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ABSTRACT: The study into the interaction between a strong First ionization Second ionization Angular dependent double ionization
laser field and atoms/molecules has led to significant advances in ! o
developing spectroscopic tools in the attosecond time-domain 5 !

and methods for controlling chemical reactions. There has been + = z Z'°'N\/\J
great interest in understanding the complex electronic and nuclear g 0]

dynamics of molecules in strong laser fields. However, it is still a HOMO HOMO-1 ° =\= "

formidable challenge to fully model such dynamics. Conventional

experimental tools such as photoelectron spectroscopy encounter
difficulties in revealing the involved states because the electron

spectra are largely dictated by the property of the laser field. Here,
with strong field angular streaking technique, we measure the
angle-dependent ionization yields that directly reflect the HOMO-1 Homo o
symmetry of the ionizing orbitals of methyl iodide and thus

reveal the ionization/dissociation dynamics. Moreover, kinematically complete measurements of momentum vectors of all
fragments in dissociative double ionization processes allow access to electron-momentum correlations that reveal correlated
multielectron dynamics.

+
Il
Dl yield (arb. u.)
Pt 5.5
M

he response of atoms and molecules to a strong laser field experiments,” ~ and recently we have shown in theory that
(>10" W/cm?, corresponding to a laser peak E-field strong mid-IR pulses can achieve the long-standing goal of
~0.02 a.u. or 10° V/cm) is an interesting and significant topic, mode-selective chemistry.'”"" Among all these current and
which has been subjected to intense investigation in the past future applications of strong field dynamics, the topic of
three decades. Two aspects of strong field dynamics are unraveling the complex strong field ionization dynamics, ie.,
particularly appealing. First, the strong field interaction with the initiation step of strong field phenomena, remain a central
atoms can lead to the production of attosecond pulses through component but is still challenging.
a nonlinear process called high-harmonic generation,”” in
which electrons are repeatedly driven away and pulled back The interactions of intense laser
toward the ionic core by the oscillating laser electric field, and pUl ses with atoms have been

this oscillating dipole emits bursts of attosecond light pulses in

the extreme ultraviolet and soft-X-ray spectra range. Attosecond described by a Smgle sedie

pulses are highly desirable in implementing time-resolved electron and quasli-static pictures,
studies operating in the attosecond time-scale.” Strong field suggesting prevailing ionization
processes themselves can also probe attosecond dynamics by from the highest electronic orbi-
exploiting the chirped re-encounter (the returning electrons
. : . R : tals.

arrive at the ion core at different time with different energies so
that the energy-time correlation can be exploited to achieve
subfemtosecond time resolution) between the ions and the The interactions of intense laser pulses with atoms have been
electrons that are ionized approximately half a laser period (1.3 described by a single active electron and quasi-static pictures,
fs for a typical 800 nm laser) earlier. This has been suggesting prevailing ionization from the highest electronic
demonstrated in both high harmonic spectroscopy™ and orbitals. However, many studies in polyatomic systems have
high-order above-threshold ionization.” The second aspect of shown that multielectron effects should be corzsligielrfd for
strong field interaction is in the capability of strong field control better understanding of strong field ionization.” """ One
of chemistry. The significant distortion of the potential energy
landscape generated by strong fields provides a tantalizing Received: January 4, 2018
prospect of potential surface engineering for guiding chemical Accepted: April 27, 2018
reactions. This concept was explored in many coherent control Published: April 27, 2018
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Figure 1. (a) Recoil-frame electron momentum distribution obtained by coincidence measurements of electrons and I* for the dissociative single
ionization of CH;l. The I" recoil momentum is pointed up, indicated by the white arrow and the yellow curved arrow shows the helicity of the
circularly polarized light. (b) RFPADs for dissociative single ionization (blue line with open square points) and dissociative double ionization
measured with quadruple coincidence (green line with closed square points, el + e2 + fragmentl + fragment2) and double coincidence (red line
with closed circle points, e + fragment), respectively. The angle 0 is defined as the relative angle between the recoil direction of the iodine ion and
the ejected electron (the angle increases anticlockwise). The gray and purple shaded areas correspond to the distributions of electrons escaping from
the CH; and I sides, respectively. Note that the two curves were normalized to their own maxima.

