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What is warm and dense?

• Strong coupling between particles

• Partial degeneracy  µ/kT ~ 0.1-10

• Partially ionized.
€ 

Γii =
(Ze)2

akbTi
> 1

RW Lee et al JOSA B 20 770, 2003

27

Γ = 1

µ = 0

spherical
compressions

radiatively
heated foils

ρ-T track for sun

104

103

102

101

100

1 101 10210-2 10-1 103
Density (g/cm3)

10-3

WDM

classical plasma

dense plasma

high density
matter

Γ = 1

Γ = 10

Γ = 100

103

104

101

102

102 104

µ = 0

100
10-4 10-2 1

WDM

hydrogen

aluminum

Te
m

pe
ra

tu
re

 (e
V)

Te
m

pe
ra

tu
re

 (e
V)

Density (g/cm3)

Figure 1. The temperature-density phase diagram for hydrogen is on the left and aluminum is on

the right. The relevant regimes are noted, as are the various values of the coupling Γ. The regions

of greatest uncertainty are roughly noted by the black outlined areas and are marked WDM. Also

indicated is the region where degeneracy will become important: it is the region to the right of

the line where the chemical potential µ = 0.
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Warm dense matter occurs in planets

• Diamond layers in Uranus and
Neptune? –(Ross, Nature 292 435 1981)

• Metallic water and the magnetic field in
Uranus and Neptune? (Stevenson, Rep.
Prog. Phys. 46, 555, 1983)

• Equation of state of H for Jupiter, how
does it separate from He? (Nettelman
et al Astrophys. J 683 1217, 2008)

• The melting curve for Fe?
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Experimental challenges in WDM

• Samples should be uniform- optical lasers intrinsically at a disadvantage.

• Scale-length long enough to be probed with spatial resolution helps.

• mm scale sample helps. If cs is 104 m/s then 1mm scale suggests 
decompression in 100ns timescale- needs energy

• Timescale for evolution suited to being probed.

• Timescale also important for equilibration, melting etc.

• Access to sample for probing. Too cold and dense for emission 
spectroscopy or optical probing.
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Generating warm dense matter

• Shock/ramp compression

o Laser driven shocks   >10Mbar1

o Z-pinches       >5 Mbar2

o Explosives3 (1-2Mbar typical but 100Mbar done) and gas guns >5Mbar4

• Volumetric heating

o Radiation from laser plasmas- solid density 50eV5

o Particle beams (e.g. laser-plasma protons)6

o X-ray and XUV lasers7

1L. Veeser and J. Solem, PRL 40, 1390 5SH Glenzer et al, PRL 90 175002
2 M. R. Martin et al, Phys. Plasmas 19, 056310 6P.K. Patel, et al., Phys. Rev. Lett. 91 125004.
3VE Fortov and VB Mintsev, PPCF 47 A65–A72 7B Nagler et al Nat. Phys. 5 693, 2009
4 e.g. JM Brown et al J. Appl. Phys. 88 5496 5



Driving intense shocks can be done with lasers

laser

Pressure/
Density

Shock at ~10km/s
Low density plasma
>1keV

undisturbed

Rankine-Hugoniot

Temp.
X-rays

Fringe shift due to pre-heat

Pressure generated typical scaling;

1014 Wcm-2 at 0.527nm means  11Mbar (1100GPa)

For 1ns drive 10Km/s suggests 10mm targets 

P(Mbar) = 8I14
3/4λ−1/2
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Ramp compression can lead to lower temperature

Fringe shift due to pre-heat

56 S. Eliezer

where γ is defined as the ratio of the specific heat at constant pressure to the
specific heat at constant volume Cp/CV . Using EOS from Eq. 3.12 and the Hugoniot
relations, and the Hugoniot curve for an ideal gas equation of state is obtained
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For example, the maximum density caused by a planar shock wave in a medium
with γ = 5/3 is 4ρ0.

Using the EOS for a constant entropy S (the second equation of 3.12), the
definition of the speed of sound defined in Eq. 3.2 and the Hugoniot relations , and
one gets the ratio M of the shock velocity to the sound velocity (or equivalently, the
flow velocity (v0 and v1) to the sound velocity in the shock wave frame of reference)
which is known as the Mach number:
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The meaning of these relations is that in the shock frame of reference, the fluid
flows into the shock front at a supersonic velocity (M0 > 1) and flows out at a
subsonic velocity (M1 < 1). In the laboratory frame of reference, one has the well-
known result that the shock wave propagates at a supersonic speed (with respect to
the undisturbed medium), and at a subsonic speed with respect to the compressed
material behind the shock. Although this phenomenon has been proven here for an
ideal gas equation of state, this result is true for any medium, independent of the
equation of state [11].

