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Outline

»Motivation: creating ‘warm dense matter’.

» The choice of aluminium.

v

First Experiments on FLASH at 92 eV.
» Making transparent aluminium (saturable absorption in the XUV).
> The electronic structure of warm dense matter.
> The energy budget.

Experiments on LCLS at 1400 - 1800 eV.
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» Measuring lonisation Potential Depression (Al, Mg, Si)
> DFT Theory of IPD
> Saturable absorption at > 1500 eV.

» First measurements of collisional ionisation rates at solid densities.
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Creation of uniform, optically-thin solid-density plasmas ~120 atoms across.
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Historical context: re-climbing Moseley’s ladder.
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High energy-density systems: Warm and Hot Dense Matter

Hydrogen Phase Diagram Aluminium Phase Diagram
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X-ray lasers can isochorically heat matter - no hydrodynamic expansion
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Electronic structure of Aluminium (Z=13)

Neutral Al
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Aluminium has a relatively simple Neon-like core, but already displays ‘plasma’ conducting behaviour as a trivalent
prototypical metal. The atomic physics is simple enough to be tractable, yet complex enough to be interesting.
As such, it is the element of study for many warm dense matter experiments.
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Electronic structure of Aluminium

Neutral Al
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Ejection of the L shell electron shifts the L-edge

92eV photon

Photo-ionization 73eV Photo-ionization

The reduced shielding shifts
the L-edge, and photons can

no longer be absorbed until

the electron recombines with

a lifetime of 40-fs, but this is
longer than the 15-fs pulse length.

K: 1s2

Meanwhile, the electron starts to
thermalise with the Fermi sea, heating
it up.
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Saturation of L-shell holes, and homogeneous isochoric heating

always relatively high absorption
at the start of the pulse.
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Probing the electronic structure of a solid density plasma

Low Intensity XUV Laser
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The environment surrounding the recombining ion changes with
increasing saturation, and the average free electron density changes
from 3+ to 4+. This will alter the electronic structure (the density of
states) and therefore the observed XUV emission spectrum, where we
see fluorescence as electrons recombine from the continuum.
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Probing the electronic structure of a solid density plasma
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The emission spectra show the shape of the density of states of the ionised plasma. The inferred temperatures
will be below those predicted to exist at the end of the pulse, as the continuum electrons are heated by the
Auger effect as recombination occurs.

There is good agreement between experiment and ab initio Density Functional Theory calculations of the density
of states. Phys. Rev. Lett, 104, 225001 (2010)
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Energy Budget: Highest Intensities

Auger decay + fsec collisions

collisions 20eV : 7eV
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Energy Budget: Highest Intensities

20eV
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Energy Budget: Highest Intensities

 After several picoseconds we expect the target to disassemble, and see atomic spectra. We only
see Al IV lines, consistent with assumed final temperatures of order 6-eV. Little evidence of Al V.

Al IV, 2s22pb - 2522p°3s
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Phys. Rev. Lett, 106, 164801 (2011)
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The experiment at the Linac Coherent Light Source
X-ray Free-Electron Laser

LCLS pulse

Photon energy: 1460-1830 eV
Pulse length < 60 fs
Pulse Energy ~1.5 mJ

Bandwidth ~ 0.4% Bragg
crystal

CCD

X-ray spectrometer: K-alpha
emission Al around 1500 eV

— S

1 micron thick Al )
sample Diode

Peak Intensity ~10'7 W cm-2

Vinko et al., Nature 482, 59 (2012)
Ciricosta et al., PRL 109, 065002 (2012)
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Electronic structure of Aluminium

Neutral Al
LCLS

Photo-ionization

Attenuation Constant (4m")
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Electronic structure of Aluminium

Neutral Al
LCLS

K-alpha emission

Attenuation Constant (4m")
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Core-hole lifetime ~1fs
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Electronic structure of Aluminium

Neutral Al: lonized Al: e.g. 6+

6
2p 00

K-edge

K: 1s?

v

Note that both the K-edge energy, and the K-a energy increase
with increasing charge state.
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The FEL creates core holes, and the dominant heating is Auger

Energies not to scale!

=@ O

=C=0O=

Important to note: the heated continuum - many tens of eV, can further collisionally ionise the system.
No K-a will be seen if the K-edge energy of an ion exceeds the photon energy of the X-Ray Laser.
Temperature of plasma insufficient to excite n=2. We only see the K-shell emission while th x-ray laser is

on.
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If the FEL photon energy is too low, no K-a generated

Energies not to scale!

