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ABSTRACT: Methyl halides have been used to test basis set effects on
simulations of strong field ionization using time dependent configuration
interaction with an absorbing potential. Standard atom centered basis sets
need to be augmented by several sets of diffuse functions on each atom so
that the wave function in the strong field can interact with the absorbing
potential used to model ionization. An absorbing basis of 3 s functions,
2 p functions, 3 d functions, and 1 f function is sufficient for CH;F. Large
absorbing basis sets with 4 s functions, 3 or 4 p functions, 4 or S d
functions, and 2 f functions are recommended for the heavier halogens.
The simulations used static fields in the 0.035—0.07 au range to explore
the angular dependence of ionization of methyl halides. CH;F ionizes

Emax =0.045 au

B Emax = 0.045 au
Emax = 0.050 au
m Emax = 0.055 au

mainly from the methyl group; CH;Cl and CH;Br show ionization from both the methyl group and the halogen, and CH;I

ionizes almost exclusively from the p, orbitals of the iodine.

B INTRODUCTION

Strong field ionization and fragmentation of methyl halides
CH,;X (X = F, Cl, Br, or I) have been the subject of several
recent studies.' ™'’ Angle- and momentum-resolved measure-
ments of dissociative ionization and Coulomb explosion reveal
an asymmetry that changes as the halogen is varied.” With
short, intense two color pulses (38 fs, ca. 10"* W cm™2, 800 and
400 nm), ionization of CH,F is favored from the CH; group
(ie, when the field points from CH; to F), but ionization
of the other methyl halides is favored from the halogen side
(i.e, when the field points from X to CH,). This is in accord
with the shapes of the highest occupied molecular orbitals
(HOMOs). The asymmetry can be modeled by weak field
asymptotic theory (WFAT),”*™*’ provided that the Stark effect
from methyl halide dipole moment is taken into account.”

In previous studies, we examined the angular dependence of
strong field ionization of several small molecules, first and second
row hydrides, and various molecules with multiple bonds.”* >’ We
used time dependent configuration interaction with a complex
absorbing potential (TDCIS-CAP) to simulate ionization by short,
intense 800 nm pulses. The angle dependence can be readily
interpreted in terms of the highest occupied molecular orbitals.
Depending on the intensity and the polarization direction of the
laser pulse, lower lying orbitals can also contribute. Our
simulations of strong field ionization use molecular electronic
structure methods to calculate the excitation energies and
transition dipoles. For the wave functions to interact with the
absorbing boundary, the standard atom centered basis functions
need to be augmented by several sets of diffuse functions.
A suitable set of diffuse basis functions was constructed and tested
for TDCIS-CAP calculations of strong field ionization of hydrogen
atom and small molecules containing first row atoms.””” These

-4 ACS Publications  © 2017 American Chemical Society

5940

absorbing basis sets were also tested and utilized by Lopata and
coworkers™” in real-time time-dependent density functional theory
(rt-TD-DFT) calculations of the ionization rates of H atoms, N,,
and iodoacetylene (HCCI). The purpose of this short paper is to
develop corresponding absorbing basis sets that are suitable for
higher rows of the periodic table and test them by simulating the
angular dependence of strong field ionization of methyl halides.

B METHODS

Ionization in a strong field was simulated by propagating the
electronic wave function with the time-dependent Schrédinger
equation,

() A 3= & absorl
= W(0) = [y ~HE() — iV L 20) W
W(t) = Y C(OI¥)
i=0 ()

where H, is the field-free electronic Hamiltonian. The time-
dependent wave function is expanded in the basis of the Hartree—
Fock ground state and all singly excited states of the field-free,
time-independent Hamiltonian. Interactions between wave
function and field are treated in the semiclassical dipole

approximation, where 7 is the dipole operator and E is the
electric field. A complex absorbing potential (CAP),—il*™ s
used to model ionization, as described in our previous papers.”*~*’
The absorbing potential is constructed from a set of overlapping
spherical potentials centered around each atom, as shown
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Figure 1. (a) The radial part of the spherical absorbing potential for an atom starts at R, and rises gradually to a constant value of 10 hartree. (b) The
molecular absorbing potential for CH;Cl showing the starting radii for each atom. The starting point of the molecular absorbing potential is equal to
the maximum of the starting radii for the atomic potentials.
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Figure 2. Electric field used in the simulations rises from zero and gradually turns over to a constant value (see eq 3).

