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These measurements will inform modern ionization and opacity models of warm-dense plasmas

• The CPS platform assembles and characterizes a large, homogeneous volume of doubly-
shocked material
• Radiography constrains density to 15% or better
• X-ray Thomson scattering (XRTS) constrains temperature to 20 – 30 %

• Novel analysis of XRTS, which models populations of individual atomic shells, gives 
evidence of enhanced K-shell ionization
• Corroborated by radiograph transmission

The Colliding Planar Shocks (CPS) platform is delivering benchmark 
ionization measurements of C at warm-dense matter conditions
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Warm dense matter lies at the transition between multiple limiting 
regimes

Accurate models must include multiple effects

• Near degenerate → quantum effects

• Partly coupled → correlations

• Partially ionized → balance of thermal and
  pressure ionization

Carbon

Degenerate 
matter

Ideal plasmas

____________
1  J.N. Bahcall and M.H. Pinsonneault, Rev. Mod. Phys. 64, 885 (1992).

Astrophysical objects and fusion-relevant 
plasmas transit the WDM regime
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Accurate atomic models are required to match (and predict!) HED 
experiments, astrophysical observations, and ICF implosions

Detailed atomic models
reproduce observations

Averaged atomic models

F.J. Rogers and C.A. Iglesias, Science 263, 50 (1994).

Ionization

J. Eggert, et al., Phys. Rev. Lett. 100, 1 (2008).

Model w/o e–
excitations Data

Ionization increases 

compressibility along Hugoniot (He)

Opacity governs oscillation periods 𝑃𝑖 

of Cepheid variables

Ionization potentially explains 

radiography opacity problem

Simulated opacity overpredicts 
observation 

G. Hall et al., Phys. Plasmas 31, 022702 (2024)

ICF radiograph
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There is growing theoretical and experimental evidence that 
traditional models underpredict ionization of WDM

Different models can vary widely in predicted ionization

Carbon ionization (𝑇𝑒 = 100 eV)

DFT+AA

DCA

DFT-MD

M. Bethkenhagen, et al., Phys. Rev. Res. 2, 023260 (2020).

C ionization in CH

Kraus PRE 94 (2016)

Fletcher PRL 112 (2014)
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Colliding Planar Shock Platform
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Radiography 
aperture Scattering 

volume

Top view

The Colliding Planar Shocks (CPS) platform1 simultaneously constrains density, 
temperature, and ionization of doubly shocked warm, dense matter

1. MacDonald, M. J. et al. Physics of Plasmas 30, (2023).

Hohlraum

CHI ablator

Be tamp

Sample
– CH
– CH foam
– HDC

Drive beams

Zn BL

BL beams
XRTS (113°)

XRTS (113°)

Photon energy (keV)
8.0 9.5

Si
gn

al
 (a

rb
.)

Elastic scattering of 
9 keV Zn He-α probe

Inelastic 
(Compton) 
scattering

Radiography Shocks merge Uniform 2nd shock

Ablator
Shock front
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Radiography from the side-mounted Zn foil constrains the shocked 
densities

𝜌2

𝜌0
=

ℓ0

ℓ2
′′ 1 −

𝜌1

𝜌0

ℓ1
′′

ℓ0

ℓ0

𝜌0

Ablator

Sample

𝑡 = 0

ℓ0
′ 𝜌0

Foam

𝑡 = 𝑡′

𝜌1ℓ1
′

𝜌1

𝜌0
=

ℓ0 − ℓ0
′

ℓ1
′

ℓ2
′′

𝜌0

𝑡 = 𝑡′′

𝜌1

ℓ1
′′ 𝜌1

𝜌2

Equator (symmetry axis)

Ablator

Shock front

Density inferred from 
conservation of mass

𝜌1

𝜌0
=

ℓ0 − ℓ0
′

ℓ1
′

2nd shock

Ablator
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Radiography from the side-mounted Zn foil constrains the shocked 
densities

