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Universidad Autónoma de Madrid.

Laboratorio Asociado al CIEMAT de F́ısica Atómica y Molecular en
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• Ion-Molecule Collisions

• Inelastic Processes:

• VE without NE: H+ + H2(X
1Σ+

g , n = 0) → H+ + H2(X
1Σ+

g , n)

• Dissociation: H+ + H2(X
1Σ+

g , n = 0) → H+ + H(1s) + H(1s)

• EC without NE: H+ + H2(X
1Σ+

g , n = 0) → H(1s) + H+
2 (X2Σ)

• Dissociative EC : H+ + H2(X
1Σ+

g , n = 0) → H(1s) + H+ + H(1s)

• EC with NE: H+C + HAB
2 (X1Σ+

g , n = 0) → HA,B(1s) + H+BC,AC
2 (X2Σ+)

• Elastic NE: H+
C + HAB

2 (X1Σ+
g , n = 0) → H+

A,B + + HBC,AC
2 (X1Σ+

g , n)
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• Energies and Methods

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

– Quantal treatments (E < 50 eV/amu).

∗ Vibronic Expansion.

– Semiclassical treatments.

∗ Sudden approximation for rotation and vibration.

∗ Franck-Condon approximation.

• High Energy: CTMC treatments.
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•Quantum Chemistry calculations.

• Several Potential Energy Surfaces needed.

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

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

– Calculation of dynamical couplings: 〈Φ1| d
dX |Φ2〉

• Sign determination by using the delayed overlap matrix.

• Conical Intersections.
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• Vibro-rotational Sudden approach(SEIKON).

• Charge exchange with vibrational distribution (100 eV/amu ≤ E ≤50 keV/amu).

v > 0.01a.u. Projectile R = b + vt. Electronic quantal treatment.

[
Tρ + Hel(r, R, ρ)− i ∂

∂t

∣∣
r,ρ

]
Ψ(r, ρ, t) = 0; Ψ ∼

t→−∞χ0(ρ) YJM(ρ̂) Φi(r, ρ)Di(r, t)e−iEi t

Hel =
∑Nelec

i=1

[
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2∇2
ri
− ZP

riP
− 1

riH1
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riH2

]
+ ZP

RPH1
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ρ +
∑

i<j
1

rij

• tel(≈ 10−15 a 100eV ) << tvib ≈ 10−(13−14)s << trot ≈ 10−12s
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• Ψsub(r, ρ, t) ≈ χ0(ρ) YJM(ρ̂) Φsub(r; ρ, t)

Φsub(r; ρ, t) = eiU(r,t)
∑

k ak(t, ρ)φk(r; R, ρ)e

[
−i

∫ t
0 Ekdt

′]

Helφk = Ekφk → {φj(r; ρ, R), Ej(ρ, R)}

Mjk =
〈
φje

iU
∣∣Hel − i ∂

∂t

∣∣ φke
iU

〉
; ∂

∂t = vR
∂

∂R + vα
1
R

∂
∂α;

〈
φj

∣∣ ∂
∂R

∣∣ φk

〉
= δ−1 〈φj(R) |φk(R + δ)〉

• Solving, para cada ρ,
[
Hi − i ∂

∂t

]
Ψsub = 0 → {aj(t,ρ)}
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• Electro-vibro-rotactional transition probabilities

P J ′M ′
ν′f (v, b) = limt→+∞

∣∣∣
〈

ΨJ ′M ′
ν′f

∣∣∣ Ψsud
〉∣∣∣

2

• Vibronic transition probabilities (No rotational distribution)

Pν′f(v, b) = 1
4π

∫
dρ̂

∣∣〈χν′ΦfD
f
∣∣ χ0Φ

sud
〉∣∣2 (ρ̂)

• Electronic transition probabilities (
∑

ν′ |χν′ >< χν′ | = I)

Pf(b, v) =
∫

dρχ2
0

∣∣〈ΦfD
f
∣∣ Φsud

〉
r
∣∣2 ; σf(v) =

∫
dρχ2

0 σel
f (ρ, v)

• Franck-Condon:

σν′f ' σel
f (ρ0)

∣∣∫ dρχ0χν′
∣∣2 → σf = σel

f (ρ0)

• Isotropic: Ej(α) ≈ Ej(α0); Mjk(α) ≈ Mjk(α0)

• Variational calculation of χH2
vib, χ

H+
2

vib (GTOs, Bessel)
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• H+
3 : Transitions at low impact velocities (τcol ∼ τvib ).

