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Laser-induced alignment is used to transiently fix a molecule in space long enough to study

its dynamics in the molecular frame, elucidating ultrafastchemical processes.

Random orientation of molecules within a sample leads to blurred observa-

tions of chemical reactions studied from the laboratory perspective. Meth-

ods developed for the dynamic imaging of molecular structures and processes

struggle with this, as measurements are optimally made in the molecular frame.

Here we use laser alignment to transiently fix CS2 molecules in space long

enough to elucidate, in the molecular reference frame, details of ultrafast electronic-

vibrational dynamics during a photochemical reaction. These three-dimensional
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photoelectron imaging results, combined with ongoing efforts in molecular

alignment and orientation, presage a wide range of insightsobtainable from

time-resolved studies in the molecular frame.

Most molecules are non-spherical and so exhibit a dependence on their relative orientation

in interactions with other molecules or with light. Measurements, therefore, should ideally

be made in the molecular reference frame (MF). Unfortunately, in the gas and liquid phases,

molecules are generally randomly oriented in the laboratory frame (LF) to which most standard

techniques are referenced, leading to blurred observations of molecular properties and pro-

cesses. An analogy is the difference between single crystalversus powder X-ray diffraction, the

former revealing the greatest details of molecular structure. Other examples include the deter-

mination of vector-correlations in photodissociation dynamics (1) and measurements of (time-

independent) photoelectron angular distributions (PADs)of fixed-in-space molecules which has

been a goal of researchers since the 1970s (2) and was achieved for selected cases (3,4). Promis-

ing ultrafast techniques for imaging structural and electronic changes during molecular pro-

cesses, such as time-resolved X-ray (5) and electron (6,7) diffraction, tomographic orbital imag-

ing (8), time-resolved photoelectron spectroscopy (9,10), laser-induced electron diffraction (11)

and high harmonic generation (12), would all benefit from avoidance of this orientational aver-

aging of MF observables. Here we present ultrafast time-resolved imaging measurements of a

complex molecular process – a nonadiabatic photochemical reaction – from the MF, employing

a laser technique which transiently fixes the molecules’ alignment in space for sufficiently long

to permit field-free dynamic measurements.

Strong non-resonant laser fields can induce molecular axes alignment within the LF (13),

but may themselves modify excited state dynamics (14). The goal of probing molecules which

are aligned but field-free can be accomplished by applying a short laser pulse (15) that leaves the

molecules transiently aligned (i.e. fixed-in-space) for, typically, a few picoseconds. This very
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brief molecular alignment can only be fully exploited by ultrafast measurement techniques,

in our case by time-resolved photoelectron spectroscopy (TRPES), a method sensitive to both

electronic and vibrational rearrangements (16–19). We chose to investigate the non-adiabatic

photodissociation reaction CS2 +hν → CS∗
2 → CS(X) + S(1D) / S(3P). CS2 is notable as a

triatomic system because it exhibits three general features of photodissociation dynamics: vi-

brational mode coupling, internal conversion and intersystem crossing. Consequently, CS2 has

complex photodissociation dynamics and, despite numerousstudies, many details remain unre-

solved (20). Our study of coupled electronic and vibrational rearrangements occurring during

this reaction combined impulsive alignment (15) with time-resolved photoelectron 3D imag-

ing (10) and quantum beat spectroscopy (21) to reveal details of the scattering resonances dis-

cernable only within the MF.

The ultraviolet (UV, 200 nm) photodynamics of the initiallylinear CS2 molecule involves

complex non-adiabatic and spin-orbit mixing, leading to multiple product states. The excita-

tion from a non-bonding S-atom orbital to an anti-bondingπ∗ molecular orbital lengthens the

C-S bonds and leads to a bent equilibrium geometry. Thus, the absorption spectrum contains

progressions assigned to combined excitations of the symmetric stretch and bend vibrations.

In addition, nonadiabatic interactions with a nearby excited state leads to the mixing of elec-

tronic character at bent geometries. The excited state bending frequency is nearly degenerate

with that of the considerably weakened symmetric stretch, leading to combination bands of

symmetric stretch and bend with peaks spaced by∼400 cm−1, each further split (∼30 cm−1)

due to this near degeneracy (22). The barrier to linearity in this electronically excited state is

around 49600 cm−1 (201.6 nm), the excitation energy used in our experiments. Franck-Condon

factors therefore favor excitation into a quasi-linear geometry. Since photoabsorption leads to

dissociation, these spectral peaks may be understood as photodissociation scattering resonances

having lifetimes exceeding several vibrational periods. The two open product channels, CS +
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S(3PJ) and CS + S(1D2), have a wavelength dependent branching ratio (23) and broad trans-

lational energy distributions (24). From the peak widths in the absorption and S-atom action

spectra, resonance lifetimes of less than 1 ps were estimated (23). Femtosecond time-resolved

ion yield (25,26) and photoelectron (20) measurements confirmed this sub-picosecond behavior.

