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We report the first experimental discovery of Hidden Satellites within the Kα1,2 emission lines 
of manganese metal (Mn, Z = 25) with a total integrated statistical significance exceeding 
270 σs.e.(standard error), far beyond the discovery threshold. Experimental data were collected at the 
I20-Scanning beamline at the Diamond Light Source using our new eXtended-Range High-Energy-
Resolution Fluorescence Detection (XR-HERFD) technique. The Hidden Satellites, embedded in the 
core emission structure, represent novel quantum many-body processes that evolve systematically as 
the incident photon energy increases. Principal Component Analysis (PCA) was applied to extract the 
major separable physical processes and validate the significance of the observed Hidden Satellites. 
The application of physical insight to the PCA method allowed us to isolate the satellites, and measure 
the evolutionary profile. Our paper reveals that the total intensity of shake-off satellites can reach as 
high as 20–25%. Although these are hidden, they are very significant. These results directly challenge 
the traditional treatment of the many-body reduction factor, S2

0 , as a constant in the standard 
XAFS equation. Our findings demonstrate that this term must be modelled as an energy-dependent 
function, reflecting its variation with incident photon energy and highlighting its role in many-body 
interactions. This deeper understanding of fundamental atomic processes directly impacts relativistic 
quantum mechanics, in theory and application. Also, this develops the two most popular experimental 
techniques at synchrotrons: X-ray absorption and X-ray emission spectroscopy, responsible for some 
12,000 papers per annum, and all applications of these techniques in chemistry, physics, and biology. 
It offers insights into the evolution of satellites and underscores the broader implications of hidden 
features in X-ray spectra.
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X-ray Absorption Spectroscopy (XAS)1 has offered ever-improving structural insights on elements and local 
chemical structure allowing high resolution and real-time measurements2–4. Advances in XAS, like resonant 
inelastic X-ray scattering (RIXS)5 and high-energy-resolution fluorescence detection (HERFD), overcome 
limitations of conventional XAS by providing sharper and more precise spectra, enabling the identification of 
highly dilute compounds with greater accuracy6–8. These experimental techniques serve as valuable tools for 
probing complex systems and are mainstays at synchrotrons9. Whilst XAS is concerned with X-ray absorption, 
X-ray emission spectroscopy (XES) involves collecting emitted or fluorescence X-rays10. These two axes 
of information provide critical structural determination for some 12 000 publications per annum, and are a 
foundation of modern materials science11.

Recent synchrotron RIXS and HERFD experiments collect data along both the emission (XES) and absorption 
(XAS) axes12,13. In our investigation, we focus on the Kα transition, which originates from the 2p →  1 s decay 
following the photoionization of a  1 s core electron. While two main peaks (Kα1 and Kα2) are expected due to 
the spin-orbit splitting of the 2p level, the observed spectra often exhibit additional complexity in the form of 
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asymmetric line shapes or sub-structure. Although several theories have been proposed over the past few decades 
to explain these features, a definitive understanding remains elusive14–19. The most widely accepted explanation 
attributes this additional substructure to shake processes20–22, in which the sudden ionization of a core electron 
results in the ejection of a secondary electron. This alters the potential experienced by the remaining electrons, 
causing the relaxation process to emit X-ray photons with slightly shifted, non-degenerate energies. These multi-
electron effects give rise to spectral asymmetries and contribute to the complexity of the observed features23.

These additional features, commonly known as satellite lines, typically appear close to the strong parent 
(or diagram) line. They may be well-resolved peaks, such as Kα3,4 spectra, displaced by about 20  eV from 
the primary Kα1,2 peak for manganese22; or as unresolved satellites embedded very close to or hiding within 
the main spectral profile, which is the primary target of this paper. With our recent development of advanced 
techniques of XR-HERFD22,24–26, these subtle spectral signatures are now accessible, providing new insights into 
challenging regions of electronic structure and revealing novel physical processes and chemical phenomena.

A key area of investigation in the current work is the energy-dependence of physical processes in the XES 
and XAS spectra, leading to a corresponding energy dependence of many-body processes and the well-known 
many-body reduction factor (S2

0 ). Most work of the last few decades in XAS has assumed that this parameter 
is constant; that it is either unity (S2

0 = 1) or 0.9 (S2
0 = 0.9) or a free but constant value. Some authors have 

suggested that this constant is between 0.6 and 1.027, and others have commented upon observing values of 
0.4–1.228,29, or 0.7–1.030. It is generally acknowledged that the value should not be larger than unity within three 
standard errors of uncertainty.

