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215t century challenge:
Capturing the dynamics of matter
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Warm Dense Matter , between cold solid and classical plasma, is difficult to model
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Giant planets
White dwarfs

Inertial Fusion
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White Dwarf Stars in M4 HST - WFPC2
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Physical limit: why do we need X-rays (0)
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Physical limit: why do we need X-rays (1)

Unresolved
Resolved Rayleigh
Criterion

|

|

B A B A
- 2nsinf 2NA
Abbe diffraction limit

d

Minimum resolvable feature size
For visible light diffraction limit: 200nm-
400nm

Hemoglobin protein ~5nm
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Physical limit: why do we need
X-rays (2)

Timescales of laser pulses and related phenomena

1 us
1ns
1 ps
1fs

1 as

strobe light flash 10°s
molecular fluorescence 10°s
world’s fastest transistor 1072 s
world’s fastest laser 1015 s

shortest measurable time 1018 s

( age of the Universe ~ 0.43X10'8 s )

0.3 km
0.3 m
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Physical limit: why do we need

coherent X-rays (3)

d 4th Gen Synchrotrons: 100’s ps
X-ray asersY<1}8)0 ¥s P

Gen Synchrotrons: hours

X-ray light

X-ray light

Damage to object

time
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1012 X-ray photons
are needed to take
this picture

U




A revolution in structural biology
Neutze, Nature 406, 752 (2000)

namre i
physics

.
FLASH

Hajdu, Nature Physics 2008
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A revolution in structural biology

Siebert et al, Nature, February 2011

Single-shot Mimivirus
et al, Nature, February 2011
Single-crystal
nanocrystal structure
determination

11




The ideal X-ray source

Hard wavelength Ultra-short Coherent Bright

e y
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The 21st century has seen the birth of
X-ray Free Electron Lasers

FLASH, XUV (DESY,
Germany): 2003

LCLS (SLAC, USA): 2009
FERMI(ELETTRA, Italy):

2011
SACLA (Japan): 2012
XFEL (DESY): 2017
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Map of scientific
Comouned by Olivier M

collaborations from 2005t0 2009 M. Fajardo - Sesimbra CAS - 2019
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Our team has been working on
development of brighter X-ray lasers

U

We proposed using HHG to seed an XRL, overcoming noise

Zeitoun et al, Nature 2004 : first demo of seeded X-ray laser
E Oliva, M Fajardo et al, Nature Photonics 2012: proposal for CPA with plasma amplifier
Zeitoun, Fajardo & Lambert, Nature Photonics 2010: seeded FELs

High quality seed Image relay Amplification stage(s) Correction/Focusing optics  Target
T ~- ot - - . 1 L I '

nl < m—_ﬂ snerdt plasma 1l

; . - -
‘ TR ﬂ-— —
low | gas col, g e, P77 PR ‘o y ' g j | ’ o
l:‘:uu hollow Cagdlary : . o & ) / \ It / \ : .o Adaptive optcs
errs < ' | — ' v ‘
arrpdfoee ., % ampiifier
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Beam metrology
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FERMI: a seeded Free electron laser

* Bunch of electrons accelerated A A/n
B — s
. . . ’ E o 1
Modulation in energy along the bunch| External INDSINTSTR S] nonergy Density HH I ”H ””
. . . "nodqla on No—
¢ Energy modulation is translated into  seed /\/\M /T O\l HHH
electron density modulation A : - 1« :
: : : s[N[s[n[s[n] Dispersive ' [TITTITTT
* Forming of micro bunching and section e
o . Undulator Undulator
coherent emission in undulator (modulator) (radiator)

Seeded FEL pulse duration

In standard seeded FEL operation the FEL pulse duration

Fermi — Italy
and seed pulse duration are correlated by

AtFEL =n 1/3Atseed

Using a chirped seed increases the FEL bandwidth.

