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Supplementary Note 1: Wavepacket dynamics

The wave packet calculations were performed with the method presented in [2]. Here, we
present the results of a simulation with similar parameters compared to the experiment:
the pump pulse is centered at 400 nm with a gaussian envelope of the intensity of 40 fs
FWHM and a peak intensity of 2 - 10" W/cm? which is centered at ¢ = 0 fs.

Supplementary Figure 1a illustrates the populations of the electronic states in both the
diabatic and the adiabatic frame. Due to the limited size of the grid, absorbing boundaries
are introduced. In this calculation the absorption barriers are located at ry/, = 3.0125 A,
leading to a loss of the total population if the WP accesses this part of the nuclear
configuration space (see Fig. 1b and ¢). To illustrate the evolution of the excited WP, all
parts of the WP overlapping with the GS wave function are removed by an appropriate
projection. An accessible picture of the time-dependent motion of the WP is obtained by
integrating the resulting wave function over two coordinates to obtain a 2-D density map

using
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where P is the vibrational wave function without ground state contributions of the

state i. Note that r; and ry are not distinguishable. The two quantities are shown in fig.
1b and fig. 1c, respectively.

The marked timings in Supplementary Figure 5 of the main text are denoted by the
vertical lines in Supplementary Figure 1. The photoelectron band 2 (c.f. Supplementary
Figure 5i) between 8.8 and 10.7 eV reaches an intensity plateau at 78 fs (red vertical lines),
which coincides with the WP reaching large bond lengths larger than 2.25 A(panel c).
This agrees well with the behavior of the vertical I, (cf. fig. 5d) predicting the generation
of signal in this band at large r.

The photoelectron band 3 (c.f. Supplementary Figure 5j of the main text) between 11.7
and 12.6 eV has a local maximum at 36 fs (black vertical lines), which coincides with a
fast change in the adiabatic population (panel a). At this delay a large part of the WP
passes through the conical intersection and reaches the adiabatic ground state.
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Supplementary Figure 1: Time-dependent wave-packet propagation with a pump pulse comparable
to the experiment. a) Time-dependent populations in the (1)?A’ and (2)?A’ states. The populations
of the energetically lower states are denoted in blue with the scale on the left, the populations of the
energetically higher states are denoted in red with the scale on the right. Diabatic populations have
dotted lines, adiabatic states have solid lines, and the total population is depicted in black (left scale). b)
Time dependent density along the bonding angle © (see equation 2) of the adiabatic (2)2A’ state in the
upper panel and of the adiabatic (1)?A’ state in the lower panel. ¢) Time dependent density along r; /2-
Because r1 and rz are not distinguishable, they both contribute to the density - i.e. large /o always
imply an equal density at ry/; around the equilibrium position of rno. The highlighted timings (black at
36 fs and red at 72 fs) are associated with characteristic structures in the photoelectron bands (see text).



Supplementary Note 2: Experimental techniques

Experimental layout. A Ti:Saph amplifier system delivers 30 fs laser pulses at 5 kHz,
centered at 800 nm, and with a pulse energy of 2 mJ. The incident beam is split into two
interferometric arms. 1 mJ is used to generate high-order harmonics in a semi-infinite
cell [15]. After this a single harmonic order is isolated by a time-preserving monochro-
mator [10], delivering XUV pulses of about 35 fs with a spectral bandwidth on the order
of 300 meV. The UV pulses are generated in the second interferometric arm by second-
harmonic generation using a 100 pgm thick BBO crystal with a cut angle of 29.2°. 1 mJ
of input energy yields 250 pJ UV pulses (25% conversion efficiency) with a duration of
44 fs. The diameter of the UV beam is reduced by an iris to ~ 2 mm, resulting in pulse
energies of 3-5uJ. The XUV and UV beam are then recombined in an angle-integrating
magnetic-bottle time-of-flight photoelectron spectrometer (MBES) [7], whereby the UV
beam is focused by a mirror with a focal length of 1 m. The diameter of the XUV focus is
estimated to amount to 100-150 pgm. The measured XUV-UV cross correlation amounts
to about 56 fs. A beam-path overview is given in Supplementary Figure 2.
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Supplementary Figure 2: The beamsplitter BS is used to separate the incoming IR radiation in two
interferometric arms. The reflection off the BS is focused with the lens F1 into the semi-infinite gas cell for
XUV generation and consecutive monochromatization. The transmitted part is frequency doubled using
a BBO crystal whereafter the remaining IR is separated using dichroic mirrors (DIC). Before focusing
the UV via F2, a chopper CH is employed to block every second pulse thereby allowing for single-shot-
referenced detection. The two light pulses are then combined in the MBES. The optical path length of
the UV pulses can be changed using a motorized translation stage TS.

