Status and Science at HED instrument and of

the HIBEF UC

28 January 2016, DESY campus, Building 90, Seminar Room ZOQ

Organizers: Carsten Bahtz, Ulf Zastrau

Programme
14:00 HED instrument - Early parameters
14:20 Status of HIBEF
14:40 The US HIBEF Consortium
15:00 Conceptual design of the DAC-setup at HIBEF
15:20 Coffee Break
15:50 The single-shot incident spectrometer at HED
16:10 lon dynamics using highest-resolution inelastic
X-ray scattering
16:30 Transverse Diffraction Setup at LCLS:
Shock Compressed Silicon
16:50 Dynamic warm dense matter research using XFELs
17:10 Recent results from the HED group at MEC, LCLS
17:30 Adjourn / Informal discussions
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XFEL User Meeting
?I?Eli_ January 27, 2016

Science at High Energy-Density

The HED instrument
at the European XFEL

" l P Ak
i S el
&L \“4‘73‘":“'

\"'D\‘? s 1 Gbar
e o 1 Gba
oy o \'b\ y
e ‘?eg (\,bz;s\"‘ ) Aupiter core
WA Fid : :
ey et o Earth core
5\SU \\l |
5

Ulf Zastrau ef al.

HED science group, European XFEL, Hamburg - Germany




B European XFEL —HED instrument

European

XFEL | High-Energy Density instrument

m Ultrafast dynamics and structural properties of matter at extreme states
Highly excited solids— laser processing, dynamic compression, high B-field
Near-solid density plasmas—= WDM, HDM, rel. laser-matter interaction
Quantum states of matter—> high field QED (future upgrade)
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m Combination of high excitation with various X-ray techniques
= Use of various pump sources: optical laser, XFEL, B-fields
= Various X-ray probe techniques: XRD, SAXS, XRTS, hrIXS, XI, XAS....

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED



HIBEF: Helmholtz International Beamline for Extreme Fields
P— =

Spokesman: T.E. Cowan (HZDR) . Management Board: J. Wark (U Oxford), E. Weckert, C.
Schroer (DESY), R. Redmer (U Rostock). Coordinator: C. Baehtz (HZDR)

HIBEF User Consortium: HZDR, DESY, HIJ, CFEL, DLR, FZJ, GFZ, GSI, HZB, MBI, MPIC, MPIK, MPI-S,
MPQ, MPSD, U Bayreuth, HU Berlin, TU Darmstadt, TU Dresden, U Duisburg, U Frankfurt, U Freiburg, U
Hamburg, FSU-Jena, LMU-Munich, TU Munchen, U Rostock, U Siegen, U Graz, TU Wien, PSI, EP-
Lausanne, IOP-ASCR, CTU-Prague, CLPU-Salamanca, UPM-Madrid, IRAMIS-CEA, CEA-Arpajon, CELIA-
Bordeaux, ESRF, Jussieu, LULI, UPMC, LNCMI, U Toulouse, U Pecs, U Szeged, Weizmann, U Roma,
MUT-Warsaw, NCBJ-Swierk, U Wroclaw, IST-Lisbon, JIHT-RAS, Stockholm, Umea, Uppsala, Cambridge,
Edinburgh, Imperial, QUB, UCL, Oxford, Plymouth, STFC-RAL, SUPA, Strathclyde, Warwick, York, Eu-
XFEL, ELI-DC, EMFL, IOP-CAS, Peking Univ, SIOM, SJTU, Tata IFR, RRCAT, GSE-Osaka, ILE-Osaka,
KPSI-JAEA, U Kyoto, Alberta, BNL, UC Berkeley, Carnegie Inst. Wash., General Atomics, LANL, LBL,
LLNL, U. Michigan, ORNL, OSU, U. Penn, Rockefeller U, SLAC, UCSD, UNR, U Texas, WSU

HIBEF @ XFEL

High energy lasers
+ initially 200 TW/10 Hz & 100 J/10 Hz

* Future upgrades
Pulsed magnetic field setup
Diagnostics, spectrometer, etc.
Man-power

. UK: 10.2 M£
Operation

HSF-HIBEF: 20.5 M€
Others: 12 M€ @- ELMHOLTS

Jan 27, 2016 - DESY/XFEL Users Meeting | ASSODCIATION
UIf Zastrau — Group Leader HED




B European XFEL —HED instrument

European

XFEL

Hydrogen phase diagram

Drive capabilities at HED
Three optical lasers (2x HIBEF)
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Pump-Probe (PP) >10"" W/cm?
2 mJ/0.1MHz, 0.08mJ/4.5MHz 15 fs
45mJ/0.1MHz, 1mJ/4.5MHz, 900 fs
High-Intensity (HI) >10%° W/cm?
~5 J, ~25fs, 10 Hz on sample
High-Energy (HE)
~100 J, 2-15ns, 1-10 Hz
~3x compression, ~10 Mbar

DAC set-up (HIBEF):
dynamic and double-stage DACs
Pulsed magnet (HIBEF)
~60 Tesla (10 kbar, 1GPa)
XFEL

>10" phot, <uum, > 101° W/cm?

Jan 27, 2016 - DESY/XFEL Users Meeting
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B European XFEL —HED instrument

European

XFEL | Final X-ray properties at the HED instrument

Fully tunable between 3 —25keV
(3 — 5 keV with limited performance)
Pulse duration 2—-100fs
Number of photons per pulse ~1010 (25 keV), ~10'2 (5 keV)
Spot size on sample sub-um (HIBEF, in-chamber focusing), few jum,
20— 30 pum, 200 — 300 pum, few mm
Seeded beam In preparation; installation after initial commissioning
Repetition rate shot on demand, 10 Hz — 27000 pulses/sec

10 Hz burst

| g
0-2700 pulses/bunch """"I
/

220 ns = 4.5 MHz

A
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. European XFEL —HED instrument

European

XFEL | X-ray Monochromator — Split & Delay Line

Five different bandwidth levels:
AE/E = 10-3;: SASE =
AE/E = 10: Si,;, monochromator
AE/E = 10-4- 10-°: seeded
AE/E = 10-%; at selected x-ray energies
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H. Sinn et al., TDR X-Ray Optics and Beam
Transport - XFEL TR-2012-006, 73ff.

Split & Delay Line (SDL)
Multi-layer mirrors
Variable delay up to ~23 ps (5 keV), ~4 ps (15 keV), 2 ps (20 keV)

S. Roling, H. Zacharias, et al.,
SPIE conf 8504, 850407 (2012)

Recombination BMBF project 05K10PM2
Wavefront splitting University of Minster

Jan 27, 2016 - DESY/XFEL Users Meeting
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B European XFEL —HED instrument

European

XFEL | Tools: laser-heated mDAC & SR or FEL source

The HED group is involved in the implementation of laser-heated mDAC at the HED instrument

“ Single laser pulse
c
O Sample response
*%‘ (e.g. XRD, XRF)
/ wn
C?\g@/_
N <
\o° " ' \
7\
\ —=IL_JN
Fluorescence
Time
Pressure Range:
mMDAC (limit 1.5 Mbar) - Perkin Elmer (25 Hz)
3-4 Mbar up to strain rate 103 - Jungfrau (2 kHz)
Temperature Range: - AGIPD (4.5 MHz)

up to 5000 K — 0.5 eV (with laser heating)

Jan 27, 2016 - DESY/XFEL Users Meeting
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B European XFEL —HED instrument

European

XFEL | The pump-probe (PP) laser concept

Currently being developed by the optical laser group, European XFEL

Accurately aligned with the temporal structure of XFEL,
up to 4.5 MHz intraburst

Start operation for users: first half of 2018

Energy and repetition: 4 working points, 2 lasers
A~0.8 ym /15 fs (NOPA):
: : , 80 pd /4.5 MHz
A~1.03 um / 900 fs (Yb: YAG):
: : , 1md /4.5 MHz

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED




European

ns temporal shaping
cryogenic Yb:YAG
amplifiers

European XFEL —HED instrument

XFEL | High-Energy-Laser Integration

@ Science & Technology
Facilities Council

100J @ 10 Hz @ 1030 nm

DiPOLE laser design for XFEL
(100 J, 2m, 10 Hz, ramped)

e

Test profile

Front-end:

- Temporally-shaped 1030 nm fibre seed
- Active spatial shaping (SLM)
Pre-compensation, Masking

10 J Amplifier:
4 x square gain slabs
7-pass extraction architecture
Relay imaging, 22mm x 22mm beam size
Pump diodes
Up to 2 x 400W average power