CPA —2 3
AtFEL - / Atseed

e XUV compressor for achieving a FT limited FEL pulse

* Implantation of chirped-pulse amplification at an
FEL

* Experiment to demonstrate the two different

regimes of operating an FEL with XUV compressor
M. Fajardo - Sesimbra CAS - 2019




FERMI
Free electron laser - Results @eletira

Experimental setup

-Higher peak power

. QMM
and temporal Chiped son Modutatoy $ection -
resolution o )

S .

’ ¢ boam . T . % . . . . ”'Duuo
G De Ninno et al, : "Chirped pulse amplification in an extreme-ultraviolet
free-electron laser." Nature Communications 7 (2016).

No CPA, seed with 170 fs CPA — shortest pulse

1.2 T T T T T 1.2

- Shorten FEL pulse
duration

1+ -0, O experimental data | - 1tk o O experimental data| |
RS - - -fit FWHM=109.4 fs &8Q - - -fit FWHM=80fs

0.8

Q,

0.8
0.6F 3 Q 1 0.6f c';
0.4 I ' - 0.4 : Q

0.2F . 0.2

cross—correlation intensity in a.u
cross—correlation intensity in a.u.

B R 0 SO OeOss Q0006000

0.2 100 50 0 50 100 150 200 ~0e 200 -100 0 100 200 300

delay in fs delay in fs

AthEs =89 fs Aty HL =91 fs At =40 fs Aty M =49 fs
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ARTICLE

Received ) o 2013 | Accepte N shed 30 Apr 2014 i : :

Generatlon of 1020 Wcm 2 hard X ray Iaser pulses
with two-stage reflective focusing system

Hidekazu Mimura'*, Hirokatsu Yumoto**, Satoshi Matsuyama®*, Takahisa Koyama“, Kensuke Tono*,
’ s 4 / . 4 ’ 4 4 ’

Yuichi Inubushi®, Tadashi Togashi¢, Takahiro Sato®, Jangwoo Kim*, Ryosuke Fukui’, Yasuhisa Sano?,
Makina Yabashi®, Haruhiko Ohashi®®, Tetsuya Ishikawa® & Kazuto Yamauchi®

Nanofocusing of X-ray free-electron laser
using wavefront-corrected multilayer
focusing mirrors

S. Matsuyama ﬂ, T. Inoue, J. Yamada, J. Kim, H. Yumoto, Y. Inubushi, T. Osaka, I. Inoue, T. Koyama, K

Tono, H. Ohashi, M. Yabashi, T. Ishikawa & K, Yamauchi

Scientific Reports 8, Article number: 17440 (2018) Download Citation £

Before correction After correction
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A tabletop source of bright coherent
X-rays: High Harmonic Generation

S
o
- =
ProMPT (%]
"RANS
tomec s Tachnaiogies & Zelctions for Taghnc

www leserfocoswertd . con

Tabletop high
harmonics illuminate

the nano-world
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U

Perturbative Nonlinear Optics

P=yVE+ yPE*+ yYE’ + ...

eAccurately treated by treating the polarization as a power
series in E.

*\With sufficiently intense laser fields, the higher order
terms give rise to Fourier components of the polarization
at harmonics of the laser frequency, creating radiation at
harmonics of the laser frequency.

| |
Fundamental Harmonic

Deer

M. Fajardo - Sesimbra CAS - 2019 23



Regimes of nonlinear optics

Perturbative regime
»l
uE

— <1

<1 =
A Y

Bound electrons

Strong-field regime

Optical field
ionization

Free electrons

1™ Processes: :

1
|
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i
- : .
Second harmonic generation Multiphoton | High harmonic
|
|
|
|
l
|
l
|

