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ÅHeat transport across warm dense matter interfaces
ÅObservation of Interfacial Thermal Resistance at Extreme Conditions

ÅDirect ion temperature measurements at free electron lasers
ÅBond strength in non-equilibrium gold

ÅElectron ion equilibration in warm dense matter

ÅSuperheating beyond the entropy catastrophe

ÅForward Scattering
ÅSound speed in warm dense methane

ÅPhonon dispersion and temperature through detailed balance
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Key Question: Can we directly measure 
transport properties in warm dense matter?

Transport Coefficient Comparison Workshop 2 (July 2023, LLNL)

άtransport coefficients including thermal and electrical conduction, electronςion 
coupling, inter-ion diffusion, ion viscosity, and charged particle stopping powers.έ

L. Stanek et al. Phys. Plasmas 31, 052104 (2024)
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Thermal Conductivity affects the temperature profile of a system

ÅThermal conductivity refers to a ƳŀǘŜǊƛŀƭΩǎ ability to transport heat 
and is the basic microscopic quantity that governs the atomic level 
energy transport.

ÅHow much heat is conducted, and how quickly it conducts, are 
dependent on the materials involved and the initial temperature 
gradient

ÅCharacteristic scales: Ўὶ ‌ɝὸ

ÅFor WDM materials: ɝὸͯὲίȟ‌
 
ͯ ϳ  OЎ►ͯⱧ□ 
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Temperature ratio as a function of distance, at various time delays. 
Y. Ping et al. Phys. Plasmas 22, 092701 (2015) 



A pressure ς equilibrated interface allows for investigation of temperature gradients

ÅIsochorically ς heating a tamped system ς such as a metal wire inside plastic ς creates an expanding interface

ÅAs it expands, we have hot metal next to a cooler plastic, setting up the temperature gradient

ÅIf the tamper can hold the expansion of the inner material, the pressure on either side of the interface is 
equilibrated ς> Pinside = Poutside 

ÅOf course, we ŎŀƴΩǘ see heat, only its effects on density

ÅFor a constant pressure, a change in the temperature profile will inversely affect the density profile ὖᶿ ”Ὕ
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Pinside Poutside

Heating 
X-rays

Tin > Tout

ín > ́ out

Tin > Tout

ín < ́ out

Pin = Pout



ÅAt a pressure ς equilibrated interface, the temperature profile is continuous, but the density develops a 
discontinuity at the interface

ÅThe metal next to the interface is hotter than the plastic, but cooler than metal further from the interface

ÅThe metal densifies towards the interface as it deposits heat into the plastic

ÅThe opposite happens for the plastic, which is hottest and least dense immediately next to the interface

ÅThe scale lengths of the material on either side of the discontinuity are on order of a micron, and the shape will 
heavily depend on thermal conductivity

Thermal conduction will alter density gradients ς how much?

7

How do we see 
something with 
micron spatial 
resolution 
inside NIF or 
Omega?



ÅAt a pressure ς equilibrated interface, the temperature profile is continuous, but the density develops a 
discontinuity at the interface

ÅThe metal next to the interface is hotter than the plastic, but cooler than metal further from the interface

ÅThe metal densifies towards the interface as it deposits heat into the plastic

ÅThe opposite happens for the plastic, which is hottest and least dense immediately next to the interface

ÅThe scale lengths of the material on either side of the discontinuity are on orSder of a micron, and the shape will 
heavily depend on thermal conductivity

Thermal conduction will alter density gradients ς how much?
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Density

Temperature
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Using a 1 µm wide slit gives a micron-scale source for X-ray radiography

HYDRA Simulations

L. Divol

Å By placing a micron-wide slit in front of the source, 
we have the spatial resolution to see micron-scale 
scale length changes

Å A micron-scale source will also have the spatial 
coherence to be sensitive to interference (refraction, 
diffraction) effects