Coexisting with the sharp resonances in the 6 eV region is a broad underlying continuum (23)

due to very short-lived scattering resonances (direct dissociation) involving the anti-symmetric

stretch vibration (27).

A depiction of our time-resolved photoelectron probing of CS2 photodissociation dynamics

is presented in Fig. 1. Following transient alignment of theCS2 a fs UV pump pulse prepared

a coherent superposition of scattering resonances in a linear geometry, leading to quasi-bound

vibrational motions followed by dissociation to both singlet and triplet products (Fig. 1). This

superposition was probed as a function of time by delayed a probe pulse (125 fs pump-probe

cross-correlation) which ionized the molecule. The emitted photoelectron was analyzed as a

function of energy, 3D recoil angle, and pump-probe delay. Importantly, the duration of the

alignment (∼4 ps FWHM) was longer than the time scale of the photoreaction (< 1 ps), render-

ing the molecules effectively fixed-in-space during the measurement.

The resolved series of resonances allowed us to combine our time-resolved photoelectron

3D imaging method (28) with another powerful technique for probing excited statedynamics:

quantum beat spectroscopy (21). By tuning the central wavelength (bandwidth∼ 250 cm−1)

of our fs pump laser to 201.2 nm, we coherently prepared a superposition of two scattering

resonances, differing only in the degree of symmetric stretch vs. bending excitation. Quantum

interference in photoionization of coherently prepared scattering resonances was previously

reported in ion yield measurements for IBr (29) and CS2 (26) photodissociation. In the present

case, the quantum beat interference between two long-livedscattering resonances in our MF

photoelectron data permits access to intimate details of the electronic-vibrational couplings
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associated with the decay of these resonances.

A time-resolved photoelectron spectrum acquired for unaligned CS2 is given in Fig. 2(a),

showing photoelectron kinetic energies as a function of delay. The 0.7 eV peak at short de-

lays, broadened due to an unresolved 55 meV spin-orbit splitting, arises from ionization into

the vibrationless (0,0,0) cation ground state. The low energy features correspond to ionization

into highly excited vibrational states. The time-resolvedspectrum is composed of: a fast initial

decay as well as a slow decay across the whole spectrum, and a slow, periodic modulation of

the high-energy electrons. We employed 2D global methods tosimultaneously fit all photoelec-

tron energies at all time delays to within experimental errors. Our kinetic model involved two

independent exponential decays, with the longer one modulated by a harmonic oscillation (28).

The global fit yielded time-constants ofτ1 = 70±20 fs, andτ2 = 830±40 fs with a modulation

period ofT = 1010 ± 20 fs. The decay-associated photoelectron spectra of these three kinetic

components are presented in Fig. 2(b). As expected, the longlived τ2 component samples highly

distorted geometries that ionize to vibrationally excitedions (low photoelectron energies). In

Fig. 2(c) we show the time evolution of the LF photoelectron signal at 0.7 eV and the global fit

(red line), corresponding to ionization into the cation (0,0,0) ground state. The quantum beat

signal can be clearly seen. The extracted time constantτ2 is in very good agreement with the

lifetime estimated from analysis of rotational band contours in the action spectrum (23). The

1010 fs period matches the 34 cm−1 splitting observed at 201 nm in the absorption spectrum.

We can therefore assign the periodic modulation to the quantum beat interference between the

two quasi-bound scattering resonances. Our measurements confirm both the previously reported

quantum beat (26) and the bi-exponential decay (20) measurements. The time constantτ1 con-

firms the presence of broad, short-lived resonances (23). The laser alignment of CS2 leaves

these global time constants unchanged (i.e. the fitted MF andLF time constants are the same),

suggesting that ground state vibrations are not excited by the alignment laser.
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This kinetic model of CS2 excited state decay reveals insuffient details of the underlying

electronic-vibrational dynamics of the resonance decay. To advance, we applied the transient

alignment method to make MF measurements. In Figure 3 we showthe two-photon ion yield

as a function of the delay between the alignment pulse and the201 nm pump pulse, in the

vicinity of the rotational half-revival (greatest alignment). To quantify the alignment, we car-

ried out simulations taking into account thermal averaging, spatial focal volume averaging over

laser intensities, and the relative magnitudes of the parallel vs. perpendicular ionization tran-

sition dipoles (28). The red curve in Fig. 3 shows the best fit to a degree of alignment of

〈cos2 θ〉 = 0.55 ± 0.03. Within the pump-probe window (<1.5 ps) across which MF time-

resolved measurements were carried out, the molecules wereeffectively fixed-in-space.

