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Abstract

We report angle- and momentum-resolved measurements of the dissociative ion-
ization and Coulomb explosion of methyl halides (CH;F, CH4Cl, CH;Br, CH,I) in
intense phase-controlled two-color laser fields. At moderate laser intensities we find
that the emission asymmetry of low-energy CH3+ fragments from the CH3+ + Xt
(X = F,CL,Br,I) channel reflects the asymmetry of the highest occupied molecular or-
bital of the neutral molecule with important contributions from the Stark effect. This
asymmetry is correctly predicted by the weak-field asymptotic theory, provided that
the Stark effect on the ionization potentials is calculated using a non-perturbative
multi-electron approach. In the case of high laser intensities we observe a reversal of
the emission asymmetries for high-energy CH3Jr fragments, originating from the disso-
ciation of CH;X?" with ¢ > 2. We propose ionization to electronically-excited states
to be at the origin of the reversed asymmetries. We also report the measurements of
the emission asymmetry of Hy* which is found to be identical to that of the low-energy
CHgJr fragments measured at moderate laser intensities. All observed fragmentation
channels are assigned with the help of CCSD(T) calculations. Our results provide a
benchmark for theories of strong-field processes and demonstrate the importance of

multi-electron effects in new aspects of the molecular response to intense laser fields.

Introduction

The ionization of molecules in strong laser fields is the common first step of several new tech-
niques for probing the dynamics of molecules. Understanding the ionization process is there-
fore essential for the further development of high-harmonic spectroscopy,'™® laser-induced

10 and strong-field photoelectron holography.!*1? However, accurate

electron diffraction™
theories are still rare and polar molecules have proven particularly challenging to describe.
According to the most elementary theories, such as the molecular Ammosov-Delone-Krainov

theory (MO-ADK) or the strong-field approximation (SFA),' the tunneling ionization



rate of a molecule is expected to maximize when the electron is removed via the location
of maximal density of the highest-occupied molecular orbital (HOMO). Improvements over
these basic theories must take into account the modification of the ionization potential by
the Stark effect. This is crucial for the methyl halides which all have large permanent dipole
moments (CH;F : 1.85D, CH,Cl1 : 1.87D, CH3Br : 1.81D, CH,I : 1.62D).'¢ In addition,
particular attention must be paid to the accuracy of the asymptotic part of the orbital
wave functions which is crucial for obtaining accurate ionization rates. Finally, parabolic
coordinates naturally provide a more accurate description of strong-field ionization in the
tunneling limit because of the near-separability of coordinates. These essential developments
have been implemented in the weak-field asymptotic theory (WFAT).!"20 Other methods
that have proven successful in describing strong-field ionization (SFI) of polar molecules
include time-dependent multi-electron methods?' ?® but the predictive power of all theories
largely remains to be established.

The challenge posed by SFT of polar molecules is well illustrated by the example of the
carbonyl sulfide (OCS) molecule. This molecule has been examined by several research
groups using different methods.?3! According to the most elementary theories, the SFI
rate is expected to be largest when the electron is removed via the S atom where the density
of the HOMO is maximal. However, Holmegaard et al.?® showed experimentally that for
circularly polarized laser pulses with a peak intensity of ~ 2.4 x 10 W /cm? the ionization
of OCS is enhanced when the field points from the O to the S atom. They showed that the
discrepancy between the calculated and observed ionization asymmetries may be attributed
to the neglected Stark shift of the ionization potential in MO-ADK theory. Recently Ohmura

1.31 presented experimental results where OCS was ionized by linearly polarized phase-

et a
controlled two-color pulses with a peak intensity of 5x 103 W /cm?. The two-color experiment
suggested that ionization is enhanced when the electron is removed via the S atom. This

result agreed with the ionization asymmetry predicted by the WFAT.32 The example of the

OCS molecule illustrates the fact that the electron density of the HOMO and the associated



linear Stark effect act in general antagonistically on the asymmetry of SFI. As a consequence,
the accurate calculation of SFT rates is a challenging unresolved task, especially when multi-
electron effects are important.

In this paper we report measurements of the asymmetries of dissociative ionization and
Coulomb explosion of the methyl halides (CH;X, with X = F, Cl, Br, I) in phase-controlled
two-color laser fields. We measure the angle-resolved momentum distribution spectra of
different charged fragments as a function of the two-color phase. The measurements were
repeated for multiple laser intensities. Further we have calculated the orientation-dependent
ionization rates of the methyl halides based on the WFAT and compare its prediction with
the experimental observations. We compare the results of the single-active-electron version
of the WFAT, where dipole moments are calculated as expectation values over field-free or-
bitals, with an improved version that uses dipole moments calculated with multi-electron
quantum chemical methods with applied static electric fields. We show that only the lat-
ter version agrees with the experimental results. Strong-field ionization of methyl halides
in a phase-controlled two-color field has previously been measured by Ohmura?? but was
restricted to time-of-flight detection and a single laser intensity. Our results confirm their
basic observations but show the presence of multiple dissociative ionization and Coulomb
explosion channels. Most importantly, we show that the asymmetry of a given fragment
can reverse as a function of the kinetic energy release and intensity. The former observation
has previously been made in two-color experiments on apolar molecules® 3% but not with
polar molecules. 33739 It shows the necessity of performing measurements with sufficient mo-
mentum resolution to identify multiple channels and to repeat measurements with multiple
intensities to reveal the complexity of SFI of polar molecules. Our results additionally serve
as a benchmark for theories of molecular SFI and highlight the importance of multi-electron

effects in the Stark shifts.