Table 1. Exponents for the Uncontracted Gaussian

Functions in the Absorbing Basis

type basis A
s 0.0256
0.0128

0.0064

p 0.0256
0.0128

d 0.0512
0.0256

0.0128

f 0.0256

basis B
0.0256
0.0128
0.0064
0.0032

0.0256
0.0128
0.0064

0.0512
0.0256
0.0128
0.0064

0.0256
0.0128

basis C

0.0256
0.0128
0.0064
0.0032

0.0256
0.0128
0.0064
0.0032

0.0512
0.0256
0.0128
0.0064
0.0032
0.0256
0.0128
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in Figure 1. The total absorbing potential for the molecule is equal
to the minimum of the values of the atomic absorbing potentials.
Each spherical potential begins at 3.5 times the van der Waals
radius of each element (Ryy = 9.544 bohr, R = 12.735 bohr, Ry =
11.125 bohr, Ry = 13.052, Ry, = 13.853 bohr, R, = 14.882 bohr);
it rises quadratically to S hartree at approximately R + 14 bohr and
turns over quadratically to 10 hartree at approximately R + 28
bohr. The CAP is nearly spherical for CH,X (Figure 1). To model
ionization by a static field using a time-dependent approach, the
electric field is ramped up slowly and gradually turns over to a
constant value so as not to cause any nonadiabatic excitations. The
electric field shown in Figure 2 is given by

4
t 2
B() = Enf1 - [1- 2| [foro <t < 2t
tnax 3
E(t)=E_,, fort > 2t
= ori =z — max
max 3 (3)
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Figure 3. (a) Angular dependence of the ionization rate for CH;F for a maximum field strength of 0.06 au. (b) Highest occupied molecular orbitals:
degenerate r HOMO, 6 HOMO-1, and degenerate # HOMO-2. (c) Angle dependence of the ionization rate in the plane containing the C—F bond
for basis A, B, and C for field strengths of 0.060 au (blue), 0.06S au (green), and 0.070 au (red). (d) Ionization rate (dashed) and contributions from
degenerate 7 HOMO (red), s HOMO-1 (green), and degenerate # HOMO-2 (blue) in the +X, +Z, and —Z directions as a function of field strength.

where E_ ., is the maximum field strength and ¢, = 800 au =
19.35 fs is the total propagation time. Trotter factorization of the
exponential of the Hamiltonian is used to propagate the time-
dependent wave function:

Y(t + At) = exp(—iHAL)¥(t)
C(t + At) = exp(—iH At/2)exp(—V™ P At/2)
Wl exp(iE(t + At/2)dAt)W

exp(—V*PAt /2)exp(—iH At/2)C(t) 4)
where WDW' = d are the eigenvalues and eigenvectors of the
transition dipole matrix D in the field direction. W, d,
exp(—iHgAt/2), and exp(—iV**™®At/2) need to be calculated
only once because they are time independent. A time step of At =
0.05 au (1.2 as) was used. Reducing the time step by a factor of 2
changed the norm at the end of the propagation by less than
0.01%.
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The integrals needed for the TDCIS-CAP simulations were
calculated using a modified version of the Gaussian soft-
ware package.’’ The Dunning aug-cc-pVTZ basis set’” " was
augmented with a set of additional diffused functions
(absorbing basis, described below) for adequate interaction
with the CAP. The TDCIS simulations were carried out with an
external Fortran90 code. Varying the direction of field results in
a three-dimensional surface that can be interpreted as the angle-
dependent ionization rate. The spherical angles 6 and ¢ were
changed in steps of 30° for a total of 62 points for each E_,. To
obtain smooth surfaces for plotting, ionization yields were fitted
to polynomials in cos(#)", cos(mg), and cos(0)" sin(mg),
n = 0—7, m = 0—6. Orbital contributions to the ionization are
obtained from Mulliken population analysis of the normalized
one electron density of the absorbed wave function, V2" y(¢).