XES measurements provide valuable insights into material properties. However, the interpretation of 
complex spectral features, such as diagram lines and (hidden) satellite peaks31,32, presents a significant challenge 
in accurately quantifying the spectra. This requires a careful systematic approach. To extract deeper structural 
insights, Principal Component Analysis (PCA)33 was employed as a powerful tool for deconstructing and 
interpreting the spectral information. This paper aims to offer a deeper understanding of X-ray emission 
spectroscopy and a presentation of the success of new experimental techniques. It provides a particular focus on 
uncovering new, previously hidden or unobservable, phenomena and their implications for future synchrotron 
experiments, as well as the analysis and modelling of many-body interactions in condensed matter systems for 
the first time.

Experimental setup
Measurements were carried out at the Diamond Light Source on the I20-Scanning beamline in the UK with 
the setup in Fig.  1a34. The purity of Mn metal foil was 98.7% and it’s thickness was 25 μm. A Si(111) four-
bounce monochromator was used, providing an energy range of 4.5–20  keV with an energy resolution of 
∆E/E ≈ 1.3 × 10−4. Our experimental energy calibration is based on the well-characterized experimental 
values from Kraft et al.35. The beam size at the sample was approximately 400 μm (horizontal) by 300 μm 
(vertical), ensuring a well-defined and stable illumination of the sample. The incident photon flux at 10 keV 
exceeded 1012 photons s−1, enabling high signal-to-noise measurements. Typical data-acquisition times ranged 
from minutes to hours, depending on the scan modality.

The four-bounce crystal monochromator, designed in-house at Diamond, features two pairs of counter-
rotating crystals, with advantages of high stability and energy resolution of transmitted photons, independent of 
the incident beam divergence36.

This experiment used a MAXIPIX (multichip area X-ray detector based on a photon-counting pixel array) 
TAA22PC detector and is a development of Medipix2 single-photon counting technology37. Compared with 
conventional detectors such as silicon drift detectors, scintillators, and ion chambers, the MAXIPIX detector 
(hereafter referred to as Medipix) offers multiple advantages, including superior spatial resolution, high readout 
speed, minimal electronic noise, no dark current, a wide dynamic range, and built-in energy discrimination. 
Figure 1b illustrates the three independent measurements for each crystal region, which allows identification 
of issues and inconsistencies in the data individually. Each fluorescence measurement is well-aligned and 
deliberately separated from each other to avoid overlap. Our analysis, outlined in Methods, included isolation 
of each crystal region, background subtraction, and consistency checks before merging data, which overall 
improves quality, reduces noise, and enhances sensitivity to underlying phenomena.

Data processing
Part of the new data processing methodology has been presented by us22,26. Further details of the data processing 
procedure are outlined in Methods (Background) and Methods (Consistency).

Results
experimental observation: dominant manganese Kα profile
Our datasets consist of multiple XES slices ranging from an incident energy (Ein) of 6539 eV to 6754 eV with a 
step size of 5 eV. For each Ein value, the Kα1 and Kα2 peaks in the XES emission spectra are observed at nearly 
identical emission energy (Eem) levels, typically differing by no more than 0.1 eV. Figure 2b indicates the good 
quality of crystals, the clear definition of the Mn Kα1 and Kα2 peaks, and the consistency across energy of the 
apparent signal. These contour scans are extremely useful, yet can obscure much of the relevant structure. Also, 
the general XES plot from all three crystal regions does not show any indication of additional feature, even when 
plotted on a natural logarithmic scale of intensity (Fig. 2a). In our previous XR-HERFD analysis particularly 
desgined for emission energy range (5880 to 5935 eV) and incident energies (7200–8000 eV), a stack plot was 
effective in revealing the onset and evolution of satellite features located a few eV from the main diagram line22,38. 
Here, combined XES spectra collected across a range of incident energies (Ein) from 6539 to 6754 eV (Fig. 3) 

Scientific Reports |         (2026) 16:3634 2| https://doi.org/10.1038/s41598-025-33674-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


exhibit excellent quality, and display the gradual emergence and intensity growth of two main peaks particularly 
evident at the first three lower incident energy points, but no visible evidence of other phenomena.

Isolation and extraction of hidden satellites
Those plots and processing typically fail to reveal new physical processes such as satellites which are either 
hidden or unresolved within the main peaks. However, by differencing normalised spectra with references 
based upon the physics of the processes, we can reveal changes between spectra of similar appearance. Hence, 
subtracting the XES spectra at lower incident energies from the emission spectra at higher incident energies 
from the XR-HERFD datasets reveals satellites that were not apparent in the XES spectrum. We define these as 
‘Hidden Satellites’. Figure 4 subtracts the XES slice corresponding to a lower incident energy, just a few eV away 
from the binding energy (6536.67 eV) of the  1 s electron at the K-edge for manganese. To clarify and quantify 
these Hidden Satellites, we normalize the XES slices based on the maximum intensity of the first 10 channels at 
the lowest XES energies (Fig. 4).