; Relativistic
- eration regime
Optical parametric generation .mﬁg:‘reshold gen ! >
. | |
Optical rectification Vg ~ C
I [
, Sub-fs x-ray and I
1" Processes: [Laser ablation electron pulses y Hard x rays
Third harmonic generation 1 I Multi-MeV
e . I electrons
Stimulated Raman scaltening | ong-distance Self-defocusing \
Selfl-phase modulation iselk-channeling | I Self-focusing
Selffocusing I I I & channeling
i 3 ra | 2 1 3 I 1 L
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Intensity (W/cm’]
Brabec and Krausz, Review of Modern Physics 2000
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High-Harmonic Generation

gas-cell

1. Step:
lonization

2. Step:
Acceleration

3. Step:
Recombination

® ~10' W/cm?
¢

IR pulse IR + XUV pulse

neutral gas + e-

potential
potential

Phase-mismatch between IR driving
field and XUV radiation field

Phase of driving laser field

typical spectrum

.................................

typical high-harmonic spectrum Q e roamn
perturbative
regime

"The attosecond nonlinear optics of bright coherent X-ray generation."
Nature Photonics 4.12, 822-832 (2010)

n\h\.\CUt-Off Characteristics

0 10 20 30 40 50 60
harmonic order

plateau

high spatial coherence, high brightness, ultra-short
pulses duration, table-top, high-repetition rate

Anne L'Huillier, Philippe Balcou
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High-Harmonic Generation

single atom response

Semi-classical model: 3-step-model

1. Step:
lonization

2. Step:
Acceleration

3. Step:
Recombination
®
i
i
1
i
v

XUv

Phase of driving laser field
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single atom response

Can explain cut-off and scaling

D

) i long/short trajectory
3 € A —E field |
3.1Up = 3 H '
o 2 -E' 2 1.7 UP
= T < -
Q ) / .
IS) a
Q w
v 2
2 =
£ 5
o. T
Q T -2
: :
0 100 200 300 400 500 600 700
-3 phase in degree
0 50 100 150 200 250 300 350 3 [ —E field
phase in degree ‘
o 1.7Up
Cut-off law: "Wiaz = Ekin,,.. + 1p = 3.1U, + I, © /_\

N

But not spectrum with discrete HH orders

n

ponderomotive potential

electron trajectories in blue
ponderomotive potential in green

@

° -

100 200 300 400 500 600 700
phase in degree




single atom response

Quantum model

Solve time-depended Schrodinger equation
of an electron initially bound to an electron

.d
i ) = H|y) - E(t)z

With the Hamiltonian
H= —%V V()

Wave-function is superposition between
ground state and free electron

[%(2)) = a(?) [0) + lo(t))

lon and electron act as an dipole
and dipole moment is

d(t) = (¥(t)| £ ()

Source of radiation is dipole acceleration
FT of dipole acceleration is HHG spectrum

-
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Phase-matching

sources of mismatch

Dispersion of neutral gas

B e

n(Xo) # n(Aq)

2
Aky = S (n(20) = n(Ag) *—(1 1)
0 Patm

Gouy-phase

O

Gaussian Beam

(A

Plane Wave

™ Aowg

B BV

Dispersion of plasma

-
Phase of driving laser field

TT— —T

initial phase of HHs depends on intensity

81pz
Akqat(z) = aq 0 5
22 (1 + ﬁ)

2
2




Attosecond (107'8s) Pulses

discrete harmonics attosecond pulse train
Very Short Pulse
B EEEEEEREE T -3 -2 o 0 1 2 3
Pamonic oodes e | cycles

continuous harmonics  single attosecond pulse
(filtered cutoff)

1 35 7 9 113w 3 2 -1 0 1 2 3
harmone order me | cycdles

[K. Zhao et al, OL, 2012]

Shortest Pulse measured is ~ 67 attoseconds

M. Fajardo - Sesimbra CAS - 2019 30



Few-cycle laser pulses are only a few
optical periods (~um) long

U

“Attosecond oscilloscope”: First direct visualization of the electric
field of visible light (Science, 2004)

