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SUNDAY JUNE 17", 2018

Location: Foyer of the School of Nursing and Human Sciences, DCU, Glasnevin, Dublin 9.

17:00 — 20:00 Welcome Reception and Registration

MONDAY JUNE 18™, 2018

Location: Lecture theatre HG22 in the School of Nursing and Human Sciences, DCU.

08:40 — 09:00 Opening

09:00 - 10:20 Monday Oral Session 1

09:00 - 09:40

09:40 - 10:20

Christian G Parigger: Laboratory Plasma Diagnoses With
Applications To Spectra Of White Dwarf Stars (Mo.0.1.11)

Mateusz Borkowski: Optical Clock Transitions in Weakly Bound
Molecules (Mo0.0.1.12)

10:20 — 10:40 Coffee break

10:40 - 12:00 Monday Oral Session 2

10:40 - 11:20

11:20 — 11:40

11:40 - 12:00

Milan S. Dimitrijevi¢: Stark Broadening In Stellar Spectra
(Mo0.0.2.11)

Joel Rosato: Line Shape Modeling For Magnetic White Dwarf
and Tokamak Edge Plasmas: Common Challenges (Mo0.0.2.C1)

Gamal D. Roston: Effect of Gamma Ray and Signal Line Shapes
on the Spectral Performance of Fiber Bragg Grating
(M0.0.2.C2)

12:00 — 14:00 Lunch (IPC Business Meeting - Closed Session)

14:00 - 15:00 Monday Oral Session 3

14:00 — 14:40

14:40 — 15:00

Colette McDonagh: Plasmon-enhanced Fluorescence for
Improved Bioassay Performance (Mo0.0.3.11)

Jason B. Greenwood: Asymmetric Photoelectron Emission From
Chiral Molecules Using A High Repetition Rate Laser
(Mo0.0.3.C1)

15:00 — 15:20 Coffee break

15:20-17:00 Monday Oral Session 4

15:20 — 16:00

16:00 — 16:20

16:20 - 17:00

Ali M. Adawi: Determining Molecular Orientation via Single
Molecule SERS in a Plasmonic Nano-gap (M0.0.4.11)

Calin Hrelescu: Near-perfect absorption in the visible range
using metal-dielectric-metal nanostructure plasmonic array
(M0.0.4.C1)

Olivier J.F. Martin: Fano Resonances in Plasmonic Systems:
Bright Modes, Dark Modes and Critical Coupling (Mo0.0.4.12)
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TUESDAY JUNE 19", 2018

Location: Lecture theatre HG22 in the School of Nursing and Human Sciences, DCU.

09:00 - 10:20 Tuesday Oral Session 1

09:00 - 09:40

09:40 - 10:20

Reinhard Kienberger: Free Electron Streaking Reveals
Attosecond Dynamics On Surfaces And Layered Systems
(Tu.O.1.17)

Thomas Pfeifer: Switching Lorentzian To Fano Line Shapes
With Intense Lasers — From Attosecond Electronics To Sub-
Angstrom Nuclear Resonance Metrology (Tu.0.1.12)

10:20 — 10:40 Coffee break

10:40 - 12:00 Tuesday Oral Session 2

10:40 - 11:20

11:20 — 11:40

11:40 - 12:00

Eugene.T. Kennedy: Photoionization of Atomic and Molecular

lons (Tu.O0.2.11)
Emma Sokell: Investigation of the double photoionization
mechanism in benzene (Tu.0.2.C1)

Nikodem Stolarczyk: First Comprehensive Dataset Of Beyond-

Voigt Line-Shape Parameters From Ab Initio Quantum

Scattering Calculations For The HITRAN Database
(Tu.0.2.C2)

12:00 — 14:00 Lunch

14:00 - 15:00 Tuesday Oral Session 3

14:00 — 14:40

14:40 — 15:00

Franck Thibault: Ab Initio Line Shape Parameters For Speed
Dependent Hard Collision Profiles: Applications To
Rovibrational Lines Of Hz, D2, HD InHe Or H,  (Tu.0.3.11)

James F. Williams: Spectral Line Shapes and Angular
Momentum (Tu.0.3.C1)

15:00 — 15:20 Coffee break

15:20 - 16:20 Tuesday Oral Session 4

15:20 - 16:00

16:00 - 16:20

Tijs Karman: Collision-Induced Absorption By Oxygen And
Nitrogen Molecules (Tu.0.4.11)

Peter J. M. van der Burgt: Fragmentation Of Anthracene And
Phenanthrene By Low Energy Electron Impact (Tu.0.4.C1)

16:40 - 18:40 Tuesday Poster Session (Tu.P)

Location: Foyer of the Stokes Building - School of Electronic
Engineering, DCU

19:00 — 22:00 Conference Banquet
Location: 1838 Club, Albert College, DCU
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WEDNESDAY JUNE 20™, 2018

Location: Lecture theatre HG22 in the School of Nursing and Human Sciences, DCU.
09:00 - 10:20 Wednesday Oral Session 1

09:00 - 09:40

09:40 - 10:00

10:00-10:20

Richard E. Russo: Optical Isotopic Analysis with Laser Induced
Plasmas (We.O.1.12)

Paddy Hayden: Applications Of Vacuum Ultraviolet Laser
Induced Breakdown Spectroscopy (VUV-LIBS) — Analysis Of
Pharmaceuticals (We.0.1.C1)

Mossy J. Kelly: Time Resolved Studies of Optical Emission
Spectroscopy from Aluminum Oxide formed by Laser Induced
Plasma (We.0.1.C2)

10:20 — 10:40 Coffee break

10:40 - 12:00 Wednesday Oral Session 2

10:40 - 11:20

11:20 — 11:40

11:40 - 12:00

Alain Campargue: Water Absorption Spectroscopy: From
Doppler-Free Saturation Dips To Continuum (We.0.2.11)

Jeanna Buldyreva: Non-Markovian relaxation matrix for two
linear colliders in dense gas media (We.0.2.C1)

Magnus Gustafsson: Hydrogen Dimers in Giant-planet Infrared
Spectra (We.0.2.C2)

12:00 — 14:00 Lunch

14:00 - 15:00 Wednesday Oral Session 3

14:00 — 14:40

14:40 — 15:00

Shigeru Morita: Quantitative analysis on tungsten spectra of
WE* to W% ions (We.0.3.11)

Mohammed Koubiti: Line shape modeling for the emission from
carbon pellet ablation clouds in presence of a magnetic field
(We.0.3.C1)

15:00 — 15:20 Coffee break

15:20 - 16:20 Wednesday Oral Session 4

15:20 - 16:00  Nelly Bonifaci: Spectroscopic Analysis of Corona Discharge
Cryoplasma in Helium with Molecular Nitrogen and Hydrogen
Addivities (We.0.4.11)
16:00 —16:20  Motoshi Goto: Modeling of Lyman-a Line Polarization in
Fusion Plasma due to Anisotropic Electron Collisions
(We.0.4.C1)
16:20 - 16:40  Ummigul Erozbek Glingor: The Stark Broadening Parameters
of The Nitrogen HF RF-CCPs (We.0.4.C2)
16:40 - 18:40 Wednesday Poster Session (We.P)

Location: Foyer of the Stokes Building - School of Electronic
Engineering, DCU
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THURSDAY JUNE 21%, 2018

Location: Lecture theatre HG22 in the School of Nursing and Human Sciences, DCU.
09:00 - 10:20 Thursday Oral Session 1

09:00 - 09:40

09:40 - 10:00

10:00-10:20

Valeriy A. Astapenko: Lineshapes In Photoprocesses Induced
By Ultra Short Laser Pulses (Th.O.1.11)

Robert R. Gamache: Temperature Dependence of Half-Widths
and Line Shifts for Molecular Transitions in The Microwave and
Infrared Regions (Th.0.1.C1)

Tigran A. Vartanyan: Exited Atoms-Surface Collisions and Their
Manifestations in the Fluorescence Excitation Line Shapes
(Th.0.1.C2)

10:20 — 10:40 Coffee break

10:40 - 12:00 Thursday Oral Session 2

10:40 - 11:20

11:20 — 11:40

11:40 - 12:00

Thomas Baumert: Multiphoton lonization of Chiral Molecules

(Th.0.2.11)
Yan Tan: Water vapor line-broadening coefficients for
molecules in the HITRAN database (Th.0.2.C1)

Adriana Predoi-Cross: Temperature dependent spectroscopic
study of carbon monoxide in the fundamental band (Th.0.2.C2)

12:00 — 13:00 Lunch

13:00 Travel to City Centre

Meeting Point: Outside the School of Nursing and Human Sciences

14:20 — 18:00 Guinness Store House Tour

Location: St James's Gate, Ushers, Dublin 8
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FRIDAY JUNE 22", 2018

Location: Lecture theatre HG22 in the School of Nursing and Human Sciences, DCU.
09:00 - 10:20 Friday Oral Session 1

09:00 - 09:40

09:40 - 10:00

10:00- 10:20

Kimberly Strong: The Impact of Line Mixing and Speed
Dependence on Retrievals of Atmospheric CO2 and CH4 from
Ground-Based Solar Absorption Spectra (Fr.0.1.11)

Katarzyna Bielsk: Line Shape Investigation of O, B-band
Transitions: Simultaneous Observation of the Speed-
Dependence and Dicke Narrowing (Fr.0.1.C1)

Agata Cygan: Advantages of Dispersion over Absorption
Measurements in Cavity-Enhanced Spectroscopy (Fr.0.1.C2)

10:20 — 10:40 Coffee break

10:40 - 12:00 Friday Oral Session 2

10:40 - 11:20

11:20 — 11:40

11:40 - 12:00

Shinichi Namba: Characteristics of High-density Cascade Arc
Discharges for an Atmosphere-vacuum Interface  (Fr.0.2.11)

Veronica Gonzélez Fernandez: Study of the Influence of the
Cathode Material in the Behaviour of a Hollow-Cathode Glow-
Discharge in Hydrogen (Fr.0.2.C1)

Michat Stowinski: H2-He Interaction And Its Scattering States
Observation With Highly Accurate Cavity-Enhanced
Spectroscopy (Fr.0.2.C2)

12:00 Conference Closes

14
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TUESDAY JUNE 19", 2018

16:40 — 18:40 Tuesday Poster Session (Tu.P)

Location: Foyer of the Stokes Building - School of Electronic

Engineering, DCU

Anna Dudaryonok, Nina

Tu.P.1 Lavrentieva, Jeanna Buldyreva

Line-shape Parameters and Their
Temperature Dependence for the vs Band of
CH;D-N>

Muhammad Bilal Alli, Daniela
Tu.P.2 Szwarcman, Daniel Salles
Chevitarese, Patrick Hayden

Vacuum Ultraviolet Laser Induced Breakdown
Spectroscopy (VUV-LIBS) With Machine
Learning For Pharmaceutical Analysis

Hu Lu, Patrick Hayden,
Tu.P.3  Piergiorgio Nicolosi and John
Costello

VUV Photoabsorption Spectra of Pb and Bi
lons Using Dual Laser Plasma Technique

C B Doherty, M Kelly, T
Tu.P.4  Donnelly, J G Lunney, J T
Costello

lon Energy Distribution from Colliding Laser
Plasmas

M. Witkowski, R. Muiioz-
Rodriguez, M. Borkowski, P.

Photoassociation spectroscopy in the RbHg

Tu.P.5 S. Zuchowski, R. Ciuryto, M. system

Zawada

A. Nishiyama, F. Thibault, M.

%ﬁ l\é ZC?E?ZZ?JVSI(ZM Modeling of line and continuum spectral
TuP.6 OO oreays b T emission of hydrogen for recombining plasma

Cygan, S. Wojtewicz, G.
Kowzan, P. Mastowski,
R. Ciurylo, D. Lisak, P. Wcisto

conditions

M. Hammad, E. P. Martin, M.
Deseada Gutierrez, P. D.

Tu.P.7  Lakshmijayasimh, G. Jainb, P.
Landais, J. Braddell and P. M.
Anandarajah

Compact Gain Switched Optical Frequency
Comb Generator for Sensing Applications

O S Alekseeva, A Z
Tu.P.8  Devdariani, M G Lednev, AL
Zagrebin

The Probabilities of the v'1(P;)—v"0"1('Sy)
Transitions and the Radiative Lifetimes of the
v'1(°P;) States of the CdAr Molecules

A Z Devdariani, N A Kryukov,
Tu.P.9 M G Lednev, A L Zagrebin, V
V Olevskaia

Determination of Radiation Characteristics of
Molecular Transitions. Band HgXe(4°0") —
HgXe(X'O")

Alaa Abo Zalam, V. A.
Srec¢kovi¢, M. S. Dimitrijevic,
N. N. Bezuglov, and A. N.
Klyucharev

Tu.P.10

Fluorescence Spectrum Of Rydberg Atomic
Hydrogen In The Dynamic Chaos Regime

S. Chandran, A. A. Ruth, E. P.
Tu.P.11 Martin, F. Peters, P. M.
Anandarajah

Gain Switched Frequency Comb lasers for
Atmospheric Trace Pollutant Monitoring

Christopher M Helstern,

Tu.P.12 Christian G Parigger

Radial Distribution Of Cyanide in Laser-
Induced Plasma
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Wissam Fakhardji, Magnus
Gustafsson, M.S.A El-Kader,

Contribution of the dimers on the collision
induced absorption spectra in a Ar-Kr gas

TuP.13 Anastasios Haskpoulos, mixture — Benchmark for a new Ar-Kr
George Maroulis potential
. Vibrational Dependence And Prediction Of
Tu.P.14 quert R. Gamache, Bastien Line Shape Parameters For The H,O-H,
Vispoel .
Collisional System
. Asymmetric Photoelectron Emission From
Tu.P.15 Jason B. Greenwood, Caoimhe Chiral Molecules Using A High Repetition
Bond
Rate Laser
Hannachi I., Meireni M.,
Tu.P.16 Rosato J., Stamm R., Marandet Effect of Wave Collapse on Lyman and Balmer
v lines
T. M. Petrova, A. M. Solodov, Measurements and calculations of H>-
Tu.P.17 A. A. Solodov, V. M. Deichuli, broadening and shift parameters of water
V. L. Starikov vapor transitions in a wide spectral region
M. Meirent, 1. Hannachi, J. Stark Broadening Analysis of Balmer Lines in
Tu.P.18 Rosato, M. Koubiti, Y. o e
Marandet, R. Stamm &
: ; L) i t) i . .
—y\/acvlav Neyrl Petf.Bltala Vit Analysis of Wavelength Modulation Spectra
Klecka, Michal Vasinek, o .
y . for Determination of OH Radical
Tu.P.19 Zdenck Zelinger, Jan o .
. ) . Concentration in an Atmospheric Pressure
Suchanek, Michal Dostal, . .
, . Laminar Premixed Flames
Viclav Vilek
Line Shapes of Raman and Plasmon-Enhanced
Tu.P.20 De-Yin Wu, Jingdong Zhang, = Raman Spectroscopy for Probing Molecules in
o Zhong-Qun Tian, Jens Ulstrup  Solutions and on Noble Metals of
Nanostructures
K. Touati, M.T. Meftah, K. Collzszonql contribution to line profiles in .
Tu.P.21 . . plasmas in presence of an external magnetic
Chinini and S. Douis
field
Radiative and Collisional Spectroscopy of
Tu.P.22 Vasily V. Buyadzhi Multicharged lons: Advanced Quantum
Approach
Valentin B. Temovsky, Vasily Spectroscopy of Rydberg atoms in a Black-
V. Buyadzhi, Anna A. S . L
Tu.P.23 Body Radiation Field: Relativistic Theory of
Kuznetsova, Andrey A. Excitati d lonizati
Svinarenko, Pavel A. Zaichko xeration and fomzation
Eugeny V. Ternovsky,
Alexander V. Glushkov, Anna  Computing Collisional Shift and Broadening
Tu.P.24 V Ignatenko, Olga Yu. of Heavy Atom Hyperfine Lines in an
Khetselius, Valery Atmosphere of the Buffer Inert Gas
Mansarliysky
Alexander V. Glushkov, Anna Spectroscopy of Heavy Atoms and Nuclei in a
A. Kuznetsova, Anna A :
Tu.P.25 . Strong Laser Field: Stark effect,
Buyadzhi, Alexandra SR .
Autoionization and Multiphoton Resonances
Makarova
Olga Yu. Khetselius, Y. V. Spectral Parameters for Hyperfine and
Tu.P.26 Dubrovskaya, L. A. Electroweak Interaction and Parity Non-

Vitavetskaya, V. B. Ternovsky

conservation Effect in Heavy Atoms and Nuclei

17



WEDNESDAY JUNE 20", 2018

16:40 — 18:40 Wednesday Poster Session (We.P)
Location: Foyer of the Stokes Building - School of Electronic
Engineering, DCU
. Measurement of Line Emission Polarization
We.P.1 N. Nimavat, M. Goto and T. for a Study of Anisotropy in the Electron

Oishi

Velocity Distribution Function at LHD

Nina Lavrentieva, Anna

Calculation of SO, and NO, Linebroadening

We.P.2 Dudaryonok Induced by Carbon Dioxide
We.P.3 griuizz?ﬁgligriv, AL Radic;tive Decay of the Metastable State
Zagrebin Hg(6°P;) in the Atmosphere of the Ar Atoms
Bound-To-Bound and Bound-To-Continuum
We.P.4 A Devdariani Optical Transitions In Negative Quasi-
Molecules
Modeling of line and continuum spectral
We.P.5  K.N.R. Tejaswi emission of hydrogen for recombining plasma
conditions
We.P.6  Lazaros Varvarezos Vacuum-UV lonization of Kr
Syedah Sadaf Zehra, . LIBS for thin films depth profiling- A
We.P.7 Muhqmmgd B.llal A.lh’ comparison of Time Integrated and Time
Piergiorgio Nicolosi, John
Costello, Paddy Hayden resolved methods
Tetsutarou Oishi, Shigeru Doppler Profile Diagnostics On VUV Spectra
We.P.8 Morita, Yang Liu, Motoshi For Emission Intensity, lon Temperature And
o Goto and the LHD Experiment Flow Velocity Of Impurity lons In Edge
Group Plasmas Of Large Helical Device
E ¥ J J
Weps  ReSnGD. Nutwno, HIeCof i brdg o e il
Ellsaid N and Nagham .
fiber Bragg grating
. Spatial Characterization of Plasma
We.P.10  G. Seguincaud and M. Goto Pl;rameters inside Ablatim]: Clouds in LHD
Michael B Shattan, Christian  Line Selection For Nuclear Debris Analysis In
We.P.11 .
G Parigger Laser-Induced Plasmas
We.P.12 Todd A Van Woerkom, Glen P Titanium Monoxide Diagnostic Of Pulsed
o Perram, Christian G Parigger Ablation
R.R. Sheeba, M. Koubiti, S. Modeling of line and continuum spectral
We.P.13  Ferri, Y. Marandet, T. Qbaich, emission of hydrogen for recombining plasma
J. Rosato, R. Stamm conditions
M. Konefal, M. Stowinski, M.  Analytical Extension Of Hard-Collision Model
We.P.14  Zaborowski, D. Lisak, P. Of Velocity-Changing Collisions In The
Wecisto Hartmann-Tran Profile
V. A. Sre¢kovi¢, M. S.
Dimitrijevi¢, Lj. M. Ignjatovi¢, Atom-Rydberg Atom Collisions In Hydrogen
We.P.15 N. N. Bezuglov and A. N. Plasmas: Cross Sections And Rate

Klyucharev

Coefficients

18



We.P.16

H. Cybulski, H. J6zwiak, N.
Stolarczyk, P. Wcisto, F.
Thibault

The Ab Initio Calculations Of The Line-Shape
Parameters For The CO-N,; Complex

We.P.17

Raul Z. Martinez, Dionisio
Bermejo, Franck Thibault,
Piotr Wcisto

Line-Shape Parameters For Pure Rotational
Raman Lines Of D, In He

We.P.18

Yan Tan, Shanelle Samuels,
I.E. Gordon, R.V. Kochanov,
L.S. Rothman

H,, He and CO; line-broadening coefficients
for molecules in the HITRAN database. Part
II.' HZCO, HC]V, COz, HzS, NZO

We.P.19

Gita Revalde, Atis Skudr,
Natalja Zorina, Anda Abola

Studies of Thallium Line Spectra in Thallium —
Mercury Discharge

We.P.20

Natalja Zorina, Gita Revalde,
Atis Skudra

Validity Of Deconvolution Method For
Multicomponent Spectral Line Shapes

We.P.21

Muhammad Hassan Sayyad,
Ramshah Ahmad Toor, Syed
Afaq Ali Shah’ Nazia Nasr,
Fatima [jaz and Munawar Ali
Munawar

Choosing a Functional for Computing
Absorption Transition Positions, Intensities
and Shapes of Organic Semiconductors with
TD-DFT

We.P.22

Vasily V. Buyadzhi, Eugeny
V. Ternovsky, Tatyana B.
Tkach,

Yuliya G. Chernyakova

Multi-photon Spectroscopy of Many-electron
Atoms and lons in the Debye Plasmas

We.P.23

Yuliya V. Dubrovskaya, Olga
Yu. Khetselius, Larisa A.
Vitavetskaya, Eugeny V.
Ternovsky, Inga N. Serga

Energy and Radiative Parameters and
Spectral Line Shape for Hadronic Atomic
Systems

We.P.24

Valentin B. Ternovsky,
Dmitry A Mironenko,
Alexander V Glushkov,
Eugeny V Ternovsky, Andrey
A. Svinarenko

Radiation Transition Probabilities for Heavy
Rydberg Atoms within Advanced Relativistic
Energy Approach

We.P.25

Alexander V. Glushkov, Anna
V. Ignatenko

New Spectroscopy of Cooperative Laser
Electron-y-Nuclear Processes in Diatomic and
Multiatomic Cryogenic Molecules

We.P.26

Olga Yu. Khetselius,
Alexander V. Glushkov Anna

A. Kuznetsova, Vasily V.
Buyadzhi

“Shake-Up”" and NEET Effects in Laser
Electron-Gamma-Nuclear Spectroscopy of
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Laboratory Plasma Diagnoses With Applications To
Spectra Of White Dwarf Stars

Christian G Parigger

University of Tennessee, University of Tennessee Space Institute, Center for Laser Applications,
411 B.H. Goethert Parkway, Tullahoma, TN 37355, U.S.A.
e-mail: cparigge@tennessee.edu

This work presents details of time-resolved spectroscopy measurements of atomic and
molecular spectra following laser-induced breakdown in selected gas mixtures. Integral
inversions reveal the distributions of the excited species along the line of sight. The work also
reviews applications of laboratory plasma spectroscopy for analysis of astrophysical spectra
from white dwart stars. Comparisons with readily available astrophysical signatures from the
white dwarf stars o CMa B, Sirius B, and a CMi B, Procyon B, at temperatures, Tef, of 8 kKK
and 26 kK, respectively, indicate hydrogen Balmer series and C, Swan band absorption
spectra. Figure 1 (a) illustrates the pseudo-colored image of 100 accumulated hydrogen-beta
lines, Hg, versus slit height of a Czerny-Turner spectrometer equipped with an intensified
charge coupled device [1]. Fig. 1 (b) displays the single-shot equivalent spectrum obtained by
averaging along the slit height, and Hg indicates a central dip-shift of Adgs= 0.24 + 0.05 nm.

