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Here, we elaborate in more detail on how the measured photoelectron energy shift is used to time the nuclear
dynamics of the intermediate Net(2s7!)Kr ion (see also [1]). A projection of Fig. 3, shown in the main text,
on the decay-time axis (x-axis), integrated over all photoelectron energies, yields the decay time distribution
(not shown here). In the next step, this mapping function of photoelectron energy to decay time is applied
to the energy correlation diagram in Fig. SI 1, which depicts the Ne™ + Krt + e~ yield as a function of the
KER and the photoelectron energy, in order to plot the KER as a function of the decay time. The results of this
procedure are presented in Fig. SI 2, showing the Ne™ + Kr' + e~ yield as a function of the KER and the decay time.

Figures SI 1(a) and SI 1(b) show the yield of the Coulomb-exploding (NeKr)™* dimer dication measured in
coincidence with the photoelectron as a function of the measured KER and the photoelectron energy for the two
photon energies of 48.60 eV and 48.68 eV, respectively. This particle energy correlation map, which relates lower
KER values to lower electron energies, already provides a glimpse of the molecular dynamics during the ICD process.
Using the mapping shown in Fig. 3 in the main text, the particle energies are converted to decay times, and we
obtain the KER as function of decay time [see Figs. SI 2(a) and SI 2(b)]. From the latter two spectra we can clearly
see that the KER of the dimer evolves towards higher values with increasing decay time. According to the reflection
approximation [2], the internuclear distance R = 1/(KER) (in atomic units and valid only for Coulombic PECs, see
main text) decreases as a function of real-time, meaning that the singly charged Net(2s~!)Kr dimer tends to shrink
before ICD occurs.

Figures SI 3(a), SI 3(b), and SI 4 show the photoelectron energy and KER distributions, integrated over all decay
times, respectively. The KER distributions for both photon energies (black and red curves) in Fig. SI 4 are very
similar. There are two known effects which could in principle make the KER depend on the photon energy. The first
is the nuclear motion induced by the photoelectron recoil as observed in, e.g., [3]. However, this effect is negligible at
the present low energies. The second effect is the electron-energy dependence of the photoelectron recapture process.
At very short decay times and low initial photoelectron energies, the deceleration of the photoelectron can exceed its
initial kinetic energy and lead to a recapture of the photoelectron [4]. This sets a lower limit on which dynamics can
be followed in time in this scheme. The influence of the recapture effect becomes visible in more differential data,
but according to Figs. SI 3(a) and SI 3(b) it does not significantly alter the total KER. Figure SI 4 also shows the
calculated KER.

In Fig. ST 3, the measured photoelectron energy spectra of the dimer (blue) are compared with the photoelectron
energy distribution, measured for the photoionization of the Ne monomer (red). The chemical shift between the
Ne (2s71) electron in the NeKr dimer and the atomic Ne is clearly visible, reflecting the fact that the photoelectrons
in the dimer are faster than in the atom, because the presence of the Kr atom in the NeKr dimer changes the
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FIG. SI 1: Electron-ion energy correlation map showing the Net + Krt + e~ yield as a function of the kinetic energy release
and the photoelectron energy for the Coulomb explosion of the (NeKr)*™ dimer dication, in (a) shown for 48.60 eV photon
energy and in (b) for 48.68 ¢V photon energy.
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FIG. SI 2: Measured yield of the (NeKr)™™ dication undergoing Coulomb explosion initiated by the ICD process in NeKr
dimers as a function of the kinetic energy release (eV) and the decay time (fs) for (a) 48.60 eV and (b) 48.68 eV photon energy.
The yield is derived from the mapping functions based on the spectra presented in Fig. 3 in the main text and Fig. SI 1 (see
text for details).
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FIG. SI 3: Measured kinetic energy spectra of the photoelectrons released during the ICD process in NeKr dimers. (a) Blue
curve: measured photoelectron energy for 48.60 eV photon energy [projection from Fig. SI 1(a)], red curve: 2s line of the Ne
monomer. (b) Blue curve: measured photoelectron energy for 48.68 eV photon energy [projection from Fig. SI 1(b)], red curve:
2s line of the Ne monomer.

Ne (2s) binding energy. As the binding energy is lower, the kinetic energy of the electrons in the dimer is higher
by approximately 50 meV. The overall shapes of the distributions of the photoelectron energies are very similar
for both photon energies. For our method of PCl-streaking to work properly, an ICD electron with significantly
higher kinetic energy compared to the photoelectron is needed, because the strength of post-collision interaction
depends on the energy difference between the photoelectron and the ICD electron. If ICD electrons energetically
overlap with the slow photoelectrons, as it is, e.g., the case in NeNe dimers, where ICD electrons range from 0 eV
to roughly 2 eV [5], the deceleration of the photoelectrons is weak or even absent, and, consequently, any ICD time
evolution is hard to resolve via PCl-streaking. On the other hand, NeKr dimers are known to produce ICD electrons
of around 10 eV [6], and they, hence, represent an ideal species for time-resolved ICD studies employing PClI-streaking.

The mapping procedure described in the main text, which explains how PCl-streaking gives access to tracking the
nuclear dynamics of the Ne® (2s71)Kr transient ion in real-time, enables us to finally plot the squared norm of the
decaying state wave packet on an ultrafast timescale (see Fig. 5 in the main text). Figure SI 5 represents a zoom
of the first 100 fs of the decay time spectrum presented in Fig. 5(b) in the main text, in order to better display the
comparison between theory and experiment at ultrashort lifetimes.
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FIG. SI 4: Kinetic energy release (KER) distribution in the Ne™/Kr* breakup of the (NeKr)™™ dimer dication in the ICD
process. Black curve: measured KER for 48.60 eV photon energy, red curve: measured KER for 48.68 eV photon energy,
projections from Figs. SI 1(a) and SI 1(b). Blue curve: calculated KER distribution. The differences are within the experimental
error bars of AKER ~ £160 meV.
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FIG. SI 5: Squared norm of the decaying state wave packet of the intermediate Net(2s™1)Kr cation state or correspondingly
the inverse population of the final state as a function of the decay time. The blue curve represents the theoretical results.
The black and red data points depict the experimental results for a photon energy of 48.60 eV (black) and a photon energy of
48.68 eV (red). This spectrum represents a zoom of the first 100 fs decay time. The loss due to the photoelectron recapture is
considered. The asymmetric error bars stem from the non-linear conversion of the measured photoelectron energy to the decay
time.
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