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Double photodetachment of the cluster F‾·H2O in a strong laser field is explored in 

a combined experimental-theoretical study.  Products are observed experimentally 

by coincidence photofragment imaging following double ionization by intense laser 

pulses.  Theoretically, equation of motion coupled cluster calculations (EOM-CC), 

suitable for modeling strong correlation effects in the electronic wavefunction, shed 

light on the Franck-Condon region and ab initio molecular dynamics (AIMD) 

simulations also performed using EOM-CC methods reveal the fragmentation 

dynamics in time on the lowest lying singlet and triplet states of [F·H2O]
+
. The 

simulations show the formation of H2O
+
 + F, which is the predominant 

experimentally observed product channel. Suggestions are proposed for the 

formation mechanisms of the minor products, e.g. the very interesting H2F
+
, which 

involves significant geometrical rearrangement. Analysis of the results suggests 

interesting future directions for the exploration of photodetachment of anionic 

clusters in an intense laser field. 
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Photodetachment and photoionization are fundamental processes following the 

interaction of light with isolated atomic, molecular and cluster systems.  When 

these processes occur as a result of intense femtosecond laser pulses, they exhibit a 

broad range of non-linear phenomena including high harmonic generation and 

enhanced double ionization.
1–5

 Both processes are successfully described by a 

tunnel-ionized electron, driven by a strong laser field, recolliding with its parent 

system.
3
 This semiclassical picture dominates intense laser pulse interactions with 

neutral systems, offering an intuitive view of attosecond science.
6
 Furthermore, the 

excess energy deposited by the intense laser pulse can result in surprising 

photochemistry.
7,8 

Anionic systems can be expected to exhibit new and less understood mechanisms 

of intense field interaction with matter.
9–13

 Sequential photodetachment of two 

electrons from an isolated anion by two separate laser pulses has been used to study 

dynamics on intermediate neutral species.
14,15

 In contrast, intense-laser experiments 

performed on atomic, molecular and cluster anions have revealed efficient non-

sequential detachment of multiple electrons,
13,16,17

 which cannot be described by the 

recollision dynamics that successfully model the analogous double-ionization of 

neutral species. These molecular and cluster systems exhibit significant 

fragmentation of the cationic products of double detachment. Even for systems with 

a stable cation, intense-laser double-detachment led to dissociative ionization.
18,19 

For tightly bound molecular anionic systems such as F2‾ and SF6‾, the surprisingly 

high kinetic energy release (KER) measured between the fragments was attributed 

to excitation to high lying states composed of a strongly repulsive dication core and 

a Rydberg electron.
18,19

 Excitation away from equilibrium as a result of strong laser 

pulses leads one to imagine substantial structural rearrangement, leading to 



formation of new chemical bonds.  F‾·(NF3)n clusters, bound by relatively weak 

electrostatic interaction, were shown to exhibit intense laser double detachment 

without significant geometrical rearrangement.
16

 Nevertheless, it is appealing to 

study multiple detachment of hydrogen-bonded F‾·(H2O)n clusters,
20 

because new 

bond formation is more likely for systems with stronger non-covalent interactions. 

Furthermore, roaming hydrogen dynamics can be expected to enrich the range of 

possible structural rearrangement and formation of new bonds.
21–25

 

Reactivity of such water-solvated halides has been extensively studied.
20,26

 

Thermal reactions of F
+
 and H2O in bulk water were shown to yield the HF

+
 

reactive product along with the dominant charge transfer product H2O
+
 and its 

fragments.
27,28

 In the simplest anionic Fˉ·H2O cluster the hydrogen bond is 

particularly strong, with a 1.35 Å F-H bond length.
29

 Photodetachment launches a 

wavepacket near the transition state of the neutral F + H2O → HF + OH reaction.
30–

34
 Photoelectron-photofragment coincidence measurements established the role of 

several electronic states participating in dissociation to produce either F + H2O or 

hydrogen abstraction to form HF + OH.
32,35

 In this work we present a joint 

experimental and theoretical exploration of intense laser double-detachment of 

F‾·H2O, generating cationic species including H2F
+
: a product requiring significant 

structural rearrangement from its parent anion geometry, which was not reported on 

the neutral reactive surface.   