(€)) (b)

800 T T T T T

1.5x10"°
1.4x10"
1.3x10™ 600 - .
1.2x10"° :

1.1x10"
1.0x10""
9.0x10™*
8.0x10™
7.0x10"™
6.0x10™
5.0x10™
4.0x10° . - -
3.0x10™ 200
2.0x10™
1.0x10%
4.3x10"

)

slit height (mm)
o
intensity (a.u
B
(=3
o
T
1

0 1 1 1 1 1
480 485 490 495 478 482 486 490 494

wavelength (nm) wavelength (nm)

Figure 1. Balmer series Hg from laser-induced plasma in 0.76x10° Pa (11 psi) hydrogen, T =275 ns
time delay. (a) Recorded image of slit height vs. wavelength, and (b) averaged Hg spectrum

The central dip-shift of 0.24 nm implies an electron density of N, = 2.2x10" em™ [1, 2],
consistent with Hp peak-separation and full-width-at-half-maximum diagnostics. An electron
temperature, T. = 55 kK, is inferred from the ratio of line to 10-nm continuum. Hg spectra at
T=25 ns reveal Adgs ~ 1 nm and T. ~ 110 kK. For comparison, gravitational red-shifts of
white dwarf stars [3], AL = (vy/c) A, amount to AA=0.049 nm at a wavelength of
A =486.14 nm and for a mean velocity of (vy) = 30 km/s, c is the speed of light. White dwarf
stars that are categorized as DA’s have hydrogen-dominated atmospheres and typically show
Balmer series lines in absorption. White dwarf stars with Ter ~ 8 kK may be labelled as DQ’s
and DQp’s indicating C, Swan molecular and blue-shifted Swan-like bands in absorption,
respectively.
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Optical Clock Transitions in Weakly Bound Molecules

Mateusz Borkowski®
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Molecular optical clocks promise unparalleled sensitivity to proton-to-electron mass ratio
and in searches for physics beyond the Standard Model. We propose to observe clock 'So-"Po
transitions in weakly bound bosonic Yb, molecules [1]. As in bosonic atomic clocks,
a small transition dipole moment could be induced by means of a weak external magnetic
field (Fig. 1a) [2]. The positions of molecular clock lines (Fig. 1b) can be determined to high
accuracy: ground bound state positions have been measured with two-color photoassociation
spectroscopy [3], while excited 'S¢+'P, 0, vibrational states can be predicted accurately using
an interaction potential with ab initio long range parameters [4] and fitted to the recently
measured '*Yb 'Sy-’Py scattering length [5]. The necessary ground state Yb, molecules could
be efficiently produced by STIRAP. Thanks to favorable Franck-Condon factors (Fig. 1¢) the
magnetically induced molecular Rabi frequencies can be comparable to the atomic Rabi
frequencies under same laser intensities and magnetic fields (Fig. 1d). A successful
observation of clock transitions could pave the way towards Hz-level molecular spectroscopy.
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Figure 1. a) Relevant molecular states and potentials; b) molecular clock line positions in '"*Yb,; c)
ground and excited state radial wavefunctions and Franck-Condon factors; d) magnetically induced
molecular Rabi oscillation frequencies as a function of laser intensity
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Stark Broadening In Stellar Spectra

Milan S. Dimitrijevié
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In astrophysical plasmas the plasma conditions, first of all temperatures (T) and
electron densities (N) are incomparably more various comparing to plasmas in laboratory and
one can find many different cases when broadening due to interaction between emitter and
charged particles (Stark broadening) is of interest. It could be significant in cosmical plasmas
of such extreme conditions like in the interstellar molecular clouds, where T is around 30 K or
smaller, and typical N is 2-15 cm  or in atmospheres of neutron stars, where T is 10° - 10’ K
and N is of the order of 10** cm ™. White dwarf and pre-white dwarf atmospheres are an
excellent example for the importance of Stark broadening of spectral lines in astrophysics,
since there, plasma conditions are very favorable for this mechanism of line broadening. For
analysis and synthesis of spectra of A and late B type stars, contribution of Stark broadening
may also be significant, as well as for cooler star atmospheres as e.g. Solar one, since the
Stark line width within a spectral series increases with the increase of the principal
quantum number of the upper level. Moreover, it is important and for modelling and
investigation of subphotospheric levels. There is a variety of problems in astrophysics where
Stark broadening is of interest as for example: stellar spectra analysis and synthesis,
modelling of stellar atmospheres, stellar elemental abundances determination from equivalent
widths of absorption lines, radiative transfer through the stellar plasmas, opacity
calculations. radiative acceleration considerations, nucleosynthesis research etc. The need for
reliable Stark broadening data even for atoms and ions previously without some special
astrophysical interest, increased with the space missions with on board telescopes and
spectrographs providing high resolution spectra and also with the development of computers
computing facilities.

Here will be reviewed and discussed astronomical importance of Stark broadening, as
well as the applications of Strak broadening data for various astrophysical problems with an
emphasis on broadening of non-hydrogenic spectral lines. We will also discuss theoretical
methods for the determination of Stark broadening parameters, astrophysical applications of
obtained results and organisation of available Stark broadening data in on-line databases, with
the particular attention to STARK-B database (http://stark-b.obspm.fr), which is a part of
VAMDC (Virtual Atomic and Molecular Data Center — http://www.vamdc.org/).

24



24t ICSLS 2018
Dublin, Ireland

Mo.02.C1

Line Shape Modeling For Magnetic White Dwarf And
Tokamak Edge Plasmas: Common Challenges

24th International Conference on Spectral Line Shapes

J. Rosato®, M. Meireni’, M. Koubiti?, Y. Marandet®, R. Stamm®, J. Kovadevié¢-
Doj¢inovié®, M. S. Dimitrijevi¢®, L. C. Popovi¢®, Z. Simi¢®

“PIIM, Aix-Marseille Université / CNRS, 13397 Marseille Cedex 20, France
b 4stronomical Observatory, Volgina 7, 11060 Belgrade 38, Serbia

About 10% of white dwarfs are known to have a magnetic field strength of 10° to 5x10° G, as
indicated from spectroscopic observations and models [1 — 3]. An interpretation of the shape
of absorption lines requires the Zeeman effect be accounted for in line broadening models, in
addition to the Stark effect associated to the plasma microfield. Under specific conditions, the
plasma located at the edge of tokamaks has conditions close to white dwarf stellar
atmospheres (T. and T; are of the order of 10* K and N, can be higher than 10" cm™ in
divertor configurations [4]) and the magnetic field can be strong enough so that line shapes
are affected both by the Zeeman effect and Stark broadening. In this work, we present new
line shape calculations accounting for the simultaneous action of electric and magnetic fields,
in conditions relevant to tokamak edge plasmas and white dwarf stellar atmospheres. A focus
on the Balmer series is done. We perform fittings of observed spectra and infer the electron
density from the Stark broadening.
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Effect of Gamma Ray and Signal Line Shapes on the
Spectral Performance of Fiber Bragg Grating
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dr.gamal_daniel@yahoo.com

The reflectivity power of the fiber Bragg grating (FBG) with wavelength and FBG lengths
were studied at different signal profiles (sine and Gaussian) with the effect of gamma
radiation. Firstly, for the sine signal profile, the reflectivity power in the case non-irradiated
gives a maximum value at the FBG wavelength A = 155 pJm, but for gamma irradiated case
the peak disappear and distorted. Secondly, for the Gaussian signal profile, the reflectivity
powers are the same for irradiated and non-irradiated cases. It is founded that the Gamma
radiation decreases the performance of FBG, so the fiber cable must putted out of gamma
radiation.

Results:

The effect of the signal wavelength and FBG length on the reflectivity power of the fiber
Bragg grating at signal profile (sine and Gaussian) were studied as seen in Fig. (1,2).
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Fig. 2 The reflectivity with the length of the FBG in cases of radiated and non-radiated for sine (A) and
Gaussian (B) profiles, at A = 1550 nm and dose = 0.6 MGY.
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Plasmon-enhanced Fluorescence for Improved Bioassay
Performance
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Metal enhanced fluorescence presents numerous possibilities for the development of
sensitive chemical and biological sensors. The presence of metals in proximity to a
fluorophore can dramatically alter its excitation and emission properties, due to the interaction
of the light with surface plasmon polaritons (SPP), leading to significant enhancement. In this
work we examine the use of both Au diffraction gratings and in-situ grown plasmonic cavities
for enhancement of fluorescence in bioassays.

When light is coupled into a diffraction grating at a momentum matching angle, SPPs are
generated which alter the strength of the electric field above the surface. The absorption rate
of fluorophores near the surface is directly proportional to the square of this modified electric
field which leads to a corresponding enhancement in the emission rate. For compact device
configurations, coupling can also be achieved by rotating the grating about the azimuth,
thereby reducing the component of the grating vector coupling to the in plane component of
the light.[1] Finite difference time domain modeling was used to determine the optimal
conditions to maximize the strength of the field generated when coupling into a grating. A
fluorescence enhancement of ~30 was obtained for a model bioassay, when coupling into the
grating via azimuth rotations, which agreed well with the model shown in Figure 1(left).
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Figure 1. FDTD model of E-field of a plasmonic grating (left) and schematic of in-situ growth of
plasmonic cavity for bioassay application (right)

Plasmonic cavities are widely studied for the large amplifications in fluorophore
emission intensity that they can achieve. Exploiting these properties for biological sensing
applications requires strategies to selectively insert the target antigen into the resonant
cavities, which are often of similar size or smaller than the target molecule. Here we
demonstrate that using relatively simple solution processing, cavity structures can be grown at
the stochastic locations where antigen binding takes place, which yields enhanced fluorophore
emission intensities and improved bioassay responses. The fluorescence amplification
generated by the in situ growth structures is sufficiently large to enable both single antigen
and fluorophore detection and negates the requirement for complex surfaces or geometries.
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Asymmetric Photoelectron Emission From Chiral
Molecules Using A High Repetition Rate Laser

Jason B. Greenwood, Caoimhe Bond
Centre for Plasma Physics, School of Maths and Physics, Queen’s University Belfast, BT7 INN, UK
J.greenwood@qub.ac.uk

The use of polarized light to identify the handedness of chiral chemicals has been
employed for more than 200 years, but recently a completely new chiro-optical phenomenon
has been discovered. Known as photoelectron circular dichroism, the angular distribution of
electrons ionized from chiral molecules by circularly polarized light pulses has been found to
be anti-symmetric with respect to the direction of the light propagation [1,2].

To study this phenomenon, chiral molecules were multiphoton ionized with a femtosecond
laser in our laboratory. Using a magnetic field to confine electrons along the laser direction,
the electrons emitted in the forward and backward hemispheres were separated and directed
onto two detectors. This simple stereo-detection setup allows direct measurements of the
asymmetry and demonstrates that the instrument can be used to measure the relative
proportion of left-handed to right-handed chiral molecules in samples [3].

Using 260 nm pulses produced at a rate of 1 MHz to efficiently ionize the exemplar
aromatic chiral molecule 1-phenylethanol, Figure 1 shows how the photoelectron asymmetry
value G changes as the proportion of the circular polarisation in the pulse (the Stokes S3
parameter) is varied. The linear dependence indicates that the photoelectron circular
dichroism originates due to a single photon process from the excited state of the molecule.
This is in contrast to previous results for camphor where a more complex dependence on Sz
suggested that selective excitation of molecules with certain orientations was influential [3].
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Figure 1. Photoelectron circular dichroism asymmetry parameter G of 1R-Phenylehanol as a function

circularly polarised fraction of the pulse (the Sz Stokes parameter). The ionising laser pulses were 300
fs long, at a wavelength of 260nm and an intensity of approximately 5 x 10° Wem,
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Determining Molecular Orientation via Single Molecule
SERS in a Plasmonic Nano-gap
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In this work we report on the design and fabrication of plasmonic nano-gaps for surface-
enhanced Raman (SERS) spectroscopy. We present an optimized plasmonic nano-gap formed
between a silver nanoparticle and an extended silver film with a 5 nm gap width for which the
effect of near-field enhancement and photon scattering efficiency to the far-field on the SERS
signal have been investigated as a function of particle size. Finite difference time domain
(FDTD) calculations revealed that the enhancement in the SERS signal is mainly associated
with the dipolar mode of the nano-gap and strongly affected by the particle size which was
found to be in direct agreement with our SERS measurements.

Concentration dependent SERS measurements from our optimized nano-gaps doped with
molecular dye Rhodamine 6G showed clear differences in the relative SERS peaks intensity at
concentrations of 2x10”7 M compared to the SERS spectra measured from gaps doped with the
same dye at higher concentrations 2x10° M. Those differences can be attributed to the
random orientation of the single molecular dye in the plasmonic gap, therefore highlighting
the single molecule sensitivity of the optimised nanogaps.

In the single molecule regime, the SERS signal is dependent on the molecule orientation
with regards to the field in the plasmonic nanostructure. The dipole moment derivative of the
various Raman modes of the analyte were determined using DFT (Density Function Theory)
calculations, and by convoluting this information with the known dipole moment of the
plasmonic nanogap, we were able to recover the orientation of the single molecule within the
nanogap.
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Near-perfect absorption in the visible range using metal-
dielectric-metal nanostructure plasmonic array
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Metal-dielectric-metal structures comprised of an nanoparticle separated by a dielectric
from a continuous metallic film are capable of generating narrow bands of near-perfect
absorption [1-3]. A structure consisting of an array Au nanodiscs on a polymer layer above a
Ag backreflector has been numerically and experimentally investigated. The structures,
characterized by reflectance spectroscopy, exhibit a near-perfect absorption feature in the
visible spectrum. An example of a typical structure is an array of 100 nm thick and 150 nm
diameter Au disks with a 300 nm periodicity, fabricated on a 100 nm thick polymer film
deposited on a 100 nm optically thick Ag layer (Fig. 1a). The full structure is fabricated on a
Si substrate. The reflectance spectrum has near-zero reflectance dip at 583 nm, producing a
green colour when viewed in reflectance (Fig. 1b). At this wavelength, the electric and magnetic
field distributions along the vertical cross section through one unit cell of the structure show
very strong localization of light under the nanodisk. The disks alone in free space have a
scattering peak at approximately 565 nm.

The presence and tuneablity of such a feature is of interest for the generation of structural
colour, which can be tuned across the visible spectrum. Finite difference time domain
numerical simulations have been used to uncover the origin of the feature, and it is attributed
to the generation of higher order multipoles, also known as magnetic resonances[1-3]. The
simulations show the strong influence of the dielectric layer and the metallic back-reflector on
these modes. The position of the near-zero reflectance feature can be tuned by varying the
periodicity of the structure and/or the thickness of the polymer film. Colour generation is
highly sensitive to the different features in the reflectance spectrum, and in this presentation
the mechanisms producing the various features and the interplay between them will be
elucidated.

Figure 1. (a) A typical unit cell of
the metal-dielectric-metal array.
(b) The reflectance spectrum and
(c) the electric and magnetic field
distributions along the vertical
cross-section of the unit cell.
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Fano Resonances in Plasmonic Systems:
Bright Modes, Dark Modes and Critical Coupling
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Asymmetric resonances display unique features compared to their symmetric Lorentzian
counterpart, and are currently the subject of considerable research efforts in photonic and
plasmonic nanostructures. A theoretical derivation was first proposed by Fano to explain
autoionization of atoms and the asymmetric shape of these resonances that now bear his name
[1]. In fact, the interference phenomenon underlying Fano resonances is a general wave
phenomenon, appearing in particular as Wood anomalies in gratings; in extraordinary optical
transmission, dielectric, and metallic photonic crystals; and more recently in optomechanical
systems, plasmonic nanostructures, or as the plasmonic analog of electromagnetically induced
transparency (EIT) in metamaterials [2].

The recent interest for Fano resonances in plasmonic stems on the one side from the
underlying modal structure associated with multiparts plasmonic nanosystems that support
both radiating modes (viz. bright modes, like a dipolar electric mode) and non-radiating
modes (viz. dark modes, like a quadrupolar electric or a dipolar magnetic mode). On the other
side, there is hope that through appropriate Fano resonance tuning, one might mitigate the
intrinsic losses associated with the metals in plasmonic systems.

Although Fano resonances have been studied in a broad variety of complex plasmonic
nanostructures and metamaterials, their analysis relies either on a classical oscillator model,
phenomenological models, a coupled-mode formalism, or the quantum-mechanical approach
used by Fano to fit experimental data and to understand the mechanisms behind the resonance
shape. Here, we will present an ab initio theory for asymmetric resonances for
electromagnetic scattering in general dispersive and lossy media and use it to explore different
coupling regimes in a plasmonic system. In particular, we will show that by tuning the
geometry of simple periodic plasmonic nanostructures fabricated by extreme-ultraviolet
lithography, Fig. 1(a), it is possible to reach a critical-coupling state, Fig. 1(b), which is
associated with a dramatic near-field enhancement in the nanostructure and can be evidenced
through surface-enhanced Raman spectroscopy measurements [3].

T 1/\11 TTrTTTTY

14 15 16 17 18
Photon energy (eV)

Figure 1. (a) Periodic plasmonic nanostructure and (b) the different coupling regimes it can achieve;
I: under-coupled, II: critically-coupled and II: over-coupled.
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Free Electron Streaking Reveals Attosecond Dynamics
On Surfaces And Layered Systems
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The generation of single isolated attosecond pulses in the extreme ultraviolet (XUV)
together with fully synchronized few-cycle infrared (IR) laser pulses allowed to trace
electronic processes on the attosecond timescales. A pump/probe technique was used to
investigate electron dynamics on surfaces and layered systems with unprecedented resolution.
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Figure 1. Delay of W 4f electron with respect to Mg electrons depending of the number of Mg
adlayers (from [4]).

