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Warm Dense Matter

Plasma

Warm Dense Matter
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i
High energy density matter

temperature [K]

10 107 107 10™" 10° 10’ 102 10° 10*
density [g/cm?]

*R. Neutze et al., Nature (2000)
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High energy density matter

Short pulse laser
matter interaction

temperature [K]
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*R. Neutze et al., Nature (2000)
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Warm Dense Matter

transition regime
solid state «<—— hot dense plasma

properties:

0.1 — 10 times solid state density
temperature: ~5000 K up to ~10° K
pressure: ~¥1 GPa up to ~10 TPa
partially ionized

partially degenerate n.\};, &

strongly coupled ions

82

4TTE (d)

kBT ~

EF Ebond ~ eV

Planets / Brown Dwarfs / Stars
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Warm Dense Matter

transition regime Planets / Brown Dwarfs / Stars

solid state «<—— hot dense plasma m

properties: |f you can CQmpute it,

0.1 - 10 timé

it is not warm dense matter.

temperature

pressure: ~1

If you can measure it,
it is not warm dense matter.

Technology applications

partially ioni

partially deg

strongly coupled ions

2

e 1
T NEF NEbond ~ eV

kBT - 41TE (d)
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Using X-ray scattering to study partially ionized plasmas

Elastic scattering: Scattered Power:
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X-ray scattering at high energy laser systems (examples)

backward scallering

K-alpha drive beam

150J
20 ps drive
100 pm focus ‘; ns peams
transmission 250 J total
700 pm focus
smoothed

source radiation

a) 10 pm vanadium foil
b) 500 pm pinhole
¢) 100 pm carbon sample

streak camera

FHEL. XX

& Science & Technology Facilities Council
D. Kraus et al., Phys. Rev. Lett. 111, 255501 (2013) ¥ Central Laser Facility
D. Kraus et al., Phys. Plasmas. 22, 056307 (2015)
J. Helfrich et al., HEDP 14, 38-43 (2015)
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D. Kraus et al., Phys. Rev. E 94, 011202(R) (2016)
D. Kraus et al., JPCS 717, 012067 (2016)
K.-J. Boehm et al., Fusion Sci. Technol. 70, 324-331 (2016)
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How can XFELs help
-> [sochoric heating and precise scattering measurements

graphite sample

beryllium lenses

-

LCLS X-ray beam £

source spectrum
scattered X-rays monitor

HAPG spectrometer

D. Kraus et al., PPCF 61, 014015 (2019)
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i
High-quality spectra from graphite obtained at LCLS

—
o

o
-3

Detector ; O
L
&ap Inelastic @ . .
10-1 L-shell ‘ . Typical noise

I A e 1<— levelin laser
[ ' experiments

Inelastic
. K-shell

—
S
[\

scattering intensity (arb. units)

1
W

5600 5700 5800 5900 6000
photon energy (eV)

D. Kraus et al., PPCF 61, 014015 (2019)
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i
Opportunities with high-quality spectra

Graphite, T, =20 eV ;
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D. Kraus et al., PPCF 61, 014015 (2019)
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i
Opportunities with high-quality spectra

F Graphite, Z=2
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D. Kraus et al., PPCF 61, 014015 (2019)
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Isochoric heating effects on scattering spectra at LCLS
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Carbon K-edge: 10 shot average at LCLS
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D. Kraus et al., PPCF 61, 014015 (2019)
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Electronic structure of dense plasmas

Condensed matter picture Plasma (atomic) picture
Conduction band . @
Continuum N
Valence band Valence electrons
/—'OT‘Q— Core electrons Core eIect?o_’_
incident scattered incident scattered
o K-edge feature o K-edge feature
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Photon energy
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Electronic structure of dense plasmas

Condensed matter picture Plasma (atomic) picture
Conduction band . @
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Electronic structure of dense plasmas

Condensed matter picture Plasma (atomic) picture
Conduction band . @
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Effects of free electrons in dense plasma

“‘lonization potential depression” —

“pressure ionization”

