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Abstract

Kα x-ray emission spectroscopy is a powerful probe for electronic structure analysis of 3d 
transition metal systems and their ultrafast dynamics. Selectively enhancing specific spectral 

regions would increase this sensitivity and provide fundamentally new insights. Recently we 

reported the observation and analysis of Kα amplified spontaneous x-ray emission from Mn 

solutions using an x-ray free-electron laser to create the 1s core-hole population inversion [Kroll et 
al., Phys. Rev. Lett. 120, 133203 (2018)]. To apply this new approach to the chemically more 

sensitive but much weaker Kβ x-ray emission lines requires a mechanism to outcompete the 

dominant amplification of the Kα emission. Here we report the observation of seeded amplified 

Kβ x-ray emission from a NaMnO4 solution using two colors of x-ray free-electron laser pulses, 

one to create the 1s core-hole population inversion and the other to seed the amplified Kβ 
emission. Comparing the observed seeded amplified Kβ emission signal with that from 

conventional Kβ emission into the same solid angle, we obtain a signal enhancement of more than 

105. Our findings are the first important step of enhancing and controlling the emission of selected 

final states of the Kβ spectrum with applications in chemical and materials science.
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With its sensitivity to spin state, oxidation, and ligand environment, Kβ x-ray emission 

spectroscopy (XES) has long been employed to gain electronic structure information of 3d 
transition metal complexes [1–7]. Unlike x-ray absorption spectroscopy, Kβ XES is 

predominantly sensitive to the number of unpaired 3d electrons and less to the local 

geometry [6,8], and it has a higher chemical sensitivity than Kα XES [4]. XES does not 

require a monochromatic x-ray beam and can be applied simultaneously with structural 

probes, such as x-ray diffraction and scattering [9–10]. Besides its weak signal, the main 

limitation of Kβ XES is the core-hole lifetime broadening that washes out the subtle spectral 

response to electronic structure changes. In this Letter, we report the creation of strongly 

enhanced seeded Kβ stimulated x-ray emission in a manganese solution. This nonlinear 

method has the potential for amplifying individual spectral features characteristic of the 

electronic structure and suppressing the core-hole lifetime broadening. With future 

optimized experimental conditions, this enhanced spectral sensitivity and control will widen 

the application of Kβ XES.

Nonlinear x-ray spectroscopy [11–17] requires the high peak power of an x-ray free-electron 

laser source [18–24]. An important case is amplified-spontaneous emission (ASE) or single-

pass atomic x-ray lasing. Here, an intense x-ray pump pulse is tuned above an inner-shell 

absorption edge energy, creating a population inversion along its pathway through an 

optically thick medium (several absorption lengths). Spontaneously emitted photons along 

the direction of the population inversion path can stimulate the emission at the same 

wavelength and direction, creating ASE. When the collective emission time is short 

compared to the decoherence time, ASE can also be referred to as superfluorescence 

[25,26]. We have recently measured the Kα ASE spectra from two different manganese 

solutions to study how stimulated x-ray emission spectroscopy (S-XES) can be applied to 3d 
transition metal ions [14]. We found that ASE exhibits a chemical shift that is characteristic 

of the manganese ion and observed strong gain narrowing with spectral widths far below the 

1s core-hole lifetime broadening. For the weaker Kβ lines, Kβ ASE can only occur once the 

Kα amplification is saturated, requiring unrealistically high peak power [14]. Seeding the 

stimulated emission of Kβ overcomes this limitation. Here, the pump pulse is tuned above 

the absorption edge to create the population inversion, and the seed pulse is tuned to the Kβ 
energy. The equivalent mechanism was initially used to seed the Kα line in a Cu metal foil 

[13]. Seeding the weaker Kβ line in a solution is much more challenging and requires 

sufficient spatiotemporal overlap of pump and seed pulse to outcompete the much stronger 

Kα ASE.