Now, a spectrum of Hidden Satellites is clearly distinct, well-separated and broadly consistent, with a 
distribution across the main spectrum and a gradual reduction in the tail regions. Figure 4 shows structure, 
or a change of structure, involving what appears to be two clear peaks, with the suggestion of additional 
structure spread around the Kα profile. Whilst exciting, the magnitude is unclear. The statistical, point-wise 
and correlated noise appear quite large, and might question the significance and incisiveness of the purported 
result. The detailed structure observed is also dependent on the choice of the XES background profile chosen 
for subtraction.

Fig. 1.  (a) Experimental setup: Three Ge-333 crystal analysers lie adjacent to each other on the Rowland circle 
and reflect X-ray emissions to three separate regions on the Medipix detector. (b) Medipix detector depicting 
the reflection of analyser crystal images, represented as left, centre, and right crystal respectively. A 4×1 
detector setup was used, with total effective pixel grid of 1024×256.
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Principal component analysis (PCA): initial estimates
PCA is a powerful statistical technique in modern data analysis, often employed to reduce the dimensionality 
of complex datasets while preserving the most significant orthogonal contributors to variance39–41. It has 
numerous applications across various fields, from drug discovery42 to forensic science43, sports science44, and 
beyond45–47. Often PCA is used in a machine-learning or abstract mathematical sense with a package to extract 
dominant orthogonal components contributing to the variance between an experimental spectrum or image 
and a developing model. Sometimes, this deconstruction is largely void of physical meaning. Here, however, we 
intend to search for specific physical meaning of significant components and coefficients and apply this methods 
to the XES characteristic spectra.

Fig. 3.  Combined XES spectra with labels representing Ein for individual XES slices, indicating the overall 
growth of signal strength with energy. The spectra are offset vertically for clarity.

 

Fig. 2.  (a) XES spectra of Mn showing the Kα1 and Kα2 peaks measured by three crystal analysers at an 
incident energy of 6654 eV, with the y-axis plotted as a normalized natural logarithm of intensity; (b) Contour 
map displaying the range of measured incident photon energies Ein and emission energies Eem. The peaks of 
Kα1 and Kα2 are clear and distinct, with no visible sign of additional sub-structure.
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Although the quantum mechanical processes underlying both diagram and satellite lines have been the 
subject of extensive investigation, a comprehensive and quantitative understanding remains elusive48,49. The 
emergence of novel hidden satellite features introduces an even greater challenge, complicating efforts to achieve 
a full spectral profile. Despite these complexities, we demonstrate that the complete XES at various Ein can be 
accurately represented as a linear superposition of two distinct spectral components: the conventional diagram 
lines and the experimentally isolated hidden satellite structure. A simple model, Eq. (1),

	 X(Ein, Eem) = α(Ein) · µ(Eem) + β(Ein) · XHS(Eem)� (1)

can be used to observe the energy dependent behaviour of our hidden satellites as observed in Fig. 4.

Fig. 4.  Normalized XES slices (top) presenting log scaled diagram spectrum from Ein of 6554 eV to 6754 eV 
and the spectra of the new Hidden Satellites (bottom) revealed by the differencing and normalisation of total 
XES slices from reference Ein of 6554 eV.
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In this analysis, the complete XES datasets are stored on the left-hand side (LHS) of Eq.  (1), while the 
right-hand side (RHS) components are fixed at a reference index of 6554 eV. This reference energy or index 
corresponds to a single incident energy chosen from the set of multiple Ein values. The spectrum µ(Eem) is the 
XES profile measured at this reference energy. This low-energy point is used as a baseline to subtract the total 
XES spectrum, which allows the hidden satellite features to be revealed and is represented as XHS . The model is 
constructed as a weighted linear combination of these two components, parameterized by the energy-dependent 
coefficients α(Ein) and β(Ein). The initial step was to calculate the coefficient α(Ein), which modulates the 
relative contributions of the Kα diagram lines and the hidden satellite features as a function of incident energy. 
Figure 5 demonstrates that this coefficient decreases with increasing incident energy, indicating a diminishing 
contribution from the Kα background and a growing prominence of Hidden Satellites. This trend aligns with 
the expectation that higher excitation energies enhance secondary processes responsible for satellite emission. 
The energy-dependent variation of α(Ein) enables a dynamic decomposition of the XES spectrum, reflecting 
the evolving balance between direct and satellite contributions. By fitting this model across a range of incident 
energies, we can quantitatively track the emergence of Hidden Satellite structures.