(a) H++H2(ν = 0) → H++H2(ν = 3− 5), (ρ '2.5),

(b) resonant capture H++H2(ν ∼ 4) → H(1s)+H+
2 (ν

′
= 0) (R > 6).

• Described by vibronic expansions

Ψ(r, ρ; R) = eiU(r,R)
∑

iν aiν(t)φ(r; ρ, R)χiν(ρ)e
−i

[∫ t
0 dt

′
Eiν(t

′
)+εiνt

]
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• Conical intersections

• Analysis of transitions in a.c.i. (v → 0) H++H2(X
1Σ+

g ) and H(1s)+H+
2 (X 2Σ+

g )

(R→∞ and ρ ' 2.5)(a.c.i.)

• L-E model in H+
3 a.c.i. H11 −H22 = a(ρ− ρ0); H12 = k(1 + R)e(−βR)

• V Morse(ρ) = De

[
e−2α(ρ−ρm) − 2e−α(ρ−ρm)

]
;

E ′
ν = ωe

[
(ν + 1/2)− ωe

4De
(ν + 1/2)2

]
;

• Divergent non-adiabatic couplings → regular states {Ψd
1, Ψ

d
2}

( ∂θ
∂R, ∂θ

∂ρ) eliminate divergent parts of couplings.
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• Initial H2 Morse vibrational distributions .

• Quantal

%
(q)
ν (ρ) =

∣∣∣F (q)
ν (ρ)

∣∣∣
2

; F
(q)
ν (ρ) = N e−x/2xεYν(x);

x = exp(−α(ρ−ρm))
c , c = α√

8µDe
, ε2 = −2µEν

α2 and Yν(x) hypergeometric.

• Classical Microcanonical, (Ej = Eν)

%
(m)
ν (ρ) = α

π

[
V (ρ)
Eν

− 1
]−1/2

diverges in ρmin and ρmax (V (ρ) = Eν)

• Classical Continuous:

%
(c)
ν (ρ) = 1

E+
ν −E−ν

∫ E+
ν

E−ν
%

(m)
ν (E; ρ)dE = 1

2(E+
ν −E−ν )

[W (E+
ν ; ρ)−W (E−

ν ; ρ)]

W (E, ρ) = 2α
π Re

{√
E(V (ρ)− E) + V (ρ) sin−1

√
E

V (ρ)

}
.
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• Initial H2 vibrational distributions
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• H++H2(ν = 5) results, ( v=0.002, b=1.0, ν = 5, φ = 180o.)

• Adiabatic representation: Sudden change ρ(t) crosses ρc: Ψd
1 ↔ Ψd

2.

• Diabatic representation smooth: Non-total diabatic transitions.
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• Low-v limit P d
2 increases until saturation ∼ 0.3, (βH12(Z)/δ)2

• PSH
2 (Zin, v, b) −→

v→0
1/2, faster the smaller v.
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• Example of transitions in a.c.i.

• (a) E= 5 eV, b= 0.8, Eρ=0; (b) E= 1.05 eV, b= 8.0, ν = 4.
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• F.C., Sudden and Vibronic SEC cross sections in H+ + H2

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

• H+ + H2 collisions (2 ≤ E ≤ 2000eV ).

• τrot << τcol. H2 not initial rotation.

• CTMC nuclear evolution ground PES H+
3 → {RA,B,C(t)} (Giese and Gentry 1974)

Ṙj = P j; Ṗ j = −∇V

• Integrated until vtmax ≥ 300 a.u. Electronic and nuclear transitions taken place.

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

• Diatoms In Molecules (DIM) electronic states.

• Electronic and nuclear exchange and rotational excitation allowed.
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• | χCNDIM
n (ρ) |2

• | χn(ρ) |2= ∫
dEk

∫
dp%cla

k (ρ)Pnk; Ek =
p2
k

2µ + V M(ρ)

• Pn,k =| ak,n |2' W Pr
n (ρ, p) =| χn(ρ) |2| χ̄n(pk) |2

• | χCNDIM
n (ρ) |2' ∑5

k=1
P0k

Emax
k −Emin

k

∫ Emax
k

Emin
k

%cla(ρ,Ek)dEk
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• CNDIM Distribution
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• Identification final vibrational states

• 1.- t = tmax, diatom XY dissociated if Evib ≥ D0. Bound if Evib ≤ D0

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

Lcla,J = µρJ ∧ vJ
ρ ; Ecla

rot,J =
|Lcla,J |2

2µρ2 (µ ≈ 918).

• 3.- Ecla
vib = Ecla

diat - Erot.