Experiments were performed at the Coherent X-ray Imaging (CXI) instrument [27] at the 

Linac Coherent Light Source. We used the split undulator method [28] with strong pulse 

compression [29] to create the required pump/seed power and overlap for the two colors 

[Fig. 1(a)]. The first seven undulators created the ~4 μJ seed pulse, while the last 23 

undulators created the ~500 μJ pump pulse. Both pulses were focused to ~150 nm diameter 

at the sample position using KB mirrors with an estimated focal depth of 100 μm [30,31]. A 

200 μm diameter liquid jet was used for sample delivery of 4 molar NaMnO4 solution 

obtained from Sigma-Aldrich. For the Kα and Kβ emission analysis, we used two flat Si 

(220) analyzer crystals at respective Bragg angles of 33.18° and 29.80° diffracting the signal 

onto 2D detectors [32]. The two crystals were mounted serially, allowing the simultaneous 
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analysis of both emission lines [Fig. 1(b)]. The first crystal, used for Kα analysis, was 

semitransparent with a thickness of 10 μm, absorbing 38% of the photons in the Kβ energy 

region at 6.49 keV, while fully reflecting the Kα photons at 5.9 keV (~3.7 μm extinction 

length along the incident x-ray path). The second crystal, used for Kβ analysis, was thick 

with a 1° asymmetrical cut [14]. The ~2 mrad vertical divergence of the x-ray beam 

emerging from the focus results in an energy range of ~20 eV for each analyzer. The energy 

of the pump pulse was set above the Mn K edge to 6.6 keV, while the seed pulse energy was 

set to the Mn Kβ line at 6.49 keV. Both pulses had a pulse length of ~10 fs using the SASE 

process without further monochromatization (ΔE/E ~ 5 × 10−3). The Kα and Kβ energy axes 

on the 2D detectors were calibrated using the transmission through thin diamond crystal in 

the upstream section of the CXI instrument. This gives an accurate relative energy 

calibration for each detector pixel and allows the absolute energy calibration to within a few 

eV. For calibration, we used the maxima of synchrotron spectra of NaMnO4 at 5898.1 eV for 

Kα and 6489.3 eV for Kβ measured at SSRL [33]. The relative energies in Figs. 2 and 4 are 

displayed with respect to these values. Figure 1(c) shows the energy level diagram of the Kα 
and Kβ XES processes following the excitation of the 1s electron into the continuum. The 

Mn Kα emission at ~5.9 keV is ~7 times stronger than the Kβ emission at ~6.49 keV [34]. 

To ensure the highest cross section for creating population inversion [11,15,35], we set the 

pump pulse just above the 1s ionization energy. In ASE the transition with the largest dipole 

transition moment, i.e., Kα1, gets amplified first and weaker lines only get amplified once 

the Kα1 emission is saturated. To stimulate the amplification of the weaker Kβ transition, a 

seed pulse is tuned to its respective energy. Such seeding can at least partially outcompete 

the Kα ASE. The concept of Kα ASE and seeded Kα S-XES is shown in Fig. 1(c) (right). 

The excited Mn ions along the beam path (solid red circles) decay spontaneously, emitting 

predominantly Kα photons, with those in the direction of the population inversion initiating 

the Kα ASE process (blue arrows). In some parts of the sample, the seed pulse (red) 

outcompetes the Kα ASE, leading to seeded Kβ S-XES. The seed pulse energy needs to 

match a Kβ transition energy and overlap with the pump pulse both spatially and temporally 

within the 1s core-hole lifetime (~1 fs). This is challenging given the small pump and seed 

pulse sizes, the small Mn absorption cross section, and the short 1s core-hole lifetime. When 

using a SASE seed pulse, only a very small percentage of the photons contribute to creating 

the seeded Kβ S-XES, and the process occurs simultaneously with Kα ASE.