Å At a sharp boundary between two WDM materials, 
we will have absorptive, refractive, and diffractive 
effects
Å The combination of these features will be 

unique to the density profile across the 
boundary and the imaging geometry
Å From the evolving density profile of a 

system, we can determine the thermal 
conductivity for the involved materials

Å²Ŝ Ŏŀƭƭ ǘƘƛǎ άCǊŜǎƴŜƭ 5ƛŦŦǊŀŎǘƛǾŜ wŀŘƛƻƎǊŀǇƘȅέ όC5wύ

SEM images of 
the Focused 
Ion Beam (FIB) 
Ta slits 
manufactured 
at UNR

1 ˃ Ƴ {ƭƛǘ ƛƴ ¢ŀ tƭŀǘŜ

V Backlighter Foil

V He- 5h.2 keV

10x450J, 1 ns
BL Beams

Top Down
Detector 
(+100 cm)

M ~ 77



Å Imaging geometry or source characteristics means that most X-ray 
imaging is based upon absorption contrast

Å For small source sizes and large propagation distances, we move into 
the phase-contrast imaging (PCI) / refraction-enhanced radiography 
(RER) regime, with improved contrast at weakly absorbing interfaces

Å Additionally, diffraction fringes occur from material boundaries, but are 
frequently overshadowed due to larger refraction fringe scales*
ÅDiffraction becomes important at Fresnel numbers F ~ 1

Ὂ   

where f is related to geometry and a is the scale length
άCǊŜǎƴŜƭ 5ƛŦŦǊŀŎǘƛƻƴέ

Å The major difference between this work and previous RER experiments 
is the sensitivity to diffractive effects

The micron-sized source introduces interference effects

Absorption PCI

10*J. Koch et al. J. Appl. Phys. 105, 113112 (2009)



Point source X-ray radiography maintains a consistent shape with increasing propagation distance

11
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The experiments rely on precise alignment between the slits and the wires

Å The initial experimental goal for the Omega shots was to achieve micron-scale spatial resolution with FDR
Å The alignment of the wire and the slit is critical to maximize the resolution capabilities of the platform

Å Each degree of relative tilt of with respect to parallel introduces ~ 0.5 m˃ of source broadening
ÅWe achieve ~ 2 ˃m  source size, due in part to the tapering of the slit

Preliminary data 
from Schölmerich/ 
Döppner 
March 2023

Imaging a sphere 
with a slit 
demonstrates that 
the alignment 
between the slit and 
the interface is 
important

5
 m

m

CHVacuum



Human Hair: ~100 µm diameter 
Optical wavelength: 532 nm
We perform the same experiment, but at 1000x smaller scale

Diffraction patterns are very useful for measuring small objects

13



Mass Density

Temperature
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We use FDR to image an isochorically heated buried wire



Mass Density

Temperature
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We use FDR to image an isochorically heated buried wire

HYDRA Simulations

L. Divol



The FDR platform has achieved amazing results 
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t = 0 + 2 nst = 0 ns t = 0 + 4 ns t = 0 + 6 ns

~450 ˃ m

~
4

5
0

 ˃
m

Å The primary XRFC diagnostic recorded excellent data, allowing for a time sequence over multiple shots/targets

Å Target positioning on the detector sometimes left data on the edge (as in 100085) ς more recent target designs 
have improved fiducials allowing for much more repeatable placement

Shot 100081 Shot 100078 Shot 100084 Shot 100085



Target alignment has been improved greatly with 3d printed target frames



ÅThe notable features in the expanded system 
include:
Å² ǿƛǊŜ ŜȄǇŀƴǎƛƻƴ όϤп ˃Ƴ Ҧ Ϥнл ˃Ƴύ
ÅOutgoing shock waves
ÅRarefaction features from expanded outside 

edge

ÅThe data is extremely symmetric, especially around 
the interface region we are interested in

ÅBy taking data at different times, we can track the 
evolution of the interface changing over time
ÅGoal is to determine the shape of the 

interface to determine thermal conductivity

18

t = 0 ns

t = 4 ns

Shot Image

The evolving system and its features can tell us about the properties of the materials 

Shock

Rarefaction



The key piece of analysis is forward modeling of the diffraction-refraction patterns

19* A. Pogany et al. Rev. Sci. Inst. 68 2774 (1997)

