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ABSTRACT

The efficient intense field double detachment of molecular anions observed in SFy is
studied by 3D coincidence imaging of the dissociation products. By disentangling specific
product channels, the dissociation anisotropy and kinetic energy release distributions are
determined for the SF;r + F fragmentation products, corresponding to the energetically lowest
double detachment channel. The observed nearly isotropic dissociation with respect to the linear
laser polarization and surprisingly high kinetic energy release events suggest that the dissociation
occurs on a highly excited state. Rydberg (SF;)* states composed of a highly repulsive dication
core and a Rydberg electron are proposed to explain the observed kinetic energy release,
accounting also for the efficient production of all possible cationic fragments at equivalent laser

intensities.
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INTRODUCTION:

Interaction of intense laser pulses with atoms and molecules induces a variety of dynamical
processes. ' Phenomena studied over the last years include molecular alignment,” * multi-
photon jonization,"™ above threshold ionization,™ > double ionization,> frustrated tunnel-
ionization,” Coulomb explosion'” and high order harmonic generation (HHG).*'* One of the
major achievements in the field was the development of an intuitive rescattering mechanism
picture, in which the first electron released is accelerated and rescattered from its parent system
by the oscillating intense laser field to recombine and emit HHG photons or efficiently release a
second electron.® Accordingly, the rescattering mechanism is extremely sensitive to laser
polarization accounting for the acute suppression of HHG by polarization ellipticity.lz'14 This
intuitive description of intense field interaction with atoms and molecules opened new pathways
for using the HHG process itself as a spectroscopic tool and for probing light matter interaction
on the attosecond time scale.'”'® Furthermore, based on the rescattering model, bi-chromatic
counter-rotating circularly-polarized laser pulses were specially designed and implemented to
produce circularly polarized HHG pulses.'* So far, the majority of experimental and theoretical
efforts to understand the interaction of intense laser pulses with matter were performed on
overall neutral atomic and molecular systems.'”'*** Significant efforts were invested also in
studies of cationic systems that are inherently important for describing mechanisms involving
early ionization of the neutral species by the intense laser pulse.”’ Intense field interactions
with anions are intrinsically different from both neutral and cationic systems. The typically low
electron detachment energies of anions make it possible to realize extreme conditions of very
rapid detachment at relatively low laser intensities. In addition, using anions allows significantly

higher contrast between the low energy required to remove the first electron and high ionization
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potential energy required to remove the second electron. Furthermore, rescattering dynamics in
anionic systems fundamentally differs from those in overall neutral systems due to the absence of
the attractive Coulomb potential acting in rescattering process.”>*’ Nevertheless, partly due to
the experimental challenges, intense field interaction with molecular anions received relatively
lower attention, primarily concentrated on the photoelectron spectroscopy of atomic and simple
diatomic anion systems.”>’ Theoretical modeling of the F~ multi-photon detachment
photoelectron spectrum demonstrate the importance of electron correlation effects and the
possible contribution of rescattering dynamics.’®*’ Based on increased rates for linear versus
circular laser polarizations Pedregosa-Gutierrez et al. reported evidence for a non sequential

rescattering mechanism in intense field double detachment of atomic F~.*’ On the other hand, we

recently reported efficient multiple detachment of molecular SF, anions exhibiting weak
dependence on laser polarization that excludes the possibility of a semiclassical rescattering type
mechanism.” As the parent SF, cation is not found, SF, fragments, as well as high lying
dissociation channels leading to atomic S* and F" products are observed.”® Similar to intense
field double ionization in atomic and neutral species, the double detachment mechanism was
found to be non-sequential based on laser pulse shaping experiments.’® One of the surprising
observations is that cation fragments that are known to have very different appearance energies

(AE) in the dissociative ionization of neutral SF¢ appear and also reach saturation at equivalent

laser intensities leading to multiple detachment of the SF, anion.”® For example, SF: is the
lowest AE dissociation product of the unstable SF; ground state with AE of 15.3 eV above the
neutral SFy system.”” In contrast, the atomic F* product has a higher 38 eV AE.* The energetic
difference of 22.7 eV between the two products corresponds to absorption of almost 15 photons

of 800 nm wavelength, nevertheless, both SFi and F' products of intense field double
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detachment of SF; are observed to appear at peak intensities as low as ~5x10" W/em”.*' For
neutral SFe, SF5 and F' products of multiple ionization are observed at one — two orders of
magnitude higher laser peak intensities.*”* In view of the pivotal role of early work on intense
field double ionization of neutral systems, leading to the development of attosecond technology,”
it is attractive to further explore the dominant mechanisms controlling intense field interactions

with strongly correlated multi-electron systems such as molecular anions.