In a shock wave the entropy always increases. For example, in an ideal EOS
with the Hugoniot relation the increase in entropy during a shock wave process is
given by:

S1 − S0 = CV ln
(

P1V1
γ

P0V0
γ

)

=

[
P0V0
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]
ln
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]γ}
> 0 (3.15)

The increase in entropy indicates that a shock wave is not a reversible process,
but a dissipative phenomenon. The entropy jump of a medium (compressed by
shock wave) increases with the strength of the shock wave (defined by the ratio

Entropy generated in a shock

This means that for a given final pressure, the entropy is lower if we achieve it in steps

T

P
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time
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Isentrope

Pulse shaping is 
now routine
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The focal spot issue for laser-driven shocks
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• 100 mm can be driven at 1014 wcm-2 for 1ns with 10J, from 5 cm diameter beam

• For 100 mm spot need 5mm elements for 1m focus- only ~75 elements in 5 cm beam

• For 500 mm spot need 1mm elements for 1m focus- 2500 elements.
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FIG. 1. (a) Typical arrangement of random phasing of the laser beam for uniform target irradiation. A random-phase

plate is placed in front of a lens of focal distance f (b) Calcula. ted intensity distribution of the random-phased wave at
the focal plane. (c),(d) Observed intensity distributions of a quasispherical wave and a random-phased wave, respective-
ly. Experimental parameters are given in the text.

terference pattern is stationary in time.
We have fabricated a two-level phase plate where

the phase shift is either 0 or m. The experimental
parameters were X=1.052 p,m, a=190 mm, 1=7
mm, and f=550 mm. Figures 1(c) and l(d) show
the intensity distributions 600 p,m inside the focal
plane without and with the phase plate, respective-
ly. In this example the intensity distribution
without the phase plate shows ring structures due to
mainly the sinusoidal aberration of —X (peak-to-
valley) along the radial direction. In this paper we
cail a spherical wave accompanied with slight aber-
ration a "quasispherical (QS) wave. " In contrast
the RP wave is insensitive to the intensity nonuni-
formity and phase aberration, and the overall inten-
sity distribution is easily controllable by the proper
selection of the dimensions of the phase plate and
the focusing optics.
As in the first experiment, we irradiated solid tar-

gets with either the RP wave or the QS wave.
Planar or spherical targets were placed inside the fo-
cal position (—1300 p, m) where the laser beam di-
ameter was approximately 300 p, m on the target
surface. The laser energy was fixed at 45 J with a
pulse width of 350 ps, giving an average laser inten-
sity on the target of —2& 10'" W/cm . The inten-
sity of the RP wave was —25% less than that of the
QS wave because of the diffraction and reflection
losses of the phase plate. The direction of laser po-
larization was 22' from the vertical. Target ac-
celeration was observed by backlighting with x rays
emitted from a copper plate irradiated by a 350-ps,
140-J, 1.052-p, m laser with a time delay of 1 ns. A

1058

pinhole camera of 10-p,m spatial resolution with
40-p, m Be and 10-p,m Ai filters was used to obtain
the backlighting image at 1.1-1.4 keV. The obser-
vation direction was normal to the propagation
direction and the polarization direction of the laser
beam. The time-integrated 3rd/2 emission pattern
was also recorded normal to the laser beam pro-
pagation in a horizontal plane on a Kodak high-
speed infrared film whose H Dcurve at -3co/2 was
calibrated.
The plane target was a flat Mylar of 6 p,m thick-

ness and 1.5 mm width. The spherical target was a
glass microballoon of —350 p,m diameter and 2
p, m wall thickness filled with 10 atm D2. Figures
2(a)-(d) show the x-ray backlighting images of
these targets irradiated by one beam of the RP wave
and the QS wave. First we examine the data on the
plane target [Figs. 2(a) and 2(c)]. The density pro-
file of the rear surface of the accelerated target in
Fig. 2(a) is very smooth, and we find none of the
small-scale structures contained in the incident
wave. There is a possibility that the rear surface has
a lower temperature in this case, since the density
profile of the accelerated rear surface has a steeper
density gradient than that with the QS wave irradia-
tion [Fig. 2(c)] in which the backlighting image of
the rear surface has irregularities. In the case of the
spherical target, the rear surface of the accelerated
target also has a smooth density distribution with
the RP wave irradiation. The contour of the ac-
celerated rear surface for the RP wave has a smooth
crescent shape, whereas that for the QS wave is
flatter and more asymmetric about the optical (laser

