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X-ray Free-Electron Lasers
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The X-ray Free-Electron Laser
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X-ray Free-Electron Lasers
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Attosecond Science

t=10.00 fs 400 eV

1s0=0.010

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



Attosecond Electron Dynamics

First step in chemistry

Attosecond science =
Study of electron dynamics

Radiation-matter interaction
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Attosecond Electron Dynamics

First step in chemistry
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Attosecond Electron Dynamics

First step in chemistry
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Attosecond X-ray FELs
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Three Orders of Magnitude Improvement in Time Resolution

Early Days Time sorting 2-Color FELs Attosecond FELs
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SASE Spikes
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Attosecond FELs
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Attosecond FELs
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Attosecond FELs
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E-Beam Shaping

Self-modulation

Laser modulation
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Typical Results
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Typical Results
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Time-Domain
Measurements




Time-Domain Measurements

Original concept
P. Eckle et al. Nature Physics 4.7 (2008): 565-570.

Application to femtosecond XFELs
N. Hartmann
Nature Photonics 12.4 (2018): 215-220.

Application to attosecond XFELs:
S. Li et al. Optics Express 26 4531 (2018)
J. Duris, S. Li et al. Nat. Photonics 14.1 (2020): 30-36.



Time-Domain Measurements

S S S S — — — -y

N




Time-Domain Measurements
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First Experimental Evidence of Sub-Fs Hard X-ray Pulses

l. Inoue, R. Robles,
A. Halavanau ... A. Marinelli
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Attosecond Autocorrelation Measurement
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Advanced Attosecond Modes

TW-scale Pulses Photonics 18.7

(2024): 698-703
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Soliton-Like Superradiance

R. Bonifacio et al. / The superradiant regime of a FEL

The solution of eqs. (28) does not depend on 2, and §.
but only on the initial conditions in y=0: 4,0)=
(exp(—i8,,)) = by, py,(0) =0. It follows that | 4|’ «
z2ap? since px N7 and |E{?x pN | 4|2, then
|E|*a No® « N%, and the peak intensity scales as the
square of the electron current; the width of the pulse
scales as z; /2, i.e. as the inverse of the square root of
the peak field. Furthermore, the factor exp(i§z,) moves
the signal to the resonance: in fact, from eq. (2),
E explik(z — ct)]) o« A explik(z — et) — 16Z] @ 4,
explik(z — ct) — i8z,], where 2, + z; = £ has been used.
From eqs. (5. 7) it follows that 8z, = (k,— k)cr — 2).
so that E « explik (z — 1))
Setting x = y2, eq. (28¢) reads

(d/dx)(xA,) = {exp(—ib;}) = by,
so that by integration

1 p* . , -
A,=;fn dx’b,(x") = by, (29

where b, is just the average of the bunching parameter
with respect to x. Eq. (29) is a generalization of the
adiabatic expression A, = b, of ref. [4].

Bonifacio et al.

Nuclear Instruments and Methods inPhysics

363

In fig. 2 the intensity |A4,% from the numerical
integration of egs. (28), is plotted vs y (dashed line); the
result is compared with the output (continuous line} of
the numerical code [5]. integrating the sysiem {9) in the
short-pulse limit (see the captions for the parameters):
[ 4|2 is divided by z7 and plotted vs y = {:T(E -k
for z; = 1/K (at the pulse head). The agreemeni turas
out to be very satisfactory for nearly the first three
peaks of the intensity, demonstrating the validity of the
similarity transformation (27}, It is interesting that the
first pulse of the intensity in fig. 2 is very well described
by the expression

AL
_ &l exp[3V3 (3/2)"]
T+ (18y12/120) exp[ 33 (v}

1 W3y LY

In the next section we will discuss the validity of the
similarity equations (28) also for the long-pulse case.

Research A296 (1990) 358-367

Superradiant self-similar solution:

P~z
At~ z12

In practice pulse shrinking
effect saturates due
to diffraction...

Robles et al. (2024)
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Cascaded Amplification
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TW-Scale Pulses

Reconstructed
— Measured

0.441m/ ———/\ 1.0 f=mmmmmmeeea@reeeeeaeeeeeeasmeseaeameean e
0.434 m) ﬁ—————/\ 0.441 mJ Configuration 1
0.375 mJ __—/\ 0.434 mJ Configuration 2
0315mJ) i ‘/—\ji"i— 087 - *r y Configuration 3 |
0.382 mJ : e NJ— -

z
- =
El 3 5 g
3 0.338 m) o 0382 m E ~
s 3 0.338 m) g 061 ‘70w I
o @ % ¢
- 0.323 m) §  heememmEeee- 89--Q. ...
0.277 mJ o ) ¢
0.4 - 4 = -

0304 mf 0.304 m)J P & )

0.263 m 0.263 mJ 0.2 - N

0.243 ml 0.243 mJ

T T \
T T T \ I ! T \ 0.2 0.4 0.6 0.8 1.0
-3 -2 -1 0 1 2 3 -12.0 -8.0 -4.0 0 4.0 8.0 12.0 Pulse FWHM (fs)

t (fs) Aw (eV)

'\N
N
2\

j\ 0.323 mlJ

— :/\’AJ/\‘ \' 0.277 m)
—t

Paris Franz et al. "Nature Photonics 18.7 (2024): 698-703.



Is This Superradiance?
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Attosecond Science at LCLS

Electronic Coherence in Auger-Meitner Decay

Electron yield (arb.)
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Attosecond Pump/Probe Setup

Energy
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Pump/Probe Demonstration

t=10.00 fs

1s0=0.010

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



Pump-Probe Scheme

Pump < 280 eV




Pump-Probe Scheme

t=10.00 fs

1s0=0.010



Pump-Probe Scheme
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Pump-Probe Scheme
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Pump/Probe Demonstration

T. Driver et al. arXiv:2411.01700
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Attosecond Science in the LCLS-Il Era
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LCLS-II

- Superconducting RF accelerator in CW mode
- Up to 1 MHz repetition rate

Currently operating in soft x-ray region.
Ongoing HE upgrade will extend to hard x-rays (2027)




LCLS-II

FEL Pulse Energy vs. Photon Energy
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Attosecond Pulses at LCLS-II
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Demostrated at 33 kHz

Angular Streaking Measurements User operation at 16 kHz
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Recent Results at LCLS-I|

Impulsive ionization in para-aminophenol Stimulated Impulsive Raman Scattering
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LCLS-II: 1 day, 18 data sets (pump/probe scan)

LCLS-Il: ~1-2 minutes (Preliminary analysis)



Looking Way Into the Future...
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Looking Way Into the Future...
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Plasma-Based Attosecond X-ray Pulses

SIMULATION
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Plasma-Based Attosecond X-ray Pulses
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Single-Period Shaping (Sims at 10-30 nm)

Circular polarization switching
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Stay Tuned...




Summary

Attosecond or single spike pulses are
now a reality at most XFEL facilities!
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LCLS-Ilis up and running.
Attosecond pulses at high rep-rate.

FEL Pulse Energy vs. Photon Energy FWHM Distribution
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