M. Fajardo - Sesimbra CAS - 2019 31



U

A=800 nm A=10 nm
Single cycle: 2.7 fs 33 as

Current records

Shortest pulse duration: 67 as
Krausz group: (few fs laser)
Shortest wavelength: 7A (1.6 keV)
Murnane group: (3.9 ym laser)
Highest photon count™:
1ud at 45eV
Kim group: (w/2w)
1ud at 100eV
Krausz group: (f=18m, 80mJ, 5fs)
11150 pd at FORTH - Charalambidis

www.attoworld.de

*That’s 10° photons/pulse, compared to 3 mJ XFEL at 10*2 photons/pulse
M. Fajardo - Sesimbra CAS - 2019 32



High Harmonic Generation:
A tabletop source

U

Atomic response / typical spectrum

Ar 10 mbar, 0.5 cm

typical high-harmonic spectrum

perturbative
regime
plateau
Characteristics mcut-oﬂ
high spatial coherence, high brightness, ultra-short 0 10 20 30 40 50 60
pulses duration, table-top, high-repetition rate harmonic order
33




The VOXEL Station at IST

November 2016

V@XEL [

December 2016

34
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Manipulating Harmonic Properties

Novel focusing optics with gas density

6
4
2
0

Angle (mrad)

&

& A

Deflection angle (mrad)

21
Photon energy (eV)

n
N m—

21

2
Photon energy (eV)

21
Photon energy (eV)

. d

v
v
1
.
Iy
o
N
.

3 bar

- 0.006
- 0.003
0.000 .

-1 -0.003

Extreme-ultraviolet refractive optics
L. Drescher et al, Nature (Dec 2018)
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o o
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2 color generation: polarization does not W
follow the simplistic 6> model

A\ HHG 35-49

2 105W/cm2, 40fs .

¥/’y
X T SH pulse 18.5 fs after fundamental pulse

12 14
\. 1075 107W/cmz, 40fs Simulations by J. Biegert, ICFO 3§

111111

I

TS |
| 20 m ) 50 o) HH (eV)




Control over Harmonic Properties W

In collaboration with LOA: generation of HHG with circular polarization

Control over polarization
and ellipticity

G. Lambert et al, Nature
Communications 2015

nw :

: : 28 A(r;m) 18
] L SRR (e Ce

O. Kfir, et al, Generation of bright phase-matched circularly-
polarized extreme ultraviolet high harmonics, Nature
B Photonics 9, 99-105 (2015)

RO

01 MAY 2015 VOL 348, ISSUE 6234

" 1 Experiment

~ 4

E (au)

Cong Chen et al. Sci Adv FRONTIERS
2016;2:e1501333 ™ | !
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http://www.nature.com/nphoton/journal/v9/n2/full/nphoton.2014.293.html

This wavefront sensor has been used
routinely to improve the WF of HHG

Using closed-loop
correction, we achieved
diffraction limited
harmonics (<A/14 rms)

MtFajardo="SesimbraCAS=2019 40
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Wavefront aberrations



V‘XEL VOXEL station experiment

July 2018

| XUV-WFS ‘4
HH@32nm

Movable
gas cell lens

(Argon)  wedge I

) = 75cm

S [ —— —]
IR-WFS Iris

Y
=N

~350cm

Thorlabs
10mm pupil

IR@800Nm

IR-Laser
Astrella

Pupil Diameter = 10 mm

M- Fajaido - Sesimbra

Spiral Arm Diameter = 18.1 mm

800nm, <35f§, 42




Wavefront aberrations

at gas cell Intensity Wave-front
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Wavefront aberrations

at gas cell Intensity Wave-front

P iston
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The future is bright for HHG

- A ° "
£ rarsCerent
A Tearwm-sapphee O Yeertwum IY’ -t
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Saule et al, Nature Communications 2019

High-flux ultrafast extreme-ultraviolet photoemission spectroscopy at 18.4 MHz pulse
repetition rate

OAM is being explored as well (see work by Fabien Queré’s group)
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https://www.nature.com/articles/s41467-019-08367-y
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Gabor Holography (in-line)

Uo + Ur|* = UoUg + |Ur|” + |Uo|” + UgUr
T = kUo Uy, + k|Ux|* + k|Uo|* + kUL Ur.

