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Holistic approach including new experiments, new analysis, |
new theories will help resolve the solar problem I

Puzzle: Measured stellar iron opacity higher than predicted : Data :
—> Both experiment and theory need to be scrutinized E&nge LM ‘
Experiment scrutiny S wavelengths :
* Systematic study of Cr, Fe, and Ni  Refined analysis method « Time-resolved data
- Narrow down hypotheses.
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Theoretical scrutiny stimulates atomic-physics discussions Line-shape J———————— Quasi-cont.
* Spectral line shapes: lon, electron, satellites |
* Quasi-continuum: new theories
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Continued experimental and theoretical research is needed for understanding photon-atom |
interactions in High-Energy-Density matter




Modeled solar structure disagree with observations; |

10-30% mean opacity increase needed in the model |
Standard solar model
Inputs:
 Abundance * Opacity
* EOS * Etc
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Hypothesis: calculated iron opacity is underestimated at solar interior conditions ‘




Iron opacity at solar interior conditions is measured |

using bright radiation generated by Z-pinch |
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[1] Bailey et al., Phys Plasmas 16, 058101 (2009) [2] Nagayama et al., Phys Plasmas 21, 056502 (2014)
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Iron opacity at solar interior conditions is measured |
using bright radiation generated by Z-pinch |
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Calculated iron opacities are significantly lower than
measurements as T,, n, approach solar interior values

Bailey, Nagayama, Loisel, Rochau et al., Nature 2015
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If true, it accounts for about ¥ the
opacity increase needed to resolve
the solar problem

But what’s causing the discrepancy?

* Inaccuracy of theory?

* Flaws in experiment?

Both theory and experiment are
challenging in HED science;
Neither should be ruled out.




High-energy-density (HED) science is challenging for |

both theory and experiment '
What is high-energy-density? ‘
Ideal gas law
PV = Nk, T
|

p= (M) kot
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High-energy-density (HED) science is challenging for |

both theory and experiment |
What is high-energy-density? ‘
Ideal gas law
PV = Nk, T
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How much energy per volume
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Energy density |



High-energy-density (HED) science is challenging for

both theory and experiment

What is high-energy-density?

Ideal gas law

PV = Nk,T

!

(5
N\

Density Temperature
(particles/cm3)in unit of energy (eV)

~
How much energy per volume

or
Energy density

High energy density (HED) plasma
I
High pressure (> 1Mbar) plasma

|
High temperature, high density plasma

Hot, dense plasma

They are used interchangeably




High-energy-density (HED) science is challenging for |
both theory and experiment '

Experiments: Hard to diagnose, hard to repeat ‘

HED plasma is created by compressing energy in space and time




High-energy-density (HED) science is challenging for |
both theory and experiment

Easy to say J |
Experiments: Hard to diagnose, hard to repeat Hard to do

HED plasma is created by compressing energy in space and time




High-energy-density (HED) science is challenging for |
both theory and experiment

Easy to say J |
Experiments: Hard to diagnose, hard to repeat Hard to do

HED plasma is created by compressing energy in space and time

O\ |

Small size: 107° — 1073 m Expensive
ity HARIE Limited resource
Short duration: 1071> — 107 % s
fs, ps, ns l |
l Hard to get
) opportunity to check
‘ Hard to diagnose ‘ PP : y I
reproducibility




High-energy-density (HED) science is challenging for |

both theory and experiment |
Theory: High temperature, high density effects complicate modeling ‘
Challenge 1: Involves many excited states

Challenge 2: Density effects with thermal fluctuation |




High-energy-density (HED) science is challenging for
both theory and experiment

Theory: High temperature, high density effects complicate modeling

Challenge 1: Involves many excited states

lonization by the Saha equation

N1 OC exp(_AE/Te)

’ n; ne
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High-energy-density (HED) science is challenging for |

both theory and experiment )
Theory: High temperature, high density effects complicate modeling ‘
Challenge 1: Involves many excited states
€ lonization by the Saha equation |
p; < exp(— T_)
e Mit1 exp(—AE/T,)
d n; Ne
_________ NN * Increasing temperature promotes ionization |
Tt AR * Increasing density promotes recombination

HED plasma can have similar ionization to low I

... temperature, low density plasma, but ...
. n; e Significant population in excited states! |