For each dataset the excitation spectrum was recorded as well as a cross correlation
in argon. The excitation spectrum used for the fs-dynamics dataset shown in the main
body of the text is given in Supplementary Figure 3a. By tilting the BBO crystal, the
spectrum could be shaped, moving its center of gravity by £5 nm around 400 nm. The
shown spectrum is tuned to about 399 nm and slightly asymmetric due to the tilt de-
pendent phase-matching in the BBO. Suplementary Figure 3b shows the cross correlation
recorded for the same data set. Typical values for the FWHM of the cross correlation are
around 55 fs depending on day-to-day alignment and compressor settings.

The MBES was calibrated before each set of measurements using photoelectron spectra
from argon, obtained with XUV pulses corresponding to different harmonic orders. A
continuous-flow needle-type leak valve was used to supply the gas into the MBES. It con-
sists out of a 40 mm long, electrically-grounded stainless steel tube with an inner diameter
of 127 pm which is positioned at a distance of 1 mm relative to the interaction region.
The backing pressure of the leak valve was actively stabilized by a membrane gauge and
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Supplementary Figure 3: Excitation spectrum and argon cross correlation measured for the fs-
daynamics dataset presented in the main body of the text. a) UV excitation spectrum. The spectrum is
centered around 399 nm and about 60% of the spectral intensity is above the dissociation threshold. b)
cross correlation measured prior to the NOy data set in argon. A gaussian is fit (solid line) is performend
on the experimental data (crosses) for both first order side bands. The average FWHM is 55.8 fs which
indicates a UV pulse duration around 44 fs.

an actuated precision-needle valve.

In order to prevent cluster formation in NO,, the leak valve is heated to 90°C with
a temperature-stabilized heating foil. The equilibrium constant for the reaction NOy <>
NyOy is K, = plo,/Prn.0, & 7 atm. at 359.6 K (86.6°C) and a pressure of 40 mbar [1].
This yields a fraction of NyOy4 of 11% assuming a thermally-equilibrated sample.

Methodology of the Data Processing. The data acquisition is set up around a 2-
channel high-speed 8 bit analog-to-digital converter card with an internal ringbuffer. The
MCP signal is acquired for each shot and stored in the ringbuffer which can be read out
simultaneously without loss of trigger events. The read out data is then transformed into
a binary representation by appropriate thresholding, removing spurious RF noise. The
second channel is used as qualifying input to determine the chopper status, i.e. whether a
trigger event contained only the XUV pulse or both pulses. The total electron-count-rate
per shot, was set sufficiently low to avoid double counts within the time window defined
by the single event response of the MCP, including the RF ringing. This corresponds to
about 50 registered electron counts per shot.

For each delay step, 3 x 10° trigger-events were acquired, corresponding to 1.5 x 10°
UV + XUV events. The data sets, shown in the main body of the text, all consist of
20 independent delay scans which were averaged, corresponding to 3 x 10° trigger events
contributing to the average (=~ 1.5 x 10® electron counts), corresponding to an integration
time of 10 minutes per delay step. For the shown data sets 110 delay steps were recorded
per scan, with a delay step of 6.33 fs and 33.3 fs for the short- and long-term dynamics
respectively.

The time-of-flight spectra are then converted to photo-electron kinetic energy by a suit-



able calibration function where after the data was rebinned on an equidistant grid with
a spacing of 50 meV. During the acquisition time of 36 hours the XUV pulses drifted in
their flux (by 50 %) and in their corresponding photon energy (by 150 meV). The average
total number of XUV only counts per delay-step per scan was calculated and for each
delay step both the XUV and the XUV + UV spectrum were normalized accordingly to
account for a time-dependent drift of the XUV flux. The time-dependent shift of the XUV
photon energy was partially compensated by calculating individual binding energy axes
for each scan and interpolating on a common grid before averaging. The data sets are not
compensated for a possible drift in UV pulse energy (= 30 % over the duration of the scan).

