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Abstract 

Studies of ultrafast molecular dynamics induced by intense laser fields can unravel new approaches 

to manipulating chemical reactions in the strong-field regime. Here, we show that intense few-

cycle laser pulses can induce the spin-orbit state-selective C—I dissociation of the iodomethane 

cation (CH3I+) in the  electronic state. Irradiation of CH3I by 6-fs laser pulses with peak 

intensities of 1.9 × 1014 W/cm2 followed by femtosecond extreme ultraviolet (XUV) probing of 

the iodine 4d core-level transitions reveals dissociation of the CH3I+ 	 ⁄  state with a time 

constant of 0.76 ± 0.16 ps. By contrast, the 	 ⁄  spin-orbit ground state does not exhibit any 

appreciable dissociation on the picosecond timescale. The observed spin-orbit state-selective 

dissociation of the  state is rationalized in terms of the laser-induced coupling to the  state. Our 

results suggest that the intense-laser control of photodissociation channels can be potentially 

extended to spin-orbit-split states. 
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Advances in tabletop femtosecond laser technologies enable routine access to laser pulses with 

peak intensities exceeding ~1 PW/cm2.1 From the chemical perspective, the high electric-field 

strengths that are furnished by these intense laser pulses can be harnessed to control the outcomes 

of chemical reactions.2-9 For example, branching ratios of nonadiabatic photodissociation 

dynamics have been manipulated via the dynamic Stark effect3 and light-induced conical 

intersections.8 The realization of various strong-field control schemes requires an understanding 

of how molecules interact with laser fields in the nonperturbative, strong-field regime. Early 

investigations of strong-field laser-molecule interactions focused on the simplest molecule, H2
+, 

whose dissociation in intense laser fields has been extensively studied by both experiment and 

theory.10-15 These studies elucidate new phenomena such as bond softening, bond hardening and 

Coulomb explosion. Beyond H2
+, efforts have been undertaken to unravel the interaction of strong 

laser fields with multielectron molecules.16-23 Compared to the case of H2
+, these studies reveal 

complex angle-dependent ionization yields,24,25 participation of multiple channels in strong-field 

ionization,26,27 multielectron nonadiabatic dynamics,22,23 and a variety of molecular dynamics.17,28 

Recent investigations have also unraveled the timescales for strong-field dissociative ionization,29-

32 a key parameter in the understanding of ultrafast photochemical reactions.33 

 Here, we employ femtosecond XUV absorption spectroscopy34 to investigate the strong-

field-induced dissociation dynamics of iodomethane (CH3I). As a prototypical polyatomic 

molecule, the photodissociation dynamics of its neutral excited states in the weak-field regime has 

been the subject of numerous investigations.2 In the presence of intense laser fields, dissociative 

ionization of CH3I+ and multiple Coulomb explosion pathways of CH3In+ ( 1) are revealed by 

velocity map imaging of various fragments and measurements of the kinetic energy release for 

different dissociation channels.35-37 In the present study, we focus on elucidating the ultrafast CH3I 
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dissociation dynamics in the presence of intense laser fields. We observe spin-orbit state-selective 

dissociation of the CH3I+  state – while the ⁄  spin-orbit ground state is stable with respect 

to C—I dissociation, the ⁄  spin-orbit excited state dissociates on a timescale of 0.76 ± 0.16 

ps. In addition, dissociation of the CH3I+ 	  state occurs with a time constant of 86 ± 11 fs. 

The observed dissociation dynamics are rationalized in terms of the coupling between the  and	  

potential energy surfaces induced by the intense laser field. Finally, our results suggest that both 

the CH3I+ 	 ⁄  and ⁄  states undergo an ultrafast structural rearrangement on a time scale 

of 75 ± 8 fs immediately upon their formation.  

