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ABSTRACT

The competition of intense-field multiple-detachment with efficient photodissociation of
F> is studied as a function of laser peak intensity. The main product channels are disentangled
and characterized by 3D coincidence fragment imaging. The presented Kinetic energy release
spectra, angular distributions as well as two color pump-probe measurements allow identification
of competing sequential and non-sequential mechanisms. Dissociative detachment, producing
two neutral atoms (F + F) is found to be dominated by a sequential mechanism of
photodissociation (F + F) followed by detachment of the atomic anion fragment. In contrast,
dissociative ionization (F + F") shows competing contributions of both a sequential two-step
mechanism as well as a non-sequential double-detachment of the molecular anion, which are
distinguished by the Kkinetic energy released in the dissociation. Triple-detachment is found to be
non-sequential in nature and results in Coulomb explosion (F*+F"). Furthermore, the measured
kinetic energy release for dissociation on the 2%4" state provides a direct measurement of the F2~

dissociation energy, Do = 1.26+0.03 eV.
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INTRODUCTION:

Intense laser pulse interactions with atomic and molecular anions are intrinsically different
from interactions with overall neutral or positively charged systems.'™ For neutral systems,
intuitive mechanisms such as tunnel ionization and rescattering can often provide a qualitative,
as well as quantitative, description for intense-field processes including above threshold
ionization, double ionization and high order harmonic generation (HHG).5*3 In contrast, far less
is known about intense-field interactions with anionic systems. Non-sequential as well as
rescattering processes were considered to explain the experimentally measured high-energy
photoelectron spectra emerging from intense-field interaction with atomic anions.'**” While
sequential double-detachment was proposed by Bergues and Kiyan to account for measured
photoelectron spectra with 100 fs pulses,'® experiments with shorter laser pulses were shown to
exhibit dominant non-sequential mechanisms.?® Tentative initial assignment of a rescattering
mechanism to the non-sequential double-detachment of atomic F was proposed by Pedregosa-
Gutierrez et al.?2 Double-detachment of several molecular and cluster anion systems was found to
be enhanced compared to atomic F~ system.!® Nevertheless, studies as a function of polarization
ellipticity for the atomic F  as well as for several molecular and cluster anions were found to be
not consistent with semiclassical rescattering dynamics.>*?! Furthermore, Kandhasamy et al.
proposed dissociation on highly excited (SFe")* states with a dication core and a Rydberg
electron to account for the observed SFs™ + F events with high kinetic energy release (KER),
produced by intense-field interaction with the molecular SFs~ anion.? In the absence of a
successful theoretical picture for intense-field interactions with anionic systems, it is important to

experimentally examine the nature of intense-field multiple detachment of molecular anions.



In particular, it is appealing to explore the
competition of photodissociation  with
multiple-detachment.  Diatomic  halogen
anions exhibit low lying dissociative states
that are accessible in the near-IR and can
directly compete with the non-linear
photodetachment process.?>?° The 3.08 eV
detachment energy and even higher vertical
detachment of F,  make it a natural candidate
for intense-field studies.?*%® Indeed, Kiyan
and co-workers interpreted F>  photoelectron
spectrum measurements with intense 130 fs
laser pulses as a combination of direct
photodetachment and a sequential mechanism
of photodissociation followed by
photodetachment of the atomic product.?’
Interestingly, as opposed to diatomic halogen
anions such as I, for which photodissociation

was  extensively  studied, 2?30  Jess
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Figure 1: Potential energy curves of relevant F2 systems. (a)
The dark lines show the F2~ 2Z,* ground state and relevant I,
M1y and 2Zg4* dissociative states. Grey lines (red color online)
show neutral F2 states converging to the F + F limit.3! (b) The
full dark lines indicate the cationic F2* potentials, while the
dashed line (red online) indicates the estimated ion-pair curve
leading to correlated F* and F~ products.® (c) The full line (red
online) represents a Coulomb repulsion potential converging to
the F* + F* limit, located ~39.5 eV above the anion ground
state.® The dashed dark curve represents a high lying F2**
Rydberg state that in the short range mimics the Columbic
repulsion of dicationic F2** core to an asymptotic F* + F* limit.

experimental data are available for the F2~ photodissociation. Consequently, the dissociative 2IT,

