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Propagation of intense X-ray pulses through dense media has led to the observation
of phenomenasuch as atomic X-ray lasing’?, self-induced transparency® and stimulated

X-ray Raman scattering (SXRS)*. SXRS has been long predicted as ameans to launch
and probe valence-electron wavepackets and as a building block for nonlinear X-ray
spectroscopies®®. However, experimental observations of SXRS to date*”® have

not provided spectroscopic information, and theoretical modelling has largely
implemented hard-to-realize phase-coherent attosecond pulses. Here we demonstrate
SXRS with spectroscopic precision, that is, detection of valence-excited states in neon
with a near Fourier-limited joint energy-time resolution of 0.1 eV-40 fs. We used a
new covariance analysis between statistically spiky broadband incident X-ray and
scattered X-ray Raman pulses. Using 18,000 single shots, we beat not only the incident
(about 8 eV) bandwidth but also the approximately 0.2 eV instrumental energy
resolution, thus creating super-resolution conditions, inanalogy to super-resolved
fluorescence microscopy®. Our experimental results, supported by ab initio propagation
simulations, reveal the competition between lasingin the ion and stimulated Raman
scattering in the neutral. We demonstrate enhanced signal collection efficiency and
abroad excitation window, surpassing spontaneous Raman efficiencies by orders of
magnitude. This stochastic SXRS approach represents a first step towards tracking
elementary events that determine chemical outcomes'.

Controlling the propagation of coherent light pulses through matter
underlies many modern laser-based applications. Shortly after the reali-
zation of the optical laser in1960 (ref. 11), researchers discovered that
simply propagating intense laser pulses through dense media produced
fascinating and useful nonlinear effects, for example, second-harmonic
generation?, stimulated Ramanscattering®and self-focusing™. Stimu-
lated Raman scattering (SRS) with its high conversion efficiency found
immediate use as a method not only to generate new laser frequen-
cies by Raman-shifting® but also to investigate material properties™.
SRS applications have advanced hand-in-hand with ultrafast laser
technologies—with picosecond pulses enabling studies of vibrational
dephasing” and with femtosecond pulses shorter thanvibrational peri-
ods providing ameans to induce and detect phase-coherent motions'
and excited state chemical reactions”. The amplification properties
of stimulated and spontaneous Raman scattering further enabled the
creation of powerful label-free biomedical imaging platforms®.

The recent revolution in X-ray free-electron lasers (XFELs)**? that
can operate in the attosecond-angstrom regime? with pulse ener-
gies that far exceed those available from high-harmonic generation

sources?, provides an opportunity to investigate nonlinear propa-
gation phenomena at much shorter wavelengths and time scales®.
Early XFEL experiments established an understanding of nonlinear
X-ray multiphoton processes?*¥, encouraging the long-held goal® of
extending nonlinear optical spectroscopiesto short wavelengths. SXRS
is expected to be exceptionally versatile, as quasi-atomic core-level
resonancesimply picometre spatial resolutionin addition to the tem-
poral resolution. Conceptual investigations using phase-coherent
attosecond X-ray pulse pairs have targeted, for example, energy transfer
inlarge molecules and concerted electron and nuclear dynamics near
conical intersections'®. SXRS, similar to spontaneous X-ray Raman scat-
tering®, produces spectral features narrower than the lifetime width of
theintermediate core-holestate, in contrast to traditional linear X-ray
absorption (XAS) and emission (XES) spectroscopies. Furthermore,
SXRS provides a large directional signal enhancement (10®) relative
to spontaneous X-ray Raman scattering®.

These attributes position SXRS as an essential building block for
nonlinear X-ray spectroscopy® and steps towards its realization as a
spectroscopictool using existing SASE XFEL sources have been made.
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Directional amplification of SXRS was initially observed by propagating
aSASE pulse, consisting of a chaotic ensemble of attosecond temporal
spikes within an approximately 40 fs envelope, through adense neon
gas target**. The gain mechanism, amplified spontaneous emission
(ASE), was identified in the seminal study that produced the neon Ka
X-ray laser (XRL)". Despite extensive investigations of ASE in the hard
X-ray regime as a time-resolved spectroscopic tool in Mn solutions™,
resolving the chemically important sub-eV multiplet valence electronic
structure is yet to be realized®. In the isolated-system limit, that is,
without amplification, the SXRS transfer efficiency to valence-excited
states was investigated with SASE pulses using a new photon-recoil
imaging detection method®and with attosecond pulses inamolecule’;
bothfinding good agreement with theoretical calculations. However, in
neither case were the targeted valence-excited states spectroscopically
distinguished, the observed features being limited by the 8-eV (5-eV)
spectral bandwidth of the SASE (attosecond) pulse.