powerful method for interrogating this effect on the strong field
ionization dynamics is to determine the molecular frame
photoelectron angular distribution (MFPAD), which can reflect
the structure of ionizing orbitals. The measurement of MFPAD
employing the principle of angular streaking'*'® has been
demonstrated for randomly oriented diatomics'* and laser-
oriented molecules.'” A more refined technique was demon-
strated by combining the channel-resolved above threshold
ionization (CRATI) method,'®" in which above-threshold
ionization (ATI) combs are measured to identify the channel of
interest, with laser alignment to obtain the channel- and angle-
resolved ionization yields in the molecular frame.”” However, at
moderately high laser intensities (~1 X 10" W/cm?) or for
extremely short few-cycle pulses, ATI peaks would become less
evident due to significant Stark shifts,”’ ™** potential non-
adiabatic electron dynamics,”*** and carrier-envelop phase
dependence.*®

Furthermore, a direct measurement of MFPAD for double
ionization of polyatomics is highly desirable for investigating
correlated multielectron dynamics. Such measurements have
encountered technical difficulties that limit the coincidence
detection of two electrons. Here in this work, we show that the
angular streaking technique coupled with electron—ion
coincidence can be applied to polyatomic systems to measure
the recoil-frame photoelectron angular distributions (RFPAD)
of single and double ionization. With the help of theoretical
modeling, the dynamics of these processes can now be
understood in unprecedented detail. We also show the first
2D photoionization map that reveals correlated angular-
dependent double ionization probabilities. We demonstrated
these new capabilities in methyl iodide, a polyatomic molecule
that has been subjected to intensive investigation. For example,
the asymmetric emission measured from two-color femto-
second experiments on CH;I by Walt et al. suggested that
dissociative single ionization occurs mostly from the HOMO
via a possible bond-softening due to a strong coupling with an
excited dissociative state or from vibrationally excited cations by
recollision,”” while Luo et al.*® proposed that ionization from
HOMO-1 is the leading contribution to fragmentation, based
on measuring the alignment-dependent evolution of ion yield.
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An orientation-resolved PAD can offer a definitive answer but
has not been achieved. Furthermore, it was not clear whether
lower lying orbitals such as HOMO=2 play a major role in
dissociative double ionization of methyl iodide even though a
plethora of experimental methods have been applied to study
this system.”” " It is worth noting that all previous
investigations employed linearly polarized light, with which
electron recollision dynamics could play an important role to
induce multiple ionization.

Recently, we introduced the 3D two-electron angular
streaking (3D-2eAS) technique, which can probe electron
dynamics within 1 fs between two electrons produced in strong
field double ionization.” In this study, we have upgraded the
3D-2eAS coincidence apparatus (see Figure 1 in ref 32 for a
detailed depiction) by adding an additional camera for ions in
order to detect full 3D momenta of both ions and coincident
electrons. In the following, we will briefly describe the
experimental setup. Circularly polarized 800 nm light with a
pulse width of 30 fs was focused onto the molecular beam using
a spherical mirror in the vacuum. The estimated laser intensity
and ellipticity were ~1 X 10" W/cm? and ~0.9. The methyl
iodide beam was generated by bubbling helium carrier gas
through a liquid methyl iodide sample and into the source
chamber. The beam was double-skimmed before entering the
main chamber, in which it was intercepted by the laser beam
and ionized. The produced electrons and ions were accelerated
with an inhomogeneous electric field toward the opposite ends
of the time-of-flight tube, where they impacted two MCP/
phosphor screen detectors. The positions of both electrons and
ions were registered by two cameras, which have a resolution of
448 X 448 pixels (with the detector diameter of 75 mm, the
system has a native spatial resolution ~160 ym) at a frame rate
of 1 kHz. With a high-speed digitizer, the TOF of each particle
was also registered to provide complete 3D momenta of ions
and electrons in coincidence.””** Then the PAD was plotted
with respect to a fixed ion momentum direction in the plane of
the polarization to produce the RFPAD. The false coincidence
rate was estimated to be ~16%. The capability to directly detect
both

electrons in coincidence with dissociative double
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ionization enables us to study electron correlation in double
ionization.