’T1,, and 2Z4" states of F2~ were explored mainly through their role as resonances in dissociative

attachment process.?*3'3% Figure 1a shows the relevant potential curves of the F,~ and F»

systems.3! Considering the ~1.55eV photon energy at the 800 nm wavelength, one can expect a



perpendicular photodissociation transition from the 2,* ground state to the %I, first excited state
of F,. One photon transition to the 21 state is forbidden by symmetry, but could be excited by
a two-photon process. In comparison, vertical detachment of the F>  ground state would require
absorption of 3 photons, which provide sufficient energy to dissociate the neutral product. The
potential curves for the F>" cation states are represented by the full lines in figure 1b, showing
that ionization by removal of an additional electron would require a total of ~18eV,%
corresponding to ~12 photons at 800 nm. Finally, the full line in figure 1c shows a Coulomb
repulsion curve that dissociates into two correlated atomic cations (F* + F*), indicating that
removal of a third electron from the F>  system requires over ~45 eV.

In this paper we use 3D coincidence imaging of the correlated atomic fragments from a single
F> molecule at a time, to disentangle the competing dissociation, detachment and ionization
processes. KER spectra and angular fragment distributions as well as time resolved 2-color
pump-probe measurements are presented, describing the competing sequential and non-

sequential mechanisms of intense laser pulse interaction with the molecular F> anion.

EXPERIMENTAL SETUP:

The experimental apparatus was previously described in detail.>1%237 Briefly, cold anions are
produced by a 200 eV pulsed electron gun in a supersonic expansion of argon carrier gas, seeded
with ~2% NFs precursor gas sample at a total pressure of ~14 atm. Atomic F and molecular F2
species are produced by dissociative electron attachment to the NFs precursor.®3° After the
expansion, the cold ions are accelerated up to Eo ~2.36 keV kinetic energy in a pulsed
Wiley—McLaren time-of-flight mass-spectrometer®® that allows selecting ions with specific

charge over mass ratio at the entrance to the photofragment spectrometer shown schematically in



Figure 2. Figure 2 inset shows a typical time
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Figure 2: Schematic representation of experimental setup. Mass

selected F2 ions interact with a focused intense fs laser pulse at
spectrometer. lons that are allowed to pass the photofragment spectrometer ion-laser interaction region. The
fragments are mass resolved by the Us photofragment
spectrometer potential and detected in coincidence on a time and
position sensitive detector located downstream of the
photofragment spectrometer. Inset shows TOF spectrum

spectrometer are further accelerated by the resolving F2" and the adjacent ' +H20.

the mass gate deflector at the entrance of the

spectrometer potential (Usp ~0.6 kV) 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 laser.*! Two color ~35 fs pulses are implemented for the experiments presented here: an
intense (~5 mJ) 800 nm pulse and a weaker (~100 pJ) 400 nm pulse prepared by doubling in a
BBO crystal. The two colors are collinearly combined with a dichroic mirror at a computer
controlled relative time delay. The dependence of different processes on the laser peak intensity
is examined using only the intense 800 nm pulse and systematic displacement of a 250 mm focal
length lens,®’ reaching up to ~10% W/cm? at the focal spot. The response of the F,~ anion to the
increasing peak intensity is directly compared to the previously studied atomic F~ species,'® by
continuously alternating between the two species that are formed in the ion source, while
maintaining the same laser conditions.

As 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 Eo+Usp 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, Usp. Cationic products are accelerated, reaching
the detector first, followed by neutral products of laser-ion interaction. Anion products are
decelerated, thus separating the parent anions form negatively charged fragments that arrive last
to the detector. In this way, all possible products including anionic F , neutral F and cationic F*
species can be detected in coincidence.

For each laser pulse, the time and position of the correlated fragment hits on the MCP detector
surface are acquired. 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 all the anionic, cationic and neutral products. Fast peak-
finding routines are implemented to extract the TOFs and pulse amplitudes from the electronic
signal as well as the 2D positions and brightness of the coincident optical signals. The optical
and electronic signals are correlated based on their respective peak brightness and
amplitude.?®#243 Thus, 3D velocities of the detected fragments are calculated in the molecular
frame of reference, taking into account for each fragment the charge over mass, TOF and
spectrometer potentials as obtained from detailed SIMION simulations of the experimental
setup.24 Furthermore, only true coincidence events are selected based on the calculated center
of mass momentum of the parent molecule.