• 4.- Ecla
vib ∈ [E−

n = En−En−1
2 , E+

n = En−En+1
2 ] →n.

• Elastic AB (J=1). N.E. (J=2+3). Dissoc. (J=4), (c4 = c1) nuclear

contributions
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• Electronic evolution

• D.I.M. states correctly describe electronic transitions in a.c.i.

• ψ1(r; R(t)) ∼ H+
C + H2(AB);

• ψ2(r; Rj(t)) ∼ H+
B + H2(AC),

• ψ3(r; Rj(t)) ∼ H+
A + H2(BC)

• ΨDIM(r; R(t)) =
∑3

j=1 cj(t)ψj(r; R(t))e
−i

∫ t
tin

hjj(t
′
)dt

′

• Schrödinger equation:

[
Hel − i ∂

∂t

]
Ψ(r; R(t)) = 0; → iċk(t) =

∑
j 6=k cjhkj(t)e

−i
∫ t
tin

(hjj−hkk)(t
′
)dt

′

• Transition amplitudes: From cj(tin) = δj,1e
−ih11(tin),

ti,m = limt→∞ < ψm(r, t)e−iEmt | Ψ(r, t) >= cm(tmax)e
−i

∫ tmax
tin

(hmm(t)−hmm(tmax))dt
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• SEC cross sections

σSC
J (v) = 2π

N

∑NJ
k=1 P0k

∫ bmax

0 dbb[1− |cJk|2](v, b); → σSC(v) =
∑4

J=1 σSC
J (v)
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• VE cross sections

• Partial VE χH2
0 → χH2

n : σV E
Jn (v) = 2π

∑N=51
I=1 P0I

∫ bmax

0 dbbδn,nIδJ,JI | cJ(tmax) |2

• Total VE σV E(v) =
∑4

J=1

∑
n≥1 σV E

Jn (v)
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• Mechanisms and illustrations (E=7eV).

• σSEC(AB) n = 4− 7. First stage common to EV.

• Capture with N.E: Great dispersion, with very excited n-H2.

• PSC limited to b≤ 2.5. Similar contributions J=1-4.

0 2 4 6 8 10 12 14 16 18
0

0.02

0.04

0.06

0.08

C
ro

ss
 s

ec
tio

ns
 (

10
-1

6  c
m

2 )

Single capture

E = 7 eV

0 2 4 6 8 10 12 14 16 18
H

2
 final vibrational quantum number

0

0.02

0.04

0.06

0.08

C
ro

ss
 s

ec
tio

ns
 (

10
-1

6  c
m

2 )

Elastic

NE

0 1 2 3
b (a.u.)

0

0.2

0.4

0.6

0.8

bP
(b

) 
(a

.u
.)

Single capture 

E = 7 eV

El.

N.E.

Diss.

Total

N.E.
El.

Diss.

24



• Electron capture with nuclear exchange:AB→ BC(n=13)
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• PSC(vt) from AB and BC show A ↔ C molecular region (H+
3 ).

• PSC H+
C + H2(AB) and PSC H+

A + H2(BC) smoothly joint. Unique collision history.
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• CNDIM conclusions

1.- CTMC (nuclei) and DIM (electrons). SEC and VE in H+ + H2 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.- Limitación: Nuclear evolution ground H+
3 PES. Lack of H+

2 vibrational states.

• Results with Ej = 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).
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• Capture and ionization in H+ + H2O . (Preliminar)

• H2O prototype multi-electronic and polyatomic molecules.

• Secondary ions and electrons may fragment DNA.

• 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.)

• three-center e− H2O
+ pseudo-potencial calculations

(
H− i ∂

∂t

∣∣
r
)

; Ψ(r, t) = 0; H(r; R) = −1
2∇2 + VH2O+ − 1

rH3
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• Equilibrium H2O geometry (F.C.). Simulation Sudden approach other geometries.

H+ + H2O −→ H + H2O
+ (SEC); H+ + H2O −→ H+ + H2O

+ + e− (SI)

• H2O not spherical. 10 projectile trajectory types.
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• Results

• σ̄SC include trajectories along Y-axix. Larger PSEC . from H2O HOMO.
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• Projects

1.- New methods at low energy in H+ + H2.

• Simultaneous electronic and nuclear evolutions (SE).

• Classical vibronic expansions (CVE).

2.- New methods to study collisions of ions with intermediate molecules.

• Study of electronic and nuclear processes including fragmentation.

• Evaluation of D.I.M. hamiltonian matrices in H3O
+. CNDIM.

30



• Members of group

• L. F. Errea

• Henock

• C. Illescas

• A. Maćıas
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