Uy = TUr = kUo|Ur|* + k|Ur|*Ur + k|Uo |"Ur + kUL U2

" "> Virtual
tl;] image

Réconstructioh [ Photographic R (& / erence
beam 4 plate I
Reconstructed

l wavefronts 1"’ i rror

Viewer

Beamsplitter
Coherent Nlumination
light beam beam
> T | -

Lt

Photograph
plate



We did 3D "microscopy” in the XUV

M2,f=10cm

¥ axis (pixels)

XUV multilayers
select A=32nm

Gabor inline digital holography

Achieved resolution: 800 nm in 2D, 140x magnification
Depth of field: limited by Numerical Aperture: >100pum by
A. S. Morlens et al, Opt. Letters 2006 GommaE s

M. Fajardo - Sesimbra CAS - 2019 48



Aberrations at the source degrade the
image Cleaning up reconstruction

Inspired by T Latychevskaia Targets @INESC-MN —

Coherent beam
illumination

(b) Hologram
ﬁ U, (X, V)| (c) Reconstruction .

(a) Sample

Fresnel :

Diffraction

J. Duarte,
Masters
thesis
2016

~3000 800 400 -400 -0 - 3000 800 400 -400 -&00 -%000 800 400 -400 -00
pan

pmn pan

(a) Reconstruction of Z = 20 cm, (b) Reconstruction of Z = 20 cm, (¢) Reconstruction of Z = 20 cm,
with an astigmatism 0° of coefficient with an astigmatism 0° of coefficient with an astigmatism 0° of coefficient
C2 = -5, C2=05. C2 =2

2 2 2



U

Fourier Holography gives better
resolution

Benefits: increased numerical
aperture

STXM image

d ~ A/NA

\mﬁpmhole

Resolution limit ~ size of
pinhole for reference wave

Drawbacks:
Mask and sample

| -
.

- No depth —it’s 2D
Au mask .
SiN, membrane - Balancing the two waves

\.'s(4 J;‘I "

M. Fajardo - Sesimbra CAS - 2019 50



Applications: Holography

laboratoire d'optique appliquée

Multicolor / Attosecond holography Goals / Experimental setup

HHG pulses can produce several discrete HH orders or a « Demonstrating FTH with several discrete wavelengths
continuous XUV spectrum with attosecond duration
Ultra-fast dynamic processes can be imaged 40Qas 1.4 fs .
parabolic
mirror
Broad bandwidth or several discrete wavelengths requires |
careful target design.
sample reconstruction Al
< do S gas cell
AC Ao infra-red n
Diffraction+ .
FT y | object
= "M :
of 7 4 7]
detector
0.5¢
a, Overlap! ool M \
< X # wgeclcszlh |?|4m| 36 )
AC )\2 )\C )\1 e K *)x
Diffraction+ & ag
FT < >
silicone nitride
) substrate 100nm  gold
reference object
A < A < Ao a; = )\C/)\I}/Ialz)ajardo - Sesimlbra CAS - 2019




Applications: Holography - Results

simulation

experiment resolution
L1: 130 nm
L2: 130 nm
Broadband/ LD: 660nm
Overla
3.~ WF;\ If spectrum was continuous:
0
~5 nm bandwidth @ 32 nm
correspond to 250 as
L1: 100 nm
L2: 100 nm
Discrete/ LD: 190 nm
Separate
a,~6 um

Nano-metric spatial
resolution spectrally
resolved!

