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ABSTRACT 

Coulomb explosion imaging is proposed as a method to directly map the presence of 

conical intersections encountered by a propagating wave packet in a molecular system. The 

case of choice is the non-adiabatic coupling between two dissociative surfaces in the 

methyl iodide molecule, probed by Coulomb explosion with short, intense near-infrared 

pulses causing multiple ionization. On-the-fly multidimensional trajectory calculations with 

surface hopping using perturbation theory and including spin-orbit coupling are performed 

to visualize the dynamics through the conical intersection and compare with experimental 

results. The possibilities and limitations of the technique are examined and discussed. 
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A central ingredient of most chemists’ and physicists’ intuitive understanding of molecular 

dynamics is based on the idea that atomic nuclei move in one potential energy hypersurface 

created by the much faster electron cloud, this idea being at the core of the Born-

Oppenheimer approximation that is so powerful to describe near-equilibrium or in general 

adiabatic processes. However, it is well known that the dynamics on excited states presents 

a higher complexity and is often governed by conical intersections (CI) intersections1-3 or 

intersystem crossings. As a result, non-adiabatic transitions4-5 play a central role on a 

plethora of physicochemical processes, like radiationless decay or charge transfer.  

When a molecular wave packet explores a CI during its propagation, a superposition is 

created where the wave packet propagates coherently in both surfaces involved. The 

signatures of the influence of conical intersections in experimental data tend to be of 

spectroscopic nature, i.e. indirect in the sense that considerable previous knowledge is 

required on the potential energy surfaces and the excitation mechanism, so that observables 

can be correlated with the presence of the conical intersection. In this way, time-resolved 

spectroscopy can reveal conical intersections through the measurement of changes in 

absorption spectra6, photoelectron spectra7 or polarization anisotropy8.  

In this work, we use Coulomb explosion9-13 for the observation of the presence of a conical 

intersection in a manner that we will call “direct” in the sense that it is both time-resolved 

and through the detection of an observable that is not spectroscopic but a direct mapping of 

the coordinate space. Coulomb explosion occurs when several electrons are ejected from a 

molecular moiety, and its charged components undergo explosion due to electrostatic 

repulsion. The complete measurement of the final velocity vectors of the resulting 

fragments can provide information on the geometry of molecules14 or clusters15-16, the 
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alignment or orientation of a molecular ensemble17-18, and even provides a tool for the 

identification of isomers19 or enantiomers20. Since Coulomb explosion can be conceived as 

a notably direct method to measure internuclear distances through the measurement of final 

fragment kinetic energies, its application to the real-time study of dynamic molecular 

processes like vibration, dissociation or isomerization is straightforward provided that a 

source of light capable of removing several electrons from the moiety in a sufficiently short 

time is available. Since the first demonstration of femtosecond time-resolved laser-induced 

Coulomb explosion used to diagnose the wave packet dynamics in a photodissociation 

event21, the technique has been quickly acquiring maturity over recent years9-12, 22-24. 

  

One of the prototype conical intersections in photodynamics is that in the CH3I molecule, 

occurring between two of the surfaces of the manifold of strongly dissociative spin-orbit 

states for which an electron in a nonbonding p orbital in the iodine atom is promoted to the 

lowest energy available antibonding orbital on the C-I bond. UV excitation from the 

molecular ground state, spectroscopically called the A-band, leads to a transition solely to 

one of the surfaces in this manifold, termed 3Q0 in Mulliken notation (see Figure 1). 

Excitation of the 3Q0 surface adiabatically leads to the formation of the iodine atom in its 

spin-orbit excited state, I*(2P1/2). Since ground state iodine I(2P3/2) is also found as a 

product of this transition, a non-adiabatic coupling between the 3Q0 surface and the 1Q1 

surface -leading to I(2P3/2)- must exist. This has been described in detail in the past, both in 

asymptotic25-27 and time-resolved studies28-30. Several theoretical studies have been 

performed in this molecule to evaluate the effect of the conical intersection in the 

photodissociation dynamics. Most of the previous calculations were based on potential 
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energy surfaces parameterized by Amatatsu et al.31-32 and later corrected by Xie et al.33. 

Beyond the original surface hopping dynamics, several quantum dynamical simulations 

were performed including three29, 33-34, four30 or even the nine35 degrees of freedom of the 

molecule.  

