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Outline of the talk

Electron/Photon collisions with Atomic and Molecular Species

Motivation: electron and photon collisions with
atoms/molecules and their ions.

Photoionization studies - road map for electron impact

Astrophysical applications; relativistic effects, radiation
damping, non-perturbative approaches

Methodology employed
Valence Shell: light and heavy trans-Fe elements
X-ray (inner-shell): light systems

Heavy metal elements, Ir, Pt, Au, Hg, BI, Pb: _
LIGO,gravitational waves, neutron stars, nucelosynthesis,
black hole detection and merger.




LIGO : Importance of Heavy Elements

Laser (L) Interferometer (1) Gravitational-wave (G) Observatory
https://www.ligo.caltech.edu/page/press-release-gw170104
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Phases of neutron merger over time

Observational signatures and associated physical processes
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Motivation:Astrophysical Modeling

Provide accurate atomic data for astrophysical
modeling codes; XSTAR, CLOUDY, ATOMDB

Opacities of Stellar Envelopes

e Opacities of Stellar Envelopes for Temperature 7’

e Rosseland mean opacity K r where,

1 dB < 1 dB,

— d
Krdl J, K, dar "~

B, Planck Function, B integrated Planck Function
K, =) N(m)o(m)

o(m) cross section




Red Giant: Nucleosynthesis forms new

elements.

H,He = N Masswe star near the end

He,N “_of its lifetime has an

He.C "onion-like® structure

=, just prior to exploding
%, as a supemova

Bed Giant Star

et A

= Tburnung occurs at the
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S-process and r-process

Sneddon et al, Annual Rev. Astron. Astrophys. 46, 241 (2008)
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Fig. 1.—Examples of photospheric lines observed in FUSE, GHRS, and
IUE spectra of HD 149499 B (black lines) and best models matching the
observed spectra (red lines). The top two panels show FUSE data. The left
and right spectra in the bottom panel show GHRS and IUE data, respectively.
The As 1v A1003 and Se 1v A1176 lines are not included in the fits of the
1002-1006 and 1173-1179 A spectral regions, because their oscillator
strengths are not known.

First discovery of

Arsenic AslV, AsV

Selenium SelV,
SeV

lodine |V, and

Tin SnlV
(Chayer et al. 2005
ApJ 603, L172)

In a white dwarf
(Tx=50,000 K)



Abundances

Elemental Abundances
VS.
Atomic Number

Atomic number




Hot Stars: Elements of interest

A After Iron Project : need to proceed with Trans-lron Peak
Elements; TIPP? (Trans-lron Peak Project)

A UV spectra of hot post-AGB stars exhibit unidentified lines

A Some could stem from highly ionised (VI-VIII) metals that are
enriched by s-process: Ge, Ba, Sr, Y, Pb. Abundances would
be most useful!

A Lines from such ions, however, hitherto not identified

A Problem: precise wavelengths required for unambiguous line
identifications

ASome examples for Ge, Pb, ¢
subdwarfs (but: abundances n
affected by diffusion).

/A DESIRE website: http://w3.umons.ac.be/astro/desire.shtml
~ Palmeri et al ICAMDATA (2012), Gaithersburg, MD, USA



Motivation/Methodology

How do we deal with the many bodied problem
Use first principle methods (ab initio) (L> Method)

- R-matrix with pseudostates (RMPS) close-coupling method
Benchmark theoretical results with synchrotron measurements
- Satellite observations CHANDRA/XMM (when available)

Ab initio methods; provide highly accurate, reliable atomic and
molecular data (use state-of-the-art-techniques) solution of the
SCHROEDINGER or DIRAC equation.

Interpreting satellite observations and astrophysical modelling.

Provide data over a wider range of energies and charge states
than experiment: ALS, SOLEIL, ASTRID Il, BESSY II, PETRA Il

Provide data where its is not available, eg trans-Fe elements
Unravelling the metastable content in experimental measurements
Fundamentally interesting to do.




Theory: Atomic R-Matrix Method
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R-matrix/R-matrix with Pseudo-states (RMPS)
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Parallel R-matrix codes (Atomic)

pstglr

STG2DXXX

RECUPDXXX

photoionisation (damped)

pstgb

pstgbf0damp

Semi-relativistic (BP)

/N

TE

stgld_orbs

stgld_ints

pdstg2

pdto3

pstg3rd

pstgd

-m

damped cxcitationfdx/

pstgb

photoionisation (damped)

pstgb

pstgfdamp

pstgbf0damp

Relativistic (DARC)




Why supercomputers?