Strong-field ionization is effected by the irradiation of neutral CH3I molecules by intense 

laser pulses with a carrier wavelength of 786 nm (1.58-eV photon energy) and a pulse duration of 

5.6 fs FWHM. The few-cycle pulse, with pulse energy of 0.17 mJ, is loosely focused by a 1-m 

focal length spherical mirror to a 100-m beam waist to yield a peak intensity of 1.9 × 1014 W/cm2. 

The sample target comprises 14 mbar of CH3I in a 3-mm path length quasi-static gas cell that is 

heated to 353 K. Details of the experimental apparatus can be found in ref. 38. The XUV 

differential absorption spectra collected as a function of time delay is shown in Figure 1a. The 

negative differential absorption signal (∆ ) that is observed in the probe photon energy range of 

~50 – 52 eV is due to bleaching of the CH3I ground-state 	

→ 4 ∗  transition39 ( 5 2⁄  and 3 2⁄ ) that accompanies the depletion of the neutral 

CH3I population by strong-field ionization. On the other hand, the positive ∆  signal in the 46 – 

49-eV range can be assigned to the ground-state CH3I+ parent ion and the atomic I ( ⁄ ) and I+ 
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( ) photoproducts produced by the intense laser-molecule interaction. Pronounced modulations 

of the transition energies about the neutral CH3I depletion region and, to a lesser extent, about the 

CH3I+ parent ion peak at 47.0 eV (see below for assignment) originate from coherent vibrational 

motions launched by the intense laser field.38 

The ∆  spectrum collected at 2-ps time delay along with the fits to the XUV transitions of 

the various species is shown in Figure 1b. The peak positions and spectral assignments of the 

observed XUV transitions are summarized in Table 1. In assigning the differential XUV absorption 

spectrum, our strategy is to consider the species that are most likely to form under our experimental 

conditions. We start by identifying the transitions that arise from the depletion of the neutral CH3I 

and the formation of the CH3I+ parent ion. Next, we identify the absorption peaks that are due to 

atomic I ( ⁄ ) and I+ ( ), which are produced as a result of dissociation in the low-lying (  

 

Figure 1. (a) Differential XUV absorption spectra collected as a function of pump-probe time 

delay. (b) Fit of the differential XUV absorption spectrum at 2 ps to multiple Gaussians. The red 

symbols are the data and the solid black line is the fit. Contributions from absorption of CH3I+, 

neutral CH3I, neutral I and singly charged I+ are color-coded.  
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and ) electronic states of CH3I+.41 With this approach, we are able to account for all the features 

that appear in the differential XUV absorption spectrum. Higher charged states of CH3In+ and In+ 

( 2) do not seem to be present in detectable quantities. For example, the I2+ ( ⁄ ) ground 

state possesses a pronounced absorption peak at 48.93 eV,40 which is not observed in the 

differential XUV absorption spectrum. Finally, we do not consider the formation of atomic I ⁄  

species, which originates from the dissociation of the  state that is located ~5 – 6 eV above the 

Table 1. Observed XUV absorption peaks for CH3I+ ( ), I, I+, and CH3I ( ), their assignments to 

the I 4d core-level transitions, (REV 2.3B) and the transition energies obtained from the literature. 

Species Peak position (eV) Peak position, lit. (eV) Transition 

CH3I+ ( ) 

46.6 46.45 a ⁄ → 4 ⁄  

47.0 47.08 a ⁄ → 4 ⁄  

48.1 48.19 a ⁄ → 4 ⁄  

48.7 48.82 a ⁄ → 4 ⁄  

52.6 – 
⁄ → 4 ⁄ ⁄

∗  

⁄ → 4 ⁄ ⁄
∗  

54.2 – 
⁄ → 4 ⁄ ⁄

∗  

⁄ → 4 ⁄ ⁄
∗  

CH3I ( ) 
50.6 50.62 b → 4 ⁄

∗  

52.3 52.34 b → 4 ⁄
∗  

I ( ⁄ ) 
46.0 45.94 c ⁄ → ⁄  

47.6 47.64 c ⁄ → ⁄  

I+ ( ) 

47.3 47.32 c →  

49.0 48.95 c →  

49.2 49.17 c →  
a Calculated based on literature values for the valence and I 4d core level binding energies of CH3I (see the Supporting 

Information). b Ref. 39. c Ref. 40. 
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 state of CH3I+ in the Franck-Condon region.41 Given our laser peak intensity, we do not expect 

any appreciable population of the  state by strong-field ionization. 