At the laser intensity used in this study, a parent cation
(CH,I") was the main product, but we also observed significant
amounts of I' (~6% of the parent cation yield) and CH;"
(~2% of the parent cation) fragment ions resulting from
dissociative single ionization. Dissociative and nondissociative
double jonizations were about 2% and 0.2% of the parent cation
yield, respectively. For single ionization, the kinetic energy
release (KER) of I* was peaked at 0.07 eV (which corresponds
to a total KER of 0.7 eV) while the KER of CH," was peaked
close to zero eV. Both results are consistent with many previous
measurements.””*" In our study, by detecting the recoil
momentum of I and CH;" and the coincidence electrons in
the dissociative single ionization process, we obtained the
recoil-frame photoelectron angular distribution (RFPAD)
shown in Figure la. While the ion momentum distribution is
isotropic in the plane of polarization due to the rotating electric
field of the circularly polarized light, the observed strong
anisotropy of ion momentum in the plane perpendicular to the
polarization plane of the circularly polarized light (data not
shown) suggests that a fast dissociation with respect to rotation
is at play and thus validates the axial recoil approximation. The
strong anisotropic angular distribution of fragments was also
observed for the dissociative double ionization process (data
not shown), which is not surprising considering the multiple
charges. According to the angular streaking principle, the final
momentum of electrons released along the C—I bond will be
rotated about 90 deg away from the recoil direction of the ion
because the vector potential of the instantaneous electric field
at the moment of ionization is orthogonal to the direction of
the electric field. The vector potential primarily determines the
final momentum of the electrons in the laser field. It is worth
noting that there are no clear ATI peaks observed in our
experiment. With the known helicity of the circularly polarized
light, we can further identify from which site (I or CH;) the
electrons are ionized. This is a major advantage of employing
the angular streaking technique. In methyl iodide, it was found
that the electrons are ejected from the I and CHj sides,
corresponding to the black broad and narrow features (islands)
in the left and right side of Figure la, respectively. The slight
deviation from 90° to the I' recoil direction is due to the
attractive interaction between the departed electron and the
remaining ionic core. Figure 1b shows the angular-dependent
ionization yield (blue line with open squares) obtained by
radially integrating the electron momentum distribution seen in
Figure la. We also obtained the RFPAD for the channel that
leads to CH;" by plotting the PAD with respect to the
momentum of CH;* recoil. The results (not shown) are similar
to the channel leading to I" dissociation.

The distinctive RFPAD is clearly a representation of angular-
dependent ionization yields of different contributing orbitals.
We theoretically examined the different angular-dependent
ionization yields for single and double ionization by the time-
dependent configuration interaction with a complex absorbing
potential (TDCI-CAP) method.” ™7 Calculations were
performed by using the aug-cc-pVTZ basis set, associated
pseudopotentials for iodine,”® and an additional 15 sets of
diffuse functions on each atom. Static electric fields along
different directions were employed in the calculation to map
the angular-dependent ionization yields. The detailed method-
ology for calculating the angular dependence of ionization of
the methyl halides was thoroughly tested (see detailed method

2541

description in the Supporting Information).”” The degenerate
highest occupied molecular orbitals (HOMOs), the first lower-
lying orbital (HOMO-1), and their calculated angular-
dependent ionization yields are displayed in Figure 2a,b. The
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Figure 2. (a) Electron density plots of the degenerate highest occupied
molecular orbitals (HOMO) and HOMO-1 of CH;L (b)
Contributions to the calculated angular-dependent ionization yields
from different orbitals: z-type HOMO (purple), and o-type HOMO—
1 (green) for static electric fields of 0.055 au (1.06 X 10'* W/cm?).
The C—I bond orientation is indicated by the I* recoil direction. (c)
Comparison between experimental and calculated angular-dependent
ionization yield, with which different weighting factors between
HOMO and HOMO-1 ionization are used. The calculated results
include a 10-degree convolution, accounting for angle uncertainty due
to deviation from the axial recoil approximation. Comparison with
experiment indicates that the contribution from the o orbital (yielding
the A state of CH,I*) needs to be increased by a factor of 8 to account
for the greater efficiency of generating fragment ions from A state of
CH,I" than from the X state.

HOMO is a doubly degenerate pair of 7-type orbitals from the
lone pairs on the I atom, contributing to a broader ionization
probability with peaks nearly perpendicular (75°) to the recoil
axis. On the other hand, the HOMO-1 is a o-type orbital that
is responsible for C—I bonding, contributing to the dominant
ionization probability along the molecular axis. HOMO—2 (not
shown here) has a maximal electron density on the CHj side,
suggesting that ionization of this orbital is predominantly from
the CH; side.