Experiment

The experiment was carried out using a velocity-map-imaging spectrometer (VMIS).? The
two-color pulse was synthesized using second-harmonic generation in a [-barium-borate
(BBO) crystal (300 pm thickness). A 50-fs linearly polarized pulse with center wavelength of
800 nm passed through the crystal leading to the generation of an additional 400-nm pulse
with polarization orthogonal to the incident beam. The 400-nm component had a spectral
bandwidth of 6 nm, corresponding to a Fourier limit of 38 fs. A zeroth-order half-wave plate
(at 800 nm) placed behind the crystal rotated the polarization plane of the 800-nm pulse
by 90° to lie in the polarization plane of the 400-nm pulse. The intensity of the two-color
pulse was adjusted by an iris placed directly in front of the entrance window (sapphire, 2.6
mm thickness) of the VMIS. The aperture diameter of the iris was varied between 1.8 mm
and 2.6 mm. A spherical mirror (f = 100 mm) mounted inside the VMIS focused the beam
backwards into the center of the supersonic gas jet. The latter was formed by a pulsed
Even-Lavie valve (orifice 150 pum, 1 kHz repetition rate). Measurements were performed
with CH4F, CH;Cl, CH;Br and CHzl. All target molecules were diluted in helium to a
concentration of < 1% to minimize clustering and space-charge effects. The group-delay
dispersion of the BBO, the half-wave plate and the entrance window were compensated by a
calcite plate (2.6 mm thickness) and two UV fused silica plates (total thickness of 2.5 mm).
One UV fused silica plate (1.5 mm thickness) was mounted on a motorized rotation stage
(Newport PR50PP). By tilting this plate, the relative phase ¢ between the w and 2w fields
was adjusted. The intensity of the 400-nm pulse was (22+3)% of the total intensity for the
used range of iris aperture diameters. To obtain the momentum-distribution spectra the
measured VMIS images were Abel inverted using an iterative inversion method! (see Fig.
1). The inversion can lead to negative numbers especially for momenta where the signal is
close to zero or which are close to the symmetry axis of the spectrum. These momenta were
excluded from further analysis. The spectra were then convoluted with a Gaussian filter to

reduce the high-frequency noise caused by the inversion. The full width at half maximum



of the filter function was 1% of the momentum detection range. The relative phase ¢ of
the two-color field defined as E(t) = FE;(t) cos(wt) + Fx(t) cos(2wt + ¢) was calibrated by

measuring the dissociative ionization of CO.37
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Figure 1: Raw and inverted images of CH;" from the interaction of CH;I with an intense
femtosecond 800+400-nm laser pulse (a. u. = atomic units). The direction of polarization
of the two-color laser field was parallel to p,.

Results

The left panels of Figs. 2a-d show the yield spectra of the CH," fragments from CH,X
(where X = F, Cl, Br and I) as a function of the kinetic energy. The CH;" ions can arise

through the fragmentation of the parent ion following the reaction

CH, X% — CH,™ 4 X9t (1)
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Figure 2: Asymmetry of CH;" emission from methyl halides exposed to an intense
two-color field. (a) Spectrum of the normalized yield (left panel), density plot of the
asymmetry « defined in Eq. (4) (center panel) and modulation amplitude (right panel) of
CH,* fragments from CH,F. The laser peak intensity was (1.040.4) x 101 W/cm?. (b, ¢, d)
Similar to (a) but from CH,CI (c), CH;Br exposed to a laser peak intensity of (5+2) x 10'3
W/cm? (d), CHyl, exposed to a laser peak intensity of (3 £ 1) x 10 W /cm?.

where g =0, 1, ... and X =F, CI, Br or I. In the case of a two-body fragmentation process it is
sufficient to know the energy of one fragment to obtain the center-of-mass energy. Therefore
one can distinguish different dissociation channels based on the energy of the CH," ions

alone. In all spectra local maxima or shoulders near 0 eV and 3-5 eV can be observed.

The peak near 5 eV in the yield spectrum of CH;l is assigned to the Coulomb explosion of



the doubly charged parent ion to CH;* and IT.%? The peak near 0 eV is attributed to the
dissociative ionization of CH,I into CH,;* and 1.%3 Since the yield spectra of all four molecules
are very similar, this assignment is most likely also valid for the other three methyl halides.
This assignment was confirmed by calculating the kinetic energy of CH," resulting from
the Coulomb explosion of the doubly charged parent ions using either the purely Coulombic
repulsion energy or a high-level ab-initio calculation. We first discuss the simple Coulomb
model and then describe the ab-initio calculations.