 Assignment of the features observed in the positive ∆  spectral region requires knowledge 

of the transition energies of the CH3I+ ion. These transition energies can be estimated within the 

framework of the single-particle picture,42 which considers XUV transition to involve the 

promotion of an electron from the I 4d orbital to the single vacancy in the HOMO orbital of e 

symmetry. Using the original atomic I 4  notation, these are the ⁄ → 4 ⁄ , ⁄ →

4 ⁄ , ⁄ → 4 ⁄ , and ⁄ → 4 ⁄  transitions, whose transition energies are calculated 

to be 46.45, 47.08, 48.19, and 48.82 eV, respectively (see the Supporting Information). These 

predicted transition energies agree well with the peaks observed at 46.6, 47.0, 48.1, and 48.7 eV.  

 Aside from the four peaks that can be assigned to the CH3I+ parent ion, a peak at 46.0 eV 

is also present in the ∆  spectrum. Based on its absence in the ∆  spectrum at earlier time delays, 

is assigned it to the ⁄ → ⁄  transition of the atomic I ⁄  state, in good agreement with 

the literature value of 45.94 eV.40 The accompanying ⁄ → ⁄  transition, reported to be at 

47.64 eV, is observed at 47.6 eV.40,43 It is noteworthy that the I ⁄ → ⁄  transition at 46.70 

eV is not observed in our experiment, which suggests that the strong-field dissociative ionization 

of CH3I, under our experimental conditions, yields neutral atomic I only in the ⁄  state. In 

addition to neutral atomic I ( ⁄ ), a shoulder at 47.3 eV that is evident in the ∆  spectrum 

collected at 2 ps time delay (Figure 1b) can be assigned to the →  transition of I+, in good 

agreement with the transition energy of 47.32 eV that is reported in the literature.40 Other 

transitions for the I+  state with significant oscillator strengths, such as the →  (48.95 

eV) and →  (49.17 eV),40 are also observed at 49.0 eV and 49.2 eV, respectively. XUV 
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transitions with large oscillator strengths that originate from the  and  states of I+, e.g., the 

→  and the →  transitions at 47.80 and 47.15 eV, respectively, are notably 

absent. This observation suggests that the I+ fragment is produced solely in the  ground state 

during the dissociative ionization of CH3I. 

 The negative peaks at 50.6 eV and 52.3 eV in the ∆  spectra, which arise from the I 4 →

∗  transitions ( 5 2⁄  and 3 2⁄ ) of depleted CH3I, have relative amplitudes that deviate 

significantly from the 1.5:1 ratio that is expected based on the 2 1 -degeneracy of the I 4d 

core-hole states. This observation suggests that a product of strong-field ionization of CH3I 

exhibits absorption features that partially overlap with the I 4 ⁄ → ∗  transition of CH3I. 

Following previous work on the XUV probing of strong-field-ionized Br2,44 we assign the features 

with positive ∆  to the I 4 → ∗ transitions ( 5 2⁄  and 3 2⁄ ) of CH3I+; curve fitting yields 

absorption peaks at 52.6 and 54.2 eV and a relative ratio of 1.7 ± 0.1:1 for the peak areas. The 

blueshift of the I 4 → ∗ transition energies by 2.0 eV upon ionization points to the preferential 

stabilization of the I 4d core level over the valence ∗ level upon the removal of an electron from 

the outermost valence e orbital of CH3I. Note that this curve fitting takes into account the negative 