)  Complete inclusion of excited states is crucial




High-energy-density (HED) science is challenging for
both theory and experiment

Theory: High temperature, high density effects complicate modeling

Challenge 1: Involves many excited states

€
Autoionizing pi X exp(— T_)
states &
Multiple L
electrons pinis ininiak .Y
excited!! n;
1+1
HED pushes

population to

excited states Nt
. n;

lonization by the Saha equation
Mit1 exp(—AE/T,)
n; ne

* Increasing temperature promotes ionization
* Increasing density promotes recombination

HED plasma can have similar ionization to low

temperature, low density plasma, but ...
 Significant population in excited states!
 Complete inclusion of excited states is crucial




Opacity contribution from ground states are relatively simple () &=

105 -_'"'l --------- Frerrrrrr Ty ” --------- |-------:-|----_-
E From ground states Ne-like Fe =
104 — ” _ 1 n=4
: ” : — n=3
ﬂ ” L-shell —
\} = —anz

opacity (cm?/g)
=

-
Q
N

2p"3d L o® n =1

Fe *1°: 1522522p°

s s .1.3 ........ 1.4 ........ 1.5 ........ 1.6 ........ 1.7 s s 2 Ne_llke
wavelength (A)

—
=




Contribution from excited states significantly adds complexity () s
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High-energy-density (HED) science is challenging for |

both theory and experiment |
Theory: High temperature, high density effects complicates modeling ‘
Challenge 2: Density effects with thermal fluctuation ~ EX@mple: _
e Line broadening [1]
lsolated atom * Level depletion
Unperturbed transition energies — Occupation probability [2]
n=2 oL
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Photon energy [eV] |

[1] Griem, Spectral Line Broadening by Plasmas (1974) [2] Hummer and Mihalas, Astrophys. J. 331, 794 (1988)




High-energy-density (HED) science is challenging for

both theory and experiment |
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[1] Griem, Spectral Line Broadening by Plasmas (1974) [2] Hummer and Mihalas, Astrophys. J. 331, 794 (1988)




High-energy-density (HED) science is challenging for

both theory and experiment |
Theory: High temperature, high density effects complicates modeling ‘
Challenge 2: Density effects with thermal fluctuation ~ EX@mple: _
e Line broadening [1]
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Observation is the ensemble of the random perturbations

[1] Griem, Spectral Line Broadening by Plasmas (1974) [2] Hummer and Mihalas, Astrophys. J. 331, 794 (1988)




High-energy-density (HED) science is challenging for

both theory and experiment |
Theory: High temperature, high density effects complicates modeling ‘
Challenge 2: Density effects with thermal fluctuation ~ EX@mple: _
e Line broadening [1]
In dense plasma ons Energy splits due to ) Le;e(l)depletion bability [2]
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Spectral lines are broadened due to the ensemble of random perturbations

[1] Griem, Spectral Line Broadening by Plasmas (1974) [2] Hummer and Mihalas, Astrophys. J. 331, 794 (1988)




High-energy-density (HED) science is challenging for |
both theory and experiment )

What is high-energy-density science? ‘

Science for high temperature, high density plasma

Experiment: |

* Diagnose: Hard to diagnose due to extremely small, short-lived plasma
* Limited resource: Not easy to get funding to repeat experiments for checking
reproducibility |

Theory:

e Significant population in excited states
* Density effects with thermal fluctuation (line shape, level depletion) I



Calculated iron opacities are significantly lower than
measurements as T,, n, approach solar interior values

Bailey, Nagayama, Loisel, Rochau et al., Nature 2015
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If true, it accounts for about ¥ the
opacity increase needed to resolve
the solar problem

But what’s causing the discrepancy?

* Inaccuracy of theory?

* Flaws in experiment?

Both theory and experiment are
challenging in HED science;
Neither should be ruled out.




No systematic error has been found that explains the @m
model-data discrepancies abortones

Random error:
— Average over many spectra from multiple experiments

Systematic error evaluation:
— Evaluated with experiments and simulations

* Plasma T, and n, errors
 Sample areal density errors
* Transmission errors

e Spatial non-uniformities
 Temporal non-uniformities
 Departures from LTE

* Fe self emission
 Tamper self emission
e Extraneous background

e Sample contamination

 Tamper transmission difference
——



No systematic error has been found that explains the @m
model-data discrepancies abortones

Random error:
— Average over many spectra from multiple experiments

Systematic error evaluation:
— Evaluated with experiments and simulations Experimental evidence

v

* Plasma T, and n, errors
 Sample areal density errors
* Transmission errors
e Spatial non-uniformities
 Temporal non-uniformities