Here we establish stochastic stimulated X-ray Raman scattering
(s-SXRS) asaspectroscopic tool—harnessing exponential signal amplifi-
cation and using covariance analysis to produce 0.1 eV-40 fs resolution
Raman snapshots covering the entireincident SASE bandwidth. Noise,
in the form of stochastically fluctuating intensity spikes in both the
temporal and spectral domains®, becomes an asset in this technique.
Thetemporal spikes have attosecond durations inversely proportional
tothe SASE gainbandwidth, g, = 7.5 eV. The spectral spikes have widths
inversely proportional to the bunch duration, ., = A/T, = 0.1 eV (for
T, =40 fs) (ref. 34). In the s-SXRS covariance analysis*, we correlate
fluctuations on ashot-by-shot basis between the incident and Raman
scattered beams. Thus, the resolution is limited by the individual
spikes that are measured>**, By further introducing a super-resolution
approachto covariance analysis, we eliminate instrumental broadening
andreach pixel-limited resolution. This results inan 80-fold improved
spectral resolution over theincident linewidth—exceeding theimprove-
ment in previous XAS and XES studies that exploited correlations in
SASE X-ray pulses, but where resolution is intrinsically limited by the
intermediate state lifetime®%, Because the entire SASE bandwidth
contributes simultaneously and the Ramansignalis directionally ampli-
fied, data collection was rapid, suggesting that the combination of
high-repetition-rate sources and detectors could improve measure-
ment access and accuracy in more complex systems™.

Stochastic stimulated X-ray Raman scattering

Thelayout of the s-SXRS experimental setup is shownin Fig. 1a. Aninci-
dent SASE XFEL pulse (7.5 eV full width at half-maximum (FWHM), 40 fs)
from the European XFEL was focused into a gas cell containing 1-4 bar
neon with the central photon energy resonant with the 1s - 3p transi-
tioninneon. The output was attenuated by Al filters and spatially con-
strained by aslit before being spectrally dispersed on a two-dimensional
(2D) detector. A typical single-shot spectrum recorded consisted of
stimulated emission photons (XRL + XRS) at lower energy w, = 849 eV
and the transmitted incident photons at higher energy w, = 867 eV.
The principle of s-SXRS is shown in Fig. 1b. The incident SASE pulse
contains random spectral spikes over a bandwidth that covers the
neutral core-excited Rydberg states and continuum. Photons with
energy higher than the ionization threshold induce X-ray emission at
constant photonenergy, thatis, the XRL, with the excess energy carried
away by the photoelectron. Photons with energy below the ionization
threshold induce Raman transitions through core excitation, followed
by Raman photonemission channels. Energy conservationrequires the
photon energy loss to equal the excited state energies of the neutral
atom. Thus, the emitted Raman photon energy, w,, disperses with the
incident photon energy, w,. This energy correlation betweenincident
SASE spikes and the Raman emission peaks generates a correlation
along the dispersive line @, = @, - Aw for each Raman channel, where
Aw is the excited state energy of the neutral atom. The exponential

amplification of the spontaneous Raman seed greatly increases the
photonyields and enables the measurement of single-shot Raman
spectra. The results of many SASE shots with random spikes serve as
input to the covariance analysis.

Amplification of stimulated X-ray Raman scattering

The dependence of the total stimulated emission pulse energy
(XRL + XRS) ontheincident SASE pulse energy is shownin Fig.2. Owing
tothehighintensity of theincident SASE pulse, upto4 x 10 W cm™?, a
population inversion is propagated with the pulse through the dense
neon gas target at 2 bar. The incident SASE pulse energy was con-
trolled by a gas attenuator and measured by a gas monitor detector.
The peak intensity of the incident pulse was calculated assuming a
beam focal diameter of 2 pm (FWHM), a pulse duration of 40 fs and a
spike-to-average intensity ratio of about2 as measured. The averaged
emission spectrum contains both XRS and XRL components (Fig. 2,
inset). The XRS and XRL components can be separated by peak fit-
ting; the XRL bandwidth is found to be 0.29 eV (FWHM) at the highest
intensity. With the incident photon energy centred on resonance at
867.5 eV, the emission pulse energy is dominated by broadband XRS,
which contains scattering from all SASE spikes. The XRL contribution
tothetotal emissionyield (purple-dashed line) increases at lower inci-
dentintensities because of the larger transition dipole for the ion (XRL)
compared with the neutral (XRS). An absolute conversion efficiency
from SASE to stimulated emission (XRL + XRS) of a few per cent was
measured.

To gain insight into the stimulated emission from the SASE pulse,
isolated attosecond pulse (IAP) propagation simulations were con-
ducted by solving the coupled time-dependent Schrodinger and
Maxwell wave equations?. A Gaussian IAP with a bandwidth of 7.5 eV
(FWHM), comparable to the measured average SASE bandwidth, hasa
transform-limited pulse duration of about 0.25 fs, representative of a
single temporal spike in the SASE pulse. Simulations of propagation of
aGaussian IAP yield a pulse energy amplification curve that parallels
the experimental SASE pulse results as shown in Fig. 2. This suggests
that XRSyield from the SASE pulse equals that of a collection of many
short Gaussian pulses. Thisis also supported by the ratio of around 30
between emissionyields for SASE compared with IAP, consistent with
the number of spikes found in a typical SASE pulse.

