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Featured Application: In the present work, RXES planes are reconstructed with high energy reso-
lution from the experimental spectra of the X-ray radiation emitted from a sample and of incident
X-ray pulses delivered by an XFEL operated in the raw SASE mode. The dependence of the re-
constructed RXES planes’ quality on the number of recorded XFEL shots is studied.

Abstract: Aqueous iron (III) oxide nanoparticles were irradiated with pure self-amplified sponta-
neous emission (SASE) X-ray free-electron laser (XFEL) pulses tuned to the energy around the Fe
K-edge ionization threshold. For each XFEL shot, the incident X-ray pulse spectrum and Fe Kβ

emission spectrum were measured synchronously with dedicated spectrometers and processed
through a reconstruction algorithm allowing for the determination of Fe Kβ resonant X-ray emission
spectroscopy (RXES) plane with high energy resolution. The influence of the number of X-ray shots
employed in the experiment on the reconstructed data quality was evaluated, enabling the determi-
nation of thresholds for good data acquisition and experimental times essential for practical usage of
scarce XFEL beam times.

Keywords: X-ray free-electron laser (XFEL), resonant X-ray emission spectroscopy (RXES) with
self-amplified spontaneous emission (SASE) XFEL beam; reconstruction of RXES planes

1. Introduction

The unique combination of high-brilliance and ultra-short pulses delivered by X-
ray free electron lasers (XFELs) has opened up new possibilities for studying complex
phenomena in physics [1], chemistry [2,3], biology [4,5], material science [6], as well as
many other disciplines. The modern XFEL sources generate tunable femtosecond X-ray
pulses with energies of up to tens of millijoules at wavelengths down to the Ångström
level, enabling time-resolved measurements of structural and electronic dynamics down
to femtosecond time scales [7,8]. However, the typical mode of X-ray pulse generation
at XFELs is based on the self-amplified spontaneous emission (SASE) process [9]. In this
process, the initial shot noise in the electron beam current produces spontaneous emission
of photons that is further amplified by mutual interaction with the electron bunch over
the undulator length, up to the saturation power. The stochastic nature of the SASE
process provides large uncertainties in time, space, intensity, and energy of the X-ray pulses
generated on a shot-to-shot basis, limiting the application of X-ray spectroscopy methods
to well-defined self-seeded or monochromatized XFEL beams only.

Over the past few years, many developments have been made to overcome these
limitations and take full advantage of the random nature of the XFEL pulses. One recently
introduced approach is based on the reconstruction methodology that allows following
electronic transitions with a temporal resolution solely restricted to the incident pulse du-
ration [10]. It has been shown that the combination of the stochastic nature of SASE pulses
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with non-invasive diagnostics can be used to extend the scope of X-ray spectroscopies at
XFELs to two-dimensional X-ray spectroscopy techniques, i.e., resonant X-ray emission
spectroscopy (RXES). The crucial aspect of the presented methodology was bypassing the
monochromator and thus avoiding the temporal broadening of XFEL pulses related to the
extinction length of X-rays in the monochromator crystal. Moreover, the experiment was
performed in a scanning-free mode of detection for both incidence and emission X-ray
spectra, thus allowing fast acquisition of desired signals. The presented reconstruction
algorithm allowed to obtain high energy-resolution RXES planes based on the measured
spectral distributions of a collection of individual incident non-monochromatized SASE
pulses and each corresponding X-ray emission spectroscopy (XES) signal emitted from
the studied sample. The method thus enables to map simultaneously the unoccupied and
the occupied electronic states of the scattering atom exposed to short and intense SASE
XFEL pulses. The reconstruction concept was further expanded in the work of Cavaletto
et al. [11], demonstrating the application of noisy XFEL pulses to stimulated X-ray Raman
experiments. Studies were focused on a model system with a conical intersection to illus-
trate resulting resolutions in time and spectral domains. Further, it has been demonstrated
that narrow and chemically rich information in core-to-valence transitions of the pre-edge
region at the Fe K edge has been obtained with our methodology [12].

In the present work, we evaluated the influence of the number of XFEL shots recorded
on the quality of the RXES planes reconstructed with the previously reported algorithm [10].
The presented analysis facilitates planning an RXES experiment under SASE conditions
at XFELs.

2. Materials and Methods

The experiment was performed at the X-ray Pump–Probe (XPP) instrument (SLAC
National Accelerator Laboratory, Menlo Park, CA, USA) [13] of the Linac Coherent Light
Source (LCLS) [14]. Four percent wt. aqueous solution of iron (III) oxide nanoparticles
circulated in the form of a 200 µm-thick jet was irradiated with 35 fs-short (FWHM) pulses
of 1.29 × 1012 photons at the repetition rate of 120 Hz. The beam spot on the sample had
an area of 500 µm2. The nanoparticles’ average size was 30 nm and polypropylene glycol
agent was added to the solution to prevent foaming. The mean photon energy was varied
around the Fe K-edge ionization threshold (7123 eV) by ramping the electron beam energy
up and down at the frequency of 5 Hz.

The spectrum of each incident SASE pulse was measured non-invasively with high
energy resolution using a transmissive spectrometer [15] equipped with a thin bent Si(400)
crystal and an ORCA detector composed of 2048× 2048 square pixels with a side length
of 6.5 µm. The spectrometer was adjusted to cover the energy range from 7090 to 7170 eV,
which was broad enough to catch the full spectral envelope of each XFEL pulse accounting
also for the XFEL jitter, and was more than sufficient for the incident photon energy range
in the RXES maps. The average energy bandwidth was 52 meV/pixel, which was sufficient
to resolve single spikes in the SASE spectra. The Fe Kβ XES spectra were acquired by means
of a von Hámos spectrometer [16] composed of a cylindrically bent InSb(444) crystal and
a CSPAD-140k detector [17] equipped with a matrix of 388× 370 pixels, each having the
dimensions of 110× 110 µm2. The von Hámos spectrometer’s average energy bandwidth
was 0.5 eV/pixel, and the expected energy resolution was 0.7 eV.

