X-ray Absorption by Atomic and Multi-Particle AtomDB

Gases 2020

Thomas Gorczyca, Western Michigan University Science:
Theoretical Atomic Physics

Collaborators: Atomic Data Production (e.g., XSTAR)
Manuel Bautista (WMU) X-ray Spectral Models
Javier Garcia (Caltech)
Efrain Gatuzz (MPI) Technologies:
Tim Kallman (GSFC) Atomic R-matrix Method

Molecular R-matrix Method
Multiple Scattering Theory
(Atomic R-matrix + Fermi Model Perturber)

Claudio Mendoza (WMU)

M. Fatih Hasoglu (Gaziantep, Turkey)
Nigel Badnell (U. Strathclyde, Glasgow)

PR g
MMWM WM Science Objectives:
P oo AT 1] Atomic K—shell photoabsorption model for Si

[IRTALE!
i
It X
I 15
. % 0
— -15
23 23.5 24 21 215 22 225 23 235 24

Atomic L-shell photoabsorption model for Fe

ER I TR ET R Molecular and solid-state photoabsorption
| W\M models for O and Si K-edges, and Fe L-edge
e #Mrlt \(iL 1 el Wiy Interpretation of X-ray (Chandra) Spectra
el A
L B e e o o
1 s 13.5 14 145 15 1

4 . .
Wavelength (A) Wavelength (A)



BEEE
10% l i ouggjl — 7
Oxygen _— |
Cross Sections ¢
2 1wt
107! I\A | B
21 21.5 22 22.5 23 23.5 24
107 —
= 10
Neon S ol
Cross Sections &
10"
13 13‘15 14 14.5 15
Wavelength (A)

4
—7T
3

o

“aw|(i|r|¢y)|®

Goal: Compute O

AtomDB

2020

Normalized counts ™' A™!

— OV Ko
— O lIKy
—OIKp
—oika { |

—CllKa

Oxygen
X-ray Spectra

7

Normalized counts ™' A~

— hdar 111 K]

—Nall Ka

Neon
X-ray Spectra

P i

d;.l. LIIA ;.L.llLl
| I L ) L) A L ol B M

135 14 145
Wavelength (A)

I = I,e "N

I, = Source Intensity
I = Observed Intensity
N = Column Density
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Consistency:
Continuity at ionization threshold

(Photoabsorption — Photoionization)
Continuity for — atoms — molecules — solids

Four Physical Parameters:

E'" = Threshold Energy
(1= Quantum Defect

[' = Core Auger Width Thomas-Reiche-Kuhn Sum Rule:
d
fo = Scaled Oscillator Strength > fnt [dE (é) =1
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Atomic absorption:
Rydberg series of symmetric Lorentzians

Molecular/Solid-state absorption: Molecular/Solid-State O?
Broad, oscillatory, asymmetric profile Atomic Si. Fe?



Absorption Spetra

Experimental cross sections
(originally arbitrary units and
uncalibrated energies.
Renormalized and shifted for
consistency.

Analytical Fits (solid lines
through experimental data):
Atomic Quantum Defect
Analytical formula for O,
Modified Rydberg Series and
Resonance formula for O,
H,O.
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Molecular R-matrix Calculations with Quantemol  |AtemD8
(with Jonathan Tennyson, UCL) 2020

Using Quantemol- N: Ous antemol >
6. Type & level of the Calculatlon

5, 08V=CatCHT_RMAT.

2 types: ]

» Electron Scattering | - .o

« Photolonization

LILE Format

Inner-shell difficulties discovered with Quantemol: Improvements Needed

Mot

September 14, London
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Atomic R-matrix for Fe (2017) vs. Solid Experiment 2020

Large 2p?;, - 2p™,fine structure splitting large (720-707 ~ 13 eV)

Requiring relativistic treatment (spin-orbit+)

2p1 and 3d°® open shells require numerous configurations even in LS lowest order Cl
Full Breit-Pauli, large ClI R-matrix calculation is ultimately required

Cruder Fame-Transformation (Spin-Orbit series splitting) used

Chandra Data vs.
Model using Solid Fe
Experimental Data
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Large 2pt;, - 2p?y,fine structure splitting large (720-707 ~ 13 eV)