ÅWe have developed a code that solves the Fresnel-Kirchoff Equation* for a parameterized density profile, 
calculating both refractive and diffractive effects

ÅThe cold data gives us excellent agreement with a known step-like density profile and a <2 um source size



For the hot data, we utilized parameterized density profiles at the interface 

20

ÅWe created parameterized density profiles and 
simulated the diffraction patterns to match the data

ÅRequires material and density as functions of radius

ÅGoing from outside in to be self-consistent:
ÅUse the plastic data to determine the radial 

density profile for the target up to the shock 
wave

ÅParameterize the W-CHF interface to include a 
discontinuity, expanded W radius, and CHF 
density after the shock

ÅInitial material parameters need to be the consistent 
for all shots ς the coated wires were made at the 
same time
ÅSimilar W radius, similar CHF radius



These parameterized density profiles have been fantastically successful

21



Use of Bayesian Inference to Determine Uniqueness

22*M. F. Kasim et al. Phys. Plasmas 26, 112706 (2019)

ÅTo help determine the accuracy of 
our density profiles, we use 
Bayesian inference / MCMC in the 
style of Kasim et al.* to sample 
phase space for the parameterized 
interface and provide error 
estimates

How do we get 
the 

temperature 
from density?



Capturing the shock in our data allows us to find a temperature

23

ÅThe plan: If we have a density and a pressure, we can 
calculate a temperature

ÅUsing FEOS tables for both the W and CHF, we can 
determine the matching pressure across the interface
ÅBoth the W and CHF should be subjected to the same 

X-ray flux ς cross-over point is the equilibrium pressure

ÅThe outward travelling shock in the CHF can be used to 
determine the pressure after the shock and near the 
interface from a form of Hugoniot Relations:

ÅThe three data points (0, 2.3, 4 ns) are used to estimate the 
shock velocity at the 2.3 ns
ÅThis ends up being r θ t0.8

 from previous wire explosion 
work on pulsed power machines 

Ўὖ  ό ”  



The temperature profile features a discontinuity at the interface

24

Persistent ɲT



The temperature profile features a discontinuity at the interface

25

Persistent ɲT

ά²Ƙȅ ƛǎƴΩǘ ǘƘŜ ƘŜŀǘ ŘƛŦŦǳǎƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ƛƴǘŜǊŦŀŎŜΚΚΗΗΗΗέ







This is not a new 
phenomena!



The temperature profile features a discontinuity at the interface

29

ÅWe infer the radial temperature profile of our system from the FEOS* tables, and find a discontinuous temperature 
jump at the interface

Å This is a temperature discontinuity resulting from interfacial thermal resistance (ITR)**
Å Due to differences in heat carriers between materials
Å Experimentally measured for solid-solid1, solid-liquid2, and solid-gas3 interfaces; MD simulations for liquid-liquid4

Å To our knowledge, it has not been explored for WDM or dense plasmas

Schematic Diagram of interfacial thermal resistance. 
J. Chen et al. Review of Modern Physics 94, 025002 (2022)

1. E. T. Schwartz & R. O. Pohl. App. Phys. Let. 51, 2200 (1987)
2. G. L. Pollack. Rev. Mod. Phys. 41, 48-81 (1969)
3. M. S. de Smolan. Phil. Mag. 46, 279 (1898)
4. H. A. Patel et al. Nano Let. 5, 2225 (2005)

* S. Faik et al. Comp. Phys. Comm. 227, 117 (2018)   ** J. Chen et al. Rev. Mod. Phys. 94, 025002 (2022)

Persistent ɲT



The data at 2.3 ns can be evolved to match the data at 4 ns

30

Å To extract quantitative numbers, we evolve 
ƻƴŜ ǘƛƳŜ ǎǘŜǇ ǘƻ ǘƘŜ ƴŜȄǘ ǳǎƛƴƎ CƻǳǊƛŜǊΩǎ [ŀǿΥ

ÅWe get a quantitative number for the ITR that 
is comparable to previously measured metal-
insulator systems at room temperatures*:

Å RInt Ғ оΦтȄмл
-9 K m2/W

Å GInt = 1/RInt Ғ нтл a²κƳ
2/K

*J. Chen et al. Rev. Mod. Phys. 94, 025002 (2022)

ήὶȟὸ ‖ɳὝ
ЎὝ

Ὑ

ὐ

ά ί



The data at 2.3 ns can be evolved to match the data at 4 ns

31

Å To extract quantitative numbers, we evolve 
ƻƴŜ ǘƛƳŜ ǎǘŜǇ ǘƻ ǘƘŜ ƴŜȄǘ ǳǎƛƴƎ CƻǳǊƛŜǊΩǎ [ŀǿΥ

ÅWe get a quantitative number for the ITR that 
is comparable to previously measured metal-
insulator systems at room temperatures*:

Å RInt Ғ оΦтȄмл
-9 K m2/W

Å GInt = 1/RInt Ғ нтл a²κƳ
2/K

We expect similar effects at many interfaces in 
the HED regime, however the theory is still a 
work in process. For e--e- scattering:

ήὶȟὸ ‖ɳὝ
ЎὝ

Ὑ

ὐ

ά ί

*J. Chen et al. Rev. Mod. Phys. 94, 025002 (2022)



Discussion topics
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5th year GRA



Short pulse (fs) laser induced warm dense matter (WDM) creates highly non-equilibrium state

33

Å Interesting thermodynamic behavior 

ÅChanges to interatomic potential from hot 

electrons has been predicted

Non-equilibrium

Warm Dense Matter

ÅNon-equilibrium refers to Local Thermodynamic Equilibrium (LTE)

Ballistic
Electrons

Ω



Ab initio calculations indicate changes to bond strength in nonequilibrium gold WDM

ÅDebye temperature —  acts as a proxy for 
interatomic bond strength

ÅRecoules et al.[1] ab initio calculations show 
increase in —  as a function of electron 
temperature (i.e. bond óhardeningô)

ÅSimulations confirm —  at ambient conditions 
for bulk single-crystal gold sample[2]

34

[1]V. Recoules et al. Phys. Rev. Lett.96, 055503 (2006) 
[2]V. Synecek et al. Acta Cryst. A26, 108-113 (1970) Figure used Recoules et al. [1]
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[1]V. Recoules et al. Phys. Rev. Lett.96, 055503 (2006) 
[2]V. Synecek et al. Acta Cryst. A26, 108-113 (1970) Figure used Recoules et al. [1]
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Å—  and mean squared displacement ό  of the 
ions have an inverse relationship



Decades old controversy over bond strength of WDM gold

36

ÅRecoules (2006): Bond-hardening

ÅDaraszewicz (2013): Bond-softening

ÅMo (2018): neither Bond-hardening nor Bond-
softening

ÅErnstorfer (2009): Bond-hardening

ÅDescamps (2023): Reasserts Bond-hardening



Debye temperature determined by combining ion temperatures with Bragg peak diffraction
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Åό  can be determined using Bragg peak diffraction ratios

 Ὅ ȾὍ ÅØÐ ἂόἃὸὯ Ὧ

ÅWhere ό  is the mean square displacement at room 

temperature



Debye temperature determined by combining ion temperatures with Bragg peak diffraction
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Debye temperature determined by combining ion temperatures with Bragg peak diffraction
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Debye temperature determined by combining ion temperatures with Bragg peak diffraction
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Debye temperature determined by combining ion temperatures with Bragg peak diffraction
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 Ὅ ȾὍ ÅØÐ ἂόἃὸὯ Ὧ

ÅWhere ό  is the mean square displacement at room 

temperature

Measure 
diffraction peak 

intensity

Determine ratio ion-temperature 
and Debye temperature 

Ion-temperature 
inferred from models

Model dependent ion-temperatures are the reason we 
have this ógoldilocksô problem in bond hardening



Debye temperature determined by combining ion temperatures with Bragg peak diffraction
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Åό  can be determined using Bragg peak diffraction ratios

 Ὅ ȾὍ ÅØÐ ἂόἃὸὯ Ὧ

ÅWhere ό  is the mean square displacement at room 

temperature

Measure 
diffraction peak 

intensity

Determine ratio ion-temperature 
and Debye temperature 

Ion-temperature 
inferred from models

Model dependent ion-temperatures rely variety of input 
parameters that differ from group to group.