Advanced structural insights from PCA
At this stage, we incorporated the scikit-learn (sklearn) library in Python33,50. Further details are given in 
Methods (PCA).

Figure 6a presents the spectral distribution of first three principal components across each emission energies 
Eem. The first component (P1) alone explains 97.24% of the total variance, indicating that the dominant 
structure in the data is effectively captured by this component. Notably, P1 closely mirrors the hidden satellite 
features previously identified in Fig. 4. With much of the correlated noise removed through PCA, the satellite 
structure becomes significantly clearer and more visually distinct. This enhanced representation reveals multiple 
substructures, perhaps six or more separated peaks, across different emission energies that were previously 
masked by noise, reinforcing the physical interpretation of P1 as the satellite signature. The second and third 
components, P2 and P3, account for a very small fraction of the total variance. Their irregular patterns and lack 
of consistent features suggest they primarily capture noise or subtle effects that require deeper theoretical insight 
to interpret meaningfully.

In PCA, P0 refers to the pre-defined mean of the toal XES data. On using this default mean from the 
package we incorporated, the amplitude of P1 shifted from negative to positive rather than following an ideal 
evolutionary profile. This indicates P0 was not aligned with the stationary background of the XES profile. To 
correct this behaviour, we modified the PCA functional to subtract a predefined mean before extracting the 
principal components. This is sometimes termed regression, and is equivalent to a small refinement of the 
background definition.

The refined mean was obtained by adjusting P0 using the minimum amplitude a1,min of the satellite component.
Specifically, the background XES spectrum µBG was reconstructed by subtracting from P0 the contribution of 
the first principal component weighted by this minimum amplitude: µBG = P0 + a1,min · P1. Since a1,min < 0, 
this adjustment re-centres the mean, removing residual contributions from the satellite structure and isolating 
the stationary background signal and improves the reliability (and physical meaning) of the subsequent analysis.

Fig. 5.  Energy-dependent behaviour of the coefficient α(Ein) for incident energies ranging from 6554 eV 
to 6754 eV. The observed decreasing trend of α with increasing Ein reflects a relative enhancement in the 
intensity of hidden satellite features, indicating their growing contribution to the XES as the excitation energy 
increases. This indicates that the hidden satellite influence is significant and responsible for 20% or more of the 
overall spectra.
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Figure 6b displays the corresponding amplitudes of the first three principal components as a function of 
incident energy Ein after the modification. The amplitude of a1 shows a clear and systematic increase with 
Ein, consistent with the gradual evolution of the satellite structure - an observation that aligns well with prior 
observation (Fig. 5). In contrast, the amplitudes: a2 and a3 exhibit no discernible trends, further supporting the 
notion that these components are dominated by correlated noise.

To quantitatively characterize the hidden satellite structure and its associated spectral features, we fit a sum 
of Lorentzian functions to the first principal component (P1) (Fig. 7). We used the lmfit package to perform 
nonlinear least-squares fitting of multiple Lorentzian peaks to the PCA-derived spectral data. The details of their 

Fig. 7.  The first principal component (P1) derived from PCA, fitted with a sum of Lorentzians, is compared 
with averaged hidden satellite structure derived from the top five maximum incident energies of the XES 
spectrum. Both plots exhibit similar growth patterns and peak structures, with multiple substructures 
emerging at nearly identical emission energies. This consistency clarifies the hidden satellite structure 
formation and demonstrates the measurement accuracy and noise.

 

Fig. 6.  (a) Spectral distributions (‘loadings’) of the first three Principal Components (PCs) as a function of 
Eem. The first component (P1) accounts for over 97% of the total variance and exhibits a shape that closely 
resembles the hidden satellite structure (Fig. 4) but with increased detail and much reduced statistical noise. 
In contrast, the second and third components (P2 and P3) primarily capture correlated noise. (b) Amplitudes 
(weights or ‘scores’) of the first three principal components, a1, a2, and a3, respectively. The amplitude a1 
shows a consistent growth with increasing Ein, reflecting the systematic evolution of the hidden satellite 
spectral shape (Fig. 5). In contrast, a2 and a3 display irregular fluctuations, indicating correlated noise.
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peak energies and widhts are detailed in Methods. This empirical fitting allows for extraction of peak positions, 
widths, and intensities, and a quantitative representation of hidden satellite contributions, without attributing 
physical significance of its cause and origin. The resulting fit closely matches the satellite profile obtained earlier 
by averaging the XES spectra at the five highest incident energies. Those five high energy points were chosen 
to improve noise suppression and clarity, as subtraction using low-energy points tends to increase noise and 
suppress the hidden satellite structure. The satellite structure derived through PCA exhibits significantly reduced 
noise compared with the raw spectra, with improved feature distinction that align well. This highlights the 
strength of PCA: it enhances signal clarity by suppressing noise, and can isolate key evolving spectral features, 
enabling a more accurate and interpretable physical model of the system.