𝜌2

𝜌0
=

ℓ0
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𝜌1

𝜌0

ℓ1
′′

ℓ0

ℓ0

Ablator

Shock front

Density inferred from 
conservation of mass

𝜌1

𝜌0
=

ℓ0 − ℓ0
′

ℓ1
′

2nd shock

Ablator



11LLNL-CFPRES-2015554

Secondary colors

Primary colors
Elemental

Navy
#001E62

Impact
(Lab) Blue
#0032a1

Energetic
Azure

#3366CC

Livermorium
Ice

#eaf0fb

Carbon 
Gray

#a9aabc

Quantum
Slate

#6e6e7c

Innovation
Yellow

#fcb317

Research 
Red

#9d0c0c

Performance 
Pink

#b40f64

Algorithm 
Orange
#ff7900

Solar
Yellow
#ffd900

Gamma 
Green

#84c342

Extreme 
Turquoise
#00a5b8

Inspiration 
Indigo

#4b0082

D. T. Bishel / bishel1@llnl.gov / NIF User Group Meeting 2026

Density of doubly-shocked CH is constrained to within 15%

Radiography from the side-mounted Zn foil constrains the shocked 
densities

Monte Carlo error propagation of measured values

𝜌1

𝜌0
=

ℓ0 − ℓ0
′

ℓ1
′

𝜌2

𝜌0
=

ℓ0

ℓ2
′′ 1 −

𝜌1

𝜌0

ℓ1
′′

ℓ0

Solid CH (ρ = 1.05 g/cc)

1st shock 2nd shock

Sh
oc

k 
co

lli
si

on

Uncertainty is minimized as shocked volume increases

𝜎𝜌1

𝜌1
≥

𝜎ℓ

ℓ1
′

First shock

𝜎𝜌2

𝜌2
≥

𝜎ℓ
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𝜌2

2
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Recent shots on HDC access higher densities

Lower initial density of CH foam allows tuning of doubly-shocked 
state

Solid CH (𝜌0 = 1.05 g/cc)

1st shock 2nd shock
Sh

oc
k 

co
lli

si
on

CH foam (𝜌0 = 0.25 g/cc)

𝜌0 𝜌0

Sh
oc

k 
co

lli
si

on
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Temperature, ionization from X-ray 
Thomson Scattering
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X-ray Thomson scattering (XRTS) is a powerful diagnostic for warm-
dense matter, encoding temperature, density, and ionization

Why do XRTS?

𝑍𝑓𝑆𝑒𝑒
0 𝑘, 𝜔

+ 𝑓𝐼 𝑘 + 𝑞 𝑘 2𝑆𝑖𝑖 𝑘 𝛿 𝜔

+𝑍𝑏∫ 𝑆𝑐𝑒 𝑘, 𝜔 − 𝜔′ 𝑆𝑠 𝑘, 𝜔′ 𝑑𝜔′

[Elastic]

[Bound-free]

Measured signal ∝ dynamic structure factor2 𝑆 𝑘, 𝜔 :

𝑆 𝑘, 𝜔 = [Free electrons]

Te: 100 eV
ρ: 30 g/cc
θ: 130°
Zf: 5

Simulated XRTS1 from C in CH

____________
1 Schumacher, Lütgert, https://github.com/JaXRTS/jaxrts
2 G. Gregori, S. H. Glenzer, and O. L. Landen, Phys. Rev. E. 74, 026402 (2006).

C K-edge

https://github.com/JaXRTS/jaxrts
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Temperature is encoded in the width of the inelastic Compton feature

X-ray Thomson scattering (XRTS) is a powerful diagnostic for warm-
dense matter, encoding temperature, density, and ionization

Scattering from free electrons
encodes the thermodynamic state

150 eV

50 eV

𝑍𝑓𝑆𝑒𝑒
0 𝑘, 𝜔

+ 𝑓𝐼 𝑘 + 𝑞 𝑘 2𝑆𝑖𝑖 𝑘 𝛿 𝜔

+𝑍𝑏∫ 𝑆𝑐𝑒 𝑘, 𝜔 − 𝜔′ 𝑆𝑠 𝑘, 𝜔′ 𝑑𝜔′

[Elastic]

[Bound-free]

Measured signal ∝ dynamic structure factor 𝑆 𝑘, 𝜔 :

