
Non-Linear X-ray Emission Spectroscopy 

on 3d Transition Metals

Uwe Bergmann

SLAC National Accelerator Laboratory

UK X-FEL Science Case: Workshop on Chemical Dynamics and Energy

G.003, Urban Sciences Building, Newcastle University, December 11, 2019



Mn(II)O

Mn(IV)O
2

KMn(VII)O
4

K
M

n
O

4
 n

o
rm

Relative Energy [eV] 350

I
nt

e
ns

it
y 

[a
.u

.]

K
1

K''

K'

K
2,5

K
1,3

K
2

Valence

levels

3p

2p

1s

Kα1.2

Kβ1,3, Kβ’

Kβ2,5, Kβ’’

Level Diagram

X-Ray Emission Spectroscopy

For reviews see e.g.: Glatzel & UB, Coord. Chem. Rev., 249, 65-95, (2005)

Pollock & DeBeer, Accounts of Chemical Research (2015) 
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UB et al, J Synchr Rad. 8, 199 (2001)



X-ray Emission Spectroscopy at an XFEL Works

Alonso-Mori et al, PNAS, 109, 19103 (2012)
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K1,3

- cylindrically curved Si/Ge crystals

- 500 mm radius of curvature

- ~ 0.5 eV resolution

Alonso-Mori et al, 

Rev. Sci. Inst., 83, 073114 (2012)
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Calculated Co VtC Spectra
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Zhang et al, J. Chem. Phys. 151, 144114 (2019) 
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Mn Double-Core-Hole VtC Transitions

Zhang et al, 

J. Chem. Phys. 151, 144114 (2019) 
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Two-color X-ray pulses would help!
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Schematics of Stimulated X-ray Emission

ASE: Amplified Spontaneous Emission



Stimulated Kα Emission from Neon Gas
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Rohringer et al, Nature 481, 488, (2012)

Hard X-rays Cu foil Yoneda et al, Nature 524, 446 (2015)



Experimental Parameters and Setup
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Collect 100% of emission in forward direction

Use flat analyzer crystal – high efficiency  

Experiments performed at LCLS CXI instrument and SACLA nanofocus instrument

~150 nm focus

~ 1011 ph/pulse

~10-50 fs pulse length

Flat Si Bragg analyzer



Observation of Strong Lasing at 5.9 keV K1 XES
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Single shot 

Strong gain narrowing

~106 Mn K photons

5890 5895 5900 5905

5 m MnCl2 solution
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Stimulated X-Ray Emission Spectroscopy in MnCl2 Solution

Kroll et al, Phys. Rev. Lett., 120, 133203 (2018)
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Stimulated X-Ray Emission Spectroscopy in MnCl2 Solution

Kroll et al, Phys. Rev. Lett., 120, 133203 (2018)



12Kroll et al, Phys. Rev. Lett., 120, 133203 (2018)

Stimulated Kα Emission in MnCl2 Solution
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Mn(II)Cl2 vs NaMn(VII)O4

Kroll et al, Phys. Rev. Lett., 120, 133203 (2018)
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UB et al, J Synchr Rad. 8, 199 (2001)



SASE Pulse Fluctuations

Spatial Spectral Temporal

XFEL experiments need to be designed to address these fluctuations 

- Per pulse readout of detectors and diagnostics

- Appropriate X-ray optics and spectroscopy methods
15



An X-ray Laser Oscillator 

Manuscript submitted
ArXiv link: https://arxiv.org/abs/1912.03554
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https://arxiv.org/abs/1912.03554


ArXiv link: https://arxiv.org/abs/1912.03554
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An X-ray Laser Oscillator 

https://arxiv.org/abs/1912.03554


ArXiv link: https://arxiv.org/abs/1912.03554

• Transform limited Gaussian pulses

• ~5*1010 photons/pulse @ 8 keV

• 50 meV bandwidth at 36 fs pulse length

(corresponding to 1.8 eV*fs) 

High Gain Regime Low Gain Regime
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An X-ray Laser Oscillator 

https://arxiv.org/abs/1912.03554


Wish List for the Future 

High peak power, stability

Need to know as much as possible about incoming pulse

• Monochromatic seed beam ideally with self-seeding

• Shot-by-shot upstream spectrometers for seed pulse (and eventually for 

pump pulse)

• Intensity monitor to know photon # after KB mirror (non-destructive)

• Shot-by-shot beam profile, wave front sensor for focus , temporal 

diagnostics

• Angular streaking to measure both spectral and temporal pulse (‘cookie 

box’ for soft x-rays)

• ‘Fast’ switching from seeding to non-seeding (minutes instead of hours)
19
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