Our fast beam fragment imaging spectrometer allows simultaneous detection of 

possible anionic, cationic, as well as neutral fragments resulting from interaction of 

ultrafast intense laser pulses with mass selected anion systems.
36

 Three-dimensional 

coincidence imaging of laser-anion interaction products allows us to disentangle the 

different fragmentation channels.
18,19

 Figure 1 shows coincidence map analysis of 



correlated fragments of the F‾·H2O complex allowing assignment of the observed 

dissociation events based on each fragment’s time of flight (TOF). Contour "a" 

indicates two correlated fragments corresponding to two neutral dissociative 

detachment products. Contour "b" marks events of correlated neutral and cationic 

fragments, corresponding to dissociative ionization following double detachment. 

Contours "c" and "d" indicate Coulomb explosion channels, where the latter 

includes the O
2+

 dication. We did not detect any significant yields of anionic 

fragments.  Furthermore, within experimental sensitivity, intense-field double-

detachment of the F‾∙H2O did not produce the stable [F·H2O]
+
 parent cation. 

Figure 1 inset shows the dependence of different channel yields on laser peak 

intensity. The measurement is performed by systematic displacement of the laser 

focal point from the anion target, referred to as "z-scan" analysis.
37

 As can be 

expected, ionization channels associated with greater number of detached electrons 

exhibit higher saturation intensities, as indicated by maximal yields reached at 

higher laser intensities and lower z-displacements from the laser focal point. 

Dissociative detachment yields decrease monotonically with diminishing z-

displacement, indicating saturation below 10
14

 W/cm
2
. On the other extreme, the 

O
2+

 dication channel does not saturate and reaches its maximal yield near the focal 

point corresponding to 3∙10
15

 W/cm
2
. However, Coulomb explosion involving only 

singly ionized products exhibits maximal yield at Imax~8±4∙10
14

 W/cm
2
. Double 

detachment followed by dissociative ionization saturates at lower intensities with a 

maximum at Imax~ 2±0.5∙10
14

 W/cm
2
. The corresponding saturation intensities, 

which for Gaussian laser pulses are related to Imax by a geometric factor of ~3,
37

 are 

similar to those previously reported for enhanced non-sequential double detachment 

of other molecular and cluster anions.
16–19

 



   

Figure 1: Coincidence plot of (a) single-detachment, (b) double-detachment and 

(c-d) Coulomb explosion channels. Inset shows yields as a function of laser peak 

intensity and corresponding displacement, z, from the laser focal point. 

Figure 2 shows the measured cation TOF distribution, detected in coincidence 

with a neutral product. The kinetic energy released upon dissociation leads to recoil 

along the TOF axis, resulting in overlap of neighboring cation masses, making 

individual event assignment unfeasible. Nevertheless, as shown in Figure 2, it is 

possible to deconvolute the contributions of different channels by fitting the 

measured TOF distribution with simulated dissociative ionization distributions.
36

 

Independent proton and neutral hydrogen products could not be detected in these 

experiments due to their low lab-frame momenta.  In contrast to the reactive HF + 

OH products observed for single photodetachment, the major channel of 

dissociative ionization is H2O
+
 + F that requires no structural rearrangement beyond 

H-F bond dissociation. The OH
+
 and O

+
 fragments of H2O are also detected. 

Interestingly, within the experimental error limit, we did not observe the expected 

F
+
 product throughout the explored intensity range. Furthermore, contributions from 

the more surprising and interesting products, HF
+
 and H2F

+
, had to be included to 

successfully fit the experimentally measured data. The HF
+
 product can in principle 



be formed via proton transfer from the parent H2O moiety to the fluorine. However, 

formation of the H2F
+
 must involve more significant hydrogen motion dynamics on 

the cation potential surface. This mechanism is possibly due to rearrangement from 

the FC geometry towards the [HFH-O]
+
 local minimum calculated by Luna et.al. on 

the cationic potential surface.
28

 Figure 2 inset shows the cation branching ratio as a 

function of laser peak intensity for the dominant H2O
+
 cation, the collective yield of 

OH
+
 and O

+
 fragments, and the sum of the reactive channels forming HF

+ 
or H2F

+
. 