Figure 3 shows a typical photofragment TOF coincidence map, allowing clear identification of
fragmentation events as specific final channels. Photodissociation into correlated F + F products
are marked by the dotted contour (a), with the neutral F arriving before the parent ion TOF,

while the decelerated anionic fragment arrives at a clearly resolved time delay. Contour (b)



indicates the dissociative detachment
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pair of dashed diagonal lines indicates the Figure 3: Photofragment TOF coincidence map. The map is
symmetrized under exchange of fragment order. Contour (a)

. .. . . marks correlated F~ + F events, contour (b) marks F + F, (c)
effective minimal 24ns time gap that iS ingicates double detachment F + F* events, and (d) marks F* + F*

Coulomb explosion events. The shaded area (e) corresponds to
presently necessary for detection of two the TOF of parent F2 . Contour (f) indicates the calculated TOF

region for a possible F~ + F* ion pair channel.
clearly separated hits. Contour (f) indicates the expected location of the F~ + F* ion-pair channel
that is a significant ionization mechanism for neutral F,.3%%° However, the few events

corresponding to F~ + F" shown here can be attributed to a random coincidence background

based on systematic center of mass momentum analysis.

RESULTS AND DISCUSSION:

Figure 4a shows the dependence of the different product yields on the laser peak intensity that
is varied by changing “z”, the displacement of the laser focal point from the F>™ anion target. The
peak laser intensity in the laser-ion interaction region corresponding to different z-scan steps
reaches a maximum of ~10'® W/cm? at z = 0 and decreases with increasing z. Due to the
decreasing interaction volume with increasing intensity, non-linear processes exhibit maximal

yields at specific “zmax” positions.>” The peak laser intensity at the zmax position can be directly



related, by a geometric factor of ~3, to the peak intensity ( x10'5 Wicm? )
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contrast, the non-linear dissociative detachment
(F + F), represented by full squares in figure 4a, °
exhibits maximal yield at z ~ 12 mm. The yield of %
rare multiple-detachment events are multiplied by 60|
20 for comparison, empty circles representing the ‘2 “
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observed trend is in accord with higher saturation F*) dissociative ionization yield x20, and (F* + F*)
Coulomb explosion yield x20. Panel (b) shows the

. ... simultaneously  measured yields of intense-field
intensities expected for the removal of each jneraction with atomic F: photodetachment yield of

neutral F (x /s0) and double-detachment producing F*.
additional electron. By performing alternating
measurements with the molecular F>  and atomic F samples, while maintaining the same laser
conditions, we can directly compare the intensity dependence of atomic and molecular intense-

field detachment mechanisms on a relative scale. Neutral F yields from an atomic F target,

shown by the full squares in figure 4b, is saturated at peak intensities below 4-10% W/cm? at



focal displacements beyond 14mm. Double-detachment of the atomic F anion to produce F" is
represented by empty circles and exhibits maximal yield at zmax ~ 4mm. As lower "z" positions
that are closer to the laser focal point correspond to higher peak intensities, the observed z-scan
dependencies are in agreement with previously reported enhancement of double- and multiple-
detachment mechanisms in molecular compared with atomic systems.*® In particular, one can
compare the F double-detachment dependence on peak intensity presented in figure 4b to the
triple-detachment of the molecule resulting in F* + F* in figure 4a, which displays a similar
intensity dependence in spite of a significantly higher energy threshold. This in agreement with a
similar trend reported for molecular SFs and F -(NFs)n cluster anions.’®?' Nevertheless,
photodissociation is the predominant process in F2~, as can be expected from the favorable

energetics that require only one 800 nm photon.
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Figure 5: Dissociation velocity probability distribution for the F~ + F channel, in parallel
and perpendicular to the laser polarization. (a) photodissociation with intense 800 nm
pulses, (b) low intensity 400 nm and (c) with both 800 and 400 nm.
By disentangling the different final channels on an event-by-event basis, we measure the KER
and angular distributions with respect to the laser polarization axis separately for each
dissociative channel. Figure 5a shows the F + F photodissociation probability distribution

P(V,V1) of the velocity component parallel and perpendicular to the intense 800 nm linear laser

polarization. High KER events with dissociation velocities of ~6 mm/us, corresponding



energetically to two-photon absorption, can be observed to dissociate along the laser
polarization. The majority of events contribute to a more isotropic distribution at low KER with
velocities around 3 mm/us. The spread of dissociation velocities as well as the non-trivial
angular distribution indicate the contribution of non-linear photodissociation mechanisms also to
low KER events. In comparison, Figure 5b shows the F + F velocity distribution recorded with
low field 400 nm photodissociation. These higher velocity events correspond to dissociation on
the 224" leading asymptotically to the F~ ground state and a F* state, which is excited by a 50
meV spin-orbin splitting relative to the F ground state.*® The alignment of the dissociation axis
angle 0 with respect to the laser polarization is characterized by an average <cos?0>= 0.6 + 0.03,
in agreement with the expected parallel transition and a cos? angular distribution.*”*8 Figure 5¢
shows the F + F velocity distribution recorded with both 400nm and 800nm pulses interacting
with the molecular ions, demonstrating that the photodissociation on the 2%4" and the 2I1, are
clearly resolved both by their angular distribution and KER.

