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Molecular restructuring and its consequences for molecular function are of ubiquitous

interest across a variety of scientific disciplines. The physical and chemical dynamics in-

volved typically progress on the femtosecond timescale, enabling their ‘real-time’ observation

through a range of ultrafast spectroscopic techniques.1 Modern technological developments

in high intensity short-wavelength FELs have extended such methods for probing ultrafast

chemistry in a site-selective manner by utilizing wavelengths of light which can selectively

address core orbitals.2–9

Ultrafast molecular fragmentation can cause significant core-electron binding energy

changes. These changes are on the order of few eV for chemical shifts of neutral frag-

ments, tens of eV for delocalized charges in the valence shell and more than a hundred eV

for localized core-holes.10 Such shifts are measurable by photoelectron spectroscopy,5–7 but

it is difficult to distinguish smaller shifts from static signal originating from ground-state

molecules and background.7 Additionally, relating such signal to a specific underlying pro-

cess is challenging, particularly in the case of more complex molecules which may undergo

a range of photochemical processes following photoexcitation. One potential solution is to

utilize electron-ion correlations, allowing electron spectroscopy to be applied in a channel-

resolved manner, by isolating contributions in an electron spectrum correlated to a specific

photofragmentation channel, determined by ion spectroscopy.11–13 Electron-ion coincidence

techniques have proven to be very powerful, but are limited to very low count rates, such

that multiple particles produced in the same laser pulse can be assigned to a single event.14,15

While progress in coincidence experiments at FELs has been made,2,9,16–18 the high repeti-

tion rates required for sufficient data collection still pose a considerable technical challenge

that can prospectively be tackled by high-repetition rate FELs.19 Here, we exploit an alter-

native method to determine charged-particle correlations at far higher count rates; through

calculating the covariance, a measure of linear correlation between the signals of interest

recorded over many data acquisition cycles (i.e. laser shots).20,21 This holds the promise of

being applicable even to larger molecules.22 Although the inherently unstable conditions due
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to stochastic pulse generation at Self-Amplified Spontaneous Emission (SASE) FELs provide

challenges for correlation techniques, schemes have been developed to not only correct for the

adverse effects of such fluctuations, but effectively exploit them through either partial23,24

or contingent25 covariance analysis. In the present work, we demonstrate the extension of

these techniques, usually applied to a 1D mass spectrum, to a 3D Velocity-Map Imaging

(VMI) study of the ultrafast evolution of electronic structure during a photodissociation, at

a particular core site, in a channel-resolved manner.

The prototypical chiral molecule 1-iodo-2-methylbutane (C2H5CH (CH3)CH2I) is a promi-

nent candidate for approaching dynamical investigations of chirality with FELs. Understand-

ing and benchmarking the underlying ultrafast photochemistry is an important prerequisite

for these kind of studies. Here, it is dissociated at its C-I bond following single-photon UV

excitation. The subsequently evolving chemical dynamics are investigated from the view-

point of the released neutral iodine atom via a time-delayed, ∼63.5 eV, FEL-based probe

pulse with ∼50 fs duration. Due to the large cross-section differences, the I 4d orbital is pre-

dominantly ionized.26 By using covariance analysis to select only electrons that are emitted

from neutrally dissociated iodine, and following their time evolution during the photoly-

sis, an advanced scheme for femtochemistry is enabled via simultaneous electron and ion

VMI spectroscopy.27–30 The interpretation of the delay-dependent photoelectron spectra is

supported by state-of-the-art simulations of photoionization.31

Figure 1a) shows mass spectra of 1-iodo-2-methylbutane exposed to the UV and XUV

pulses alone, or with both pulses for positive pump-probe delays (UV preceding the XUV).

At the employed intensities, very little multi-photon dissociative ionization is initiated by the

UV pulse alone, whereas the XUV pulse causes extensive ionic break-up. In the two-color

experiment, a clear pump-probe signal can be observed most prominently in the I2+ ion,

whose yield is significantly enhanced when the UV pulse precedes the XUV. As ionization

at the I 4d orbital by the XUV predominantly results in two charges after Auger decay,26

UV-induced neutral photodissociation followed by ionization at the nascent iodine atoms by
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the XUV would lead to an enhanced I2+ signal at sufficiently large internuclear distances,

for which charge transfer does not occur.3 Small enhancements of other fragments are also

visible in comparison to the XUV-only spectrum.

