEB lonisation Cro:

s

) STO-3_SE HFSCF 14 2023-06-28T15-12 52fresults

Total Elastic Cross-section View Rate.
Data Sheet
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Data Sheet View

Export results directory |
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QEC example calculations

File Help Settings

X| Quantemol Electron Callisions (QEC)

X! Open example file

Lookin: | [ /scratch/bcooper/Sept_onwardsfexamples -FlecoaEE
[ compu _ Name size Type Date Modified ~
5 v 5 Simple_SE_examples Folder  09/09/...16:18
%P &5 Advanced_CC_examples Folder  09/09/...16:18
9 geom [ Simple_CC_examples Folder  09/09/... 16:18
SCOP_examples Folder  09/09/... 16:18
5 ECP_BEB_examples Folder  09/09/...16:18
= DEA_examples Folder  08/09/... 16:18
9 Polydcs_examples Folder  09/09/... 16:18
= simple_SEP_examples Folder  08/09/... 16:18
| v
File name: | || &

Files of type: | pickle{*setup.pickle)

~ || X cancel |
2

System Preferences

quantemol
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QEC isotope selection

File Help Settings

Wolpro it
Molecular Viewer

[®.EC Molecule Setup

quantemol

[ «Add Atom Il MOptimise -.Center
P — Molecular Coordinates (Angstroms)
|Show Axes Save Image: Yt o4 v >
10 0 0.0 -0.0647
2H 0 0.7488 05139
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Isotopes  Delete Atom
Aom Selected wass ST sotopes Bond Lengths (Angstroms)
O Atom 2 R
" H 0.9463
" o H 0.9463
Canca |
. i
Bond Angles (Degrees)
[ Atom 1 Atom 2 Atom 3 Angle
1H o H 104.6117

Back |[_Next |[Setup Next jobl[s
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Isotope selection % quantemol

m Isotope library now available for all elements.
m Most abundant isotope selected as default.

m Important in astrophysical applications, where major astronomical and terrestrial
isotopes differ.
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Cross sections and dipole moments for ArH™

Rotational excitation cross section (42)
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’:,{: quantemol
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MOLPRO basis sets for heavy elements Q'} quantemol

Heavy: molecules containing elements Ar-Kr.

Consider all-electron basis sets without core potentials.

Dunning (cc-pVXZ) and Pople (X-YZWG) basis sets are commonly used.

Pople basis sets only available for H-Ar.

Include Karlsruhe bases in QEC for elements Ar-Kr.
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ff; quantemol

m Main hierarchy of Karlsruhe basis sets is:
m def2-SVP — Split valence polarization.
m def2-TZVP — Valence triple-zeta polarization
m def2-QZVP — Valence quadruple-zeta polarization

m Analogous to cc-pV(D/T/Q)Z basis sets.

m Can include diffuse functions (similar to aug-cc-pVXZ).
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Elastic scattering cross section for GeCly {Z} quantemol
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Elastic scattering cross section (A2)
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Rotational excitation cross section for GeCl,

o o o o o e
MW xS

Rotational excitation cross section (42)
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f:& quantemol
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Vibrational frequencies for GeCl,

GeCI4
NIST cc-p def2-
(cm~ 1) | VDZ | VTZ | SVP | TZVP
396 399 | 404 | 403 407
134 126 | 124 | 130 126
453 470 472 | 478 475
172 171 | 171 | 175 172

fég quantemol
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