The resulting delay averaged XUV and XUV + UV spectra are shown in Supplementary
Figure 4 on a kinetic energy axis. For this data set the direct ionization by the pump pulse
accounts for about 10 % of the collected electrons in the XUV + UV spectra. The di-
rect ionization dominates the difference spectrum at low kinetic energies up to about 3 eV.
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Supplementary Figure 4: Photoelectron spectra obtained in NOsy. a) XUV spectrum. b) Spectrum
obtained in the presence of UV and XUV. The UV ionization accounts for 90 % of the ionization events
in the XUV + UV case.

The resulting time-dependent average XUV and XUV 4 UV spectra, calculated from
the independent scans, are shown in Supplementary Figure ba-b in terms of binding
energy, excluding the low kinetic energy part at high binding energies. The resulting dif-
ference spectrum is shown in Supplementary Figure 5c. The obtained differences are on
the order of 50 counts given a peak count in the reference of 3700. Due to the small signal
size it was decided to apply oversampling in the time-delay dimension, i.e. the delay step
size of 6.3 fs is significantly smaller than the duration of the cross correlation (56 fs). A
moving average can therefore be applied for displaying purposes, without losing significant
time resolution. If the data sets are shown as 2D map, they have been convolved with
Gaussians (see Supplementary Figure 5d).

Methodology of the Error Analysis. As can be seen from Supplementary Figure 5,
the error analysis in terms of statistical fluctuations of individual data points is essential.
In order to quantify this the standard deviation of the average was calculated for each
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Supplementary Figure 5: Raw and processed data after energy calibration, rebinning, photon-energy
drift compensation and averaging. a) Averaged raw XUV + UV spectrum. b) Averaged raw XUV-only
spectrum. ¢) Difference spectrum calculated from a) and b). d) Difference spectrum after application of
the moving average by convolution with a Gaussian in both time (FWHM: 18 fs) and energy (FWHM:
100 meV).

individual energy bin in the mean difference spectrum. This information can then be used
to calculate the standard deviation of integrated bands by Gaussian error propagation.
Suplementary Figure 6a-c, shows the standard deviation of the average for the XUV and
the XUV 4 UV and calculated standard deviation of the difference. As can be seen in
Supplementary Figure 6b-c the standard deviation of the average can be as high as 10 %
of the peak count value in the XUV only spectrum.

The most significant contribution to the statistical variation of the data stems from a
time-dependent drift of the XUV photon energy or XUV bandwidth during a scan, which
can be seen close to sharp edges of the XUV only spectrum. The band edge at 12.8 eV for
example causes a peak in the standard deviation with a FWHM of ~ 250 meV, giving an
estimate of the magnitude of the fluctuation. This implies that the statistical fluctuations
of integration bands, in the vicinity of a sharp feature, are orders of magnitude larger
than the overall small signals, making the data statistically insignificant without further
processing.
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Supplementary Figure 6: Standard deviation of the average calculated for each individual time and
energy bin for the average XUV + UV spectrum (b), the average XUV only spectrum (c) and the resulting
difference (d). The mean XUV only spectrum is shown in (a). The dashed lines highlight the steepest
edges which coincide with the regions of high statistical fluctuations.



Supplementary Note 3: LAPE calculations

The strong-field approximation (SFA), also known as Keldysh-Faisal-Reiss theory [12],
has been proven to be useful for such a broad range of problems across the spectrum of
light-matter interaction, that it has become textbook knowledge [6,14]. This framework
can be used to calculate photoelectron spectra in the presence of the laser assisted pho-
toelectric effect (LAPE).

LAPE is an effect in which an ionized electron interacts with an assisting electric field
to exchange one or more photons in the presence of the remaining ion, thereby changing
its kinetic energy and angular distribution. LAPE can be conceptualized, in the case of
an initial XUV single-photon ionization, as

A(i) + hwxpy — [e7(P) + nhw] + AT(f) = e~ (1)) + AT(f), (3)

where A(i) denotes an atom in its initial state, A*(f) denotes the cation in its final state
after ionization with the XUV photon hwxpyy, nhw implies the exchange of n photons of
the assisting field with energy hw, and e~ (p) is an electron with kinematic momentum p.
A simple expression can be derived, using a binding-energy dependent experimental XUV
spectrum Sxuv(Fhina) as input, to calculate the time-dependent effective probability to
obtain an electron with momentum ];’ , allowing for several, however non-interacting, final
states f. The evaluated expression, neglecting the angular distribution of the ionization
step, is