Coulomb Model : The purely Coulombic part of the kinetic energy release (ES,; in Tables
[-IIT) was calculated by assuming two point charges (1 = pe and Q3 = ge to be separated

by a distance R between the centers of mass of the fragments, i.e.

e 2)

EGy =
M 4reoR

where e is the elementary charge and ¢y the permittivity of vacuum. The kinetic energy of

a single fragment from a two-body dissociation is

Mmol — Mirag
Efrag = m—lECM (3)
mo

where My and Mmy,g represent the total mass of the molecule and the mass of the fragment,
respectively. The results for the Coulomb explosion leading to CH; +X* are summarized in
Table 1. The kinetic energy Egng was obtained by choosing R = Rcx where Rcx represents
the distance between the halogen atom and the center of mass of the methyl group. The
center-of-mass energy ES,, decreases from CH3F to CH,l, however the kinetic energy ECH; of
the CHJ fragments lies between 5.4 eV and 6.1 eV for all molecules. The obtained energies
are systematically higher than the positions of the observed peaks in the kinetic-energy
spectra.

Ab-initio calculations : Much more accurate values for the kinetic-energy release were

obtained from ab-initio quantum chemical calculations. We used the CCSD(T) method with



the cc-pVQZ and cc-pV5Z all-electron basis sets for X = F,C1,Br and corresponding pseudo-
potential basis sets for X = Br and I. Electronic energies were extrapolated to the complete
basis set limit. Relativistic effects have been estimated with the 2"4-order Douglas-Kroll-Hess
(DKH2) and 4*"-order Douglas-Kroll-Hess (DKHSO) approximations using the cc-pV5Z-DK
basis sets for all electron calculations for X = F, Cl and Br. These calculations reproduced
the second ionization potentials of F, Cl, Br and I within 0.4 eV. The kinetic-energy releases
were calculated using MP2/cc-pVTZ-optimized geometries for CH,X, CX*, CX**, CH,*
and H;" assuming vertical ionization of the CH;X molecule followed by dissociation to
the equilibrium geometry of the fragments in their electronic ground state which are the
following: CH,X*" (*A,, C,, symmetry), CH,X*" (°E, C,, symmetry), CH," (*A,, Dy,
symmetry), Hy* (A, Dy, symmetry), CX* ('3f) , CX** (235)) , X* (°P) , X** (’S).
Total predicted kinetic-energy releases (E&,; in Tables I-IIT) were obtained from basis set
extrapolated electronic energies and including zero-point vibrational energies estimated from
MP2/cc-pVTZ harmonic frequencies of the molecular fragments. Remaining basis set errors
are likely to be less than 0.1 eV for the all-electron results whereas the pseudo-potential
approximation appears to have errors around 0.2 eV for the triply-charged species. Based on
the MP2, CCSD and CCSD(T) results, remaining errors in the electronic correlation energies
are likely to lie below 0.2-0.3 eV. The estimated errors in the zero-point vibrational energies
are in the range of 0.01 eV.

Comparison between Coulomb and ab-initio calculations : The kinetic energy releases
E&l,; calculated ab-initio systematically lie below the purely Coulombic repulsion energies
E&y as a consequence of a large covalent bonding character of the electronic ground states
of the doubly and triply charged methyl-halide molecules. Since the electronic ground states
of these species usually have the highest covalent bond strengths, E&,; can be considered
to represent the lower limit of kinetic energy release from a given charge state. The kinetic
energy releases from electronically-excited states will in general be higher than E&,; and can

even lie above ESy, when an electronic state with a repulsive covalent character is accessed.



These results allow us to identify the local maxima between 3 and 7 eV in the CH;" spectra
of Figs. 2b-d, as well as the broad shoulder between 3 and 5 eV in Fig. 2a, with CH," from
the Coulomb explosion of CH;X*". This assignment also agrees with the results of Ref.4?

on CH,I**.

Table 1: Calculated kinetic-energy release (in eV) for the dissociation reaction
CH;X?*' — CH,;" 4+ X' based on the purely Coulombic energies (Eq. (2)) or
an ab-initio calculation described in the text. Both the total center-of-mass
energy FEcv of the two fragment ions and the kinetic energy ECH3+ of the CH3Jr
fragments are given. The internuclear distance between the halogen atom X
and methyl group CH; - Rox (A) used in the calculations and the experimental
kinetic energy (KE) peak are given.