The attosecond streaking method [1] is the most established technique in attosecond science.
Photoelectrons generated by laser based attosecond extreme ultraviolet pulses (XUV), are
exposed to a dressing electric field from well synchronized laser pulses. The energy shift
experienced by the photoelectrons by the dressing field is dependent on the delay between the
XUV pulse and the dressing field and makes it possible to measure the respective delay in
photoemission between electrons of different type (core electrons vs. conduction band
electrons). The information gained in such experiments on tungsten [2] triggered many
theoretical activities leading to different explanations on the physical reason of the delay.
Attosecond streaking experiments have been performed on different solids [3], leading to
different delays — also depending on the excitation photon energy. We show measurements of
time-resolved transport of different types of electrons through a defined number of adlayers
on a bulk material on an attosecond timescale (Fig 1) [3]. Finally, using a sophisticated sub-
monolayer-extrapolation, we were able to measure not only relative delays but the absolute
time an electron needs to travel from A to B.
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The spectral line shape encodes dynamical information about a sample or system of
interest. The symmetric Lorentzian resonance line shape encodes a lifetime or coherence time
of an excited state in the width of the resonance line. The asymmetric Fano resonance comes
about by an interference of two channels, a continuum and a bound excitation which are
coupled to one another. In physics, metrology of Fano resonances is used to study correlation
effects (i.e. configuration interaction) of two or more electrons to test and further develop
few- and many-body quantum theory for the understanding of progressively more complex
systems.

We observed that Fano resonances can be modified by interaction with intense
(femtosecond pulsed) laser fields: Fano resonances are converted to Lorentzian resonances
and vice versa [1]. The understanding of this phenomenon by a laser-induced quantum-
mechanical phase-shift, encoded in the modified Fano profile, allows the precise
quantification of ultrashort strong-field laser—matter interactions for sensitive tests of
quantum-dynamics theory [2].

Generalization of the Fano phase control mechanism to general modifications of a system’s
temporal response function [3] allowed for a novel scheme for few-cycle laser pulse
metrology [4], and the time-resolved observation of the emergence of a Fano resonance [5].

Application of Fano-phase control to nuclear resonances recently enabled the resonant
amplification of hard-x-ray light by passing through a °’Fe Mossbauer sample. The result is a
laser-like bright and narrow 14.4 keV emission line [6]. This x-ray control approach opens
new routes not only for Mdssbauer-spectroscopy, but could unlock the x-ray domain for
precision spectroscopy.
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Measurements of photoionization cross-sections of free ions are challenging, as a suitable
ion beam must be produced and illuminated by an appropriate, short wavelength, light source.
Versatile techniques are required, as photoabsorption and/or photoionization experiments can
provide physical insight into the interaction of short wavelength photons with ions and
correspondingly useful data for plasmas and astrophysics. Early survey investigations of a
wide range of atomic ions were achieved with the Dual Laser Plasma technique [1], which
combined a broad-bandwidth, backlighting source coupled with the ability to produce a range
of atomic ions. Developments at synchrotrons utilizing atomic ion sources coupled with
monochromatized synchrotron radiation in merged-beam configurations provide absolute
cross sections, higher spectral resolution, photoionization channel discrimination and
detection varying linearly with the ion beam density [2].

This talk outlines some recent results in the study of positively charged ions, in particular
molecular hydride ions. For example, we describe complementary measurements of the 2p
photoexcitation cross sections for the atomic-molecular-ion series SiH, (n = 0,1,2,3) near the
L-shell threshold [3]. The experiments, carried out at the Soleil synchrotron, used an electron
cyclotron resonance (ECR) plasma ion source. For the molecular ions, the Si*" decay channel
appeared dominant, implying similar electronic Auger and nuclear relaxation dissociation
patterns. The Si*" yields were recorded for the molecular ions and put on absolute cross-
section scales by comparing with the yields for the Si" parent atomic ion. Theoretical cross-
sections were calculated using ab initio configuration interaction method (CI), inclusive of
spin-orbit coupling/vibrational dynamics and contributions from inner-shell excitations, from
both ground and valence-excited electronic states. The broadly similar experimental spectra
moved towards lower energies as the number of screening hydrogen atoms increased. They
featured a region below ~107 eV due to 2p — o* transitions to dissociative states, intense and
broadened peaks in the ~107-113-eV region and relatively sharp Rydberg series due to 2p —
nd,nm transitions converging on the Ly limits above ~113 eV. The overall spectral shape
was broadly replicated by theory in each case, but the level of agreement did not extend to
individual resonance structures.

Other examples will also be discussed to further illustrate the additional complexity
introduced when moving from atomic to molecular ions.
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The mechanisms leading to the emission of an electron pair from an atom/molecule
due to the absorption of a single VUV or soft X-ray photons has attracted interest
because it is completely governed by electron correlation. In atoms the dynamics is
determined by the symmetry of the pair wavefunction and the Coulomb interaction
among the two electrons in the field of the double charged ion. Less is known in
molecules, apart from the studies on the simplest two-electron molecule Hs.

A recent work [1], where the ratio of doubly to single charged parent ions was
measured as a function of photon energy using time-of-flight, TOF, spectroscopy,
revealed a resonant contribution at a photon energy of ~40eV above the double
ionization threshold of aromatic hydrocarbons, like benzene, naphthalene, anthracene
and coronene. A mechanism beyond the usual direct ‘knock-out’ was invoked to
explain those data. By analogy to similar observations in the single photoemission on
Ceo [2], where the energy of the enhancement occurred when the de Broglie
wavelength of an electron fitted between certain carbon-carbon spacings [1], it was
suggested that in these ring-based molecules the resonant enhancement was caused by
the excitation of a particle of twice the electron mass, i.e. an electron Cooper pair,
whose de Broglie wavelength forms a closed loop structure in the system of
overlapping m orbitals. The TOF ion ratios were complemented by photoelectron
measurements, either recorded at the magic angle [1] or integrated over 2w using a
magnetic bottle TOF [3].

Here we used the electron-electron multicoincidence set-up available at the Gas
Phase Photoemission beamline at Elettra to investigate the double photoionization of
benzene. The multicoincidence end station is equipped with ten independent analyzers,
which allow the detection of twenty one pairs of electrons simultaneously. Two types
of coincidence measurements have been performed. In the first one the energy of each
electron is fixed and the photon energy is scanned. In this way the binding energy
spectrum of the benzene dication has been studied in two regions, one below and one
around the energy where the enhancement has been observed. In the second type of
measurements the photon energy has been fixed and three independent coincidence
angular distributions were measured, fixing the direction of one electron at 0, 30 and
60° with respect to the direction of the linear polarization of the incoming radiation.
Two values of excess energy, corresponding to where the Cooper pair formation was
expected to occur and a lower one, were chosen.

Finally to complement the measurements presented in [1], a set of full photoelectron
spectra, at hv=75 and 80eV, due to the double ionization of benzene at several
emission angles have been recorded. The analysis of all the data obtained is on-going
and it is envisaged that this will provide further information on the mechanism
responsible for the resonant enhancement observed in the photo double ionisation in
symmetrical aromatic hydrocarbons.
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Molecular collisions are manifested as a perturbation of the shapes of molecular optical
resonances. Therefore, on the one hand, the line-shape analysis of accurate molecular spectra
constitutes an important tool for studying quantum scattering and testing ab initio molecular
interactions [1]. On the other hand, the collisional effects can deteriorate the accuracy of
atmospheric measurements of the Earth and other planets, modify the opacity of the
exoplanetary atmospheres as well as influence the accuracy in optical metrology based on
molecular spectroscopy [2,3]. Recently a new relational structure has been introduced to the
most extensively-used line-by-line spectroscopic database HITRAN [4,5], enabling the
collisional, beyond-Voigt line-shape effects to be represented. It is, however, extremely
challenging to populate the entire database with purely experimental parameters for all the
molecular transitions and thermodynamical conditions (all the bands, branches and
temperature ranges).

We demonstrate a new methodology of generating a comprehensive dataset of the beyond-
Voigt line-shape parameters from fully ab initio quantum-scattering calculations. We also
demonstrate first such a complete dataset for the benchmark system of helium-perturbed H»
line. We provide the temperature dependences for the pressure broadening and shift
parameters, as well as for the Dicke parameter using generalized spectroscopic cross sections
resulting from quantum scattering calculations on accurate ab initio potential energy surfaces.
The results are consistent with the recently adapted HITRAN parameterisation of the
Hartmann-Tran profile [4]. The calculations and methodology are also validated on the ultra-
accurate experimental data of the H,-He system.

References

[1] Wcisto P et al. 2015 Phys. Rev. A 91, 052505.

[2] Moretti L et al. 2013 Phys. Rev. Lett. 111, 060803.

[3] Wcisto P et al. 2016 Phys. Rev. A 93, 022501.

[4] Wcisto P et al. 2016 J. Quant Spectrosc. Radiat. Transfer 177, 75-91.

[5] Gordon I E et al. 2017 J. Quant. Spectrosc. Radiat. Transfer 203, 3 — 69. 3

40



24th JCSLS 2018
Dublin, Ireland

Tuesday Oral Session 3
Tu.O.3



24t ICSLS 2018
Dublin, Ireland

24th International Conference on Spectral Line Shapes Tu.03.11

Ab Initio Line Shape Parameters For Speed Dependent
Hard Collision Profiles: Applications To Rovibrational
Lines Of Hz, Dz, HD In He Or H2

Franck Thibault®, Piotr Wcisto®

“Institut de Physique de Rennes, UMR CNRS 6251, Université de Rennesl, Campus de Beaulieu,
Bat.11B, F-35042 Rennes, France (Franck.Thibault@univ-rennes|.fr)
PInstitute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University,
Grudziadzka 5, 87-100 Torun, Poland

Recently [1], some of us have tested various H,-He potential energy surfaces on H; state to
state rates and pressure broadening and shifting of the isotropic Raman Q(1) line of the
fundamental of D, and H,, as well purely rotational Stokes So(1) line of H,. The inclusion of
the effects of the translational motion on the line shape allowed us, unequivocally, to conclude
that the Bakr et al [2] PES was the most accurate to date. However, this PES was determined
on a too small intramolecular interval to be used for studying overtones. It has thus been
extended [3] allowing calculations for transitions up to the 9-0 band. From close coupling
dynamics performed on this PES, we provided [3], in a first step, pressure broadening and
shifting parameters for isotropic Raman lines and Raman anisotropic lines (or electric
quadrupole lines) from v=0up to v=>5 and j = 0 up to 5 and for temperatures varying from 5
to 2000 K. In addition, making use of the generalized Hess method the Dicke parameters for
these lines were provided. The real part of the latter parameter is the frequency of the
velocity-changing collisions. For H, perturbed by helium, a “complete” dataset of beyond-
Voigt line-shape parameters from ab initio quantum scattering calculations for the HITRAN
database will be soon presented [4]. This dataset will be consistent with the new structure of
the HITRAN database and hard-collisions profiles, in particular with the Hartmann-Tran
profile recommended by the IUPAC and adopted by HITRAN.

In addition, we have tested the PES of Ref. [3] and our dynamical calculations for the D,-
He benchmark system [5]. Indeed, pure rotational D, Raman spectra, obtained using
stimulated Raman spectroscopy (SRS) in Madrid between 77 and 300 K, allowed us to
compare the results of our calculations with measured line shifts and broadening of the very
first Stokes lines. Experimental and calculated values agree well with each other. Moreover,
our calculations including both the speed dependence of the line shape parameters and the
narrowing effect permit to explain the evolution with the pressure of the recorded line shapes.

Finally, I will present new accurate spectra, measured with a frequency-stabilized cavity
ring-down spectrometer linked to an optical frequency comb referenced to a primary time
standard, of the 2-0 S(2) electric quadrupole line of D, self- and helium- perturbed [6-7].
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The spectra of zinc atoms, when excited by spin-polarized electrons, reveal line shapes from
open and closed shell transitions. The electron energy loss spectra and the Stokes polarization
parameters of the emitted photons indicate markedly different effects of electron exchange
and spin-orbit interactions reflecting the angular momentum of closed and open core states.
The interpretations of the spectra indicate autoionizing phenomena near multiply excited
states of the neutral atom with Fano resonances and post-collision interactions (PCI). Also
zinc negative-ion resonances have been observed above the first ionization threshold at 9.39
eV. The decay of such features into many states below the ionization threshold with a range of
n, L, and § quantum numbers has been investigated with the aims of determining structure and

exchange and spin-orbit interaction processes. Representative studies are described in [1].
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Further experiments with spin-polarized electrons can test the role of spin-orbit and exchange
scattering in the resonance region, and angle differential electron excitation function
measurements can provide information regarding the resonance symmetry and predominant
partial waves to aid the resonance assignments. The spectral line shapes indicate the different
LS-coupling properties of the intermediately coupled states; the triplet components make
exchange and spin-orbit interaction important. For states with a large singlet component the
spin-orbit interaction may be dominant.
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Collision-induced absorption is the phenomenon in which interactions between colliding
molecules lead to absorption of light, even for transitions that are forbidden for the isolated
molecules. Collision-induced absorption contributes to the atmospheric heat balance and is
important for the electronic excitations of O, that are used for remote sensing. Absorption by
0,—0, pairs has been put forward as a biomarker to be observed in exoplanetary transit
spectra.

We study the roto-translational spectrum of N,—N; collisional pairs using quantum
mechanical line-shape calculations. Such calculations are usually performed in the
approximation of isotropic interactions between the colliding molecules. We included
interaction anisotropy for the first time — apart from earlier work on effectively isotropic
systems such as H,—H, and H,—He — and show that interaction anisotropy increases the line
strength, bringing our calculations in closer agreement with the experiment.

Furthermore, we present an ab initio study of the X ’L, — a 'A; and X ’Z, — b '%,"
electronic transitions of O,, which are electric-dipole forbidden by both spin and spatial
selection rules. We unambiguously identify the underlying absorption mechanism, which is
shown to depend explicitly on the collision partner — contrary to text-book knowledge. This
explains experimentally observed qualitative differences between O,—0O, and O,—N; collisions
in the overall intensity, line shape, and vibrational dependence of the absorption spectrum.
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Polycyclic aromatic hydrocarbons have environmental relevance, because they are formed
as by-products in the combustion of organic materials. They are believed to be a major
component of the interstellar medium, because they are considered to be responsible for the
emission features that dominate the infrared spectra of many galactic and extragalactic
sources.

We have measured sets of mass spectra of positive ions of anthracene (C;4H¢) and of its
isomer phenanthrene, with electron energies ranging from 5 to 100 eV in steps of 0.5 eV. A
beam of molecules is generated using a resistively heated oven, and is crossed by a pulsed
electron beam (0.3 ps, 8 kHz). Positively charged fragments are extracted into a reflectron
time-of-flight mass spectrometer. LabVIEW based data acquisition techniques are used to
measure mass spectra as a function of electron impact energy. Ion yield curves and
appearance energies for most fragment ions of anthracene have been obtained [1].
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Figure 1. Mass spectra of anthracene, showing evidence for hydrogen rearrangements
in the formation of fragments with 8 to 12 carbon atoms.

The groups of anthracene fragments containing 8-13 carbon atoms provide evidence for
hydrogen rearrangements during the fragmentation, involving retention or loss of one or two
additional hydrogen atoms. Groups of fragments with 6 and 7 carbon atoms clearly show the
presence of doubly-charged fragments. The smaller fragments with 1-4 carbon atoms all
show broadened peaks, and these fragments may be partly or mostly due to energetic charge-
separation fragmentations of doubly-charged anthracene. The mass spectra of phenanthrene
are very similar to those of anthracene, and a more detailed comparison will be provided at
the conference.
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The interaction of a pulsed laser beam with any sample (laser ablation) creates a transient
optical source (plasma), in which chemical information of the sample is contained. Laser-
ablation based optical-emission methods [e.g., laser induced breakdown spectroscopy (LIBS)
and laser-ablation molecular isotopic spectrometry (LAMIS)] are versatile tools for direct and
fast chemical analysis at atmospheric pressure, for virtually any type of sample with minimal
sample preparation. Furthermore, the ability to perform standoff or remote analysis is a
unique advantage of photon-emission based measurement over other analytical techniques
(e.g., mass spectrometry).

It has been recognized long ago that atomic transitions of the same element but from different
isotopes emit light at slightly different wavelengths. This isotopic shift allows the different
isotopes to be analyzed by means of atomic optical spectrometry. Currently, most LIBS
measurements are utilized only for elemental analyses; however, LIBS also can provide
isotopic information, at least for elements that exhibit large isotopic shifts (e.g., uranium). The
development of the LAMIS technique further enhances the capability of laser-induced plasma
for isotopic analysis.

LAMIS measures the molecular emission spectra of those radicals that are formed at a late
time scale in the plasma, when ablated atoms begin interacting with atmospheric species to
create excited-state molecules (e.g., oxides). As molecular spectra typically exhibit two to
three orders of magnitude increase in isotopic shift compared to atomic transitions, the shift
can be readily measured with a relatively low-resolution optical spectrometer.

In this presentation, the theoretical principles of LIBS and LAMIS for isotopic analysis will

be overviewed, the current status (e.g., analytical figures of merit as well as challenges) of the
techniques will be examined, and some application examples will be discussed.
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As Laser Induced Breakdown Spectroscopy (LIBS) matures as an analytical technique,
particularly with the expansion beyond elemental characterization provided by advanced
chemometric techniques, the range of potential applications has grown steadily. One such area
where the ease of measurement, robustness and accuracy of LIBS can have a significant
impact is in the analysis, development and production of pharmaceutical and nutraceutical
products.

This presentation will introduce Vacuum Ultraviolet LIBS (VUV-LIBS) [1, 2], utilizing
emission in the 35-120 nm range, and its usefulness in meeting the off-line requirements at
the design stage. VUV-LIBS has a number of advantages, such as increased access to
resonance transitions, higher ion stages, less complex spectra, reduction of plamsa
interference effects etc.
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Figure 1. Correct separation and identification of VUV-LIBS spectra of pharmaceutical samples,
using Principal Component Analysis.

In addition to traditional spectral analysis, the information rich spectra are interrogated
with more complex chemometric techniques, such as Principal Component Analysis (PCA)
[3], Convolutional Neural Networks (CNN) [4], Self-Organizing Maps (SOM) [5] and
Support Vector Machines (SVM) [6]. This leads to enhanced performance in the identification
and classification of the LIBS spectra, allowing improvements in the correct separation of the
pharmaceutical samples.
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We report on a series of studies on the emission spectroscopy of Aluminum Oxide (AlO)
formed in the condensation phase of laser produced ablation of aluminum in air. For many
applications, laser ablation of complex targets must preserve the stoichiometry and so a
detailed investigation of molecular formation with background gases is of scientific interest.
Similarly, the specific formation of AlO molecules is of interest because it represents a
possible chemical intermediate in the formation of clusters and nano-particles.

Previous studies have reported on the evolution of the AIO spectrum have shown that a
mixture of plasma diagnostics can be used to track the temperature and density of the AIO
formed from laser ablation of aluminium in air [1],[2]. In particular, previous studies have
shown that there is a minimum time, or maximum temperature after which the plasma under
goes rapid change in terms of molecular formation, making LIBS analysis difficult [1].

In this talk, I report on the results and analysis of two experiments. The first, is a space-
averaged, time-resolved study of emission spectroscopy from a laser plasma formed in air on
an aluminium target. The plasma was formed using an Nd:Yag laser operating at it’s
fundamental wavelength, with a pulse duration of 10ns. The emission spectrum was measured
using a fibre-optic coupled Czerny-Turner spectrometer connected to an ICCD camera of
~10ns resolution. The method of constructing Deslandres tables was used to assign vibrational
transitions to the spectrum lines and estimate dissociation energies. Temperatures were also
measured using existing molecular fitting models [3]. In a second experiment, a second laser
was coupled to the plasma during the AIO formation phase. The laser wavelength was tuned
to exactly the emission wavelength of the Av = 0 vibrational band to increase resonant
absorption. Here, we comment on the results in terms of how the presence of the second laser
distorts the dominant pathways to AlO formation.
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Water Absorption Spectroscopy:
From Doppler-Free Saturation Dips To Continuum
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Water vapor being the first greenhouse gas in the Earth's atmosphere, its absorption
spectrum deserves to be accurately characterized. In the last years, we have used high
sensitivity cavity-based laser absorption techniques to address different aspects of water
spectroscopy.

