Methods and calculations of single electron capture and
nuclear exchange in H™ + Hy collisions from high to low
energiles.

ADAS WORKSHOP, Rinberg Castle, October 2009

Luis Errea

Departamento de Quimica

Universidad Autonoma de Madrid.

Laboratorio Asociado al CIEMAT de Fisica Atémica y Molecular en

Plasmas de Fusion

October 2009



e Ton-Molecule Collisions

e Inelastic Processes:

e VE without NE: H + Hy(X'E),n=0) — H" + Hy(X'S!, n)
e Dissociation: H* + Hy(X'Sf,n=0) — H* + H(ls) + H(ls)
e EC without NE: H" + Hy(X'Sf,n=10) — H(ls) + Hj(X*%)
e Dissociative EC : HT + Hy(X'E),n=0) — H(ls) + H" + H(ls)

o EC with NE: H*C + HAP(X'S) n = 0) — HAP(1s) + Hy P19 (x20H)

e Elastic NE: H. + H{P(X'Sf,n=0) — Hjp+ + HfC’AC(XlZg, n)



e Energies and Methods

e Low energy: Expansion in a basis of molecular wavefunctions with

— Quantal treatments (£ < 50 eV /amu).
* Vibronic Expansion.
— Semiclassical treatments.

x Sudden approximation for rotation and vibration.

* Franck-Condon approximation.

e High Energy: CTMC treatments.



e Quantum Chemistry calculations.

e Several Potential Energy Surfaces needed.

e Multireference C.I. methods to calculate PES and couplings

— Program MELDF. (E.R. Davidson, QCPE 580)

— Calculation of dynamical couplings: (Py|-5|P2)

e Sign determination by using the delayed overlap matrix.

e Conical Intersections.



e Vibro-rotational Sudden approach(SEIKON).

e Charge exchange with vibrational distribution (100 eV/amu < E <50 keV /amu).

v > 0.0la.u. Projectile R = b+ vt. Electronic quantal treatment.
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e Electro-vibro-rotactional transition probabilities
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e Vibronic transition probabilities (No rotational distribution)
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e [ranck-Condon:

(& 2 €
oy~ o(po) | [dpxoxs| — ap =0 (p)
e [sotropic: Ej(a) = E;j(ap); Mjp(a) = Mjz(ayp)

+
e Variational calculation of XZZ» XZ% (GTOs, Bessel)



e HJ: Transitions at low impact velocities (7., ~ Ty ).
(a) H"+Hy(r =0) — H +Ho(v =3 —5), (p ~2.5),
(b) resonant capture H+Ha(v ~ 4) — H(1s)+H$ (v = 0) (R > 6).
e Described by vibronic expansions
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e Conical intersections

e Analysis of transitions in a.ci. (v — 0) H¥+Hy(X 'S)) and H(1s)+Hz (X *X))

(R— oo and p ~ 2.5)(a.c.i.)
e [-E model in H] a.ci. Hyy — Hy = alp — po); Hio = k(1 + R)e(=R)

° VMorse(p) — De [e—Qa(P_Pm) — QG_Q(P—Pm)] .

)

B =w (v +1/2) = & (v + 1/2)2} ;

e Divergent non-adiabatic couplings — regular states {W¢, W4}

(g—]%, g—z) eliminate divergent parts of couplings.
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e [nitial Hy Morse vibrational distributions .

e (Quantal
2
o(p) = | F(p)| + FiP(p) = Ne~/2a2Y, (a)
T = eXp(_O‘ép_pm», C=Zp g2 = —2‘;5” and Y, (z) hypergeometric.

e Classical Microcanonical, (E; = E))
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e Classical Continuous:
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e [nitial Hy vibrational distributions
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e H"+Hy(v = 5) results, ( v=0.002, b=1.0, v =5, ¢ = 180°.)
e Adiabatic representation: Sudden change p(t) crosses p.: W9 « W,

e Diabatic representation smooth: Non-total diabatic transitions.
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e Low-v limit Py increases until saturation ~ 0.3, (8H5(Z)/5)?

o PYH(Z,,, v, b)v—>01/2, faster the smaller v.
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e [ixample of transitions in a.c.i.

e (a) E=5eV, b=0.8, E,=0; (b) E=1.05eV, b=8.0, v = 4.
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e ['.C., Sudden and Vibronic SEC cross sections in H™ + H,

e VCC Sudden isotropic rotational approximation. N.E. no considered.
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e CNDIM Method

e H" + H, collisions (2 < E < 2000eV).