Rex Coulomb ab-initio Our Expt.
CH,F 146 99 55 42 23 3.4
CH*%Cl 1.8 7.7 54 50 35 4.3
CH"™Br 200 72 61 47 40 5.1
CH,l 220 65 59 38 34 4.7

Asymmetry of CH," from CH,X : The measured emission asymmetry of CH," as a
function of the kinetic energy and the two-color phase ¢ is shown on the right-hand side of
Figs. 2a-d. The asymmetry a(E, ¢) as a function of the kinetic energy E and the two-color

phase ¢ is defined as

B Yup(E7 Qb) - }/down(Ev ¢)
UE9) = 5 (F.0) + Yaorn(B. 0)

(4)
where Yy, (E, ¢) and Yaown(E, ¢) are the ion yields collected in the upper or lower hemisphere
along the direction of the polarization axis, respectively. At ¢ = 0 the maximal amplitude
of the asymmetric two-color field points in the direction called "up”. For CH,F (Fig. 2a)
the asymmetry a(E, ¢) at ¢ = 0 is negative over the complete energy range. Moreover, the
asymmetry modulates in phase with respect to ¢. The amplitude of the modulation as a
function of the kinetic energy is shown on the right-hand side of the density plot. In the

case of CH3F amplitudes of up to 0.44 were observed. From the emission asymmetry of

CH,;" from CH,F one can conclude that both the dissociative ionization (¢ = 0 in reaction

10



(1)) and Coulomb explosion (¢ = 1) are faster when the maximal electric field vector points
from the methyl group to the fluorine atom, i.e. the electron is removed via the methyl
group. For CH," emitted from CH,Cl, CH;Br and CH,I in contrast, a positive asymmetry
of fragments with energies < 4 eV was observed for ¢ = 0 (Figs. 2b-c). It follows that
the dissociative ionization and Coulomb explosion generating the lowest-energy fragments
of these molecules are enhanced when the electric field maximum points from the halogen
atom to the methyl group, i.e. in the opposite direction compared to CH;F. However, in
the density plot of CH,;Cl (Fig. 2b) a clear change of the asymmetry can be observed at 4.2
eV. The CH;" fragments with kinetic energies larger than 4.2 eV must therefore originate
from a different channel than those with a smaller kinetic energy. The change in asymmetry
occurs at the maximum of the peak assigned to the CH,CI*" — CH,* 4 CI' reaction. As
we further discuss below, the reversal in the asymmetry is likely to originate from ionization
1>*

to electronically-excited states of CH;Cl™", e.g. by removing the first electron from HOMO

and the second one from HOMO-1 or HOMO-2.

Table 2: Calculated kinetic-energy release (in eV) for the dissociation reaction
CH,;X?t — CX' 4 H;" based on the purely Coulombic energies (Eq. (2)) or an
ab-initio calculation described in the text. Both the total center-of-mass energy
Ecy of the two fragment ions and the kinetic energy EH; of the H3+ fragments
are given.

Coulomb ab-initio
. c : s

CH’3C1 84 7.9 587 552
CH™Br 7.2 6.9 4.02 3.89

Formation and Asymmetry of Hy," : In addition to the previously observed dissociative

ionization and Coulomb explosion channels, we have also observed the reaction

CH3X*" — Hy™ + CX* (5)

11
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Figure 3: Dissociative ionization leading to the formation of H3+. Similar to Fig.
2, but for Hy* (a) and CC1" (b) from CH,;Cl and Hy* (c) and CBr* (d) from CH;Br. The
laser peak intensity was (1.6 £ 0.6) x 10" W /cm?.

leading to the formation of H,*. This reaction is particularly interesting because it requires
the breaking and formation of three bonds.**%® The measured asymmetries of H;* and CX*
from CH5Cl and CH;Br are given in Figs. 3a-d, respectively. At ¢ = 0 the asymmetry
is positive for Hy* from CH;Cl and CH,Br, identical to the asymmetry of the low-energy
CH,* fragments from the corresponding molecules. As expected, the asymmetry of the CX™*
fragments is opposite to the asymmetry of the Hy" ions. Sun et al.** studied the formation of

H," from CH,Cl in a symmetric femtosecond laser field and reported a maximum of the Hy"

12



yield at a kinetic energy of 1.69 eV whereas we measured an energy of 4.0 eV. The reported
laser peak intensity in Ref. %! was 9.4 x 10 W /cm?, not sufficiently different from the peak
intensity used in our study ((1.6 & 0.6) x 10'* W/cm?) to explain the large difference in
kinetic energies. Our experimental value is also closer to the predicted kinetic energy E;i;

of the Hy™ fragments given in Table 2.
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Figure 4: Intensity dependence of the dissociation asymmetry of CH; from CH,I.
The laser peak intensity was (3+£1) x10'* W/em? (a), (54+2) x 10" W/cm? (b), (140.4)x 10
W /cm? (c) and (1.6 £ 0.6) x 10 W/cm? (d).

