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 What do we know from experiments about the opacity of iron?
« (Cold opacities

« High-energy-density experiments: the outstanding puzzle

*  What do we know from fundamental theory? Rl E01S)
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« (Can refining theory help us resolve the iron opacity puzzle?
« |t appears not: neither model detail nor completeness is lacking

« Can extending theory help us resolve the iron opacity puzzle?
« Perhaps, but much more work is needed — and that work must acknowledge
completeness and consistency as first-order requirements of opacity calculations




Cold opacities are more or less settled
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NIST and CXRO provide databases of cold
opacities [1,2] informed by x-ray absorption
measurements; agree to within < 5%

https://www.nist.gov/pml/x-ray-mass-
attenuation-coefficients

http://henke.lbl.gov/optical_constants/




Cold opacities are more or less settled
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NIST and CXRO provide databases of cold
opacities [1,2] informed by x-ray absorption
measurements; agree to within < 5%

https://www.nist.gov/pml/x-ray-mass-
attenuation-coefficients
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Classical approximations for bound-free
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roughly reproduce the standard data, and
can be corrected by quantum Gaunt
factors




Cold opacities are more or less settled
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NIST and CXRO provide databases of cold
opacities [1,2] informed by x-ray absorption
measurements; agree to within < 5%

https://www.nist.gov/pml/x-ray-mass-
attenuation-coefficients
http://henke.lbl.gov/optical_constants/

Classical approximations for bound-free

. 32 R 2 Z4-
cross sections gKramers _ 32a By7 2 ¢
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roughly reproduce the standard data, and
can be corrected by quantum Gaunt
factors

Quantum average-atom calculations
strictly obey sum rules [1] and match
standard data well, especially after
correcting the DFT energies




Opacity modeling at HED conditions is more challenging (Fih) o
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« High temperatures move electrons into excited states, which may or may not be in Local
Thermodynamic Equilibrium (LTE); this leads to additional processes and divergence in X, ~ g,, e EVT

« High densities lead to collisions and strong fields, which truncate the state space via continuum
lowering/ IPD, can enforce LTE, and leads to collisional line broadening and Stark line splitting

Nmax = 8

Opacity models must: 1E+22 ety exited =3
1) Completely account for all occupied states in P doubly excited (limited)
accessible ions (a complete and consistent EOS) LE18 -
2) Completely account for all photon absorption e
1.E+14

processes from those states (bound-bound,
bound-free, free-free... and multiphoton?)
3) Be computationally tractable
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2) Have “sufficient” detail in the atomic structure 5 20 20 60 80

number of electrons




Until recently, balancing enforced completeness with )
“sufficient” detail appeared to be a sound approach

Laboratories
We know what we need to do:
get complete atomic structure from extensive MCDF or CC calculations, and then calculate all cross
sections with the best methods available, ensuring that the line-shapes and EOS are consistent with the
atomic structure and that the structure is complete... unfortunately we also know that’s impossible.

However, we can make informed choices that effectively balance completeness, accuracy, and tractability
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In 2015, that approach failed () &

In 2015, Bailey et al. published experimental results for iron opacity at T, =183 eV and n, = 3x10%? e/cm3
showing lines that were much broader than theory predicts and continuum opacities that were much
higher than any model — and higher than the cold opacities.
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Were the calculations incomplete? () &,

In general, no.

Most standard opacity models explicitly enforce completeness. Comparisons with simple average-
atom models that natively possess strict completeness show that the disagreement in the
continuum region cannot be resolved by adding more states.

1.E-16
Bailey (2015)
""" Henke (cold) Even with enhanced
Average atom (natively complete) | proadening, the enforced-
hybrid (enforced completeness) complete “best effort” models

that matched the low-density
data with incredible fidelity
N

-eee—___| Cannot reproduce the
' measured high-density
continuum region.
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Were the calculations insufficiently detailed? () &,

No. Unsurprisingly, models that sacrifice completeness for detail disagree more with the measured
continuum than models that either explicitly or natively enforce completeness.
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NP16: Nahar and Pradhan, PRL 116, 235003 (2016); cf. PRL 117, 249501 (2016), ibid 249502 and Ap J 835, 284 (2017)




Revisiting the requirements for HED opacity models (i) B
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Opacity models should:

/ 1) Have a “sufficient” and consistent treatment of line broadening

J 2) Have “sufficient” detail in the atomic structure

Opacity models must:
/ 1) Completely account for all occupied states in accessible ions (a complete and consistent EOS)

? 2) Completely account for all photon absorption processes from those states (bound-bound,
bound-free, free-free... and multiphoton?)

