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Introduction

Motivation

o Primary processes in IBCT.
o Production of electrons and ions.

o Atomic data (cross sections) needed in simulations.
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Introduction

Proton — molecule collisions

Primary processes
O Single Electron Capture (SEC): HF + M — H+ M+

O Single lonization (SI): HF + M — HT + MT+e—

O Transfer lonization (T1): HF + M — H + M%tfe~

O Double lonization (DI): Ht + M — Ht + M2t 4+ 2e—




Nano-IBCT-2014

Introduction

Proton — molecule collisions

Primary processes
O Single Electron Capture (SEC): HF + M — H+ M+

O Single lonization (SI): HF + M — HT + MT+e—
O Transfer lonization (T1): HF + M — H + M%tfe~

O Double lonization (DI): Ht + M — Ht + M2t 4+ 2e—

Molecular fragmentation

The cations M+ and M2+ formed in capture and ionization reactions can dissociate;

e.g., the ions:

H,OF, OH*, OF, 02+ | H+

are detected in ion- H2O collision experiments.
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Previous calculations

Eikonal CTMC method

We consider ion-water collisions (see lllescas et al., Phys. Rev. A 83 (2011))
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Previous calculations

Eikonal CTMC method

We consider ion-water collisions (see lllescas et al., Phys. Rev. A 83 (2011))

Qo

Qo

Franck- Condon approximation.
The projectile follows straight-line trajectories: R = b + vt.
Independent electron approximation.

Use of a three-centre model potential to describe the electron — H,Ot

interaction.
Electronic motion described by a classical distribution function p(r, p, t).

Orientation-averaged cross sections.
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H™ + H,O collisions. Total cross sections

Electron productlon Net eIectron capture
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Previous calculations

SDCS

SDCS (cm/eV)

SDCS (ecm™/eV)
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Our calculations: Errea et al. PRA 87, 032709.
Experiments: Toburen and Wilson, JCP 66, 5202; Rudd et al. PRA, 31, 492.

Other Calculations: Boudrioua et al. PRA 75, 022720.
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Previous calculations

Fragmentation cross sections.
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Previous calculations

Fragmentation cross sections.

[ ] Lunaet al PRA 70 062716 (2004)
O  Werner et d PRL 74 1962 (1995)

@ The dissociation of H,O is a

ol 11l

postcollisional process.
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@ There is not an ab initio study of the

T

H>O™ breakdown reaction.
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Fragmentation of H,O™.

MO of H,O and H,O* PEC
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Fragmentation of HyO ™ .

MO of H,O and H,O* PEC
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Fragmentation of HyO ™ .

MO of H,O and H,O* PEC
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Fragmentation of H,O

MO of H,O and H,O* PEC
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Fragmentation of HyO ™ .

MO of H,O and H,O* PEC
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Fragmentation of HyO ™ .

MO of H,O and H,O* PEC
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Fragmentation of HyO™.

MO of H,O and H,O* PEC
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Fragmentation of H,O™.

MO of H,O and

H,O" PEC
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Fragmentation of H,O™.

MO of H,O and H,O* PEC
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Fragmentation of H,O™.

MO of H,O and H,O* PEC
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Fragmentation of H,O™.

MO of H,O and H,O* PEC

5.3y — T

L 6=1046deg H,O |
r,=1.788 Bohr
Reutt et al -75.4 1+ ]
JCP 1986 85 6928 \
L \ |
7551 \ .
\
L \ 4
@ \ OH'(1)+H

? -75.6 A =

g | B'B OH(2)+H"

-75.8—

[ R N | | | | |
0 100 200 59 2 4 6 8 10

Intensity (arb. u.) r, (Bohr)




Nano-IBCT-2014

Fragmentation of H,O™.

MO of H,O and H,O* PEC
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Calculation of PES

PES details

MOLPRO: MRCI wave functions.

©

©

Basis: (O, aug-cc-pvqz; H, aug-cc-pvtz).

©

1.8 million uncontracted configurations (2A’ symmetry).

©

50 x 50 x 31 = 77500 points in (r, R,6) Jacobi coordenates.

©

Slightly smaller calculations for symmetries 2A” and *A" PES.

©

Calculation of non-adiabatic couplings near the Cl.
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Calculation of PES

A2A- B 2B, Cl (0 = 70°)
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Calculation of PES

A 2A;—- B 2B, C
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Calculation of PES

Regularization of B 2B,— A 2A4Cl

n—r

02 X = _rl—é—rg Yy = 5

. aci(x) = Loen

x(a.u.)
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Calculation of PES

Regularization of B 2B,— A 2A4Cl

0.2 X = _r1;r2 0 y = rlgrz
o 81.75

w . . X
01 aci(x) = 1+0.61x
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Calculation of PES