Covariance analysis for high-resolution s-SXRS maps

Before describing super-resolution covariance, we first analyse our
data in terms of the established covariance method®. We use the
spectralintensity covariance of the stochastically fluctuating incident
and scattered SASE XFEL pulses to obtain an effective cross-section
for SXRS. The spectral intensity covariance is defined as cov(/,, I,) =
Hw)(w,)) — I(w,))(w,)) between the transmitted incident /, = (w,)
and the emission/, = I(w,) where () indicates the ensemble average over
SASE shots. We find that the covariance cov(/,, ,) = 0. (I,) is related to
the effective cross-section o =1,/I,, where I,is the incident spectrum
(see Supplementary Information section I-A). In practice, to remove
false correlations introduced by pulse-energy fluctuations, we cal-
culate the partial covariance normalized to the average transmitted
incident spectrum™:

pcov(ly, l;E) _ cov(ly, 1) — cov(ly, E)cov(l,, E)/var(E)

<I1> - <I1> < Oeff (1)

where Eis the pulse energy proportional to the integral of the trans-
mittedincident spectra. This partial covariance also gives results pro-
portional to the effective stimulated Raman scattering cross-section.
Various covariance normalizations can be used to obtain results with
different physical meanings.
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Fig.1|s-SXRS experimental layout and concept. a, ASASE XFEL beam s
focused onto a4.5-mmgas cell filled with neon. The incident X-ray intensity was
controlled by agasattenuator, and the transmitted X-ray beam was attenuated
by Alfilters with thicknesses 3.5 pm, 5 pumand 10 pm. Aslit constrained the size
ofthe transmitted X-ray beam before the spectrum was measured by dispersing
thebeamona2Ddetector.b, Level scheme for stimulated X-ray Raman transitions.
Theincident SASE X-ray (in blue) produces core-excited states (1s'3p, 1s4p),

The experimental s-SXRS maps with different gas pressure and pho-
ton energy are shown in Fig. 3a. Each panel uses 18,000 single-shot
spectra,acquiredinabout30 minatal0-Hz XFEL repetition rate limited
by detector readout time. At 1-bar pressure with the incident photon
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which transitionto final states (2p™'3p, 2p'4p) by emission of Raman photons.
Eachspectral spikeinthe SASE pulse introduces a corresponding Raman
transition, and covariance analysis of a collection of single-shot Raman
scattering spectra (w,) with the transmitted incident spectra (w,) generates
dispersive linesindicative of the constant energy loss of Raman transitions
through different channels.

energy centred at 867.5 eV, acombination of 3p, 4p s-SXRS and XRL
signals are observed (Fig. 3a, left). The s-SXRS signals disperse with
the incident photon energy and thus appear as diagonal lines, most
clearly for the 3p. The expected constant-energy-loss lines associated
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Fig.2|Dependence of stimulated emission pulse energy (XRL + XRS) on
incident SASE pulse energy. The incident SASE intensity is changed by the gas
attenuator (GATT) to produce transmissions 0f25%, 50%, 70%, 80% and 100%.
Theresults 0of1,000 shots (blue dots) for each transmission value fluctuate
because of the randomness of the single-shot SASE energy spectrum—SXRS
gainoccurs whena SASE spike matches a transition energy as shownin Fig. 1b.
SASE pulses at the lowest peak intensity generate emission spectrawith signals
that barely emerge from the detector noise, setting the limit for discrimination
of XRLand XRS. The average emission pulse energy of the top 10% shots (red)
increases exponentially before saturation. The stimulated emission has

two components: XRL (magenta) and XRS (green). Theinset shows the
decomposition of the XRLand XRS yield for the highest intensity data obtained
by averaging the individual shots. Simulations of isolated attosecond pulse
propagation usinga 0.25-fs Gaussian pulse with 7.5 eV bandwidth (black) as a
function of peakintensity parallel the experimentally observed gain with SASE
pulses (red).

with Raman transitions from different Rydberg states are represented
by the diagonal dashed lines, and the dashed horizontal lines indicate
the energies of the neutral Ne Rydberg states*®. These results resemble
traditional spontaneous X-ray Raman scattering, which is obtained by
measuring the emission with high resolution while scanning incident
monochromatic X-ray radiation*.

Atahigher gas pressure, 1.5 bar (Fig. 3a, middle), in which propaga-
tion effects become more notable, the amplification of off-resonant
scattering leads to an extension of the 3p s-SXRS signal along the dis-
persive line. The strong absorption of incident photons removes the
intensity of the transmitted incident w, at resonances, resulting in a
horizontal background and interruption of the 3p s-SXRS. With the
gas pressure at 2 bar and incident photon energy centred at slightly
higher energy, 870 eV (Fig. 3a, right), Raman scattering signals involv-
ing higher Rydberg states are accentuated, as seenin the inset. A hole
near thels > 3presonance developsinthe dispersive Ramanline (along
the diagonal) as the pressure is increased. Figure 3b shows that this
featureisreproducedinthelarge-scale simulations, as described below
and showninmore detail in SupplementaryFig. 2. The broadened line
shape with a hole is characteristic of propagation-driven temporal
reshapingin combination with a phase-dressed absorption or emission
feature, similar to what happens in Rabi cycling or strong-field dress-
ing*. In our case, we speculate that this occurs when the sub-pulses of
theincidentlight, generated by the strong1s - 3p transition, giverise

to phase-shifted SXRS emission. The s-SXRS from a single run covers
aspectral range close to the bandwidth of the SASE - 7.5 eV. To forman
s-SXRS map that covers a larger energy range, the runs with different
central photon energies can be combined—that is, single shots from
individual runs are added to be single shots in acombined SXRS—and
then the covariance of the combined single shots can be calculated
by equation (1).