Figure 6a shows the 3D KER distribution for F + F dissociation corresponding to the velocity
distribution is shown in Figure 5c. The two distinct low and high KER peaks correspond
respectively to photodissociation by the intense 800 nm pulse, and photodissociation on the 2%4*
state, excited by 400 nm photons. The center of the high KER peak is fitted with a Gaussian
shape centered at 1.79 eV shown by the full line (red color online). By energy conservation, the
ground state dissociation energy Do is derived by subtracting the measured KER and the internal
product energy from the 400 nm photon energy. Taking into account the 50 meV spin-orbit

excitation of the 2X4* dissociation F* product, we obtain Do= 1.26 + 0.03 eV.
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Photodissociation on the Il curve, following
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The orientation of photodissociation events with ;o e 6. KER spectra of the (a) F- + F photodissociation

with both 800 nm and 400 nm pulses, with the full line
KER < 0.4 eV is characterized by an average (red online) representing the fitted 25" dissociation

component with KER centered around 1.79 eV. (b) F + F
<c0s20> = 0.32. In contrast, blue shifted KER intense-field dissociative detachment, (c) F + F*
dissociative ionization and (d) F* + F* Coulomb
explosion channel. In the inset of panel (b): the bar plot
shows the F + F KER spectrum with the intense 800 nm
pulse arriving at negative time delays relative to the 400
exhibit a <cos?0> = 0.54. Thus, taking int0  nm pulse. The dashed dark line and the full line (red

online) show the difference KER spectra measured for

account the finite experimental energy positive time delays and for time overlapping two colors
respectively.

resolution, the observed velocity distribution can be consistent with a combination of the

events, in the range of 0.65 < KER < 1.15 eV

expected perpendicular transition and a higher KER contribution preferentially aligned parallel
to the laser polarization, possibly due to the strong laser fields even at moderate focusing of the

800 nm pulse.
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The KER spectrum corresponding to the F + F dissociative detachment channel is shown in
Figure 6b. The low KER peak, associated with one 800nm photon dissociation energy, supports
a sequential two-step mechanism of photodissociation at relatively low field intensities during
the rising edge of the ultrafast pulse, followed by detachment of the atomic anion in the peak of
the intense pulse. Due to the finite detection dead time between simultaneous hits, the exact
angular distribution of the F + F is not presented. Nevertheless, a significant yield of two neutral
fragments emitted perpendicular to the laser polarization is in agreement with the proposed
sequential mechanism. Such a sequential mechanism can be confirmed by time resolved two
color pump-probe experiments, taking advantage of the clearly resolved high KER peak

corresponding to 400 nm photodissociation on the 22; state. The inset of figure 6b shows the

dissociative detachment KER spectrum dependence on the time delay of the intense 800 nm
pulse with respect to the 400 nm pulse. At negative time delays, the KER spectrum represented
by empty bars is essentially identical to the 800 nm only spectrum as the weaker 400 nm pulse
alone does not produce pairs of correlated neutral products. The dashed and full lines show the
difference KER spectra that are obtained by

subtracting the negative time KER spectrum from ~ "*°| )

the spectra measured respectively with positive 100 |

counts / hour

time delay and with time overlapping pump-

probe pulses. The difference KER spectrum of

overlapping 800nm and 400nm pulses exhibits an 800 200 100 O 100 200 3500 400

t800 B t400

enhancement of the blue shifted edge of the low Figure 7: Time resolved rise of the high KER peak in the F + F
coincidence channel, corresponding to photodissociation by a

KER peak. At positive time delays a new high 400 nm photon on the 2Z4* state followed by detachment of the
F~ product by a time delayed intense 800nm pulse. The

fluctuations around the fitted curve are within the statistical

KER peak appears at the expense of the low KER errorbars.
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events. The emerging high KER peak is in agreement with the proposed sequential mechanism
of photodissociation on the 22; state releasing ~1.79 eV and a subsequent detachment of the F
product by the intense 800 nm pulse. Figure 7 shows the time resolved onset of the high KER
peak that is limited by the cross correlation of the ~35 fs pump and probe pulses, in agreement
with a prompt dissociation on the 22; curve. Thus, photodissociation can be completed within
the duration of the intense 35 fs pulse, facilitating a sequential mechanism of early

photodissociation followed by detachment of the atomic anion.