Regularization of B 2B,— A 2A4Cl

n—r
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Calculation of PES

Regularization of B 2B,— A 2A4Cl

©

_1
=5 arctan

(

D ey

015 3

- aa(¥) = Toeix

° vd = stvs l S ( c0s®@ —sin® )
sin© cos ©

2V4,
AVvd




Nano-IBCT-2014
Calculation of PES

Regularization of B 2B,— A 2A4Cl

D ey
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d
o= %arctan <2V12) J
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V&(a,y) = 0.18y+0.77—0.050c+6.75 x 10~ *a?
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Calculation of PES

H,O™ Diabatic PES: 6 = 70°

B 2B,

r (a.u.)
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Calculation of PES

H,O" PES: Cy, symmetry
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Calculation of PES

H,O" PES: Cy, symmetry
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Calculation of PES

H,O" PES: Cy, symmetry
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Calculation of PES

Renner-Teller coupling ( X 2B; — A 2A; )

In the Cw\ limit, the angular momentum operators:

total: jz — K
elect: L. — A k=K-A

nuclear: j, — k
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Calculation of PES

Renner-Teller coupling ( X 2B; — A 2A; )

In the C, limit, the angular momentum operators:

total: jz — K
elect: L. — A k=K-A

nuclear: j, — k

In the limit @ — 180° AzAl and )N(ZBl correlate with the two components of

n, (|A] = +1).

v, 1 W, (k=K-1)

v 1 —i Wy (k=K+1)
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Calculation of PES

Renner-Teller coupling ( X 2B; — A 2A; )

Introducing the rotation out-of-plane term:
n? 09?2 n? 02
" 2ur OR?  2u, Or?

1/ 1 1 2o . 0 j2
—= + — —sinf— — —
2 \urR?  p,r?) \sinf oo 90 sin?9

+V(R,r,0)

H, =

In the low J? limit, we can neglect the Coriolis coupling.J
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Calculation of PES

Renner-Teller coupling ( X 2B; — A 2A; )

Introducing the rotation out-of-plane term:
h2 82 h2 82
" 2urOR?2  2p,0r2

_22 L_i_i i2+cot92_k72
2 \urR%2  p,r?) \ 062 90 sin’6
+V(R,r,0)

Since |k = K £ 1 | Including Renner-Teller transitions involves

calculations with different values of K

H,

(Haxton et al. PRA 75, 01271)




Nano-IBCT-2014

Kinetic energy operator

In Jacobi coordinates (R, r, 6) and J = 0:

A
2ugOR?  2p,0r2

_Ez 1 + 1 872_’_ tgé
2 \urR? = p,r?) \ 062 750

oH

T =
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Evaluation of HV

HY =TV + Vv
V(xi,...,xn,) = Diagonal matrix elements

2 a c
T=>. —2h—rni[*),-2 = Non-diagonal matrix elements

Finite differences method (Program Grid-TDSE, Suarez et al. CPC 180, 2025)

T is approximated considering only ns neighboring grid points:

V(x) = Wy(x) = Z V(xi)Li(x) = (VW) ~ Z bV (x;)

Jj=1
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Dynamics

iscretization of W

D

©e

we
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Dynamics

Evaluation of HV

Ny N, N, N, N, Ny
R
Ni
N, :
x|
NlNZ
N, N, :
N, N, Ny IN, N, N,
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Dynamics

Propagation in time of W(t)

Second order difference method (SOD):

W(t+ A) = e HAMY (1) ~ W(t — A) — 2iAHV(2)

o Recursive method.

@ Two previous points needed.

©

Norm and energy conserved.

©

Accuracy O(A)>.
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Dynamics

Absorbing boundary conditions

Dumping factor to avoid reflections at borders
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Dynamics

Absorbing boundary conditions

Dumping factor to avoid reflections at borders

absorbing fact

Flux:

J(7,t) = HIm {V*(VW)}

v

Continuity Equation:

8p -
E‘FVJ—O
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Dynamics

Two-state matrix hamiltonian

HY, H, v, Uy

HY, HY, v, v,
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WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)

angle (deg)

180

160

140

120

100

80

60

40

20

6.1s 98.7%

6.fs 13%

]

Eibiiiis

152253354455

X (a.u.)

152253354455

X (a.u.)

0.1

0.08

0.06

0.04

0.02



Nano-IBCT-2014

Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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Dynamics

WP in H,0"( B 2B, and A2A;)
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WP in H,0" (B 2By, A%A;, X 2By ; K =1)
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Fragmentation probabilities (B 2B,, A 2A;, X 2B; )

Branching ratio (%)
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The dashed lines are the experimental branching ratios of Tan et al.
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Summary

O Calculation of four PESs of HyOt: B 2B,, A 2A;, 3 “Band X 2B;.

O Regularization of the Cl between B 2By, A 2A;PESs.

@ Inclusion of the Renner-Teller coupling between X 2Bjand A 2A;.

@ Modification of the Grid-TDSE code to treat non-adiabatic transitions.
O Unimportant SO transitions B 2B— 3 “Bj.

O The mechanism B 2B, A 2A1— X 2B; leads to a breakdown scheme that

agrees with the experiments.
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