Asymmetry of CHy* and F™* from CH,I: We now show that the relatively simple results

13



displayed in Fig. 2 become significantly more complex at higher intensities of the two-color
probe field. Here, we will mainly focus on the results obtained for CH,l, although similar
observations have also been made for CH;Cl and CH;Br. The effect of the laser intensity
on the yield spectrum and the asymmetry of CHy* from CH,I is shown in Figs. 4a-d.
The measured abundance ratio is IT:I?T:I3":I**= 1 : 0.47 : 0.10 : 0.01 at the intensity
1x10Wem™2 (panel c¢). The yield of high-kinetic-energy fragments is found to increase
as a function of intensity with the appearance of additional maxima. The evolution of
the asymmetry reveals two main changes as a function of intensity. First, the emission
asymmetry of the peak near 0 eV changes sign with increasing intensity. This shows that the
asymmetry of the dissociative-ionization channel producing CH,* + I with very small kinetic
energies changes sign as a function of intensity. The second change is the appearance of high-
energy CH;* fragments which have the opposite asymmetry compared to the fragments
observed in Fig. 2d. Clear reversals of the sign of the asymmetry are observed at 6.9 eV, 8.0
eV and 11.2 eV in Figs. 4c-d. Deviations between the asymmetry maxima in different panels
are small and within the experimental uncertainty. We note that this observation stands in
contrast to results that we have obtained on CH3Cl (not shown), where asymmetry features
display continuous transitions in their phase dependence, which suggests the presence of
multiple overlapping channels.

I(H-

The relation between the energy ECH3+ of CH;" ions and the energy o+ of 1 ions from

Coulomb explosion according to eq. (1) is given by

E1q+ TnCH3Jr

= (6)

ECH;’ m1q+

where Mepf and mye+ are the masses of the fragments. The predicted kinetic energies for
CH,* and 197 fragments calculated using equations (2) and (3) are given in Table 3 for
g = 1 —4. In addition, we also report the corresponding values obtained from the ab-initio

calculations described above. Based on the relation (6) and together with the emission

14



asymmetry it is thus possible to find correlations between measurements of the CH;* and
17" ions. We identify the kinetic energies of CH," fragments corresponding to 4.7 eV, 7.4 eV,
9.8 eV and 12.6 eV - where we see strongly modulating yield (see Fig. 4c) and discuss the
correlations with 1. These fragment kinetic energies correspond to a total kinetic-energy
release (KER) of 5.3 eV, 8.3 eV, 11 eV and 14 eV, respectively. The emission asymmetries
of the different ions are compared in Fig. 5 - (a) CH;™ (b) I (c) I*" (d) I** (e) I*". The
KER distribution is plotted on the left for comparison. The horizontal green lines are drawn
at the above mentioned KER values. The comparison and correlation between fragments

based on KER is only valid for two-body dissociation channels.

Table 3: Calculated kinetic-energy release (in eV) for the dissociation reaction
CH,I®+t9+ — CH,* + It based on the purely Coulombic energies (Eq. (2))
or an ab-initio calculation described in the text. Both the total center-of-mass
energy FEcov of the two fragment ions and the kinetic energy ECH3+ of the CH3+
fragments are given.

Coulomb ab-initio
C C C ai al ai
ECM ECH3+ EPH ECM chHgJr E’I‘ﬁL

6.5 2.9 0.7 3.8 3.4 0.4
3.1 11.7 14 11.3 10.1 1.2
196 176 2.1 143 128 1.5
262 234 28 174 156 1.8

= N =R

e KER 5.3 eV : This KER corresponds to fragment kinetic energies of 4.7 eV and 0.6 eV
for CH,* and 197, respectively. Following the horizontal green line at 5.3 eV in Figs.
5 (a) and (b), one finds opposite emission asymmetry for CH;" and I" at this energy,
as expected for a two-body fragmentation pathway. This KER lies between the ECH3+
obtained from Coulomb and ab-initio calculations in Table IIT (¢ = 1). We therefore

assign the fragmentation channel to be CH,I*" — CH,™ + I7.

e KER 8.3 ¢V : The individual kinetic energies of CH;™ and 1% are 7.4 eV and 0.9 eV,
respectively in a two-body fragmentation scheme. Following the horizontal green line

at 8.3 eV, from panel (a) to (b) does not show the expected reversal of asymmetry.

15
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Figure 5: Correlation between different fragments from CH,I - (a) CH,™, (b) I, (c)
I** (d) I** and (e) I*". The laser peak intensity was (140.4) x 10'* W/cm?. The measured
abundance ratio of It : I : I*" . I*"is 1 : 047 : 0.10 : 0.01. The green lines in (a),
(b) and (c) are plotted at KER values of 5.3 eV, 8.3 eV, 11 eV and 14 eV corresponding
to local maxima in the modulation of the asymmetry yield whereas the one in (d) and (e)
corresponds to 14 eV.