N N et o " aYe “:{T:"ﬂ 'al aa T ‘:_
Departures from LTE

+49% and +25%, respectively [1]

RBS measurements agree with Mg spectroscopy
Transmission analysis on null shot shows +5%
Al and Mg spectroscopy

Backlight radiation lasts 3ns

A 4

A 4

A 4

A 4

e Fe self emission Measurement do not show Fe self-emission
 Tamper self emission

e Extraneous background

v

v

Quantified amount do not explain the discrepancy

A 4

e Sample contamination RBS measurements show no contamination

lamper transmission ditrrerence
i

s o) | -

Condition reproducibility: [1] Nagayama et al, Phys Plasmas (2014)



No systematic error has been found that explains the @m
model-data discrepancies abortones

Random error:
— Average over many spectra from multiple experiments

Systematic error evaluation:
— Evaluated with experiments and simulations Numerical evidence

* Plasma T, and n, errors » Suggested n, error did not explain the discrepancy

C 1 oy
SaAarmNnil,os A NANCIT\! AOrrNnrc
Sample areal density errors

Nagayama et al, High Energ Dens Phys (2016)
Iglesias et al, High Energ Dens Phys (2016)

[ransmission errors
e Spatial non-uniformities
 Temporal non-uniformities

 Departures from LTE

* Fe self emission » Simulation found they were negligible

 Tamper self emission
. ‘ Nagayama et al, Phys Rev E 93, 023202 (2016)

Extraneous background
el atRal ¥ Nagayama et al, Phys Rev E 95, 063206 (2017)

 Tamper transmission difference —
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Opacity disagreement is complex and most likely caused by ok
multiple sources

Z iron data?

—_12
o Calculated opacity[1]
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[1] Seaton et al., MNRAS (1994)




Opacity disagreement is complex and most likely caused by i)

multiple sources

1 Z iron data? -
o Calculated opacity[1]
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0 - i
BF: bound-free/quasi-continuum:  BB: bound-bound line features* Window filling:
« Bound-free (b-f) cross-section? * Line location Q.Atomic structure . Broad.er line shape filling
* Missing lines from multi-excited * Strength 2 Osullator strength? the wmdpw? |
states? Population? * Missing lines from multi-
- Multi-photon processes? e Line width = Line shape? excited states?
Missing lines? * Multi-photon processes?

[1] Seaton et al., MNRAS (1994)

*ATOMIC, OPAS, SCO-RCG, SCRAM, and TOPAZ show much better agreement in line locations



Questioning theory comes down to atomic data, population, Sk,
density effects, or missing physics
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BF: bound-free/quasi-continuum:  BB: bound-bound line features* Window filling:
* Bound-free (b-f) cross-section? * Line location Q-Atomic structure . Broad.er line shape filling
* Missing lines from multi-excited * Strength = Oscillator strength? the window?
states? Population? « Missing lines from multi-
« Multi-photon processes? * Line width = Line shape? excited states?
Missing lines? * Multi-photon processes?

[1] Seaton et al., MNRAS (1994)

*ATOMIC, OPAS, SCO-RCG, SCRAM, and TOPAZ show much better agreement in line locations



Experiments with different elements are a rich source of @m
. . Laboratories
opacity model tests as well as experiment-platform test

Closed L-shell | vacancy Wum (2=24) iron (Z=26) nickel (2=28)
O

Population

6 12
# of bound electrons

L-shell vacancies

Questioning Theory: )
e Atomic data? :
. Population? More # of excited states Less
* Density effects? Density effects

<

* Missing physics?




First systematic study of high-temperature L-shell opacities @m
were performed for Cr, Fe, and Ni at two conditions Neborsonies

Anchor2: T, ~ 180 eV, n, ~ 30 x 10?* cm™3
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* Opacities are measured at T, > 150 eV
« T, andn, are diagnosed independently —Systematically performed for Cr, Fe, Ni at two conditions

* Reproducibility is confirmed

MODELS: ATOMIC, NOMAD, OPAS, SCO-RCG, SCRAM, TOPAZ



Systematic opacity model-data comparisons for three Sandi
elements narrowed down hypotheses for discrepancies sl

