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• Puzzle: the modeled and measured solar structure 
disagree 

          Is calculated iron opacity underestimated? 
           Initial Z experiments raised controversy

• Experimental scrutiny:

• Refining data analyses
• Te, ne analysis 
• Opacity analysis

• Time resolved measurements
• Tested temporal gradient effects  Found negligible

 Transform experiments in 4 significant ways
• Progress towards absolute time-resolved opacity measurements

Data
Model

UXI ultra-fast detector

Anchor 2 Fe opacity

t=-2 ns

t=-4 ns

t=-6 ns

λ

Mg lines

Fe lines

time

Continued experimental and theoretical scrutiny are 
underway to answer this astrophysical puzzle

Summary: Advancing stellar opacity testing with novel 
time-resolved spectroscopy on Z
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An outstanding problem: structure disagree with models of the 
Sun after metal abundances were reduced two decades ago*4

CZB
Te ≃ 182 eV , ne ≃ 9x1022 e-/cc
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*Asplund et al., Astron. Astrophys.(2004)  , Basu, S. & Antia, H. M. Physics Reports 457 (2008)
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CZB
T ≃ 2x106 K, r ≃ 0.1 g/cc
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[1] C. Dalsgaard et al., A&A (2009); Basu, S. & Antia, H. M. Physics Reports 457 (2008)
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Solar models need 10-30% higher mean opacity to resolve the 
structure problem [1]

An outstanding problem: structure disagree with models of the 
Sun after metal abundances were reduced two decades ago



Debate on abundances to solve the solar problem is still 
active after two decades!6

“Higher abundances are right!”

“Lower abundances are right!”

“Abundances alone cannot 
resolve the problem!”

…

…

…
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 Benchmark HED opacities even more relevant

…

…

…

Debate on abundances to solve the solar problem is still 
active after two decades!

“Higher abundances are right!”

“Lower abundances are right!”

“Abundances alone cannot 
resolve the problem!”



The first HED opacity measurements began in the 1980s, but measurements at solar 
interior conditions had to wait for the advent of MJ class HED facilities.

Davidson et al.
Perry et al.

hot dense plasma opacity

1905 1925 1965 1988 1995 2015
Barkla Siegbahn

X-ray spectroscopy

Eddington
“The Internal Constitution of the Stars”

Cox
bound-bound ~1.5x 
opacity increase

Rogers & Iglesias
OPAL 

2-3x opacity increase for Cepheid
OP

only bound-free and free-free absorption 20-70 eV

156-195 eV

Stellar interior opacity measurements are now possible for the first time

8
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J

BJxB  

X-ray yield ~ 1.6 MJ (±7%)

The Z machine uses 27 million Amperes to create x-rays

4 cm

Sanford, PoP (2002); Bailey et al., PoP (2006); Slutz et al., PoP (2006); Rochau et al., PPCF (2007)

Lorentz force
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Solar opacity
• Te = 120-210 eV
• ne ≃ 1020-1023 e-/cc

X-ray yield ~ 1.6 MJ (±7%)

x-ray 
source

The Z machine uses 27 million Amperes to create x-rays, and drive a 
sample to solar interior conditions

Sanford, PoP (2002); Bailey et al., PoP (2006); Slutz et al., PoP (2006); Rochau et al., PPCF (2007)

Opacity foil



We infer opacity by measuring transmission of a very bright backlight 
through a sample uniformly heated using six space-resolving spectrometers 

Z 
radiation 

source

Half-moon
sample 

Slits

Aperture

Six crystal spectrometers

tamper
CH, Be

FeMg

Bailey et al Nature 2015; Nagayama et al, Phys Rev Lett 2019
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Requirements: 
• Uniformly heat the sample to LTE
• Independent plasma diagnostics
• Bright backlight
• All sources of uncertainties need 

to be measured

Sources of uncertainty
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Modern best-effort models agree very well with the Z iron data at 
Te ~ 156 eV (1.8MK), ne=7x1021 cm-3

Anchor 1 
Te = 156 eV (1.8MK), ne = 7×1021 cm-3

Z data
model

agree 

Bailey et al., PRL, 99, (2007)

l [Å]
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Z data
model

l [Å]l [Å]

Anchor 1 
Te = 156 eV (1.8MK), ne = 7×1021 cm-3

Anchor 2 ~ solar CZB
Te = 182 eV (2MK), ne = 3×1022 cm-3

Z data
model

agree disagree 

- The difference accounts for roughly half the opacity change needed (+7%) to solve the solar problem 
- Is opacity theory inaccurate? Is opacity experiment flawed? 