While the measured branching ratios remain nearly constant throughout the 0.1-3 

PW/cm
2
 peak intensity range, the linear fit helps guide the eye to reveal a 

systematic increase in OH
+
 and O

+
 yields with increasing peak intensity, at the 

expense of the water cation, reflecting increased fragmentation of the H2O moiety at 

high peak intensities. 

 

Figure 2: TOF spectrum of double detachment products: cations recorded in 

coincidence with a neutral product. Solid lines show the simulated yields of 

different channels and their fitted intensities that reconstruct the experimental data 

points (open circles) with the dotted line. The figure inset shows the branching 

ratios as a function of peak intensity (or z-position).  

 



From a theoretical standpoint, there are numerous difficulties in the exact 

description of F‾·H2O double photodetachment by an intense laser field. Our goal is 

therefore to determine if the experimentally observed products can be formed on the 

cationic [F·H2O]
+
 complex and its excited states. This requires a detailed 

understanding of the Franck-Condon (FC) region and its connection to 

fragmentation pathways. Furthermore, possible multi-dimensional paths towards the 

surprising H2F
+
 product will be explored by high level AIMD simulations.  

 

Figure 3: Potential energy curves calculated at the EOM-CCSD(dT)/cc-pVTZ 

level of theory along both the H-F and O-H bond length coordinates are presented, 

extending from the FC geometry.   

Figure 3 shows the potentials of the [F∙H2O]
+ 

system along two reaction 

coordinates, calculated relative to UFC, the cation ground state potential at the FC 

geometry. Both plots extend from the center, corresponding to the FC geometry. On 

the left-hand side, the energies are shown along the H-F distance coordinate 

corresponding to separation of H2O and F fragments, keeping all other coordinates 

fixed and thus unrelaxed. The lowest-lying curves are of the nearly degenerate 

singlet and triplet ground states. These lowest-lying curves asymptotically converge 

just above 0 eV to form H2O
+
 + F products, indicating that this is a probable 



dissociation channel, as the unrelaxed separated fragments in the plots are expected 

to be higher in energy than their relaxed counterparts. Indeed, as summarized in 

table 1, the relaxed H2O
+
 + F product channel energy lies at -0.34eV below UFC, the 

ground state energy at the FC geometry. This is in qualitative agreement with the 

~0.2 ± 0.13 eV KER used to successfully simulate the measured cation-neutral 

coincidence spectra. The analogous infinitely separated relaxed H2O + F
+
 product 

channel is calculated to be much higher in energy, at +4.41eV above UFC, in 

agreement with the experimental finding of negligible F
+
 yield. On the right side of 

figure 3, the energies are shown along the coordinate corresponding to separation of 

OH and HF fragments along the O-H distance, keeping all other coordinates fixed. 

As opposed to the neutral potential surface,
38,39

 all the cation curves rise rapidly 

with the lowest curve. However, the energies of the relaxed product channels, 

which are summarized in table 1, demonstrate that concerted O-H separation and 

relaxation of the remaining HF and OH bonds make the OH
+
 + HF channel 

energetically favored at -0.61 eV below UFC. When comparing formation of OH
+
 + 

HF vs. HF
+
 + OH, the relaxed dissociation limits of -0.61 eV vs. 2.44 eV agree with 

the experimental contributions of ~36% and ~5%, respectively.  Table 1 shows also 

the relaxed energetic limits of channels that require significant structural 

rearrangement. As neutral H2F is unstable relative to its fragments, the relaxed limit 

corresponding to the O
+
 cation is a three-body fragmentation channel, requiring 

excitation of over +4.42 eV above UFC. In contrast, the surprising H2F
+
 product is in 

fact the most energetically favorable channel at -0.74eV below the UFC potential. 

