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X-Rays
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X-ray Vision
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What is a Good Use of X-Rays?

X-Ray Diffraction Imaging

Resolution ~ Angstrom
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LCLS X-ray — |
M | Rear detector

Interaction
por

nt Front detector
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X-Ray Spectroscopy
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Why Relativistic Electrons?
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X-ray Free-Electron Lasers
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Free-Electron Laser

Wﬁi
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] log(Power)

Source: https://www.helmholtz-berlin.de



FELIN THE REST FRAME

Undulator Field (~ plane wave)
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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

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



Lab Frame
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The X-ray Free-Electron Laser

FEL power (W)

First lasing and operation of an
angstrom-wavelength free-electron laser
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X-ray Free-Electron Lasers

LCLS - LCLS-II Y- =

® . SRREEI & SHINE @319
hhhhh . i R _ % © SACLA
e = NG S3FEL -

iAdonesia

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)

First proposal of an XFEL.: Pellegrini, C. A4 to 0.1nm FEL based on the
SLAC linac. Proc. of the Workshop on 4th Generation Light Sources (1992)

10 um 385 nm 13.7 nm 0.15 nm
1998 UCLA 2001 Argonne 2007 DESY 2010 SLAC

>
| | | | | |
10 um 1 um 100 nm 10 nm 1 nmfs 0.1 nm



Attosecond Science

ATTOSECOND HEARTBEAT AGE OF THE UNIVERSE
1/1,000,000,000,000,000,000 1 SECOND 1,000,000,000,000,000,000
SECOND SECONDS

Electrons” movements in atoms and molecules are so rapid that they
are measured in attoseconds. An attosecond is to one second as one
second is to the age of the universe.

©Johan Jarnestad/The Royal Swedish Academy of Sciences
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Attosecond Electron Dynamics

t=10.00 fs

Attosecond science =
Study of electron dynamics

1s0=0.010


https://en.wikipedia.org/

Attosecond Electron Dynamics

First step in chemistry

Attosecond science =
Study of electron dynamics %
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J. Chem Phys. 8 129(10):104305 (2008)
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Attosecond Electron Dynamics

First step in chemistry
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Why Attosecond X-ray FELs?

K-shell Absorption Edge
C N (0]

480 as

Pulse Energy (uJ)

102

1072

H

10

o(J)

o (I)

- o(F)
H) oP)
®)

(G) oL)
(M) o(A)

°(C
“r

o(N

o(E)

°(0)

)

Nonlinear Dom

o(K)
)

o(Q)

Q)

280 as

410°

ain
o (A) [Hentschel, 2001] 650 as ]|
o (B) [Sekikawa, 2004] 950 as
o (C) [Sansone, 2006] 130 as

o (D) [Sola, 2006] 260 as

o (E) [Goulielmakis, 2008] 80 as
o (F) [Mashiko, 2008] 130 as

o (G) [Feng, 2009] 260 as

o (H) [Ferrari, 2010] 150 as

o (I) [Takahashi, 2013] 375 as
o (J) [Takahashi, 2013] 500 as
o (K) [Teichmann, 2016]

o (L) [Ossiander, 2017] 130 as
o (M) [Barillot, 2017] 680 as

o (N) [Gaumnitz, 2017] 47 as
0 (0) [Li, 2017] 53 as
o (P) [Bergues, 2018] 200 as
o (Q) [Johnspn, 2018]

200

400

600 800 1000

Photon Energy (eV)

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



Why Attosecond X-ray FELs?

Pulse Energy (uJ)

10°

1072

H

10

C

K-shell Absorption Edge
N (0]

o(J)

o (I)

o(F)
H) oP)

(®)

(8 (L)

(M) o(A) 2(0)

°(C
“r

o(N)

o(E)

480 as

Nonlinear

o(K)
)

o(Q)

Q)

pomain

"o (A) [Hentschel, 2001] 650 as ]|

o (B) [Sekikawa, 2004] 950 as
o (C) [Sansone, 2006] 130 as

o (D) [Sola, 2006] 260 as

o (E) [Goulielmakis, 2008] 80 as
o (F) [Mashiko, 2008] 130 as

o (G) [Feng, 2009] 260 as

o (H) [Ferrari, 2010] 150 as

o (I) [Takahashi, 2013] 375 as
o (J) [Takahashi, 2013] 500 as
o (K) [Teichmann, 2016]

o (L) [Ossiander, 2017] 130 as
o (M) [Barillot, 2017] 680 as

o (N) [Gaumnitz, 2017] 47 as
0 (0) [Li, 2017] 53 as

o (P) [Bergues, 2018] 200 as

o (Q) [Johnspn, 2018]

200

400
Photon Energy (eV)

600

800 1000

TW Pulses

4102

410°

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



E-Beam Shaping

£ ———
&
Time Time
/ Chicane /
E-beam
nggler

&
&

N‘ Undulator

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

Time Time

g N Undulator

Time

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



E-Beam Shaping
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E-Beam Shaping
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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. Lietal. Science 375.6578 (2022): 285-290.




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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Attosecond Science at LCLS

Electronic Coherence in Auger-Meitner Decay
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Non-linear methods
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Pump/Probe Experiments
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Attosecond Pump/Probe Setup




Attosecond Pump/Probe Setup




Attosecond Pump/Probe Setup

Z. Guo, et al. Nature Photonics (2024): 1-7.

At=0.4fs At=0.5fs
C— —p

/ 0fs 05fs  1fs t 0fs 05fs  1fs

| 3-
., 2]
2
aC)‘ s 17 3
i} & o &
‘ Q-1+ Y
_2_
_3-I T T T T T T -| T IVW T T T
~3-2-10 1 2 3 3-2-10 1 2 3

px (at. u.) px (at. u.)



Pump/Probe Demonstration

t=0.00 fs

1s0=0.010

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



Pump-Probe Scheme

Pump < 280 eV




Pump-Probe Scheme

t=0.00 fs




Pump-Probe Scheme

Pump < 280 eV




Pump-Probe Scheme

Pump < 280 eV
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Pump/Probe Demonstration
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The LCLS-II
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Wavelength

10 um 385 nm 13.7 nm 0.15 nm
1998 UCLA 2001 Argonne 2007 DESY 2010 SLAC
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What’s Next?

SCRF Linac
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What’s Next?
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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?