“continuum lowering"

e.g. Stellar interiors
Radiative transport vs. convection

M/Msolar
0.4 1.0 25 6.3 15.8 39.8
1.0 1 =
Cm 2 Qcmtmlm
[ Raciation Zone
08 gz?o \ ? J
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mm |/
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04 p |
I
[ e
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. =
|
|

0.0 0.0

-04 0.0 04 08 12 16
Log MIMsoiar

# free electrons in dense plasma
for givenT, p

Numerous experiments and
calculations in recent years

Problem in experiments:
Determine T, p, Z + IPD at the same time

-> presented X-ray scattering method is
very promising!
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Experiment at HED instrument of European XFEL

backward
X-ray scattering

forward
X-ray scattering

(optiona|
4-bounce Si-ill
Monochromator

//—\ij

6 keV |

carbon
sample

monitor

3

X-ra_y
diffraction
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X-ray scattering spectra from diamond at the HED instrument
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X-ray focus

Graphitization imprints LiF imprints -> halo around central spot

. A
Vertical
direction

Likely CRL clipping
X-ray centre (& focus)
somewhere here

Total pulse energy: ~ 2 m)
Central spot: ~ 1.5 um diameter, ~ 2.5 eV/atom absorbed dose, ~ 5% of total pulse energy
Halo: ~ 20 um diameter, ~ 0.5 eV/atom absorbed dose
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Ultrafast disintegration / graphitization of diamond
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N. Medvedev et al., 4open (2018) https://doi.org/10.1051/fopen/2018003
N. Medvedev et al., Sci. Rep 8, 5284 (2018)

Graphitization threshold ~0.7 eV/atom

->~1.5% of valence electrons excited to conduction band (condensed matter picture)
-> jonization of ~0.06 (plasma physics picture)
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Heating effect in diamond

2000 ' dlamopd normgllzed In?ensity '

defocused
"best focus"

i slightly defocused diamond
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diffraction intensity (arb. units)

Slightly
defocused
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Exclusion plot plasma conditions in isochoric heating experiment

(diamond sample)

100 ——————

_invisible in XRTS

Experiment 2180

Experiment 2517

visible in XRTS
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10° e
102 10~
ZC

Graphitization threshold

10° 10’
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Using the 4-bounce monochromator:
X-ray Raman Spectroscopy
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(o))

Seeding:
 comparable bandwidth as
with monochromator

similar heating intensity as
with SASE

-
o
(6)]

scattering intensity (arb. units)

104 K-edge * Also interesting as in situ
probe for upcoming
diamond rep-rated drive lasers
graphite

at HED instrument

5700 5750 5800 5850 5900 5950 6000 6050
photon energy (eV)

Comparable to XANES method, most useful for bulk low-Z materials
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Collective oscillations by crossing into available states in the
conduction band -> “Plasmons”

o X-ray scattering 17.9° .
o* antibonding Conduction 107} “plasmon” + elastic -
orbital d -
© > \, |
E —20 eV
o bonding 2102 T\ >
orbital @ n | : »10 eV
e
£
10-3 3 E
E. J. Gamboa et al., Phys. Plasmas 22, 056319 (2015) ‘0'54850 2000 5050 6000 8050 6100
photon energy (eV)
“Stokes” or “Anti-Stokes”
Incoming A ) NAnti—Stokes _ hwp
photon " Wy Wy N =exp| — T
Stokes B

“detailed balance”
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Summary 7
€ i inelastic
%10""& K-edge
» Demonstrated high-quality X-ray scattering setupat HEDto | o
characterize plasma dynamics in Warm Dense Matter D mene
.
 Saw effects of heating: ultrafast disintegration of diamond . |
lattice, but not the expected significant ionization and electron - 7 Al
temperature -> most probably due to focusing problems T Smaeigey

* Demonstrated that X-ray Raman Spectroscopy is a highly
promising HED diagnostics, in particular towards rep-rated

damond

drive lasers I I_BEF —
I 10’ 5700 5750 5800 5850 5900 5950 6000 60S0

photon energy (eV)

scatiering intensity (arb. unis)

* Outlook: Experiment 2517 in April 2020 will improve focusing \
and sensitivity! n =i
10! | Imvistle in ml, T --__\]
of : Experiment 2180 I
0* / 10 5 o 0

Graphitization threshold
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