We simulated the s-SXRS maps using SASE pulses generated by the
partial-coherence method****, with anaverage pulse duration of 40 fs
andbandwidth of 7.5 eV (Fig. 3b). The generated SASE pulses reproduce
well the number of spikes observed (Methods). Simulations of 4,096
SASE shots propagating through neon gas were carried out on the
THETA supercomputer at Argonne National Laboratory. Theoretical
simulations, including the 3p and 4p Rydberg statesin neutral Ne with
different gas pressures, are ingood agreement with experimental data
as shown in Fig. 3a,b—even with the simplified energy level structure
used. The lack of higher-lying Rydberg states in the calculation (to
conserve computationtime) leads to a stronger dispersive behaviour
of the 4p s-SXRS than in the experiment, and a corresponding lack of
np peaks along the vertical dashed line. In contrast to spontaneous
Ramanscattering, in which the lineshape along the dispersive direction
is a Lorentzian profile with a maximum centred at the resonance and
in which the signal width depends on the intermediate excited state
lifetime, the s-SXRS signal extends farther along the dispersive line as
the gas pressureincreases, as shownboth experimentally and theoreti-
callyinFig. 3. Besides confirming the experimental observations, our
simulations provide valuable insights on how to emphasize different
signals in s-SXRS and how to eliminate the noise and background by
incorporating methods measuring the incident spectrum® (Supple-
mentary Information section I-B).

We observe propagation phenomena and also extract the instru-
mental resolution from the s-SXRS maps. Transient gain narrowing for
SXRS was detected by changing the target thickness to access the expo-
nential and saturation regimes. The FWHM linewidth first decreased
from 0.42 eV to 0.28 eV for gas pressures from 1.0 bar to 2.0 bar and
thenincreased to 0.32 eV at 4 bar. This transient gain narrowingin SXRS
was reproduced by our simulation, and parallels those predicted for
the XRL*¢ (Supplementary Information section I1I-B). To extract the
instrumental resolution, we assume the spectrometer resolution func-
tion and SASE spikes to be Gaussian. The covariance linewidth can be

calculated by 2—;2 +2 02, where o, is the FWHM SASE pulse duration
t

and o, is the FWHM spectrometer resolution*. For g, =40 fs and
o,=0.18 eVinour experiment, the covariance linewidth of the s-SXRS
iscalculated tobe 0.26 eV, comparable to the lowest measured resolu-
tion of 0.28 eV. We note that the instrumental resolution obtained from
the covariance map matches that which we measured independently
from the absorption profile of the 1s > 3p resonance in neutral neon at
low XFEL intensity and low target density; the lineshape was fitted as
a Voigt profile with Lorentzian and Gaussian components of 0.27 eV
and 0.18 eV, respectively. This analysis shows that the s-SXRS spectral
width is almost entirely determined by the spectrometer resolution.
Instrumental improvements would imply considerable effort. In the
quest forimproved resolutionin spontaneous XRS experiments, large,
advanced instruments have been conceived and constructed*.

To overcomethe limitation of spectrometer resolution, we introduce
asuper-resolutions-SXRS method shownin Fig.4.Here, a peak finding
algorithmidentifies the peaks of the Raman and transmitted incident
SASE single-shot spectraand only the peak values are selected to form
asuper-resolution s-SXRS map. Eachred dot in Fig. 4arepresents a
single detector pixel in the dispersive direction. The peak position
can be found with much better precision than the bandwidth of the
measured SASE spikes, in direct analogy with super-resolution fluores-
cence microscopy”®. Thus, the normalized partial covariance map with
super-resolutionspectraimprovestheresolutionto about 0.1 eV (see
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Fig.3|Experimental and simulated s-SXRS. a, Experimental s-SXRS maps
atlbar,1.5barand2bargas pressure. At1bar gas pressure on resonance
(867.5eV), the map shows 3p and 4p Raman ssignals as well as XRL. At 1.5 bar,
thes-SXRS signal extends farther along the constant energy lossline. Strong
resonantabsorptionbythels - 3ptransitionat 867.5 eV leaves almost no
transmitted signal, causing a horizontal background feature after partial

Supplementary Information sectionI-C). The super-resolution s-SXRS
map with 1bar and 867.5 eV photon energy distinguishes dispersive
lines from the individual valence-excited states, 2p'3p 'S, and 'D, split
by 0.31eV, achieving the goal of femtosecond X-ray snapshots of sub-eV
separated valence-excited states®.