Velocity-map images for the I2+ ion at a series of pump-probe delays, shown in the inset

of Figure 1a), provide insight into the UV-induced C-I dissociation. At negative pump-

probe delays (UV late), a weak, broad feature at high radii is observed, that is assigned

to a (multi-photon) XUV-induced Coulomb explosion of the parent molecule. When the

UV pulse pre-excites the molecules, two clear features emerge in the ion images. Firstly,

there is a strong contribution at low radii, which is peaked along the UV polarization axis

(β ≈ 1.80). This is expected for neutral photodissociation following a parallel excitation

predominantly to the 3Q0 state, as observed in similar alkyl iodides.33 The delay-dependent

I2+ kinetic energy is plotted in Figure 1b), and panel c) shows the integrated intensity of the

low kinetic energy, neutral dissociation feature.

Secondly, a weaker, more diffuse feature at higher radii is also visible after time-zero. This

moves towards the center of the image at longer pump-probe delays, indicative of a Coulombic

contribution to the fragment energy, which decreases at larger internuclear separations, i.e.

longer pump-probe delays.3,4,34 Covariance imaging analysis34–37 confirms that this minor

channel arises from a multi-photon dissociative ionization by the pump pulse, prior to XUV

absorption at the iodine site, and is not discussed further in this work, which focuses on the

dominant, neutral photodissociation channel.

The photodissociation dynamics can be further probed through time-resolved inner-shell

photoelectron spectroscopy5–7,31 at the iodine 4d site, as demonstrated on the ultraviolet

photodissociation of methyl iodide by Brauße et al.,7 in which a small increase in I 4d binding

energy was detected following UV excitation. This was assigned to ionization of dissociated

iodine atoms, supported by earlier synchrotron measurements of the I 4d binding energies

of CH3I and I.38–41 The ability to study the temporal evolution of the signal, however,

was hampered by the fact that this small contribution overlaps energetically with signal
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arising from unpumped parent molecules (due in part to the significant FEL bandwidth); a

limitation that can be tackled by the partial covariance analysis. A primary aspect of the

current work is that this method can be utilized to isolate delay-dependent spectral features

of interest.
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Figure 2: a) Photoelectron VMI images (UV-XUV) of: (left to right) 1-iodo-2-methylbutane
seeded in He carrier gas, He only and 1-iodo-2-methylbutane following background subtrac-
tion. b) Electron-ion partial covariance analysis for the I+ ion, showing images of (left to
right) covariance, correction term and the partial covariance. c) Electron spectra associated
with the background subtracted velocity-map electron image (blue) and the I+ electron-ion
partial covariance image (red). The two main features, arising from molecular 4d5/2 and
4d3/2 ionization, are labelled.

Photoelectron images following irradiation of 1-iodo-2-methylbutane (seeded in He) by

the UV and XUV lasers are plotted in Figure 2a). The strong rings observed in the helium-

only case are due to single and double ionization of He by the XUV pulse, which form a

significant background when 1-iodo-2-methylbutane is present, labelled ‘C5H11I’ in Figure

2a). Subtraction of background contributions yields the image plotted on the right of panel
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a) of Figure 2. A feature at slightly lower kinetic energy (higher binding energy) than the

He2+ photoline is observed, arising from ionization at the I 4d site in C5H11I. The associ-

ated electron binding energy spectrum (Figure 2c)) shows two clear peaks at approximately

56.5 eV and 58 eV, which can be assigned to the molecular 4d5/2 and 4d3/2 levels, respectively.

The β2 parameter42 for electrons originating from the molecular I 4d site was determined to

be β2 = 0.25 for the 4d5/2 and β2 = 0.3 for the 4d3/2, which is in reasonable agreement to

previous work on CH3I
43 under the given experimental conditions.

The electron velocity distributions correlated with production of a particular photoion

can be extracted by calculating the covariance between the integrated count of the ion of

interest and each pixel of the electron image. As three-dimensional ion-velocity information is

recorded, electron spectra correlated to a specific range of ion velocities can be calculated by

appropriately selecting ions within a given velocity range. Figure 2b) shows the electron-ion

covariance calculated for the I+ ion, which is predominantly produced following interaction

of the molecule with the XUV pulse alone. The I 4d photoline is clearly highlighted in this

covariance image, however there is still significant background present from the He seeding

gas. This ‘false’ covariance is attributed to correlations induced by the fluctuating FEL power

during the experiment, which can be accounted for through partial covariance analysis23,24,44

(details of the partial covariance procedure are given in the Supporting Information). An

additional map, denoted the ‘correction’ map, representing the (linear) correlations induced

by the fluctuating FEL pulse energy is constructed. Subtraction of this term from the

covariance term yields the partial covariance, which isolates the true electron-ion correlations.

In panel c), strong principal agreement is observed between the covariant electron spectrum

for I+ and the equivalent spectrum obtained following subtraction of the various background

contributions from the raw electron image.