  



Table 1: Relative energies of the relaxed product states of [F∙H2O]
+
 at CCSD(T)/cc-

PVTZ level of theory.  

U – UFC (eV) Products 

-0.74 H2F+ + O 

-0.61 OH+ + HF 

-0.34 H2O+ + F 

2.44 HF+ + OH 

4.41 F+ + H2O 

4.42 O+ + H + HF 

 
Although the relaxed asymptotic energies and energy curves along candidate 

dissociation coordinates provide valuable insights about the observed product 

branching ratios, it is imperative to evaluate the role of dynamics. The experimental 

branching ratios favor the H2O
+
 cation, formed without structural rearrangement, 

over the energetically favorable OH
+
 and H2F

+
, which do require structural 

rearrangement and formation of new bonds. Roaming hydrogen dynamics are 

ubiquitously found in dissociative photoionization, resulting in structural 

rearrangement.
25

 Here, H2F
+
 formation requires an intricate migration of both 

hydrogen atoms within the ionized cluster, from their parent water moiety to the F 

atom. To further explore possible geometrical rearrangement of the system, AIMD 

simulations were performed on the ground state singlet and triplet cation surfaces 

using equation of motion coupled cluster theory with single and double excitations 

(EOM-CCSD).
40–43

 EOM-CCSD is a highly correlated electronic structure method 

suitable for the dense electronic states in the cation complex.
44

 Only one trajectory, 

run on the singlet surface, did not result in dissociation within the 2 ps simulation 

time, which agrees with the experimental finding that intact [F∙H2O]
+
 is not 

detected. All the other 39 singlet and 40 triplet trajectories resulted in prompt 



dissociation into H2O
+
 + F. Analysis of the simulated trajectories indicates ultrafast 

dissociation of the H-F bond. The dissociation begins either at the instance of 

ionization or at a delay of 7-14 fs in which the H-F bond completes a half-

oscillation. Surprisingly, the energetically favored H2F
+
 and OH

+
 channels are not 

observed in the AIMD. Analysis of the ground state potential landscape shows that 

the path for forming H2F
+
 system must pass a transition state ~0.1eV above the UFC, 

thus effectively blocking this channel on the ground state. In contrast, the pathway 

for OH
+
 + HF formation exhibits a minimum at -2.9 eV, followed by a submerged 

barrier -1.1eV, i.e. below the UFC. While the system certainly has enough energy to 

overcome this barrier, AIMD trajectories show that this is a narrow channel 

compared to the experimentally predominant path towards H2O
+
 + F. 

The OH
+
 + HF and HF

+
 + OH channels could in principle be formed in a two-step 

process involving photodetachment first to the neutral potential followed by 

geometrical rearrangement and photoionization of either the OH or HF products.  

However, the observed H2F
+
 product is not likely to be formed on the neutral 

potential. In addition, previous intense field studies indicate that non-sequential 

double detachment is far more efficient than  photodetachment, followed by 

photoionization.
13,19

 Furthermore, high lying cation states were reported to form in 

intense field double detachment of tightly bound anionic molecular systems such as 

SF6¯ and F2¯.
18,19

 Thus, the experimentally observed structural rearrangement to 

form OH
+
 and H2F

+
 could in fact occur on excited cation states. Likewise, the 

formation of the observed HF
+
 and O

+
 products that cannot be reached energetically 

from the UFC cation ground state potential strongly suggests the contribution of 

excited cation states. Interestingly, although the relaxed energetic limits of the F
+
 

and O
+
 cations are similar, only the later product is observed within experimental 

statistics.  



In conclusion, we present a joint experimental-theoretical study of product 

formation on the [F·H2O]
+
 surface produced by intense field double detachment of 

the F¯∙H2O anion. Unlike the previously explored dynamics on the neutral reactive 

surface leading to OH + HF,
32,35,38

 H2O
+
 + F is the dominant experimental product. 