Discussion and summary

Nonlinear two-photon s-SXRS provides advantages over spontane-
ousresonantinelastic scattering (RIXS).s-SXRSis more selective than
spontaneous Raman scattering—simply by means of having control
over the two photons involved. For our case (Fig. 4c), pure linear
polarization stimulated Raman emission (red solid lines) populates
only the valence-excited 'S, and'D, states, in contrast to spontaneous
Raman (black dashed lines). The populated valence-excited states
can be easily visualized on an energy-loss scale, obtained by rotating
the 2D-covariance map by 45° and projecting onto the (w, — ,) axis.
Figure 4b compares experimental s-SXRS spectrawith simulated spec-
traon the energy-loss axis. The top panel shows experimental s-SXRS
energy-loss spectra obtained with (red solid) and without (red dashed
line) the super-resolution s-SXRS method applied. The super-resolution
method reproduces the more intense'D, and weaker'S, valence-excited
states predicted by simulation using anideal spectrometer resolution
(blue solid line). The agreement between simulation and experiment
is notable, in both excitation energy and intensity. After convolution
with the spectrometer resolution (blue dashed line), the simulated
energy-loss spectrum matches the direct covariance s-SXRS result
(red dashed line) and fails to distinguish the valence-excited states.
Traditional s-SXRS spectral resolution is limited by both the SASE
spike width and spectrometer instrumental broadening, whereas the
super-resolutions-SXRSis limited by the peak localization uncertainty.
In our study, the peak localization precision is primarily limited by
the detector pixel size (Methods). Thus, the super-resolution s-SXRS
method can overcome both spectrometer and SASE spike bandwidth
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covariance normalization. At 2 bar pressure withincident X-ray photon energy
slightly above resonance (870 eV), Raman transitions from the Rydberg states
(4p,5p, 6p) are accentuated. b, s-SXRS simulations with seven states, including
thels'3pand1s™4p core-excited Rydbergstates and their corresponding
valence-excited multiplet states for the experimental conditionsina.

broadening, and with a smaller detector pixel size or extended meas-
urement geometry, this effect would be pronounced.

In summary, our study of nonlinear propagation of intense SASE
X-ray pulses through dense neon gas has demonstrated valence-
state-resolved core-level SXRS with joint temporal-spectral resolution
of 40 fsand 0.1 eV. This, s-SXRS was accomplished using fluctuations
in SASE spike structure combined with propagation-based Raman
amplification to provide snapshots from a broadband SASE pulse
with narrowband-spike spectral resolution on a shot-by-shot basis.
The directional enhancement (approximately 10%) of the Raman sig-
nal allows rapid parallelized data acquisition. The super-resolution
covariance method introduced here essentially eliminates instru-
mental broadening—going hand-in-hand with the elimination of
core-holelifetime broadening inherentin X-ray Raman processes. The
super-resolution covariance is analogous to super-resolved fluores-
cence microscopy inwhichfeaturesarelocalized to better than the dif-
fraction limit, and the obtained localizationis inversely proportional to
thesquare root of the number of photons detected®. With this new tech-
nique, weresolved separate X-ray Raman signals associated with sub-eV
split valence-excited states. There are obvious avenuestoimprove the
present configuration, which used ashort grating-to-detector distance
resultingin a pixel-limited super-resolution and alimited 10-Hz detec-
tor readout speed.

Looking towards the future, we may predict extending the present
demonstration of s-SXRS on atoms not only to gas phase molecular
systems such as CO (ref. 36), to examine feasibility in systems with
additional degrees of freedom, but also to applications in condensed
phases. The recent observation of SXRS in condensed phase® sug-
gests thats-SXRS might be applicable, assuming that raster scanning to
assurea pristine sample for each X-ray shotis achievable. Although the
present work focused on energy-domain spectroscopy, theincreased
predictive power of our TDSE/MWE code suggests that propagation of
isolated attosecond pulses® through resonant media may be explored
toreshape pulses while maintaining phase coherence. These tailored



Super-resolution s-SXRS

871 i 1.000
B 0.854
870 0.709
0.563
1.0 - —@— Single shot 869
B Super-resolution < 0.418
)
i 2 g68 0.272
! 1 9! ! s
0.5 i Vig8 ! 0.126
i I 867 -0.019
| | 1 11
S 0165
866 ’
870 868 866 -0.311
Transmitted incident (eV)
865 . -0.456
845 846 847 848 849 850 851
, (eV)
—— Single shot
0.6 - = Super-resolution
Peak finding
0.4
L" 0.2
0 L I I i I I I 1
845 846 847 848 849 850 851
Raman w, (eV)
b c Energy
—— Stimulated ev)
10 Ne 1s7'3p 'P.
Expt. ! \\ -« = Direct ! -=-- Spontaneous
! \ Super-res.
—+ 867.29
El
s
2
®
E Sim. . = CONV.
IS \
\ No_Conv. 18.97
0.5 — —+ 18.70
") - 18.66
0 Ne 2p7'3p
S // _
L L L | 4+ 0
17 18 19 20 21 Ne 'S,
Energy loss (eV)
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occurtoallmultiplet components, whereas the stimulated Raman transitions
withlinearly polarized X-rays (red solid) select only the'S,and'D, states.
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pulses could be useful for attosecond impulsive stimulated Raman
spectroscopy as recently observed in liquid water®'. Here, by exploiting
inherent statistical fluctuations, our work represents akey step towards
nonlinear X-ray spectroscopies using readily obtainable SASE pulses
from XFELSs to eventually study site-specific, valence-excited state
dynamics, along-standing goal in chemistry*2.
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Methods