L: 2s2 2p®

Tuned JFEL

K: 1s? photon|| energy

=@ O

Important to note: the heated continuum - many tens of eV, can further collisionally ionise the system.
No K-a will be seen if the K-edge energy of an ion exceeds the photon energy of the X-Ray Laser.
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Energy of x-ray FEL excitation (eV)
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K-shell spectroscopy of Hot Dense Aluminium
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K-shell spectroscopy of Hot Dense Aluminium
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We observe very clean absorption thresholds
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Isolated atom

In dense systems at some
radius outer orbitals may
overlap — these can no
longer be considered
bound to a specific ion =
jonised.

This means the energy
required to ionise a bound
state is reduced as the
density increases:

lonization Potential
Depression (IPD)

Figure taken from

Umstadter, Physics 5, 88 (2012)
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Some simple lonization Potential Depression models

> Analytical models used when fast calculations required (atomic kinetics, hydrodynamic
codes, etc.):

> lon-sphere (compute total energy of free electron in Wiegner-Seitz ion sphere, originates from

condensed matter theory):
3 262 4—7T7“3 .
Al g = ——— 3 'SP =N
2 dmegrsp
> Debye Huckel (calculate electrostatic energy of electron/ion + Debye cloud, works in weak-
coupling): 5
ze
Alpy = ——
4TegAp
» Stewart & Pyatt model, 1996, used in almost all atomic kinetics models (bridges between the
two above): 2/3
kgT 3(z* +1)ze?
ZXISP = +1 —1
2(z* + 1) AegApksT

> Ecker & Kréll model, 1963, (different Z scaling, matches LCLS data)

262 Am 4 1

AT eoTEK 3
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Some simple lonization Potential Depression models

> Analytical models used when fast calculations required (atomic kinetics, hydrodynamic
codes, etc.):

lo os from

Based on Debye screening: at solid density there is &8

less than 1 electron per Debye sphere!

= 1 —1
2(z* + 1) AegApksT i

Ecker & Kréll model (different Z scaling, matches LCLS data)

2
Ze A7 1
AIEK — C 3 T%K =

ATEQTEK

Preston et al.,, HEDP 9, 258 (2013)
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If we can identify these thresholds with K-edges, then:
Experimental IPD = Atomic edge - Measured edge
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Experimental measurement of IPD on LCLS

~50 eV!
: ! IARRE RARAS RERRS RARL
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Note: M-shell always in continuum according to EK model.

Note: we do NOT claim EK model is ‘correct’, only that it fits this case. It is
also a crude semi-classical model. Phys. Rev. Lett, 109, 065002 (2012)
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Modelling the date via collisional-radiative super-configuration
code SCFLY

> Proven to work in modelling intense X-ray interaction with atoms in the collision-less
regime

Al super-configurations up to n=3 included with appropriate degeneracy

> Self-consistent temperature calculated via X-ray deposition within duration of pulse
»  Spectral synthesis via a super-configuration transition array model

> Included opacity via escape factor formalism, IPD via IS, SP and EK models

> We perform simulations at 24 intensities, and weight them according to experimentally
measured profiles of the x-ray focal spot.

> There is no fit to the data - we simply run the code for the experimental photon energy
and intensities, and simulate the spectrum.

> The only adjustable part is the model for ionisation potential depression

justin.wark@physics.ox.ac.uk
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Continuum lowering results on LCLS
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Continuum lowering via Density Functional Theory

> There is a fundamental problem with the way we think of continuum lowering
> cannot explain the experimental observations: EK works only in some cases, SP only in others

> we seem to be missing some physics

» Treatment of shells near continuum (M-shell) in analytical models is very poor
> models need a sharp cutoff to what is physically a continuous process
> states within a shell not always treated individually

> we should not need to artificially separate states into ‘bound’ and ‘free’

> Lets try a different approach that we know works for ground-state metals:
> Calculate IPD independent of a specific analytical model
> Want the results to be consistent with relevant atomic physics and thermodynamics
> Applicable to the plasma conditions reached on LCLS

» Extend beyond the average atom picture, and we do NOT assume spherical symmetry.

justin.wark@physics.ox.ac.uk
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Continuum lowering via DFT - simulation box
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Continuum lowering via DFT - add the ions