In this paper we use 3D coincidence imaging of the correlated fragments from a single SF,

molecule at a time to disentangle the different competing double detachment channels. Most

importantly double detachment of SF, leading to dissociative ionization channels are clearly
resolved from cations produced in multiple ionization followed by Coulomb explosion. Channel-

specific dissociation velocity distribution in the molecular frame of reference and corresponding

kinetic energy release (KER) are obtained. The role of highly excited (SFg)* cation states in the
double detachment mechanism is discussed in view of the observed high KER events in the
lowest AE channel of SF: + F, shedding light on the efficient production of SFs and F' products
at equivalent, relatively low, peak intensities.

EXPERIMENTAL SETUP:

The experimental apparatus was previously described in detail.”® *' Briefly, cold SF, anions
are formed by electron capture in a supersonic expansion of Argon carrier gas seeded with ~1%
SFe sample.* After the expansion, ions are accelerated up to Ey ~4.8 keV kinetic energy in a
pulsed Wiley—McLaren type mass spectrometer” directing the ion beam pulse towards the
photofragment spectrometer shown schematically in figure-1. Based on their time of flight, ions
of selected charge over mass ratio are allowed to continue into the spectrometer, while ions

arriving at different times are deflected by £ 750V potentials applied to the upper and lower
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electrodes of the mass gate deflector. Selected SF¢ ions are further accelerated by the
spectrometer potential (Usp ~3.1 keV) before arriving to the field-free laser—ion interaction
region. In the interaction region the ion beam is intersected by the optical path of a focused
intense 800nm laser beam. The peak intensity reached by the ~3mlJ and 35fs laser pulse is
computer controlled by displacement of a 250mm focal length lens, reaching up to ~3x10"

W/em? at the focal spot.
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Figure-1: Schematic representation of experimental set-up. Mass selected SF, ions interact with
a focused intense fs laser pulse at the photofragment spectrometer ion-laser
interaction region. The fragments are mass resolved by the Uy, photofragment
spectrometer potential and detected in coincidence on a time and position sensitive
detector located downstream of the photofragment spectrometer.

As the desired photofragmentation events occur in the moving frame of the anion beam, all
fragments continue towards the time and position sensitive micro-channel plate (MCP) detector
located downstream of the photofragment spectrometer. The initial velocity of the parent anion
molecule, corresponding to an E¢+Uy, kinetic energy, provides sufficient energy for detection of
all the charged as well as neutral photofragments that are separated according to their charge

over mass ratios by the spectrometer potential, Ug,. Cationic photofragments are accelerated,

reaching the detector first, followed by the neutral products of laser-ion interaction while the
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parent anion beam as well as negatively charged fragments are decelerated arriving last to the
detector. In this way all cationic and neutral photoproducts can be efficiently detected.

For each laser pulse, the time and position of the correlated fragment hits on the MCP detector
surface are acquired by a computer. The electronic timing signal from the MCP detector is
digitized using a fast scope,*® while the 2D position information is read out optically from the
P46 phosphor anode by a high frame rate CCD camera.*’ Both CCD exposure and scope
acquisition times are synchronized to the laser pulse to record only cationic and neutral products,
while detection of the parent anion beam arriving to the detector at later times is avoided in order
to suppress random coincidences. Fast peak finding routines are implemented to extract the times
of flight and pulse amplitudes from the electronic signal, as well as the 2D positions and
brightness of the coincident optical signals.