Doppler-free saturated-absorption Lamb dips were measured at sub-Pa pressures on
rovibrational lines of H,'®0 near 7180 cm™, using optical feedback frequency stabilized
cavity ring-down spectroscopy [1]. By referencing the laser source to an optical frequency
comb, transition frequencies are determined down to 100 Hz precision and kHz accuracy. The
developed setup allows resolving highly K-type blended doublets separated by about 10 MHz

The amplitude, the temperature dependence and the physical origin of the water vapor
absorption continuum are a long standing issue in molecular spectroscopy with direct impact
in atmospheric and planetary sciences. The self-continuum absorption of water vapor was
determined at different spectral points of the atmospheric windows at 4.0, 2.1, 1.6 and 1.25
um, by CRDS and OFCEAS (optical-feedback-cavity enhanced absorption spectroscopy) [2].
These accurate experimental constraints have been used to adjust the last version (V3.2) of the
semi-empirical MT CKD model (Mlawer-Tobin Clough-Kneizys-Davies)  widely
incorporated in atmospheric radiative transfer codes.
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Figure 1. Left panels: Absorption line and Lamb dips for the J;y < J;; and J;; < J; o doublets of
H,'°O (J= 6, 7). On the lower panels, individual measurements points are showed to illustrate the
higher resolution to sampling the dips range.

Right panel: Comparison of the MT CKD3.0 and 3.2 models (black and red solid lines, respectively)
of the water vapor self-continuum cross-sections, Cs, in the 1500-9000 cm’! range to an exhaustive
collection of the experimental determinations.

References

[1] Kassi S, Stoltmann T, Casado M, Daéron M, Campargue A 2018 J. Chem. Phys. 148,
054201.

[2] Campargue A., Kassi S, Mondelain D, Vasilchenko S, Romanini D, 2016 J. Geophys. Res.
Atmos. 121, 13,180.

52



24th [CSLS 2018
24th International Conference on Spectral Line Shapes w We.02.C1

Non-Markovian relaxation matrix for two linear colliders
in dense gas media

Andrei Sokolova’b, Jeanna Buldyreva®, Alexander Kouzov®

“Institut UTINAM, UMR CNRS 6213, Université Bourgogne Franche-Comté, 16 Route de Gray, 25030 Besangon
cedex, France (andrei.sokolov@univ-fcomte.fr)
"Faculty of Physics, Saint-Petersburg State University, 3 Ulyanovskaya str,198504 Saint-Petersburg, Russia

Progress in atmospheric physics and gas diagnostics requires urgently higher and higher
accuracy of spectroscopic data modeling of various gaseous media. Different processes
induced in these environments by collisional relaxation need flexible theoretical models
taking account of fine features of collisional dynamics but easy to handle and convenient for
practical use. Whereas for the spectral regions near the band centers this role is successfully
played by the commonly employed Energy-Corrected Sudden (ECS) approximation
introduced almost 40 years ago [1], theoretical description of absorbed (or scattered)
intensities in the far spectral wings remains a major challenge.

Problems arise from the fact that for large frequency detunings from the band center the
significant increase (or decrease) of the rototranslational energy by the extra photon energy
during the transition process cannot be neglected and the use of off-energy-shell scattering
amplitudes is required to account for incomplete (non-Markovian) collisions. Corresponding
frequency-dependent relaxation matrices have been developed up to now solely for weak
interactions treated by perturbation theory [2-4] and for linear rotors perturbed by
structureless particles [5,6].

Here, we report rigorous non-Markovian relaxation matrix expressions obtained for
collisions between pairs of linear molecules. Owing to a specific choice of symmetric metrics
in the Liouville space, this matrix obeys all fundamental relations issued from first principles,
corrects the neglect of initial correlations and avoids spurious effects on the computed spectra.
All relaxation characteristics can be obtained when the Fourier-transforms of the time-
correlation functions are known. These transforms can be either calculated directly from
interaction potential energy surfaces (tedious and lengthy task) or modeled using a priori
information and relaxation matrix properties. Moreover, they can be mimicked in terms of the
leading spectral moments which are readily obtained from the tripolar expansions of the
interaction potential and of the binary distribution function.

The proposed formulae represent a particular interest for accurate computations of broad-
band high-density spectra of long anisotropic colliders like CO,-CO,. In the infrared
absorption domain such spectra are strongly requested for radiative transfer models of CO,-
rich planetary atmospheres.
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Despite being one of the weakest dimers in nature, low-spectral-resolution Voyager/IRIS
observations revealed the presence of (H;), dimers on Jupiter and Saturn in the 1980s.
However, the collision-induced H,—H; opacity databases widely used in planetary science
have thus far only included free-to-free transitions and have neglected the contributions of
dimers. Dimer spectra have both fine-scale structure near the S(0) and S(1) quadrupole lines
(354 and 587 cm ', respectively), and broad continuum absorption contributions up to +50
cm ' from the line centers. We compute new absorption coefficients for the free-to-bound,
bound-to-free, and bound-to-bound transitions of the hydrogen dimer for a range of
temperatures (40—400 K) and para-hydrogen fractions (0.25-1.0). The data are validated
against low-temperature laboratory experiments (see Fig. 1), and used to simulate the spectra
of the giant planets. The new collision-induced opacity database permits high-resolution (0.5—
1.0 ecm ') spectral modeling of dimer spectra near S(0) and S(1) in both Cassini Composite
Infrared Spectrometer observations of Jupiter and Saturn, and in Spitzer Infrared Spectrometer
(IRS) observations of Uranus and Neptune for the first time. Furthermore, the model
reproduces the dimer signatures observed in Voyager/IRIS data near S(0) on Jupiter and
Saturn, and generally lowers the amount of para-H, (and the extent of disequilibrium)
required to reproduce IRIS observations.
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Figure 1. The absorption coefficient at 77 K, normalised by the square of the hydrogen density, around
(a) the S(0) and (b) the S(1) transitions for pure para-hydrogen and for normal-hydrogen, respectively.
The line labeled ‘McKellar’ represents the laboratory measurements in Ref. [2], which were taken at
number densities of 1.30 amagats and 2.45 amagats for (a) and (b), respectively.
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Quantitative analysis on tungsten spectra of W* to W**
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In recent fusion research study of tungsten transport is very important in both edge and
core plasmas because tungsten divertor is used in ITER. Based on the requirement tungsten
spectra have been energetically studied in both fusion and EBIT experiments. So far several
qualitative tungsten studies have been done based on the spectroscopic technique, while any
quantitative study on the tungsten has not been done yet until very recently. Then,
experiments on the quantitative study of tungsten ions are carried out in Large Helical Device
(LHD: NIFS), EAST tokamak (ASIPP) and HL-2A tokamak (SWIP) as a collaborative work.
In this report, recent progress on the quantitative analysis of tungsten spectra is reported for
tungsten ions of W® to W* " ions. The presentation includes the following five subjects;

1. Evaluation of tungsten influx from WVII (W®") spectrum in HL-2A [1]

2. Evaluation of tungsten ion density from UTA (W**", W**, W**") spectra in LHD [2]
(Typical example of density evaluation is shown in Fig. 1)

3. Evaluation of tungsten ion density from WXLV (W**") and WXLVI (W*") spectra in
LHD [3]

4. Evaluation of tungsten ion density from M1 (Magnetic dipole: W>"" at 3377A) visible
spectrum in LHD [4]

5. Evaluation of tungsten ion density from impurity transport code analysis in EAST [5]
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Figure 1. Electron density and temperature profiles in LHD (left) and radial profiles of tungsten ion
density of W***, W*" and W**" evaluated from UTA (Unresolved Transition Array) lines (right)
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Line shape modeling for the emission from carbon pellet
ablation clouds in presence of a magnetic field

M. Koubiti* and M. Goto®

“ Aix Marseille Univ, CNRS, PIIM, Marseille, France; e-mail: mohammed.koubiti@univ-amu.fr
"National Institute for Fusion Science, Toki, 509-5292, Japan

There are a number of reasons pleading in favor of the adoption of the pellet injection
technique in future large-scale magnetic fusion devices like the ITER tokamak. Depending on
their size, hydrogen isotope pellets are injected for (i) plasma fueling, (ii) control of MHD
instabilities (iii) or even for disruption mitigation [1-3]. Additionally, pellets made from other
materials like carbon, aluminum, titanium or even tungsten are often injected in magnetic
fusion devices like the Japanese LHD stellarator [4-5]. We investigate in this paper from the
spectroscopic point of view the ablation cloud of carbon pellets injected in LHD. We will
consider in particular typical spectra of the C 11 723-nm line measured perpendicularly to the
magnetic field using linear polarizers. This line is broadened by Stark effect but is also
affected by Zeeman effect which cannot be treated within the weak or the strong field
approximations. In this model, we consider only the effect of the magnetic field on the
structure of the emitter. This effect is taken into account prior to the line shape calculations in
which a Lorentzian shape is used for each emission component of the line. This is because the
Stark broadening of this line is dominated by the electronic contribution as has already been
shown previously [6]. The theoretical profiles will be compared to the typical experimental
spectra.
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Fluorescence spectroscopy is a powerful tool to obtain information on microscopic processes
in non-equilibrium discharge plasma (corona) in dense media such as high pressure
supercritical gas and even liquids. Spectroscopic observations of the light emitted by
electronically excited neutral and ionized gases can be used to determine structural
information on the local environment of the emitting atoms or molecules. A microplasma of
helium was formed by corona discharge in gaseous and liquid Helium at cryogenic
temperatures. Experiments were performed at constant temperature, in a range from 300 K
down to 4.2 K under high pressures, ranging from 0.1-10 MPa. Under these conditions, a wide
region of densities covering the gas phase with density of 10 cm™ up to liquid phase of

Helium with density of 2x10* c¢cm™

could be studied. By putting nitrogen and hydrogen
impurities into the helium gas optical emission spectra from not only the helium but also
nitrogen and hydrogen can be observed. The most important spectrometric signatures of
radiative transitions of diatomic as well as atomic species are discussed as well as simulations
of the most important emissions. Results from the profiles of the high resolution emission

spectral for several species such as H, N, N5, He, and He are presented and compared.
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Modeling of Lyman-a Line Polarization in Fusion Plasma
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In LHD (Large Helical Device), a phenomenon called the density pump-out has been
observed when a high-power ECH (electron cyclotron heating) is injected [1]. This is
understood as an enhancement of loss of particles which are trapped in helical ripples because
the cyclotron motion is selectively accelerated by ECH and particles having large pitch angle
are increased. We attempt to detect a symptom of anisotropic velocity distribution function
(VDF) of electrons in the polarization of atomic emission lines.

Excited states of atoms or ions in fusion plasmas are dominantly created by electron
collisions. When electrons in a plasma have an anisotropic VDF, excited states may have an
inhomogeneous population distribution over the magnetic sublevels in that state [2], and as a
result, emission lines from such a state is polarized.

We have started a polarization measurement for the Lyman-o line in LHD and have
obtained the polarization degree in the order of several percent. It has a tendency to decay
with increasing electron density and this behavior qualitatively agrees with our understanding
because a relaxation of anisotropy in the electron VDF should be more enhanced in a higher
density condition.

For quantitative verification of our hypothesis, a theoretical model calculation is necessary.
To this end, we have developed a code which simulates the polarization formation of the
Lyman-a line in plasma. In actual analyses, we assume an electron VDF having different
electron temperatures in the perpendicular and parallel directions with respect to the magnetic
field, respectively, and attempt to find a solution giving the best agreement with the
experimental data in terms of the polarization degree. The details on the theoretical
formulation of the polarization formation for the Lyman-a line and some initial results of the
data analysis will be presented.
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This paper presents the experimental Stark-broadening and shifting analysis of some
selected NI and NII spectral line profiles of the 40.68 MHz RF-CCPs. The discharges were
generated in a homemade stainless steel cylindrical parallel plate reactor (with radii R~500
mm and height H~400 mm). Two identical isolated aluminum electrodes with R~200 mm
were placed in the reactor at a 4 cm gap distance. Additionally, an Ocean Optics High-
Resolution HR2000 fiber optic spectrometer (200-1100 nm) was connected to the window of
the discharge system. The applied RF power was in the range of 50-200 Watt and the gas
pressure was in the range of 0.2-1 Torr. An optical emission spectrum (OES) of the system
and the calculation of the excitation temperature (Tex) can be seen in Figure 1.
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Figure 1. Optical emission spectroscopy-OES (left) and the linear Boltzmann plot (right) of the
singly-ionized Nitrogen (NII) spectral transition lines of the 40.68 MHz RF-CCP at 0.2 Torr-50 Watt

I assumed that the discharge is in the local thermal equilibrium (LTE) and the excitation
temperature is equal to the electron temperature (T.). Then, I calculated the electron density
(n¢) by using the Saha equation [1]. According to ne and Te. values, I calculated the Ak (Strak
FWHM of the peaks) [2] and also the gas temperature of the system [3].
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Lineshapes In Photoprocesses Induced By Ultra Short
Laser Pulses
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The effects of spectral line shapes on photo-processes induced by the interaction of
ultrashort laser pulses (USP) with atomic systems are under consideration. The problem
results in an appearance of additional parameter in the line broadening theory, namely, the
time duration of USP (t) together with standard parameters of line shape theory such as
frequency shifts, line widths, electric field fluctuation times.

Two main processes are of specific interest, namely, absorption and scattering probabilities
during all time of USP action [1, 2]. Probability W of atom excitation in dimensionless
variables has the form [3]

TAEL ool (5-0f Jolo,+4 p)dp

G(a)’) is the spectral lineshape of a radiative transition between atomic states. Here
dimensionless variables are entered:
W —w, w—w,

= ,5=
p A

where A is the spectral width of the line, wy , f) are the own frequency and oscillator strength
of the electron transition, £y is the amplitude of electric field strength of the USP.

The modern USP generation technique makes it possible to obtain USP in ultraviolet and
even X-ray spectral ranges making it actual to observe transition probabilities not from
excited but also from ground atomic states. A number of standard line shape problems
modified by the action of USP are considered, namely, Doppler broadening and the effects of
slow far line wings decrease in Voigt spectra, static line shapes described by standard
Holtsmark distribution with account for ion dynamics effects by application of kinetic version
of frequency-fluctuation model, simplified static line shapes for radiative transitions from
Rydberg atomic states with account of ion dynamic effects.

It is shown that new dimensionless parameter o being the product of line shape widths on
pulse duration T produces a large effect on both probability dependences on carrier frequency
and duration of USP. The last one demonstrates a smooth evolution from nonlinear
dependence upon T to standard linear one corresponding to well know probability per unit
time.

The general properties of USP interaction with atomic systems are illustrated by specific
examples of hydrogen and highly charged ions line broadening in plasmas.

W(a, 5)

,a=AtT
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Temperature Dependence of Half-Widths and Line Shifts
for Molecular Transitions in The Microwave and
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An expression was derived from a power series expansion of the optical cross-sections in
in the radiator-perturber relative velocity, cut off at second order, that correctly models the
temperature, T, dependence of the half-width, vy, over large temperature ranges and the T
dependence of the line shift, 8, even for cases where the shift changes sign. Data were
collected for more than 100 thousand transitions and the power law (PL) expression for y and
0 when the shift doesn’t change sign were compared with the new double power law
expression. Figure 1 shows data (symbols) and fits (solid lines) for the 2 , ¢ € 3 | ; rotation
band transition of H,O in collision with Hy. left-hand upper and lower panels are the PL fits
for y and 9, right-hand upper and lower panels are the DPL fits for y and 0 .
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Figure 1. Power law and double power law fits to y and d for the 2 , ¢ € 3 | 5 rotation band transition
of H,0 in collision with H,.

The DPL model works well for all transitions, even those that exhibit unusual structure,
which the standard power law cannot model. The DPL expression gives better results than the
PL model for 99.997 and 99.475 percent of the transitions for y and d, respectively. The DPL
model gives good results for the temperature dependence of & when 0 changes sign. The DPL
model for the T dependence of 8 was compared with the linear model, which is currently used
on the HITRAN database. In all cases the DPL model gave much better results than the linear
model no matter what temperature range was studied. The new formalism allows a
substantial reduction in the number of parameters that need to be stored in databases and the
same expression can be utilized in radiative transfer and simulation codes for both the half-
width and line shift.
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Exited Atoms-Surface Collisions and Their Manifestations
in the Fluorescence Excitation Line Shapes

Tigran A. Vartanyan

ITMO University, St. Petersburg, 197101, Russian Federation, e-mail Tigran.Vartanyan@mail.ru.

Since the invention of the extremely thin cell (ETC) which sustains prolonged action of hot
and dense alkali vapors [1], a number of spectroscopic problems have been solved with its
aid. As the width of the cell is comparable to or smaller than the wavelength of the actual
atomic transition, Doppler width of the fluorescence light is substantially reduced due to the
cage effect. Selective reflection and transmission spectra of the alkali vapor filled ETC are
even more intriguing. The widths and the shapes of both lines depend periodically on the
vapor slice thickness. The period of this dependence is twice as large as compared to the
periodicity characteristic for the Fabry-Perot cavity [2]. As a unique linear Doppler-free
spectroscopic tool, ETC found numerous applications in atomic spectroscopy and
magnetometry [3].

ETC keeps also great promises in the studies of excited atoms-surface collisions. As the
distance between the cell walls is very small, in particular, it may be much smaller than the
wavelength of the resonant transition, interaction of all atoms with the walls is significant.
Hence the measurements based on the ETC has a definite advantage as compared to the well-
developed technique for atom-surface interaction investigations based on the careful analysis
of the selective reflection line shapes [4]. In the last case the distances from the surface
probed by the technique is fixed by the wavelength of resonant light and cannot be changed.

Stimulated by the recent precise measurements of the fluorescent excitation line shapes in
the ETC [5] and the criticism [6] about their interpretation we applied to this case the standard
approach of optical collisions accompanied by free-free transitions between the ground and
excited electronic states [7]. Indeed, the atomic transition frequency varies in the course of the
atomic free flights between the cell walls. Hence the excitation dynamics is similar to the
Landau-Zener transition between the potential curves with avoided crossing. Thus, the
fluorescent excitation line profiles are governed by the slopes of the potential energy curves in
addition to the shifts themselves.

This work was supported by RFBR (17-52-18037) and the Ministry of Education and
Science of Russian Federation (3.4903.2017/6.7).
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Multiphoton Ionization of Chiral Molecules

Thomas Baumert
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Molecular chirality is widely recognized for its relevance to the building blocks of life and
its vital role for medicine and health. Chiral recognition in the gas phase using
electromagnetic radiation is an emerging research field and promising for fundamental
research as well as for applications due to the non-interacting nature of molecules in the gas
phase.

Photoelectron angular distributions after one photon or multiphoton ionization turned out to
be especially sensitive to that end and are usually measured by velocity map imaging (VMI)
techniques. The corresponding circular dichroism is termed photoelectron circular dichroism
(PECD) and reviewed in [1]. Based on electric dipole interaction, its magnitude of up to a few
ten percent typically surpasses that of other chiroptical techniques and can be turned into a
highly sensitive analytic tool with respect to investigation of enantiomeric excess.

Resonance-enhanced multi-photon 1onization (REMPI) gives access to electronic
intermediates and, with the help of femtosecond laser excitation and ionization, PECD has
been demonstrated on bicyclic ketones. As more angular momentum can be transferred in a
multiphoton process in comparison to single photon ionization, higher order nodal structures
were observed. An exploration of the nuclear and electron dynamics of the intermediate
resonance may stimulate the development of laser driven purification schemes.

In this talk I will present the field and our experiments. References also to related work are
compiled for example in our latest publication [2].
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Water vapor line-broadening coefficients for molecules in
the HITRAN database
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The new edition of HITRAN2016 has been
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terrestrial and planetary atmospheres. Water
vapor in earth’s atmosphere is highly variable
which causes water to represent a potentially
significant  cross-sensitivity — source. Its
concentration may be subject to large
e variations, especially in high-accuracy remote
sensing of trace gas retrievals, such as O,
] i CO; and CHy4. With that the water vapor is a
e e v v v v T very efficient broadened in comparison to
o B ® %% pitrogen  and  oxygen. For purpose of
characterizing and reducing uncertainties in modeling the spectra of atmospheres with
significant amounts of water vapor, the line-shape parameters for the line-broadening
coefficients and the temperature dependence exponents for molecules of terrestrial interest
broadened by water vapor were investigated through both experimental and theoretical
studies. As a first step, oxygen broadened by water vapor was successfully investigated as
shown in the figure above. A clear rotational dependence of the O, broadening coefficients by
H,O was observed and then fitted by an empirical law[2]-[5].Empirical Law used for fitting:
Yo = A+B/(1+ clxc2x2+c3x3)
We also performed similar investigation for water vapor broadening coefficients of CO,, CHa,
CO, NHj3;, N,O, OCS, CH3CN and HCHO. As a final step, a complete data set for all these
broadening parameters by water vapor will be implemented into the HITRAN database and
will improve the accuracy of remote-sensing experiments in the future.
This work is supported by NASA AURA and PDART program grants NNX14A4155G and NNX16AG51G.
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We present the results from a spectroscopic study of 29 spectra of the fundamental band
of pure carbon monoxide and carbon monoxide mixed with air, recorded at 0.005 cm’
resolution over a range of temperatures (79 K to 296 K) using the Fourier Transform
spectrometer formerly located at the National Solar Observatory on Kitt Peak, AZ. Two
variable temperature gas cells made of copper were used to record the spectra. The spectra
were calibrated using line positions of carbon dioxide and water vapor present in the spectra
as impurities, taken from Ref. [1].