LN, based helium cryo-cooler
Low risk, low cost technology

100 J Amplifier:

Input: 9J @ 10Hz
Spatially & temporally-shaped

Feedback isolation, Polarisation controlled
Position stabilised

Output: 100J @ 10Hz
Wavefront corrected, Position stabilised

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED
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B European XFEL —HED instrument

European

XFEL | High-Energy and High-Intensity Lasers (HIBEF)

control

hutch
Rack

Common
PP-Laser
hutch

Jan 27, 2016 - DESY/XFEL Users Meeting
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B European XFEL —HED instrument

European

XFEL | X-ray room layout

HED-OPT: X-ray optics hutch = preparation of x-ray FEL beam; diagnostics
HED-EXP: Experiment room = User experiments; beam stop

HED-CONTROL T
11.4m
PP / HI
Chirp
oo VISAR
HED-OPT = ' *":
: _ - e = R i
=t b 1 = 5 e i
. 1 ik ] g + +
o Byt S s
}FE-L_} = 7y #
o]
High intensity
(HI) laser beam
DiPOLE
laser beam
HED-EXP
Interaction Beam stop
chamber

Diamond-Anvil-Cell
setup

(dDAC; IhDAC)

optional laser

compression
experiments

Pulsed magnet
setup (diffractometer
& magnet(s))
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. European XFEL —HED instrument

European

XFEL | X-ray transport optics hutch

PP Laser PP Laser
timing beam

Shutter

Beam monitor

Spectrum monitor

CRL Saved space

Attenuator

Slits || Beam monitor PP Laser /
XFEL timing

Jan 27, 2016 - DESY/XFEL Users Meeting
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B European XFEL —HED instrument

European

XFEL | Interaction Chamber 1

L=2670 W=1700 H=1470mm \|

XFEL beam height 1400mm

Turbo pumps
12 multi

: TE - = / purpose
A flanges
S o Removable / hinged

/ rear panel
!'\u' !‘

Roughing pump
connection

*

5.2 \}f._? f\ Multi purpose flange

Hl laserin

Doors (4 places

PP laser in Symmetric design)

XFEL in

Table support
legs and block

HE (DiPOLE) Chamber
laserin support frame

Sample support

+ Huge chamber for flexible scattering setups in vertical plane, high pump power, many ports.
* Spectrometers, focusing parabola on rail systems, fast sample scanner
* Pre-defined laser schemes for HI and HE laser.

Jan 27, 2016 - DESY/XFEL Users Meeting
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European

XFEL | Fixed optical lasers entrance ports

European XFEL —HED instrument

VISAR in/out
Optical probe out

L | Hie l—‘d_| s 4 = —

PP laserpn

|
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%gl | |
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XFEL beam: fixed
Optical beams: highly flexible

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED



B European XFEL —HED instrument

European ) )
XFEL | X-ray diagnostics
L E&m H — H I —
Inside vacuum chamber: STl : f_
LL; | Vertical frame 5 ]
HAPG X-ray spectrometer (AE = 10 eV) Q[ B
High-resolution X-ray scattering Jep= - ;
set-up (down to 40 meV) (BMBF?) _ ]

X-ray diffraction area detectors

i el I L 1 T Hi==lig — [ 1 | | e

Outside vacuum chamber (Detector Bench), HIBEF:

X-ray spectrometer for XANES (upstream and downstream)

SAXS detector at 2.5 - 6.5 m downstream from sample (HIBEF)
Ptychography X-ray detector at 4 m downstream of the sample (HIBEF)
Phase contrast imaging detector at 4 m downstream of sample (HIBEF)

X-ray diffraction area detector (HIBEF)

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED



B European XFEL —HED instrument

European

XFEL |10 Hz sample changer

Separated mini-chamber for sample frame reservoir

2 Keep the main chamber in vacuum

Design ongoing by C. Deiter,
Sample environment group

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED



B European XFEL —HED instrument

European

XFEL | X-ray detector choice

Parameter ePix100 / 10k {Jungfrau MPCCD AGIPD

LCLS PSI SACLA PSI

: : : 500 um Si or

Sensor 500 um Si 450 pym Si 300 um Si GaAs
Repetition 120 Hz 2000 Hz 60Hz 4.5 MHz
Pixel size 50/100 ym 75 um 50 um 200um
Dyn. range 21403 4 3 4
at 12keV 104/10 10 10 10
Vacuum? Yes Maybe Yes Yes
EMP resistance HED group initiated interational EMP work group
Noise ~0.4 keV ~0.4 keV ~ 1.2 keV ~1.5 keV
Size Small Small Medium (very) Big

Jan 27, 2016 - DESY/XFEL Users Meeting
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. European XFEL —HED instrument

European

XFEL | Key Milestones and Time Plan
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Q4 2017 Q12018 Q2 2018 Q3 2018 Q4 2018 Q12019 Q2 2019 Q3 2019 Q4 2019

Commissioning of HIBEF lasers

Jan 27, 2016 - DESY/XFEL Users Meeting
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European XFEL —HED instrument

European
XFPEEL Possible day one experiment

Parameters for first commissioning and early experiments:

Electron energy 17.5 GeV
Repetition rate 100 kHz (=1/45 of full power)
First
Undulator K-value 3.9 _ lasing
SASE2

Pulse energy 2 mJ (slightly oversaturated) in 2017
Pulse duration 43 fs
PP laser with x-ray-laser timing tool
X-ray methods: IXS with HAPG, XRD,

X-ray pump probe with SDL
DAC experiments: dynamic DAC and double stage at 8.4 keV

Note: DAC will benefit from higher photon energies ~25 keV or 3" harmonic

Jan 27, 2016 - DESY/XFEL Users Meeting
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. European XFEL —HED instrument

European

Thomas Tschentscher

responsible
scientific director

UIf Zastrau

HED science
group leader

(since 4/2015)

Affiliated:

Emma McBride
(PostDoc)

Nicole Biedermann /
(Ph.D.)

XFEL | The current HED group at XFEL

HED Instrument Scientists

Others:

Motoaki
Nakatsutsumi

Karen
Appel

Zuzana
Konbpkova (2/2016)

Sebastian
Gode

HED Instrument Engineers

Konstantin
Sukharnikov (3/2016)

Andreas
Schmidt

- A ¥}
Carsten Bahtz Alexander Pelka Gerd Priebe Bolun Chen
(HIBEF (HIBEF (optical laser (CAEP guest
coordinator) scientist) scientist) scientist)

Jan 27, 2016 - DESY/XFEL Users Meeting
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B European XFEL —HED instrument

European

XFEL | Acknowledgements

Other European XFEL coworkers

= L. Batchelor, H. Sinn, M. Dommach, G. Palmer, C. Deiter, A. Madsen, T. Roth, T. Haas,
G. Wellenreuther, S. Kozielski, E. Boyd, W. Tscheu, V. Lamayaev, J. Schulz, M.
Lederer, and many more ...

HIBEF User Consortium

= Work package leaders for HIBEF sub-projecs + C. Baehtz (coordinator)
= T. Cowan, C. Baehtz, A. Ferrari (HZDR), C. Schroer, J. Wark (Oxford)
= SAC and TAC members

plus

= R. Cauble, F. Dorchies, J. Eggert, J. Hastings, Z. Konopkova, G. Gregori, G. Monaco,
P. Audebert, A. Higginbotham, H. J. Lee, D. Neely, P. Neumayer, K. Sokolowski-Tinten,
S. Toleikis

Jan 27, 2016 - DESY/XFEL Users Meeting
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European

XFEL | Thank you
m HED/HIBEF satellite meeting: Thursday 2pm

m Several posters: Friday afternoon,
Including:
details of the HED instrument
details of PP laser at HED

m Open-community workshop for day-1 experiments
in late 2016 or 2017 (tbd)

m Visit our updated website:
http://www.xfel.eu/research/instruments/hed

Jan 27, 2016 - DESY/XFEL Users Meeting
UIf Zastrau — Group Leader HED
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Helmholtz International Beamline for Extreme Fields

# 29.1.2015: Last HIBEF Meeting
» 29.1.2015: HGF ranking no. 2.
» 24.6.2015: HIB proposal accepted (HIBEF 20.5 Mio €).

MOUs
» LANL, LLNL (US); SIOM (CN),
» HIB-MOU DESY, xFEL and HZDR

» University of Oxford (HIBEF-UK leading Institute)
# Universities: Erlangen (D), OSU (US), Osaka....

China Academy of Engineering Physics

Formal signing ceremony at the China
Embassy in Hamburg 29.1.2016.