——{ Anchor2: T, ~ 180 eV, n, ~ 30 x 10*" cm™>

PHYSICAL REVIEW LETTERS 122, 235001 (2019) 10

Systematic Study of L-Shell Opacity at Stellar Interior Temperatures
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The first systematic study of opacity dependence on atomic number at stellar interior temperatures is
used to evaluate discrepancies between measured and modeled iron opacity [J. E. Bailey et al., Nature
(London) 517, 56 (2015)]. High-temperature (> 180 eV) chromium and nickel opacities are measured
with +£6%-10% uncertainty, using the same methods employed in the previous iron experiments. The
10%-20% experiment reproducibility demonstrates experiment reliability. The overall model-data
disagreements are smaller than for iron. However, the systematic study reveals shortcomings in models
for density effects, excited states, and open L-shell configurations. The 30%—-45% underestimate in the
modeled quasicontinuum opacity at short wavelengths was observed only from iron and only at

temperature above 180 eV. Thus, either opacity theories are missing physics that has nonmonotonic 7 8 9 11
dependence on the number of bound electrons or there is an experimental flaw unique to the iron Wavelength ( A)
measurement at temperatures above 180 eV. . J

DOI: 10.1103/PhysRevLett.122.235001

Nagayama et al, Phys Rev Lett 122, 235001 (20



Systematic opacity model-data comparisons for three @m
elements narrowed down hypotheses for discrepancies otk

———1 Anchor2: T, ~ 180 eV, n, ~ 30 x 10! cm™3
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Found: Window disagreement appears in open L-shell
configuration 0
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Hypothesis: Challenge in population calculation at open
L-shell configuration

Nagayama et al, Phys Rev Lett 122, 235001 (2019




Systematic opacity model-data comparisons for three Sandia

[ ] Narlllal.
elements narrowed down hypotheses for discrepancies harteses
——{ Anchor2: T, ~ 180 eV, n, ~ 30 X 102 e — B

Area-normalized
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Wavelength (A)

Found: Most models significantly under-predict line
broadening 7 8

9 .
Wavelength (A)

Hypothesis: Line-shape theory is not sufficiently accurate »

Nagayama et al, Phys Rev Lett 122, 235001 (2019



Systematic opacity model-data comparisons for three Sandi

[ ] [ ] Narllml.
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Found: Only Fe shows severe discrepancy

Hypotheses:
e Fe experiments or data analysis are flawed at anchor 2, 3

e Missing physics becomes important at conditions that Fe
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Nagayama et al, Phys Rev Lett 122, 235001 (2019



Holistic approach including new experiments, new analysis, new

theories will help resolve the solar problem

Puzzle: Measured stellar iron opacity higher than predicted

— Both experiment and theory need to be scrutinized

Experiment scrutiny
e Systematic study of Cr, Fe, and Ni
- Narrow down hypotheses

Cr o Fe Ni
e 2 g %
n=1 =) @ — @
‘ooooooo oojo”o
@ Y
@ . @ . o o °

Theoretical scrutiny stimulates atomic-physics discussions

« Spectral line shapes: lon, electron, satellites
* Quasi-continuum: new theories
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Time-resolved data
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Continued experimental and theoretical research is needed for understanding photon-atom

interactions in High-Energy-Density matter




Analysis method is refined in (1) determining
unattenuated spectrum, (2) propagating errors

Two challenges in opacity analysis:

i

Intensity [J/str/A]

Determination unattenuated spectrum
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Propagating multiple errors
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Background subtraction
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Analysis method is refined in (1) determining |
unattenuated spectrum, (2) propagating errors |

Solution:
Calibration shot stats = Unattenuated PDF*

Two challenges in opacity analysis:

1. Determination unattenuated spectrum

3
20% random error

Intensity [J/str/A]
=)
o
Intensity (J/str/A)

8 9 10 11 12 13 14
Wavelength [A]

Wavelength (A)
2. Propagating multiple errors
e Unattenuated spectrum
 Background subtraction I
* Areal density |

* PDF = probability distribution function




Analysis method is refined in (1) determining
unattenuated spectrum, (2) propagating errors |

Solution:
Calibration shot stats = Unattenuated PDF*

Two challenges in opacity analysis:

1. Determination unattenuated spectrum BT rr T T T
48 spectra over 10 years
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3 200 |
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Intensity [J/str/A]
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Intensity (J/str/A)
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Wavelength [A]
) S S
Wavelength (A)
2. Propagating multiple errors :
Pagating P Monte-Carlo sampling

e Unattenuated spectrum : : _

«  Background subtraction This can easily handle multiple

*  Areal density sources of errors and non-linearity. |

* PDF = probability distribution function



New analysis returns asymmetric non-Gaussian opacity
PDF* as a function of wavelengths -

Two challenges in opacity analysis:

1. Determination unattenuated spectrum

7
20% random error Opacity probability distribution function

Intensity [J/str/A]
3

g

] I | 1
8 9 10 11 12 13 14
Wavelength [A]

2. Propagating multiple errors
* Unattenuated spectrum
 Background subtraction
* Areal density

Analysis accuracy is confirmed through synthetic-data tests and calibration-shot data ‘

* PDF = probability distribution function




New-analysis method revealed experiment reproducibility is -
better than we belleved (0-20%9 10%) @%
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New-analysis method revealed experiment reproducibility is -
better than we belleved (0-20%9 10%) @"m'
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New-analysis method revealed experiment reproducibility is -
better than we belleved (0-20%9 10%) @"m'
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‘ We are collecting more Fe data to re-scrutinize the Fe results ‘



New experiments and analysis reduced the model-discrepancy for@m
National
Anchor 2 iron, but ~ 3-10 o differences remain Laboratores

E Quasi continuum discrepancy
2015: ~ 1800 cm2/g; ~4c

10 2019: ~ 960 cm2/g; ~3c
| . Wi \'Il . .
N{“ = k Window discrepancy
E T M 7 2015: ~ 2900 cm2/g; ~ 50
2 6} | ziron dat2 (2015) 1' 2019: ~ 2700 cm2/g; ~ 10c
Lo | = '
- F Z iron da
= L M ,
® ul
Q. l
° rnl“

A We found similar results for
2 OP model
Fe at anchor3
~100
0 7 g 9 10 11 12
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Holistic approach including new experiments, new analysis, new |
theories will help resolve the solar problem 0

Puzzle: Measured stellar iron opacity higher than predicted =>E Data | ﬁ 4 h A Z
'S E Model C }*, \ AW
— Both experiment and theory need to be scrutinized § P e Mﬂw"w\‘/}“ \f\% ‘54\'/.‘/ I JM«T;
chinll SR AN YL E
Experiment scrutiny . wavelensths
° i i . . . )
Systematic study of Cr, Fe, and Ni « Refined analysis method ( Time-resolved data
- Narrow down hypotheses
n=2 Ni r
n=1 n;l @ :Zi @ ;/;
oo ' Q.

Theoretical scrutiny stimulates atomic-physics discussions LLine-shape | bata T

» Spectral line shapes: lon, electron, satellites
 Quasi-continuum: new theories

7.0 7.5 8.0 8.5 9.0 9.5 10.

Continued experimental and theoretical research is needed for understanding photon-atom ‘
interactions in High-Energy-Density matter




Time resolved measurements with a unique Sandia-developed
detector are in progress to further strengthen the data

Mg lines timel At=1.8ns Impact on opacity research
§ S * Assess the impact of temporal gradient
) WO e i * Time-resolved opacity measurements
v HeB Hey Hed * Free from temporal gradient

* Multiple conditions in a single shot

Impact on atomic physics:
e Study how changing temperature,
density, and radiation field affect:
* Line broadening and shift
e Excited state populations
 Two-photon opacity

Space

Space

v Taken by UXI*
Backlight
Radiation Wavelength




Holistic approach including new experiments, new analysis, new F

theories will help resolve the solar problem B
Puzzle: Measured stellar iron opacity higher than predicted - Data M)\ -
3 Model X \A/S
—> Both experiment and theory need to be scrutinized e~ T ,ww\fM w\ ”\\/V\ M«\;
Experiment scrutiny — - wavelengths E
* Systematic study of Cr, Fe, and Ni  Refined analysis method * Time-resolved data
- Narrow down hypotheses
n=2 e Ni
n=1 ::i ® 'ii e ;; f i
" A
oo ° 0 = " H

p

Theoretical scrutiny stimulates atomic-physics discussions | Line-shape |~
* Spectral line shapes: lon, electron, satellites wf
* Quasi-continuum: new theories

Continued experimental and theoretical research is needed for understanding photon-atom
interactions in High-Energy-Density matter




Systematic opacity model-data comparisons for three Sandia

[ ] Narlllal.
elements narrowed down hypotheses for discrepancies harteses
——{ Anchor2: T, ~ 180 eV, n, ~ 30 X 102 e — B

Area-normalized

9.94  9.96 0.98 1000 1002
Wavelength (A)

Found: Most models significantly under-predict line
broadening 7 8

9 .
Wavelength (A)

Hypothesis: Line-shape theory is not sufficiently accurate »

Nagayama et al, Phys Rev Lett 122, 235001 (2019



Systematic opacity model-data comparisons for three @m
elements narrowed down hypotheses for discrepancies otk