… but disagree at near CZB conditions

Bailey et al., PRL, 99, (2007), Bailey et al., Nature, 517 (2015)



The theory community has advanced and investigated several hypotheses to 
explain the discrepancy, but so far no widely accepted resolution is at hand.

Density

Two-photon absorption

Simultaneous electron-photon absorption

Transient spatial localization

Line broadening

Satellite lines

SNL [USA]
LLNL [USA]

Imperial College [UK]

SNL, U Texas, LANL [USA, Australia] Hebrew University [Israel]

CEA [France]

U. Of Defense Technology [China]
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Experimental scrutiny is also warranted to seek 
potentially missed systematic errors15

1) Refinement of data analysis
 More accurate Te and ne (e.g. new line shapes)
 More accurate transmission analysis

2) Systematic L-shell opacity investigation
 Opacity of Cr (Z=24) and Ni (Z=28) powerful hypothesis constraints
T. Nagayama et al., PRL, 122, (2019)

3) Time-resolved measurements
 Temporal gradients
 Achieve higher temperature and/or density
 Multiple plasmas conditions in a single experiment

4) Oxygen opacity
 Simpler K-shell absorption although un-tested at CZB
 Highest contributor to solar opacity at CZB
 Experiments and analyses are underway

5) Cross-comparison with opacity from NIF facility (Fe, O)

time

Mg lines
t1

photon wavelength

t0 , Dt = 2 ns

Fe absorption

Oxygen transmission

photon wavelength

NIF platform
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Z iron opacity measurements have been refined over nearly a decade, but 
model-data discrepancies remain
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Z data, 186 eV, 3.5e22 e/cc 
8 experiments , 10/2023 analysis
Z data, 182 eV, 3.1e22 e/cc 
3 experiments , 2015 analysis
OP, 182 eV, 3.1e22 e/cc
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Z data, 186 eV, 3.5e22 e/cc 
8 experiments , 10/2023 analysis
Z data, 182 eV, 3.1e22 e/cc 
3 experiments , 2015 analysis
OP, 182 eV, 3.1e22 e/cc

Scrutiny of both models and measurements must continue since this 
discrepancy affects all sun-like stars…
… and exoplanet parameter inference too! (E.g. ESA Plato mission 2026)

17
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Potential systematic errors1: 
- Error in Te and ne determination
- Sample areal density error
- Sample spatial gradients
- Sample self-emission
- Background determination

Temporal gradients were studied with simulations but not measured until now
• Film-based spectra so far integrate 3.3 ns backlighter.

• But, Te and ne change over that duration. Does that affect our film-based measurements?

1Nagayama et al., PRE, 95, (2017), Nagayama et al., RSI, 83, (2012), H. Morris et al., PoP, 24, (2017)

18

…
Temporal gradients are a potential source of systematic 
error on opacity measurements

 Field ultra-fast detector to assess the Z opacity sample evolution



The Z spectrometers now returns nominal high-quality 
time-gated spectral images119

Anchor 1 Fe
UXI 1 UXI 2

UXI 1 UXI 2

Earlier

Later
tim

e
Sp

ac
e

Ø Single photon detection  12-14 ns of observations 
Ø At peak ~50 signal-to-noise ratio

1UXI = Ultra-fast X-ray Imager: Claus et al., Proc. SPIE, (2015, 2017), Looker et al., RSI, 91, 043502 (2020)



These images are temporally and spectrally resolved
... and also 1-D spatially resolved20

time 2

time 3

Hea Heb Heg Hed

Lya

Lya

Photon energy
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Mg lines

2D averaged 
pinhole images

0
-1

1

Y [mm]