\/ 3) Be computationally tractable
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Simple but strict consistency: Extended average-atom models () s

2.0 homas-Fermi Ne
A gﬂiﬂiﬂiEiiz-::n-.nm Electrons_ are trgated quantum mechan_ically.in.a
1s ——QOZ gii(r) self-consistent field much like Purgatorio?, within
10 =" anion correlation sphere instead of muffin-tin.
0.5 lons are treated with the quantum Ornstein-
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0 1 2 RWs3 g 6 7 s from the self-consistent electronic structure.
a = B ideal density of states/Z
o | I | — Quantum density of states’Z— T @nsure smooth transitions under pressure
—— QOZSii(k) lonization, we define quasi-bound wavefunctions
1.0 P(n*l) = <P(e,l)>, and assign them to the ion. This
collapses multiple definitions of Z* into a single
00 value
0.9 The EQS, continuum lowering, and potentially
iy even line broadening derived from this model are
o all fully self-consistent and natively complete.
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Optical properties can be generated from the wavefunctions (i) &
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We use Kubo-Greenwood' to generate
o(®) 2 €(m), n(w), M), T(M)

This provides rough but strictly complete opacities
which account for all electronic states and obey all
sum rules.

The model is also natively consistent, with
continuum lowering and EOS derived from the same
potential and wavefunctions that produce o(w).

We are exploring ways to increase consistency by
using S; (k) to generate P(E) for Stark splitting and
T(w) for both collisional broadening and multi-photon
processes.
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A first step: two-photon processes in a rough approximation (i)
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Following Lambropolous & Tang [1], we
approximate the two-photon process as a series
of one-photon processes, and integrate over the
backlighter intensity fz B(m) :

O1pa = GI] T] G -f [Cm4 S]
<Otpa> = GOPA Jo (T} 64)(®) fg B(w) dw [cm?]
With the speculation that t(®) = n;/ [e,(®)dw] (?),
from [2], we find that <c1pa> can plausibly
account for the iron data — and it will not be a
factor for NIF experiments!

Please note that this is highly preliminary.
See recent work from R. More (forthcoming
HEDP) and M. Kruze for more rigorous (but
as-yet less complete!) approaches.
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Conclusions ) i

« Z experimental opacities remain a significant and unresolved puzzle

« Opacity models must balance completeness and detail:

f —~
More complete . Average atom models 2
« Unresolved transition arrays
 Fine-structure models UC.;’ — hybrid (DW)
.  Close-coupling/R-matrix 0 ——NP16 (CC-RM)
More detailed } PINg el M U MR R LA ,

« (Can refining theory help us resolve the iron opacity puzzle?
« |t appears not: neither model detail nor completeness is lacking

« Can extending theory help us resolve the iron opacity puzzle?
« Perhaps, but much more work is needed — and that work must acknowledge
completeness and consistency as first-order requirements of opacity calculations




Back-up (Fih) S

Laboratories

THE ASTROPHYSICAL JOURNAL, 835:284 (5pp), 2017 February 1

1pﬂ |||||||||||||||||||||||||||||||||||||||||||||||||||||| o I T I —T I i I T )
| ] I [ I B |
B i 0 R-matrix 0
N _ : FeXVIl Convolved k
Fe XVII _1 B 1
05 __ — — Cold data __ NS b,  [—— -
-~ L —— OPAL ] = -2 —ATOMIC o
g B 1} — QP05 ] E —QPAS
o — [ TOPAZ — W -3 I | BEEDE BEEES - =3
8 — NP16 i L 0
a o | FeXVIl OP x
g 3 :
o = e 4
Cl —SCO-RCG
5 -2 ——SCRAM -2
]
< —TOPAZ
& PR I i O O O O A O OO s P
a 13 12 11 10 9 8 7
o
5 A (A)

FIG. 1. (Adapted from Fig. 5 of Ref. [1].) Opacities of FeXVII

at a temperature of 2.1 x 10° K, free electron number density of

3.1 x 1022 cm™>, and abundance of 0.195. Dashed lines are

e bt bt Lot b e g g 0.195x the cold reference opacity [10], representing a fully
12 11 10 9 8 7 occupied L shell.
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of the Sandia experiments from several codes and the cold solid density data.




which generate 99 LS-terms. It follows that NP16 omitted the
photon ionizations:

2522p3nl + hv — 252p°nlep
and n =5

252pnl + hv — 2p®nlep all n

2522p3nl + hv — 2522p*nlel’ n =5

252p8nl + hv — 252p3nbel’  nf = 4d, 4f,
and n=S5 5)

nt = 4d, 4f

with £ = s, d for dipole allowed transitions.
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Figure 2. TOPAZ total photon absorption cross-section for the Fe XVIII ground
configuration (thick line), the Fe XVII singly excited configuration with 3p (thin

clarity.

line) and 5p (dash line) spectators, plus only ionization by the 3p spectator
(dot—dashed line). Results are convolved with a Gaussian with 8 eV FWHM for

Iglesias & Hansen
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Figure 3. TOPAZ photon absorption at conditions of Figure 1 for the
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configurations included in NP16: total absorption (thick line), with only cross-
sections included by NP16 (dash line), and with only cross-sections included in

OP 2CC (thin line).