∆  signal that arises from the perturbed free-induction decay (PFID) of the I 4 ⁄ → 6  

transition at 54.3 eV; previous experiments on atomic species show that measuring the temporal 

evolution of the PFID feature yields autoionization lifetimes.45,46  

Figure 2 shows the temporal evolution of the ∆  signals collected for the 	 ⁄ 	and 

⁄  states of the CH3I+ parent ion at the ⁄ → 4 ⁄  (47.0 eV, Figure 2a) and ⁄ →

4 ⁄  (48.1 eV, Figure 2b) transitions, respectively, along with the growth of the neutral I ( ⁄ ) 

and the singly charged I+ ( ) species observed at their respective ⁄ → ⁄   (46.0 eV, 
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Figure 2c) and →  (47.3 eV, Figure 2d) transitions. The positive ∆  signals for both the 

	 ⁄  and 	 ⁄  states of CH3I+ appear within the <10-fs instrument response of the 

experimental apparatus. Global fitting of the time traces for the 	 ⁄  and ⁄  states of 

CH3I+ as well as the I ⁄  state shows that both parent ion species exhibit a rapid decay with a 

time constant of 80 ± 20 fs. Moreover, the slow decay observed for the ⁄  spin-orbit-excited 

state of CH3I+ is correlated with the growth of the I ⁄  population with a time constant of 0.76 

 

Figure 2. Temporal traces of the ∆  signal for the (a) CH3I+ 	 ⁄ , (b) CH3I+ 	 ⁄ , (c) 

neutral I ( / ), (d) singly charged I+ ( ) species, and the (e) spectral first-moments calculated 

about the transitions for the CH3I+ 	 ⁄  and CH3I+ 	 ⁄  states at 47.0 and 48.7 eV,

respectively. The dashed red lines are the data and the solid black lines are the fits. 
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± 0.16 ps; note that the growth of the I ⁄  population does not exhibit any fast component on 

the sub-100-fs timescale. In addition, the time- dependent spectral first- moments computed about 

the CH3I+ 	 ⁄ → 4 ⁄  and ⁄ → 4 ⁄  transitions both reveal a blueshift that is 

characterized by a time constant of 75 ± 8 fs (Figure 2e); the oscillatory features that appear for 

the 	 ⁄ → 4 ⁄  transition are due to vibrational wave packet dynamics.38 Finally, in contrast 

to the slow appearance of the I ⁄  state, the I+  signal rises with a time constant of 86 ± 11 

fs.  

 From previous spectroscopic measurements on the CH3I+ parent ion,41 the dissociation 

channels and their dissociation energies47,48 that are relevant to the present work are: 

CH3I+ ( 	 ⁄ ) → CH3
+ ( 	 ) + I ( ⁄ ) 2.731 eV (1) 

CH3I+ ( 	 ⁄ ) → CH3
+ ( 	 ) + I ( ⁄ ) 2.105 eV (2) 

CH3I+ ( 	 ) → CH3 ( 	 ) + I+ ( ) 0.925 eV (3) 

The prompt appearance of the CH3I+ 	 ⁄  and 	 ⁄  states within the <10-fs instrument 

response time suggests that they originate directly from the strong-field ionization of CH3I instead 

of internal conversion from the electronically excited states of CH3I+.49 To gain insight into the 

ensuing ultrafast C—I dissociation dynamics, we first consider the correlation between the 

appearance time of the I ⁄  state and the decay of the CH3I+ 	 ⁄  state, both of which can 

be fit to the same time constant of 0.76 ± 0.16 ps. Despite the 80 ± 20-fs decay observed for both 

	 ⁄  and ⁄  states of CH3I+, note that such a timescale is not reflected in the increase of 

the I ⁄  population (see below). These observations suggest that the I ⁄  species is 

produced exclusively from the dissociation of the CH3I+ 	 ⁄  spin-orbit excited state. The 
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	 ⁄  spin-orbit ground state, on the other hand, does not exhibit any appreciable dissociation 

on the picosecond timescale of the present experiment.  