Characterization of SASE structure

Measured and simulated spike distribution. To simulate the XFEL
pulses, the SASE spectra are examined to obtain statistical charac-
teristics of the distribution of spikes in each pulse. A representative
single-shot spectrum is shown in Extended Data Fig. 1a. The peaks
of the spikes from1,000 shots are identified, and the distribution of
energy spacings (AE) between adjacent spikes is shown in Extended
DataFig.1b. The spacing ranges from 0.2 eV up to 1.5 eV, with a maxi-
mum ataround 0.5 eV. The number of spikes in each pulse varies from
181030, with most of the shots containing approximately 23 spikes.
The averaged spectral bandwidth is 7.5 eV (FWHM), and the pulse
durationis estimated to be around 40 fs (FWHM) using the method in
ref. 47.

The partial-coherence method*** can be used to model the SASE
pulse. In this method, the averaged photon energy spectrum is
assumed to be a Gaussian function centred at 867.5 eV withan FWHM
of 7.5 eV. The initial spectral intensity at a specific photon energy is
sampled from a normal distribution that has a standard deviation
equal to the average spectral intensity at that photon energy. The
initial phase at each photon energy is assumed to fluctuate randomly
within the range of —mtto . There are 2" spectral points with spacing
Af=1/300 fs. Theinitial temporal profile of the pulse is obtained by
a Fourier transform of the initial spectrum. As the spectral phase is
initially random, the resulting field spans the whole time window of
300 fs. The Gaussian spectral intensity profile generates temporal
coherent spikes withan FWHM of around 0.25 fs (0.44/7.5 eV, that s,
the Fourier transform limit). To ensure the average pulse duration
is 40 fs, a Gaussian mask function with a duration of 40 fs (FWHM)
is applied to the pulse in the time domain. An example of the simu-
lated single-shot temporal profile is shown in Extended Data Fig. 1j.
Afterwards, an inverse Fourier transform is applied to obtain the
final spectrum as shownin Extended Data Fig. 1d. The final spectrum
contains coherent spikes with an FWHM of around 0.1 eV (1/40 fs).
The corresponding statistical analysis of the spike spacing and
number of spikes per pulse is shown in different panels of Extended
Data Fig. 1. It is noted that the measured spectra are broadened by
the 0.2-eV spectrometer resolution, and the simulated spectrum
convolved with a 0.2-eV Gaussian function matches the measured
spectrum.

Measured and simulated spectral spike intensity fluctuation.
The fluctuation of the SASE spectra from shot to shot is the basis of
covariance analysis. In Extended Data Fig. 2, we present the percent-
age fluctuation of both the measured (Extended Data Fig. 2a) and
the simulated (Extended Data Fig. 2b) spectra with respect to their
average. The SASE spectra, with central photon energy at around
867.5 eV, wererecorded with an empty gas cell. The averaged spectrum
exhibits askewed Gaussian shape, with abandwidth of 7.5 eV (FWHM)
and longer tails at higher photon energies. The single-shot spectrum
displays fluctuationsin the form of spikes that vary from shot to shot.
To quantify these fluctuations, we calculated the standard deviation
(STD) of the signal at different photon energies and expressed it as a
percentage of the mean value (STD/mean). The percentage fluctua-
tion shows a minimum value of 33% around 867 eV and increases on
bothsides as the energy detunes from the centre. The curve exhibits
amarkedincrease atboth edges because of the relatively weak signals
inthose regions.

Extended Data Figure 2b shows the simulated spectrum, which exhib-
itsmore spikes compared with the measured spectrum. The average of
the simulated spectraresembles a Gaussian function with an FWHM of
7.5 eV, consistent with the measured SASE pulse. However, owing to the
fully random fluctuation of the spikes from shot to shot, the percentage
fluctuation remains steady at around 100%.

Detector calibration for XRS + XRLyield

The pulse energy of stimulated XRS and XRL can be estimated by
calibrating the detection system after the gas cell. In our experi-
ment, we scanned the gas attenuator®® to adjust the incident pulse
energy at 850 eV in the absence of gas. To prevent detector satura-
tion, we switch between three filters with thicknesses of 3.5 pm, 5 pm
and 10 um. After dividing the transmission of the filters, the spectra
detected are presented in Extended Data Fig. 3a. Before reaching the
experimental endstation, the XFEL pulse energy is measured using
agas monitor detector. The pulse energy incident on the gas cell is
then estimated by multiplying the measured energy by the beamline
transmission of about 0.5. The calibration between the integrated
spectra and pulse energy is fitted using a linear function, which is
shownin Extended DataFig. 3b. By applying this calibration function,
we estimated the pulse energy of the emission from a 2-bar neon
gas with full XFEL intensity is 0.06 mJ, corresponding to 4.4 x 10"
photons at 849 eV.