Member of the Helmholtz Association
Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



Helmholtz International Beamline for Extreme Fields

Antlighh mredsurefdciehees. ..
» High magnetic field

Stress (Mbar)

Compression
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Member of the Helmholtz Association
Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de




Helmholtz International Beamline for Extreme Fields

HIBEF — Personal (HZDR)

#>| 2 Laser scientists

»| 2 Laser technician

¥ Scientist in the field of pulsed magnetic fields

¥ Scientist in the field of high pressure experiments
¥ Plasma physicist

» Technician

... for construction and operation!

#1 Project Manager, controlling; coordination of in-
kind contribution ...

£ N

( - - —
) Meor

Member of the Helmholtz Association

Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



Helmholtz International Beamline for Extreme Fields

HIBEF Organisation Chart
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Diamond Anvil Cell setup for HIBEF at HED/xFEL

Workshop at the 26.1.2016 @ DESY / xFEL-UM

“Conceptual design of the DAC-setup at HIBEF”
b‘y’ Hanns-Feter Liermann DESY
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Member of the Helmholtz Association

Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



X-Ray Instrumentation

#Exchange of the different experimental setups
#Manually movable DAC setup and goniometer
#Motorized detector bench

|

\ |

Detector bench
X-Raysin )@ 1
et il 4 |
B i : oniometer
l ;y‘ = [" : I /
'|
| =
\
=
R G o P [

Member of the Helmholtz Association
Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



X-Ray Instrumentation — Rail system

#Ralils in different high

#DAC setup and goniometer - interrupted rails
»Motorized detector bench — unbroken rail system
# Detector bench rails at ground level

I = —

=
V72772727 ’
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Member of the Helmholtz Association

Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



X-Ray Instrumentation — Detector bench

#2 Positions for detector

#Travel range perp. beam ca. 140 mm

_ #AGIPD permanently

& _ / #Second position is flexible equipped.
e »Second table behind the detector bench

AGIPD  [GaAs(Si)  [200um 4.5 MHz __[300kg; in vac.
PE 0822 amorph. Si 200 pm 25-100 Hz  only 2.2 cm thick  XRD; high Q-range
Spectrometer "The single-shot incident spectrometer at HED" Bolun Chen CAEP
ungfrau i [75pm PkHz |  po/xRD
FU/PCO  k*akCCD [Spym  03Hz |  po
pixis 2048b  Dk*2k  [i3uym 03Hz | PO/SAX

(L‘ - -
il A

Member of the Helmholtz Association

Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



High Energy Laser
DiPOLE-100X

A hngh energy, hlgh
repeﬁtion rate DPSSL

HIBEF-UK !!!

Key Parameters
- 100J

« 10 Hz

« 1030 nm

- ns temporal shaping
« Cryogenic Yb:YAG amplifiers

& Sc:ence &Technology

i g S&'f_-“g’i_ D' LElOO —— "'“ll Central Laser Facility
T. Butcher oesoen &) e

concept v}

Member of the Helmholtz Association
Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de




High Energy Laser

Key Parameters

« 1001

+ 10 Hz

« 1020 nm

+ ns temporal shaping

+  Cryogenic Yh:¥YAG amplifiers

100 J DiPOLE system for HILASE delivered.

100] eryogenic amplifier head

@ ECiEHcE &TechnnLngy
Facilities Counci

EPS Rc | i | ....‘--I -.....-I 2 8 Tachralegy Fazlides Cruncl
R XL DIP LE100 “*‘" Central Laser Facility

(3 'n mmercial-in-confidence



E High Intensity Laser

Laser parameter

¥ Pulse duration 257

# Peak Power 100TW at sample position

# 10 Hz operation; single trigger option

# Fail safe long term operation {spare pump lasers)
¥ State-of-the-art intensity contrast

/\ Amplinde = THALES

mni{;;gw ot mﬂéw

Continuum

) DR

ORESD
nnnnn - '

kMembar ol ihe Helmholte Asscoiaicn
Or. C. Baeniy lnsvivie ol Radiaticn Fhvacs | wasy hzdide




Pulsed Magnetic fields

Coil parameter:
#Max. 680 T; 1 % field homogeneity over the sampls
=8 mm* sample volume; 10-20 mm bore size

»x30 degree opening angle
#Pulse duration up to 10 msec

20 mn

L =1.45 mH

B~50T @ |__ =22kA
tl ) = 3.3 ms

&, ~ 3 GPa

length of 1st layar = 30 mm

2rud =44 mm

Jrd =58 mm

d4th =74 mm S

Bith = 90 mm Tl mMadr

kMembar ol ihe Helmholte Asscoiaicn
Or. C. Baeniy lnsvivie ol Radiaticn Fhvacs | wasy hzdide



Pulsed Magnetic fields

Pulser
#1 MJ — 100kA — 24kV
#20%0.175 mF capacitors

XRD
#Heavy load 6-circle goniometer
#AGIPD-Module
#Fast APD or similar
#Phase retarder

(L‘ - -
el @ T VA [

Member of the Helmholtz Association

Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



HIBEF Building

#Laser room for future upgrade

#Clean room

#Pulser

#Offices A SR ’

i>>

A-Watt-Tunnel (Bestand)

2510

Blro Buro
Kennzahlen Erdgeschoss

[
o) 25m? 25m? O
§ ——————
P I BRI 4246 m*
—— —— BGF 675 m*

| NGF 568 m’
4 KGF 107 m*

8|
i 27.00 | NF 323 m?
i 4 TF 239 m?
VF 6 m?
Seite 4

Grundriss Obergeschoss
M 1: 150

£ N

e () HZDR
~_

Member of the Helmholtz Association

Dr. C. Baehtz| Institute of Radiation Physics | www.hzdr.de



Targets for Advanced Laser Light Sources Workshop
29-30 August 2016
HZDR, Institute of Radiation Physics

... how to develop a network for target preparation?
... what are the requirements on targets for
advanced laser light sources?

Join the discussion!

for further information

Lprencipe@hzdr.de
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HIBEF: US Constortium

Robert Cauble
Jupiter Laser Facility Director
LLNL

28 January 2016

This work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Security, LLC, Lawrence Livermore National Laboratory
under Contract DE-AC52-07NA27344. LLNL-PRES-681209




US partners

« The US consortium is bureaucratically complex and still evolving

« Los Alamos National Laboratory has signed an MOU with HZDR

« Lawrence Livermore National Laboratory has signed an MOU with HZDR

+ Ohio State University will participate (MOL)

+ Stanford Linear Accelerator Laboratory will paricipate (doesn’t need MOL)
« Lawrence Berkeley National Laboratory expects to paricipate

« Laboratory for Laser Energetics (Rochester) is still in discussion

Most of these institutions are funded by the US Department of Energy

US DOE has confirmed that participation in HIBEF is appropriate




LANL has a keen and focused interest in HED XFEL
experiments

MOU 0081 with HZDR to collaborate on Extreme-Matter Research

Parallels scientific mission of MaRIE: Matter and Radiation In Extremes
- MaRIE is $2B LANL signature facility proposed to DOE

- CDO (mission need) approval imminent

- Study materials in extremes

Scientific topics include:

- High Energy Density Physics
including Warm Dense Matter and mix at interfaces

- Dynamic materials including phase transitions

- Magnetic phenomena, including functional magnetic materials and
f-electron phenomena

Courtesy Juan Fernandez

| Physical
an%lsLife




LASER BUILDING

BASEMENT {14° CLEAR HEIGHT)
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Courtesy Juan Fernandez




LANL plans in-kind contributions to HIBEF aimed at a
program to explore extreme matter with x-rays

B Advancing scientific program with x-ray probing

» X-ray Thomson scattering (XRTS) development
= Warm-dense matter characterization
=  Bulk probing (e.g., temperature) of dynamic materials

+ Coherent & high-resolution imaging
=  Dynamic materials (e.g., phase transitions)

= |nterface mix in WDM and plasmas

B Contributions in kind

+  X-ray spectrometer for 1D spatially resolved XRTS
=  $1M+ in development & commissioning @ Trident and Omega

+ Postdoc + 0.25 Mentor, physically @ HIBEF part-time to commission & use
= $300k / year

Courtesy Juan Fernandez

| Physical
an%lsLife




LANL plans in-kind contributions to HIBEF aimed at a
program to explore extreme matter with x-rays

Shock |

IXRTS

x-ray path : } Elastic

scattering
Inelastic
4 scattering

|

Insertion
direction

Ni He-c. 3t 7.8-keV

"I'maging ¥-ray Thomson scattering spectrometer design and dermonstration,”
E.J. Gamboa et al., Rev. Sci. Instrum. 83, 10E108 (2012).