The spectra were analyzed using the multispectrum fitting software described in Ref. [2].
Voigt, speed-dependent Voigt and Rautian line shape models have been employed in the
analysis. The narrowing parameters needed for analysis using the Rautian model had no
rotational quantum number dependence. They were computed using diffusion constants for
CO-CO, CO-0,, and CO-N; obtained using the method described in Ref. [3].

Line intensities, air- and self-broadening coefficients, pressure induced air- and self-shift
coefficients, Einstein A-coefficients and line-mixing parameters have been retrieved. The
exponential power gap scaling law has been used to calculate line-mixing parameters.

The Nj-broadened carbon monoxide half-width coefficients have been calculated at
different temperatures using a potential energy surface based on Tipping-Herman
intermolecular interaction and taking the electrostatic interactions into account. This
computational method ensures that the three dimensional motion of the molecule is accounted
for. However, the calculations used vibrationally independent potentials. We have compared
our measurement results with theoretical calculations obtained for CO-N, systems and with
previous published measurements for the CO-air system.
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The Impact of Line Mixing and Speed Dependence on
Retrievals of Atmospheric CO, and CH, from
Ground-Based Solar Absorption Spectra
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A quadratic speed-dependent Voigt (QSDV) line shape with line mixing (LM) has been
implemented into the forward model of the spectral fitting software GFIT to improve the
retrievals of total columns of CO,, CH4, and O, from high-resolution ground-based solar
absorption spectra [1,2,3]. Absorption coefficients were calculated using the qSDV+LM
spectral line shape with spectroscopic parameters for the strong CO, band centered at 4850
cm’, the weak CO, bands centered at 6220 cm™ and 6340 cm™, and the 2v; band of CH..

Absorption coefficient calculations were validated using laboratory spectra of CO, and
CH,. Laboratory spectra were modeled better with the gSDV+LM than with the Voigt line
shape. The qSDV was used to fit air-broadened, room-temperature, cavity ring-down spectra
of the alAg<—X ) g Oz band. It was shown that the Voigt line shape is inadequate to model
the spectral lines of this O, band and that speed-dependent effects need to be taken into
account. Spectroscopic parameters of the discrete spectral lines of the O, alAg<—X o) g band
were retrieved and implemented in GFIT.

A year of ground-based solar absorption spectra acquired at Eureka (Canada), Park Falls
(USA), Lamont (USA), and Darwin (Australia) were processed using GFIT. Total columns of
CO,, CH4, and O, were retrieved using absorption coefficients calculated assuming a Voigt
spectral line shape and the qSDV+LM (with LM used when applicable). With the gSDV+LM,
spectral fits of CO, and CH4 improved as a function of solar zenith angle. The airmass
dependence of the retrieved columns of CO,, CHy, and O,, as well as the column-averaged
dry-air mole-fraction of CO, (XCO,) decreased while the accuracy of XCO, improved.
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Line Shape Investigation of O, B-band Transitions:
Simultaneous Observation of the Speed-Dependence and
Dicke Narrowing
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High signal-to-noise ratio (SNR) measurements of self-perturbed O, B-band transitions
near 690 nm were performed with a cavity ring-down spectrometer (CRDS) referenced to an
optical frequency comb (OFC). The OFC-assisted, Pound-Drever-Hall (PDH) locked,
frequency stabilized CRD spectrometer (FS-CRDS) was used in a configuration similar to one
described in Ref. [1]. We show two examples where both narrowing mechanisms, that is the
speed dependence of the line width as well as the Dicke narrowing have to be included in the
line shape analysis [2-4] in order to properly describe observed profiles. One of the strongest
O, B-band transitions with intensity S = 5.4-10%° cm/molecule (P9 P9 line) was investigated
with SNR of about 40000. Simultaneous presence of the speed dependence of collisional
width and the Dicke narrowing was observed in the pressure range as low as 8.5 Torr (1.1
kPa). It has not been detected previously for spectra characterized by lower SNR [5]. The
other case is the three orders of magnitude weaker R35 Q36 transition of the intensity S =
6.1-10** cm/molecule measured at pressure of 100 Torr (13.3 kPa). Even for moderate SNR
of about 2000 but much higher pressure range both narrowing effects need to be accounted for
in order to properly describe the measured line shape as well.

Results of the present investigation are especially important in atmospheric applications
requiring sub-percent accuracy. They enhance our previously determined set of O, B-band
line shape parameters [6], where the speed-dependent Voigt profile was proposed for
description of O, B-band transitions line shapes, to more advanced line profiles.
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Studies of exoplanetary atmospheres and Earth's global climate changes are an important
challenges of high-resolution Doppler-broadened spectroscopy. Spectroscopic retrievals are
typically modeled by the Voigt profile which is straightforward but not very accurate
approach even in case of Doppler, low-pressure regime. To meet 0.1% accuracy requirements
[1] of remote sensing the Hartmann-Tran profile [2,3] capturing most of the molecular
collisions physics was recommended [4] to model both atmospheric as well as reference
spectra at pressures ranging from Doppler up to collisional regime. Nevertheless, a
consequence of greater unification of the line-shape model is its dependence on larger number
of parameters with tendency to correlations between them. As a result multi-spectrum fitting
technique [5] has to be used together with high-quality laboratory spectra recorded in the
broad range of pressures to remove partial correlations between parameters [6].

High pressures expected in spectra modeling preclude the use of the most accurate cavity
ring-down spectroscopy for comprehensive study of the strongest transitions of atmospheric
importance. Here we demonstrate a cavity mode-dispersion spectroscopy (CMDS) [7]
exhibiting an accuracy unattainable for other cavity-enhanced spectroscopies and exposed in a
wide dynamic range of absorptions. We compare it with two other absorption methods on
example of spectroscopy of a weak near-infrared CO transition up to near atmospheric
pressures. Optical dispersive signal was acquired in radiofrequencies what greatly reduced
systematic errors of detection common for absorption spectroscopy. The lowest uncertainty of
CO line position found for CMDS in the Doppler-limited case is comparable with the best
sub-Doppler frequency metrology in HD [8,9] what indicates potential of CMDS in a basic
research of molecular hydrogen. CMDS can also be easily implemented into high-resolution
broadband spectroscopic methods employing optical frequency combs [10].
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The concept of a cascade arc discharge (wall-stabilized arc plasma) that generates an
atmospheric high-density plasma channel was proposed by Maecker [1]. In order to apply the
cascade arc as a novel interface (plasma window [2]) to separate a vacuum chamber from the
atmosphere without needing a large differential pumping system, two cascade arc plasma
sources with channel diameters of 3 and 8 mm have been developed [3], and their plasma
parameters were determined by visible and vacuum UV emission spectroscopy.
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Figure 1. Cascade arc source of 3-mm plasma  Figure 2. HB spectra of the 3-mm Ar cascade
channel. arc discharge and Hz lamp.

Figure 1 shows a photograph of the cascade arc apparatus having 3-mm plasma diameter.
The electrode housing had a 3.2mm-CeW cathode, eight intermediate electrodes, and a CuW
anode. The Ar gas was fed into the discharge section with a constant flow rate up to 3.3
L/min. Spectral analysis of Ar | emission indicated that the plasma had an electron
temperature of ~1 eV at 50 A at the anode exit. Electron density was evaluated from the Stark
broadening of HB spectrum (impurity). Figure 2 shows the H3 spectrum observed at 50-A Ar
discharge. For reference, the spectrum of Hz lamp with a low gas pressure is plotted. From the
broadening width, the density at the anode was determined to be 2.4x10% cm=. Absolute
pressures in the discharge and expansion sections were also measured to examine the
performance as the plasma window. At Ar discharge of 50 A, the gas pressure in the discharge
section was 100 kPa, while the pressure in the expansion section was 0.1 kPa, showing the
steep pressure gradient through the discharge channel. As for the arc plasma having 8-mm
channel diameter, He plasmas were generated under low-gas flow rates, and electron
temperature and density were measured.
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Low pressures discharges have been object of study during many years due to its many
applications in industry and research. Namely, glow-discharges are used in material
processing, etching, thin-film deposition, spectroscopy, etc. Any of these applications require
a deep knowledge of its behaviour, from theoretical and experimental point of view. The E-
field present in the discharge is one of the most interesting parameters, due to the discharge
dynamics is strongly conditioned by it. In the Plasma Laser Spectroscopy Laboratory
(University of Valladolid, Spain) E-field measurements are performed with high spatial and
temporal resolution. The measurements are done in the cathode fall region of a hollow
cathode discharge (HCD) operated in pure hydrogen or deuterium. The technique is based in
the Stark shifting and splitting of the 2S level of hydrogen, followed by optogalvanic
detection. The E-field determination is done measuring the separation in GHz of the
components 2P"? and 2P*2. The measurements are carried out with pulsed 243 nm radiation
(10 Hz), generated by an injection seeded Q-switched Nd:YAG laser, which pumps a second
laser system based in non-linear crystals (OPO-OPA-SFG). This system provides single-
longitudinal mode radiation up to 5 mJ, with a temporal duration of 2.5 ns and 300 MHz
bandwidth. In the experimental set-up, the UV radiation is divided in two counter propagating
laser beams, circularly polarized in opposite directions. The two beams are focalized in a
100 um and 10 mm overlapping volume in the upper central part of the discharge and parallel
to the cathode surface. Following the selection rules for two-photon absorption (AL=0), only
one photon from each beam is absorbed, leading in Doppler-free measurements. The plasma
source 1s a home-made HCD, with a cylindrical cathode placed between two peaked anodes.
All pieces have an axial perforation to allow end-on spectroscopic measurements, which are
taken at different distances from the cathode surface. The discharge can be operated in a wide
range of pressures and currents; from 400 to 900 Pa, and from 50 to 300 mA. The main aim of
the work presented here is to study the influence of the cathode material in the cathode fall
characteristics. To do that, E-field measurement were performed with two cathodes, stainless
steel and tungsten, both of them with 15 mm of inner diameter. Although both materials are
widely used in this kind of discharges, the sputtering rate is 10" times bigger in stainless steel
than in tungsten. This difference affects directly the E-field strength fall and other properties
of the discharge, as can be the maintenance voltage, the maximum E-field reached and the
length of the cathode dark space. The effect of the sputtering is also depending on the pressure
and current applied to the discharge. A complete study will be presented at the Conference.
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Figure 1. E-field fall strength vs the distance from the cathode surface for two cathodes of stainless
steel and tungsten and an inner diameter of 15 mm.
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We employ highly accurate cavity-enhanced molecular spectroscopy to study the H,-He
collisions and interactions [1]. Hydrogen molecule in its ground electronic state perturbed by
the helium atom constitutes the simplest system of perturbed molecule (it contains only four
electrons). This gives possibility to make a link between the experiment and the theory from
first principles, allowing to use ab initio calculations to make the physical interpretation of the
experimental spectra.

In contrast to most of the previous studies, we do not fit spectra with phenomenological
line shapes, but directly [2] superimpose theoretical profiles (originating from our ab initio
calculations) on the raw experimental spectra without fitting any of the line-shape parameters.
Within this approach not only the shapes of experimental lines are reliably reproduced, but
also the underlying physics of molecular collisions can be traced. Besides the analysis of the
basic line-shape effects (such as relaxation or phase changes of the internal states of the
molecule), we also analyse the more sophisticated ones such as speed-dependent effects or
velocity-changing collisions (complex Dicke narrowing parameter) [3-4], which are
particularly pronounced for the H,-He system [1,5-7]. We achieved good agreement between
raw experiment data and ab initio calculations reaching the differences at the 1% level.

According to our knowledge, this is the first comparison of highly accurate experimental
spectra with advanced ab initio models which includes the speed-dependent effects and
velocity-changing collisions. It allows us to study quantum scattering for molecules as well as
to validate ab initio quantum potentials in ranges very challenging for quantum chemistry
methods (for instance, for highly stretched molecules).
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Theoretical estimates for line-shape parameters of CH3;D infrared absorption lines
broadened and shifted by N, pressure are obtained by a semi-empirical approach [1] for the
perpendicular (AK = +1) v¢ band, completing the previous results on the parallel (AK =0) v3
band [2]. Calculations are based on the use of Anderson-type expressions corrected by a few-
parameter factor to take account of various deviations from Anderson theory approximations.
A mathematically convenient form consistent with the experimentally observed features of
line-width J-dependences is chosen and its model parameters are fitted on some broadening
coefficients measured at 296 K. For line-shift calculations, the unknown CH3D polarizability
in the excited vibrational state is considered as an additional fitting parameter and its value is
deduced from fits on some room-temperature experimental line-shifts. After validation by
comparison with experimental values available for various sub-branches of the band (Fig. 1),
computations of line-broadening and line-shifting coefficients as well as their temperature-
dependence characteristics are performed for wide ranges of rotational quantum numbers
(0 =J =70, 0 <K =<20) requested by spectroscopic databases and in the temperature range 200-
400 K recommended for HITRAN. These data can be useful for astrophysical and planetary-
science applications.

1

Broadening coefficiant, cm'atm™

Shifting coefficient, cm'atm

Figure 1. Computed room-temperature broadening coefficients (left panel) and shifting coefficients
(right panel) for the "R-sub-branch lines with K=0 compared to the experimental values [3, 4].
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As an analytical technique, Laser Induced Breakdown Spectroscopy (LIBS) allows quick
analysis to determine the elemental composition of the target material. Samples need little\no
preparation, removing the risk of contamination or loss of analyte [1]. It is minimally ablative
so negligible amounts of the sample is destroyed, while allowing quantitative and qualitative
results [1]. VUV-LIBS [2,3], due to the abundance of transitions at shorter wavelengths [4],
offers improvements over LIBS in the visible region, such as achieving lower limits of
detection for trace elements and extends LIBS to elements\samples not suitable to visible
LIBS. These qualities also make VUV-LIBS attractive for pharmaceutical analysis. Due to
success in the pharmaceutical sector molecules representing the Active Pharmaceutical
Ingredients (API) have become increasingly complex. These organic compounds reveal
spectra densely populated with carbon and oxygen lines in the visible and infrared regions,
making it increasingly difficult to identify an inorganic analyte. The vacuum ultraviolet region
poses a solution as there is much better spacing between spectral lines. VUV-LIBS
experiments were carried out on Pharmaceutical Samples and Chemometric techniques were
applied to analyze the samples [5-7]. The motivation for the application of these Chemometric
techniques is the classification of analytes, allowing us to distinguish pharmaceuticals from
one another based on their spectra. Three machine learning techniques have been compared,
Self-Organizing Maps [8-10], Support Vector Machines [11,12] and Convolutional Neural
Networks [13].
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A significant body of work exists on the study of photoionization processes in rare gas
atoms where electron correlation has been revealed as a key physical mediator leading to the
observation of giant photoionization resonances, single photon-multiple electron excitation
and/or ionization, etc. In contrast metal atoms and ions have been much less studied. The
current project centres on a study of vacuum ultraviolet (VUV) photoabsorption spectroscopy
of metal atoms and ions using laser plasma generated continuum radiation at DCU [1].
Photoabsorption spectra have been measured using the well-established Dual Laser Plasma
(DLP) photoaborption technique [1]. Using this technique, the absorption spectra of lowly
charged ions of lead and bismuth have been obtained.
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Figure 1. Comparison of experiment and RTDLDA calculation of Bi.

The main focus of the work presented will be on using the DLP technique to establish the
conditions for which the population of a particular ion stage is maximised, as a function of
time and space. While the RTDLDA code of Andy Zangwill [2] provides a good
approximation to the overall spectral shape calculations (Figure 1), the Cowan suite of codes
[3], with input parameters tuned by comparison with spectral lines already identified in the
literature [4,5,6,7,8], are needed to identify unknown lines. This work is currently ongoing.
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When two individual laser pulses are focussed onto a target side by side the plasmas produced
have the potential to interpenetrate or stagnate upon collision, with the outcome determined
by the collisionality parameter, {. [1]. Previous work on stagnation layers focussed mainly on
their radiative emissions [2, 3| with less investigation of the particle emissions [4]. This work
examines the characteristic energy and charge state distribution of the ions emitted from a
colliding plasma system, with the intention of engineering an ion beam source for use in e.g.,
particle accelerators, biomedical and nanofabrication technologies.

By adjusting the target geometry, we can significantly increase the percentage of
highly charged ions emitted (shown in figure 1). We used a 1064 nm, 73 mJ laser pulse of
~6ns pulse-width, split in 2 for the colliding plasmas. For ion signal analysis we used an ESA
(Electrostatic Sector Analyzer) at the end of a time-of-flight tube, which was designed and
built in-house. This enabled the discrimination of incoming charged particles based on their
charge-to-mass ratio allowing us to separate and identify the various elements, ion stages and
even isotopes of the charged particles.

0.080 lon Signal vs ToF for Various Cu Targets (& calculated lon ToF of Cu, C, H)

0.050

Cu+2 Cu+1l
0.040

+C+1 -Cu+1 wcusl

0.030

|

0010 11
0.000 ”\ A !r\l )\ [’\\ .

0.00 5.00 10.00

Signal (V)

Janen\

20.00 25.00 30.00 35.00 40.00
Time (us)
——30deg ——60deg ——90deg 180 deg - Colliding ——180 deg - Half ——180 deg - Single Cu ToF CToF ——HToF

Figure 1 - ToF ion signals with a pass energy of Epz% eV (where symbols have the regular meaning) for both flat and wedged (30, 60,
r2 ri

90°) Cu targets
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We present the detection of near-threshold bound states of excited heteronuclear Rb*Hg
molecules through photoassociation spectroscopy [1] near the 795 nm Rb D1 line. The
necessary ultracold mixture of Rb and Hg atomic gases was produced using a two-species
magneto-optical trap (MOT) [2]. The interaction properties of the RbHg system as well as the
prospects for photoassociation near Rb resonance lines and the production of RbHg molecules
in their rovibrational ground state were recently analysed ab initio [3]. These theoretical
predictions helped find and identify the photoassociation resonances.

Ground state molecules composed of an alkali-metal and a closed-shell atom, like
RbYb [4] or RbHg, offer both permanent magnetic-dipole and electric-dipole moments thanks
to their unpaired valence electron. Recently, magnetic Feshbach resonances were observed in
such systems [5] providing a valuable tool for efficient control of atomic collisions. On the
other hand, Hg is applicable in fundamental research with optical atomic clocks [6]. Dimers
containing Hg were also proposed as good candidate species in the search for the electron
electric dipole moment [7].
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We measured helium-perturbed S(2) transition in the first overtone band of D, at several
conditions with different pressures and temperatures. Accurate line shapes were obtained by
the optical frequency comb (OFC) linked frequency-stabilized cavity-ring down spectroscopy
(FS-CRDS) [1]. A probe laser was locked to a high-finesse ring-down cavity using Pound-
Drever-Hall (PDH) method and the high-finesse cavity was locked to a I, stabilized Nd:YAG
laser. The frequency axis of spectrum was precisely calibrated with OFC referenced to
UTC(AOS) frequency standard (Coordinated Universal Time from the Astro-Geodynamic
Observatory in Borowiec, Poland). We prepared D,-He mixture with molecular deuterium
concentration of 5%. We recorded 12 spectral line shapes at different temperatures (from 298
to 333K) and pressures (350 to 1400 Torr). The temperature of the cell was controlled with an
accuracy of 50 mK [2]. We performed ab initio quantum scattering calculations for the D,-He
system and we used the resulting S-matrices to calculate the line-shape parameters [3]. We
use the speed-dependent billiard-ball profile (SDBBP) [4,5] to simulate the shapes of the D,
line. The calculation is following the method of line-shape calculations from the transport-
relaxation equation [6,7], where also the description of the velocity-changing collisions
originates from ab initio interaction potential. We will present a comparison of our
experimental spectra with line-shape simulations.
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An optical frequency comb (OFC) source is a type of laser that generates a large stable
array of equally spaced, highly coherent, narrow-band spectral lines [1]. These features have
resulted in them being considered for use in wide range of applications spanning over many
disciplines such as millimeter wave and terahertz signal generation [2], efficient optical
transceivers [3], and spectroscopy [4]. OFC generation by gain switching an externally
injected semiconductor laser diode [5] has proven to be a simple, flexible, and cost-effective
technique. Such an OFC avails from the tunability of both the free spectral range (FSR) and
the central emission wavelength, which facilitates the matching of the OFC lines to the
absorption spectra of the target gas. External optical injection also provides narrow linewidth,
low relative intensity noise (RIN) and high optical gain. These parameters portrayed by this
externally injected gain switched OFC source make it an excellent candidate for spectroscopy.
In this paper, we present a complete characterisation of an InP photonic integrated optically
injected device for the generation of a gain switched OFC. The device that will be discussed is
composed of two lasers with different cavity lengths integrated in a master-slave
configuration. The overall length of the device is ~1.5 mm, consisting of four electrically
independent sections (master reflector, master gain, shared reflector and slave gain). The
structure of the device is based on five strained AlGalnAs quantum wells in the active region
on an n-doped InP substrate emitting at 1550 nm [6]. Optimum parameters required for the
generation of an OFC for application in industrial sensing and spectroscopy applications are
also discussed.