In this work, we propose Coulomb explosion imaging (CEI) as a method to directly map 

the presence of conical intersections explored by an evolving wave packet. Kinetic energies 

of the exploding fragments carry the 1/r dependence of the Coulomb energy as a function 

of the internuclear distance, and this is used to map their dynamics in the coordinate space 

through time-resolved detection. In the experiment described here, real-time probing of the 

A-band dissociation of CH3I with an intense NIR laser pulse causes the ejection of more 

than one electron in the dissociating moiety, which leads to Coulomb explosion due to 

repulsion between its positively charged components. Since the first stages of A-band 

dissociation witness a conical intersection between two excited surfaces (see Figure 1), 

measurement of the resulting charged fragments has the capability to map the wave packet 

branching in this region. 
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Figure 1. Diagram of the potential energy surfaces involved in the Coulomb explosion 

probing of A-band dissociation in CH3I. The excited neutral surfaces present a crossing, 

indicated with a double cone, where the wave packet, initially created in the 3Q0 

potential energy surface (in blue) branches to yield iodine atoms in different spin orbit 

states. The wave packet is projected into the dication states by extraction of two 

electrons with an intense NIR field. The dication ground state is plotted in green. The 

purely Coulombic surface between two point charges is plotted in a pink dashed line for 

reference.  

 

The strong NIR field alone, in the absence of the UV field, causes both dissociative 

ionization (DI) and Coulomb explosion (CE) of the CH3I molecule. The signatures of these 



7 
 

two processes can be distinguished in the top left panel of Figure 2, where Abel-inverted 

CH3
+ images are shown for these conditions. The central, low kinetic energy region 

corresponds to the DI process, whereas the high kinetic energy rings are CE channels that 

were already documented36-37, and were attributed to excitation to different electronic states 

of the CH3I
2+ dication36. All the other panels in Figure 2 correspond to Abel-inverted CH3

+ 

images obtained upon irradiation with UV and 2×1013 W/cm2 NIR pulses at specific time 

delays. For those, subtraction of the only-NIR image was applied for better distinction. 

Images directly obtained without subtraction are included in the Supporting Information 

(Figure S1). The features that appear in this sequence of images are the following: 

(a) For all images after time zero, a clear ring of parallel anisotropy appears, marked as 

“DISS” (for “dissociation”) on the Figure. This ring is accompanied by a weaker ring of 

larger radius. These two rings correspond to the UV A-band photodissociation of CH3I with 

its two well known channels leading to CH3 + I*(2P1/2)/I(
2P3/2), followed by non-resonant 

ionization of the resulting CH3 fragment by the NIR pulse. In the second panel, acquired 

near time zero, this contribution appears enhanced and with higher anisotropy. This 

behavior was described in Refs. 38-40.  

(b) There is a feature that only appears in the second panel, at delay time 50 fs, and it is 

marked as “LICI” (for “light-induced conical intersection”). This was studied in detail in 

Ref. 40 and was attributed to the appearance of a new channel through the creation of a LICI 

in CH3I. 

(c) The main characteristic of using higher intensity NIR fields are the two additional rings, 

one notably more intense than the other, with diminishing radius as time grows, which 

appear in all images. They are marked as “DCE” (for “Dynamic Coulomb Explosion”) in 
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the Figure. These are Coulomb explosion rings in the dissociating CH3I molecule and 

constitute the main interest of the present work. 

 

 

Figure 2. (a) Abel-inverted CH3
+ image obtained with only the NIR pulse present. (b)-

(f) Sequence of Abel-inverted CH3
+ images obtained at selected pump-probe time 

delays after subtraction of the images obtained with the NIR pulses alone. The double 

arrow indicates the polarization direction of pump and probe beams. Labels for the 

observed channels are CE: Coulomb explosion; DI: dissociative ionization; DISS: 

dissociation; LICI: light-induced conical intersection; DCE: dynamic Coulomb 

explosion. See the text for details. 

 

Angular integration of the Abel-inverted CH3
+ images yields the total kinetic energy release 

(KER) distributions for each time delay. These can be plotted as a 2D map as a function of 
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time, as is shown in Figure 3. The contributions identified in the images are indicated with 

the same labels on this map. The map corresponds to performing NIR-only subtraction for 

each case (the original map is included in Figure S2 of the Supporting Information). The 

solid lines represent calculated central kinetic energies expected for the DCE channels 

considering a classical 1D model, where the neutral surfaces 3Q0 (white curve) and 1Q1 

(blue curve) are obtained from Ref.32. Since UV absorption at 268 nm is assumed to occur 

exclusively to the 3Q0 surface, the white line is drawn from time zero and the blue line is 

only drawn from the time at which the classical trajectory (see below) finds the crossing 

between the 3Q0 and 1Q1 surfaces. Figs. 3b and 3c show a zoomed version of the short time 

region, and the difference between the panels lies on the method for the calculation of the 

solid lines. In Fig. 3c, they are calculated assuming a purely coulombic potential for two 

point charges located in the center of mass of the CH3
+ and the I+ cations. As can be seen, a 

good agreement is obtained for most of the trajectory, but a clear discrepancy is visible for 

very short time delays, where this method overestimates the resulting kinetic energies. 