Courtesy Juan Fernandez




LANL anticipates capabilities and conditions of
extreme matter worth investigating on E-XFEL

B |sochoric heating
+ Create WDM and sharp plasma interfaces
+ Subject materials to off-Hugoniot loading paths
+ Study phase-transition dynamics, etc.

B High-pressure dynamic loading
+ Upto~ 1 Mbar
+ Strain rates ~ 10°% - 10°

B \Warm-dense matter conditions
+ Quasi-homogeneous, ~ solid density
+ Few —tens of eV
+ Area ~ (100mm)?, thickness ~ 10mm

Courtesy Juan Fernandez

| Physical
an%lsLife




LLNL understands that XFELs offer a new window into
extreme science

Unlike LANL, LLNL has no plans to build an XFEL but LLNL scientists have
and will continue to find enormous utility in XFELs

- Collaborating with LCLS from its design stage

- Signed MOU with HZDR

Scientific topics include:

- High Energy Density Physics in all regimes

- Dynamic materials including phase transitions

- Effects of strong magnetic fields on plasma, and vice versa

| Physical
an%lsLife




LLNL in-kind contributions are geared toward making
HIBEF/E-XFEL more viable for all users

« Contributions may include:

- LPOM-lite for DIPOLE (pulseshaping)

- T-REX sub-1-ps resolution x-ray streak camera + 0.5 postdoc in place at
E-XFEL

- dynamic DAC + postdoc in place at E-XFEL

- 0.5 FTE to assess long-pulse beam transport, liaise with HIBEF/E-XFEL,

- frequency doubling crystal for DIPOLE

« Development of LPOM for NIF took 50 man-years. We think we can
produce a "lite” version for smaller lasers
+ X-ray streak camera is a several-$M effort

+ d-DAC development is a several man-year effort

| Physical
an%lsLife




1200 % ——
NIF Pulse Shapes:
N110308
A1ooof N110516
M)
©
E 800 |
MN11020% >
o
27 Mhar S 600
e ——— O st R e
2
(]
400
0 i : _ : — E— : L C
12 14 16 18 20 22 24ns o s 10 15 20
Time (ns) Time (ns)
1200 7 — N110308 Requested
7 —— N110308 Measured
50 4
1000 7 —— N110516 Requested
-~ 1 — N110516 Measured
Tx’ g 40 -
2 800 = ]
N110516 & g
o K 1
2 3 21
a E
400 i
10

Time (ns




Laser Performance Optimization Module - LPOM

« Capability to modify pulse shape as needed and on the fly

« Keeps laser system from propagating a damaging pulse

« LPOM consists of some pick-off optics and software for backward prediction
+ ~ One year to develop from present NIF-LPOM configuration

+ Specialized for DIPOLE

| Physical
an%lsLife




Ultra-fast x-ray streak camera - T-REX

« T-REX streak camera designed for sub-ps reselution
- spatial and tempeoral lenses separated {reduces curvature but difficult to medel)
- uses a pulsed charge cathode (faster electron extraction, faster reselution)

500 fs Resolution
500 A foil | = 2 x 10" W/em?

He «

EN. Marley et al., "Ultrafast x-ray streak camera for ten-inch
manipulator-based platforms," Rev. Sci. Instrurn. &3, 10E10E6 [2012)




Dynamic diamond anvil cell

+ Robust design by Will Evans’ group

« Expect to place a postdoc at DESY for DAC expts

Diamonds Put the =
Pressure on

PE

Anctuator| 7771

Actuator Drive = -+

m vana‘ble delay

e —Pmax
'dDAC Prassura
.___/

Shutter | |

o A

——re

Actuator

Guide
Pins

Static
) \ Pressure

Physical
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Ohio State will contribute an on-demand device for
solid, variable-thickness targets at high-rep-rate

« Ohio State has begun development of a technique for producing liquid crystal
targets with thicknesses of 50 to 5000 nm

+ Present configuration is low-Z only, with a rep-rate of ~ 1/minute

+ Rep-rate is up-scaleable, certainly to 0.1-1 Hz. Looking at ways to incorporate
higher-Z components

P.L. Poole et al, " Liguid crystal films a5 on-demand variable thickness (50-5000 nrm) targets for intense lasers,” Phys.
Courtesy Douglass Schumacher

Plasmas 21, 063109 (2014)
i




SLAC expects to field cryogenic H, jet capability

« A prototype unit has been fielded at LCLS, Jupiter Laser Facility, HZDR

- Roughly $0.5M

Jet source

: Hydrogen Jet
assembly manipulator

Courtesy Siegfried Glenzer

. _d;_i
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LBNL in-kind contributions are being discussed

« What has been proposed:

- X-ray spectrometers developed at the Advance Light Source
- spectroscopic analysis codes

- 0.5 postdoc situated at E-XFEL

+ No MOLU yet. Working with University of California office. No problems
expected.

| Physical
an%lsLife




To conclude, what we plan to provide

« IXRTS Thomson scattering spectrometer (LANL)

« LPOM-lite pulse-shaping capability (LLNL)

+ T-REX sub-ps resolution streak camera (LLNL)

+ Dynamic DAC (LLNL)

+ Ensuring 2w operation for DIPOLE

+ Liquid crystal, high-rep-rate target mechanism (OSU)
+ Various spectrometers (LBNL)

« Spectroscopic analysis codes (LBNL)

+ Cryogenic H, jet system (SLAC)

+ Up to 3 postdocs on-site (LANL, LLNL, LBNL) + 0.5-0.75 senior personnel
(LANL,LLNL)

Still under discussion
+ A wide variety of items from LLE

| Physical
an%lsLife







Summary of the Workshop
“Conceptual Design Report (CDR)
Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Top view of the HED Hutch Side view of the DAC Chamber at HED

H. P. Liermann, H. Damker, Z. Konépkova, K. Appel, A. Schropp, C. Baehtz

ﬁ HELMHOLTZ
| GEMEINSCHAFT | H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 1



1st Part => Sharpened the Science Case

Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”
Task of the Workshop

Reiterated and expanded the science case
Identified priority experiments

Identified ultimate experiments

Dubrovinsky et al. 2012, 2015 & submitted.

=> {o be able optimize experimental setup dsDAC
2"d Part => Review technical plans of a DAC setup at the HED

Status of the DAC, mDAC, dDAC and dsDAC in conjunction with pulsed laser and
resistive heating

|dentified the limits of “dynamic” DAC experiments at 3@ generation sources
Experimental concept to conducted DAC experiments at the HED
Discussed limitation of the DAC experiments at the XFEL
Talked about the current design of the DAC setup

o Vacuum Chamber

o0 Detectors and access to reciprocal space

Sinogeikin et al. 2015

mDAC

,
il"
."-
1
(i |
i
[ 5
)

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 2

o Time Line



Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Sharpen existing science cases and add new once

Exploration of physical properties and stabilities of phases at the pressure/temperature/strain
rate condition of the interior of extrasolar planets

Exploration of compression rate dependence on physical properties and stability of phases in
the strain rate regime above 10-'/s to 10%/s

Study of electron ion relaxation in the pulse laser heated or isochoric heated DAC

Study of early stages of crystallization or phase separation by means of phase contrast
Imaging in normal and radial geometry

Study of thermal transport properties (diffusion) in the DAC at high P and T

Determination of strain distribution using coherent imaging and characterization of nano
particle systems

Study of phase transition kinetics and intermediate states on the ps time scale

~ // idynamo
region?

- ' r i ;
Ice Giant Planet like Uranus | H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 3
(courtesy of N. Nettelmann) o




Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Priority Experiments
(feasible & major impact)

« Study melt relations and kinetics of Na and Fe at P > 2 Mbar in the
convention DAC with pulsed laser heating

300

« Physical properties & stability fields of H,O above 1 Mbar with the Phase Diagram of £ (Anzelini et al. 2013)
dDAC

« Structure and phase stability of Fe, (Mg, Fe)O, & Si-PPv at pressures £
above 4 Mbar within the pulsed laser heated dsDAC E

400 bee foo cl16

» Ps shocks and heating on Ei (going from iii to V) in the DAC SRR N

Phase Diagram of Na (McMahon et al., 2007)

10000
700
8000

=
&

6000 Superionic

T(K)
T[1000 K]

4000

Temperaturs, kelvins
(5]
o |
=3

2000 ¢

I
=
o

gl : 01 1 10
04 06 08 10 12 14 16 18 20 22 24 [Mbar]
P (TPa) P

Phase Diagram of H,0 (Redmer et al, 2011)

) Phase Diagram of MgSiO3 PPv (Umemoto et al. 2011)
Prassure, gigapascais
Phase Diagram of Bi ( | H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 4

ano




Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”
Experimental Concept of dDAC and dsDAC Experiments at HED

dsDAC Experiments

Heating Laser Pulse

Material Response
(Temperature)

XFEL Pulses
(4.5 MHz, 222 ns)

A.U.