50 50
o ‘o SCO-RCG Due to better treatment
g g in satellite?
T 30 W 30
£ £
8 5 :
% 20 £ 20 Line-shape theory has many
o ol
=C < . . -
0 o approximations to be scrutinized

o )
9.94 9.96 9,98 10.00 10.02 9.94 9.96 9.98 10.00 10.02
Wavelength (A) Wavelength (A}

Found: Most models significantly under-predict line
broadening

Hypothesis: Line-shape theory is not sufficiently accurate

Nagayama et al, Phys Rev Lett 122, 235001 (2019



Many line-shape approximations were recently revisited;

More investigations are underway

Line is broadened due to ensemble
of random perturbations

Coulomb
interaction

Radiator .
P O
O
® o

Intensity

b

Common Approximations

e
National
Laboratories

Some were revisited

Coulomb interactions:

* Dipole approximation
* Limited basis sets

Electrons:

e 2" order
* Classical
* Neglect or ad-hoc

* Penetration/Strong coll.

* Exchange
* Electron capture

lon:

* Crudely approximated
» Static

Satellites

» Gomez PRA (2016)

Gomez PRA (2018)
Gomez PRL (2020)
Iglesias HEDP (2016)
Iglesias HEDP (2020)

» Mancini JPCS (2016)

Photdn enérgy [eV]

Two impacts: (1) Fe line shapes in opacity model (2) Density diagnostics |




Systematic opacity model-data comparisons for three elements Sk
revealed unexpected complexity Laboratories

Data

Models
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E .
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Anchor2: T, ~ 184 eV, n, ~ 3 X 10?2 cm™3

Nagavama et al, Phys Rev Lett 2019



Systematic opacity model-data comparisons for three elements Sandia
revealed unexpected complexity Laboratories

10

[
OO

After reanalysis
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Naagavama et al, Phys Rev Lett 2019



Can quasi-continuum puzzle be explained by missing physics?

Sandia
lm;latnlim
Three new theories are proposed ...
Two-photon opacities Transient space-localization of electron Resonances
"13\/\5% AT o = . ARRRRN AN
= Isolated atom N 1{]'
5 10’ (d)*P° 3p :Present
1 VWY 2 WY u, e
o _ .': ‘:\ 1 10° ‘ ‘ op
y el T 10° T |
. . 900 1OIOO ' 12l00 ' .15I00. . . .20I00. - .2500 1“1 7 — - | m— l L ‘ :
Raman Stokes Raman Anti-Stokes Photon energy (eV) 70 80 00 100 1 1{1 120 130
Eiect d | t t | &6 i Photon Energy (Ry)
Two photons can simultaneously Jec ‘f e.ec rons stay c 05? o ion, Resonances are neglected
interact with the atom contributing extra absorption
For: More HEDP (2017) For: Liu Comm. Phys. (2018) For: Nahar PRL (2016)
More HEDP (2019) Against:
Against:

Blancard PRL (2016)

Kruse HEDP (2019) Iglesias Ap.J. (2016)

Pain HEDP (2018)

Opacity calculations need to be performed and compared with the data systematically
across Cr, Fe, and Ni




Other facilities play crucial role in resolving the opacity puzzles@%

National Ignition Facility is independently
testing the Fe opacity at similar conditions X-ray free-electron lasers:

- Oscillator strengths of highly-ionized Fe
- Mono-energetic two-photon process

cross-sections
ﬁ"\'am“ .
' I
Eump‘ean
XFEL

[1] R. Heeter et al, Atoms 6, 57 (2018).

[2] T. S. Perry et al, HEDP 23, 223 (2017).
[3] R. F. Heeter et al J. Plasma Phys. 83, 5617 (2017).




Holistic approach including new experiments, new analysis, |
new theories will help resolve the solar problem I

Puzzle: Measured stellar iron opacity higher than predicted : Data :
—> Both experiment and theory need to be scrutinized E&nge LM ‘
Experiment scrutiny S wavelengths :
* Systematic study of Cr, Fe, and Ni  Refined analysis method « Time-resolved data
- Narrow down hypotheses.

Cr o Fe Ni
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Theoretical scrutiny stimulates atomic-physics discussions Line-shape |~ St 1 Quasi-cont.
* Spectral line shapes: lon, electron, satellites =] '
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e Quasi-continuum: new theories
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Continued experimental and theoretical research is needed for understanding photon-atom |
interactions in High-Energy-Density matter




