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Summary: Oxygen opacity experiments at Z and NIF address key challenges for resolving 
the solar problem

• Solar models and helioseismology disagree, and increased opacities could resolve the discrepancy.
• Oxygen is a major source of opacity at the solar convection zone base (CZB).

• Oxygen opacity measurements will test the treatment of density effects in modeled opacities.

• Cross-platform comparison (Z vs NIF) of results will increase confidence in the findings.

Oxygen transmission
photon wavelength

– Oxygen opacity was successfully 
measured at Te~160 eV and ne~8e21 e/cc.

– Preliminary model-data comparison 
already shows interesting disagreement.

– First measurements performed at higher 
Te and ne, closer to the solar interior.

– Oxygen transmission measured at 
Te~140 eV and Ne~2e22 e/cc.

– Preliminary model-data comparison 
shows interesting disagreement.

– Improvements to experiments:
• Sample expansion measurement
• Low-energy band spectrum



Oxygen opacity measurements are essential to resolve the solar problem

Basu and Antia, Phys Reports (2008);    Serenelli, ApJ (2009);    Blancard, ApJ (2012);    Seaton, MNRAS (1994);    Bailey, Nature (2015) 4

CZB conditions:
Te ~ 185 eV

ne ~ 9×1022 e-/cc
• Solar models disagree with precision helioseismic measurements.

• The discrepancy could be resolved if opacities are higher than models predict.

• O and Fe are dominant sources of opacity near the convection zone base (CZB).

– Fe opacity measurements have revealed discrepancies with models at higher Te and ne.

– If measured O opacity is also higher, it could further help resolve the solar problem.



• Bare atoms do not have bound-bound or bound-free absorption.
 Oxygen opacity is highly dependent on level of ionization.  Iron is less affected by small ionization changes.

• Density effects: Affected features:
Line broadening · · · · > Opacity windows
Ionization potential depression · · · · > Bound-free absorption
Occupation probability · · · · > Ionization balance

Oxygen opacity spectra are challenging because they are strongly affected by 
approximations for plasma density effects

Seaton, MNRAS (1994) 5
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Oxygen opacity experiments relevant to stellar interiors are being done at both Z and NIF
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Complementary experiments permit cross-comparison to increase confidence in the results.
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Summary: Oxygen opacity experiments at Z and NIF address key challenges for resolving 
the solar problem

• Solar models and helioseismology disagree, and increased opacities could resolve the discrepancy.
• Oxygen is a major source of opacity at the solar convection zone base (CZB).

• Oxygen opacity measurements will test the treatment of density effects in modeled opacities.

• Cross-platform comparison (Z vs NIF) of results will increase confidence in the findings.

Oxygen transmission
photon wavelength

– Oxygen opacity was successfully 
measured at Te~160 eV and ne~8e21 e/cc.

– Preliminary model-data comparison 
already shows interesting disagreement.

– First measurements performed at higher 
Te and ne, closer to the solar interior.

– Oxygen transmission measured at 
Te~140 eV and Ne~2e22 e/cc.

– Preliminary model-data comparison 
shows interesting disagreement.

– Improvements to experiments:
• Sample expansion measurement
• Low-energy band spectrum
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Silicon line transmission is used to diagnose the plasma conditions (Te and ne)

He-δ

He-ε

Li Li

He-βHe-γ

← Te is inferred 
from ratio of Li-
like to He-like 
lines.

← ne is constrained 
by line widths.

• Preliminary conditions:
Te~160 eV,  ne~8e21 e/cc

• Accurate conditions are 
required to produce reliable 
model-data comparisons.

• For O opacity known to 10%, 
we need to know:

 ne ~ 12%

 Te ~ 2%



Preliminary analysis provides transmission from three oxygen opacity experiments 
at two different areal densities
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• Multiple experiments test reproducibility
• Different areal densities help assess accuracy and expand dynamic range
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Preliminary oxygen opacity measurements are reproducible 
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Preliminary Z measurements provide the first tests of oxygen opacity models at 
high energy density conditions

27

Ex
pe

rim
en

t e
qu

iv
al

en
t o

pa
ci

ty
 k

 [1
03  c

m
2 /

g]

2

0

4

6

8

10
O Ly b

12 16 18108 14

l[Å]

O Ly g

O 
Ly d

O He g

Models appear to overpredict continuum lowering and ionization.
However:
1) The experiment results are preliminary, not final
2) The plasma temperature and density determination is also preliminary
3) Plasma gradients require careful evaluation

