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Abstract

We expand the time-evolution functionality of the Multiresolution ADaptive Numerical Environment for Scientific Simulation (MADNESS), band-limited,
gradient-corrected, symplectic propagator approach to solve numerically the time-dependent Schrödinger equation for a single-electron ion-atom collisions
in a strong femtosecond laser field. We apply this method to H++ H(2s) collision system in the range of 100 ev - 25 keV collision energies modified by
the presence of a 800 nm laser field of terawatt intensity. We calculate the n = 1− 6 state charge exchange and n = 3− 6 state excitation cross-sections,
as well as the total ionization laser-free cross-section, comparing our results with existing theoretical, and experimental data reported in the literature.
The presence of the laser field increase the charge exchange and excitation crosssections by a factor of 15 for collision energies 1− 15 keV [1].

Theory

The electronic Hamiltonian,

H = −
1

2
∇2 −

1

|~r|
−

1

|~r − ~R(t)|
− ~r · ~E(t), (1)

~R(t) is the classical, predefined trajectory.

High collision energies

Ep > 1 keV.

Low collision energies

Ep ≤ 1 keV.

Hamiltonian for ion-atom interaction.

H(R,P ) =
P 2

2µ
+

1

|~R(t)|
+ ǫ2sσ(R). (2)

Potential energy curves

-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

 0.1  1  10

-0.5

-0.4

-0.3

-0.2

-0.1

ε(R
) (

a.
u.

)

R (a.u.)

H+ + H(2s)

2sσ 2pπ

3sσ

3pσ

3pπ

3dσ

3dπ

3dδ
4dσ

4dπ
4dδ

(b)

Laser model

The laser pulse is modeled as

~E(t) = E0 exp

[

−

(

ωt

2ncy

)2
]

cos (ωt+ φ) k̂ (3)

The initial time is t0 = −z0/vp; ncy = 2, the
number of cycles; E0 = 0.1 a.u (I = 3.15 × 1014

W/cm2), the amplitude of the electric field; ω =
0.0569 a.u. (Eph ∼ 1.55 eV), laser frequency; and
φ = −π/2, the RCLP [2].

ion-atom collision dynamics

We use the time-dependent implementation of
MADNESS for the dynamics, by applying the
fourth-order propagator operator as [3]

U(dt, t) = e−
i

6
V(t+dt)dte−

i

2
Tdte−

2i

3
V(t+ dt

2
)dt

e−
i

2
Tdte−

i

6
V(t)dt +O(dt5).

Here, T and V are the kinetic and potential
energies, respectively. The complete dy-
namics of the ion-atom collision is obtained
as Ψ(~r, t + dt) = U(dt, t)Ψ(~r, t). TDSE is
limited by the condition dt ∝ ∆x2 [4,5].

Implementation parameters

z0 -200 a.u. initial position
{x, y, z} 500 a.u. lateral dimension

b [0.5,100] a.u. imp. param. range
∆b 0.5 a.u. b-step
k 8 scaling functions
ǫ 1× 10−4 tolerance
ξ 0.25 cut parameter

At t0, we obtain the energy of H(2s) as
E2s = −1.248 a.u. The nl-electron capture and
nl-excitation probabilities are calculated as

Pnl(Ep, b) =
∑

m

∣
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∣

∣

∫

V

φ∗

nlm(~r)Ψ(Ep, b, tf )dV

∣

∣

∣

∣

2

,

where φnlm(~r) are the stationary hydrogenic or-
bitals calculated by MADNESS. For the electron
capture probability, we consider a translation
factor as φnlm(~r) = φnlm(~r− ~R) exp (i~vp(tf ) · ~r),
where ~vp(tf ) is the projectile velocity. We get
the n-state cross-section as

σnl(Ep) = 2π
∑

l

∫ bmax

0

Pn,l(Ep, b)bdb. (4)
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Laser-free results
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Conclusions

We have successfully applied, for the first time,
MADNESS–TDSE to obtain a benchmark

data of laser-assisted collisions of H+ with ini-
tially excited H(2s), in the energy range 0.1− 25
keV. Our laser-free results agree well with the
literature data. The laser increases the state-to-
state cross-sections for the charge exchange and
excitation processes by an order of magnitude.

References
[1] Domínguez et al. Adv. Q. Chem. 71, 353 (2015). [2] Sansone et al., Nat. 465, 763 (2010). [3] Chin et al., J.C.P.

114, 7338 (2001). [4] Fann et al. IBM JR-Dev. 48, 161 (2004). [5] Vence et al., PR-A 85, 033403 (2012). [6] Janev

et al., PR-A, 46,5554 (1992) [7] Chen et al., JP-B. 27, 2511 (1994). [8] Pindzola et al, PR-A 72, 062703 (2005).