However, the asymmetry plot of I*T (c) does reveal the expected opposite asymmetry.
Comparison with Coulomb and ab-initio calculations for ¢ = 2 in Table III however
shows that the KER is at least 2.7 eV smaller than expected for the CH,I** — CH,*
+ I** channel. Therefore, we exclude this assignment. We conclude that the CHj
fragments with kinetic energies close to 7.4 eV originate from a CH,I**— CH," +
I" channel which displays an asymmetry opposite to that of the dominant channel
producing CH;" with a kinetic energy centered at 4.7 eV. Ionisation to electronically-
excited states of CH,I*" by e.g. removing one electron from HOMO and one from
HOMO-1 or HOMO-2, is a likely explanation. Since the asymmetry feature in CH,*
is only ~1eV broad, the corresponding feature in the 1" fragment spectrum would be
0.12 eV wide, well below the width of the Gaussian filter used to smooth the data. This
fact, dissociation into more than two fragments or overlap with a dominant channel,

may explain the absence of the expected asymmetry pattern in I**.

16



e KER 11 eV : The third horizontal line at 11 eV in panel (a) corresponds to CH;"
and 17" with 9.8 eV and 1.2 eV kinetic energy, respectively. There is a clear peak at
11 eV in panel (c) showing a very weak asymmetry in I**, which has the same rather

than the opposite sign as CH;*. The asymmetry of I>T (panel (c)) changes sign just

above 11 eV. The observed asymmetry would also be compatible with that observed
in I (panel (b)), possibly as a consequence of sequential ionization. However, the

high kinetic energy is incompatible with this assignment (see Table III for ¢ = 1).

Because of the close agreement with £% , =10.1 eV, we assign this channel to CH?,I?’Jr

CcHY
— CH," + I*", despite the lack of agreement in the emission asymmetry of the two

co-fragments.

e KER 14 eV : The horizontal green line at KER 14 eV corresponds to a kinetic energy of
12.6 eV for CH," and 1.4 eV for 197, The asymmetry in ion yields is clearly opposite for
I** in panel(d). The kinetic energy values match very well with ab-initio calculations

for ¢ = 3 in Table III. We unambiguously assign this channel to CH,I** — CH,™ +

B,

Discussion

The asymmetries observed in the present experiments can originate from multiple sources.
Since the electronic ground state of all CH; X" molecules is strongly bound, single ionization
from the HOMO will not lead to direct dissociation. However, CH,X* in its electronic ground
state may dissociate following absorption of photons from the two-color pulse, including bond
softening, or excitation by the re-colliding electron. These processes may result in asymmetric
emission of low-energy charged fragments which is, however, not directly related to the
asymmetry of the ionization process. Similarly, the electronic ground states of CH,X*" are
4446y

bound and sufficiently long-lived to appear in the time-of-flight spectra (see also Refs.

However, in contrast to CH,X ™, the low barrier to Coulomb explosion (a2 0.1 eV in CH,I2+42)
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and the pronounced shortening of the C-X bond upon double ionization from the anti-
bonding HOMO will lead to direct dissociation of a large fraction of the molecules.

In addition to these mechanisms, ionization to electronically excited states of the cations
can occur. Since the AT state of all CH,X" molecules is weakly bound, a large fraction of
molecules ionized out of HOMO-1 will dissociate directly. The same principle also applies to
double ionization which can lead to electronically excited states of the di-cation, e.g. through
ionization from HOMO and HOMO-1 or even more strongly bound orbitals.

The channel that offers the simplest interpretation with respect to the asymmetry of SFI
is therefore the Coulomb explosion of the electronic ground state of CH,X** — CH,™ + X*.
This channel has been identified in all experiments in the range of CH," kinetic energies
of 3.5-5 eV. Methyl fragments with less than 4.2 eV kinetic energy show opposite emission
asymmetries in the case of CH;F compared to CH;Cl, CH;Br or CH,I (Figs. 2a-d). As we
show now, this observation can be explained by the asymmetry of SFI under the assumption
that both electrons are removed from the HOMO. The orientation-dependent ionization rates
were calculated based on the WFAT. 1718

WFAT Ionization rates : In the WFAT the total ionization rate is given by

I = i i Cpem + O(I?) (7)

ng=0m=—oco

where

Loem = |Grem (8,7)|* Wagm (F)[1 + O(F)] (8)

is the partial rate for ionization into a channel with parabolic quantum numbers n; and m.
In the leading-order approximation of the asymptotic expansion in field F' the ionization

rate is determined by the dominant ionization channel with ng; = m = 0 and given by

T(8,7) = Too = |Goo(B, ) Woo(F)[1 + O(F)], (9)
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where Wyo(F') is the field factor, an exponential function of the external field F.'7 The
orientation dependence of I'(/3,7) in this approximation thus does not depend on the field
strength and is fully described by the structure factor Goo(5,y), where 5 and v represent
the FEuler angles. The angle 3 is defined such that for 3 = 0° the electron is removed
from the methyl side. The normalized values of the squared structure factor |Goo(5,7)|”
integrated over the angle v are shown in Fig. 6. The green and blue lines represent the
results obtained for the two eigenfunctions ¥, and Uy of the HOMO in a quasi-static electric

field, respectively. These eigenfunctions are orientation-dependent linear combinations of the

field-free orbitals ¢, and ¢,%7 i.e.