The Kβ analyzer selects photons in the energy range of the Kβ line and the SASE seed pulse 

(Figure 1). Without an upstream spectrometer that measures the seed pulse at every shot, it is 

challenging to separate it from the seeded Kβ S-XES. Fortunately, the seeded Kβ S-XES has 

a larger angular divergence than the seed pulse. Figure 2(a) shows an example of a measured 

single-shot spectrum of the incoming seed pulse without the sample. The horizontal and 

vertical axes reflect the energy dispersion and beam divergence, respectively. In the 

nondispersive direction (vertical in Fig. 2), the beam extends over 25 pixels (2.75 mm) and 

is sharply cut by overfilling the upstream beam line KB mirror optics. Figure 2(b) shows a 

single shot spectrum including the sample. The area corresponding to the seed pulse 

[indicated as a light gray dashed rectangle in 2(a) and 2(b)] contains both the SASE seed 

pulse plus the seeded Kβ S-XES signals. In the maximum intensity region, we observe an 

additional signal extending over the sharp edges of the seed pulse region at 0 eV relative 
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energy. This signal originates from seeded Kβ S-XES. Similar observations of excess signal 

divergence were made previously for experiments in neon [11,15]. A typical Kα ASE shot is 

shown in Fig. 2(c). Note that both emission signals of Kα and Kβ exhibit a larger divergence 

than the transmitted pump pulse. The seeded Kβ S-XES divergence at 0 eV relative energy 

extends over 40 pixels (4.4 mm = 1.3 mrad), while the stronger Kα divergence extends over 

more than 100 pixels (11 mm = 3.1 mrad). The difference between the Kα ASE and seeded 

Kβ S-XES beam divergence can be understood as follows: In Kα ASE, the amplification 

process is spontaneous and can occur in every direction with sufficiently large population 

inversion. As the gain length is shorter than the focal depth of the pump pulse, the dispersion 

of the ASE beam can be much larger than that of the pump pulse. The origin of the seeded 

Kβ S-XES divergence is different. Kβ photons are amplified by a seed photon with the same 

energy, direction, and phase. Therefore, in principle, the seeded Kβ S-XES divergence 

matches that of the seed pulse. The experimentally observed larger divergence can be 

explained by the fact that any small photon source has a minimal divergence given by the 

transform limit, which is Δθ = (λ/a), where λ is the wavelength and a is the size of the 

source (see the Fraunhofer diffraction as an analog [36]). For a fully coherent beam the 

transform limit is Δθc = {λ/4πa) [37]. In our observed seeded Kβ S-XES, Δθ is determined 

by the ratio of the signal width on the detector [~18 pixels =2 mm FWHM, Fig. 2(b)] and the 

sample-detector distance (3.5 m) resulting in Δθ = (2 mm/3.5 m) = 0.57 × 10−3. Assuming 

that the seeded Kβ S-XES signal originates from a fully coherent source, this corresponds to 

an estimated source size of a ~ 27.3 nm. Our observed divergence thus indicates that the 

effective source size leading to seeded Kβ S-XES is significantly smaller than the ~150 nm 

for the pump and seed pulses. This is not unexpected as only a small fraction of the seed 

pulse has spatiotemporal overlap with the pump pulse.

We use the signals that extend to outside the seed pulse region [red dashed rectangles in 

Figs. 2(a) and 2(b)] to distinguish between the seeded Kβ S-XES and the seed pulse. Figure 

2 (top) shows the integrated spectra of the signals. The gray curves are the integrated 

intensity over the entire spatial direction (i.e., light gray plus two red dashed boxes), while 

the red lines originate from the signal outside the seed pulse (two red dashed boxes). 

Integrating over the entire spatial direction that originates from both seeded Kβ S-XES and 

SASE seed pulse (gray curve) shows two spectral features [Fig. 2(b)]. When excluding the 

signal inside the seed pulse box, we observe only one peak (red curve).

We now analyze the difference between seed pulse and seeded Kβ S-XES in more detail. 