U

Total of 25 XFEL Pulses

T T T T T T I
0 2 4 6

Time (ps)

For dsDAC experiments:

— Fastes scenario get 25 pulses with rep.

of 4.5 MHz (every 222 ns) over 6 |is
— Can always go slower with less pulses

dDAC Experiments

Pressure Response
(over 600 is)

i (585 ktis. 1.7 1)
//
Au. | //
LA

/ Total of 350 XFEL Pulses (detectc;r limited)

0 200 400 600

Time (ps)

For dDAC experiments:

— Slowest possible scenario get 350 pulses with
rep. of 583 kHz (every 1.7 Hs) over 600 Hs

— Can always go faster (less time covered)

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 5



Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Vacuum Chamber and Sample Stack requirements
Chamber_ Alignment of dsDAC and dDAC requires:

= high stability of support with respect to incident beam =>
decoupling of vacuum chamber from sample support and stack
(100 nm or less)

AGIPD ’,I‘

vl

== small step size for sample stack (100 nm)

= for fast turn around use turret with 4-6 DAC => high stability
required (100 nm or less)

Pinhole and Beamstop

- Pinhole necessary to clean tails => working on
concept

Beamstop at the end of HED Hutch => low scattering

Alignment of Vertical Alignment Rotation Sample alignment
Rotation Center into into rotation center
XFEL beam
9.2 8

Huber XY 5102.30 Micos NPE-200 Micos PRS-200 Micos LS-110

200 = 50 10
15 13 360 degrees 26
0.1 0.05 0.001 degrees 0.05
Bi-directional 0.1 +/- 0.04 +/-0.001 degrees 0.1
Repeatability (um)
£175
ww ~

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 6 E,ES{



Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Detectors for Different Repetition Rates

XRD 0822 from Perkin Elmer Specification

Scl sensor (max sensitivity @ 60keV)
Pixel: 0. 2 x 0.2 mm?
Size: 1024 x 1024 (200 x 200 mm active area)
Max frame rate: 25 Hz (full resolution)
Vacuum Incompatible

Jungfrau from PSI

(adJUstiNg Gain detector FoR the Aramis User station)

may be
funded

i - e e o
ikl Specification:

Si sensor (15% QE @ 45 keV)

Pixel: 75 um x 75 um

5 Size: 2048 x 2048 (153 x 153 mm)

§ ‘ Max frame rate: 2.7 kHz (MHz ??)

Vacuum Compatible

[ iniairirniieereiss =

—
-

TITUTTITTUTLLLLLLE LU

not funded
Specification:
GaAs sensor (100 % QE @ 25 keV)
Single photon counting up to ~104 ph/pixel/frame
Pixel 0. 2 x 0.2 mm? pixel size
Size: 1024 x 1024 (200 x 200 mm active area)
Max frame rate: 4.5 MHz (burst mode)

Vacuum Compatible
| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 7
Funded through HIBEF




Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Proposed Detector Bench for AGIPD (& other Detectors)

AGIPD Detector
Housing

500 mmn
Flange 1o be
docked 1o the
vacum chamber

Rails
(perpendicular beam)

ASIC ASIC FPGA
Power Power Crate 3
Crate 1 Crate 2

w o |

rd
-

\ /
" Rails

(parallel beam)
AGIPD Dimension
- 1M is 500 kg heavy
- Dimensionsca.1x1x1.5m3
- Requires 3 Crates => underneath Main part of Detector
- Extra Qil Cooling away from detector location

Detectors Positioning

- On motorized rails - beam

- On motorized rails || beam

- No motorized vertical system for AGIPD

=+ Can be flanged to DAC Vacuum Chamber

= Can be flanged to IA1 Vacuum Chamber

=: Can be positioned to other setup with a X-ray trans. Window
=+ Can be changed reproducible during experiment

Rail System for
Movement
. of Vacuum Chamber

1A1

e v

DAC |

Vacuum Chamber
|

Rail System
for Detector Support

- || Detector Rail System submerged in floor
=> plated covered => no obstruction

- L Detector Rail System on top of bench
=> no obstruction

- Bench can be moved all the way back
=> Qut of the way from other setups

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 8



Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Access to Reciprocal Space in the DAC Vacuum Chamber

Laser Heating &
Temperature Measurments

e

mimror

Laser Healing
Beams

; lens
Incident x-ray beam

mirro

\ DAC ™

/

360 mm Flanges

/

A\ Perkin Elmer Detector

lens/

Requirements
41 angle limited by DAC opening (90°)

4% = 90° covers d = 0.648 A or Q = 9.7 A
@25 keV

To cover 90° opening with a PE or AGIPD
SDD = 200mm

Difficult when DAC in the center => move
DAC 300 mm from the center

Design Established
= AGIPD can reach SDD =200 mm

500 mm Flanges

XRD 0822

46 = 60°

V40 = 90° = PE XRD 0822 cannot => vacuum

incompatible => 48 = 60° => Q = 6.56 A"
@ 25 keV

Envisioned Flange
Window for PE XRD 0822

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 9



Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

5t Joint Workshop on High Pressure, Planetary, and Plasma Physics (HP4)

14-16th of September 2016 in Hamburg on DESY Grounds
(Jointly organized by European XFEL and DESY)

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 10



Summary Workshop “Conceptual Design Report (CDR)

Diamond Anvil Cell Setup for HIBEF at the HED/XFEL”

Workshop on the Conceptual Design of the
Shock Compression Setup for HIBEF at the HED/XFEL

5 e b T eeel .

13th of September 2016 in Hamburg on DESY Grounds
(jointly organized by HZDR and DESY)

| H.P. Liermann | DAC CDR @ HED | 26t January 2016 | Page 11



Diamond Anvil Setup for HIBEF at the HED of the XFEL

Thank you for your Attention!!!!

Thank you for contributing

Z. Konopkova J. Eggert

C. Baehtz W. Evans

H. Damker R. Redmer

K. Appel W. Morgenroth
U. Zastrau L. Dubrovinsky
T. Tschentscher H. Marquardt
E. McBride A. Goncharov
S. McWilliams

(sorry if | forgot someone)

| H.P.Liermann | DAC CDR @ HED | 26t January 2016 | Page 12



Workshop on the HED instrument and the HIBEF UC

W& Research Center of Laser Fusion CAEP

The single-shot incident spectrometer
at HED

Bolun Chen
Laser Fusion Research Center, CAEP

2016 European XFEL Users Meeting in Hamburg



Presentation Outline

Research Center of Laser Fusion CAEP

Introduction

Conceptual design

Technical design

Acknowledgement



Introduction

o
A Research Center of Laser Fusion CAEP
* The single-shot incident spectrometer

— X.ray spectrometer for HED instrument

of European XFEL

— The precise knowledge of incident X-ray
spectra is crucial for normalization of

absorption spectra

— The spectrometer will be implemented in

the HED optics hutch (HED-OFT)
— Design and built by CAEP in close

collaboration with HED group



Principle of Operation

v,
o
%N\ Research Center of Laser Fusion CAEP

« A defocusing geometry using convex Conter o
crystals

— Crystal membrane of 10 micron in //
thickness //

— An update using a grating in front of the /
spectrometer is considered for low photon /
energies

* The crystal curvature

and detector distance soue /
impact energy range,  ume oS
sensitivity, and

resolution

— |dea already realized at
LCLS and SwissFEL

Scintillator screem

D. Zhu et al., APL. 101 034103 (2012)



Conceptual design

=0 .
W& Research Center of Laser Fusion CAEP

« Four different cuts of silicon crystals are used

« The Bragg angles are set to vary in a small range for
different crystals to keep the spectrometer compact

 Gotthard and CCD detector will be used

« The RoC is set to 200mm. The distance between the
detectors and the surface of the bent crystal is ~850mm

crystal |2d (A> |energy (keV) Bragg (° )

Si(111)] 6.27 3~5.5 41.23 ~21.07
Si(220)| 3.84 5.4~9 36.72 ~21.07
Si(400)| 2.72 8.85~11.9 |31.06 ~22.56