Figure-2 shows a typical photofragment time of flight (TOF) coincidence map, allowing clear
identification of fragmentation events as specific final channels. For example, the dotted contour
(a) in figure-2 marks events in which a SFs product is detected in coincidence with a neutral
fragment, corresponding to the lowest AE cation fragmentation channel producing SF: + F.
Particle hit positions are assigned with charge over mass ratios according to the correlation
between the brightness of optically collected position signals and amplitude of the electronic
timing signals to take advantage of the high statistical variance of MCP detector gain in order to
correlate coincident time and position information for each dissociation event. The good
correlation of electronic timing signal amplitudes and the corresponding optical position signal
brightness in our setup is demonstrated in figure-3. Thus, considering two randomly selected
fragment hits and assigning the high and low amplitude hits to the respectively high and low

brightness peaks, we estimate less than 5% assignment error probability for two-hit events.
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Similar approaches for 3D coincidence imaging of multi-particle fragmentation events by

correlating brightness and amplitude of MCP detectors were recently developed and described in

detail ¥+
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Figure-2: Two-fragment TOF coincidence map for intense field multiple detachment of SF,.
The doted contours mark coincidence events selected for the ‘Z-scan’ analysis.
Contour (a) corresponds to SFi+F coincidence events, (b) corresponds to
F'+ neutral coincidence, (c) corresponds to F'+ cation coincidence and neutral-
neutral coincidence are marked by contour (d).

Based on this assignment of optically measured positions to their respective times of flight, 3D
velocities of the detected fragments are calculated in the molecular frame of reference. The V,
and V, velocities in the 2D detector plane are calculated for each fragment by dividing fragment
position displacements from the center of mass by the respective TOFs. The respective Vi
dissociation velocities along the TOF axis are calculated by taking into account the fragment

charge over mass ratio, TOF, parent ion velocity and the acceleration of cationic fragments by

the exact position dependent photofragment spectrometer potential calculated using SIMION
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simulation.”® Finally, the center of mass momentum of the correlated fragments for each
fragmentation event is calculated and compared to the parent anion beam momentum spread,
allowing rejection of partial detection or accidental erroneous assignment of times of flight to the
2D positions in the detector plane. Thus, 3D coincidence imaging enables the observed products,
the kinetic energy release, and fragment orientation distributions corresponding to a specific final

channel to be extracted.
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Figure-3: Correlation between the optical signal brightness and electronic signal amplitudes. For
higher signal levels a non-linear correlation can be observed due to the larger spot
size of the 2D position signal (not shown).

In the relatively simple case of SF5+ neutral coincidence, the neutral product assignment as a F
atom is unambiguous. On the other hand, due to the finite MCP detection efficiency, neutral
fragments detected in coincidence with smaller cation fragments could be indeed due to 2-body

fragmentation or due to partially detected 3 body and even 4-body fragmentation channels. For

example, analysis of the center of mass momentum for the correlated F* and neutral fragments
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clearly indicates that these events, marked by the dotted contour (b) in figure-2, cannot be
assigned to the SFs + F' fragmentation channel and must involve higher degree of fragmentation.
It is important to note that even in the simple SFs + F case, coincidence detection is vital for
exclusion of events with higher ionization levels such as SF5 + F* Coulomb explosion channel
that can be expected to exhibit utterly different fragmentation dynamics.*®

RESULTS AND DISCUSSION:
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Figure-4: ‘Z-scan’ analysis shows yield of selected coincidence events as a function of peak
intensity, varied by displacing the laser focal point with linearly polarized laser pulse.
(a) SFi+F coincidence (open circle), (b) F'+ neutral coincidence (full square),
(c) F'+ cation coincidence (open square) and (d) neutral-neutral coincidence event
rates (full circle). Maximal yields for coincidence channels (a-c) are observed at
focal displacements corresponding to 28+6, 37+10 and 54+17 x10" W/ecm? peak
intensities.

Figure-4 presents a “Z-scan” analysis*' of different coincidence event yields as a function of
laser focal point displacement from the anion target and the corresponding peak intensity at the

ion-laser interaction region. For each type of coincidence event, the maximal yield is obtained at
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a “Z” displacement balancing the non-linear dependence of rate on peak intensity and the
vanishing interaction volume approaching the focal point. The corresponding peak intensity is
directly related to the saturation intensity of the specific non-linear process by a geometric factor
of ~3.0, considering a Gaussian beam profile and an a-priori unknown nonlinear intensity
dependence.” Thus, a 9+2x10"* W/cm® saturation intensity is determined for the SFi + F
channel, F* yield in coincidence with neutral products saturates at a comparable 12+4x10"
W/em?® peak intensity and cation-cation coincidence events are found to saturate at 18+6x10"
W/em?. Although the saturation intensities reported here are in agreement with the respective
saturation of the total molecular and atomic singly charged cation yields reported in reference’’,
we note a small systematic correction towards lower intensities. This correction reflects our
ability to resolve coincidence events and not only charge over mass, allowing cation-neutral
events to be disentangled from higher ionization channels which produce cation-cation and