Evolution of hidden satellites
PCA enhances the hidden satellite structure by isolating it from correlated noise. It provides an initial estimate of 
its evolution (Fig. 6b). Our initial simple model function, Eq. (1), is now slightly modified to incorporate (P1), 
representing the evolving hidden satellite structure:

	 X(Ein, Eem) = γ1(Ein) · P1(Eem) + γ11(Ein) · µBG(Eem)� (2)

This functional model is expressed as a weighted linear combination of the first principal component P1 and the 
(regressed) background profile µBG, with coefficients γ1(Ein) and γ11(Ein), respectively.

We examine the evolution ratio of Hidden Satellites by defining the ratio of the intensity of the satellite 
component to the Kα spectrum, Isat

IKα
, as a function of Ein. We simply take the ratio of the satellite component 

area to the total Kα spectrum area: γ1(Ein)·AP1
γ11(Ein)·AKα

. Here, AP1  is the area of the first principal component or 
satellite component and AKα is the area of the PCA-extracted background µBG representing the full Kα 
spectrum. Figure 8 presents the evolution ratio of the hidden satellite for both the first principal component (in 
blue) and the previously experimentally isolated hidden satellite structure (in red). Both are in close agreement, 
beginning at an onset near 6554 eV and growing monotonically as the incident energy increases. The total 
intensity of shake-off satellites reaches 20 - 25%, with an onset occurring above the absorption edge.

Figure  9  demonstrates the growth of the hidden satellite structures as a function of increasing Ein with 
reference to the structure generated by PCA model. The emergence of these Hidden Satellites, along with their 
distinct onset and evolution, is evident at multiple emission energies. In contrast with Fig. 4, Fig. 9 now shows 
a detailed structured spectrum with enhanced noise suppression. The evolving nature of the satellite features is 
clearer and better defined. In our dataset, the uncertainty arises from repeated measurements and background 
fitting, both dominated by statistical noise. Because of the multiple energy scans and the use of separate analyser 
crystals, the standard error (s.e., σ) associated with each data point can be easily determined24,51. A single point 
in the incident–emission energy space exhibits a statistical significance between 5σ and 20σ above background. 
However, because the measurement is a two-dimensional map of the new process with over 45 separate data 
points, each with 5 to 20σ statistical significance, a total of 271.83σ is obtained when summing the signal 

Fig. 8.  The evolution ratio of the Kα Hidden Satellites, extracted from the first principal component of PCA 
(shown in blue) and from experimental isolation and analysis (shown in red). Both components exhibit a 
similar trend, beginning at an onset around 6554 eV and increasing monotonically with incident energy. Both 
methods reveal the same underlying trend, showing the onset and gradual evolution of the satellite structure as 
the incident energy increase.
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over all 45 points. This cumulative level far exceeds the conventional discovery threshold of 3–6 σse, further 
supporting the existence of the Hidden Satellites.

Comparison with models from relativistic quantum mechanics for quantum 
evolution
To interpret the evolution of the hidden satellite observed in our experimental data, we compare it with three 
models describing the evolution of quantum mechanical processes. A commonly cited model, the Thomas 
model52 is based on a quantum mechanical description of a bound-bound transition:

	
P (EP ) = P (∞) · exp

[
−R2E2

B

15.32 × EP

]
� (3)

Here, P (∞) is the limiting shake probability in high-energy limit from a sudden approximation, R is the shell 
radius corresponding for example to a shake orbital in Å, EB  is the computed shake electron binding energy, 
EP = Einc − Eons is the energy of the shake electron after ejection. Eons = Eedge + EB − ∆E is the onset 
energy of the shake electron, and Eedge the threshold energy of the photoelectron. ∆E is the difference between 
the fitted and predicted (Eedge + EB) onset. The constant (15.32) arises from me

2ℏ2  in units of eV and Angstrom.
Roy et al. (2001) introduced a more generic approach to describe the evolution of transition probabilities 

using atomic orbital wavefunctions in the sudden approximation for bound-free transitions53, expressed as:

	
P (EP ) = P (∞) ·

[
22n(n − 1)!(n + 1)!

π(2n − 1)!