Si(444) 157 11.7~25 42.53 ~18.44




Requirements

398
Re

search Center of Laser Fusion CAEF -

3'5X10727 / —5i (111) Collimated with CRL 1
2 il ——5i (2 20) Collimated with CRL1
3.0x10 ——Si (4 00) Collimated with CRL1 [~
g —5i (4 4 4) Collimated with CRL 1
2.5x107 /
& 2.0x10” / E
S
< 1.5x107 / / /f z
1.0x10” //
5.0x10° s
0 5 10 15 20 25
E (keV) io® j i i i i
Spectral coverage collimated with CRL1 ’ ’ T T * *
N —_Si(111)Focused with CRL1 Spectral resolution of the Spectrometer
1.0x10~ —s§ (22 0) Focused w%th CRL1
o / 1) Focased with CRLY « Photon energy: 3~25keV
UX
— / / « Spectral resolution: AE/E~Sx10°
o3 6.0x
< vy (3~15keV)
4.0x10°
FH A A . Energy coverage AE/E>103
2.0x10” - o .
—_— « The transmission is only 3 % to 30 %
E (keV) for 3-5keV

Spectral coverage focused with CRL1



Consideration of the update design

3%
Res

* For lower photon energy

— Add a diamond grating mounted on the position monitor located at
the beginning of the HED-OPT

— The distance will be about 7m

3keV | 4keV | 5keV | 6keV | 7keV | 8keV
150nm | 1929 | 1447 | 1157 | 964 | 827 | 7.23
200m | 1447 | 10.85 8.68 723 | 620 | 542
250hm | 1157 8.68 6.94 579 | 496 | 434

earch Center of Laser Fusion CAEP

k.o 2 B Bl — -
SR . ,'l' - e ! R —
o S

/

spectrometer Pop in monitor

-0




First Technical Design

Research Center of Laser Fusion CAEP

Detector
assembly Flight pipe
Be window Detector
arm
QQQQQ assembly View port

Support
stand and g::enr‘nb;r
alignment y j— lon pump

plate



Research Center of Laser Fusion CAEP

1400

Layout

13

215

He

Located at HED optics
hutch

~985m from the source

400mm from one side
wall

The length should be
less than 0.9m




Proposed chamber assembly

Ar Research Center of Laser Fusion CAEP

* (One big flange holds several smaller
flanges on the side wall
— Can be used to change the crystals

« Be window for reflection beam

* (One view port on top of the chamber

* A motorized linear stage is used to
move the chamber in x direction.




Crystal stage assembly

;c::‘g Research Center of Laser Fusion CAEP u ! c

Put the complete mechanics in to
vacuum

« The assembly carries up to four
crystals benders

« The X axis allows one of the crystals
to be brought into the beam




Crystal assembly

=0 . -
A Research Center of Laser Fusion (. AEP

* The size of the crystal
membranes are 20¥10mm

* The bent crystal holders will be
tested for an optimum design

 Try to find the easiest
mounting method

G B A )



Detector assembly

%%:2 Research Center of Laser Fusion CAEP u ! c

« The detectors are positioned
at a distance of 850mm

* Rotated about the X axis by a
large high precision
goniometer

* the detector X stage carrying
the Gotthard and YAG/ CCD




Collaboration

Research Center of Laser Fusion CAEP

*« On 26 March, 2015, representatives of CAEP signed a
framework collaboration agreement with European XFEL
at the Consulate of the P. R. China in Hamburg.

+ The agreement formalizes pg
CAEP’s futureinvolvement [
in the X-ray free-electron “,"
laser facility and is intended |
to provide the basis for
future exchange of staff andf
students and the
development of
Instrumentation for
European XFEL.
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W,

CAEP Introduction
=0

W& Research Center of Laser Fusion CAEP

« China Academy of Engineering Physics (CAEP) is a major
research centre that operates 12 research institutes and
15 national laboratories across China.

LY e ﬁglj
Thank You far your kand
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[on dynamics using highest-
resolution inelastic x-ray scattering

. Uschmann, R. Lotzsch, G.G. Paulus
Friedricnh-Schiller-Universitat Jena

In collaboration with

U. Zastrau, H. Sinn R.Redmer ...
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;\y I0QJENA WDM diagnostics based on Dynamic
f}’(§ Fadric Sahil a-Univars it Structur—e FaCtDI" S (I(‘,UJ)

2e, do

electron collective modes: plasmons {™eV),ion system: ion acoustic modes (™10 meV)

St_'k,w} [l ‘v_‘]

Te via detailed balance relation: -, _ Sel-k—wl ("_ A )
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i Energy (ke¥]
e e T E— o S Be: 5 H. Glenzer et al
= A [oV] FREL 98, 065002 (2007)

A, Hell et al., High Energy Dens. Phys. 3, 120 (2007)
R. Thiele et al., Phys. Rev. E 78, 026411 (2008)

S H. Glenzer, B. Redmer, Rey. Mod. Phys. 81, 1625 (2009) courtesy R. Redmer
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i/ 10QUENAT S
f/?i§ F Sl e-Unvarsit (

K,w) in the warm dense
matter region (Al): dispersion

T=3.9 eV, p=3.2 g/cm3

typical for recent XRTS experiments (spectrum),

see Ma et al. (2013), Fletcher et al. (2015)
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7% IOQJENA Why IXRS at FELs (Example)

From simulations for WDM
— derive EQOS data, electronic transport
— ion dynamics and material properties like DT, n, cs
— derive generalized hydrodynamic model

High-resclution X-ray Thomson scattering at seeded FELs
— reveals ion dynamics in WDM
— benchmark for theory, DFT-MD simulations
— test validity of hydrodynamic model

Planetary physics
— input for interior, evelution and dynamo models
— better understanding of planets and planetary systems

European XFEL User Meeting HED instrument satellite workshop 28.01.2016




7\< I0QJENA Aim of the project

* Measure the dynamic structure factor angularly
resolved to investigate conventional matter up to
extreme states of condensed matter under high
pressure

* Provide the necessary X-ray optics
* High resolution monochromator

* High resolution analyzer

* Measure k-dependent

European XFEL User Meeting HED instrument satellite workshop 28.01.2016




high-resolution  gplit and de-
monochromator gy unit

~ AE ~ 10 meV e
AL | i e

/ ﬂﬂﬂﬂﬂl oumping laser

Targetsystem




~uz 10QUENA High resolution
A monochromator

Two stage design to prevent beam offset

X-FEL
\\
. / /

AE =1 eV AFE =10...40 mel

First phase: high orders of silicon

111
Later: other reflections to prevent
higher harmonics contributions

Very large crystals necessary

Silicon 111 monochromator
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‘%% 10QJENA Channel cut crystals

Channel cut crystals
High stability
Not easy to prepare perfect inner faces

Channel-cut crystal High resolution monochromator near 907
(ESRF)

European XFEL User Meeting HED instrument satellite workshap 28.01.2016




_&\g I0QENA Channel cut polarimeters

F-2dric ]': Bl &= Univars -t

e

unciulator |_|':;'n
radiation

polarizer

_Bragg angle
ilg = : i

aziruth

analyzer

'ﬁ|| ﬂ' | | |

] | analyzer

T angle
| avalanche
photodinda

Multiple Bragg reflections at
A5° allow for high purity
polarimetry.

Measured Ix/I0 =2.4-10™
at IDO6 ESRF {Eph= 6457 eV,
A00 silicon reflection, &
reflections per crystal)

A channel cut polarimeter
will be installed at MID

B. Marx, K5, Schulze, et oo, PRL 110, 2013
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F-2dri Schil a-Univars 2t

i 10QNA Channel cut polarimeter at
7 CLS

™ [P EET arayzer
undulater.,, B )
“adlsllzn I' II !
[ |
- 4 i_ TR TTRR analyze-
|| S == erute
= s, L b
1 |
& o i . j_' avalancie
5 ) chetoocoa
1 LJ

. Hrang angie

e = pzimudn

Eph= 6457 eV, silicon 400, two reflections

polarization purity: Ix/10 =1,5 - 10°
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A\ \p IOQJ_EM Quasi channel cuts

Juasi channel cuts
Allows to use flat,
perfect crystals
Active stabilisation

A

European XFEL User Meeting HED instrument satellite wurksh::;lp;li'ﬂ.ﬂl.ﬁﬂiﬁ
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£ 10QUJENA Analyser crystals

Spherical Diced silicon crystals

Rowdand circle geometry developed at the ESRF

4 diameter

Fallceton

T IO
SifHAH )
AT R IR
S 11011}

area detector S 2120
SHIA13,1%)

Eznding radii ~ 1 m
Solid angle ~100 mrad?