Acknowledgments: This work was supported in part by Science Federation of Ireland’s
(SFI) career development award (15/CDA/3640) and the Enterprise Ireland commercialisation
fund (CF-2017-0683A-P).
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We present the calculation of the probabilities of the radiative transitions
V/1(3Pl)—\/"0+(1SO) and the radiative lifetimes of the resonance V'1(3Pl) states of the

CdAr molecules as functions of the vibrational excitation degree. The calculations have
been fulfilled in the framework of the effective Hamiltonian method [1] and the semi-
empirical method of quasi-molecular term analysis [2] with the use of the new
experimental potential energy curves which were obtained in [3]. The results are presented
in the Table.

The probabilities 4-107 (s™) of the Vll( 3Pl ) -v'0* (ISO) transitions of the V’1(3Pl) states of CdAr

molecules

N 0 1 2 3 4 5

0 3.7 6.7 7.7 7.4 6.3 5.1

1 19.1 14.7 7.1 2.7 0.6 0.07

2 32.7 1.6 1.2 3.9 4.3 33

3 20.7 14.2 9.5 1.9 0.02 0.3

4 3.6 33.8 23 6.9 4.7 2.0

5 0.02 8.8 39.1 0.01 23 3.2

For all states considered the radiative lifetime is T=1.25-10"° s and is close to the
atomic one.
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Emission of excimers HgXe(A’0") forms molecular band in the red wing of the
intercombination transition Hg(6°P; — 6'S;). Observed spectrum contains information about
quasi-molecular terms and dipole moments, population distribution by rovibrational states of
excimer molecules, reaction rate constant of bound and quasi-bound molecule formation. The
influence of buffer gas atom density on spectral line shape at T = 300 K is described in [1].
Profile is shown to be asymmetric and decreases monotonically within the low-density limit.
However, increasing of the Xe pressure leads to the formation of maximum near Apm.,= 273
nm and dip near Agi,= 257 nm. At pressure Px.> 1 atm the spectral profiles unchange.
We investigated the inverse spectroscopic problem taking into account the formation of quasi-
bound molecules. In all cases potential energy curves determined in [2,3] were used.
Assuming Franck-Condon transitions we isolated groups of vibrational states, emission from
which forms discussed spectral peculiarities of excimer band HgXe(A’0") — HgXe(X'0")
under the high densities of buffer gas (Figure 1). The dependence of the reduced radiation
width y=I'(R)/T’yx was calculated (Figure 2). Comparison of obtained results (points) with
calculations [4] (continuous curve) validates the radiation width behavior in the region of
interatomic distances more than 3.5 A where our theoretical procedure is justified.
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In presence of a microwave electromagnetic field of frequency w;, Rydberg states of
hydrogen atoms may undergo photoionization. At high field intensity F, the direct multi-
photon ionization dominates, while at moderate intensities the diffusion ionization is the more
probable mechanism [1,2]. Redistribution of population prior to ionization over a range of
Rydberg states due to the dynamic chaos regime is described as stochastic diffusion of
electrons in the Rydberg energy space using a Fokker-Planck type equation [1,2].

The spectrum of the fluorescence emitted by Rydberg atoms in the process of the diffusion
ionization is investigated in this contribution. Previous studies [2,3] have demonstrated that
onset of the global chaos exhibits a threshold, which depends on the field intensity F. For a
given initial value ny of the Rydberg electron principal quantum number the threshold field

value F, satisfies the relation F.7% =1, /(497,@,”) provided 7@, >>1.1f F > F,, there exists a
well-defined boundary ny, < ng that separates the region n > ny, of chaotic motion of RE from
the region n< n; of regular motion.

We have solved analytically the Fokker-Planck equation and obtained the average time

<d v> = t(n)dn during which the RE is located in the vicinity dn of the quantum number #: if

one determines the reduced temporal distribution t'(n) = 0.65F 2w, t(n), then t'(n) = 1/(2 "é)

when n, < n < ny and ¥'(n) = 1/(2n*) when no < n. This allowed us to find the fluorescence
spectrum having taken into account that (i) the main contribution to the spectrum is from the
optical transition between the state n/ and the most low-lying state n, of the left-hand adjacent
(I-1)-atomic series [4], and (i1) the corresponding number dN of photons emitted during the
time interval <d v> is dN = 4, n<d v> [4]. The obtained fluorescence line shape /(®) appears
to have a strongly asymmetric exotic form. It is constant on the red side (o < ®.) from the

central line frequency w.= 1/(2 "é) -1/(2 n;) and drops as [1/(2 n;) — o] on the blue side (o, <
o <1/(27)).
The authors are thankful to the Ministry of Education, Science and Technological

Development of the Republic of Serbia for the support of this work within the projects
176002 and 11144002.
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In this study, we report the use of a gain switched frequency comb (GSFC) laser [1,2] as a
light source for cavity enhanced absorption spectroscopy. We used a GSFC laser in the near
IR, to investigate whether an application to a medium finesse cavity (F = 450) is feasible,
without the need for cavity mode matching. Even though the sensitivity improvement is
expectedly modest, the advantages are the experimental simplicity, the fibre coupling feature,
the cost efficiency and potential compactness. The gain-switched frequency comb laser had
~20 spectrally equally spaced comb lines with full-width-half-maximum (FWHM) of
~300 kHz of whom three lines were tuned to overlap with appropriate “fingerprint”-like
absorption features of a target gas. The intensities of the comb lines that overlap an absorption
resonance of the target gas decrease. In our proof-of-principal static gas experiments we
demonstrated that the absorption of hydrogen sulfide (H,S) in the range from 6347 — 6354cm™
! can be measured with this simple approach. A Fourier transform spectrometer was used for
signal detection. The lower detection limit or sensitivity of this simple approach is ~700ppmv
[3]. This sensitivity is well below the lower explosion limit of H2S of 4%. In the presentation
the experimental parameters such as spectral resolution, integration time and duty cycle,
operational pressure, experimental advantages and drawbacks, will be discussed. Furthermore,
the feasibility and advantages of GSFC lasers operating with free spectral ranges (FSRs)
within the ranges of 100 MHz to 2.5 GHz for trace pollutant monitoring will be discussed
with the help of proof of principle measurements carried out using suitable target gases in a
single-pass gas cell. Similarly, the possibility of compact gas sensing instrumentation using
custom-designed integrated GSFCs will be also discussed.

Acknowledgments: This work was supported in part by Science Federation of Ireland’s (SFI)
TIDA programme (14/TIDA/2415) and the Enterprise Ireland commercialization fund (CF-
2017-0683A-P).
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This work presents molecular CN spectra measured after initiation of optical breakdown
plasma in gaseous mixtures. Q-switched, 150 mJ, 6 ns pulsed Nd:YAG laser radiation at the
fundamental wavelength of 1064 nm generates micro-plasma in ultra-high purity nitrogen and
research grade carbon dioxide. The CO, and N; ratio is 1 to 1 at atmospheric pressure inside a
chamber. A 0.64 m Czerny-Turner spectrometer disperses optical emissions and an intensified
charge-coupled device records the data along the wavelength and slit dimensions [1].
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Figure 1. Recorded raw spectra 450 ns after optical breakdown in a 1:1 CO,:N, atmospheric gas
mixture (left) and Abel inverted spectra versus radius for a time delay of 450 ns (right)

380 385 390

The raw spectra show well-developed CN band heads of the Av = 0 sequence and
additionally it shows an atomic line near 386.2 nm, i.e., the carbon C I 193.09 nm atomic line
recorded in second order. The data are Abel inverted to determine the radial distribution of the
plasma, but symmetric profiles are necessary for Abel inverse transformations. Therefore, the
analysis of CN spectra uses symmetrization methods previously applied for analysis of atomic
hydrogen spectra [2]. Application of Chebyshev polynomials accomplishes direct inversion of
the integral equation describing the line-of-sight measurements. The polynomial method
includes implicitly digital filtering that causes broadening of the obtained radial spectra [3].
Further investigation employs algorithms routinely utilized in the analysis of diatomic
molecular spectra following laser-plasma generation. At the center, the CN signals are weaker
than at 1 mm, and there is spectral interference from the atomic carbon line. Stark widths of
the atomic line that overlaps with the 2-2 CN band head indicate smaller electron density in
the central region than at the periphery.
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Quantum simulations are able to provide collision induced absorption (CIA) spectra for two
colliding particles but describing more than two-body interactions remain impossible in the
frame of the quantum dynamical formalism. However, it has been shown that molecular
dynamics (MD) is a useful tool to compute accurate collision induced absorption spectra for
different gaseous systems [1]. This technique allows to compute CIA spectra at various
temperatures and densities and therefore permits to explore purely two-body as well as three
or more body interactions. In this study we investigated the contributions of the dimers to the
absorption spectrum for the Ar-Kr system. By comparing the MD calculation with the dimer-
free absorption computed with the free-to-free quantum dynamical formalism, we are able to
quantify the proportion of the absorption due to the dimers. Considering that at low density
only the free-to-free absorption should remain we attempt the determine the density for which
the low density limit is valid, in other words where the three-body effects are negligible. The
spectral moments, computed thanks to some formulas, provide insight in this analysis.

In parallel, we also investigate the accuracy of an empirical Barker-fisher-Watts potential for
the argon-krypton pairs. This is done by comparing the MD absorption coefficient with one
computed with the empirical potential from Aziz et al. [2] and experimental data from
Buontempo et al. [3]
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The Modified Complex Robert-Bonamy (MCRB) formalism was used to calculate the half-
width, y, and line shift, §, for the H,O-H; collision system at 14 temperatures between 200 and
3000 K for over 7 thousand rotational transitions for the rotation band, the (301)-(000) band
and bands for v;, v,, and v; with 1-4 vibrational quanta exchanged. The calculations include
all complex terms, explicit velocity integration, and a potential composed of electrostatic,
induction, London dispersion, and atom-atom (expanded to 20™ order and rank 4) terms using
the parameters of Renaud ef al. [1]. These data were used to study the vibrational dependence
of the half-width and line shift. It is shown that the H,O-H; collision system is strongly oft-
resonance. The results demonstrate strong and unusual vibrational dependence.

The half-width and line shift data for different vibrational bands were used to determine if

a prediction routine for y and 0 could be developed. Following the work of Jacquemart et al.
[2] and Gamache and Lamouroux [3], the expressions
)"

y[(v;,v;,v; )f—(vi.vs.vs )z} =11 +A, . (c|Av]+c,|Av,|+c|Av,
5[(v;,v;,v; )f—(vi.vs.vs )z} =15, +B,_(c|Av]+c,|Av,|+c;|Av)| )"

fei
and
fei
were used to predict the half-width and line shift where the powers py, ps, and coefficients
1. > Arain 17 ,, and Ay ; were determined by non-linear least-squares techniques. In

addition, a normal mode prediction technique was also studied.
The results of the fits are discussed in the context of this unusual collision system.
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The use of polarized light to identify the handedness of chiral chemicals has been
employed for more than 200 years, but recently a completely new chiro-optical phenomenon
has been discovered. Known as photoelectron circular dichroism, the angular distribution of
electrons ionized from chiral molecules by circularly polarized light pulses has been found to
be anti-symmetric with respect to the direction of the light propagation [1,2].

To study this phenomenon, chiral molecules were multiphoton ionized with a femtosecond
laser in our laboratory. Using a magnetic field to confine electrons along the laser direction,
the electrons emitted in the forward and backward hemispheres were separated and directed
onto two detectors. This simple stereo-detection setup allows direct measurements of the
asymmetry and demonstrates that the instrument can be used to measure the relative
proportion of left-handed to right-handed chiral molecules in samples [3].

Using 260 nm pulses produced at a rate of 1 MHz to efficiently ionize the exemplar
aromatic chiral molecule 1-phenylethanol, Figure 1 shows how the photoelectron asymmetry
value G changes as the proportion of the circular polarisation in the pulse (the Stokes S3
parameter) is varied. The linear dependence indicates that the photoelectron circular
dichroism originates due to a single photon process from the excited state of the molecule.
This is in contrast to previous results for camphor where a more complex dependence on S;
suggested that selective excitation of molecules with certain orientations was influential [3].
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Figure 1. Photoelectron circular dichroism asymmetry parameter G of 1R-Phenylehanol as a function
circularly polarised fraction of the pulse (the S; Stokes parameter). The ionising laser pulses were 300
fs long, at a wavelength of 260nm and an intensity of approximately 5 x 10° Wem™.
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If a strong external source of energy is coupled to a plasma, like an energetic beam of
electrons, it is possible to observe the nonlinear coupling of Langmuir waves with ion sound
and electromagnetic waves. We examine conditions were the ratio W of the wave energy
density to the plasma thermal energy density is of the order of one, allowing the development
of a modulational instability. This instability modulates an initially uniform plane wave, and
can separate it into wave packets [1]. The evolution of such wave packets may be described
by a non-linear Schrodinger equation (NLSE) in the limit of small density fluctuations. Wave
packets undergo a wave collapse during a cycle were the electric field magnitude grows,
collapses, dissipates and reforms.

We have recently developed a model for calculating hydrogen line shapes emitted in a
plasma subjected to wave collapse [2]. The electric field experienced by an emitter in wave
collapse conditions is modeled by a sequence of envelope solitons. A stochastic renewal
model is used for creating a large number of histories of the electric field, and a numerical
integration of the Schrdodinger equation allows the calculation of the dipole autocorrelation
function (DAF) and its Fourier transform, the line shape. We present new calculations of
Lyman and Balmer lines since they are of interest for a diagnostic of astrophysical and
laboratory plasmas [3]. We calculate the DAF and profiles of these lines for conditions found
in edge plasmas of fusion devices, and discuss how the DAF is modified by a change of the
oscillation frequency.

The line profile can be calculated for the effect of solitons alone, or by taking account of
the simultaneous effects of solitons and Stark broadening of the background plasma. The
differences between such profiles may be used as a diagnostic of wave collapse conditions.
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Hydrogen pressure induced broadening and shift coefficients for water vapor absorption lines
in the 6700-9000 cm ' region have been measured and calculated. The spectra were recorded
using Bruker IFS 125 HR spectrometer at room temperature, at the spectral resolution of 0.01
cm ' and in a wide pressure range of H,. The multispectrum fittings with the quadratic speed
dependent Voigt profile were performed to retrieve the broadening parameters for H,O
spectral lines of 11 vibrational bands (2vi, 2v3, vi+ v3, 2vot+ v3, Vi+2va, Vot 2v3, 2v) + v,
3vot v3, vit 3vy vit v2+ vs and 6v,).

The calculations of the broadening coefficients were performed in the framework of the semi-
classical method with use of an effective vibrationally depended interaction potential [1]. The
optimal sets of potential parameters that give the best agreement with the measured
broadening coefficients for the each vibrational band separately were found. Then, the
obtained broadening coefficients and literature data [2, 3] were used to determine the
analytical dependence of some potential parameters on vibrational quantum numbers. The
analytical expressions that reproduce the broadening coefficients for different vibrational
bands are proposed. Figure presents the example of measured and calculated broadening
coefficients for H,O molecule lines broadened by H,.
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Figure. Experimental and calculated values of H,O broadening coefficients as a function of rotational
quantum number m, m = J" + 1 for R branch and m =—J" for P-branch (J" is the rotational quantum
number of lower vibrational state)— for sub-branch (J 1 J)«>(J-1 1 J-1).
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Atomic processes and plasma surface interactions play a key role in the physics of the edge,
divertor and X-point plasmas. Passive spectroscopy is one of the best methods helping to
characterize tokamak edge plasmas [1]. A spectroscopic database for the interpretation of
hydrogen Balmer lines in conditions of high-density recombining divertor plasma has been
developed [2]. The spectra in the database have been obtained by a computer simulation for
calculating the dynamic ion field combined to a numerical integration of the Schrodinger for
the emitter evolution operator. The model uses an impact collision operator for the electrons,
and includes the Zeeman effect created by the magnetic field of the tokamak. The 5 first
Balmer lines have been calculated for densities N =1, 2.15, 4.64 x (10]3, 1014, 1015), and 10'°
cm'3, temperatures T = Ti = Ty = 0.316, 1, 3.16, 10, and 31.6 eV, and magnetic fields B = 0,
1,2,2.5,3,and 5 T. A fitting procedure can be used for a comparison with measured spectra
from current tokamaks. We present new fitting results enabling a diagnostic of the plasma
parameters at the edge.
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Quantification of hydroxyl radical concentration in harsh environment of flame is of
significant importance for practical combustion diagnostics as well as for validation of
chemical kinetic models. This work is aimed at application of wavelength modulation
spectroscopy with second harmonic detection (i.e. 2/~WMS technique) for the given purpose
consistently with previous studies [1-3] dealing with determination of OH radical
concentration and temperature profiles in laminar premixed flames of methane-air mixtures.

Our recent analysis is focused on relatively narrow wavelength region (see Figure 1) which
we investigated experimentally employing conventional 2/~-WMS experimental setup. Spectral
line parameters of several H,O and OH transition were tentatively adjusted within the range of
their uncertainties in order to obtain satisfactory best-fit simulation of experimental spectrum.
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Figure 1. Experimental second-harmonic spectrum depicted with the result of nonlinear least-square
fitting procedure (upper trace) and initial guess of 2/~WMS signal contributions assuming mole
fraction of water vapour and hydroxyl radical as reported in [2] and [3] respectively (lower trace).

Finally, local mole fraction of OH radical in post-flame region was determined assuming
water vapour concentration, which was measured previously [2] using identical flat-flame
burner setup and experimental conditions (same stoichiometry and flow rate of reactants).
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Surface plasmon resonance (SPR) not only extremely enhances giant spectral signals but
also induces chemical reactions of molecules adsorbed on noble metals of nanostructures. The
former belongs to the radiation process while the latter is a radiationless process. Recently, the
SPR effects can be thought as three kinds of the SPR effect (the field enhancement, the hot
carrier, and the photothermal effect) [1]. Among the three mechanisms, the photophysics and
photochemistry strongly depend on the environment factors of molecules adsorbed on metal
nanostructures, for example, a probing molecule approaching to an isolated metal sphere or
embodied into a nanogap. The latter can form the SERS hot spot, with the stronger local
optical fields [2,3].