The removal of a second electron from the peak intensity ( x10"® W/em? )
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dissociative detachment, the spectrum is dominated 0 s 4 s T o2 o9

focal displacement (mm)
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Figure 8: Partial yields of the low KER (full dots) and high

. . Lo KER (empty circles) dissociative ionization (F + F*) events
mechanism of photo-dissociation followed by as a function of laser peak intensity, varied by

displacement from the focal point.
double-detachment of the atomic F product within

the same laser pulse. However, a significant contribution of non-sequential double-detachment of
undissociated F» is indicated by the presence of relatively high KER events in the range
between 2 to 5 eV. Figure 8 shows the partial yields of low and high KER components as a

function of laser peak intensity, showing how at peak intensities above 2-10 W/cm? a non-

sequential double-detachment, distinguished by high KER, competes with the step-wise
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mechanism contributing to low KER only. A similar high KER tail in dissociative ionization was
also reported for intense-field double-detachment of the SFs molecular anion.?° Kandhasamy et
al. proposed that the high KER tail results from frustrated ionization,?® producing highly
repulsive Rydberg states. The dication core of such a state results in high KER similar to a
Coulomb explosion, albeit with only one ionic product.*® The dashed line in Figure 1c illustrates
a repulsive curve of a F2" Rydberg state, one of an infinite number of such states that converge to
the dication limit. Although multiple detachment of SFs  was shown to produce correlated cation
products, it was found to be accompanied by complete disintegration of the molecule that
prevented reliable analysis of Coulomb explosion events. Figure 6d shows the KER spectrum of
correlated F* + F* products of intense-field interaction with the diatomic F2~. As opposed to all
other channels, F* + F* KER spectrum excludes contribution of a sequential mechanism that
would be branded by the low KER in the photodissociation stage. On one hand, a purely
Coulombic explosion of two charges initiated from the 1.88 A equilibrium F,~ bond length can
release 7.66 eV. On the other hand, considering the remaining valence electrons of the F,?*
dication one can expect screening of the pure Coulomb repulsion and a correspondingly lower
KER. Lower KER could also stem from bond elongation during the interaction with the intense
laser pulse.®® The high KER in the 4-8 eV range is therefore in agreement with a non-sequential
mechanism that involves multiple detachment of the F>  and a dissociation on a highly repulsive

Coulomb potential as illustrated in Figure 1c.
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CONCLUSIONS:

Four competing processes are observed in intense fs laser pulse interaction with the molecular
F.~ anion. F + F photodissociation channel shows a combination of a linear transition to the 2I1q
state, occurring preferentially for F2 molecules aligned perpendicularly to the 800 nm laser
polarization, as well as a non-linear contribution leading to a higher KER parallel to the laser
polarization. With increasing laser peak intensity, F + F products of detachment exhibit a similar
KER structure assigned to photodetachment of atomic anions produced by early
photodissociation within the same pulse. A sequential mechanism is supported also by two color

pump-probe measurements that allow clear identification of prompt dissociation on the 22;

curve by the low field 400 nm pulse, followed by detachment of the atomic anion intermediate.
The KER measured for low field photodissociation with 400 nm photons allows direct
experimental determination of the F> ground state dissociation energy Do=1.26+0.03 eV, in
rough agreement with the ~1.31 eV estimates based on indirect measurements,?* and within the
errorbars of the 1.21+0.07 eV threshold energy of collision induced dissociation.®® The
calculated ab-initio values found in the literature for the ground state dissociation energy are in
the 1.19eV -1.4eV range 3% also in rough agreement with the direct experimental
measurement presented here. At peak intensities on the order of 10 W/cm?, ionization
producing F + F* exhibits competition between sequential and non-sequential mechanisms
reflected in the measured KER spectra as a function of peak intensity. At comparable peak
intensities above 10 W/cm?, Coulomb explosion events with characteristically high KER in the
4-8 eV range exhibit a strictly non-sequential nature. The missing sequential contribution in spite
of saturated photodissociation supports a significant enhancement of multiple detachment of the

undissociated molecular anion system compared with ionization of the atomic neutral F products

15



of photodissociation. Moreover, the range of high KER observed in the F + F* channel,
extending to the KER observed in Coulomb explosion events is in agreement with a mechanism
involving highly repulsive Rydberg states with a dication core proposed by Kandhasamy et al.?°
Further theoretical work is needed to explain the efficient non-sequential multiple-detachment
mechanism, which is now experimentally characterized for the relatively simple diatomic F2~

anion.
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