Analternative approach for estimating the XRS + XRL yield is using
the experimental geometry (Extended Data Fig. 4). The X-rays gener-
ated fromthe undulators are focused to aspot size of 1-2 um (FWHM)
onagas cell using Kirkpatrick-Baez mirrors*. The X-ray emitted and
transmitted through the gas cell is approximately 0.4 mrad. It passes
through analuminium filter and aslitandis thenreflected by agrating
before being detected by a soft X-ray Andor detector with 2,048 x 512
active pixels and a13.5 x 13.5 pm pixel size. Three filters with 3.5 pm,
5 umand 10 um are mounted on a translatable frame, and their trans-
mission (Tg;.,) at 850 eV is estimated to be 0.173, 0.081 and 0.006,
respectively®. The footprint of the X-ray beam on the slit, which has
an opening of approximately 10 um, is around 1 mm at a distance of
1.4 m downstream. Around T; = 1% of the X-rays passing through the
slit are dispersed by the grating with approximately Ry ,ing=1% at a
high-order reflection. The non-dispersive direction of the detector is
set to 64 bins to obtain a data acquisition rate of 10 Hz. The detected
photon number can be estimated by

_ Neount/(Epp [€V]/3.65 [eV per count])/Q

ph
7-ﬁlter X 7-slit X Rgrating

where Q = 0.8 is the quantum efficiency of the detector. Roughly
850 eV/3.65 eV per count =233 photoelectrons are generated with
each detected X-ray photon at 850 eV. The high-sensitivity mode of
the detector is used to register one count per photoelectron. With
10 pm filter and 2 bar neon gas, the average registered counts of SRS
and XRL per XFEL pulse are around 5 x 10°. Given the efficiency and
transmission of the upstream elements mentioned above, the estimated
photon number of SRS and XRLis around 5 x 10'°, This rough estimate
is consistent with our previous calibration.

Super-resolution s-SXRS resolution

Spectrometer resolution. The instrumental broadening of the spec-
trometer can be determined by fitting the absorption spectrum of
the Ne 1s > 3p transition (Extended Data Fig. 5). To avoid nonlinear
effects, we set the gas attenuator to 1% transmission and the target
neon gas pressure to 0.06 bar. Around 1,800 single-shot spectra were
recorded, and the measured XAS was calculated as -In(/(w)/l,(w)),
where /(w) is the averaged spectrum with neon gas and /,(w) is the
averaged spectrum without neon gas. The experimental XAS resultis
fitted with a Voigt profile, which is a Gaussian profile convolved with a
Lorentzian profile. The optimized fitting gives central photon energy
at867.3 eV, with a Gaussian function FWHM of 0.18 eV and a Lorentz-
ian function FWHM of 0.27 eV. The Lorentzian FWHM matches with
the neon 1s excited state lifetime broadening in the literature. The
Gaussian broadening is assigned to the spectrometer instrumental
broadening.
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Pixel-size-limited super-resolution s-SXRS. Super-resolution s-SXRS
is obtained by calculating the normalized partial covariance using
peak-position localized single-shot spectra. The spectral resolutionis
determined by thelocalization precision §,instead of the instrumental
broadening and the SASE spike bandwidth. As known from super-
resolution microscopy, the peak localization uncertainty is 6,,,/vN,
where 6,,is the original measurement resolution—that is, the diffraction
limit—and Nis the number of photons collected for each molecular
localization. For our spectral localization, §,, is the FWHM of the orig-
inal measured spectral spikes, which is a convolution of SASE spike
0,~0.1eVand thespectrometer instrumental broadening g, ~ 0.18 eV,
thatis, §,,=./02+ 02 =0.2 eV. The number of photons collected for
eachspectral spike N canbe estimated by dividing the total number of
photons in the XRS emission spectral band by the number of spikes.
Asshown aboveinthe detector calibration section, the total countsin
the XRS and XRL regions is around 5 x 10°. Each 850 eV photon gener-
ates 233 counts; this gives an estimation of the number of emission
photons on the detector to be around 20,000. With an average of 30
SASE spikesin each pulse, the photons per spike are N~ 600. Owing to
our simplelocalization method, which only keeps the peak values and
discards the others, the localization resolution cannot exceed the
pixel size limitation 6, = 0.055 eV, as obtained from spectrometer
calibration. Thus, ideally, the spectral localization uncertainty is
2
6= |(42) +(6y* =0.056 V. Considering the localization uncer-
tainty is the same for all the spectra, and it already contains both the
SASE spike and spectrometer broadening before localization,
using the s-SXRS resolution equation derived in Supplementary
Information section Ill, we get the super-resolution s-SXRS resolution

0=./2(8)* = 0.079 eV. This confirms that, in our experiment, the main
limitation of the resolution of the super-resolutions-SXRS is the detec-
tor pixel size.