~stagnation

implosion

implosion

G. Rochau et al., PRL, 100 (2008)

Mg 10+ (2 e-)
Hea, b, g, d

Mg 11+ (1 e-)
Lya



ne and Te are inferred from measured magnesium 
(Mg, tracer) line absorption spectrum1 2

1
21

Plasma Te and ne can be extracted by reproducing measured spectra with spectral models
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3x1022 cm-3

5x1022 cm-3

7x1022 cm-3

Mg line 
absorption

Ø Line shape: sensitive to 
electron density, ne

Ø Line ratio: sensitive to 
electron temperature, Te

Mg Heg Mg Lyb
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200 eV
190 eV
180 eV

.88

Wavelength [Å]
7.4 7.6 7.0 7.2

2 electrons Mg 1 electron Mg

1Bailey, et al. RSI 79,3104 (2008), Nagayama et al., PoP 21, 056502 (2014), Nagayama et al. HEDP 20, 17 (2016),
R.C. Mancini, D.P. Kilcrease, et al., Comp. Phys. Com. 63, 314 (1991), C. Iglesias, H. DeWitt, et. al., PRA 31, 1698 (1985).



Fe opacity sample evolution are now obtained routinely 
near established anchor 1, 2 (Te, ne)22

9 datasets

9 datasets
Anchor 1 FeMg

Ø Multiple datasets show reliable trends



Fe opacity sample evolution are now obtained routinely 
near established anchor 1, 2 (Te, ne)23

9 datasets

9 datasets
Anchor 1 FeMg

130  170 eV

Convex density
5–22 ×1021 e-/cm3

Ø Multiple datasets show reliable trends



Fe opacity sample evolution are now obtained routinely 
near established anchor 1, 2 (Te, ne)24

Anchor 1 FeMg

9 datasets

9 datasets

Film opacity = @ backlighter peak

film

film

UXI

UXI

BL peak

BL peak



Fe opacity sample evolution are now obtained routinely 
near established anchor 1, 2 (Te, ne)25

Anchor 1 FeMg

9 datasets

9 datasets

165  210 eV

Anchor 2 FeMg

➚ density
2.5  3.5 
×1022 e-/cm3



Fe opacity sample evolution are now obtained routinely 
near established anchor 1, 2 (Te, ne)26

Anchor 1 FeMg

9 datasets

9 datasets
Anchor 2 FeMg

Ø Te, ne measurements independent from Fe opacity measurements (benchmark requirement) 

165  210 eV

➚ density
2.5  3.5 
×1022 e-/cm3
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1) Measure BL history

2) Measured Te, ne for opacity models

BL1 × transmission2
1Planckian shape assumed 
2PrismSPECT, MacFarlane et al., HEDP, (2007)

Could the observed gradient explain the anchor 2 
model-data discrepancy? Let’s investigate!

We need:

Linear fit

Sum = film-integrated data

t1

t2
t3

Linear fit

t4

t5

t1
t2

t3
t4

t5



Film-integrated opacity compared to single- (Te,ne) 
opacity = temporal integration effects28

Z data (Nature 2015)



Film-integrated opacity compared to single- (Te,ne) 
opacity = temporal integration effects29

Z data (Nature 2015)

Ø Less than 5% difference in quasi-
continuum (reported discrepancy) 

Ø Uses measured conditions and BL 
history but modeled opacity 
 Need absolute opacity 
measurements to avoid this 
approximation (now!)
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First time-resolved opacity is obtained using a 
statistical method

Ø Transmission is obtained through minimizing slope 
discontinuity across half-moon boundary

Half-moon 
sample
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First anchor 1 with time-resolution agrees very well 
with reported Anchor 1 measurements
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Saturation

z3831 
Anchor 1 6-shot average
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First anchor 1 with time-resolution agrees very well 
with reported Anchor 1 measurements
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Saturation

Ø Anchor 1 is an opacity-calibration point for Z
Ø Support confidence in time-resolved measurements to benchmark models

z3831 
Anchor 1 6-shot average
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Te(t) [eV] ne(t) [1022 e-/cm3]

t1 151 1.6
t2 156 1.1
t3 171 0.9
t4 174 0.8

We applied transmission-corrected profile technique at 
4 separate times

This is the first absolute time-resolved opacity on Z
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λ [Å]
7 8 9 10 11

Z3831

Preliminary !