Uy = (=S¢ + C) sgn C

(10)
Vg = (+C¢, + S¢pp) sgn S
where S = sin(y/2 + 7/4) and C' = cos(y/2 + w/4). The corresponding eigenvalues
zas = (FUsin f — V cos ) (11)

include the coupling constants U and V' representing the linear Stark effect. The structure

f. 47

factor Goo(3,7y) is obtained as explained in Ref.*" using Hartree-Fock calculations. We use

uncontracted polarization-consistent basis sets on the quintuple zeta (pc-4) quality level and
variationally optimize all exponents of the basis set. Because the HOMO of the methyl
halides has a nodal plane containing the CX bond, !Goo(ﬁ,’y)ﬁ is zero for § = 0° and

B = 180°. We now define the head-to-tail ionization asymmetry a as

a= ( / " / T 2(6,) sin(8)d5d

-/ / / T 0(3.) Sin(ﬁ)dﬂdv)

[ ST (B, y) sin(B)dBdy. (12)
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The ionization asymmetries a for the two eigenfunctions of the HOMO are given in Table
4 and Fig. 6. For a > 0 the molecule preferentially ionizes from the methyl end. In this
article we compare results of the single-active-electron version of the WFAT ™18 where U and
V' are obtained as expectation values over ¢, and ¢, which yields the asymmetries a’ with
results where U and V were obtained from multi-electron quantum-chemical calculations
with applied static electric fields yielding the asymmetries a. In more detail, the Stark shift
of the binding energies was calculated on the HF/aug-cc-pVQZ level of theory for CH4F,
CH,;Cl and CH4Br and the HF/6-311G** level for CH;I. The binding energies of the two
components of the degenerate HOMO and HOMO-2 were calculated in the presence of static
fields up to 0.05 a.u. and a second-order polynomial fit was used to extract the coefficients
of the linear Stark effect. The U and V' coefficients were determined by applying static fields
along the three principal axes of the molecule and averaging over fields applied along 4z
(V) or £x and £y (U). This approach includes multi-electron effects into the treatment of
the Stark effect and is consistent with the many-electron WFAT developed in Ref.*® In the
case of the non-degenerate HOMO-1 (a; symmetry) U = 0 by symmetry and V' is obtained
as described above. The HOMO-2 of all CH;X molecules are degenerate (e symmetry) and
were treated in the same way as the HOMO. All ionization-rate asymmetries provided by the
WFAT are independent of the field strength within the leading-order approximation used in
the present work.

Table 4: Head-to-tail ionization asymmetries ¢’ calculated within the single-
active-electron version of the WFAT for the eigenfunctions ¥V, and Uy of the
HOMO in a static field. The asymmetries a were calculated within the WFAT,

but calculating the Stark shifts with non-perturbative multi-electron methods
(see text for further details).

a’y ap an ag
CHsF  0.75 0.68 0.69 0.58
CHsCl  0.66 0.28 -0.01 -0.45
CHsBr 0.23 -0.12 -0.20 -0.46
CHsI  -0.29 -0.35 -0.39 -0.43
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The asymmetries a, calculated within the single-active-electron approximation, predict
that CH4F, CH;Cl and CH;Br all preferentially ionize via the methyl group whereas this
preference only reverts for CH;l. This prediction contrasts with the measured asymmetry
a (Eq. 4) of the CH;X*T — CH,* + X channel generating low-energy CH," fragments.
Indeed, CH,F is the only molecule of this series that preferentially ionizes via the methyl
group. In contrast, the asymmetries a correctly predict the experimentally observed asym-
metries for all molecules, i.e. the fact that CH;Cl, CH;Br and CH,l all preferentially ionize
via the halogen atom.

Comparing the modulation amplitude of the emission asymmetry shown in the right
panels of Figs. 2a-d for fragment energies below 4 eV one can conclude that the absolute value
of the ionization asymmetry of CH,F is higher compared to the other methyl halides. This
aspect is also correctly predicted by the WFAT asymmetries a. The good agreement between
the calculated ionization asymmetry and the emission asymmetry of the CH," fragments
confirms the assumption that the ionization asymmetry is the decisive quantity defining the
asymmetry of the low-energy fragments from the CH,X*" — CH, % + X Coulomb explosion
of the molecules.