PAW Potentials to simulate ion core + inner shell bound electron states
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Find the free-electron density via finite temperature DFT
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Excited state PAW potentials

» Core-excited (rather than ionised) = global charge neutrality of the system

> PAW (projector augmented wave) formalism is key

>

>

allows for frozen-core, all-electron potentials
can calculate all core wave functions for excited atomic configurations to whatever accuracy required

can freeze holes in core states — allows for a fully 3D multi-centred approach of charge states which are
integers (no average atom approximation for ionization)

charge state independent of temperature/density: can model equilibrium (pick the right temperature for
the mean chosen ionization) or non-equilibrium systems (in terms of the ionization), includes some
fluctuations (ensemble of integer charge states is simulated directly),

can reconstruct the “real” valence density everywhere, including on ionic cores, where overlap with core
wave functions becomes relevant. No spherical symmetry assumed.
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Calculate the IPD from first principles - Roadmap

Generate pool of excited-

configuration PAW potentials with
frozen inner shell core-hole states

justin.wark@physics.ox.ac.uk

44



Calculate the IPD from first principles - Roadmap

Generate pool of excited-
configuration PAW potentials with
frozen inner shell core-hole states

FT-DFT calculation:
minimize energy

under constraint of
potentials

Input: ion structure (crystal),
charge state distribution and
temperature

justin.wark@physics.ox.ac.uk
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Calculate the IPD from first principles - Roadmap

Generate pool of excited-
configuration PAW potentials with
frozen inner shell core-hole states

FT-DFT calculation:
minimize energy

under constraint of
potentials

Input: ion structure (crystal),
charge state distribution and
temperature

Identical to above,
but with additional

1 K-shell hole in ion
of interest
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Calculate the IPD from first principles - Roadmap

Generate pool of excited-
configuration PAW potentials with
frozen inner shell core-hole states

FT-DFT calculation:
minimize energy

under constraint of
potentials

Input: ion structure (crystal),
charge state distribution and
temperature

K-edge via

free-energy
difference

Identical to above,
but with additional

1 K-shell hole in ion
of interest

Vinko, Ciricosta & Wark, Nature Comm 5, 3533 (2014)
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Calculate the IPD from first principles - Roadmap

Generate pool of excited-
configuration PAW potentials with
frozen inner shell core-hole states

FT-DFT calculation:
minimize energy
under constraint of

Input: ion structure (crystal),
charge state distribution and
temperature

potentials

K-edge via IPD!

free-energy
difference

Identical to above,
but with additional

1 K-shell hole in ion
of interest

Vinko, Ciricosta & Wark, Nature Comm 5, 3533 (2014)
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What do we calculate?

1s states 2s states

Density of States

2p states

3s states

Populations selected in creation of the potential
Calculated in the single atom limit (radial DFT,
Hartree-Fock-Dirac, etc.)

Energy

Determined from 3D DFT calculation: the
lowest energy configuration possible given
our choice of the core (still formally ground-
state)

Populations determined by chosen
temperature via the Fermi-Dirac distribution

justin.wark@physics.ox.ac.uk




Al continuum structure at different temperatures

Atomic-like 3s state
05 . |
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K-shell spectroscopy of Hot Dense Aluminium: 3+
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K-shell spectroscopy of Hot Dense Aluminium: 6+
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Comparison of calculations with experiment: Aluminium
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Comparison of calculations with experiment: Aluminium
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Comparison of calculations with experiment: Aluminium
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DFT method reproduces experimental IPDs

Electron interactions with ions and other electrons remains strong in the conditions generated on LCLS.
At solid density, continuum states are formed due to the interaction of M-shell states which form
the conduction band (tight-binding picture).

1 O I I I I [ I I I I [ I I I I [ I I I I [ I I I I [ I

- Aluminium Atomic core density 7+ .
B — Atomic valence density 7+ -
8 —— Average valence density
B — DFT1eV -
B — DFT10eV -
B — DFT 25¢eV -
O DFT 50 eV —
B — DFT75eV

DFT 100 eV

Electron density 4riréo(r) (ao™)

Vinko, Ciricosta & Wark, Nature Comm 5, 3533 (2014)
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Atomic bound-bound transitions can be a good
approximation for bound-free edge

Atomic Continuum

Higher states

I IPD Conduction band

M: 3s2 3p

°I' ° * K-M bound bound - - °|* -
transitions
model the K-edge

Isolated Al Atom Al Atom in metal
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Outline

»Motivation: creating ‘warm dense matter’.