Contrarily, in Fig. 3b, and in Fig. 3a, the calculated 1D potential for the dication ground 

state36 was used to calculate kinetic energies. It had already been found36 that an important 

stabilization occurs for the dication at short internuclear distances and a purely coulombic 

curve does not accurately represent the behavior in this region. The fact that, somewhat 

counterintuitively, the calculated kinetic energy initially increases with time, is related to 

the fact that the 1D slope of the excited neutral surfaces at the Franck-Condon region is 

locally higher than that of the CH3I
2+ dication, and thus the gain in kinetic energy upon 

neutral dissociation is initially higher than that from Coulomb explosion. It is clear that the 

agreement with the data when the calculated dication surface is taken into account is 

significantly better. Equivalent data obtained for the I+ fragment are shown in Figures S3, 



10 
 

S4 and S5 in the Supporting Information. The channels observed through the observation of 

I+ are the same but energy resolution is worse, since the voltages applied in the velocity 

map imaging apparatus were kept identical. 

 

 

Figure 3. (a) 2D false-color map containing the set of center-of-mass (CM) total KER, 

as a function of time delay, obtained from 2 angular integration of the series of Abel-

inverted CH3
+ images like those shown in Figure 2. The contribution obtained upon 

irradiation with NIR-only pulses has been subtracted. The channels identified and 

described in the text are marked on the map. (b)-(c) Zoom of the short delay region of 

(a). In all cases, the solid lines indicate calculated kinetic energies obtained with a 1D 

classical model (see the text for details). 

 

The results of the ab initio on-the-fly trajectory calculations performed for this system are 

shown in Figure 4, where color changes (from red to blue) indicate surface hopping events. 
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Fig. 4a shows the evolution of the carbon-iodine distance as a function of time after 

excitation to the excited neutral surfaces. Fig. 4b shows the behavior of the bending angle I-

C-H3, that breaks the C3v symmetry, as a function of the internuclear distance during 

dissociation. As can be seen, this angle, initially confined to a narrow region around 105o, 

evolves to a much broader distribution when the two fragments separate.  

 

 

Figure 4. Trajectory surface-hopping (red the lowest 8 potentials correlating with I 

and blue the highest 4 potentials correlating with I*) adiabatic description of the 
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dissociation dynamics. See the theoretical section for more details. (a) Time evolution 

of the carbon-iodide distance. (b) Time evolution of the bending angle that breaks the 

C3v symmetry. (c) Simulation of the Coulomb explosion energy during the dynamics. 

 

Figure 4c contains a simulation of the Coulomb explosion energy during the dynamics from 

the time of excitation to 3 picoseconds for each of the computed trajectories. Quasi-

coulombic behavior is shown for most of the trajectory. The initial (counterintuitive) 

growth of kinetic energy with time, already reported for the 1D simulations plotted in 

Figure 3, is confirmed for the more sophisticated simulation applied here. A zoomed plot 

with the first 200 fs of evolution in shown in the inset of Fig. 4c, where it is clear that all 

trajectories experience this phenomenon. 

The inset of Fig. 4c shows the region where the trajectories are affected by surface hopping, 

i.e. the region of the non-adiabatic crossing. In the semiclassical trajectories, crossing takes 

place approximately 10-20 fs after excitation. We have calculated a semiclassical trajectory 

for the two channels of the photodissociation reaction by averaging the 50 trajectories, and 

a direct comparison between this averaged trajectory and the experimental results is 

depicted in Figure 5. As can be seen, the agreement is very good. The theoretical simulation 

reveals the position of the conical intersection at (4.9 eV, 13 fs). Experimentally, this is a 

region somewhat blurred by the cross correlation of the excitation and Coulomb explosion 

lasers; moreover, the very rapid coordinate-dependent changes of the potential energy 

surfaces in this region make discrimination even more challenging. However, the 

bifurcation of the Coulomb trajectories clearly identifies the conical intersection. 
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Figure 5. 2D false-color map containing the set of center-of-mass (CM) total KER, as a 

function of time delay for the CH3
+ as in Figure 3a. A zoom of the short delay region is 

depicted in the inset. Solid lines correspond to the trajectory obtained as an average of 

the 50 trajectories shown in Figure 4. The location of the conical intersection where the 

bifurcation occurs, is represented by the coordinates (4.9 eV, 13 fs). 

 

In summary, the results of this work show that Coulomb explosion imaging can be applied 

as a powerful tool for the visualization of wave packet branching in molecular non-

adiabatic dynamical processes, with the advantage of its quasi-direct energy-real space 

mapping. Beyond this application, the measurement of the Coulomb explosion channels 

with sufficient energy resolution provides insight into the complex ionization processes 

leading to the simultaneous excitation of a manifold of cationic states. 
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EXPERIMENTAL AND COMPUTATIONAL METHODS 

The experimental setup shares most features with that described in Ref.40. A short pulse 

268-nm-pump-NIR-probe scheme was employed to irradiate a molecular beam of CH3I 

seeded in He. Velocity map images of the charged fragments were obtained and Abel 

inverted using the pBasex procedure41. High level ab initio calculations in combination 

with surface hopping semiclassical dynamics42-47 were performed to describe the effect of 

Coulomb explosion during the photodissociation dynamics. Details about both the 

experimental and computational procedures can be found in the Supporting Information. 
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