Can we measure ion-temperature directly?



Ultra-high resolution inelastic X-ray Scattering is a Direct Measure of the Ion Temperature in a Plasma
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X-ray Scattering Overview

‌
Ȣ ᴠ Ȣ ᴠ

 = 0.1 << 1

ὛὯȟ‫ ᶿὩ

Assuming 7.5 keV scattering at 170° the 
dimensionless scattering parameter  his:

In this free-particle limit, the dynamic structure 
factor is well-described by a single Gaussian (the 

quasi-elastic Rayleigh peak): 

The width of this Gaussian can then be related to 
the temperature of the ions.

Ti ~ 1 eV corresponds to ~100 meV broadening 

Ὕ
ρ

τ

άὧ

ψÌÎς

ЎὉ

Ὁ
 



High-resolution achievable at LCLS free-electron laser

ÅExperimental setup provides resolution of υͯπ meV

ÅSetups allows for simultaneous ion temperature and X-ray diffraction 
measurements

44

Original Linac

LCLS Injector

Experimental 
Halls

Undulator Hall

1 km Linac
14 GeV

See B. Nagler September 18, 15:00: άDirect Measurement of temperature and Electron-Ion Equilibration Rates in Warm Dense Goldέ for further discussion



E. E. McBride, T. G. White, A. Descamps et al. Rev. Sci. Inst. 89(10), 10F104 (2018) 

Resolving the dynamic ion-ion structure factor requires meV resolution

4 Pass Si (5,3,3) 
Monochromator
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E. E. McBride, T. G. White, A. Descamps et al. Rev. Sci. Inst. 89(10), 10F104 (2018) 

Resolving the dynamic ion-ion structure factor requires meV resolution

4 Pass Si (5,3,3) 
Monochromator

Three Si (5,3,3) Diced Crystal 
Analyzers at 170° Scattering 

Angle

Single Photon 
Counting Detector

Frequency Doubled Ti 
Sapphire Laser 1 mJ

Large Area Detector 
For Diffraction 
Measurements

50 nm Au Grid on Fast 
Raster Stage 1 Hz



Laser Fluence: 
1.9 ± 0.5 J/cm2

Laser Fluence: 
4.95 ± 0.75 J/cm2

Ion temperature profiles fit using a two-temperature model to calculate electron temperatures 
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Laser Fluence: 
2.0 ± 0.35 J/cm2

Laser Fluence: 
1.0 ± 0.25 J/cm2

See B. Nagler September 18, 15:00: άDirect Measurement of temperature and Electron-Ion Equilibration Rates in Warm Dense Goldέ for further discussion



Laser Fluence: 
1.9 ± 0.5 J/cm2
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Ion temperature profiles fit using a two-temperature model to calculate electron temperatures 
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Laser Fluence: 
2.0 ± 0.35 J/cm2

Laser Fluence: 
1.0 ± 0.25 J/cm2



Bounds on Debye temperature can be determined using the Debye Waller equations

53

ÅExperimental data can be 
plotted onto the Debye Waller 
phase space.

ÅDashed lines indicated bounds 
on the experimental data.

ÅOnly the final data point is used 
as this differences in —  are 
easier to recognize.

╣▄ Ȣ Ȣ ╣▄ Ȣ Ȣ5

╣▄ Ȣ ╣▄ Ȣ



Bounds on Debye temperature can be determined using the Debye Waller equations
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ÅExperimental data can be 
plotted onto the Debye Waller 
phase space.

ÅDashed lines indicated bounds 
on the experimental data.

ÅOnly the final data point is used 
as this differences in —  are 
easier to recognize.