Although the relaxed limit of the OH
+
 + HF is energetically favorable, AIMD 

trajectory simulations on both singlet and triplet ground states of [F·H2O]
+
, initiated 

at the FC geometry of the anion, exhibit ultrafast dissociation of the H-F bond to 

form H2O
+
 + F. Similarly, although the surprising H2F

+
 + O channel is the most 

energetically favorable, it is not reproduced by the ground state AIMD trajectories, 

indicating significant barriers for the production of both OH
+
 + HF and H2F

+
 + O. 

Thus, the observed formation of new bonds of the H2F
+
 cation is tentatively 

assigned to two roaming hydrogens dynamics on excited states of the [F·H2O]
+
 

complex. Excited state population in the intense field double detachment of the 

F¯∙H2O anion is further implied by the observed formation of the O
+
 and HF

+
 that 

are not energetically accessible from FC region of the cation ground state. Thus, 

intense-field multiple-electron detachment of anionic systems, which is intrinsically 

different from the ionization of neutral species, opens perspectives on new and very 

interesting chemical processes initiated at the stable anion geometry, including 

formation of new chemical bonds. Presenting challenges and opportunities for 

future studies including the theoretical description of minor products formation on 

excited cation states.   

 

Experimental and Theoretical methods 

The experimental setup has been recently described in detail.
16–18,36

  F¯∙H2O 

anions are prepared in an Even-Lavie cold ion source, accelerated and mass selected 



before reaching a specially designed photofragment spectrometer.
36

 In the 

photofragment spectrometer entrance, parent anions are further accelerated towards 

a field-free laser-anion interaction region. In the interaction region the ion beam is 

intersected by the optical path of a focused intense 800 nm laser. The ~35fs and 

~3mJ pulses, allow reaching up to ~3∙10
15

 W/cm
2
 at the focal spot. The dependence 

of different processes on the laser peak intensity is examined by systematic 

displacement of the 250 mm focal length lens.
37

 

While parent anions and anionic fragments are decelerated as they exit the 

spectrometer, neutral products retain their velocity and cations are accelerated. 

Thus, the TOF to a time and position sensitive coincidence imaging detector, 

distinguishes all possible photofragments based on their charge over mass ratios. 

The coincidence measurements are performed at low count rates, ensuring 

vanishing random coincidence and allowing construction of the coincidence map 

presented in figure 1.  

AIMD simulations were performed on the lowest-lying singlet and triplet 

surfaces, using equation of motion coupled cluster theory with single and double 

excitations (EOM-CCSD) in the frozen core approximation.
41,42

  This method was 

performed by double ionization of a well-behaved closed shell anionic reference 

state using the cc-pVTZ  basis set.
41,42,45

 This EOM-CCSD variant, provides a 

robust framework for treating the diradical character of the [F·H2O]
+
 as well as the 

dissociation processes.
44,46,47

  

40 initial geometries and velocities for both singlet and triplet AIMD simulations 

on the [F·H2O]
+
 surface were sampled.  This is expected to suffice for observing 

events with a statistical weight of a few percent.  Initial conditions were sampled 

from four 250 fs AIMD trajectories of singlet F¯·H2O
 
using frozen core coupled 

cluster theory with single and double excitations (CCSD) and the cc-pVTZ basis 



where each anion trajectory was initialized at the FC geometry with velocities 

sampled from a 300K Boltzmann distribution.
48

 All trajectories were performed 

with  0.24 fs time steps. 

Ground and excited state calculations along selected dissociation coordinates were 

performed at the frozen core equation of motion excitation energy coupled cluster 

theory with single, double, and perturbative triple excitations (EOM-CCSD(dT)) 

with the cc-pVTZ basis,
40,45,49–52

 using a singlet restricted Hartree Fock reference of 

the anion.
40,53–55

  Geometry optimizations and energy calculations of possible 

products and barriers were determined using the analogous coupled cluster theory 

with single, double and perturbative triple excitations (CCSD(T)) and the cc-pVTZ 

basis set.
56,57

 All calculations shown were performed in the QChem electronic 

structure program package.
58
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