cation-dication coincidences that saturate at higher intensities.
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Figure-5: a) Probability distribution P(V,, V,) of velocity components for the SF;+F
fragmentation channel in the plane perpendicular to the laser polarization; where Vi
derived from TOF information and V, derived from axis parallel to the laser
propagation axis. b) probability distribution P(V), V1) of velocity component parallel
and perpendicular to the axis of laser polarization.
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Figures-5a and 5b show projected 3D dissociation velocity distributions recorded for the SFs +
F final channel events. Figure-5a shows the P(V,,V,) distribution in the plane perpendicular to
the laser polarization. The data shown in figure 5a and 5b are symmetrized with respect to
reflection about both X and Z axes. Although one can expect symmetry under rotation in the XZ
plane, the data is not symmetrized by rotation as Vy is derived from the time of flight
measurement, while V, is derived from the position displacements in the detector plane. The
rather symmetric velocity distribution shown in figure-5a is therefore indicative of a successful
conversion of timing and position data to 3D dissociation velocities in the molecular frame of
reference.

Figure-5b shows the P(V,V1) probability distribution of the velocity component parallel and
perpendicular to the linear laser polarization along the Y-axis. Typical intense field processes
driven with linearly polarized light exhibit high degree of anisotropy, as the angular momentum
of many photons has to be conserved.® *">' Nevertheless, the dissociation velocity distribution is
found to be rather isotropic, with only a small preference to fragmentation parallel to laser

polarization characterized by a low B-parameter of ~0.4+0.2. Isotropic emission may seem

consistent with the high Oy symmetry of neutral SF¢, however, the SF, anion is expected to have
a lower Cy4 symmetry.”> Furthermore, dissociative photoionization of the neutral SF4 using
photon energies up to 28 eV exhibits significantly higher alignment of the SFs fragments
characterized by B-parameter of 1-1.3 with respect the light polarization axis.”® The anisotropic
dissociative ionization was assigned to the 6a;, and 6t;, superexcited SF states that dominate the
SFs photoionization mechanism in the 20-35 eV photon energy range.”* The observed nearly
isotropic emission can be consistent with photoionization at higher photon energies, as photoion

emission anisotropy was reported to gradually vanish between 40 and 100 eV photon energies.™

ACS Paragon Plus Environment
12



Page 13 of 25

O©CoOoO~NOOORWN -

The Journal of Physical Chemistry

On the other hand, the lack of alignment at higher photon energies was attributed to new

54-55 .
It 1s

channels producing isotropic fragmentation, leading also to higher AE fragments.
important to note that delayed fragmentation on the rotational timescale can also lead to loss of
alignment due to molecular rotational depolarization.® However, even ground state
SF, fragmentation is expected to proceed rapidly on the femtosecond timescale.”’ It is therefore

reasonable to assume that the observed angular distribution reflects the dissociation axis angle

with respect to the laser polarization.
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Figure-6: Total Kinetic energy release distribution for the SFs+ F channel.

Three dimensional coincidence imaging data also allows us to derive the total kinetic energy
release in each fragmentation event. Figure-6 shows the measured KER distribution for the SF
+ F final channel. The average KER observed is ~1.3 eV, with 80% of the dissociation events
observed with KER below 2 eV. The remaining 20% of the events exhibit a tail of the KER