» The choice of aluminium.

v

First Experiments on FLASH at 92 eV.
» Making transparent aluminium (saturable absorption in the XUV).
> The electronic structure of warm dense matter.
> The energy budget.

Experiments on LCLS at 1400 - 1800 eV.

v

» Measuring lonisation Potential Depression (Al, Mg, Si)
> DFT Theory of IPD
» Saturable absorption at > 1500 eV.

» First measurements of collisional ionisation rates at solid densities.

v

Creation of uniform, optically-thin solid-density plasmas ~120 atoms across.

v

Historical context: re-climbing Moseley’s ladder.

justin.wark@physics.ox.ac.uk

58



The experiment at the Linac Coherent Light Source
X-ray Free-Electron Laser

LCLS pulse

Photon energy: 1460-1830 eV
Pulse length < 60 fs
Pulse Energy ~1.5 mJ

Bandwidth ~ 0.4% Bragg
crystal

CCD

X-ray spectrometer: K-alpha
emission Al around 1500 eV

— S

1 micron thick Al )
sample Diode

Peak Intensity ~10'7 W cm-2

Vinko et al., Nature 482, 59 (2012)
Ciricosta et al., PRL 109, 065002 (2012)
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Saturable absorption at 1.5 - 1.8 keV ~ 10" Wecm™

€
103 1 ‘
< - e Data
8 =2 08 —Experimental trend.
o o -+Cold (CXRO)
S B0.6 Simulation
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1550 1600 1650 1700 1750 1800 1850 Photon Energy (eV)
Photon Energy (eV)

Saturable absorption occurs due to ‘burning through’ of charge
states such that the K-edge of the highly charged ions lies above
the FEL photon energy. Thus at the higher photon energies we need
to wait until the end of the pulse to lower the absorption, and it is
not so effective.

Note: the mechanism is different from that in the XUV, where we were
‘beating’ a longer (40-fsec) Auger rate.

Phys. Rev. Lett. 114 015003 (2015)
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Evolution of charge states and opacity

FEL energy is 1670 eV, just below k-edge of 7+
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Final absorption will be the integral over time and weighted intensities.
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Outline

>Motivation: creating ‘warm dense matter’.

» The choice of aluminium.

v

First Experiments on FLASH at 92 eV.
» Making transparent aluminium (saturable absorption in the XUV).
> The electronic structure of warm dense matter.
> The energy budget.

Experiments on LCLS at 1400 - 1800 eV.

v

» Measuring lonisation Potential Depression (Al, Mg, Si)
> DFT Theory of IPD
» Saturable absorption at > 1500 eV.

» First measurements of collisional ionisation rates at solid densities.

v

Creation of uniform, optically-thin solid-density plasmas ~120 atoms across.

v

Historical context: re-climbing Moseley’s ladder.
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If the FEL photon energy is too low, no K-a generated

Energies not to scale!

L: 2s2 2p®

Tuned JFEL

K: 1s? photon|| energy

=@ O

Important to note: the heated continuum - many tens of eV, can further collisionally ionise the system.
No K-a will be seen if the K-edge energy of an ion exceeds the photon energy of the X-Ray Laser.
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If the FEL photon energy is too low, no K-a generated

Energies not to scale!

Not quite true!

L: 2s2 2p®

Tuned JFEL

K: 1s? photon|| energy

=@ O

Important to note: the heated continuum - many tens of eV, can further collisionally ionise the system.
No K-a will be seen if the K-edge energy of an ion exceeds the photon energy of the X-Ray Laser.
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Experimental measurement of collisional ionization
rates on LCLS
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Experimental measurement of collisional ionization
rates on LCLS
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Clear steps in emission are
observed below the K-edge of a

given charge state!
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Process that produces Kq emission

©

LCLS Pulse
K-shell

r\j\f\J’ Photoionization

Ka photon

AVAVAV

Radiative

<

©
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Process that produces Kq emission

L-shell collisional >
ionization

LCLS Pulse
K-shell

r\/\f\J’ Photoionization

Ka photon

AVAVAV

Radiative

<

©
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Process that produces Kq emission

L-shell collisional
lonization

LCLS Pulse K-shel K-edge is too high

r\/\f\f Photoionization for photoionization:

no emission!