]
E

n+1/2
B ·

ˆ EP −EB

0

E1/2

(EB + E)n+2[1 + τ2
0 (EB + E)2]dE� (4)

Here n is the principal quantum number of the shake shell, τ0 = R

(2EP )1/2  is the characteristic time for the 
interaction, and P(∞) is obtained by performing the high energy limit of the integral and setting τ0 = 0. All 
variables in the Roy formalism are expressed in Hartree atomic units (me, ℏ, e, 4πϵ0 = 1). We convert these to 
eV (1 hartree = mee4

ℏ4(4πϵ0)2 =27.21 eV) and Å (1 bohr = 0.5219 Å) for ease of comparison.
A third model by Mukoyama et al.54 modifies the Roy and Thomas models to account for bound-bound 

transitions, where an electron is excited into an unoccupied bound state. This model differs from the Thomas 
model in the treatment of the time-dependence of the electron within the Hamiltonian:

Fig. 9.  Evolution of the first principal component, the hidden satellite structures P1, with increasing Ein. 
The spectral peaks are clear, following the PCA and emphasising the distinct structures at relevant emission 
energies, the estimated point noise level with respect to any feature, and the growth of the peaks with 
increasing Ein. The integrated significance of the Hidden Satellite signature reaches 272 standard errors (s.e. 
or σse) across the 45 data points of the measured spectra. This level of significance far exceeds the conventional 
discovery threshold of 3–6 σse per data point for typical scientific discoveries.

 

Scientific Reports |         (2026) 16:3634 9| https://doi.org/10.1038/s41598-025-33674-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	

P (EP ) = P (∞)

1 + R2E2
B

15.32×EP

� (5)

We use the same K-edge reference (1s binding energy) for manganese metal as that employed during our 
experimental energy calibration, 6537.67  eV35,55. For comparison, we also considered a theoretical value 
obtained using the multi-configuration Dirac-Hartree-Fock (MCDHF) method with a relativistic QED 
approach, implemented in the General Relativistic Atomic Structure Package (GRASP)56–58, for which we have 
obtained a value of 6536.11 eV. The theoretical value is defined for T = 0K  and may not be fully converged; and 
yet the experimental value obtained by Kraft is based on the extremum of the spectral derivative, rather than the 
ionisation energy. Hence it is a remarkable achievement that these agree within about an eV.

The Hidden Satellites observed in the emission spectra of our Kα1,2 transition potentially arise from an 
n = 3 shake-off process, typically involving the 3s, 3p, and 3d states. Hence we use n = 3 in the second model. 
Figure 8 clearly suggest the onset of 6554 eV. The 3d orbital is predicted to lie approximately 15.41 eV above the 
K-edge (6537.67+15.64 = 6553.31 eV) according to our new theoretical computation. This consistency within 1 
eV forms the basis of our consideration in the current analysis of the models.

We then fitted three theoretical models to our experimental evolution data, treating P (∞), R, and an energy 
offset term (∆E) as free parameters. ∆E is the difference in the fitted onset of the satellite to that we obtained 
using values for EB  from GRASP and Eedge from experiment35.

Defining a precise onset from our data set is difficult, yet the Thomas, Roy and Mukoyama models return the 
plausible and modest offsets (∆E) of −7.8, −1.34, and −2.0 eV respectively (Table 1). The Roy and Mukoyama 
models predict a similar onset within 2  eV. All three models show a consistent agreement with experiment 
(Fig. 10).

Our fitted models yield R values of 1.89  Å (Thomas), 2.09  Å (Roy), and 2.40  Å (Mukoyama) (Table  1). 
Although there is some agreement in the fitted R between models, there is significant uncertainty and further 
theoretical investigation is suggested here especially in relation to quantum expectation values.

The goodness-of-fit parameter, χ2
r , indicates that the Roy model performs best across the entire parameter 

space.
Both other quantum evolution models also achieve agreement with experiment. Taken together, all three 

models exhibit consistent behaviour.
Recent investigations into  3 d transition metals have highlighted the significant role of unresolved shake-off 

satellites in shaping the Kα1,2 emission profiles. For scandium, the P(∞) or the intensity of these unresolved 
shake-off satellites is stated to account for up to 34.7% of the total Kα1,2 spectrum59, while for copper, this 
contribution is stated to be of order 25.5%20. For manganese Kα1,2, theoretical calculations of these probabilities 
have reported values of 32.03%60 and 25.86%61. Our experimental evolution ratio reaches 25% and more of the 
total intensity, significant and yet plausibly within 2–3% with available prior computations.

Each many-body process has an onset energy determined by its binding energy relative to the K-edge. As the 
energy increases, the intensity of each shake-off satellite evolves from zero at the onset energy, gradually reaching 
its maximum value, as demonstrated by our new processes (Fig. 10). This evolution introduces a clear energy 
dependence for the many-body reduction factor, which can reach as high as 32.03% for manganese Kα1,2, 
according to Kochur et al.60 and Dean et al.62. Our results demonstrate that many-body processes account for 
25% or more of the total intensity. This development of the many-body processes calls for a new approach and 
insight on analysing X-ray fine structure and in general in X-ray spectroscopy. Given the pronounced energy 
dependence of this contribution, the conventional assumption of a constant S2

0  term in the XAFS equation 
becomes increasingly concerning24,25. Such energy dependence calls for a fundamental revision of traditional 
models, which typically treat the reduction factor as constant, underscoring the importance of incorporating the 
incident photon energy to more accurately represent the complexity of many-body interactions.