distribution towards high KER values up to ~5 eV. Dissociative photoionization of neutral SFg
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typically leads to ~0.12 eV observed for SFs cation products, inferring typical total KER of ~1
eV and up to ~1.5 eV.”* *** Even photoionization with higher energy photons leads to less than
1.5 ¢V KER in the dissociation of SFg.53 The observed high KER events above 1.5 eV in the SF:
+ F dissociative double detachment channel are therefore surprising. High KER events, as those
shown in figure-6, are typically observed in multiple ionization of SF¢ followed by dissociation
of the SF#' dication, e.g. fragmenting into correlated SF: and F* fragments.®* The Coulomb
repulsion of the two cations at close proximity leads to high KER, reaching up to 5.8 eV
observed for the SFg + F' Coulomb explosion following 3t;, inner shell ionization with a 2MeV
ion beam.”” The pure Coulombic energy contribution to the KER scales with one over the initial
cation-cation distance at the instance of double ionization. One can therefore speculate that
Coulomb explosion initiated from SF; would result in lower KER based on the elongation of the
equilibrium S-F bond length from 1.56 A in neutral SF¢to 1.73 A in the anion system.’> ®!
Sanderson et al. observed F' and SF3 products in time of flight mass spectroscopy of neutral SF
molecules ionized by intense laser pulses and tentatively attributed high KER products at peak
intensities above 10'° W/cm® to the formation of multiply ionized SFg+ undergoing coulomb
explosion and low KER fragments at ~4.3x10'* W/em® to dissociative ionization.* However,
with the advent of neutral detection capability and 3D coincidence imaging these competing final
channels are disentangled such that only SFs+ neutral F atom events and no SFs + F* Coulomb
explosion events contribute to the KER distribution shown in figure 6. The observed high KER
events without Coulomb explosion can be explained by dissociation on high-lying Rydberg
(SF)* states, composed of a SFz" dication core leading to a highly repulsive potential and a
loosely bound Rydberg electron.® ** Such Rydberg state mechanism was previously proposed

for explaining high KER neutral fragment production in intense field dissociation of the D3
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molecular cation by Frustrated tunnel ionization (FTI) .°*®® FTI leading to producing high lying
Rydberg states, was also reported for intense field interaction with neutral atomic systems,

leading even to an observable deflection of neutral atoms by the intense laser field.**
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Figure-7: Ellipticity scan profile corresponding to (a) SFs+ F coincidence (open circle), (b)
F'+ neutral coincidence (full square), (c) F'+ cation coincidence (open circle) events.

Previous work on neutral and cationic systems propose a rescattering based FTI
mechanism.”®> On the other hand, figure-7 shows the channel-specific coincidence event yields
weak dependence on the laser polarization ellipticity. These channel-specific data confirm the
conclusion reached based on the integrated measurement in reference™ namely that the dominant
double detachment mechanism observed here is inconsistent with a semi-classical rescattering
mechanism which is critically quenched by ellipticity.'*"* Similarly, the non-sequential nature of
the double detachment process is confirmed for the channel-specific yields that are observed to
be suppressed by pre-pulses compared to post-pulses, respectively introduced by negative and

positive third order dispersion (TOD) pulse shaping.*® It was recently demonstrated that elliptical
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HHG in molecular systems using elliptical pulses can be observed via favorable resonances of

the neutral system, beyond the simple rescattering picture.®>%®

Therefore, although inconsistent
with a typical response of rescattering mechanism to polarization ellipticity we propose that the
non-sequential nature of SF¢ double detachment could support frustrated ionization, producing

highly repulsive Rydberg states leading to SF3 + F channel.

CONCLUSION:

The combined evidence of high KER events characteristic of SFZ" coulomb explosion and
nearly isotropic dissociation indicate that even the lowest double detachment channel is reached
via highly excited SF; cation states rather than the shape resonance states that dominate the

photoionization threshold of SF¢.> The high KER, characteristic of Coulomb explosion of a

SF%Jr dication, suggests involvement of (SFg)* Rydberg states with a SF%+ dication core and a
Rydberg electron, similar to high lying Rydberg states observed in FTI of neutral and cationic
systems.®®* Such high excitation in the double detachment process can explain the efficient
production of all possible cation fragments at equivalent laser peak intensities. For example, the
rapid dissociation on the high-lying state can asymptotically lead the Rydberg electron either to
the F* atom or to the SFs. Thus, accounting also for the unexpected equivalently efficient
production of F" and SFs', observed for peak intensities near the double detachment threshold
despite the ~23 eV AE difference of the molecular and atomic cation fragments. Subsequent
fragmentation of the excited SFs neutral product would be in agreement with our observation
that neutrals detected in coincidence with F' are inconsistent with SFs, based on center of mass
momentum conservation. Further theoretical work is needed to explain how the highly
dissociative states are formed in the non-sequential and double detachment of molecular anions

such as SFg.
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