Published: Fourier transform holography with high harmonic spectra for
attosecond imaging applications." Optics Letters 40.13, 3205-3208 (2015)
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Lenslens imaging 1: Crystallography

X-ray crystallography uses the AR S U WL ek
known relationship between the
far-field and the object

A plane wave incident on an
object is scattered.
Scattered waves interfere

F(k) = f f(x)exp(2mik - x)d% ’
- 3 Mars Rover Curiosity

28 Nobel prizes using this technique

Bragg peaks
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Lenslens imaging 2: Coherent Diffraction
Imaging

U

The Fourier Transform encodes the object Sp crystal

x-rays‘

diffraction

: : tt
But one can only measure the Intensity: the phase is lost pattern

electron
density map

refinement

Solution: a Phase Guessing algorithm

Review: Coherent lensless X-ray imaging
Henry N. Chapman
& Keith A. Nugent

Nature Photonics 4, 833—839 (2010)

atomic
-, model
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Lenslens imaging 2: Coherent Diffraction
Imaging

U

Diffraction-imaging experiment (at ALS)

Area detector

J. Miao’s group in the US
demonstrated Coherent
Diffraction Imaging with non-
periodic samples in 2004

Beamstop

Condenser Rotation for

3B a=21 nm, Rayleigh _ _
resolution = 10 nm X-ray diffraction pattern

SEM image X-ray reconstruction

..mn ..i%& -

Sample: 50 nm gold spheres



Reconstruction: Full wave

Fourier amplitudes constraints

The square of the Fourier transform is
equal to the measured intensities

" TF Support
Support constraints

The reconstructed image is inside a
support defined by the
autocorrelation function of the object




Formalism
The solution

The solution is at the intersection of two constraints spaces

Tsol € ANDB

N

M. Fajardo - Sesimbra CAS - 2019
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Formalism
Iterative algorithm

M. Fajardo - Sesimbra CAS - 2019
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Recent demonstrations

Shapiro ef al. (2005). Proc. Natl
Acad. Sci.USA , 102, 15343-15346

Plelfer et al (2006).
Nalure, 442, 63-66.

Thibault ef al. (2007)

Chapman et al. (2006). Am. J. Phys., 75, 827-832
Nature Physics, 2, 839-843.
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Coherent diffractive imaging with
ultrafast coherent soft X-ray sources

M. Soft X-ray Free Electron Laser
IX I\ Chapman et al., Nature Phys. 2006

e Soft X-ray High harmonic source
“x,» Sandberg et al., PRL 2007, PNAS 2008
I

= Hour acquisition time:100000 shots!

’ y week ending
REVIEW LETTERS 31 AUGUST 2007

order that can result in narrower bandwidths at shorter
wavelengths have recently been demonstrated [23-25].
Such improvements will extend the ultimate resolution to
tens of nm. As the laser repetition rates are increased from
3 kHz to tens of kHz, the soft-x-ray flux will be simulta-
neously increased, and acquisition time will be dramati-
cally reduced from hours to minutes. Also, as computing

M. Fajardo - Sesimbra CAS - 2019 61
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Coherent diffraction imaging

15min

Diffraction pattern  integration /

-40 2.7x107 shots

-20

-1
a, [um 7]
o

L J
oA
=

SEM picture of target

illuminated with 18nm coherent 40

XUV source ] -40

20

Intensity (log. scale)

-1
: q. [um 7]
Reconstruction X

08 = GK Tadesse et al., Opt. Express, 2016
T

067
S Sub-wavelength spatial

i ng resolution: 15 nm
< Diffraction limit: 12nm

O
N




We have used HHG to make single-shot
diffraction imaging

U

Coherent diffraction in the XUV achieved 62 nm, 20 fs
resolution

Laser energy: 35 mJ
5.5 m focal length lens
10 cm, 2 mbar argon gas cell

0:6 W in XUV
500 prad divergence,
92% coherence.