To consider the different SPR effects on the Raman spectral lineshapes, we investigate the
Raman and surface-enhanced Raman spectra of probing molecules in solution and adsorbed
on metal nanostructures. First, we built up the molecule-metal cluster model and carried out
the density functional theoretical calculations [4]. On the basis of these DFT theoretical
calculations, we further obtain the energy level alignment and the low-lying states. They will
be matched to the light scattering processes due to the SPR effect. Meanwhile, we also
calculated the vibrational frequencies and Raman intensities of the probing molecules in the
metal-molecule-metal nanogaps. These properties were used to analyze the surface-enhanced
Raman spectra of the probing molecules. Second, we further constructed the metal-molecule-
metal nanogap to calculate the field enhancement and light absorption in the configurations.
We considered the SPR effect of the nanogap on the optical absorption and the SPR induced
chemical reactions. Finally, we do further comparison of the line shape of Raman peaks of
molecules in gas, solution, and adsorption states on the surfaces of metallic nanostructures.
Our calculated results indicates that the environment effect significantly influence on the
Raman lineshapes of probing molecules. A very interesting theoretical result was observed in
the Raman lineshape due to the solute-solvent and adsorption interaction as well as the
coupling interaction in the nanostructures.
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In the presence of a magnetic field, the light emitted by an atom or an ion immersed in a plasma is polarized and
the line profiles then depend on the one hand, on the direction of observation and, on the geometry of the system
on the other hand: (observation direction), (magnetic field), (electric field), (polarization). This dependency,
considerably complicates the calculation, because the hypothesis of a free plasma, therefore isotropic, is a
simplification which is no longer valid in the presence of a magnetic field [1]. Based on [2-4], we have
formulated the basic formalism necessary for the modeling of line profiles in the presence of a magnetic field.
We have seen that this part makes use of general notions, like the fact that the spectral profile is given by the
Fourier transform of the autocorrelation function of the dipole. The calculation of this function is reduced to that
of the average of the evolution operator which takes into account the average effect of all the perturbers of the
thermal bath. The determination of this operator requires the resolution of the stochastic equation. In the case,
where this equation involves the perturbed electric dipole, the action of the electrons and the ions is treated
separately, the action of the electrons in the stochastic equation is described by the collision operator. But this
effect of anisotropy is not the only possible manifestation of the field. Indeed, each component of the profile is
also disturbed. From a theoretical point of view, it is difficult to obtain a complete formula of the spectral profile.
To obtain a realistic expression of the profile, it is first necessary to diagonalize the Hamiltonian in the presence
of electric and magnetic fields, and then to determine the real trajectory of the perturbers in these fields. In this
work we propose to focus on the effect of the magnetic field on collisions in a plasma. From a theoretical point
of view, the collisional contribution to the profile is also modified by the presence of the magnetic field. In the
case of electronic perturbers, the resolution of the stochastic equation is usually based on the theory of impact of
the interaction [5]. In the standard model, the emitter is subjected to a succession of independent collisions
carried out by the electrons. The collective aspect of interactions with electrons is generally introduced by a
screened potential of Debye. The solution of the stochastic equation is given in the impact regime, corresponding
to the long interest time in front of the average duration of a collision. The collision operator must in certain
cases take into account the influence of the magnetic field on the collision: the trajectory of the perturbers can be
modified in the presence of the magnetic field, as well as the function of distribution of the velocity of the latter.
The electron trajectories in the presence of the magnetic field are hellicoidal with axis parallel to the magnetic
field and radius of curvature (radius of Larmor). We then studied, the collisional contribution to the line profile
in the presence of the magnetic field, in order to obtain a detailed description of the competition that exists
between the different effects responsible for the structure of the lines: the orders of magnitude will be specified
as well as the relative importance of the different effects. It is also demonstrated that in the presence of the
magnetic field and under some plasma conditions, the influence of the curvature of the trajectories is not
negligible and must be taken into account. As application, we will do on the Lyman alpha line by introducing the
effects of the internal structure of the emitter, the effects due to the Lorentz field and the effects due to the
movement of the emitter, to give a " picture " more realistic line profiles. The advantage of Lyman alpha line is
that it allows analytical calculations for all these effects. These calculations will provide a useful reference for
testing the developed digital for arbitrary spectral lines. This study also makes it possible to specify the domains
of validity of the different theories.
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The properties of laboratory and astrophysical plasmas have drawn considerable attention
over the last decades. It is known that multicharged ions play an important role in the
diagnostics of a wide variety of plasmas [1,2]. Similar interest is also stimulated by
importance of this information for correct determination of the characteristics for plasma in
thermonuclear (tokamak) reactors, searching new mediums for X-ray range lasers [3]. The
electron-ion collisions as well as different radiative and radiative-collisional processes play a
major role in the energy balance of plasmas [1-4]. For this reason, modelers and
diagnosticians require absolute cross sections for these processes. The paper is devoted to
development of an advanced relativistic quantum approach to computing the important
radiative and collisional characteristics of the multicharged ions in the Debye plasmas. The
approach is based on the relativistic energy formalism (the Gell-Mann and Low formalism)
[3-5] and relativistic many-body perturbation theory (PT) with the Debye shielding model
Hamiltonian for electron-nuclear and electron-electron systems [6,7]. The optimized one-
electron representation in the PT zeroth approximation is constructed by means of the correct
treating the gauge dependent multielectron contribution of the lowest PT corrections to atomic
radiation widths. The results for the oscillator strengths and energy shifts due to the plasmas
environment effect, the effective collision strengths for the Be- and Ne-like ions of Fe, Zn and
Kr embedded to different types of plasmas environment (with temperature kT=0.02-2 keV;
electron density 7. =10'°-10** cm™) are listed, analyzed and compared with available literatue
data (in particular, data by Li etal [2]). As illustration in table below we list our results of
computing oscillator strengths gf for 252-[251/22p1/2,3/3]1 transitions of Be-like Fe ions at
different plasmas parameters n., T (gfo—the gf value for free ion).

Table. Values gf for 2s>-[2s1,,2p352]; transition of Be-like Fe for different plasmas parameters

Be-like Fe ne(cM™) 10* 10~ 10*
kT (ineV) | gf,: our data gf: our data gf: our data gf: our data
500 0.15403 0.15406 0.15431 0.15513
1000 0.15406 0.15428 0.15488
2000 0.15404 0.15426 0.15467
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In this paper we present an advanced relativistic quantum defect and model potential method
to calculation of the spectra, radiation amplitudes for the Rydberg Na, K, Rb, Cs atoms, their
ionization rates of states with n = 10-100 in the field of blackbody radiation (BBR). The
starting master method is the combined energy approach and relativistic many-body
perturbation theory with the zeroth model potential and quantum defect approximation [1,2].
It provides sufficiently correct and simultaneously simplified numerical procedure to
determination of the corresponding radiative transition and ionization properties. Interaction
of the Rydberg atom A(nL) with the BBR induces transitions to the bound states and states
of continuum: A(nL)+ hopgr —A " +e’, where hwppg- an energy of the BBR photon; , A” is
the corresponding atomic ion and € is a free electron,which is emitted during the Rydberg
atom 1ionization. Probability of induced BBR transition between the n/j and n’l’j’ states is
determined by the standard radiative matrix element and number of photons for ®,,,
W(nl —n'L')='(nL—>n'L")/[exp(w,,. / kT)-1]. A rate of ionization in the initial bound Rydberg

state n/ 1s determined by an intergral (integration is carrying out on the BBR frequency) of

the kind: [, (0)p(,T)dw,0,(@) ~ W[IM},_py  +(+ DMy, 1> Where B —is the
E,l

threshold frequency of ionization of the atom in the Rydberg state nL with the
corresponding quantum defect. The calculated data (as example in table 1 there are our data
on the BBR rates for Na) on the energy parameters, radiation amplitudes for RA Na, K, Rb,
Cs, their ionization rates of states with n = 10-100 in the BBR field (T=300-600K) are
presented and compared with available experimental data (Kleppner et al; Burkhardt et al)
and some results of the alternative theories (Glukhov-Ovsiannikov; Lehman; Dyachkov-
Pankratov, Beterov etal) [3].

Table 1. Rates (s") of BBR ionization for Na (T=300K; see text)
state/n 10 20 30 40 | state/n | 50 70 | 100
NaS | 2.86 169 187 | 448 | NaS | 106 | 61.4 | 29.5
Na P 49 1207 | 1147 | 2610 | NaP | 576 | 311 | 141
NaD 124 1205 | 1038 | 2365 | NaD | 496 | 268 | 122
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Studying collisional shifts and broadening the hyperfine lines for heavy elements
(alkali, alkali-earth, lanthanides and others) in an atmosphere of inert gases is one of
the important and actual topics of collision theory and spectral lines theory. Especial
interest attracts the corresponding phenomenon for alkali and lanthanides atom [1,2].
To calculate the hyperfine spectral lines collision shift one should use the expression from
kinetical theory of the spectral lines [2,3]:

D 4w,

-2 Zdw(ze)exp(_ UR)AT R dR

where U(R) 1s an effective potential of the inter atomic interaction, which has a central
symmetry in a case of the pairs A-B (for example, A=Rb; B=He); T is temperature, wy 1s
a frequency of the hyperfine transition in the isolated active atom; dw (R)=Dw (R)/wy 1s
the relative local shift of the hyperfine lines, which is arisen due to the disposition of atoms
of the A and B on a distance R. The relativistic many-body perturbation theory [4-6] is
used to determine the relativistic Dirac functions for studied atoms.

We present new data on the local and observed collisional f, shifts and widths I', for
pairs: A-B (A=alkali atom, T1,Yb; B=He,Ar, Kr,Xe) in dependence on temperature T. Our
results are compared with the available experimental data and other theoretical results (see
Refs. in [1,7]), which are obtained within a perturbation theory with the Hartree-Fock or
Dirac-Fock zeroth approximation. The feature of our scheme is a precise accounting for
the correlation effects with using effective potentials [5]. Analysis shows that our data for
studied systems are in the reasonable agreement with available experimental data (at least
for available T). Very interesting features are found for the collisional broadening I',
parameter, namely, violation of the known Folly law (I'; ~ f,) for lines in optical part
of a spectrum. Our data are as follows: I',/f, ~1/53 for the pair TI-He; I',/f, ~1/47 for Tl-Ne,
I'w/fp ~1/63 for Tl-Ar, TI'./f, ~1/72 for T1 - Kr, I'/f, ~1/59 for Tl- Xe.
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An advanced combined relativistic energy approach and relativistic operator perturbation
theory (PT) [1-3] have been applied to studying interaction of the finite Fermi systems (heavy
atoms, nuclei, molecules) with a strong (superstrong) external (DC electric and laser) field.
The energy approach is based on the Gell-Mann and Low adiabatic formalism and method of
the relativistic Green’s function for the Dirac equation with complex energy. The operator
perturbation theory formalism includes a new quantization procedures of the Dirac
(Schrédinger) equation states of the finite Fermi-systems in a strong field.

Results of the computing energies and widths of the DC, AC strong field Stark resonances,
multi-photon and autoionization resonances, ionization profiles for a few heavy atoms (Eu,
Tm, Gd, U) are presented. Some unusual spectral features have been found. It has been
studied a giant broadening effect of the autoionization resonance width in a sufficiently weak
electric (laser ) field for lanthanide atoms and discovered for uranium atom. It is declared that
probably this effect is universal for optics and quantum chemistry of lanthanides and
actinides and superheavy elements.

We present the results of studying a direct interaction of super intense laser field (I~10%-
10> W/ecm?) with nuclei. We present the results of AC Stark shifts of single proton states in
the nuclei '°O, '"®Er and compared these data with available data [5,6]. New data are also
listed for the *"Fe and '"'Yb nuclei. Shifts of several keV are reached at intensities of roughly
10** W/em? for '°0, °'Fe and 10* W/cm? for heavier nuclei.

It 1s firstly presented a consistent relativistic theory of multiphoton-resonances in nuclei
and first data for the energies and widths of multiphoton resonances and other spectral
parameters are presented for °'Fe and '"'Yb nuclei.
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Now days the parity non-conservation (PNC) effect in heavy atomic, nuclear
and molecular systems has a potential to probe a new physics beyond the Standard
Model [1,2]. In our paper we systematically apply the formalism of the nuclear-QED
many-body perturbation theory [3-6] to precise studying a parity violation effect in
heavy atoms with account for the relativistic, nuclear and radiation QED corrections.
The nuclear block of theory is presented by the relativistic mean field model (the
Dirac-Woods-Saxon model) [7,8]. The results of computing the energy levels,
hyperfine structure intervals, E1,M1 radiation transitions amplitudes in the heavy
atoms such as '*Cs, '’Yb, Tl are presented and compared with available data.
Further we have computed the parity violation radiative amplitudes for a number of the
atomic and nuclear systems, namely: '**Cs, '*Yb, 2°°Tl (atomic parity violation) and
1912191 (nuclear parity violation). Accuracy of accounting for the inter electron
exchange-correlation corrections, the Breit and weak e-e interactions, radiation &
nuclear (magnetic moment distribution, finite size, neutron “skin’’) effects, nuclear spin
dependent corrections due to an anapole moment, Z-boson [(A,V.) current] exchange,
the hyperfine-Z boson exchange [(V.A.) current] have been analysed. Besides, the
weak charge has been calculated for the '**Cs, *°°Tl atoms and firstly '’Yb and
comparison of the theoretical results with the Standard Model data has been done.

Using the experimental parity non-conservation parameter value AFE lp N /B==39mV/cm

(Berkeley, 2009; Tsigutkin et al) and our value 9.707-10"%eag, it is easily to determine
the weak charge value Qw=-92.31 for '>Yb (Z=70, N=103) that should be compared
with the Standard Model value Qw=-95.44. In quantum many-body systems with dense
spectra of excited states weak perturbation can be significantly enhanced. The PNC
enhancement is studied too and new possibilities are examined.
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Emission lines due to excitation by anisotropic collisions are generally polarized because
such collisions create an inhomogeneous population distribution over magnetic sublevels of
ions [1]. Therefore, plasma polarization measurements provide a possibility to study
anisotropy of the electron velocity distribution function, which is important in understanding
the plasma confinement.

In the Large Helical Device (LHD), a measurement of polarization in the Lyman-a line at
121.56 nm has been started. The same optical components as those used for CLASP
(Chromospheric Lyman-Alpha Spectro-Polarimeter) [2] have been incorporated into an
existing 3m normal incidence spectrometer so that a high sensitivity polarization
measurement is realized.

In the spectrometer, the light diffracted by a grating is reflected by a polarization analyzer
so that a fixed vertical linear polarization component is only guided to a CCD detector, where
Brewster’s angle reflection is utilized. On the other hand, a half wave plate placed just after
the entrance slit is continuously rotated so that linear polarization components at different
angles in the plasma are serially obtained.

The observed line intensity shows a sinusoidal behavior even during a steady phase of a
discharge, namely, the intensity of linear polarization component depends on its angle. This
result obviously indicates that the line is polarized.

The details of the measurement and some initial results of analysis regarding the

dependence of the polarization degree on plasma conditions such as the electron density will
be presented at the conference.
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Carbon dioxide-broadened line widths of SO, and NO, molecules are obtained at the
room temperature. In the case of nitrogen dioxide calculations were performed for ~400 000
lines, rotational quantum numbers vary in the range: J to 70 u K, to 20. The temperature
exponents for every line were calculated. The data have been evaluated theoretically in the
frame of two methods: semi-empirical approach [1] and averaged energy differences method
[2]. Semi-empirical method is based on the straight-line trajectory approximation within the
framework of semi-classical impact theory and including a few-parameter correction to
account for the real curved trajectories. The averaged energy difference method is based on
matching the so called coupled energy state difference with a line broadening value. The
averaged energy differences for lines with experimentally-determined collision-induced
widths are then used to match averaged state energy differences to line broadening values
using a fitting formula. The main contribution to the line-broadening coefficients is given by
the quadrupole-quadrupole interaction. We also take into account the dipole-quadrupole and
polarization (both induction and dispersion) terms of intermolecular potential. The vibrational
dependence of the line-broadening coefficients was found to be small (less than 5%). Being
validated by comparison with measurements, these approaches were used to compute
extensive line list which could be useful for atmospheric, astrophysical applications and
spectroscopic databases.
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Figure 1. Measured [3] and theoretical air-broadening coefficients of NO; lines up to N = 35
at T =296 K.
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We studied the dependences of the absolute values of intencities and the spectral
profiles produced by optical transitions in the Hg(6°P,) —Ar quasi-molecules under pressures
Pa= (1- 60) Torr, temperatures T=(290-375) K. We also estimated the concentration of quasi-
molecules. As an example Figure 1 shows the comparison of the experimental profile under
Pa= 25 Torr and T=293 K, curve 1, and the calculated [1-3], curve 2. The experimental
profile is a continuous band in the range 2230 - 2275 A with a maximum at about 2255 A.
The profile is asymmetric with half-width 25 A. The total intensity of the band decreases with
increasing temperature.

The calculations were based on semiempirical analysis in the frame of the effective
Hamiltonian approach [4]. The experimental results are in a reasonable agreement with
calculations.
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This study develops the theory of optical transitions formed in collisions of atoms and
negative ions

A+A" > A +A+hwA; + ho (1)
A +A+hw—->A+A+e A, +e (2)

The processes can be interesting for the problem of the molecular hydrogen formation in the
early Universe [1], for the problem of the formation and stability of molecular ions H; [2], and
for the study of oscillations which appear in the photoionization cross section of a diatomic
molecule [3]. The calculation of spectral profiles produced in the reaction (1) is reduced to the
determination of oscillator strengths of optical transitions between two bound quasi-molecular
states that are brought about due to resonant charge exchange. As for the reaction (2) one
needs to find the density of oscillator strengths for the transition from an even or odd bound
quasi-molecular state to the proper state of continuum [4]. Both reactions are considered
within the framework of the zero-range potential approach [5], which simplifies calculations.

The results obtained demonstrate the formation of the H, molecules in high rotational
states to be possible as a consequence of the bound-to-bound transitions. In the case of photo-
detachment of quasi-molecules, i.e. reaction (2), the bound-to-continuum transitions are found
to lead to the formation of oscillating structures in the density of oscillator strengths. The
structures are connected not only with the interference due to two possible ways of electron
detachment. Another source of oscillations are resonances produced in scattering by two
potential wells.
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Ab-initio Studies of Few Photon Ionisation of Helium

K.N.R. Tejaswi
School of Physical Sciences, Dublin City University, Dublin, Ireland.

In this work, an ab-initio method is used to study few-photon ionization of atomic helium
in a linearly and circularly polarized light. The method involves (a) a configuration
interaction (CI) calculation of the helium eigenenergies and dipole transition matrix elements
followed followed by (b) the propagation of the time-dependent wavefunction using the
TDSE and (c) the calculation of photoionization cross sections employing non-vanishing
lowest-order perturbation theory (LOPT) [1,2].

The photoionization cross sections estimated from the (TDSE) calculated yields are
compared with those obtained from the LOPT. As expected, for low intensities the cross
sections are in good agreement while for higher intensities, the corresponding values deviate .
We also show the effects of the resonant ionization (e.g. 3-photon) which results to
differences between the TDSE and LOPT approaches even for low intensities.

Hel
(Box: 500a.u.)
.
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10° 10' 10°

Moreover, the ionization yields obtained from the two type of polarizations (circular, linear)
are compared with each other in the case of the three-photon ionization. For low intensities,
circular polarization ion yields are higher than that of linear polarization.

This is due to the strongest two-electron transition matrix element of the circularly
polarized light relative to the linearly polarized [3]. Note, that towards higher-order
absorptions (corresponding to higher intensities) the situation is reversed due to
overwhelming number of ionization channels for linearly polarized light. These observations
are in agreement with similar calculations performed in Mg [4].
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The advent of Free electron lasers (FELs) paved the way for studying few-photon inner-
shell ionization of atoms in the VUV region. More specifically, electron [1,2] and ion [3] TOF
spectroscopy has been applied to study the two-photon ionization of atoms. It was only
recently that a study involving the angular distribution of the electrons was reported [4]. Thus,
we investigated the two-photon double-ionization TPDI process in Kr. The photon energy was
set at 25.2 eV, slightly above the 4p ionization threshold for Kr', leading to a small number of
open channels as can be seen in figure 1 below.
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Figure 1. Energy level diagram (left) and angular distribution together with the fitted curve (right)

The angular distribution of the emitted electron was measured and the anisotropy
parameters were extracted for all the open channels. The DESY-FLASH [5] FEL pulse
duration was estimated to be 80 fs, with pulse-to-pulse fluctuations between 60 fs and 100 fs.
The pulse energy at focus position, varied between 3 pJ and 10 pJ. Assuming a focal spot of
50 pum the intensity ranged between 2*10'* and 5*10' W.cm™. Furthermore, the FWHM
bandwidth of the photon energy was approximately 0.4 eV.