Requiring relativistic treatment (spin-orbit+)

2p1 and 3d°® open shells require numerous configurations even in LS lowest order Cl
Full Breit-Pauli, large CI R-matrix calculation is ultimately required (unfinished)

Cruder Fame-Transformation (Spin-Orbit series splitting) used

Photoionization of Fe |

Verner (LSIK-JAJOM) s
Experiment (Henke, LBL) @
.’- riment (x 2.3) (Kortright Kim)

10

Atomic Fit (Gamma=1.0eV) ——

solid Fit/(Gamma=3.0 eV, shift=+1 V)  m——

u(r)

Atomic
Molecular
Solid

Photoabsorption Cross Section (Mb)

I
0.1 ! L L 1 ! I I 1
680 690 700 710 720 730 740 750 760 770

Photon Energy (eV)




Photoionization of Fe | (0.6 eV FWHM except K&K)
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WMU Visit by N. R. Badnell
Summer 2019

Fine-Structure Splitting Needed
AUTOSTRUCTURE Easier

Experiment: Initial State Resolved
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Comparisons with Theoretical and Experimental Data

“Solid” asymmetric features might be
nonuniform fine structure broadening
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Fig 2. The atomic multiplet calculations for *Ds ground state (bottom ), the averaged
spectrum for the five |-states (middle) and the spectrum calculated at 1750K using
a Boltzmann distribution (top, solid). The 1750K spectrum is compared with the
experiment 2p XAS spectrum of an iron atom.
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Fig. 3.— Present R-matrix atomic cross section compared to the experimental olivine mea-

surements (arbitray units, resealed?)and the Chandra Si absorption model (Corrales et al.

2016).
Various Solid Si X-ray Absorption Measurements
050 L=
Sill only
a55 | —— olivine + 5l
nas5
0 Sl
040
45
& = ]
L 03s W LR
035
030
030
0254 — olivine pyromens am 2 \'___.-"' .
— enstatite — pyrosene_am 5 // 0251
higpersienme — pyroeene cr
I:I]l:l 1 T 1 1 T -ﬂl"ﬂ 1 1 I 1 1 1 1
=i EEL B &l kAL ETD E 7L E 80 E &l EED EGd BEE kGl &30 BT E74

Angstroms Angstroms



YE. Fermi, Hl.ll':ﬁ"ﬁ l.‘:lmenm 11, 157{]934]

e

sis. In this model the Rydberg electron is perturbed by a
neutral ground state rare gas atom B in the form of a Dirac-
delta function:

Ves = Vob(r —R). (4)

-~

R Collaboration with Purdue University:
A R B Professor Chris Greene
Undergraduate Student Praneeth Medepali

FIG. 1. Three-body model of a diatomic molecule A*B, with the coordinate
system centered on the nucleus of atom A.

Additional atoms in molecule or solid are
treated as scattering sites and approximated
by delta-function s-wave scatterers.
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Using Eq. 31 at r = . we have

S(R)+C(R)K(R) = S(R)+C(R) %S(H}X(ﬁ‘){S(H)JrC:[R]K(ﬁ)}} . (35)
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Silicon ISM X-ray absorption: the gaseous component
MNRAS, July 2020

Gatuzz, et al.,
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Although the solid absorption analysis is
beyond the scope of this work, we
emphasize that the gaseous component
must be carefully modeled before
measuring the solid absorption features to
estimate accurately the depletion factor of
atomic silicon.
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Atomic, Molecular, Solid-State Findings -

* C, O, Ne predominantly gaseous atomic for K-edge models

 Fe calculations and model fir including giant 2p->3d resonance shows
significant ~13 eV core fine-structure splitting AND ~1 eV individual
5D J-splitting: atomic fine structure needs refinement

 Atomic Si I, Si ll, Silll, Si XlI, and Si Xl model Chandra HETG data

* Theory: global cross section including asymptotic limits, absolute
Cross section, but resonance positions are least accurate

« Experiment: relative resonance spacing accurate, global energy
calibrated using other experiments

« X-ray Spectra (e.g., Chandra) and Spectral Models (e.g.,
XSTAR/ISMdabs) have best energy calibration

* (e.g., Ol Ka 1s-2p EBIT experimental confirmation)
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