Beam splitter
IR / soft x ray

Sample A. Ravasio et al, Phys. Rev. Letters 2009

Focusing optics
Multilayer

SERVICE DES

8P PHOTONS, ATOMES
— ET MOLECULES
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Experimental Setup @ CEA- Saclay

¢) Short exposure time (20 fs)
Q Resolves dynamical processes

Q 3D perspective

J

3D single-shot
technique!

Object

Focusing parabola: @H33, 24 nm,
~ 10" W/cm/?, 20 fs, 20 Mz

e
z=2,7cm

~ 10° photons/shot at the focus

Harmenicbeamrra CAS - 2019
‘ | Amsterdam 16 June 2016 | |

Joana Duarte |VOXEL Group Meelting



Experimental Data

Object Single-shot CDI Reconstructions
diffraction patterns

Photon count
View +9°

-
View -9° ’

Top view

EM ima
3 IMage Beam

Bottom view

108 um’ 0 108 um*
u, (um)

M. Fajardo - Sesimbra CAS - 2019

L Group Meeting h"‘[ Amsterdam 14



Computed phase stereo lensless X-ray

imaging

U

Depth Accuracy:

_ A
A, = 3 tand |9=1so ~ 73 nm

Voxel:
Y : ‘
t . ] &

. o
i 49nm
X

M. Fajardo -

Sesimbra CAS - 2019

Also in the works:

- Fourier and Gabor
holography

- Wavefront sensing

- Refractive index
measurement
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Computed phase stereo lensless X-ray
imaging : synchrotron data

J. Duarte et al, Nature Photonics 2019
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Novel developments — promising
perspectives for tabletop coherent imaging

XCT

(a) (b)
Tm"l /—---
_g_ “

350 nm

P O e
‘1‘ w e —Au
|
— -SRI

PR-XCT

‘C)—“” SRS

SO, vemms s oo 400t

deconvoluted PR-XCT

© < " °
2 100F 161 + 4 nm
5 g
g searma——— S 2001 227+ 4 nm
L N 300F 333 + 4\um

Optical Coherence Tomography

Fig. 2.

Citation

Silvio Fuchs, Martin Wiinsche, Jan Nathanael, Johann J. Abel, Christian Rodel, Julius
Biedermann, Julius Reinhard, Uwe Hiibner, Gerhard G. Paulus, "Optical coherence
tomography with nanoscale axial resolution using a laser-driven high-harmonic source,
Optica 4, 903-906 (2017);
https://www.osapublishing.org/optica/abstract.cfm?uri=optica-4-8-903

1 a.u.

. OSA

The Optical Society
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Novel developments — promising
perspectives for tabletop coherent imaging

a3

X-ray Ptychography
Review: F Pfeiffer, Nature 2018

Ultramicroscopy 2015
Zhang et al

f ... . ﬁ _
- .~
-
t’. - .
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What are the material and transport
properties of Warm Dense Matter

Means of access WDM: No small parameters!

Short-pulse IR laser
..Strong gradients

U

104 T T T

classical plasma r=1

X-ray Free Electron Laser:

Macroscopic,

Temperature (eV)
o
N

homogeneous slab

104 102 1 102 104
Isochoric heating > Density ( g/cm3)

Adiabatic release microns
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First studies

Isochoric heating, isentropic release Aluminum

A. Levy, et al, Phys. Plasmas 22, 030703 (2015) S. Vinko et al, Nature 2012

A' v V Vi V1I VIII lX X XI vV M v vii IX X
V ' W

s

Time and space
resolved
interferometry

of freely expanding Ag
thin foil

irradiated by the LCLS

(;-A®,.18) QU uojoYd PeNILT

1,560
—°—Front-experiment 1,460 1,480 1500 1520 1,540 1,560 1,580 1,600 1,620 1,640 1,660 1,680 1
—=— Back experiment Emitted photon energy (eV)
——Front - Hydro code (ESTHER)

— Back - Hydro code (ESTHER) B. Nagler et al, Nature Physics 2009
0.7 ALl R AL y 1

g
o

Confirmation of
scenario
Hydrodynamic
codes describe
recorded expansion

Transmission
= =
(4]

Electron temperature (eV)
o

aaadd o |
4510" 510" 5510 610" 6510 0. 10 1x10°  110°
X-ray Irradiance (W/cm?) Energy Flux (Jicm?)