For single ionization, even though our calculation shows that
the ionization yields contributed from the HOMO is the
largest, the angular dependence accounting for the HOMO
alone cannot explain our experimental result: a significant CH;
site jonization was identified, as shown in Figure 1. This is,
however, not surprising because we are measuring a dissociative
ionization channel. Removing an electron from HOMO
produces the electronic ground state of parent cations (X°E)
that is known to be strongly bound.””*” Direct HOMO—1 (o-
type orbital) ionization turns out to be the dominant channel
that leads to I" production: first, our theoretical modeling
suggests HOMO-—1 orbital has higher contribution to
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ionization probability on the CHj side than on the I side as
indicated in Figure 2b; second, by enhancing the contribution
from HOMO-1 to account for the greater yield of fragment
ions from the A state of CHjI", the experimental angular-
dependent ionization yield is nicely reproduced (Figure 2c).
This indicates that 72% of the ion yield comes from the A state
of CH,5I" and 28% from the X state. It is still surprising to see a
nonzero contribution from the X state considering its high
bond dissociation energy (BDE) (~3 €V). This can take place
from the X state by further absorption of two photons to the
A’A,; state or if the produced X state is highly vibrationally
excited with an internal energy above its BDE. The former
process has been well documented using resonance two-photon
dissociation spectroscopy*” and is likely at play here. While the
A state is also stable with a smaller BDE (~.4 eV), vibrationally
excited A states can dissociate readily. It is worth noting that
the A state is adiabatically connected to the CH;"+I asymptote
and nonadiabatically connected to the I*+CH, asymptote.*'
The similarly looking RFPADs of these two channels suggest
that the initial ionization shares a common process with both X
and A state cations contribution, while the coupled nuclear and
electronic dynamics away from the Franck—Condon regions
determine the final products. The dissociation process involves
both charge transfer and nonadiabatic transitions and is an
excellent system for future time-resolved studies.

The dissociation process involves
both charge transfer and non-
adiabatic transitions and is an

excellent system for future time-

resolved studies.

The angular dependence of ionization for the dissociative
double ionization (green line with closed squares in Figure 1b)
was obtained by detecting two electrons and two fragment ions
(a quadruple coincidence). This is in good agreement with the
results obtained by measuring double coincidence events
between one electron and one iodine ion with a selected
total kinetic energy (~4.5 eV) corresponding to double
ionization (red line with closed circles). This validates our
quadruple coincidence measurements, from which we can study
correlated electron dynamics. A clear difference is seen between
dissociative single and double ionization: electrons produced
from the dissociative double ionization are primarily from the I
side, suggesting important contributions from the IT orbital
(see Figure 2a).

Because circularly polarized light was used, recollision is
suppressed in methyl iodide, and thus only sequential double
ionization needs to be considered.”” We consider the lowest-
energy pathways for producing dications: HOMO(II),
HOMO(L), and HOMO-1 orbital ionization in neutrals
followed by a second ionization of corresponding cations,
which we call IT}, TT,, and ¥ cations, respectively. HOMO(I)
and HOMO(.L) are the two degenerate orbitals lying parallel
and perpendicular to the plane of the polarization of the
circularly polarized light. Theoretically, we first extracted the
orbital-resolved angular-dependent ionization yields similar as
in treating neutral ionization; then we calculated the angular-
dependent yields of the ionization of II}, Il,, and X cations
(Figure 3a). We produced three angular-dependent ionization
yields for three different ionization processes: (1) HOMO(II)
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Figure 3. (a) Calculated angular-dependent ionization yields for
IT,(red), IT, (blue), and T (green) cations at a field strength of 0.065
au (148 X 10" W/cm?). (b) The angular-dependent double
ionization yield for three different pathways with IT;(red), IT, (blue)
and X (green) cations as the intermediate states. The displayed
asymmetry of each curve reflects a 10-degree angle shift between the
first and second ionization due to the different Coulomb interactions
between the ionic core and the departing electron. (c) Comparison
between experimental (solid square from quadruple coincidence
measurement, empty square from double coincidence measurement)
and calculated angular-dependent ionization yield (purple line) for
dissociative double ionization. The calculated result used a weighting
factor of 0.68:0.2:0.11 for I;, X and I, cation pathways, respectively.
The calculated result also included a 10-degree convolution accounting
for angular uncertainty due to deviation from the axial recoil
approximation. Both the x-axes in panels b and c¢ show the relative
angle between I" and electron momentum vectors.