Figure 3 shows the log scale histograms of shots with varying the intensities outside the seed 

pulse box in the energy region of ±2 pixels around the maximum intensity measured with 

and without sample. To account for the different number of shots (37 999 with sample and 

30 324 without sample) we normalized them to 1. Intensities in the dataset without sample 

are multiplied by 0.65 to account for beam attenuation. Both datasets give a similar 

distribution for shots with small intensities (no seeded Kβ S-XES signal), while only the 

dataset with the sample shows shots with higher intensities. We define three thresholds: At 

threshold 1, where the two histograms start to diverge, the probability p = [(Isample − 

Ino sample)/Isample] to detect seeded Kβ S-XES photons above this threshold 1 is ~50%, above 

threshold 2 it is ~80%, and above threshold 3 it is ~95%. Figures 4(a)–4(c) show the 

histograms of the position of the peak maximum for all shots above the three thresholds with 
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sample (red bars) and without (blue). While the no-sample histograms show a random 

distribution of the peak maxima, the with-sample histograms exhibit a sharp distribution. 

Comparing the averaged spectra for the three thresholds [Figs. 4(d)–4(e)] also shows a stark 

difference. The no-sample spectra reflect the typical averaged SASE energy distribution 

whereas the spectra with sample show a single sharp peak indicative of an increasing seeded 

Kβ S-XES contribution. Comparison of the three averaged spectra [Fig. 4(g), orange, green, 

blue] shows a narrowing and reduced intensity in the wings with increasing probability of 

seeded Kβ S-XES and decreasing contribution of the SASE pulse. The ~95% spectrum 

(blue) shows a similar width in the main line and a lower intensity in the tails compared to 

spontaneous XES (black dashed line). This difference is not surprising because the stronger 

features in the Kβ main region get stimulated more easily. The fact that the average of 

seeded Kβ S-XES spectra can reproduce the spontaneous XES spectrum indicates the 

chemical sensitivity of our approach. Comparing the single-shot seeded Kβ S-XES spectrum 

from Fig. 2(b) (red solid line) with spontaneous XES shows spectral narrowing as previously 

observed in Kα ASE. While this is one of the strongest shots, we also found weaker shots 

with widths below 1.5 eV FWHM. An example is shown in Fig. 2 (red dashed line). As 

these single-shot spectra have small contributions from the SASE seed pulse, there remains 

some uncertainty about their exact spectral shapes. Better seed pulse diagnostics and 

monochromatic seed pulses (see discussion in Ref. [38]), will provide even significantly 

narrower single shot seeded Kβ S-XES spectra. This will allow us to further sharpen and 

control the spectral shape by tuning the seed pulse to a specific resonance and operating in 

the gain-narrowing regime.

To estimate the signal enhancement of seeded Kβ S-XES we compare the number of 

stimulated emission photons with the number of spontaneous emission photons into the 

same solid angle. While the spontaneous Kβ emission was too weak to detect with our setup, 

we get a very good estimate from the previously measured spontaneous Kα emission 

performed in the same experimental geometry, where we detected approximately one Kα 
photon per 2.5 mJ pulse [14]. When correcting for the 0.5 mJ pulse energy and seven times 

lower Kβ yield in the current experiment, this translates to 1/[(2.5/0.5) * 7] ~ 0.029 

spontaneous Kβ photons per pulse. To estimate the number of seeded Kβ S-XES photons 

per shot, we fitted a Gaussian line shape to the tails of the spatial distribution that falls 

outside the SASE box [i.e., outside the gray dashed rectangular, orange curve in Fig. 2(b)], 

while ensuring that the total signal inside the SASE box (Kβ S-XES plus SASE seed pulse) 

fits the observed signal [black curve in Fig. 2(b)]. We estimated the SASE seed pulse signal 

(green curve) by approximating it with the neighboring intensity at ~5.5 eV (where there is 

no Kβ S-XES signal) and varying its intensity until it fits the experimental spatial 

distribution (gray dashed curve). The integral under the Gaussian (orange line) estimates the 

number of Kβ S-XES photons per pulse to ~14 000. Even considering a large error in this 

estimate due to the uncertainly of the Gaussian interpolation, the signal enhancement we 

obtain (~ 14 000/0.029) is larger than 105.