 Previous studies by mass-analyzed threshold ionization (MATI) spectroscopy have 

revealed selective dissociation of larger iodoalkane ions, C3H7I+ and C4H9I+, in their spin-orbit 

ground state.50,51 In those cases, following selective photoexcitation to the spin-orbit excited state, 

strong coupling between the spin-orbit-split states leads to efficient internal conversion to the spin-

orbit ground state, from which statistical dissociation occurs. In contrast, the sub-picosecond C—

I dissociation dynamics observed in the present work occurs selectively from the CH3I+ 	 ⁄  

spin-orbit excited state.  

 One possible way to rationalize this counterintuitive result is to consider the intense laser-

induced coupling between the ion  and  states. Figure 3 shows a schematic illustration of the 

potential energy curves for the CH3I+  state and for both 	 ⁄  and ⁄  states along the C—

I dissociation coordinate. Ionization of CH3I near the peak of the intense few-cycle laser pulse 

envelope (at time  in the upper panel of Figure 3) results in CH3I+ ions formed in a mixture of  

and  states. The former is bound and therefore does not lead to C—I dissociation. On the other 

hand, the  state is dissociative. As it undergoes dissociation in the presence of a laser pulse, the 

wave packet will arrive in a region for which the  gap is resonant with the photon energy of 

the laser pulse. In fulfilling the resonance condition, stimulated emission from the  state to the  

state occurs. The mean photon energy of the laser pulse used in our experiments is 1.58 eV, 

computed based on the carrier wavelength. Figure 3 shows that this resonance condition occurs at 

shorter C—I bond distances for the 	 ⁄  gap than the 	 ⁄  gap; a dressed states 

picture yields the same result (see the Supporting Information). When the wave packet arrives at 
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the  – 	 ⁄  crossing (at time ), the same laser pulse that earlier induced strong-field 

ionization now drives stimulated emission, resulting in the transfer of population from the  state 

to the 	 ⁄  state. Since the nuclear kinetic energy is conserved in this process, the wave packet 

continues to propagate along the 	 ⁄  state potential to give the atomic I ( ⁄ ) dissociation 

product. Because the laser pulses used in the experiments are of few-cycle duration, it is 

conceivable that the laser field strength is insufficient to induce the same stimulated emission 

process by the time the wave packet arrives at the  – 	 ⁄  crossing (at time ). As such, 

selective dissociation of the 	 ⁄  spin-orbit excited state is observed. Note that even though 

the nuclear wave packet gains considerable kinetic energy from dissociating along the  state 

potential prior to stimulated emission to the  state, this kinetic energy must subsequently be used 

 

Figure 3. Schematic illustration of the dissociative wave packet dynamics along the C—I 

coordinate for the  and  electronic states (bottom panel), mapped to different points in time 

within the intensity envelope of the strong-field ionization pump pulse (top panel).  occurs near 

the peak of the intensity envelope, whereas the intensity is vanishingly small at . At , laser-

induced coupling leads to the stimulated emission of the  state dissociative wave packet to the

	 ⁄  state, from which dissociation occurs to give I ( / ). 
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to overcome the barrier to dissociation on the  state potential. As a result, the dissociation time 

of 0.76 ± 0.16 ps is longer than that for a purely repulsive dissociation. 

 According to the mechanism proposed above, the spin-orbit selectivity would vanish when 

intense laser pulses of longer durations are employed. Indeed, previous strong-field experiments 

performed with ~100-fs pulses revealed dissociation of both ⁄  and ⁄  spin-orbit states of 

CH3I+.36 Future experiments that scan the XUV probe pulse in time within the envelope of the 

strong-field ionization pulse can be used to track the laser-induced coupling in real time. Further 

insight into the origin of the spin-orbit state-selective dissociation can also be obtained from 

theoretical wave packet propagation on field-dressed potential energy surfaces. We note, however, 

that such studies are nontrivial as they require the inclusion of the time-varying electric field of 

the few-cycle pulse and the spin-orbit splitting between the CH3I+  ⁄  and ⁄  states, as 

well as accurate values for the →  transition dipole moments as a function of C—I distance.  