Ka photon

U\
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Radiative
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Process that produces Kq emission

LCLS Pulse
K-shell

Photoionization

L-shell collisional
ionization

Ka photon

Ka photon
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Radiative
Radiative
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Process that produces Kq emission

K-shell
Photoionization

L-shell collisional > L-shell collisional >
ionization ionization

Ka photon

N
BVAVAV -
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LCLS Pulse 1

Ka photon
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Collisions occur within Auger lifetime of K-shell

Above-edge Below-edge Above-edge Below-edge
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We can model the effect of stronger/weaker collisions
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Rates are underestimated by a factor between 3 and 5!

First measure of collisional ionisation rate in a dense plasma.
Nature Comm 6, 6397 (2015)
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Outline

»Motivation: creating ‘warm dense matter’.

» The choice of aluminium.

v

First Experiments on FLASH at 92 eV.
» Making transparent aluminium (saturable absorption in the XUV).
> The electronic structure of warm dense matter.
> The energy budget.

Experiments on LCLS at 1400 - 1800 eV.

v

» Measuring lonisation Potential Depression (Al, Mg, Si)
> DFT Theory of IPD
> Saturable absorption at > 1500 eV.

» First measurements of collisional ionisation rates at solid densities.

v

Creation of uniform, optically-thin solid-density plasmas ~120 atoms across.

v

Historical context: re-climbing Moseley’s ladder.
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Intensity
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Optical depth plot for 50nm Mg at FEL pump = 1700eV

Optical Depth contour plot for Magnesium, thickness = 50 nm, at Eg¢| = 1700eV
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We predict that we need a 25-50 nm target to have an optical
depth less than 1 (i.e 120 - 240 atoms thick).
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Outline

»Motivation: creating ‘warm dense matter’.

» The choice of aluminium.

v

First Experiments on FLASH at 92 eV.
» Making transparent aluminium (saturable absorption in the XUV).
> The electronic structure of warm dense matter.
> The energy budget.

Experiments on LCLS at 1400 - 1800 eV.

v

» Measuring lonisation Potential Depression (Al, Mg, Si)
> DFT Theory of IPD
> Saturable absorption at > 1500 eV.

» First measurements of collisional ionisation rates at solid densities.

v

Creation of uniform, optically-thin solid-density plasmas ~120 atoms across.

v

Historical context: re-climbing Moseley’s ladder.
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Reclimbing Moseley’s Ladder

Near Experimental Hall (NEH)
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Moseley used the K-a emission from Moszzsr. Phil. Mag. Ser. 6, Vol. 26, PL XXIIL
different elements to sort the elements in
the periodic table (1913-1915).
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A century later, 2015, we are using the

K-a emission from a single element, with
different ionisation stages, to determine the
behaviour of elements under extreme
conditions

T 1625

x—ray FEL excitation (eV)

In some ways it is as though we are climbing

one step, the first step, of Moseley’s ladder in
mu Itl p I e .tl ny St ep S. Figure 2 Moseley's plate from The High-Frequency Spectra of the Elements.
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Henry (‘Harry’) Gwyn Jeffries Moseley, from Trinity College, Oxford used measurements of the wavelengths of K-
of the elements to put the periodic table in the correct order. He was shot in the head by a sniper in Gallipoli on
10th August 1915, aged just 27.

“In view of what he [Moseley] might still have accomplished ... his death might well have been the most costly
single death of the War to mankind generally”, Isaac Asimov
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Conclusions

» X-Ray lasers have revolutionised our ability to create and diagnose solid-density plasmas with well
controlled temperature and electron density distributions. They can uniformly heat matter before
expansion.

» Basic optical phenomena, such as saturable absorption, previously confined to the optical regime, have
been demonstrated in the XUV and X-Ray regions - though based on differing physical mechanisms in
each case.

» The solid-density plasmas generated by LCLS only emit K-shell radiation during the <100fsec pulse,
allowing accurate diagnosis well before hydrodynamic motion.

» The basic mechanisms and rates for ultra-intense X-Ray absorption are understood.

» Accurate measurements of the K-edges of ions in Al, Mg and Si plasmas show that the ionisation
potential depression is far greater than standard semi-classical theory.

» Full ab initio finite-temperature multi-centre (non-spherically-symmetric) DFT calculations are in excellent
agreement with measurements.

» We can gain a measure of femtosecond collisional ionisation rates by observing ‘leakage’ of K-a radiation
from one charge state to the next.

» Optically-thin solid-density plasmas, just 120 atoms across, show potential for us to interrogate line-
shapes and kinetics.
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