To acquire time-resolved MF PADs of CS2 photodissociation, we set the delay between the

alignment and pump pulses to 73.5 ps, slightly before the maximal alignment. The 201 nm fs

pump pulse, polarized parallel to the alignment axis, interacted with this aligned sample. Due

to the parallel transition dipole, excitation further sharpened the excited state alignment to an

estimated value〈cos2 θ〉 = 0.74. Energy-resolved PADs resulting from photoionization due

to the 268 nm fs probe laser, also polarized parallel to the alignment axis, were recorded as

a function of pump-probe delay within the time window shown in Fig. 3. The MF PADs for

ionization into the (0,0,0) state of the cation (Fig. 2(c)) are shown at five time delays on the

right side of Fig. 4. The analogous PADs for the unaligned sample are given on the left. A

dramatic change in the MF PADs is observed in the photoelectron intensity parallel to the MF

axis. At early times there is a local minimum along the MF direction, whereas at t=500 fs there

is a maximum in this direction. At t=900 fs, the MF PAD has mostly reverted back to its form

at t=100 fs. As confirmed by the time scale, this is due to the quantum beat interference in the

MF PAD between the two scattering resonances.

The selection of the MF PADs in Figure 4 from the (0,0,0) cation ground state has important
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implications for the analysis of their structure and time evolution. First, Franck-Condon (FC)

factors restrict photoionization to quasi-linear geometries, simplifying a symmetry analysis.

Second, photoionization of either scattering resonance produced the same cation vibrational

state. Within the Born-Oppenheimer and FC approximations, electronic and nuclear dynamics

are fully separated and both resonances should produce the same PADs (i.e. the free electron

departs from the same ion core), differing only in amplitudedue to their distinct FC factors.

If the PAD shape also varies during the quantum beat, as in Fig. 4, then the PADs from the

two scattering resonances must differ in form. This means that there must be a vibrational

coordinate dependence to the ionization transition dipole- a failure of the FC approximation.

This coordinate dependence can originate from the variation of electronic structure with

vibrational coordinates in the final continuum state, the neutral excited state, or both. Our final

state is the (0,0,0) state of the strongly bound cation: the vibrational wave function is restricted

to a small range of internuclear distances where we do not expect mixing with other cation

electronic states. We also argue that there are no resonances in the ionization continuum within

our range of energies (see Supporting Text). Therefore, neither the cation nor the free electron

wave function likely has strong vibrational coordinate dependence. It is rather the nuclear

coordinate dependence of the electronic character of the excited neutral state which causes

the PADs to evolve during the quantum beat, and signifies the differential electronic character

sampled by the different vibrational excursions of the two scattering resonances.

This explanation is strongly supported by theory. In our case, one scattering resonance has

more symmetric stretch character and less bend amplitude whereas the other has the opposite.

Energetically located just above the linear initial state (1Σ+
u ) is an optically dark state (1Πg).

In linear geometries, these two states do not interact. Uponbending, however, the degenerate

upper state splits into two components, one of which interacts strongly with the initial state

upon bending and stretching. Therefore, as shown in the inset of Fig. 1, we expect mixing ofΠg
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character into the wavefunction as the molecule bends and stretches (q). We thus attribute the

time evolution of the MF PADs in Fig. 4 to the difference in bending and stretching amplitude

between the two scattering resonances, sampling differentdegrees ofΠg character upon vibra-

tion. Our calculations reveal a strong mixing between thesestates at very small bending angles

(Fig. S2 and Supporting Text).

A complete determination of the photoionization dynamics requires knowledge of the am-

plitudes and phases for all partial waves. While approximatemethods for determining pho-

toionization amplitudes exist, calculating the phase shifts of all partial waves for excited states

of a polyatomic molecule undergoing non-adiabatic dynamics is currently computationally in-

tractable. Furthermore, attempts to extract amplitudes and phases directly from the data will not

yield a unique fit to the PADs. Therefore, precluding a detailed analysis of the photoionization

dynamics, we consider a symmetry analysis based on the quasi-linear behavior sampled by our

(0,0,0) final state (28). The quantum beat phenomenon leads to signals which oscillate between

the sum and the difference of the two ionization transitions. Therefore, the PADs at t=100 fs and

t=900 fs reflect the average electronic character of the two scattering resonances, whereas the

PAD at t=500 fs reflects the difference in electronic characters between the two. The symmetry-

expected MF PAD from the initial state (t=100 fs) has minima in directions both parallel and

perpendicular to the molecular axis. As seen from Fig. 4, this expectation is in good qualitative

agreement (consistent with imperfect axis alignment) withthe MF PAD observed at t=100 fs.