Y Kato et al PRL 53, 1057,  1984100 micron spot
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Flyer plates are an option

X-rays

25KJ laser energy ns pulses Au on CH Au step target

Optical 
emission

e.g. Cauble et al PRL 70 2102, 1993

Flyer plate gives 
~1Gbar for 30ps based 
on shock speed

Hohlraum

A key issue is hydrodynamic stability- does the plate hit “flat” on? 
This is an issue for gas guns as well

Hydrogen

Gas	from	
explosive

Target
chamber

projectile

12 shots/year
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Explosive

Explosive

Plexiglass

Plexiglass

Fe	shell

Fe	shell

Fe	shell

Fe	shell

D2

D2

D2

Explosives can be used to compress-SKIP

For example, Mochalov et al JETP 124, 505, 2017
Cut-away of cylindrical  compression
of D2, hard X-ray radiography through the 
shells was used. In spherical compressions 
55Mbar at ~2eV was achieved.

Shocks driven reverberate in the shells to 
generate a quasi-isentropic compression.

Issues of course include how to probe with 
other diagnostics, practical issues for most 
labs in using explosive. 

120 m
m

Initial pressure >250 bar

Radiography 
follows the 
compression
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Using ion beams is possible

Absorber material Test material

‘elliptical’ ion beam

Energy deposition
>105 J/g

105 J/g for Pb is 
~1012Jm-3 ~ 10Mbar
Temp ~15eV

See: PA Ni et al LPB 26 583 (2008)
For experiments on W. 

Grinenko et al LPB 27 595 (2009) 
for conceptual study of ramp 
wave Loading

Shock/compression
driven by pressure profile Dewald et al IEEE Tran. Plasma 

Sci. 31 221 (2003) had
200MeV/u U beams depositing 
1.5kJ/g in Pb reaching 0.2eV.

For >Mbar pressures we do not have to create
A keV plasma with ion beams. Timescale >10ns
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Diagnostics for shocked WDM- Optical Pyrometry

Shock front

Tshock

Tcold

Tshock

Plasma 
glows

For T ~1eV should have strong optical emission. At high density close to BB shape but
rapid decompression makes this problematical. A tranparent window can be used shock 
condition depend on impedence match as optical properties under extreme conditions 
need to be known.

Shock break-out
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An example from Fe at 4 Mbar shock- weak glow

Shot 19 CH/Fe (6/7 um)
TR=2ns

Shock Breakout Emission

Laser pulse Fiducial,  Tlaser

Temission

Transit time= Temission - Tlaser

defined by the FWHM time. 
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Shocked  target diagnostics-VISAR

Reflection in

beamsplitter

beamsplitter

mirror

mirror
etalon

VISAR: interferometric method
e.g. Celliers et al RSI 75, 4916, 2004

‘Typical’ fringes
Bed1 Bed2

Rear of Fe target 4Mbar shock
On exit ~7x1013 Wcm-2

270 mm FOV

5ns

Rear of windowed target

Pre-breakout

Post-breakout
tim

e

72 S. Eliezer

Assuming that the negative pressure is not too large, then to a good approxima-
tion ρ = ρ0 and cS = c0, implying that the spall strength σspall is:

Σ =−ρ0c0 (umax − umin)

2
=−1

2
ρ0c0∆u ≡−σspall (3.39)

The strain ε that has been formed at the spall area is defined by ε(1D) =
∆ l/l; ε(3D) = ∆V/V = −∆ρ/ρ , where ∆ l is the difference between the final and
original lengths of the target in one dimension (1D) and l is the original length, while
in three dimensions (3D) the strain is defined by the relative change in the volume.
From the cross section of Fig. 3.4 one can measure directly the dynamic strain. One
of the important parameters, for the different models describing the spall creation,
is the strain rate ε̇ = dε/dt. High power short pulse lasers have been used to create
strain rates [30] as high as 5×108 s−1. The strain ε and the strain rate dε/dt can be
approximated by

ε̇ =
up

c0
; ε =

dε
dt

≈ 1
2c0

duFS

dt
≈ 1

2c0

∆u
∆ t

(3.40)