As mentioned above, the observed reversals of the emission asymmetry of high-energy
CH,* ions from CH,Cl, CH;Br and CH,I might be attributed to ionization from lower-
lying orbitals. We now investigate this hypothesis by studying the ionization asymmetries of
HOMO-1 and HOMO-2. A selection of field-free valence orbitals of the four methyl halides
are shown in Fig. 7. The asymmetries a predict that CH,F ionizes faster if the electron
is removed via the methyl side (i.e. the electric field pointing from CH, to F) where the
electron density of the HOMO is maximal (see Fig. 7). In contrast CH;Cl, CH;Br and CH,I
preferentially ionize from the halogen atom, in agreement with the dominant amplitude
of the HOMO. Hence, the orbital structure is found to dominate over the Stark effect in
the case of HOMO. Considering tunneling ionization from HOMO-1 of the methyl halides

(Fig. 7) a smaller ionization asymmetry is expected to be observed due to the symmetric
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Figure 6: Calculated ionization rates of the HOMO. Angle-dependent structure factor
|Goo(B,7)|? integrated over + for the methyl halides. |Goo(3,7)|” was calculated for the two
degenerate eigenfunctions ¥, and ¥y individually. For f = 0° the electron is removed from
the methyl side.
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shape of the orbital. Indeed, the calculated ionization asymmetries a for HOMO-1 given
in Table 5 are smaller compared to those of the HOMO. The calculations predict positive
ionization asymmetries a for HOMO-1 of all 4 molecules. For HOMO-2 positive ionization
asymmetries are obtained for both eigenfunctions (see Table 6) except for CH;Cl for which
ap is negative but close to zero whereas ay = 0.20. Hence, one can conclude that for all
methyl halides ionization from HOMO-2 is enhanced if the electron is removed via the methyl
end. According to the shape of the field-free HOMO-2 this is again expected because the
largest orbital amplitude is at the methyl side.

Our calculations thus predict that the sign of the ionization asymmetry of CH3F is identical
for ionization from the HOMO, HOMO-1 and HOMO-2. This is consistent with the absence
of reversals in the emission asymmetry for CH," ions from CH,F. For CH,Cl, CH;Br and
CH,I, where reversals of the emission asymmetry were observed, the sign of the calculated
ionization asymmetries obtained for the HOMO are different from the asymmetries obtained
for lower lying orbitals. Therefore, it is likely that the changes of the emission asymmetry of

the high-energy CH,' fragments are due to ionization from low-lying orbitals, 4!

leading
to electronically excited states of CH;X*" and CH,X*". In this context, the asymmetry in

the rom at 8.3 e see Fig. may be assigned to 1onization from an
hCH3+f CH3I 8.3 eV Fig. 5 vy b igned ionization f HOMO and

Table 5: Similar to Tab. 4 but for HOMO-1.

a a

CH,F 085 022
CH,C1 055 0.13
CH,Br 028 0.50
CH,I  -0.07 0.05

Table 6: Similar to Tab. 4 but for HOMO-2.

aly ap  ax  ap
CH;F 0.75 063 035 0.12
CH,Cl -0.64 -0.72 0.20 -0.04
CH;Br -0.81 -0.85 0.30 0.06
CH,I  -091 -0.93 049 0.25
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HOMO-2, which has a similar but opposite ionization asymmetry as compared to HOMO.
HOMO-1, in contrast, has too small an ionization asymmetry to overturn the asymmetry
imposed by HOMO. Ionization from HOMO-2 could occur sequentially to ionization from

HOMO or through re-collision. An improved theoretical analysis of these results will require

the treatment of sequential ionization, electron re-collision and nuclear dynamics.

CH,F CH,CI CH,Br CH,|

HOMO a

HOMO b

HOMO-1

HOMO-2 a

HOMO-2 b

Figure 7: Isocountour representations of the field-free HOMO, HOMO-1 and
HOMO-2 of the methyl halides. The color indicates the sign of the wave function.
The HOMO and HOMO-2 are doubly degenerate and are labeled with a and b, according to
Eq. (10). The orbital wave functions were calculated using the quantum chemistry program
GAMESS (Version 11; method: restricted HF; basis set: aug-ccpVQZ for CH;F, CH;Cl and
CH,Br; Def2-QZVP for CH,I).
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Conclusion

We have measured the asymmetric emission of charged fragments from methyl halides in
intense phase-controlled two-color fields for a range of laser intensities. From the emission
asymmetry of the low-energy CH," fragments measured at moderate laser intensities we
conclude that SFI of CH,F maximizes when the electric field points from the methyl group
to the halogen atom whereas for CH;Cl, CH;Br and CH,I SFI preferentially proceeds in the
opposite direction. We attribute this result to the asymmetric ionization rate of the HOMO
of the neutral methyl halide molecules. This conclusion also agrees with the ionization rate
predicted by the WFAT, provided that the Stark effect is obtained from non-perturbative
multi-electron calculations with applied electric fields. Further we have observed changes of
the emission asymmetries of CH," fragments from CH,Cl, CH,Br and CH,I as a function
of the kinetic-energy release. We propose that these changes of the asymmetry result from
ionization to electronically-excited states of the doubly and triply-charged parent molecules,
e.g. by ionization from HOMO and HOMO-2. This assignment is supported by the calculated
ionization asymmetries for these orbitals. Further theoretical developments and modelling

are required to fully establish this aspect.
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