Using two analyzer crystals [Fig. 1(b)] allows the simultaneous detection of Kα ASE and 

seeded Kβ S-XES signals originating from the same pump pulse. Figure 5 shows the 

correlation plots of Kβ vs Kα emission intensity plotted on a double log scale. For the 

seeded Kβ S-XES data, only the intensity outside the seed pulse region that has an intensity 
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above the ~95% threshold (Fig. 3) was used. We observe a large distribution of Kα ASE and 

seeded Kβ S-XES intensities. Taking only the maximum seeded Kβ S-XES intensity points 

for each Kα intensity results in an almost linear increase on the double logarithmic scale. 

The better the population inversion, the stronger is the Kα ASE signal and the better is the 

chance for creating a strong seeded Kβ S-XES signal. Figure 5 shows that in our experiment 

seeded Kβ S-XES did not yet reach saturation, but stayed in the linear gain regime. The 

stochastic nature of the SASE seed pulse and the tight requirements for spectral, temporal 

and spatial overlap lead to a large variation in seeded Kβ S-XES signals even for identical 

population inversions.

Much improved spectral and temporal pulse diagnostic and control [39,40] will remove 

many of these uncertainties in the future. Shot-by-shot diagnostics of the seed pulse will 

make it possible to separate the seeded Kβ S-XES signal from the seed pulse. Using a 

monochromatic seed pulse will enable the stimulation of selected final states, and using a 

monochromatic pump pulse will enable the population inversion of selected excited states. 

This will make it possible to separate and control various spectral contributions to the Kβ 
line such as final state energies and core-hole lifetime broadening through gain narrowing. 

Such enhanced sensitivity to the electronic structure of 3d transition metal compounds will 

enable a wide range of applications, including complex systems and studies of ultrafast 

intersystem crossings in light-harvesting and photocatalytic molecules. While prototypical 

model compounds can be characterized with spontaneous Kβ XES [6], natural systems and 

those employed for practical solar energy conversion may exhibit much more subtle changes 

that are below the current detection limit.
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FIG. 1. 
(a): Schematics of the beam line layout. (b) Experimental setup using a partially transparent 

Kα analyzer and Kβ analyzer for simultaneous collection of Kα ASE and seeded Kβ S-XES 

signals. (c) Schematics of the stimulated emission processes.
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FIG. 2. 
2D single shot images and spectra in the Kβ energy region taken without sample (a) and 

with sample (b). The dark gray curves show the spectra integrated over whole spatial range, 

while for the red curves only the range above and below the SASE box was used. 0 eV 

relative energy corresponds to the maximum of the Kβ XES spectrum (6489.3 eV). The 

plots on the right of (b) show spatial distributions integrated over 5 pixels (1.8 eV) around 

the maximum at 0 eV. It shows the full distribution (black), a Gaussian fit to the region 

outside the SASE box representing the seeded S-XES signal (orange), the corresponding 

SASE contribution (green) that when added to the Gaussian (gray dashed) reproduces the 

full distribution (black). Single-shot Kα ASE image and spectrum at 5898.1 eV (c).
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FIG. 3. 
Histograms of the intensity outside the SASE box within a 5-pixel (1.8 eV) region around 

the maximum with the sample (red) and without the sample (blue). The three vertical lines 

represent example thresholds for seeded Kβ S-XES probabilities of ~50%, ~80%, and 

~95%.
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FIG. 4. 
Histograms of the maximum peak position (a)–(c) and average spectra (d)–(f) for the seed 

SASE only (blue) and the seeded Kβ S-XES signals (red). The three thresholds (Fig. 3) are 

used for (a) and (d) (~50% chance of seeded Kβ S-XES), (b) and (e) (~80%), and (c) and (f) 

(~95%). The three average seeded Kβ S-XES spectra (orange, green, blue), the single-shot 

spectrum from Fig. 2(b) (red solid line) and a very narrow shot (red dashed line) are 

normalized to one and compared to the NaMnO4 spontaneous XES spectrum taken at a 

synchrotron (black dashed line). Energies are relative to the energy of the peak maximum.
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FIG. 5. 
Correlation plots of seeded Kβ S-XES vs Kα ASE intensities plotted on a double log scale. 

All Kβ intensities outside the seed SASE box representing seeded Kβ S-XES signals with a 

~95% probability are shown.
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