╣▄ Ȣ Ȣ ╣▄ Ȣ Ȣ5
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Initially results seems to disagree with theoretical predictions for bond-hardening

55

ÅRecoules et al.[1] bond hardening 
prediction agrees with ambient —  
from Synecek et al.[2] ( ρͯψυ ὑ)

ÅSynecek et al.[2] made measurements 
on bulk sample with single crystal 
orientation

[1]V. Recoules et al. Phys. Rev. Lett.96, 055503 (2006) 
[2]V. Synecek et al. Acta Cryst. A26, 108-113 (1970)



Ambient Debye temperature reduced for thin films and polycrystal samples

ÅMa et al.[3] found differences in —  
between single crystal and polycrystal 
structures

ÅAdditionally, there is clear evidence 
for dependence on film thickness

ÅFor a 50 nm polycrystal sample —  at 
ambient temperature drops to ͯ  ╚.

56

Figure adapted from[3][3]W. Ma et al. J. Phys. D: Appl. Phys 43 465301 (2010)



Ambient Debye temperature reduced for thin films and polycrystal samples

ÅMa et al.[3] found differences in —  
between single crystal and polycrystal 
structures.

ÅAdditionally, there is clear evidence 
for dependence on film thickness

ÅFor a 50 nm polycrystal sample —  at 
ambient temperature drops to ͯ  ╚.
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[1]V. Recoules et al. Phys. Rev. Lett.96, 055503 (2006)
[2]V. Synecek et al. Acta Cryst. A26, 108-113 (1970)
[3]W. Ma et al. J. Phys. D: Appl. Phys 43 465301 (2010)



When accounting for thin film and polycrystalline effects results match theory

58

ÅAdjusting Recoules et al.[1] starting 
Debye temperature, predictions 
match experimental results

ÅDefinitively see evidence of bond 
hardening as a function of electron 
temperature in thin polycrystalline 
gold films.

[1]V. Recoules et al. Phys. Rev. Lett.96, 055503 (2006)
[2]V. Synecek et al. Acta Cryst. A26, 108-113 (1970)
[3]W. Ma et al. J. Phys. D: Appl. Phys 43 465301 (2010)
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ÅWe have successfully demonstrated 
the first direct measurement of the 
ion temperature in laser-heated 
metals in Au

ÅIon-temperature and in situ Bragg 
peak diffraction data have been 
combined to calculate the Debye 
temperature in WDM gold. 

ÅWe have conclusively determined 
bond strength in this regime.

[1]V. Recoules et al. Phys. Rev. Lett.96, 055503 (2006)
[2]V. Synecek et al. Acta Cryst. A26, 108-113 (1970)
[3]W. Ma et al. J. Phys. D: Appl. Phys 43 465301 (2010)

T.D. Griffin et al. Validation of Electronic Bond Hardening in Thin Gold Films (In preparation) 



Discussion topics

ÅHeat transport across warm dense matter interfaces
ÅObservation of Interfacial Thermal Resistance at Extreme Conditions

ÅDirect ion temperature measurements at free electron lasers
ÅBond strength in non-equilibrium gold

ÅElectron ion equilibration in warm dense matter

ÅSuperheating beyond the entropy catastrophe

ÅForward Scattering
ÅSound speed in warm dense methane

ÅPhonon dispersion and temperature through detailed balance



Electron-Ion Equilibration

ÅWhen a high-intensity optical laser is incident on a solid target, it initiates an energy cascade

ÅThe preferential and rapid heating of one subsystem over the other creates a highly non-
equilibrium state. 

ÅThese transient, high-energy-density plasmas are a precursor to warm dense matter (WDM) 
and serve as a testbed where we can validate quantum mechanical theories of electron-ion 
interactions.

Å In these transient systems, the colder ions are strongly coupled, while the electrons behave 
quantum mechanically.

ÅThis complication has led to large differences in the predictions of the electron-ion 
equilibration rate. e.g., Spitzer, Fermi's Golden Rule, and Coupled Mode

Medvedev et al. Phys. Rev. B 102, 064302 (2020)

The excited state of the ions also complicates the physics of these 
systems in ways that are not yet fully understood. e.g., G=GὝȟὝȟʍ 

The excited state of the ions also complicates the physics of these 
systems in ways that are not yet fully understood. e.g., G=GὝȟὝȟʍ 