By t=500 fs (corresponding to the minimum of the quantum beat in Fig. 2(c)) the angular distri-

bution appears qualitatively different, now peaking parallel to the MF axis. The PAD observed

at t=500 fs is consistent with ionization from a state ofΠg symmetry, the expected difference

between the two resonance wavefunctions. By t=900 fs, approaching the first maximum of the

quantum beat, the MF PADs appears again very similar to that at t=100 fs.

Simplifying still further, if we employ single-active electron pictures, the MF PADs are di-
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rectly determined by the initial orbital and the MF direction of the ionization transition dipole

(19, 28). The changes in the PADs then directly reflect changes in orbital character. In the

FC region, the initial state is predominantly ofn → π∗ character (the corresponding orbital

is plotted at the top-right of Fig. 4). As the molecule bends and stretches, state mixing intro-

duces somen → σ∗ character (middle-right of Fig. 4). The qualitative changes in the MF

PADs agree well with the changes in orbital character of the excited state, as the quantum beat

phenomenon amplifies the differences between the two resonances. The MF PADs do show an

energy dependence (Fig. S1): different ion vibrational states exhibit different PADs. However,

their temporal evolution is very similar to that of the (0,0,0) state, with comparable changes at

all energies. That the PADs are final state dependent is consistent with the different ion states

having different Condon points and therefore reflecting different aspects of the excited state

evolution.

The fact that the MF PADs exhibit an oscillatory behavior which is in phase at all energies

highlights an important aspect of this observable (16): the time evolution of the PADs (Fig. 4)

for fixed-in-space molecules is predominantly determined by changes in the electronic symme-

try of the excited state. By contrast, the time evolution of the photoelectron spectrum (Fig. 2) is

primarily sensitive to the vibrational dynamics and population decay: when several vibrational

states of the cation are accessible, details of the dynamicsmay become obscured by averaging

over these states. This is why the quantum beat is not observed in the photoelectron yield at low

electron energies but stands out clearly in the MF PADs. In a simple model, the PADs are deter-

mined by the shape of the orbital being ionized and the ionic potential from which the electron

is ejected. For small amplitude vibrational motion, which is ensured by our choice of final state,

the changes in the PADs are then mostly determined by the re-organization of the electrons due

to the coupling between electronic states. The time-evolution of the photoelectron spectrum and

the MF PADs therefore add complementary information about the dynamics, highlighting the
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power of combining field-free alignment techniques with ultrafast spectroscopy.
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Figure 1: Schematic representation of our femtosecond time-resolved photoelectron 3D

imaging measurements of the pre-dissociation dynamics of CS2. Dissociation proceeds via

asymmetric stretching to singlet and triplet products. Dueto the geometry change in the excited

state, the initial nuclear motion proceeds along the bending and symmetric stretch coordinates

(blue trajectory). Upon bending and stretching, the excited Σ+
u state adiabatically developsΠg

electronic character (inset). The quasi-bound dynamics are probed by measuring the energy

and 3D emission direction of the photoelectrons emitted upon ionization into the bound ground

state of the cation.

Figure 2: (a) The time-resolved photoelectron spectrum of CS2 following excitation to the

1Σ+
u state pumped at 201.2 nm. The decay-associated spectra resulting from a 2D global anal-

ysis of the data are shown in (b), with the photoelectron signal fit at all energies and all delays

simultaneously. In (c) we show the evolution of the photoelectron band corresponding to ion-

ization into the vibrational ground state of the cation, along with the result of the global fit. The

quantum beat can be clearly seen.

Figure 3: Jet-cooled CS2 molecules are transiently aligned by a short (100 fs), non-resonant

(805 nm) laser pulse, creating a rotational wavepacket. Thealignment dynamics around the

half-revival are monitored via the two-photon ionization yield (blue dots). To estimate the de-

gree of alignment, we simulated the ion-yield as a function of delay using direct integration

of the time-dependent Schrödinger equation to propagate the rotational wavepacket. The cal-

culated axis angular distribution is shown in the inset for the ground state (blue) and excited

state (red) molecules. Within the window used for the pump-probe experiment (red band), the

molecules are fixed-in-space.

Figure 4: Time-resolved PADs for unaligned (left) and aligned (right) CS2 molecules. The

LF laser polarization vectors are shown at top right. Also shown are the orbitals with the highest

contribution to the state evolving adiabatically from the1B2(
1Σ+

u ) state in the Franck-Condon
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region. Top and bottom right panels show theπ∗ orbital that dominates in the Franck-Condon

region, whereas the middle right panel shows theσ∗ orbital that contributes at geometries that

are both stretched and bent. The MF PADs (aligned) reveal details of the dynamics not seen in

the randomly aligned sample.
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