B RESULTS AND DISCUSSION
For simulations of strong field ionization with the TDCIS-CAP
approach, standard basis sets need to be augmented with
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Figure 4. (a) Angular dependence of the ionization rate for CH;Cl for a maximum field strength of 0.0S au. (b) Highest occupied molecular orbitals:
degenerate 7 HOMO, 6 HOMO-1, and degenerate r HOMO-2. (c) Angle dependence of the ionization rate in the plane containing the C—Cl bond
for basis A, B, and C for field strengths of 0.050 au (blue), 0.055 au (green), and 0.060 au (red). (d) Ionization rate (dashed) and contributions
from degenerate # HOMO (red), c HOMO-1 (green), and degenerate # HOMO-2 (blue) in the +X, +Z, and —Z directions as a function of

field strength.

several sets of diffuse functions to describe the electron as it is
propagated from the valence region over the Coulomb barrier
toward the absorbing boundary. In previous work, we
developed an absorbing basis and tested it on various small
molecules, first row hydrides, and molecules containing
multiple bonds.”*™*” As the halogen in CH;X is changed
from X = F to I, the electrons in the frontier orbitals are more
easily ionized, and a larger absorbing basis may be needed in
the ionization simulations. Table 1 lists the exponents of the
diffuse uncontracted Gaussian functions that we used for first
row systems (basis A) along with two larger basis sets with
more diffuse functions (basis B and basis C). These basis sets
use spherical harmonic angular factors (i.e., S d-type and 7 f-type
functions) with exponents that decrease by a factor of 2 for
each step. The selection of basis functions needs to be a
compromise between small enough exponents to overlap
significantly with the absorbing boundary and high enough
angular momentum to describe the distortions of the electron
density by the field, but not so many functions as to make the
simulations impractical. The number of singly excited states
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ranged from 1877 for CH,F with basis A to 4141 for CH;l with
basis C. Such large basis sets can cause SCF convergences
problems, and we had to adjust the parameters used for
efficient calculations with regular basis sets. In particular, the
two electron integrals had to be calculated to an accuracy of
107"%, and variable accuracy and incremental updating of the
Fock matrix had to be turned off.

In previous studies, we used an oscillating field with a cosine
squared envelope to simulate ionization by an 800 nm laser
pulse. However, the total ionization yield for such a laser pulse
cannot be used to determine whether ionization of CH,X
occurs primarily from the halogen or the methyl group. Because
the electric field oscillates between positive and negative
multiple times during the pulse, the total ionization yield with
the initial polarization direction parallel to the C-X bond is the
same as with the initial direction antiparallel. The effect of
directionality of the strong field on ionization rates can be
seen more clearly in the simulations if a static field is used
instead of an oscillating field. The field in the time-dependent
simulation has to be turned on sufficiently slowly to avoid
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Figure 5. (a) Angular dependence of the ionization rate for CH;Br for a maximum field strength of 0.045 au. (b) Highest occupied molecular
orbitals: degenerate # HOMO, 6 HOMO-1, and degenerate # HOMO-2. (c) Angle dependence of the ionization rate in the plane containing the
C—Br bond for basis A, B, and C for field strengths of 0.055 au (blue), 0.050 au (green), and 0.05S au (red). (d) Ionization rate (dashed) and
contributions from degenerate # HOMO (red), 6 HOMO-1 (green), and degenerate # HOMO-2 (blue) in the +X, +Z, and —Z directions as a

function of field strength.

nonadiabatic excitation and the field strength had to be low
enough to avoid saturation (i.e., I¥(t)I* should not get much
below 0.5).

