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X-Rays

D. Attwood, A. Sakdinawat



X-ray Vision



What is a Good Use of X-Rays?

X-Ray Diffraction Imaging
Resolution ~ Angstrom

X-Ray Spectroscopy

Nat Rev Methods Primers 3, 40 (2023)



Why Relativistic Electrons?
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X-ray Free-Electron Lasers



Free-Electron Laser

Source: https://www.helmholtz-berlin.de
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FEL IN THE REST FRAME
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The Ponderomotive Force

https://www.youtube.com/watch?v=XTJznUkAmIY&list=PPSV
Harvard Natural Sciences Lecture Demonstrations

https://www.youtube.com/watch?v=XTJznUkAmIY&list=PPSV


Why?

McNeil, Thompson Nature Photon 4, 814–821 (2010).
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Why?

McNeil, Thompson Nature Photon 4, 814–821 (2010).

Lab Frame



The X-ray Free-Electron Laser



X-ray Free-Electron Lasers
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LCLS - LCLS-II

EuXFEL - FLASH

SwissFEL FERMI

SACLA

PAL
SHINE

S3FEL

First proposal: Pellegrini, C. A 4 to 0.1nm FEL based on the SLAC linac. Proc. of the 
Workshop on 4th Generation Light Sources (1992)



A Little Bit of History

Invention of FEL
Madey, John MJ. "Stimulated emission of bremsstrahlung in a periodic magnetic 
field." Journal of Applied Physics 42.5 (1971): 1906-1913.

FEL Instability:
Saldin (1980)
Bonifacio and Pellegrini (1984)

10 um 1 um 100 nm 10 nm 1 nm fs

10 um 
1998 UCLA

385 nm 
2001 Argonne

13.7 nm 
2007 DESY

0.15 nm 
2010 SLAC

0.1 nm

First proposal of an XFEL: Pellegrini, C. A 4 to 0.1nm FEL based on the 
SLAC linac. Proc. of the Workshop on 4th Generation Light Sources (1992)
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Attosecond Science



Attosecond Electron Dynamics

Attosecond science =
Study of electron dynamics

energy.mit.edu
https://en.wikipedia.org/
wiki/Photosynthesis

https://en.wikipedia.org/


Attosecond Electron Dynamics

Attosecond science =
Study of electron dynamics

Radiation-matter interaction

First step in chemistry

Multi-body quantum mechanics

https://doi.org/10.1039/D1SC01864G

energy.mit.edu
https://en.wikipedia.org/
wiki/Photosynthesis

J. Chem Phys. 8 129(10):104305 (2008)

https://doi.org/10.1039/D1SC01864G
https://en.wikipedia.org/


J. Chem Phys. 8 129(10):104305 (2008)

Attosecond science =
Study of electron dynamics

Attosecond Electron Dynamics

Radiation-matter interaction

First step in chemistry

Multi-body quantum mechanics

www.baumeiergroup.com



Why Attosecond X-ray FELs?

J. Duris, S. Li et al. Nature Photonics 14.1 (2020): 30-36.
Advances In Atomic, Molecular, and Optical Physics 71, 1-64



Why Attosecond X-ray FELs?

J. Duris, S. Li et al. Nature Photonics 14.1 (2020): 30-36.
Advances In Atomic, Molecular, and Optical Physics 71, 1-64

TW Pulses



E-Beam Shaping

J. Duris, S. Li et al. Nat. Photonics 14.1 (2020): 30-36.
J. MacArthur., et al. Phys. Rev. Lett 123.21 (2019): 214801

Incoherent
Radiation

Coherent
Radiation



E-Beam Shaping
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E-Beam Shaping

J. Duris, S. Li et al. Nat. Photonics 14.1 (2020): 30-36.
J. MacArthur., et al. Phys. Rev. Lett 123.21 (2019): 214801



Time-Domain 
Measurements



Time-Domain Measurements

S. Li et al. Optics Express 26 4531 (2018)
S. Li et al. AIP Advances 8 115308 (2018)
J. Duris, S. Li  et al. Nat. Photonics 14.1 (2020): 30-36. 
S. Li et al. Science 375.6578 (2022): 285-290.
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Time-Domain Measurements
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Time-Domain Measurements
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Time-Domain Measurements
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Time-Domain Measurements
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Time-Domain Measurements
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Results

S. Li et al. Optics Express Vol. 26, Issue 4, pp. 4531-4547 (2018)

J. Duris, S. Li  et al. Nature Photonics 14.1 (2020): 30-36. 

(a) (b) (c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

https://www.osapublishing.org/oe/issue.cfm?volume=26&issue=4


Results

S. Li et al. Optics Express Vol. 26, Issue 4, pp. 4531-4547 (2018)

J. Duris, S. Li  et al. Nature Photonics 14.1 (2020): 30-36. 

(a) (b) (c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

(a)

(d)

(b)

(c)P. Franz et al. Nat.  Photon. (2024): 1-6

https://www.osapublishing.org/oe/issue.cfm?volume=26&issue=4


Electronic Coherence in Auger-Meitner Decay

Non-linear methods

J. O’Neal Physical review letters 125.7 (2020): 073203

S. Li, T. Driver et al. Science 375.6578 (2022): 285-290.

Photoemission delays

Attosecond Science at LCLS

Pump/Probe Experiments

Li, Shuai, et al. Science (2024): eadn6059.

T. Driver et al. Nature 632 (8026), 762-767



Attosecond Pump/Probe Setup



Attosecond Pump/Probe Setup
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Attosecond Pump/Probe Setup
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Z. Guo, et al.  Nature Photonics (2024): 1-7.



Pump/Probe Demonstration

Simulation: G. Grell, F. Martin et al.



Pump-Probe Scheme

Pump < 280 eV

ov

iv

O 1s



Pump-Probe Scheme

Pump < 280 eV
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Pump-Probe Scheme
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Pump-Probe Scheme

Pump < 280 eV

ov

iv

O 1s

Probe ~ 525 eV
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Pump/Probe Demonstration

Simulations:
M. Ruberti and 
V. Averbukh (Imperial College)

Analysis:
 T. Driver, Z. Guo E. Isele
(SLAC/Stanford)
 D. Tuthill (OSU)



The LCLS-II

Currently at 8 kHz
Up to 1 MHz in the future
Demonstrated attosecond pulses at high rep rate!



10 um 1 um 100 nm 10 nm 1 nm fs

10 um 
1998 UCLA

385 nm 
2001 Argonne

13.7 nm 
2007 DESY

0.15 nm 
2010 SLAC

0.1 nm

1 ps 100 fs 10 fs 1 fs 0.1 fs

Early Days
2010

Time sorting
2013-14

2-Color FELs
2013-16

Attosecond FELs
2020-ongoing 

Time
Resolution

Wavelength

Average power 
x 104



What’s Next?

Up to 2 orders of magnitude higher brightness 
than SASE

Margraf, Rachel, et al. 
Nature Photonics 17.10 (2023): 878-882.



What’s Next?

By Rasmus Ischebeck at English Wikipedia, CC BY 2.5, 
https://commons.wikimedia.org/w/index.php?curid=15117906

C. Emma et al. APL Photonics 6 (7), 076107



You can’t make attosecond pulses without breaking a few eggs…
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You can’t make attosecond pulses without breaking a few eggs…



Questions?

ChatGPT can you create an image of an egg getting hit 
by an attosecond x-ray laser pulse and exploding?