Film-based opacity (same expt.)
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λ [Å]
7 8 9 10 11

Z3831

Preliminary !

Film-based opacity (same expt.)

PrismSPECT*

Opacity model* show similar trend vs time than Z data 

λ [Å]
7 8 9 10 11

*PrismSPECT, MacFarlane et al., HEDP, (2007)



35
O

pa
ci

ty
 [c

m
2 /

g]

t1

t2

t4
t3

λ [Å]
7 8 9 10 11

Z3831

Preliminary !

Film-based opacity (same expt.)

PrismSPECT*

Opacity model* show similar trend vs time than Z data 

λ [Å]
7 8 9 10 11

• But t1 opacity (high ne, low Te) is much larger than model!
• Similarly observed previously for Anchor 1+ (150 eV, 2×1022 cm-3) on both Z & NIF, although not definitive
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Exciting future work: Time-resolution advances Z opacity 
research beyond hypotheses testing

Advancement 1: Increase Z shot throughput

Advancement 2: Increase platform understanding 
 Density low at early times
Highest ne

Advancement 3: Better control of conditions
Test single change in density
 Increased overlap with NIF

Advancement 4: Optimized design for hypothesis testing
 Reveal how density affects opacity
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Exciting future work: Time-resolution advances Z opacity 
research beyond hypotheses testing

Advancement 1: Increase Z shot throughput

Advancement 2: Increase platform understanding 
 Density low at early times
Highest ne

Advancement 3: Better control of conditions
Test single change in density
 Increased overlap with NIF

Advancement 4: Optimized design for hypothesis testing
 Reveal how density affects opacity

Anchor 1+ 
Te=150-160eV, ne=2-3×1022 e-/cm3
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Exciting future work: Time-resolution advances Z opacity 
research beyond hypotheses testing

Advancement 1: Increase Z shot throughput

Advancement 2: Increase platform understanding 
 Density low at early times
Highest ne

Advancement 3: Better control of conditions
Test single change in density
 Increased overlap with NIF

Advancement 4: Optimized design for hypothesis testing
 Reveal how density affects oxygen opacity

Anchor 1+ 
Te=150-160eV, ne=2-3×1022 e-/cm3

Dan Mayes’ talk
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• Puzzle: the modeled and measured solar structure 
disagree 

          Is calculated iron opacity underestimated? 
           Initial Z experiments raised controversy

• Experimental scrutiny:

• Refining data analyses
• Te, ne analysis 
• Opacity analysis

• Time resolved measurements
• Tested temporal gradient effects  Found negligible

 Transform experiments in 4 significant ways
• Progress towards absolute time-resolved opacity measurements

Data
Model

UXI ultra-fast detector

Anchor 2 Fe opacity

t=-2 ns

t=-4 ns

t=-6 ns

λ

Mg lines

Fe lines

time

Continued experimental and theoretical scrutiny are 
underway to answer this astrophysical puzzle

Summary: Advancing stellar opacity testing with novel 
time-resolved spectroscopy on Z
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The Z facility at Sandia National Laboratories 
is the world’s most powerful pulsed power machine43

22 MJ
Electrical80 TW

Electrical 27 MA
CurrentMarx 

Generator

Laser-triggered 
Gas Switch

machine ⌀ = 108 ft
chamber ⌀ = 10 ft

D. Sinars et al., Phys. Plasmas, 27 (2020)

1. X-ray energy > 2 MJ
2. X-ray powers > 300 TW in 2 ns (2 billionth of a second)



Conditions were inferred successfully from UXI spectra
44

Heγ Heδ

Z data @ 
ne =  6 × 1021 cm-3 

Fixed Te~170 eV

Z data @ 
ne = 30 × 1021 cm-3

He-like Mg
Mg+10

Fixed ne~30 × 1021 cm-3 

HeγLyα

Z data @
Te = 209 eV

H-like Mg
Mg+11

He-like Mg
Mg+10

Z data @ 
Te = 167 eV

Lyα-sat

Ø Increased control in Z platform: single Te, ne can be varied at a 
time!

*T. Gomez et al., Phys. Rev. Letters, 127, (2021)