𝑆 𝑘, 𝜔 = [Free electrons]

ρ: 30 g/cc
θ: 130°
Zf: 5
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+𝑍𝑏∫ 𝑆𝑐𝑒 𝑘, 𝜔 − 𝜔′ 𝑆𝑠 𝑘, 𝜔′ 𝑑𝜔′

[Bound-free]

X-ray Thomson scattering (XRTS) is a powerful diagnostic for warm-
dense matter, encoding temperature, density, and ionization

Scattering from tightly bound electrons 
encodes ionization

𝑍𝐶 = 6

𝑍𝐶 = 5
𝑍𝑓𝑆𝑒𝑒

0 𝑘, 𝜔

Measured signal ∝ dynamic structure factor 𝑆 𝑘, 𝜔 :

𝑆 𝑘, 𝜔 = [Free electrons]

C
+ 𝑓𝐼 𝑘 + 𝑞 𝑘 2𝑆𝑖𝑖 𝑘 𝛿 𝜔 [Elastic]

Te: 100 eV
ρ: 30 g/cc
θ: 130°

Ionization is encoded in the ratio of elastic-to-inelastic scattering

+𝑍𝑏∫ 𝑆𝑐𝑒 𝑘, 𝜔 − 𝜔′ 𝑆𝑠 𝑘, 𝜔′ 𝑑𝜔′

[Bound-free]

Atomic form factor (𝑓𝐼) and screening (𝑞) 
for various C ionization



17LLNL-CFPRES-2015554

Secondary colors

Primary colors
Elemental

Navy
#001E62

Impact
(Lab) Blue
#0032a1

Energetic
Azure

#3366CC

Livermorium
Ice

#eaf0fb

Carbon 
Gray

#a9aabc

Quantum
Slate

#6e6e7c

Innovation
Yellow

#fcb317

Research 
Red

#9d0c0c

Performance 
Pink

#b40f64

Algorithm 
Orange
#ff7900

Solar
Yellow
#ffd900

Gamma 
Green

#84c342

Extreme 
Turquoise
#00a5b8

Inspiration 
Indigo

#4b0082

D. T. Bishel / bishel1@llnl.gov / NIF User Group Meeting 2026

XRTS is collected throughout the experiment with the high-
throughput, two-crystal MACS spectrometer

cylindrically curved
HAPG crystalx ray source

Brass (Cu/Zn) source spectrum

Cu He-α

Zn He-α

Cu He-β

• Focusing geometry
• Mosaic crystal: high reflectivity
• Moderate resolution: E/dE ~ 600
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XRTS is collected throughout the experiment with the high-
throughput, two-crystal MACS spectrometer

Inelastic scattering

Elastic scattering 
of Zn He-α probe

Scattering from doubly-shocked CH

Radiography 
aperture Scattering 

volume

XRTS (113°)

Zn He-α 
backlighter
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An aperture on the XRTS line-of-sight restricts the measurement to 
single-density states near the shock collision plane

View from spectrometer
Solid CH

Spectrometer FOV

Au shield

Aperture
700 x 150 μm

Ambient

Singly 
shocked

Doubly shocked
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XRTS spectra are collected throughout the shock sequence on 
multiple shots

Spectrometer FOV

Ambient

XRTS (113°)

Elastic 
scattering 
of 9 keV Zn 
He-α probe

Inelastic 
(Compton) 
scattering

Solid CH
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XRTS spectra are collected throughout the shock sequence on 
multiple shots

XRTS (113°)

Spectrometer FOV

1st shock

Solid CH
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XRTS spectra are collected throughout the shock sequence on 
multiple shots

Spectrometer FOV

Doubly shocked

Solid CH
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XRTS is modeled with K-, L-shell populations as free parameters, 
allowing direct inference of ionization

𝑍𝑓𝑆𝑒𝑒
0 𝑘, 𝜔

+ ෍

𝑛ℓ

𝒇𝒏ℓ 𝑘 + 𝑞 𝑘

2

𝑆𝑖𝑖 𝑘 𝛿 𝜔

+ ෍

𝑛ℓ

𝒁𝒏ℓ∫ 𝑆𝑐𝑒 𝑘, 𝜔 − 𝜔′ 𝑆𝑠 𝑘, 𝜔′ 𝑑𝜔′

[Elastic]