® T, << T.. Ho not initial rotation.

e CTMC nuclear evolution ground PES Hf — {R4 5(t)} (Giese and Gentry 1974)
Rj = P; Pj = -VV

e Integrated until vt,,,, > 300 a.u. Electronic and nuclear transitions taken place.

e Nuclear E and L conserved with a minimum of eight figures.

e Diatoms In Molecules (DIM) electronic states.

e Electronic and nuclear exchange and rotational excitation allowed.
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e CNDIM Distribution

X" vibrational distributions
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e [dentification final vibrational states
o 1-t =1, diatom XY dissociated it E,;, > Dy. Bound it E,; < Dy

e 2.- Bound final diatoms J= AB (1), AC (2) o BC (3):

Ly l?
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e Elastic AB (J=1). N.E. (J=2+43). Dissoc. (J=4), (¢4 = ¢1) nuclear

contributions



e Electronic evolution
e D.I.M. states correctly describe electronic transitions in a.c.i.
o Yy (r; R(t)) ~ H, + Hy(AB);
o n(r; R;i(t)) ~ H + Hy(AC),
o 3(r; R;(t)) ~ H; + Hy(BC)
o UPIM(r; R(t)) = 2, ¢ty (r: R(t))e i "
e Schrodinger equation:
[Ha — 2] W(r R(E) = 0; — ica(t) = 3, 40 chag(t)e a1~ 007
e Transition amplitudes: From c¢;(t;,) = j)le_ihﬂ(tm),
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e SEC cross sections
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e VE cross sections

o Partial VE (2 — x/2: ¢V P(v) = 27 375" Py fobmax dbbdy, 107,51 | €1(tmaz) |*

e Total VE (TVE( ) = ZJ 1Zn>1gjn( )

+ 5 Partial Vibrational Excitation to X, (p)
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e Mechanisms and illustrations (E=7eV).
e 0°EC(AB) n =4 — 7. First stage common to EV.

e Capture with N.E: Great dispersion, with very excited n-Hs.

e P5C limited to b< 2.5. Similar contributions J=1-4.
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e Electron capture with nuclear exchange:AB— BC(n=13)
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e P5C(vt) from AB and BC show A « C molecular region (H).

e P5C HY + Hy(AB) and PS¢ HY + Hy(BC) smoothly joint. Unique collision history.



e CNDIM conclusions

1.- CTMC (nuclei) and DIM (electrons). SEC and VE in H" + Hy E= 2 — 2000 eV,

including N.E.

2.- SEC CNDIM and VCC similar values in 20 < E < 500 eV. Maximum E~ 30 eV,

not plotted by experiments and R.D.
3.- At E< 10eV, CNDIM-SEC merge Linder 1995 measurements.
4.~ Limitacion: Nuclear evolution ground H3 PES. Lack of HJ vibrational states.

e Results with E; = 0, similar to R.D. Phelps, and TSH Janev 2001.

5.- New method with simultaneous nuclear and electronic evolution under average or

different PES (project).



e Capture and ionization in H™ + HsO . (Preliminar)
e H50O prototype multi-electronic and polyatomic molecules.
e Secondary ions and electrons may fragment DNA.
e New CTMC and ab-initio methods.

(A) CTMC-IPM study of ionizing processes.

(B) IPM-Asymptotic molecular orbitals (a.m.o.)

(C) IPM-SEC Asymptotic states (a.s.)

e three-center e — HyO™ pseudo-potencial calculations

(H — 1 %’T) U(r,t)=0; Hir;R) = —%V2 + Vio+ — L
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e Equilibrium HyO geometry (F.C.). Simulation Sudden approach other geometries.

H* + HyO — H+ H,0"  (SEC); H* + HyO — H* + H,O + e~ (SI)

e H50 not spherical. 10 projectile trajectory types.



e Results

e 7°C include trajectories along Y-axix. Larger P°#¢. from H,O HOMO.
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e Projects
1.- New methods at low energy in H* + Ha.
e Simultaneous electronic and nuclear evolutions (SE).
e Classical vibronic expansions (CVE).
2.- New methods to study collisions of ions with intermediate molecules.

e Study of electronic and nuclear processes including fragmentation.

e Evaluation of D.I.M. hamiltonian matrices in H3O". CNDIM.
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