When the shock wave reaches the back surface of the solid target bounded by
the vacuum (or the atmosphere) the free surface develops a velocity uFS(t). This
velocity is given by the sum of the particle flow velocity up and the rarefaction wave
velocity Ur. The material velocity increase Ur is given by the Riemann integral
along an isentrope from some point on the Hugoniot (pressure PH) to zero pressure,
namely:

uFS = up +Ur

Ur =

ρ̂

ρ0

csdρ
ρ =

V (P=0)ˆ

V (PH)

(
−dPS

dV

)1/2

dV (3.41)

Layers of the target adjacent to the free surface go into motion under the
influence of the shock wave transition from V0, P0 = 0 to V , PH , and subsequent
isentropic expansion in the reflected rarefaction wave from V ,PH to V2, P0 = 0
where V2 >V0. Although these two processes are not the same, it turns out that for
up % us one has to a very good approximation, up ≈Ur ⇒ uFS ≈ 2up. It was found
experimentally, for many materials, that this relation is very good (within 1 %) up
to shock wave pressures of about one mega bar. Therefore, from the free surface
velocity measurements, one can calculate the particle flow velocity of the shock
wave compressed material. This free surface velocity together with the experimental
measurement of the shock wave velocity might serve as the two necessary quantities,
out of five (PH, V = 1/ρ , EH , us, up), to fix a point on the Hugoniot.

A typical free surface velocity measurement, in the case of the creation of a spall,
is given in Fig. 3.5b. umax (related to up in the above discussion) in this figure is the
maximum free surface velocity. At later times the free surface velocity decreases

Ur ~2Up for  ~Mbar regime

Shock 
breakout

Pre-heat shift ~1km/s
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Shocked  target diagnostics- X-ray scattering

Thomson
Cross-section

Ionic form factor

Ion-ion
structure factor

Electron-ion
correlation

Incoherent
Scatter from
bound electrons

J. Chihara J. Phys F 17 p295, 1987 
E Nardi, Phys. Rev. A 43 p1977, 1991

Free electron
structure factor

Glenzer and Redmer RMP, 81, 1625, 2009

I(k,ω ) = IT (k) fi (k)+ q(k)
2 Sii (k,ω )+ Zb Sc(k,∫ ω −ω ')Si (k,ω ')dω '+ Z f See(k,ω )⎡

⎣
⎤
⎦

Resistivity Internal energy
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An example – timescale plays a role

§ Heating to above the equilibrium melt 
temperature is possible.

§ Analysis by Luo and Ahrens suggests can 
be ~25% above equilibrium melt for Fe

§ Depends on heating rate weakly. We are 
at about 1013 K/s

§ Requires homogeneous nucleation

§ Similar seen at 14g/cc
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Omega laser 351nm 15KJ
30 beams

§ Uniform heating to 50eV at solid density but depends on low 
opacity of target to allow this.

§ Hot outer plasma at high Z may obstruct diagnostics

750 μm

600 μm

Rhodium coating
L-shell emission 2.7-3.4keV

Be cylinder

See: Glenzer et al PRL 90 175002 2003     Also   AB Zylstra et al J of Phys: Conf. Series717 (2016) 012118

approximation is typically valid for plasmas that are only
weakly collisional and ideal; e.g., the number of electrons
Ns inside a sphere of radius !s is large. The correlation
length, !s, represents the screening distance of electro-
static forces; thus, the parameter " ! 1=k!s is a measure
of the importance of the electrostatic correlations as
defined by the probe geometry. When " " 1, the scatter-
ing is only sensitive to distances shorter than the screen-
ing length, hence denoted noncollective, which is the
case in our experiments. The fit indicates Te ! 53 eV
from the spectral shape of the red wing of the broadened
Compton line in the range of 4:40 keV<E< 4:67 keV.
Figure 3(b) demonstrates the sensitivity of the spectra to
the electron temperature by comparing calculated elec-
tron feature spectra for Te ! 30, 53, and 70 eV with the
experiment. By varying the theoretical spectra within the
noise of the data, we find that Te can be determined with
an accuracy in the range of 10%–20%.

We tested the theoretical x-ray scattering spectra of the
RPA by comparing with the results in the well-known
limit of zero temperature [13–16] as well as with calcu-
lated scattering spectra assuming " " 1 for which the
spectra directly show the distribution function [6]. Since
for our conditions, the scattering regime is noncollective
(" ! 0:4), we find that the results of the RPA are indis-
tinguishable from the more conventional calculations
based on assuming a scattering spectrum that reproduces
the electron velocity distribution function. Moreover,

for the experimental data shown in Fig. 3(a), the plasma
is weakly coupled with a coupling parameter of !#
N$2=3

s ! 0:3. At these couplings, previous experiments
conducted on laboratory plasmas have shown minimal
deviations from the RPA [17].