[Bound-free]

𝑆 𝑘, 𝜔 = [Free electrons]
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XRTS from multiple scattering angles must be summed together due 
to the proximity of the target to the backlighter

Source

Target

• Weights due to plasma attenuation

To spectrometer 

Angle-resolved weights

• Skew towards smaller angle

CHF, 2nd shock

Te = 17 eV

XRTS at average ⟨𝜃⟩ only 
shifts inelastic peak

Shifts 
inelastic

Enhances 
elastic
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The XRTS forward model is wrapped in a Markov Chain Monte Carlo 
sampler, giving access to parameter uncertainties and correlations

Data
Fits

Posterior distributions

𝑇𝑒  (eV)
𝑇 𝑒

 (e
V

)
𝜌

 (g
/c

m
3 )

𝑍
𝑘

𝜌 (g/cm3) 𝑍𝑘

GXD data – one strip
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𝑇𝑒  (eV)

𝑇 𝑒
 (e

V
)

𝜌
 (g

/c
m

3 )
𝑍

𝑘

𝜌 (g/cm3) 𝑍𝑘

CH foam (𝜌0 = 0.25 g/cm3) data are consistent with no K-shell ionization

CHF CHF

𝑍𝐾 = 0.1

Te = 28 ± 3 eV
  ρ = 3.0 ± 0.2 g/cm3

ZK < 0.03
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𝑇𝑒  (eV)

𝑇 𝑒
 (e

V
)

𝜌
 (g

/c
m

3 )
𝑍

𝑘

𝜌 (g/cm3) 𝑍𝑘

CH (𝜌0 = 1.05 g/cm3) data are consistent with enhanced K-shell ionization 𝑍𝐾 = 0.3

CH CH

𝑍𝐾 = 0.1

Te = 15 ± 3 eV
  ρ = 5.6 ± 0.7 g/cm3

ZK ≈ 0.30 ± 0.15
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Enhanced K-shell ionization is corroborated by transmission 
measurements
• Ratio of measured  signals constrains 𝜅𝜌:

• 𝜌1, 𝜌2 known from radiography

• Reduced inferred opacity can be interpreted as 
enhanced K-shell ionization

• Note: if 𝜅1 also decreases, 𝜅2 must be further 
reduced

1-shock 2-shock, 𝐼2

𝑇𝑖 =
𝐼𝑖

𝐼
= 𝑒−𝜌𝜅ℓ

𝜌2𝜅2 =
1

𝜅2ℓ
ln

𝐼1

𝐼2
+ 𝜌1𝜅1

𝐼𝑖  : transmitted signals
𝑖 = 0 : ambient
𝑖 = 1 : 1-shock
𝑖 = 2 : 2-shock

→ 𝜅2 = 0.75 𝜅0
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Enhanced K-shell ionization is corroborated by transmission 
measurements
• Ratio of measured  signals constrains 𝜅𝜌:

• 𝜌1, 𝜌2 known from radiography

• Reduced inferred opacity can be interpreted as 
enhanced K-shell ionization

• Note: if 𝜅1 also decreases, 𝜅2 must be further 
reduced

𝑇𝑖 =
𝐼𝑖

𝐼
= 𝑒−𝜌𝜅ℓ

𝜌2𝜅2 =
1

𝜅2ℓ
ln

𝐼1

𝐼2
+ 𝜌1𝜅1

𝐼𝑖  : transmitted signals
𝑖 = 0 : ambient
𝑖 = 1 : 1-shock
𝑖 = 2 : 2-shock

→ 𝜅2 = 0.75 𝜅0

Ionization potentially explains 

radiography opacity problem

Simulated opacity overpredicts 
observation 

G. Hall et al., Phys. Plasmas 31, 022702 (2024)

ICF radiograph
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These measurements will inform modern ionization and opacity models of warm-dense plasmas