The super-resolutions-SXRS linewidth canbe smaller than 0.1 eV, that
is, the SASE spike limitation associated with the 40-fs pulse duration.
The quoted 0.1-eV linewidth was obtained from a Gaussian function
fit of the energy-loss projected spectrum. However, the dispersive
s-SXRS line is distorted around resonance because of the interplay of
the 1s excited state lifetime broadening and the incident SASE spike
bandwidth. By fitting the super-resolution s-SXRS in a non-distorted
background-free regime, better resolution can be obtained. This is
shown in Extended Data Fig. 6a, in which Gaussian profile fitting is
appliedto10lineouts of the super-resolutions-SXRS with1 bar neon gas
withintherange w, € [866.1, 866.8] eV. The fitting results are shownin
Extended Data Fig. 6b, with the Gaussian FWHM divided by v2 to obtain
the expected energy-loss axis projected resolution. The resolution can
be smaller thanthe 0.1 eV SASE spike bandwidth, and several FWHMs
are about 0.08 eV, once again confirming that the super-resolution
s-SXRS resolution limitation is set by the pixel size and not by SASE
spike width or the spectrometer resolution.

Data availability

The experimental data were collected during beamtime 2748 at the
European XFEL. Theraw and metadataare available at https://in.xfel.eu/
metadata/doi/10.22003/XFEL.EU-DATA-002748-00. The experimental
and simulation datasets used in the figures are deposited at Zenodo*
(https://doi.org/10.5281/zen0do.15253560).

Code availability
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Extended DataFig.1|Measured vs simulated spike distribution. Spike
analysis of measured (first row) and simulated (lower rows) SASE spectra.
(A)arandomly selected single-shot spectrum normalized to the peak intensity
oftheaveraged spectra. The peaks are identified with adjacent spacing larger
than 0.1eVand height above 0.1. The statistics of the spacing between adjacent
spikes (B) and the number of peaks per shot (C) are obtained by analyzing
1000 shots. The maximum of distribution of spacing between adjacent
spikesisaround 0.5eV, and most of the shots have approximately 23 spikes.
The corresponding analyses of the simulated SASE are shownin the lower

panels. Thedistribution curves and spectralook similar, but there are more
spikes (90) in the simulated SASE, and the distribution of the spacing between
the spikes peaks ataround 0.1eV. The differenceis due tothe 0.2 eVspectrometer
broadening of the measured SASE pulse. The simulated spectra and statistics
are close to the experimental results after convolving witha 0.2 eV Gaussian
function (G). A representative simulated single-shot temporal profile is shown
in (J). The statistics of the temporal profile of 1000 shots show a most likely
adjacent spike spacing of 0.6 fs with 93 temporal spikesinapulse.
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Extended DataFig.2|Measured vs simulated spectral spike intensity
fluctuation. (A) Single-shot SASE spectra were measured as the gas cell was
empty. The spikesin the pulse exhibit random fluctuations fromshot to

shot. The average spectrumdisplays asmooth Gaussian profilewitha7.5eV
bandwidth (FWHM). The standard deviation (std) of the spectral intensity
fluctuationatafixed photonenergyis calculated, and the resulting percentage
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fluctuation (std/mean) remains steady at approximately 40% within the main
spectrum. (B) The average simulated spectrum also exhibits a Gaussian profile
witha7.5eVbandwidth (FWHM). However, it contains more spikes that fluctuate
fully randomly from shot to shot, resultingin asteady 100% fluctuation of the
intensity across the entire spectrum.
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Extended DataFig. 3 | Detector Cailbration. (A) Calibration of the detection
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systemusing spectraintegral to pulse energy. The SASE pulses with acenter
photon energy of 850 eV pass through an empty gas cell, and the GATT and
filters are adjusted to optimize the signals on the detector. Three filters with

thicknesses of3.5,5,and 10 um are employed, and their attenuationis divided
toobtainthespectra. (B) Theincident pulse energy is obtained by multiplying
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the energy measured by an upstream gas monitor detector with the beamline
transmission factor of approximately 0.5. The linear relationship between
integrated spectraintensity and incident pulse energy provides acalibration
thatcanbeused to estimate the pulse energy emitted for subsequent runs with
thegasinthecell.
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Extended DataFig. 4 | Experimental Setup. The XFEL pulses are focused on a gas cell by K-B mirrors. The transmitted and emitted x rays pass through an Al filter
and aslitbefore being dispersed on the pixelated Andor detector by aspherical grating with 5-mradiusand 1200 lines/mm?®’.
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Extended DataFig.5|Spectrometerresolution. The XASof neon1s~ 3ptransition with GATT=0.01and gas pressure 0.06 bar. The absorption spectrumis fitted
by Voigt function. The optimum fitting obtained has center photon energy 867.3 eV, Gaussian FWHM 0.18 eV, and Lorentzian FWHM 0.27 eV.
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Extended DataFig. 6 | Pixel-limited super-resolution. The super-resolution (2D map showninthe maintext) inthe range w, €[866.1,866.8]eV. (B) The
s-SXRS haslinewidth smaller than the SASE spike bandwidth 0.1eVwhenfitting ~ FWHM ofthe fitted Gaussian functions at different w, lineouts. The FWHM data
atregions away from the resonances that are distorted. (A) The Gaussianfitting  isdivided by /2 to show the expected energy-loss axis projected resolution.
ofthe10lineouts of the super-resolution s-SXRS with 1.0 bar neon pressure
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