Eaceoy The')

15 Adil
15517
17 M
21747
24

EREDI

2.5 m Wartkeal Ann

A5 imeV AXE

b ol B T [
Bk Lt -0 7
q.2:103 -1

YVerheni et al.: lournal of Physics and Chemistry of Salids 66 (2005) 22992305

Mascuiovecchio et al. Nucl Instr and Meth. B 111 (1996), 181
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"‘“”‘\i 10QUENA Conclusion
*’;41 < Fadris vschil e-Univars it

* We want to develop the instrumentation for high-
resolution inelastic X-ray scattering at HED

- A high resoclution monochromator with AE ~10...40
meV will be build.

* A high resolution analyzer crystal will be purchased
from the ESRF.

* The analyser will be mounted on a rail system for k-
dependent measurements.
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“DPominik Kraus
Department of Physics |
» University of California, Berkeley
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Motivation | High energy density matter

L) IF'IF'I'I'|F r LA ik e LR | b w1 ANAE

temperature [K]
E'Ll'.n
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=
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107 1072 1072 10" 10° 10 102 103 10%
density [g/fcm?]

Berkele
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Motivation | High energy density matter Inertial

Short pulse laser Confinement
matter interaction Fusion

1[]3 'Illr"'l i .'.I'Fl-lll
107
¥ 108
v
2 5
© 10
8 .
l]E..I' 4 : ﬂ'*'i‘
S107F ==
e
R i}
'”JEE ._-"‘-"
1D2- i i ||II||I i Illllll1 s L
107 107 10°7% 10" 10° 10" 102 10° 10*

density [g/cm?]
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Warm dense Matter (WDM)

transition regime ; , ;
; gas giants / ice giants / brown dwarfs

solid state «——= hotdenseplasma

properties:

+ (0.1-10times solid state density

* temperature: ~5000 K up to ~108 K
impacts

[

+  partially ionized m

+ partially degenerate 'r.n.,h'fh =]

+  pressure: ™1 GPa up to ™10 TPa

o

Labaoratory experiments
+  strongly coupled ions

Berkele
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Time scales

T 1
I Electron-electron equilibration
&
1ps
Electron-ion equilibration
1ns
1us Phase transitions

Berkeley

UNIVERHTY OF CALIFORNIA
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Warm dense matter

What do we need? Underlying physics

- Equation of State - Stronginteractions (ions)

- Energy absorptionrates - Bound states/ionization balance
- Relaxation rates - Quantum degeneracy

- Response functions  Structure

Measurements are usually not “theory-free”
- “Over-diagnose” experiments

- Homogeneous samples

- High temporal resolution

- Cover broad parameter space

Berkele
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LCLS experiment | Setup

non-collective XRTS line imaging VISAR
: : —— 300 pm—i
graphite — [
\ sample |
\\l-" E
LCLS beam . [
4.5 and 6 keV * ~ space

X-ray diffraction detector
—

qr
source monitor

“‘*-_..____HH

. - [—

v

MEC ns laser

up to 30| /
10 ns

collective XRTS

ambiant WDM
phase phase

D, Eraus et al, Mature Communications [2016)

Berkele
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experiment | X-ray Diffraction: ns-formation of diamond

19 GPa
kg +10 0z f\

UNIVERHTY OF CALIFORNIA

1] } :
ol
mpaphie0 armbiant maphitedd
Al glaphrlz a1t
conditions |fl:|||:|a|:| f:a1um]
ar Abminum 111 o l\ll
b IS AR |:||:|a1|n|;]
IumlnumI:II:E
1] ! ! L
a0 e - 40

Eﬂ(d:gr::}

Berkele

alf28f1e | Dominik Eraus

el e o -'1I:I -'ﬁ EI:I ﬁi EII:I
= -] I H
s o pompiesed diamond 111 - mpanmam
g = 'g 1 "l."'f\l Er:nmu:lzmv
a T2 121 GPa » 8 mum 8
4-% " _—_’}/ﬂ\— b+ 7as I.__i 51 - CHFT-AA0 pirrmalation
.. e = E_, 215 GPa
EEll:dtglt:] § = tp +Ens
[ [rmmm— ey ! T -:.-.| ;_,J.
| e
2l oompiesed diamond 111 ] 1| j | J
50 GPa 0 S it
Tk B +80s - g0 a2 B4 58 8a 7
= & {dagrea)
5o et : e ;
= N
d hi i ; i 5 5
2l onmpiessed graphiie 002 s ik First direct in-situ observation
= iemaning unshooked
; hooked hi . i
4| wiaphite 002 LY of the shock-induced transition

from graphiteto diamond.
Pyrolytic graphite compressed

above ~170 GPa: formation of
lonsdaleite structure.

[, Krauz et al., Nature Communications [2016)
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T . L |
LULDS experiment

| X-ray diffraction from porous samples
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lsachoric heating using shorts pulse lasers
can access different parameter regimes!

Berkele
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Solid and liquid structure at ~180 GPa

slide removed

- High porosity samples - liquid
- Low porosity samples -2 liquid (but cooler)
Pyrolytic graphite - solid, close to melting

Berkeley

UNIVERSITY OF CALIFORNIA

01/28/16 | Dominik Kraus | EuropeanXFEL User Meeting, Hamburg, 2016 | 10



Diffraction + Absorption

slide removed

_ B. Barbrel, UC Berkeley
Spectrally resolved X-ray scattering was also E. Albert. LLNL

anticipated, but no space left in target chamber W. Schumaker. SLAC

Berkele
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Diffraction + Absorption

slide removed

Berkele
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LCLS experiment | CH phase separation
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CH phase separation

Elastic scattering amplitude is very sensitive

for de-mixing (especially at small k). piCtu re remOVEd

Will use large k for normalization.

a) CH T=6000K b) CH T =10000 K
60 | mixed 60| mixed
demixed — HNC demixed — HNC
= 40t demixed — DFT |1 = 40t demixed — DFT |1
= N
< =
20+t 20 k
0 1 1 1 1 0 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
k[10" m™ k[10" m™
c) CH, T=6000K d) CH, T=10000K
401 mixed 1 401 mixed
demixed — HNC demixed — HNC
— i demixed — DFT | — 30f demixed — DFT |1
3 <
=" =" 201
10} 1
| ! | | 0 ) . ) I\
0 2 4 6 8 10 0 2 4 6 8 10

k(10" m™ k(10" m™

Berkele
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CH phase separation - DFT-MD simulations

150 GPa
5000 K

slide removed

J. Vorberger,
HZDR

Berkele
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Measurements approaching 1 Gbar

slide removed

Berkele
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Anticipated future experiments

inelastic elastic

L. non-collective XRTS
energy ——»

\\ sample
\ o' P \
:\\
European
XFEL beam LA N

—_—
—_—

absorption spectroscopy

emission ‘
spectroscopy collective XRTS

Berkele

UNIVERSITY OF CALIFORNIA 01/28/16 | Dominik Kraus | EuropeanXFEL User Meeting, Hamburg, 2016 | 17




XFEL / HIBEF | Anticipated future experiments

non-collective XRTS | line imaging VISAR

\ sample
\ _L \
Probe: _'\
European * ~ -
XFEL beam N X-ray diffraction detector
. S——
absorption spectroscopy
e SAXS
28
/ \
Pump: ’/ \
HIBEF ns-laser
100 | emission Y
10 Hz spectroscopy collective XRTS
ambiant WDM
phase phase

Berkele

UNIVEREITY OF CALIFORNIA 01728716 | Dominik Kraus | European ¥FEL User Meeting, Hamburg, 201&| 18




XI'EL / HIBEF | Anticipated future experiments

inelastic alastic

el non-collective XRTS

engrgy ———=

\ sample

particle
\ i"‘-— \

Probet :-\ spectrometers

European ¥ ~ /

XFEL beam e small angle

— X-ray scattering
_r' =
absorption
spectroscopy

/ \

Pump: / \

HIBEF fs-laser ¥

200 TW emission ‘

10 Hz spectroscopy collective XRTS

Berkele
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Outlook | Advertisment

High Energy Density at European XFEL = Helmholtz International Beamline for Extreme Fields

@',E'Hﬁ?n @'HELMHDLTI

ZENTRUM DRESDEN | GEMEINSCHAFT

ROSSENDORF

Dresden

lob openings: now: postdoc & laser engineers

maore soon

Berkele
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First results from the HED group at
MEC, LCLS