P(lpl,7 / Sxuv (Ebind) / Exuv(t' —7)exp |ﬁ12
h2me
; 2 (%)
_ii t" " L e A(411Y |2 341
<o (= [T e (< [ ar)

1 2
X exp (%Ebind t/> dt,) dEbinda (4)

where Exyy(t' — 7) represents the electric field of the XUV shifted by a time delay 7
relative to the assisting field, m,. is the mass of the electron, e is the electron charge,
/Y(t) is the vector potential of the assisting field, and FEy;,q is the binding energy. In
this expression, which can be evaluated on a numerical grid, each spectral contribution
in S(Fhina) is treated as a transition to a non-interacting final state. The results can be
compared to experimental spectra by normalizing the spectrum accordingly, e.g.

Sexp(Ebind7 T) _ P(‘ﬁ(Ebind) ‘7 T)
maX(SXUV(Ebind)) maX<PXUV(‘ﬁ(Ebind)|)) ’

where Pxuv(|p(FEbina)|) is calculated in the absence of the assisting field.

(5)




Supplementary Note 4: Depletion correction

An essential technique in unravelling the dynamics of the UV-induced excited-state frac-
tion is the possibility to compensate the experimental normalized-difference spectra for
depletion effects. The idea is that the contribution of the unperturbed ground state pho-
toelectron spectrum Sgg(Ehing) is directly proportional to the population |cgs(t)|? of the
lowest vibrational level of the electronic ground state (GS):

Scs(Epind; t) o |cas (b)) (6)

Provided there is only a single electronic final state and provided the depletion and
induced dynamics in the electronic ground state are small, the population transfer will
follow the real-valued field envelope A(t) of the interacting pulse, assuming a simple
two-level scheme. This implies that

Scs(Ebing, t) x 1 — (/_; A(t’)dt’)2, (7)

where « is a parameter depending on the R dependent transition dipole moment and
the detuning. This leads to the following heuristic function for the time-dependent pho-
toelectron spectrum

Sas(Ebind, t) = Sxuv (Ebind) (1 -« (/; A(t/)dtl) 2) ; (8)

where Sxyv(Eping) denotes the XUV-only spectrum. The resulting correction function
is then

A (Epind, t) = Sxuv(Ebina) o (/_too A(t/)dt/)Q : (9)

2
We can now introduce the empirical depletion parameter 5 = « < ffooo A(t)dt’ ) to
obtain

= A(F)ar (10)

Assuming that the UV pulse has a Gaussian envelope with a FWHM of ¢y which can
be deduced from experiments, this leaves only § as a free parameter.

t 2
A(thdt
A (Ebind, t) = Sxuv(Ebind) B (foo & ) :

In order to extract S from experimental data, suitably located depletion and gain bands
in the difference spectrum are required. Ideally, a single free standing depletion feature is
available to extract the excitation fraction directly. If this is not the case, regions of the
spectrum can be exploited where a depletion sharply intersects with a gain band. [ is
then varied until a smooth transition is achieved from areas influenced by the depletion
to areas free of depletion effects in the corrected difference spectrum . This works because
most gain bands turn out to be broad homogeneous structures devoid of sharp edges.
Clearly the latter technique has a larger error margin than the first.
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Suplementary Figure 8 shows the depletion correction being applied to one of the data
sets discussed in the main body of the text. The pulse duration oy is set to 44 fs (see Sup-
plementary Figure 3). In order to determine 3, A% is evaluated for time-delays outside
the pulse overlap. As a first step, 8 is gradually increased until there are no unphysical
negative contributions left (see the arrow annotation at 21 eV in Supplementary Figure
8d). Then the § is further increased until unphysical edges start appearing (see the arrow
annotation at 13 eV in Supplementary Figure 8d). Typically, § yields values showing an
unphysicality-boundary on the order of +30%. In order to compare the different obtained
corrected normalized difference spectra qualitatively, A% is shown for three different
values of 3.
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Supplementary Figure 7: Illustration of the depletion correction. a) processed normalized difference
spectrum. b) correction function described in the text assuming an excitation fraction of 1.3 %. «c)
corrected spectrum obtained by summation of a) and b). d) delay averaged spectra calculated for different
assumed excitation fractions. The two positions marked by the arrows show unphysical behavior for
excitation fractions within +£30% of the assumed value (see text).