Figure 3a shows the angular dependence of the ionization
rate for CH;F. The magnitude of the rate is plotted radially, and
the direction is given by the negative of the electric field vector,
i.e. the direction that the electron is accelerated by the electric
field. Ionization of CH4F is dominated by the methyl group.
This can be understood qualitatively in terms of the molecular
orbitals (Figure 3b). The degenerate HOMO are antibonding
combinations of the fluorine 7-type lone pairs and the methyl
group 7-type C—H bonding orbitals. Because the electro-
negativity of the methyl group is less than the electronegativity
of the fluorine, these orbitals have a larger contribution from
the methyl group. The resulting orbital shape is in accord with
the higher ionization rate from the methyl side of the molecule.
Figure 3c illustrates effect of the absorbing basis on the angle
dependence of the ionization rates in the plane that contains
the C—F bond and is perpendicular to the HCF plane. The
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shapes of the ionization rates are essentially the same for the
three basis sets. This suggests that basis A is sufficient for
molecules containing second period elements at these field
strengths. Figure 3d shows the orbital contributions to the
ionization rates. For the X direction (and similarly for Y),
ionization is almost exclusively from the 7 HOMOs. In the
Z direction, ionization is much greater from the methyl group
(—=Z direction) than from the fluorine (+Z direction). In both
cases the HOMOs are still the largest contributor (accounting
for about half of the rate), but there are also sizable
contributions from ¢ HOMO-1 and # HOMO-2.

For CH,;Cl (Figure 4a), the ionization rates from the
CH; and CI sides of the molecule are more nearly equal
The # HOMOs have a somewhat larger component of the
chlorine p, orbitals, and this is clearly seen in the 3D shape of
the ionization rate. In the 2D plots (Figure 4c), the shapes of
the ionization rate change significantly going from basis A to C,
indicating that the larger absorbing basis is needed in the
ionization simulation. Figure 4d shows that the ionization in the
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Figure 6. . (a) Angular dependence of the ionization rate for CH;I for a maximum field strength of 0.035 au. (b) Highest occupied molecular
orbitals: degenerate 7 HOMO, 6 HOMO-1, and degenerate # HOMO-2. (c) Angle dependence of the ionization rate in the plane containing the
C—I bond for basis A, B, and C for field strengths of 0.035 au (blue), 0.040 au (green), and 0.045 au (red). (d) Ionization rate (dashed) and
contributions from degenerate # HOMO (red), 6 HOMO-1 (green), and degenerate # HOMO-2 (blue) in the +X, +Z, and —Z directions as a

function of field strength.

X direction is dominated by the HOMO, while both HOMO
and HOMO-1 contribute in the Z direction.

The 3D plot for CH,Br (Figure Sa) shows even more
ionization from the halogen p, orbitals and a small contribution
from the methyl group. For CH,I (Figure 6a), ionization is
almost exclusively from the halogen p, orbitals with almost no
contribution from the methyl group. This is in line with the
increasing contribution of halogen p, orbitals to the HOMO
(Figures Sb and 6b). The ionization shapes in Figures Sc and 6¢
clearly show that basis A gives qualitatively incorrect results,
while basis B and basis C give similar results. For the
X direction, ionization is almost exclusively from the 7z HOMO,
while in the Z directions, both HOMO and HOMO-1 con-
tribute to a similar extent.

B SUMMARY

Strong field ionization by intense laser pulses can be simulated
with time dependent configuration interaction. A complex
absorbing potential needs to be placed around the molecule to
model ionization when atom centered basis functions are used.
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Standard atom centered basis functions must be augmented by
several sets of diffuse functions so that the wave function in the
strong laser field can interact with the absorbing potential. The
previously developed small absorbing basis is sufficient for
CH;F. Larger absorbing basis sets have been developed for the
heavier halogens. A static field was used to probe the angular
dependence of ionization of the methyl halides. Ionization of
CH;F occurs mainly from the methyl group. Both the methyl
group and the halogen contribute to the strong field ionization
of CH;Cl and CH;Br. Ionization CH;I occurs almost
exclusively from the p, orbitals of the iodine.
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