O 
Ly a

model 1
model 2

model 3

mean opacity from
three Z experiments



Preliminary Z measurements provide the first tests of oxygen opacity models at 
high energy density conditions
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First measurements were obtained at conditions closer to solar CZB conditions

z3625 Lower density:    ne~8e21 e/cc
Te~160 eV

Te~170 eV
z3653 Higher density:    ne~30e21 e/cc
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New stripe-style samples may help to better constrain the transmission

z3625 Lower density:    ne~8e21 e/cc
Te~160 eV

Te~170 eV
z3653 Higher density:    ne~30e21 e/cc
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Summary: Oxygen opacity experiments at Z and NIF address key challenges for resolving 
the solar problem

• Solar models and helioseismology disagree, and increased opacities could resolve the discrepancy.
• Oxygen is a major source of opacity at the solar convection zone base (CZB).

• Oxygen opacity measurements will test the treatment of density effects in modeled opacities.

• Cross-platform comparison (Z vs NIF) of results will increase confidence in the findings.

Oxygen transmission
photon wavelength

– Oxygen opacity was successfully 
measured at Te~160 eV and ne~8e21 e/cc.

– Preliminary model-data comparison 
already shows interesting disagreement.

– First measurements performed at higher 
Te and ne, closer to the solar interior.

– Oxygen transmission measured at 
Te~140 eV and Ne~2e22 e/cc.

– Preliminary model-data comparison 
shows interesting disagreement.

– Improvements to experiments:
• Sample expansion measurement
• Low-energy band spectrum



Self-emission and background

Unattenuated backlighter spectrum

Sample absorption spectrum

Si He
-a

Oxygen continuum 
absorption

Mg 
He-a

Mg He
-b

Sample:    MgO + SiO2 layers tamped with plastic

~1000 
eV

~2000 
eV

At NIF, the spectrometer records absorption, backlight, and emission simultaneously
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Sample:    MgO + SiO2 layers tamped with plastic

Si He
-a

Oxygen continuum 
absorption

Mg 
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Mg He
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Transmission  =
Absorption  –  Emission

Backlighter  –  Emission

~1000 
eV

~2000 
eV

At NIF, the spectrometer records absorption, backlight, and emission simultaneously
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Plasma conditions are inferred from measurements viewed through a hohlraum 
side window
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• Dante instrument monitors hohlraum inner wall emission.

 Electron temperature (with simulation correction factor)

• Gated x-ray camera (GXD) views sample expansion. 

 Electron density

• Estimated plasma conditions:

– 1st shot day: Te ~ 125 eV and (ne ~ 2x1022 e/cc)

                (from simulations)

– 2nd shot day:  Te ~ 142 eV and ne ~ 2.1x1022 e/cc time

ΔL

vs

1st day 2nd day



Preliminary analysis of experimental data shows possible disagreement with theory

** CAUTION! **

• The oxygen bound-free opacity is very 
sensitive to plasma conditions

– Preliminary:  Te ~ 125 eV and ne ~ 2x1022 e/cc.

• Potential sources of uncertainty:

– How well do we know the plasma conditions?

– Have we correctly accounted for all 
background and self-emission?

– How uniform is the plasma?

– How large are temporal gradients?

O  BF

O  BF

35



36

Summary: Oxygen opacity experiments at Z and NIF address key challenges for resolving 
the solar problem

• Solar models and helioseismology disagree, and increased opacities could resolve the discrepancy.
• Oxygen is a major source of opacity at the solar convection zone base (CZB).

• Oxygen opacity measurements will test the treatment of density effects in modeled opacities.

• Cross-platform comparison (Z vs NIF) of results will increase confidence in the findings.

Oxygen transmission
photon wavelength

– Oxygen opacity was successfully 
measured at Te~160 eV and ne~8e21 e/cc.

– Preliminary model-data comparison 
already shows interesting disagreement.

– First measurements performed at higher 
Te and ne, closer to the solar interior.

– Oxygen transmission measured at 
Te~140 eV and Ne~2e22 e/cc.

– Preliminary model-data comparison 
shows interesting disagreement.

– Improvements to experiments:
• Sample expansion measurement
• Low-energy band spectrum
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Mancini et al., PRE (2020);    Loisel et al., PRL (2017) 38

Novel method to infer temperature from population ratios of Li-like satellites.

He-δ

He-ε

Li Li

He-βHe-γ

1s22p

1s22p

1s22s

1s22s

1s23ℓ 1s23ℓ

1s22s
1s22p

1s23ℓ

Autoionizing 
levels1s�nℓ�n’ℓ’

Li-like Si

ΔE = 24.8 eV

ΔE = 279 eV
ΔE = 304 eV

• Measure the relative population in each Li-like configuration.
• The ratio of populations in different configurations depends on Te.