Conclusion
Synchrotron data using the XR-HERFD technique has revealed the spectral distribution profile of novel Hidden 
Satellites inside the Kα spectrum of manganese metal. Through multiple XES scans, we confirmed the presence 
of these satellites and were able to isolate their structure with excellent statistics and resolution. The clarity of 
the dataset was enhanced by isolating each crystal region, combining them, checking their consistency, and 
removing the background noise signal. The existence of the Hidden Satellites is very clear, defining a precise 
spectrum and components with small noise and uncertainty. Principal Component Analysis (PCA) was then 

Model Thomas52 Roy et al.53 Mukoyama et al.54

P (∞)(%) 27.0 ± 1.65 32.1 ± 1.16 29.41 ± 1.48

R (Å) 1.89 ± 0.18 2.09 ± 0.56 2.40 ± 0.16
∆E(eV ) −7.8 ± 6.41 −1.34 ± 0.06 −2.0 ± 2.65

χ2
r 11.27 2.18 3.30

Table 1.  Fitting parameters with uncertainities obtained using the Roy, Thomas, and Mukoyama models for 
the evolution of the Kα Hidden Satellites. P (∞) denotes the fitted limiting shake probability relative to the 
entire Kα spectrum in the sudden limit.
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able to unfold the satellite profile, accounting for more than 97% of the residual variance in the Kα regime while 
minimising any interference from noise. The evolution of the overall Hidden Satellite structure is well-defined, 
with statistical significance far exceeding the conventional discovery threshold of 3–6 standard errors (s.e.), 
reaching an integrated significance of up to 271.83 σse across multiple peaks of the measured spectrum for the 
extended data set. This discovery allowed for a definitive comparison with conventional theoretical models for 
quantum mechanical process evolution. Our paper confirms that the total probability of shake-off processes 
during evolution can reach 20–25%. Results emphasise the need to redefine the many-body reduction factor, 
particularly in terms of its variation with incident photon energy, to effectively describe the dynamics of shake-
off processes. This work highlights the strengths of the XR-HERFD technique, of effective signal separation and 
analysis, and of the use of PCA when its components have clear physical meaning. It demonstrates the potential 
of advanced relativistic quantum theory to enhance our understanding of XAFS, XES, HERFD, and many-body 
effects in applications to fundamental research and applied physics and chemistry. Continued theoretical and 
experimental efforts will further improve our knowledge of atomic and condensed matter systems and the role 
of relativistic quantum mechanics in these advanced X-ray spectroscopies.

Methods
Isolation of crystal region
Figure 1b notes that there are three locations observing fluorescent counts (NF ) from each Bragg analysers. 
The total fluorescence counts for the crystal are divided by the upstream count (I0), which is a single point 
count. The ratio of fluorescent photons (NFi ) entering the detector from individual crystal analyzers to incident 
photons (NI0 ) entering the upstream ion chamber determines the measured intensity. Here, we isolate each 
analyser by separating the images by aligning the analyser crystals, and by choosing an appropriate Region 
of Interest (RoI) around the detector image, allowing for the signal of each analyser to be well-separated. The 
counts of each crystal region is presented as NFi  where Fi represents ith crystal region.

If we integrate the total pixel counts, the standard deviation of total counts is represented as:

	 σFi =
√

NFi =
√

N1 + N2 + ... + Nn� (6)

ie

	 σFi =
√

σ2
1 + σ2

2 + ... + σ2
n� (7)

where, n is the total number of pixels. Figure 2a clearly displays the plot showing three separate crystal regions 
where the intensity slightly differs from each other.

Background subtraction from each crystal analyser
A region of interest (RoI) was defined around the image of each analyser crystal to minimise false counts and 
background arising from electronic noise or scattered photons that were not Bragg-reflected by the analyser 

Fig. 10.  Comparisons of theoretical models with XR-HERFD experimental data, plotted against Ein. All 
models predict the growth of the new spectral features.
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crystals. To estimate the inherent background, a region away from any RoI was selected for each incident energy, 
and the corresponding background counts per pixel were subtracted from the recorded intensities. The resulting 
intensities were then normalized by the upstream ion counts to correct for potential variations in signal intensity 
and to assess crystal defects and misalignment.