• The CPS platform assembles and characterizes a large, homogeneous volume of doubly-
shocked material
• Radiography constrains density to 15% or better
• X-ray Thomson scattering (XRTS) constrains temperature to 20 – 30 %

• Novel analysis of XRTS, which models populations of individual atomic shells, gives 
evidence of enhanced K-shell ionization
• Corroborated by radiograph transmission

• Future developments will further constrain ionization models
• HDC samples to benchmark ionization at higher densities / coupling parameters
• Use of a new streaked x-ray spectrometer to measure full evolution of XRTS
• Comparison to novel DFT simulations (A. Bergermann)

The Colliding Planar Shocks (CPS) platform is delivering benchmark 
ionization measurements of C at warm-dense matter conditions
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Backups



33LLNL-CFPRES-2015554

Secondary colors

Primary colors
Elemental

Navy
#001E62

Impact
(Lab) Blue
#0032a1

Energetic
Azure

#3366CC

Livermorium
Ice

#eaf0fb

Carbon 
Gray

#a9aabc

Quantum
Slate

#6e6e7c

Innovation
Yellow

#fcb317

Research 
Red

#9d0c0c

Performance 
Pink

#b40f64

Algorithm 
Orange
#ff7900

Solar
Yellow
#ffd900

Gamma 
Green

#84c342

Extreme 
Turquoise
#00a5b8

Inspiration 
Indigo

#4b0082

D. T. Bishel / bishel1@llnl.gov / NIF User Group Meeting 2026

• MC distribution slightly asymmetric

• Taylor approximation representative of MC distributions

• 𝜎𝜂 ∝ 1/ℓ1
′

• small because volume is close to 100% 1-shock

• All images have similar ℓ1′, hence similar 𝜎𝜂

Compression uncertainties by MC
1st shock – 5% relative uncertainty

*Gaussian fit shown for t=22.2 ns

𝜂1 =
𝜌1

𝜌0
=

ℓ0 − ℓ0
′

ℓ1
′

ℓ0
′ , ℓ1

′  ~ G 𝜇 = measured, 𝜎 = 20 𝜇𝑚

𝜂1 = 2.9 ± 0.13

Solid CH

Mag = 5.6x
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*Gaussian fit shown for t=27.5

𝜂2 =
𝜌2

𝜌0
=

ℓ0

ℓ2
′′ 1 − 𝜂1

ℓ1
′′

ℓ0

• MC distributions asymmetric

→ Possibly log-normal

• 𝜎𝜂2 ∝ 1/ℓ2
′′ 

→ Later time radiographs exhibit reduced 𝜎, due 
to larger 2-shock volume

→ Even still, mean is surprisingly robust

Compression uncertainties by MC
2nd shock – 15% relative uncertainty

ℓ1
′′, ℓ2

′′ ~ G 𝜇 = measured, 𝜎 = 20 𝜇𝑚  
𝜂1~ 1st shock analysis (note: different shot)
Could enforce 𝜂1 as a minimum

Weighted average should 
help reduce st.dev.

Weight by 1/variance

𝜂2 = 5.3 ± 0.8

Solid CH

Add lower bound from eta1

Mag = 5.6x
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CH ionizes at ~0.9 the density of pure C

C vs CH ionization
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XRTS summed over angle distribution 𝑤 𝜃  increases elastic peak 
and shifts inelastic peak to higher photon energy

CHF, 2nd shock Te = 17 keV

XRTS at average ⟨𝜃⟩ only 
shifts inelastic peak

Difference wrt nominal

Shifts 
inelastic

Enhances 
elastic
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We include source variations in uncertainty analysis

Observed spectrum∝ 𝑆 𝑘, 𝜔 ⋆ 𝐼 𝜔

f(T,ρ,Z)

Data

Model

Reconstruct with MCSS?

Zn He-𝛼1Zn He-𝛼2

Satellites

Source-instrument function

Zn He-α spectra from 
three experiments
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C ionization potential
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Fit to CHF XRTS with constant density yields higher Te ≈ 34 eV, but 
still no K-shell ionization

Shape of fit is similar
Note: fewer samples
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