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Science: 

Theoretical Atomic Physics

Atomic Data Production (e.g., XSTAR)

X-ray Spectral Models

Technologies:

Atomic R-matrix Method 

Molecular R-matrix Method 

Multiple Scattering Theory 

(Atomic R-matrix + Fermi Model Perturber)

Science Objectives: 

Atomic K–shell photoabsorption model for Si

Atomic L-shell  photoabsorption model for Fe

Molecular and solid-state photoabsorption
models for O and Si K-edges, and Fe L-edge

Interpretation of X-ray (Chandra) Spectra
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Atomic Cross Sections and X-Ray Spectral Models

I0  = Source Intensity
I  =  Observed Intensity
N =  Column Density

𝝈 = Absorption Cross Section

Oxygen

Cross Sections

Neon

X-ray Spectra

Neon

Cross Sections

Oxygen

X-ray Spectra

Goal: Compute σ



Ne R-matrix, Experiment, QDT Analytical Formula
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Consistency:

Continuity at ionization threshold 

(Photoabsorption → Photoionization)

Continuity for → atoms → molecules → solids
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Si K Region: Solid-State

X-ray Spectra for O and Ne (atomic?) 
and Si and Fe (solid?)

Molecular/Solid-state absorption:

Broad, oscillatory, asymmetric profile

Atomic absorption:

Rydberg series of symmetric Lorentzians

Ne

Si

O

Fe

Molecular/Solid-State O?

Atomic Si, Fe?
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Differences between 
Atomic and Molecular 
Absorption Spectra

H2O Gas

O and O2 GasExperimental 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 O2 

H2O.



Molecular R-matrix Calculations with Quantemol
(with Jonathan Tennyson, UCL)
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Inner-shell difficulties discovered with Quantemol: Improvements Needed 



Atomic R-matrix for Fe (2017) vs. Solid Experiment
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Large 2p-1
3/2    - 2p-1

1/2 fine structure splitting large (720-707 ~ 13 eV)

Requiring relativistic treatment (spin-orbit+)

2p-1 and 3d6 open shells require numerous configurations even in LS lowest order CI

Full Breit-Pauli, large CI  R-matrix calculation is ultimately required

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

Chandra Data vs. 

Model using Solid Fe 

Experimental Data



Atomic R-matrix for Fe (2017) vs. Solid Experiment
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Large 2p-1
3/2    - 2p-1

1/2 fine structure splitting large (720-707 ~ 13 eV)

Requiring relativistic treatment (spin-orbit+)

2p-1 and 3d6 open shells require numerous configurations even in LS lowest order CI

Full Breit-Pauli, large CI  R-matrix calculation is ultimately required (unfinished)

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



Fe L-Edge: R-matrix and AUTOSTRUCTURE Calculations
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Comparisons with Theoretical and Experimental Data

WMU Visit by N. R. Badnell

Summer 2019

Fine-Structure Splitting Needed 

AUTOSTRUCTURE Easier 

“Solid” asymmetric features might be 

nonuniform fine structure broadening

Experiment: Initial State Resolved



Si K-edge Models:
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Various Solid Si X-ray Absorption Measurements

Atomic R-matrix (LS)

Corrales+ 2019 Model

LLNL Solid Experiment 



Multiple Scattering vi Fermi Model
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Additional atoms in molecule or solid are 

treated as scattering sites and approximated 

by delta-function s-wave scatterers.

Collaboration with Purdue University:

Professor Chris Greene

Undergraduate Student Praneeth Medepali
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Photoabsorption of H 
(plus displaced δ-function perturber)

Analytic K-matrix addition

Rydberg series split into two series 

Second series shifted by 

a quantum defect

XAFS-like oscillations above threshold 



Silicon ISM X-ray absorption: the gaseous component
Gatuzz, et al., MNRAS, July 2020
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Chandra HETG data and ISMabs model

Best Fit for all 

HETG data

R-matrix

cross sections
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.



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 II, Si III, Si XII, and Si XIII 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., OI Kα 1s-2p EBIT experimental confirmation)
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