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Supplementary Figure 1. Deconvolution of the time-of-flight spectrum. a) Ion time-of-flight spectrum of Xe recorded
at a photon energy of 5.5 keV with 3.740.05 mJ pulse energy. The inset shows Xe®" with the arrows indicating the calculated
time of flight (ToF) for seven isotopes. b) For decreasing flight times, the peaks of different isotopes of neighboring charge
states start to overlap, and a deconvolution based on the natural isotopic abundance is required to determine the ion yield for
each charge state, as shown by the colored lines. The ToF of hydrogen and **?Xe3" was used to calibrate the ToF spectrum
and resulted in the following calibration: ToF= (1/m/q+0.014)/(3.983-10"*). Every possible ion with charge state ¢ and mass
m was fitted with a Gaussian, with the position calculated by the above expression and with the width estimated empirically
to linearly depend on the ToF as o = 0.002 - ToF + 0.1. The mass m ranged from 128 to 136 to cover all stable Xe isotopes,
and the charge g ranged from 3 to 50. The amplitude of each charge state was optimized so that their sum (thin red line) fits
the experimental data (thick black line). The method of least squares was applied to optimizes the agreement between fitted
and experimental ToF spectrum.
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Supplementary Figure 2. Possible processes after resonant excitation. Six different processes may occur after
resonantly absorbing one X-ray photon (R: resonant excitation). 1) R’: another resonant excitation, resulting in a multiply
excited state; 2) P: photoionization of the excited electron, which corresponds to resonant two-photon absorption; 3) P’:
photoionization of an M-shell electron; 4) F’': fluorescence (M-shell — L-shell), where the state of the excited electron remains
unchanged; 5) A: Auger decay involving the excited electron as a participator; 6) A’: Auger decay leaving the excited electron
as a spectator. The latter two pathways, resonant excitation (R) followed by a participator (A) or spectator (A’) Auger decay,
are called resonant Auger decay, where the prime indicates that the excited electron remains as a spectator. For high charge
states beyond Xe?ST) the L-shell (n=2) is the core shell, the M-shell (n=3) is typically the outermost occupied shell, and the
N-shell (n=4) is unoccupied. For simplicity, only two electrons and/or holes are depicted in each shell.
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Supplementary Figure 3. Cross-sections for resonant L-shell excitations at 5.5 keV. The cross-sections in Figures
2b and 3 of the main text are total cross-sections obtained by integrating the cross-sections from direct ionization and resonant
transitions between all orbitals. This figure breaks down Fig. 2b of the main text into the contributions from electron transition
between the L(n=2) and the N(n=4), O(n=>5), P(n=6) and Q(n="7) shells at a photon energy of 5.5 keV. The three largest
peaks stem from 25, /5 — 4py /2 or 4p3/2, 2p1/2 — 4ds/2, and 2ps/; — 4ds /o transitions. This finding underlines the importance
of a relativistic approach, because non-relativistic calculations led to wrong assignments of the participating orbitals in Ref. [1].
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Supplementary Figure 4. Peak fluence dependence of Xe"" ion yields at 5.5 keV. In order to cover a wide fluence
range, the X-ray beam was attenuated with a set of Si foils (0.02 to 10 mm thickness) by up to two orders of magnitude. In
addition, the shot-by-shot pulse energy fluctuations were used to further bin the data into 0.2 mJ intervals. The X-ray pulse
energies were measured by gas detectors located upstream of the beamline optics and multiplied by the beamline transmission
and the calculated attenuation factor for each Si foil. Closed circles depict the experimental results recorded at LCLS, closed
triangles were previously reported for measurements at SACLA [2], and solid lines show theoretical calculations using the
method described in this paper. The error bars reflect the uncertainty of the experimental data (1 s.d.) due to the finite
counting statistics. Because the SACLA data was taken at different gas pressure, a normalization to the LCLS measurements
was required. The theoretical ion yields (solid lines) are scaled by a single factor to match the yield of Xe®*' at 50 uJ/um?. To
guide the eye, straight lines with integer slopes are fitted to the experimental data points before they reach saturation. The
values of the slopes are indicated in the figure legend. For further discussion, see Supplementary Discussion.



SUPPLEMENTARY TABLES

Supplementary Table 1. Rates of resonance-induced processes for Xe"". Calculated rates (in units of fs~*) of the six
resonant processes described in Supplementary Figure 2 for Xe?’", Xe3°" | and Xe®*¢* at 5.5 keV photon energy, assuming the
maximum photon flux used in experiment. The rates quantify the probability of processes after resonant excitation from the
ground-state configuration of an ion with the given charge state at a photon energy of 5.5 keV. In all three cases, A’ (spectator
Auger decay) is the dominant process leading to further ionization. A multiple sequence of RA’ will create a multiply excited
state, which will then be further ionized by Auger decay or other auto-ionizing transitions. Note that the original REXMI
mechanism proposed in Ref. [3] did not include the resonant Auger process as shown here because hardly any electrons were
available in the shells between the core and excited levels in the 1.5-keV case.

Xe27+ XeSO+ XeSG+
R’ 7.65 x 1072 9.38 x 1073 1.18 x 107 ¢
P 6.43 x 1073 273 x 1073 3.65 x 1073
P’ 8.82 x 1072 9.41 x 1072 1.07 x 1071
F’ 1.95 x 1071 5.45 x 1071 2.37 x 1072
A 1.84 x 1072 3.75 x 1072 3.48 x 1072
A’ 4.67 x 1071 4.37 x 107! 3.50 x 107!

SUPPLEMENTARY DISCUSSION

To investigate the fluence dependence of the multiphoton ionization, the experimentally determined ion yields of
seven xenon charge states at 5.5 keV photon energy are plotted as a function of peak fluence in Supplementary Figure 4.
For a multiphoton process involving the absorption of n photons, the ion yield is proportional to the photoionization
rate N,S”), which is defined as Né”) = No™(E/hw)" according to nth-order perturbation theory, where N denotes
the number of target atoms within the interaction volume, o™ the generalized cross-section for the n-photon process
and E the irradiance (fluence divided by pulse length). On a double-logarithmic scale, the slope of the ion yield,
drawn as a function of fluence, thus equals the number of absorbed photons. If transitions are saturated, the slope
can decrease. Single-photon ionization of neutral Xe at 5.5 keV photon energy, for example, has a cross-section of
0.186 Mb so that for all shots with a photon fluence greater than 5.38 - 1019 photons/um? (i.e. 47 pJ/pum? at 5.5
keV photon energy), one photon is always absorbed. Because Xe®t is generated by such single-photon ionization,
its yield curve has a slope of one and saturates at 47 uJ/um?. The fact that the theory curves flatten while the
experimental yields still increase after that saturation point suggests that the experimental fluence distribution has
larger low-fluence areas with increasing peak fluence than modeled. The Xe'4* and Xe'8* yields are already saturated
at the lowest fluence in our experiment. From the SACLA data and the relativistic theory, the number of absorbed
photons is estimated to be 2 and slightly lower than 3 for Xe'¥*+ and Xe!®*, respectively. Xe?4* is close to saturation
and is fitted to have a slope of 5 in agreement with the calculation in reference [2].

Note that the deformation of attenuating foils by thermal stress at >2 keV was calculated to be negligible and no
distortion of the wave front was predicted [4]. However, a degradation of the beam profile was previously observed [5]
and might influence the charge state distribution when using the filters.
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