The RXES planes reconstruction is based on a matrix formalism, where for the number
of SASE pulses k, the set of the measured emission spectra Skn, with n denoting the number
of points in a single emission spectrum, is described with the following matrix equation [10]:

Skn = Jkm·Rmn, (1)

with the set of the incident pulses’ spectra Jkm, where m is the number of points in a single
incident spectrum (k > m). In the above equation, the matrix Rmn is the RXES plane,
i.e., representation of emission probability for incident photon energy indexed with m and
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for emission energy indexed with n. The matrices S and J are observables and the RXES
plane R can be determined using the Moore–Penrose pseudoinverse matrix Jkm

+ [10]:

Rmn = Jkm
+·Skn. (2)

3. Results and Discussion

The RXES planes were reconstructed by means of Equation (2) for different numbers k
of the measured incident and emission X-ray spectra. The measured data and the Fe Kβ

RXES planes reconstructed for four different numbers of pulses are shown in Figure 1. For
the analysis, we considered 1200, 6000, 12,000, 24,000, and 60,000 incidence pulses that, at
120 Hz repetition rate, correspond to the total acquisition time of 10, 50, 100, 200, and 500 s,
respectively. In Figure 1′s left column, the measured incident SASE pulses’ spectra are
plotted. As shown, the spectra jitter around the Fe K-edge binding energy, but the average
over a greater number of pulses (red line) takes on a Gaussian shape. In the central column,
the measured Fe Kβ XES spectra are presented. Because of the XFEL beam jitter, certain
pulses contained mainly photons with energy smaller than the Fe K-edge binding energy,
while others delivered some or many photons with energy above the ionization threshold.
As a result, some incident SASE pulses did not induce any Fe Kβ emission, while others
induced some or strong emission, hence the plots’ ragged character. The gaps appearing
periodically along the vertical axis (pulse ordering number) in the Fe Kβ XES column
result from the variation of photon energy controlled with a Vernier element, periodically
disabling the Fe Kβ emission [18]. In Figure 1′s right column, the reconstructed Fe Kβ

XES planes are presented. The obtained RXES planes provide detailed information on
the occupied and unoccupied electronic states in the sample. For the increasing number
of the processed pulses, the reconstructed RXES plane becomes less grainy, showing the
electronic structure with better precision.

To quantify the noisiness n(k) of the reconstructed RXES planes Ik(E1, E2) with the
number of pulses k, incidence energy E1, and emission energy E2, the following steps were
taken. First, a residual r(k, E1, E2) of the reconstructed 3D RXES plane was calculated with
the plane reconstructed for kmax = 60, 000 XFEL pulses taken as the reference plane:

r(k, E1, E2) = Ik(E1, E2)− Ikmax(E1, E2). (3)

Second, the absolute value of residual function was integrated over the entire incident, and
emission energy ranges covered in the experiment, which yielded a single number for each
residual function. Finally, the obtained numbers were divided by the reference plane’s
integral, providing a relative deviation of the reconstructed plane from the reference one:

n(k) =
∫
|r(k, E1, E2)|dE1dE2∫
Ikmax(E1, E2)dE1dE2

. (4)

The reconstructed RXES planes were processed in the described way, and the result,
i.e., an estimate of the RXES planes’ noisiness as a function of the number of SASE pulses,
is shown in Figure 2. As expected, the noisiness decreases monotonically for the increasing
number of pulses processed in the reconstruction and converges well with a ∼ 1/

√
k

function (in blue) representing the expected error dependence. The plotted data can be
used in the determination of the number of XFEL pulses needed to obtain the demanded
accuracy of the RXES planes’ reconstruction. In the case studied in this work, at least a
few thousand pulses are required to maintain the statistical significance below 10%. For
the very low number of pulses required, one should reckon with the potential necessity of
reducing the number of points in the incident spectra (through either binning or cutting
out a part of the spectrum) to fulfill the vital reconstruction condition k > m.
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Figure 2. The dependence of the reconstructed 3D RXES plane’s noisiness on the number of XFEL
shots recorded (black) calculated with Equation (4) and estimation based on a function ∼ 1/
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(blue). Also shown is the methodological threshold m (red)—minimum number of shots required
for reconstruction, equal to the number of points in the incident spectra (in the present study equal
to 225).

4. Conclusions

In this work, we further investigated the possibility to perform simultaneous X-ray ab-
sorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) measurement at XFELs
with the stochastic SASE beam. The described methodology allows obtaining the combined
XAS and XES data in the form of an RXES plane reconstructed from the measured incident
SASE and X-ray emission spectra [10]. Conventional XAS spectrum or RXES plane acquisi-
tion involves special treatment of the incident X-ray beam, e.g., monochromatization [19],
beam splitting [20], or seeding [21], which reduces the XFEL beam intensity on the sample
or extends the XFEL pulse duration [22]. The described approach does not require any
XFEL beam treatment and engages a scanning-free X-ray emission spectrometer, thus
allowing a quick acquisition of the entire RXES plane at high energy resolution using the
bright SASE beam and offering temporal resolution solely restricted to the pulse duration.
The number of pulses required to reach the reconstructed RXES plane’s precision of interest
can be determined in a single measurement.
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