For the cold plasma conditions [shown in Fig. 3(c)], we
infer a low temperature of Te ! 2:5% 2 eV, where the
plasma is in the degenerate state. In this regime with Te <
TF, the electron velocity distribution transitions from the
traditional temperature-dependent Gaussian Boltzmann
distribution to a density-dependent parabolic Fermi dis-
tribution with a Fermi temperature of TF ! 15 eV for Be.
In this case, the width of the Compton feature is deter-
mined by the Fermi energy [12,13], and the measured
spectrum is less sensitive to electron temperature varia-
tions resulting in larger errors.

In addition to temperature measurements, the x-ray
spectra provide the ratio of the inelastic scattering com-
ponent to the elastic scattering component (i.e., the ratio
of the electron feature to the ion feature) which is sensi-
tive to the ionization state of the plasma.When comparing
the ratio for the heated and cold Be [Figs. 3(a) and 3(c)],
we find that the relative intensity of the electron fea-
ture increases with increasing temperature. This observa-
tion indicates that the number of electrons contributing
to inelastic x-ray scattering increases when electrons
are ionized or excited into the conduction band, e.g.,
giving ne ! 3:3& 1023 cm$3 from the spectrum shown
in Fig. 3(a).

Figure 4 shows the density-temperature phase diagram
along with the experimental data and simulations. A third
data point at Te ! 22 eV has been obtained from a Be
target heated by Mo L-shell emission. The data set shows
that spectrally resolved x-ray scattering measures for the
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LASNEX

Averaged atom 
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23

FIG. 4 (color). Density-temperature phase diagram along
with the results of the x-ray scattering measurements and
simulation using the ACTEX model [18], an averaged atom
model [19], and radiation-hydrodynamic modeling [20]. The
data and the ACTEX model include the free plus weakly bound
(conduction) electrons. The averaged atom model and LASNEX
only include free (ionized) electrons.
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4.4 4.6 5.0
Energy (keV)

4.8

Heated Be
53 eV

Cold Be

ne = 3.3 x 1023 cm-3

Zf = 2.7

ne = 2.8x 1023 cm-3

Zf = 2.3

Best Fit:
Te = 53 eV

FIG. 3 (color). (a) Experimental x-ray scattering data (blue
dots) from the heated Be plasma with a theoretical fit yielding
Te ! 53 eV and ne ! 3:3& 1023 cm$3. (b) Red wing of the
scattering spectrum together with the best fit and calculated
spectra for Te ! 30 eV and Te ! 70 eV indicating that the
electron temperature is determined with 10%–20% accuracy.
(c) Experimental x-ray scattering data (blue dots) from the cold
Be indicating Te ' 2 eV and ne ! 2:8& 1023 cm$3. The green
shaded area corresponds to the Compton down-shifted feature
as obtained from the fit.

P H Y S I C A L R E V I E W L E T T E R S week ending
2 MAY 2003VOLUME 90, NUMBER 17

175002-3 175002-3

X-ray Thomson Scatter

Radiative heating with laser-plasmas- mm scale possible
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Pd foil

Al sample

Harmonic beam

To spectrometer

Key point: Expansion time for 400nm foil ~50ps: probe <1ps

Radiative heating with laser-plasmas- thin target possible
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Laser produced protons-limitations exist

Very hot plasma with hard X-rays generated.

Beam of protons diverges rapidly.

MeV electrons escape and pull protons from 
contaminants on rear surface. Conversion <10% 
into <50MeV protons. 