 The above explanation for the dissociation of CH3I+ to give atomic I ( ⁄ ) naturally 

accounts for the appearance of the I+  signal on the sub-100-fs timescale: the portion of the 

wave packet on the CH3I+  ( ) state that does not cross over to the  ( ⁄ ) state yields I+ 

( ) as the dissociation product. The observed sub-100-fs timescale is consistent with the 

featureless  band in the photoelectron spectrum of CH3I,52 which suggests prompt dissociation 

along the shallow CH3I+  state potential. The XUV differential absorption spectrum at early time 

delays, however, does not reveal any signatures that are associated with the  state. According to 

our estimates, the XUV transitions of the  state to the 4 ⁄  and 4 ⁄  states should be located 

at 44.7 and 46.4 eV, respectively. The indiscernible  state XUV absorption suggests a vanishing 
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Franck-Condon overlap between the weakly bound  state and the repulsive I 4  ( 5 2⁄  or 

3 2⁄ ) core-excited states. 

 Aside from the sub-picosecond dissociation dynamics of the CH3I+ 	 ⁄  state, an 

additional 80 ± 20-fs decay component is observed for both the CH3I+ parent ion ⁄ → 4 ⁄  

(47.0 eV, Figure 2a) and ⁄ → 4 ⁄  (48.1 eV, Figure 2b) transitions. This decay cannot 

originate from the dissociation of the CH3I+  state because such a process should be accompanied 

by the corresponding growth of the atomic I ( ⁄ ) population on a similar timescale, which is 

not observed. Instead, we attribute the decay of the ∆  signals to the spectral shift that is observed 

about the two transitions (Figure 2e) due to the identical timescales for both processes (80 ± 20 fs 

for the decay vs. 75 ± 8 fs for the spectral shift). The spectral shift is indicative of ultrafast structural 

rearrangement of CH3I+ in the  state. Possible candidates include vibrational relaxation along the 

 C—H symmetric stretch53 at 2938 cm–1 and the  Jahn-Teller distortion that results from 

the coupling of the  electronic state to the doubly degenerate vibrational modes.53,54 Further 

theoretical investigations involving ab initio wave packet propagation can be used to identify the 

origin of the sub-100-fs structural rearrangement. 

 In conclusion, femtosecond XUV absorption spectroscopy reveals sub-picosecond 

dissociation of the C—I bond for the CH3I+ 	 ⁄  state whereas the 	 ⁄  state does not 

undergo any discernible dissociation on the picosecond timescale. The spin-orbit state-selective 

dissociation is rationalized in terms of the laser-induced coupling between the  and  electronic 

states of CH3I+. The one-photon crossing between the two electronic states is located nearer to the 

Franck-Condon region for the spin-orbit excited state than the ground state. Since the few-cycle 

laser pulse acts as a temporal gate that confines the laser-induced coupling of ion electronic states 
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to within its pulse envelope, selective dissociation is observed from the spin-orbit-excited state 

because of the shorter time needed for the  state wave packet to travel from the Franck-Condon 

region to the one-photon crossing with the 	 ⁄  state. While previous studies have 

demonstrated the ability of intense laser fields to manipulate the branching ratios of 

photodissociation reactions involving different electronic states, our results suggest that such 

control can be potentially extended to spin-orbit-split states. Employing a second few-cycle laser 

pulse that is appropriately delayed in time with respect to the first strong-field ionization pulse 

allows the dissociating  state wave packet to couple selectively to either the 	 ⁄  state or the 

	 ⁄  state, hence steering the dissociation dynamics on a predetermined spin-orbit state.  
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