The background signal (Nbg) for three different crystals is chosen using an area of the detector well 
above from any of the RoI’s and the area formed of the region is A(bg)i

 where i represents different regions of 
background signal. To ensure that background signal formed is uniform for all regions, we chose three different 
sources of background in rectangular shape from the topmost region of each crystal region.

The uncertainty involved in background is written as: σse(bg) =
√

Nbg  . Then, the total background signal 
for each crystal region can be summarized as:

	
NFi(bg) = Nbg ∗ AFi

A(bg)i

� (8)

The total counts after background subtraction can now be expressed as:

	 N
′
Fi

= NFi − NFi(bg) � (9)

with error as

	
σ2

F
′
i

= σ2
Fi

+ σ2
Fi(bg) � (10)

Consistency test and combination of crystals
After background subtraction, we perform a consistency check. If the spectra from each crystals are consistent, 
we sum the crystals otherwise weighted average is considered. We begin by scaling all the crystals analysers to 
the strongest one. The scaling factor (αi) for the strongest crystal is assumed to be 1. The scaling factors are 
generated using the formula

	
αi = max(NFi )3

i=1

NFi

� (11)

Also, the weight per crystal region (wi) is:

	
wi = 1√

NFi + NFi(bg)

= 1
σ

F
′
i

� (12)

Following the weights per individual crystal, the weighted sum now becomes:

	
N̄w =

∑
i
αiN

′
Fi

.w2
i∑

i
w2

i

� (13)

If the datasets and standard deviation of the fluorescent counts of individual crystals are consistent, the weighted 
sigma or total uncertainty is:

	

σtotal(w) = 1√∑3
i=1 w2

i

=

√√√√
3∑

i=1

σ2
F

′
i

� (14)

But if they are inconsistent to each other, following expression comes into account:

	
σtotal(w) =

√∑3
i=1(αiN

′
Fi

− N̄w)2.w2
i∑3

i=1 w2
i

� (15)

If the data are consistent, the total counts can then be summed as:

	
NF =

3∑
i=1

N
′
Fi

� (16)

where

	 σtotal =
√

NF

which is the uncertainty of the total counts.
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Method for principal component analysis
Typical PCA utilizes Singular Value Decomposition (SVD) rather than a more traditional least-squares analysis. 
By transforming the original dataset into a new set of orthogonal spectral components, known as Principal 
Components (PCs), the analysis and interpretation of complex datasets is simplified. To implement PCA, we 
compute the covariance matrix S of the XR-HERFD dataset I , and then perform eigenvalue decomposition 
to obtain the eigenvectors ai, which are ordered by the magnitude of their corresponding eigenvalues. The 
eigenvector associated with the largest eigenvalue, a1, represents the first principal component. The vector a1 
has a size of NEin , corresponding to the number of columns in I , or the number of incident energies. Each 
entry in a1 reflects the contribution of the corresponding incident energy to the first principal component. 
By projecting the dataset I  onto a1, we obtain the vector P1, of size NEem , corresponding to the number of 
emission energies. These are linear combinations of the XES spectra that capture the largest variance across the 
incident energy dimension of the dataset. This projection isolates the dominant structure in the data.

The first and most important question that arises is: how many components are necessary to reproduce the 
observed spectra in the dataset? Whilst there are several approaches to address this, the most straightforward and 
informative method is to examine the explained variance ratios and assess the contribution of each component. 
In our case, it was evident that the first principal component (P1) accounted for over 97% of the total variance, 
clearly dominating the dataset and making the remaining components significantly less informative. For the sake 
of completeness and robustness, we considered the first three components in our analysis. However, the second 
and third components carried minimal physical significance and were largely associated with noise.

Information on fitting parameters
As shown in Fig. 7, we modelled the PCA-derived spectrum using nonlinear least-squares fitting implemented 
in the lmfit package. An initial inspection suggested the presence of up to eight Lorentzian features, which 
were subsequently refined through the fitting procedure. The optimized centre energies and widths are listed in 
Table 2. To illustrate how each Lorentzian component contributes to the reconstructed spectrum, the individual 
fitted peaks are shown separately in Fig. 11.

Peak Energy (eV) Width (eV)

1 5881.85 ± 1.42 2.09 ± 3.55
2 5885.45 ± 1.89 2.29 ± 1.97
3 5891.38 ± 0.46 1.46 ± 0.79
4 5895.94 ± 0.41 1.38 ± 1.47
5 5897.72 ± 0.20 0.78 ± 0.42
6 5904.59 ± 0.05 2.20 ± 0.11
7 5910.25 ± 0.28 4.00 ± 39.72
8 5917.57 ± 0.31 4.00 ± 0.88

Table 2.  Peak positions and widths of Hidden Satellites derived from fitting.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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