Pumping solid density plasmas with XFELs

el AL
oF b M\

NATIONAL ACCELERATOR LABORATORY

Spherical
Multilayer mirror Al filter Gas- cell Lens
‘ : to WES IR laser, 800nm,
LCLS beam k
3keV, |50u), 50fs ‘
Solid ' / e
rarget Rem;vable
Au mirror
o
LCLS focus o
-uo..m[o " ﬂn« /‘I ,
I
mem Une-focusing CCD



Transient absorption of Warm Dense
Aluminum

i

e Al thin foil :}_

* Heatedto 6 eV at ~
solid density

* Fermienergy 13 eV

'y
(=}

o
(o 2]
r

. = exp.data | »;L %

transmission relative to cold

0.6}
— RPA V,
-----RPA V,
e DFT
0.4 ¢ DFT+U 11
: * Iglesias et al. m
- - ! !
. -20 -10 0 10 20
G. Williams et al, PRA 2018 probe time after XFEL pulse [ps]
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The answer from QMD

ATe ATe Aty

5
41
Loo.

o
o

o
o

= exp. data
— RPA V,
--- RPA V;
e DFT
¢ DFT+U
* lglesias et al.

transmission relative to cold

o
'S

-20 -10 0 10 20
probe time after XFEL pulse [ps]

DFT calculations using VASP: Density of states, electron occupation and transition probabilities
| T I I 1 ! — 3 ! ] I — 3

60 . E : 1
H 2 o b 2 Ee)
1° 17
..... A O A O
40F . - . - .
20 . - i
O _| L _ L .
1 2 3 4 1 2 3 4 1 2 3 4 75

G. Williams et al, PRA 2018



Self emission spectrum shows
sighatures of degeneracy

v - - - experiment 600 nm
— experiment 300 nm

rJ
o

——FD analytical, At=40 fs, BCF@
-------- FD analytical, At=20 fs, BC

y
— e

—FD, At=40 fs, BC
v - FD, At=20 fs, BCF

rJ
v

——MB, At=40 fs, BCF
-------- MB, At=20 fs, BC

Vi

S

normalised intensit

by
AU A i
g

.

1490 1500 1510 1520
photon energy [eV]
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XF|  VOXEL Station
a platform for WDM studies

4 _

i

on e?ﬁsergy [eV]

Ongoing experimental campaign:
Ti, Fe, C targets
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WDM studies at VOXEL

t IR heating
@

@
> 32 e\ ——
O
/7 58 eV -
cqM
()

5006V _ . .
5000 eV = -
IR case

- provides valuable data on
ultrafast transition to plasma
- can DFT get it right?

$ XFEL heating
@

> 32 eV ...........

O

O/ 58 eV - . -

cAq

(D)
5006V _ .o
5000 eV =-

XFEL case

energy transfer from core electrons to
outer electron system: delay?
electron relaxation timescales in HED

plasmas? 78



experiment
£l

Kl o
7 ‘.‘_.--;}m »

Optical properties
DFT calculations
Solid titanium

cold
Sl — hot |

c
B
7
82}
7
c
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@
—
g =

22 24 26
photon energy [eV]

XUV probe




Conclusion

i

High brightness coherent sources:

e X-ray Free Electron Lasers - Record intensities in X-rays due to

extreme brightness
* High Harmonic Generation — Record short pulse duration, tabletop
Advances in ultrafast imaging and dynamics

* High resolution imaging: Holography & CDI: Unprecedented spatial

and temporal resolution

 Warm dense matter: Pump and probe starting to unveil dynamics
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