Siegfried H. Glenzer

(SLAC, Stanford University)

January 28", 2016

Presentation to:
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The LCLS x-ray laser enables scientific discoveries in
Matter under Extreme Conditions

1 A
T T

« New capabilities at the LCLS Free Electron Laser
- 102 focused x-ray photons (4-10 keV) with unprecedented resolution
« Space (200 nm)
+ Time (50 fs)
+ Energy (AE/E = 10-%)
« Coupling LCLS x rays with nanosecond shock driver lasers
- Determine the properies of matter at high densities and at high pressures
« Coupling LCLS x rays with high-power short-pulse lasers
- Visualize laser-matter interaction with ultrafast pump-probe experiments
« Summary and outlook towards LCLS-II

The coupling of high-power optical lasers with LCLS X-rays is
pushing the HED science frontier







Shaped nanosecond glass laser: 1 GW = 1,000,000,000 YW = 1 billion W




Newton’s third law:
Action = Reaction
















Plasmon measurements accurately determine 3x
compressed Al at temperatures of 1.75 eV

Plasmon (forward scattering) spectra

3 L
Compressad Aluminum n_
Ambient Aluminum
Increased
elastic
g a b SEEIttET'IrIQ:
' 1.75 a¥f
< Increased Flasmon
= .
E shift;
5 2.3x% r.:umpressiun
I=
7340 Ta60 7aan a000 a0z20

Energy (%)

1 A

\/\37\/
Detecto¥ 66
Fetyy
o E'@E kg

+  Plasmon shift determined by plasma
frequency oy, = [N.e2/myeg]"

First-principals method to determine conditions: n,=54 x 10& em 3 X5%
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X-rays visualize Matter in Extreme Conditions
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X-rays visualize Matter in Extreme Conditions

Density,
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X-rays visualize Matter in Extreme Conditions _
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X-rays visualize Matter in Extreme Conditions
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Plasma Theory does not agree with data

T T T
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Warm dense matter property: Screening and Repulsion |

very regular structure in the lattice
=  Properties of both
= Hot dense gas or plasma
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Angle (26) 16

40 |

120 |y DFT-MD simulations of
. :IEI-;:;H;::unla':!g.la i i Wam'l dEl‘ISE matter
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| |
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120

= Eaperimania dals

Density’ Bﬂ m—FT-MD
Temperature,
Pressure

| DFT-MD simulations show
co-gxistence regime

1= 1.8 ns

40

e e

120

— e s dals
e (T

CEPTE ey KIS

80

W(K)

40

0
120

- apavimaniad daln

OFT-80

 Simulations show Bragg peak and
broad fluid peak

= Warm Dense Matter co-exists with a
compressed solid

20 30 40 50 60 70
Angle (26) 17



Pseudo-Atom Molecular Dynamics shows agreement

with our findings

PAMD performed for n, and T, from
Plasmon scattering measurement

— Fletcher er af.
100 — PAND-K5
PamD-TF

w(k)

1 A
T T

FHYSICAL REVEWE 9L 03101 (A5

Maodels of the elasiic s-ray soitering falo re fer warm Je e @] wm i nem

OB Sratrar ana 0 Sanmen
Iordlomor oot fobomioey, POl Po i, Lor ddormoos, e idecion A 500, LG

» Excellent agreement with Kohn-Sham
= Detailed configuration
accounting
»  |nadequacies using Thomas-Femmi
functional
= QOrbital free modeling
= Notsuitable for warm dense
matter modeling with <50 ey

15



We determined the structure factor: a critically
important quantity describing the microphysics

" oA
L ] gy e

* Pressure « Collisions

Total 2
L =
_ it 3) = — i gy Byl 8
E}"T— o E + PI’ vilw) Fﬁ -n—’:':ur‘.u{.
lon pressure . . ) 1 mpa .
B=p°+P. f ARk VE (k) 2Sik) —[eRPA(k, w) — eRPA(k,0)]
0¥ £y

Excess jon prassure
. rI"™ n(Zey

k-‘#
P =38  124°

(k* + k2 )

ok

Jo500

Ideal gas pressure
F, = nz'k.'ﬁj-;

Equation of State, Line broadening, Stopping Powers,
Transport, Opacity....
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First application of a measured dynamic structure
factor to determine the pressure of compressed matter _

SLAC
2 g CAPIREBONIPIRY) .+ Use novel in sify measurements of
il A vssimireicia ~— JE T G 7 the electron temperature and
51 'E' density in the warm dense regime
B A + Tested microphysical models and
| i determined the physics properties

3| Slsmme e s J TetTsev | of matter in extreme conditions

: + Use data to determine pressure of
: the shock Hugoniot and isentrope
o #/- 0.TeV .

melt line ; of Aluminum

Total pressure (Mbar)

3. i := i : i ;: il _| d E

Mass density {g_.f::rn-"} L. Fletcher et & Nature Photonica®, 274 — 279 (2015
0. Chaprman et i Nzture Corim G, G834 (201 5)




X-ray scattering (Bragg, Thomson) observes novel

physical properties of warm dense matter

Plasmon damping
determines conductivity

~1 A~
T T

Coupling Parametar I

molied | Heguid

TiE ) Lk 1¢ 1
LY

» SolidAlatT=6eV

First Conductvity
measureim ents with
independent T., h, data

zraphite to diamond

Bragg & Plasmon show

P. Sperling, PRL115, (2015}

transition increasing band gap in C
= gl 8),
e SRS,
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At~1 Mbar, pyrolytic
graphite to diamond
At~2 Mbar, first observation
of hexagonal C: Lonsdakite

O Kraus, Mature Cofn, inorevie

LDacginlle [ MEL feivss
 Diamond shows an
increasing hand gap
Diamond remains
insulator at4 Mbar

CGamboa, Nature Cormen, in review




A true high-repetition rate target for high-power
short pulse laser interactios: Hydrogen jet




Super-cooled hydrogen icicle
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You see with your Byes: |
1/10"the diametef of a human hair
Jet: 5 um |
Human hair: ~50 4 *




Super-cooled hydrogen icicle

SRR e o hadowgraphy
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Unprecedented explorations of solids and HED
plasmas using x-ray scattering

Inelastic single photon X-ray
scattering (1709 @ 120Hz

1 A
T T

Single crystal X-ray diffraction
{300-55% @0 120 Hz

PI-CCD image

CS5PAD image

Radial (28 lineout

o OF XTRS spectrum
a5 , , , ,
I
5 Z
2
= 1.5
E
E 05 §00 shats 5,000 shats
G‘:Ié‘il:l - ‘EBI:II:.I ‘33‘3] e E;-EI-:I o '54_33 ‘ E‘IEEII:I 120 He 4 aeconih <] 3 econis
Enaigy |=4) A He 2 minutes 17 minuies




We recently commissioned a 30 TW laser for high-

power laser-matter interaction experiments at LCLS _

Haam aida m = & 104 i

Baam alin g w T.AT2 um

- R

Inte neity [Wem?] with Em = 0.5 J and At =50 1s

s intensities of 5 x 108 Wem-< at 5 Hz




We have begun ultrafast pump-probe experiments
using LCLS and high-power lasers

Betatron radiation at
MEC

Tiapped S0 fs Lazes
elechonz . Fuke

il ."t-. . ---'- '
G | LS Dats, 62015

Bulrhle
- - -
200-800 e x-rays

a LT LS L

- =& =

150 MeV¥ & from He-N gas
cell

 High-energy betatron
probing

1 Hz MeV proton
acceleration at MEC

Laboratory Astrophysics
at MEC

SHI00E

Isochoric heating
«  Imaging

Wi, Schumacher, F. Alhert et al

J. kim, 5. Goede, M. Gauthier et al.

Uitrafast x+ay Imaging
with 200 nm resolution

F. Fiuza, C. Buyer et al.




The LCLS x-ray laser enables scientific discoveries in
Matter under Extreme Conditions

1 A
T T

« New capabilities at the LCLS Free Electron Laser
- 102 focused x-ray photons (4-10 keV) with unprecedented resolution
« Space (200 nm)
+ Time (50 fs)
+ Energy (AE/E = 10-%)
« Coupling LCLS x rays with nanosecond shock driver lasers
- Determine the properies of matter at high densities and at high pressures
« Coupling LCLS x rays with high-power short-pulse lasers
- Visualize laser-matter interaction with ultrafast pump-probe experiments
« Summary and outlook towards LCLS-II

The coupling of high-power optical lasers with LCLS X-rays is
pushing the HED science frontier
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