— II, cation — dication (o'z,'7,%), (2) HOMO(L) — II,
cation — dication (¢’7,'7,') and (3) HOMO—1 — X cation
— dication (¢'7,'m,%). We achieved this by normalizing the
curve of each single ionization step to 1 and then summed the
two curves. To fit the final experimental data, which showed a
clear asymmetry for the feature at 120 degrees, a 10-degree
angle shift was added between the first and second ionization to
account for the different Coulomb interactions between the
ionic core (singly and doubly charged) and the departing
electron. The results are shown in Figure 3b. It is interesting to
point out even though the electron configurations of the final
dications for the first and third processes are the same: both
losing one electron from the HOMO and one from the
HOMO-1, the angular-dependent ionization is significantly
different (the red and green lines in Figure 3b). This suggests
that the order of losing electrons is important and the orbital
reorganization and relaxation taking place between the first and
second ionization is significant. Figure 3c shows that the
experimental result is reasonably reproduced by the weighted
sum of the three channels with a ratio of 0.68:0.20:0.11. The
overall agreement validates the employed theoretical method
for modeling strong field double ionization. The branching
ratios are from the calculations directly, which suggests the
majority of the dications are dissociative. A discrepancy
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Figure 4. (a) 2D electron—electron angular correlation in the recoil frame of the dissociative double ionization of CH;1. The angle 6 is defined as the
relative angle between the recoil direction of the iodine ion (6 = 0°) and the ejected electron. The white dashed ovals indicate the two diagonal
peaks. (b) Angular-dependent ionization yields of the second electron in the recoil frame. The top panel corresponds to the case when the first
electron is released from the I side, and the bottom panel corresponds to the case when the first electron is released from the peak in the CHj side

(compare with Figure 1b).

between experiments and theory on the width of the peak
around 120 degrees is likely due to the fact that the current
calculations did not include pulse intensity average but used a
single field strength of 0.045 a.u. for neutral ionization and
0.065 a.u. for cation ionization.

The multielectron dynamics in-

volved in the dissociative double

ionization can be understood in

more detail by investigating the

correlated double ionization dy-
namics.

The multielectron dynamics involved in the dissociative
double ionization can be understood in more detail by
investigating the correlated double ionization dynamics. Here,
the angular-dependent ionization yields of the first and second
electron are plotted in a 2D graph, shown in Figure 4a. As far as
we know, this is the first presentation of such data, and we call
it a 2D photoionization spectrum. As demonstrated pre-
viously,”* this can now be achieved because of the high
electron—electron coincidence capability of our apparatus. In
this plot, the diagonal peaks represent the case of both
electrons being ionized from the same site of the molecule
while off-diagonal peaks are for sequential ionizations from two
different sites. In Figure 4a, we see two peaks of each kind
showing that both cases are present in methyl iodide. However,
the intensities of the peaks are quite different. The diagonal
peak at (290° 290°) is significantly weaker than the other
peaks, which suggests that sequential ionizations from only
CH; site is not favored. Considering that CHj site ionization is
mainly from low-lying orbitals such as HOMO-1 and
HOMO-2, this can be explained by the fact that ionization
from two low-lying orbitals will produce highly excited
dications, which have lower ionization probability. On the
other hand, the strongest diagonal feature at (120°, 120°)
shows that it is highly favored that both electrons are ionized
from the I site. From our calculation, we understand such a
preference does not arise from ionization of two electrons from
the same HOMO orbital. Instead this is due to the dominant
double ionization channel HOMO(Il) — TI; cation — dication,
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in which each ionization step is dominated by ionizing electron
from the I side.

In summary, we measured the RFPAD for the dissociative
single and double ionization of methyl iodide using a newly
developed 3D two-electron angular streaking (3D-2eAS)
technique. Fragmentation of CH,l is initiated via ionization
from multiple orbitals, whose relative contributions have been
determined with the help of TDCI-CAP calculations. The full
3D momentum measurement of two electrons in double
ionization enables us to study correlated ionization dynamics.
This technique provides an efficient and direct way to study the
complex multiorbital and multielectron effects on strong field
ionization. The correlated double ionzation can be viewed from
another perspective shown in Figure 4b, in which we plot the
angular-dependent ionization yields of the second electron with
the first electron being ionized from either the CHj; or I site.
We can see the second ionization from the CH; side is
enhanced if the first ionization is from the I side. Note that the
designation of the first and second electron is arbitrary in this
case. This finding has the same origin as the weak diagonal peak
at (290°,290°). However, this new perspective provides a new
method for studying electron-correlation driven nonadiabatic
dynamics in the attosecond time domain, in which two
electron’s dynamics are correlated even at the subcycle
level**** With the angular streaking method, the relative
ejection angle between the electrons can be mapped into a time
delay with a resolution of tens of attoseconds. By using few-
cycle pulses, which enables differentiation of the first and the
second ionization by the magnitude of the electron
momentum,'® and restricting electron dynamics within one
or half a laser cycle, it is possible now to directly capture such
dynamics.
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