We have further studied the sensitivity of the depletion correction to the selected delay
interval and found a very low sensitivity. Suplementary Figure S11 shows the depletion
corrected spectra A" obtained by using three different delay intervals for the normal-

ization procedure as indicated in each of the panels. Within the achieved signal-to-noise
ratio, no clear dependence on the chosen delay interval can be observed, as expected.
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Supplementary Figure 8: Sensitivity of the depletion correction to the chosen delay interval. The
selected interval is indicated in each panel. This data set corresponds to the results shown in Fig. 6,
panels ¢ and e, i.e. for an excitation spectrum centered at 405 nm.
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Supplementary Note 5: Calculation of photoelectron
spectra

The photoelectron spectra were calculated within the Born-Oppenheimer approximation
and the semiclassical approximation [8] leading to

_me 2En,
E 110
7 (Ebina) 3epc Z/

where Ej, is the photon energy, u;s is the electronic transition dipole, x is the nuclear
wave-function, and Iéf is the ionization potential. A similar approach was presented
n [13].

()| 5 (B — 1 () ) aB (1)

/'sz

The calculation of the photoelectron spectra contains 16 different channels: from the
adiabatic (1)?A’ and (2)?A’ states of the neutral molecule to the energetically lowest two
states of each, the *A’, 'A” 3A’ and 3A” of the cationic molecule. The magnitude of the
transition dipole p;r was approximated by the norm of the Dyson orbital, assuming sud-
den ionization and a constant density of states in the continuum [4,9]. This is a measure
of the electronic overlap of the cationic molecule with the neutral molecule missing the
ionized electron.

Supplementary Figure 9 shows a comparison of experimental spectra with the calcu-
lated photoelectron spectrum of the calculated nuclear ground-state wave function. As
in the main body of the text, the spectra are normalized to the 'A’ peak of the photo-
electron spectrum. The calculated spectrum shows excellent agreement with the XUV
photoelectron spectrum shown in this work. The relative peak height of the *A’ contribu-
tion is, however, overestimated. This calculation underlines the feasibility of the proposed
method.
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Supplementary Figure 9: Calculated spectrum of the NOs ground state (red) compared to an experi-
mental spectrum (green) and a high-resolution spectrum from literature [3] convolved with a gaussian of
0.35 eV FWHM (red).

The norm of the transition amplitude |g; f|2 can be expressed within the sudden ioniza-
tion approximation as the norm of the Dyson orbital [5,11]. This quantity is varying as a
function of the nuclear coordinates, as is shown in Supplementary Figure 10. For example,
the small electronic overlap of the excited state with the cationic states at the equilibrium
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position (indicated by an arrow in the figure), leads to a suppression of the signal directly
after the excitation. This property gives XUV-TRPES its unique sensitivity to changes
in electronic character of the WP.
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Supplementary Figure 10: Norm of the Dyson orbital as a function of ©® and r;. a) and c) illustrate
the vertical I, of different channels in dependence of the bond angle © (panel a) and the bond length r;
(panel c¢). The other degrees of freedom are set to the equilibrium value of NO3. Panel b) and d) show
the norm of the Dyson orbital of the main channels in dependence of © and r;.

Equation 11 allows the separate calculation of the different channels. An example of
the time dependent contribution of the ionization from the (1)?A’y state to the (1)*A’X
state to the photoelectron signal is shown in Supplementary Figure 11. Panel a shows the
direct result of the equation 11, convolved with Gaussians according to the approximated
resolutions of the experiment (35 fs FWHM for the probe pulse intensity envelope and
0.35 eV FWHM for the energy resolution).

As pointed out in section in the supplementary, the finite extent of the grid employed
for the WP calculations requires the implementation of absorbing boundaries. The part
of the wave packet, which is absorbed at the boundary of the grid, is approximated with
an average spectrum calculated from the average density in the absorbing volume. The
contribution of the absorbed population is added in panel b of Supplementary Figure 11.
The experimental observable is corresponding to the summation of the individual chan-
nels including their boundary contributions (see Supplementary Figure 11c).
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Supplementary Figure 11: Calculated time-dependent photoelectron spectra of NOy without ground
state contributions. a) time-dependent photoelectron spectra due to the transition from (1)2A’ to the
two energetically lowest lying 3A” states without contribution of the absorbed part of the wave function
(see text). b) same as a) but with the additional contribution of the absorbed wave function. c) total
calculated time-dependent photoelectron spectra. The cross-sections are normalized with respect to the
maximal intensity of the (1)24; to (1)*A; band at 11.1 eV of the static spectrum.
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