-+

Fast e- created by 
intense laser 
interaction >1019

Wcm-2

Beam diverges with 0.5 radian. Has been 
used to create WDM. Patel et al PRL 91 
125004 2003

105 J/g  reaches 20eV

This part was detected by a stack of radiochromic films
(RCF). The absolutely calibrated RCF give a two-
dimensional distribution of the laser-generated protons
and their energy distribution relating the penetration depth
into the RCF stack to the proton energy. The full angular
distribution including energy-dependent opening angles
and particle numbers was measured by taking shots with-
out a scattering target. This method allows us to determine
the proton spectrum for each shot leaving only the in-beam

distribution as an uncertainty source. In this experiment,
we find particle numbers in the range of 4! 1011 with
maximum energies of 17 MeV, in agreement with previous
work [16].
The measurements of the proton beam fully determine

the heating source. Using the known energy loss data for
protons in cold graphite [25], the energy deposition profile
inside the target can be calculated. For this purpose, we
used the hydrodynamic code MULTI2D modified to model
the energy deposition [26]. Utilizing tabulated EOS, the
code also generates temperature profiles. From them, the
region that underwent melting, that is where T * Tm ¼
0:39 eV, was obtained from the measured proton beam
spectrum. Figure 3 shows results based on two different
EOS models: the standard SESAME library [27] (table
7832) and an EOS that was calculated by ab initio simu-
lations [28,29]. The results from density functional theory
molecular dynamics (DFT-MD) predict a significantly
larger coexistence region related to the latent heat of
melting which generates the plateau region in Fig. 3.
The x-ray scattering geometry corresponds to a change

in the photon wave number of k ¼ ð4!E0=hcÞ sinð"s=2Þ ¼
ð3:4% 0:2Þ !A&1, where E0 ¼ 4:75 keV and "s is the scat-
tering angle. The spread originates from the finite size of
the HOPG crystal in the nondispersive direction. In the
analysis we apply x-ray diffraction where the scattering
signal is frequency integrated and thus only k dependent.
For our experiment, we must consider scattering from

systems containing solids, fluids, or both phases. Thus, the
intensity of the scattered radiation is given by

Isc ¼ CI0½VsS
tot
s ðkÞ þ VlS

tot
l ðkÞ); (1)

where the index labels solid (s) and liquid (l) properties.
The factor C includes the Thomson cross section, the

FIG. 2. Samples of RCF used to monitor the proton beam. A
picture taken with the full target (left) shows the regions that are
blocked by the target mount and the carbon sample. The right
panel shows the whole proton beam taken without a target. The
lines originate from a structure on the backside of the foil. They
were used to determine the source size.

FIG. 3 (color online). Temperature profile along the axis to-
gether with the energy spectrum of the protons used for this
simulation. The total energy deposited in the carbon sample is
180 mJ. The grey (green) area marks the region probed by x-ray
scattering.

FIG. 1 (color online). Schematic layout: a polycrystalline
graphite rod (125 #m! 300 #m! 3 mm) is heated by the
protons produced by the laser coming from the lower left. The
second laser hits a titanium foil to produce an intense x-ray pulse
which is scattered off the green region of the sample and
detected by a spectrometer above the target at 90*. The gold
shielding blocks the line of sight from the laser spots to the
scattering spectrometer as well as the front and back regions of
the carbon rod. The RCF proton detector and the source radiation
spectrometer are not shown.
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Ion beams can have advantages in volumetric heating

A. Kozyreva, M. Basko, F. Rosmej, T. Schlegel, A. Tauschwitz, D. Hofffmann, PRE 
68, 056406 (2003)

No hot outer high Z plasma. X-ray probe
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Some facilities for mm sized WDM samples

§ NIF  (1.8MJ energy at 351nm)

§ Omega laser at Rochester LLE  (30KJ at 351nm)

§ GEKKO laser FIREX II   (50KJ 527nm)

§ Orion  (5kJ at 351nm)

§ Z Sandia (>20MA)

§ Magpie Z-pinch  (>1MA)

§ FAIR (40kJ)  assuming 1012 U ions at 1Gev/u
21



§ Several methods exist for WDM creation

§ Diagnostics based on bulk and microscopic properties are 
complementary

§ Challenges in measuring temperature

§ Large ion beam facilities offer some advantages in both shock 
drive and volumetric heating

§ Reduction of radiative pre-heat at strong shocks
§ Volume heating of mid-higher Z materials

Conclusions
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Why WDM and what are the problems?--SKIP

• Why is WDM important?

• What are challenges?

• Discuss experiments and diagnostics together

• Facilities and future facilities

• Conclusions
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Characteristics of WDM-SKIP

• Strong coupling between particles

• Partial degeneracy  EF/kT  ~ 1

• Partially ionised
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The challenge of diagnostics- SKIP

§ Optical emission does not come from core only surface

§ Peak black-body emission would be ~30eV for 10eV.

§ Soft X-ray regime hard to work in.

§ Optical probing not useful.

§ Small spatial and short temporal scales.

§ Temperature is a particular issue.
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