Size of (N+1)-Hamiltonian:

MXMAT = MZCHF x MZNR2 + MZNC2

# of
# continuum # (N+1) terms

scattering orbitals for for given Sip
channels given L

8 x 50 + 100 = 8000 ~ 512 Mb (small scale EIE




Time (minutes)

Scalabllity of codes: Hazel Hen

Diagonalization: 198,783 by 198,783, Hamiltonian matrix, Mo II
MODULE PSTG3RD: 7446 channels, HAZEL HEN {Cray XC40)
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Peta-flops (PFlops)

0.5
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0.3

0.2

0.1

Scalabllity of codes: TITAN

pstgf code profiled with CrayPat on Titan

06/20/2014 : Fe Il, 300 levels, 2500 channels, H file size 30,000

Electron-impact excitation

25000 50000 75000 100000 125000 150000

number of processors (cores)
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J. Phys. B: At. Mol. Opt. Phys. 36 (2003) 3371-3381 Photoionization studies of the B* valence shell:

experiment and theory
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Doubly excited resonances in the photoionization

I I e I i k e » L i -+ i O n S spectrum of Li*: experiment and theory
|

S W J Scully'?, I Alvarez?, C Cisneros?, E D Emmons', M F Gharaibeh',
D Leitner?, M S Lubell*, A Miiller’, R A Phaneuf!, R Piittner®,

A 8 Schlachter?, S Schippers®, W Shi*!°, C P Ballance’

and B M McLaughlin®?
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Two-electron promotions in the He-like Li* ion produce doubly excited states that can
autoionize to form a Li’* ion and an outgoing free electron. The strongest excitation process
from the 1s% 'S ground state of the Li* ion is

hv + Lit(1s? 1S) — [Lit@snp)1**('P°) — Li**(1s2S) + e .

. Phys. B: At. Mol. Opt. Phys. 39 (2006) 3957-3968




PD / RA of H :applications for early Universe
hn+ H, and e-H->H+ m,

n=4, n=5 14 pseudo: 60 levels,LS (RMPS)
McLaughlin et al J Phys B (2017)
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Cross Section (Mb)

Electron Impact lonization of Li-like carbon - C3*
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Photon impact on Ne Il : Experiment/R-matrix
Ne Ii

Ne Il

Breit-Pauli ( n=2,3)
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Electron impact excitation (EIE) of O Il ions

B O I I T—H:uﬂ-}.w.lw
"
oa

H
- |
il
‘! ol ‘
b2 12 Wi
p-!;_
-] TWW’FW
E
Bl 2Fﬁr}.!.:-u». e
o s
a Aﬁq.m
=
™
) Lt |
]
[

o=

o
-
ﬂﬂr i ,"
kY
L L L L I-T L L L #
R E R E R
BOATTERPD RROLE [ag)

L I 1 :
6 i M 4 W T OE 1 i 13 130 488 1M

e N o

{
:

“.I'I'

L
|

WEH
i

“l'l

it

W m M W T W aE @ B = I8
SOATTERISS ARGLE [dag)

ol W ny e

M. Zuqg S. J. SmitiA.Chutjian I. D.William, STayaland B. M. McLaughli®dpJ 440, 421 (1995)



ICFT/Breit-Pauli: Electron impact of Ne lll ions

Observed Terms of Ne lll (Persson, etal 1991), IP=63.423
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Electron impact excitation (EIE) of Ne Il ions
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ICFT/BP: O-like ions, EIE of Ne Il (Ne?*)
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BP/ICFT: Electron 7 impact excitation of Ne |l

(Nadasifhast) + (Nadaofhasy)
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Electron 1 impact excitation of Ne Il and Ne Il
Ne Il
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Photoionization of Ca*: a as

Ca?* ion : 3p°, 3p°[4s-5p]
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Heavy Systems, New Frontiers

Dirac Formalism, relativistic treatment, hundreds

of states,

thousands of scattering channels.

Atomic structure, Grant code GRASP,
Dynamics, Norrington code DARC, re-
engineered to run on parallel architectures.

Interpret data from SR expts; ALS, SOLEIL,

ASTR
Model

Chanc
where

D Il, BESSY Il and PETRA I

iIng Satellite spectral observations by
ra/XMM-Newton on planetary nebulae
heavy species are present.