As discussed previously, the low kinetic energy I2+ ions observed in Figure 1 are formed

by a distinct pathway: UV-induced photodissociation and subsequent XUV ionization at

the nascent iodine atom 4d orbital. The partial covariance image for low-velocity I2+ ions is
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Figure 3: a) Electron-ion partial covariance images (symmetrized) for the I+ ion and the I2+

ion (low radius ions only, for pump-probe delays of +0.55 ps and +0.80 ps). A horizontal
line at the radius of the ring seen in the I+ image highlights the shift to lower radius in the
I2+ case. b) Photoelectron spectra extracted from each of these partial covariance images.
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plotted in Figure 3a), for long positive pump-probe delays (UV first by at least 550 fs). In

Figure 1a)), a clear circular feature is observed at a significantly lower radius (higher electron

binding energy) than for XUV-only ionization and fragmentation of the parent molecule. As

seen in Figure 3b), the spectrum associated with the neutral dissociation exhibits a shift to

higher binding energies, by approximately 1.5 - 2 eV, consistent with synchrotron studies on

the I 4d photoelectron spectra of free iodine atoms.39,40 Crucially, and in contrast to previous

work,7 this energetic shift as a result of dissociation can be completely isolated from the far

stronger unpumped parent molecule signal in the present case, as well as from any competing

pump-probe channels, such as the multiphoton dissociative ionization pathway. As such, the

here presented method allows for decisive insights into the photochemistry of the chosen

prototypical chiral molecule.

The covariant electron spectra associated with low-velocity I2+ ions can be calculated

in a time-resolved manner, as shown in Figure 4. For all pump-probe delays, the electron

spectra in covariance with the I2+ photodissociation products show clear differences from the

spectrum of ground state molecules. Three main peaks can be seen in these spectra in the

∼56 - 61 eV region, along with an immediate, unresolved, shift to higher electron binding

energies. In the ∼54-56 eV region, the weak signal is assigned to the partial covariance

routine failing to remove all the He-background contributions.

In order to better understand the origins of these experimental observations, we have

calculated photoelectron spectra as a function of carbon-iodine distance keeping the remain-

ing geometry parameters fixed, for the 3Q0 and 1Q1 excited states (a full description of

the theoretical methods is given in the Supporting Information). As in CH3I and other

iodoalkanes,45–47 photoexcitation occurs predominantly to the 3Q0 state, which correlates to

spin-orbit excited I∗ (2P1/2) products.
48 This state is crossed by the 1Q1 state, in our case at

around 2.4 Å C-I bond distance, correlating to ground state I (2P3/2). From our simulations

of the C-I bond elongation, which reaches an asymptotic velocity of ∼25 Å ps−1, this channel-

crossing occurs after a few tens of fs. During the dissociation, significant population transfer
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from 3Q0 to 1Q1 occurs enabling production of ground state I atoms. This is the dominant

dissociation pathway, particularly in larger alkyl iodides.33,49 In Figure 4, the time-resolved

experimental data are compared with theoretical spectra calculated close to the equilibrium

bond distance (panel a)), and in the long bond distance limit (panel c)) for both states.

Although the time resolution of ±100 fs precludes direct observation of the non-adiabatic

behavior at the conical intersection,49,50 the comparison with theory is still illuminating. At

the earliest pump-probe delay, potential contributions from the initially populated 3Q0 state

and the 1Q1 state cannot be clearly distinguished, with qualitative indications for either

state, consistent with some convolution of both involved states. For the second delay at

300 fs, the evolution of the spectral dynamics (primarly on the 1Q1 state) is theoretically

predicted to be concluded, which cannot be decisively confirmed by the present data. For

long delays, in contrast, the dominant contribution can be clearly assigned to the 1Q1 channel

(I(2P3/2)), with any minor contributions from the 3Q0 state causing a significantly smaller

binding energy shift than that observed.

The current work demonstrates the applicability of electron-ion partial covariance imag-

ing to ultrafast site-specific photoelectron spectroscopy. Future upgrades to FELs in terms

of repetition rate, polarization51 and pulse duration52 control, in combination with ultra-

short optical laser pulses in particular in the UV regime,53–55 and advanced camera read-

out schemes, will enhance the data acquisition rates by orders of magnitude. Experiments

building on this methodology presented here will enable the study of coupled nuclear elec-

tron dynamics, such as those associated with conical intersections, in exquisite detail. Be-

sides gaining first photochemical insights into the chiral molecule 1-iodo-2-methylbutane,

our approach can also be readily extended to asymmetric angular distributions, in either

the laboratory- or recoil-frame which provides a promising tool for exploring ultrafast chiral

dynamics.
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