DARC: Fe-peak element, EIE of Fe4*
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Trans-Fe element
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ALS/DARC
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Zn* :3d104s 2S, , , 3d94s? 2D, 5, :456 CC DARC

G. Hinojosa et al (2017) MNRAS, 470, 4048
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Rb* ions :457-level DARC, Expt (ALS, DLP)

B. M. McLaughlin and J. F. Babb (2017) MNRAS, in prepartion
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W3+ (414552506503 4F,) : DARC/ALS

1731 evel s, 8 CSFO6s model

W4t residual ion:  5s25p®5d?, 5525p°5d6s,
5s25p°%5d6p, 5525p°5d6d,
5s525p%6s6p, 55°5p°6s6d,
5525p%6p6d, 5525p°5d3

3791 |1 evel s, 9 CSFO6s model

W4t residual ion:  5s25p®5d?, 5525p°5d6s,
5s25p%5d6p, 5525p°5d6d,
5s525p%6s6p, 55°5p®6s6d,
5525p%6p6d, 5525p°5d3,4f135525p%5d°3

A. Mueller, S. Schippers, J. Hellhund, A. L. D. Kilcoyne, R. A. Phaneuf, C. P. Ballance and B. M.
McLaughlin, J. Phys. B: At. Mol. Opt. Phys. (2016), and HCI 2012, Heidelberg, Germany (2012)




W2t and W3t : 392-level, 379-level DARC

B. M. McLaughlin et al J. Phys. B 46 (2016) 065201
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W4+ : 730-level DARC (Theory), Expt (ALS)

A. Mueller et al J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 085007
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K-Shell Photoabsorption / X-ray modeling




K-shell Photoabsorption

Spectator Auger decay and broadening effects/optical potential (early days)
[T. W. Gorczyca and F. Robicheaux, Phys. Rev. A 60, 1215 (1999)]

Ol B. M McLaughlin and K. P. Kirby, J. Phys. B. 31, 4991 (1998) -No Auger
T. W. Gorczyca and B. M. McLaughlin, J. Phys. B. 33, L859 (2000)

Ne | T. W. Gorczyca, Phys. Rev. A 61, 024702 (2000)

Ar | T. W. Gorczyca and F. Robicheaux, Phys. Rev. A 60, 1215(1999)

C I, ClI-CIV M. F. Hasoglu et al., ApJ 724, 1296 (2010),[Carbon: No SR expts]
Observations for neutral carbon, SR data for carbon isonuclear sequence.
R-matrix with pseudostates (RMPS) method includes these effects/ab initio
(RMPS results shows excellent with Synchrotron Radiation (SR) experiments)

Ol B. M McLaughlin et ApJ 771 L8 (2013)
OV B. M. McLaughlin et al J. Phys. B 47, 115201 (2014)
O Il - Olll J. T M. Bizau et al Phys Rev A 92 023401 (2015)

OVi OVI  B. M. McLaughlin et al MNRAS 465 4690 (2017)

Atomic and ionic photoabsorption calculations are crucial for abundance
determinations from X-ray spectra of cosmic sources
O-sequence A. M. Juett et al., ApJ 612, 308 (2004)
Ne-sequence A. M. Juett et al., ApJ 648, 1066 (2006)




X-ray Absorption Intensity near the K-edge
of Carbon ions

Chandra Xay Spectrum Observation of Blazar Mkn 421
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Li-like: K-shell Photoionization of C3*

A Mueller, S Schippers, R A Phaeuf, S W Scully, A guilar, A Movington, | Alvarez,C Cisneros, E D Emmons,
M F Gharaibeh, G Hinoosa, A S Schlachter and B M McLaughlin J. Phys. B. 42, 235602 (2009)
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Here g; = 2 is the statistical weight of the C3+(1s?2s 28, ,5) ground state (labelled
i), g¢ = 1 is the statistical weight of the C**(1s? 1S,) ground state (labelled f). The
PR and PI energy scales (denoted as En and FE., respectively) differ by the C3+
2s-ionization energy I; = 64.49390 eV [53], i.e. E. = E,;, — I,.



Atomic O and N Isonuclear sequence

o X-ray studies on atomic oxygen and nitrogen and its ions
are of fundamental importance to Astrophysics.

o High resolution ground based experiments made at the ALS
and SOLEIL synchrotron radiation facilities.

o Theory: Large-scale R-matrix with pseudo-states (RMPS)

o EXxcellent test bed for EIE, Ell, dR, and Pl (BP / DARC)
calculations

o Atomic nitrogen (N I) and oxygen (Ol) measured at ALS

(Wayne St o | greup)s

o NIIT NV measured at SOLEIL
(Jean-Marc B z agraup)

o OIl - OVI measured at SOLEIL
(Jean-Marc B z agraup)

- Excellent agreement between theory (RMPS) and ground
nchrotron.




Atomic Oxygen : K-shell

|‘

B. M. McLaughlin, C. P. Ballance, K. P. Bowen, D. J. Gardenghi and W. C. Stolte, ApJ Letters, 779, L31 (2013)

B. M. McLaughlin, C. P. Ballance, K. P. Bowen, D. J. Gardenghi and W. C. Stolte, ApJ Letters, 771, L8 (2013)