In order to investigate the dependence of the asymmetry parameters on the intensity, we
divided the raw VMI images according to FEL pulse energy into 5 equal intervals ranging
from the lowest 20% to the highest 20%. A representative angular distribution is shown in
Figure 1 (right) together with the fitted curves (red lines) and the extracted anisotropy
parameters. The full results for all 5 FLASH energy bins will be presented.
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LIBS for thin films depth profiling- A comparison of Time
Integrated and Time resolved methods
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Laser Induced Breakdown Spectroscopy (LIBS) is an analytical technique used to classify
and potentially quantify elements in complex hosts (or matrices). Vacuum Ultraviolet Laser
Induced breakdown Spectroscopy (VUV LIBS) [1, 2] can offer potential improvements over
traditional LIBS [3, 4] in the visible region, due to the abundance of resonance transitions at
these shorter wavelengths. This extends the ability to discriminate between the emissions
from different elements, particularly light elements such as carbon, sulfur, lithium, and
beryllium etc. In this study, silicon based aluminium thin films are developed to study the
depth profile and ablation rate of the material in time integrated and time resolved domain at
two different laser energies. Time resolved LIBS (50 ns delay and 130 ns width) is used to
record spectra for the higher power density (1.3 x10'© Wem™) to prevent saturation whereas
Time integrated LIBS is used to record spectra for the lower power density (1.6 x 10° Wem’
%).5 films with different thicknesses from 1 mm to 1.5 micron are used in both methods. The
experimental setup consists of single pulse system with Nd:YAG laser (1064 nm, up to 450
mJ, pulse duration 6 ns) used to irradiate the samples, optic fiber spectrometer is used to
detect the spectrum. The results show higher ablation rate for time resolved method in
comparison to time-integrated method.
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In the study of the impurity behavior in the edge region of magnetically-confined torus
plasmas for fusion research, the vacuum ultraviolet (VUV) line of impurity ions is attractive
for the impurity diagnostics because the emission from the correct charge states is located in
the edge plasmas with a considerably low electron temperature.  Therefore, VUV
spectroscopy plays a significant role in investigating the impurity behavior and the impurity
transport. The impurity species and its concentration can be examined through the
identification of impurity lines and the line intensity, respectively. In addition, the spectral
shape of impurity lines can also provide information on the ion temperature and the plasma
flow based on Doppler-broadening and Doppler-shift measurements, respectively. The VUV
spectroscopy with high spatial and spectral resolutions is thus required to observe the spatial
distribution of spectral intensity and the shape of impurity lines.

Space-resolved VUV spectroscopy using a 3 m normal incidence spectrometer has been
developed to measure the radial distribution of VUV lines in wavelength range of 300 - 3200
A in the edge plasmas of the Large Helical Device (LHD) of which the major/minor radii are
3.6/0.64 m in the standard configuration with maximum plasma volume of 30 m’ and toroidal
magnetic field of 3 T [1,2]. The high spectral resolution of the spectroscopic system with the
wavelength dispersion of 0.037 A/CCD-pixel enables us to measure the Doppler profiles of
impurity line spectra precisely. The edge plasma of LHD consists of stochastic magnetic
fields with three-dimensional structure intrinsically formed by helical coils called “ergodic
layer,” while well-defined magnetic surfaces exist inside the last closed flux surface. The
VUV spectroscopy is appropriate for the edge impurity study because the emissions are only
located inside the ergodic layer with electron temperatures distributing in ranges of 10 to 500
eV.

In this paper, observations of the emission intensity, the ion temperature, the impurity ion
flow, and their vertical profiles derived by measuring the Doppler profile of impurity line
spectra are summarized and its dependence on the experimental parameters, such as the
electron density, position of the magnetic axis, and direction of the toroidal field, is discussed.
The main target of the analysis is the second order of CIV 1548.20 A (2s-2p) line emission
from intrinsic carbon impurity ions sputtered from the carbon divertor plates, which are the
most abundant impurity in LHD.
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Abstract

This research is a theoretical study in the effect of macro bending and the signal line shapes
on the spectral performance of fiber Bragg grating (FBG). Firstly, the effect of the bend radius
and the signal wavelength in the bend loss were studied. Firstly, for the sine signal profile, the
reflectivity power in the case normal case gives a peak at the FBG wavelength A=155 pum,
Secondly, for the Gaussian signal profile, the reflectivity powers are the same for both cases.
It 1s found that the reflected power for Sine profile has a higher value than the of Gaussian
profile under the same conditions and the bending of fiber will act to decrease the reflected
power.

Results
Fig. (1,2) shows the effect of the signal wavelength and FBG length on the reflectivity
power of the fiber Bragg grating at signal profiles (sine and Gaussian) for normal and
macro binding cases
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Fig. 1. (A) The reflectivity power of FBG for the sine (A) and Gaussian (B) profiles versus the wavelength of the
signal at FBG length (L = 10) for the normal case (line) and macro bending(dishes)
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Fig. 2 The reflectivity with the length of the FBG in cases of normal (line) and macro bending (dishes)

for sine (A) and Gaussian (B) profiles, at A = 1550 nm and radius of the macro bending 3 mm .
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Low-n Balmer series spectra emitted from slices of hydrogen ablation clouds are recorded
using a spectrometer that has a vertical band-shaped line-of-sight. A spectral model that
combines isolated emission lines and continuum radiations is used to fit the spectra in an
attempt to extract the plasma parameters inside the ablation cloud.

The principal source of line broadening is found to be the Stark broadening while the
Doppler broadening, Zeeman splittings and instrumental broadening are negligibly small. The
line intensity ratios are calculated with the collisional-radiative model implying that the
present model assumes no LTE condition. This is distinctive from the previous analysis [1]
because, following the results in Ref. [2], the complete LTE assumption has been suspected to
be incorrect in the edge region of the ablation cloud. Contributions of continuum radiation
mainly come from the recombination and attachment processes [1]. The least squares fitting
method is conducted on the experimental data in the wavelength range approximately from
400 nm to 550 nm where initial parameters are taken from the previous study [1].

Figure 1 shows the one-dimensional distributions of the electron density 7. and the electron
temperature 7, along the axis of the ablation cloud elongation. The order of magnitude for
both parameters is in agreement with those derived in the previous studies [1, 2] and they now
show profiles consistent with our understanding of the ablation cloud structure.
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Figure 1. Spatial profiles of n. (crosses) and T (circles) along the ablation cloud elongation axis
obtained by the spectra fittings. The intensity summed up in the wavelength range used for the fitting
is also shown by squares.
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This work 1dentifies analytical lines in laser-induced plasma for chemical analyses of major
elements of interest found in surrogate nuclear debris. The line selection focuses on potential
interferences and signal strength to insure they would be useful to measure relative
concentrations, even in areas of the substrate with diminished presence of the analyte.
Compact, portable instruments were used that can be included as part of a mobile nuclear
forensics laboratory for field screening of nuclear debris and contamination [1].
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Figure 1. Hydrogen alpha line (left) and Boltzmann plot (right) used for electron density and
temperature determinations, respectively

The average plasma temperature is inferred using the well-established Boltzmann plot
technique [2], and the plasma’s average electron density is determined using empirical
formulae based on Stark broadening of the H-alpha line [3]. The measurements pose
challenges given the complexity of the sample matrix, the laser device parameters of 50-mJ
energy per 6-ns pulse at 266-nm excitation wavelength, and spectrometer resolving power or
ratio of measurement wavelength and spectral resolution, A/0A, of 4000. Nonetheless, the
average temperature for a temporal window of 2 to 12 us after initiation of ablation is 6200 +
800 K, and the electron density amounts to 0.76+0.1 x 10" c¢m™. The line-of-sight
measurements suggest validity of partial local thermodynamic equilibrium. Therefore,
quantitative measurements may be justified for the experimental arrangement and sample
matrix.
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Titanium Monoxide Diagnostic Of Pulsed Ablation
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This work presents pulsed laser-ablation characterization using diatomic titanium-
monoxide emission spectroscopy. An Er:YAG laser operated at the wavelength, A, of 2.94 um
generates 50 ps pulses with an energy up to 1 J per pulse at a repetition rate of 10 Hz. A 100
mm CaF; lens focuses the radiation from the laser device to a spot size of typically 300 pm on
a titantum wafer sample in air at standard ambient temperature and pressure. The optical
spectrometer, model Ocean Optics HR4000 Custom, records data at a resolving power of the
order of 600 for the reported line-of-sight overview spectra. Figure 1 illustrates the
experimental arrangement and appearances of typical titanium monoxide (TiO) bands from
primarily three electronic transitions.
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Figure 1. Experimental arrangement (left), and TiO bands of primarily C— X o, B—Xy’,and A - Xy
(right)

A 4 x beam expander enlarges the beam diameter of the radiation from the Er:YAG device,
and the positioning of the focusing lens achieves a spot size of 307 & 23 um. Collection
optics and an optical fiber relay the emitted light to the compact spectrometer. The recorded
titantum monoxide (TiO) spectra in the wavelength range of 500 nm to 750 nm include
primarily the C°A— X *A o, B*II— X *A y’, and A *® — X *A y bands [1, 2]. The analysis
utilizes line strength data [3] for fitting of measured and computed TiO bands. The work also
discusses reaction kinetics and plume phenomena.
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Modeling of line and continuum spectral emission of
hydrogen for recombining plasma conditions

R.R. Sheeba, M. Koubiti, S. Ferri, Y. Marandet, T. Qbaich, J. Rosato, R. Stamm

Aix Marseille Univ, CNRS, PIIM, Marseille, France, e-mail: roshin-raj.sheeba@univ-amu.fr

The magnetic fusion community must tackle the major challenges facing it in order to ensure
the success of future fusion-based power-plants. One of them concerns the exhaust of power,
1.e., the handling of the huge heat and particle loads which escape from the confined plasma
and hit the plasma facing components (PFCs). To avoid any damage, the power load should
not exceed 20 MW/m?” even for the most advanced materials. The most promising scenario to
fulfill this requirement is the creation of a radiative mantle in the divertor region leading to the
plasma detachment thanks to volume recombination. Therefore, a big effort is being devoted
to the study of plasma detachment in both L- and H-modes especially in the framework of
EUROfusion MST1 [1] and JET1 workplans [2] as this scenario is foreseen for future large
scale fusion devices like ITER. Impurities like nitrogen, neon or other noble gases are injected
to reach plasma detachment. In support of such studies, we propose the modelling of line and
continuum emission of hydrogen for conditions relevant to detached plasma divertors in the
aim of their characterization, i.e, providing their main plasma parameters (n., T and Tj).

In fact, under detachment conditions (ne~10*°-10"' m>, Te~1 eV) hydrogen spectra
consisting of discrete high-n lines of the Balmer series and continuum emission can be
observed. Due to a density effect, the continuum is shifted towards higher wavelengths
Ae > M™, where A™ =364 nm is the theoretical Balmer series limit of hydrogen [3]. Under
such conditions, Aigh-n Balmer lines are mainly broadened by Stark effect with a significant
contribution from Zeeman effect for the lowest values of n depending on the B-field value.
Such lines are useful to infer the electron density of divertor plasmas along each viewing
spectroscopic chord. The electron temperature can be inferred from the Boltzmann plot
assuming a statistical equilibrium of the atomic populations over the excited levels but also
from the slope of the continuum. For that purpose, the discrete to continuum radiation
transition will be modeled using a dissolution factor approach [4] which leads to a smooth
merging of the lines into the continuum and resulting eventually in the lowering of the
continuum below the theoretical limit AL™. When possible, modeling results will be
confronted to experimental data.
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Recently recommended line-shape profile - the Hartmann-Tran profile (HTP) [1] includes
all significant effects used in line-shape modelling nowadays [2]. Nevertheless, it gives
unsatisfactory results in the analysis of high-resolution spectra with a prominent effect of
the Dicke narrowing [3], such as molecular hydrogen. Wcisto et al. [3] proposed a correction
to the frequency of the velocity-changing collisions parameter in HTP corresponding to the
Dicke narrowing effect. Although the correction works, it was applicable to the absorber to
perturber mass ratio equals 1 and has efficiency only for the high ratio of frequency of
velocity-changing collisions to the Doppler half width.

We propose the extension to this correction, making it useful not only in some specific
cases, but for most of atmospheric and planetary spectroscopic applications. The correction
enables to reproduce the molecular spectra with the percentage agreement to the more
physically justified, but numerically complicated Speed Dependent Billiard Ball line-shape
profile originated in the transport-relaxation equation [4] as shown in Figure 1.
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Figure 1. The relative difference between HTP without and with applied correction and
the more advanced line-shape profile [3], dots and triangles respectively.
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In order to improve the modeling of the solar photosphere, as well as to model atmospheres
of other similar and cooler stars where the main constituent is also hydrogen, it is necessary to
take into account the influence of all the relevant collisional processes on the excited-atom
populations in weakly ionized hydrogen plasmas.

The ionization processes in atom-Rydberg atom collisions are investigated in this
contribution. The method [1,2] is applied to the cases of H collisions for the principal
quantum numbers 2 < n < 20 and temperatures 4 000 K < T < 20 000 K. The ionization
processes in collisions of excited hydrogen atoms with atoms in ground states were
considered, with a particular accent to the applications for astrophysical and laboratory
hydrogen plasma research and its non-local thermodynamic equilibrium modeling [3,4].

In this work we:

- Present the results of calculation of the cross sections and rate coefficients of the
corresponding ionization processes in the tabulated form easy for further use;

- Review the existing relevant literature;

- Present some examples of astrophysical importance.

The authors are thankful to the Ministry of Education, Science and Technological
Development of the Republic of Serbia for the support of this work within the projects
176002 and 11144002.
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Collisional line-shape effects play an important role in optical spectroscopy.
Molecular collisions manifest as a perturbation of the optical line shapes. Proper treatment of
these effects is important to reach high accuracy in spectroscopy-based optical metrology
[1,2]. The CO-N; system is of particular importance for terrestrial atmospheric measurements.
Here we report the first line-shape calculations for this system based on quantum scattering
theory and using an accurate ab initio potential energy surface (PES).

A four-dimensional PES, with the interatomic distances in N, and CO set to the
experimental values (1.09768 and 1.128323 A, respectively [3]) is used [4]. The interaction
energies are calculated with the coupled-cluster CCSD(T) method and Dunning's
aug-cc-pVQZ basis set extended further with midbond functions for more than 10 100 ab
initio points, corresponding to 12 values of On», 13 values of Oco in range 0-180°, 5 values of
¢ in range 0-90° and 14 values of R in range 4-40 ay.

The calculated PES is expanded over bispherical harmonics [5] leading to 206 radial
coupling terms. The close-coupling equations are solved for a wide range of kinetic energies
using the MOLSCAT code [6]. The calculations of generalized spectroscopic cross sections
are performed for several purely rotational lines from R branch (from j = 0 up to 7). Finally,
the standard pressure broadening and shifting coefficients are obtained. The data provided
through this investigation can be used for upgrading the HITRAN database [7] and the
HITRAN Application Programming Interface (HAPI) [8].
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We present a comparison between experimental and calculated values for the collisional
line broadenings and shifts of the Sy(0), So(1) and S¢(2) lines of the rotational Raman
spectrum of D, in helium baths at 77, 195 and 300 K [1]. These Stokes lines were obtained by
means of a stimulated Raman spectroscopy (SRS) experimental setup. Close coupling
dynamical calculations were performed on the most recent ab initio H,-He potential energy
surface [2]. The resulting scattering matrix elements implemented in the general Hess method
[3-5] allow us to provide pressure -broadening, -shifting and Dicke coefficients from 10 K to
400 K. When comparable, experimental and calculated values show good agreement.

Our analysis of the experimental profiles supported by our calculations take into account
effects originating from the internal changes and effects due to the velocity changing
collisions through the speed dependence of the pressure —broadening and —shifting parameters
as well as the real and imaginary parts of the Dicke parameters.

fod S Lorentz Profile shifted by 8, and whose
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Figure 1. Simulations of the D, S¢(0) line at

77 K and 1 atm. The red solid line is the simple
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The new HITRAN molecular absorption compilation has been released[1] and the
broadening and shift parameters due to the perturbing gases such as H,, He and CO; have
been added into the database for the first time, see Wilzewski et al.[2]. In order to increase the
potential for the database to model the spectra of atmospheres dominated by gases different
from nitrogen and oxygen, especially in planets beyond the earth like Venus and Mars[3], [4]
and gas giants, the previous work accomplished by Wilzewski et al.[2], which includes
molecules for SO,, NH;, HF, HCI, OCS and C;H,, needed to be expanded further. In this
work, the line-shape parameters for the line-broadening coefficients and the temperature
dependence exponents for molecules including CO,, N,O, H,CO, HCN and H,S broadened by
H,, He, and CO, have been assembled from available peer-reviewed experimental and
theoretical results. A set of semi-empirical models was developed based on the collected data,
and then has been populated into the database so that every HITRAN line of the studied
molecules has its corresponding parameters as well as its uncertainties and source
information.

This work is supported by NASA PDART program grant and NNX164G51G.
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In this work, thallium and mercury discharge is studied. In our precious work we have
observed extraordinary broadening above Doppler broadening for some spectral lines of
thallium, for example 351.9 nm line [1]. We supposed that the additional broadening could be
due to energy transfer in collisions of mercury and thallium atoms.

In this paper, we present further study of broadening of thallium emission spectral line
shapes in the TIl-Hg discharge. The spectral lines were emitted from high frequency
electrodeless lamps (HFEDLs) containing Tl, Hg, Ar mixtures and measured by means of
Fourier transform spectrometer. The deconvolution procedure, by means of ill posed inverse
task solution [2] was performed to obtain the real (without instrumental function) profiles for
further analyze. The solution was implemented using Tikhonov regularization algorithm. The
Tl 276.8 nm, 291.8nm, 292.1nm, 323.0 nm spectral lines were analyzed in detail in
dependence on the discharge power. An example of spectral line deconvolution is given in
Fig.1. For accuracy increasing the regularization parameter was obtained by two independent
methods.

—— solution(discr.min.met.)
— solution(met. with using of errors of measurements)
——EXP T1291.8nm 13.7W
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S
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1

Figure 1. The comparison of 291.8nm of 1™ experimental spectral line with deconvoluted ones.
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The neglecting the instrumental function, in the case of low —pressure or cold plasma
when instrument function is on the same order as experimental profile gives huge error [1]
for the FWHM estimation and consequently for discharge temperature estimation. The
instrumental function can conceal detailed structure of the spectral line, like the dip in the line
centre caused by the self-absorption (self-reversal).

We present our study of deconvolution of multicomponent spectral line profiles in this
paper. The study consists of deconvolution of theoretically modeled profiles as well as 323nm
of TI*® profiles, emitted from high frequency electrodeless lamps (HFEDLs). The solution of
ill posed inverse task was implemented using Tikhonov regularization algorithm. The
regularization parameter was obtained by two independent methods.

solution(discr.min.met)
solution(met. with using of errors of measurements)
— EXP TI_323nm13.7W
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Figure 1. The comparison of 323nm of TI*” experimental spectral line with deconvoluted ones .
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The absorption maxima energy positions, intensities and shapes are simulated of the organic
semiconductors with the simplified time dependent density functional theory (sSTDDFT) at the
B3LYP/TZP level of theory in gas phase. In the calculations carried out the ten lowest
singlet-singlet excited transitions were taken into account. The optimized structure of the
molecules and charge density distribution of their frontier orbitals are obtained. The computed
absorption wavelengths (1), absorption energy (Eg), oscillator strengths (f) and nature of the
transitions are compared with the measured spectra. The computed absorption wavelengths
and intensities of the conjugated molecules at the sSTDDFT/B3LYP/TZP level of theory in gas

phase are found in good agreement with the experiment.

126



24t ICSLS 2018
Dublin, Ireland

24th International Conference on Spectral Line Shapes We.P.22

Multi-photon Spectroscopy of Many-electron Atoms and
Ions in the Debye Plasmas

Vasily V. Buyadzhi, Eugeny V. Ternovsky, Tatyana B. Tkach,
Yuliya G. Chernyakova

Odessa State Environmental University, Lvovskaya str. 15, Odessa,65016, Ukraine
e-mail: buyadzhivv@gmail.com

The interaction of a high intensity laser field with an atomic system results in multi-photon
excitation, ionization and shifts of the energy levels [1]. A great number of physically
different effects occur in atomic systems (ensembles) in dependence upon a intensity,
frequency, multi-colority of laser field, energy spectrum structure of an atomic system etc. In
the last decade a considerable interest has attracted studying of the elementary atomic
processes in plasma environments because of the plasma screening effect on the plasma-
embedded atomic systems.

In this paper one-and two-color multi-photon spectroscopy of a number of transitions in a
hydrogen, lithium, caesium and francium atoms and ions (free and immersed in a Debye
plasmas) is studied theoretically. The theoretical approach is based on the relativistic operator
perturbation theory (PT) and relativistic energy approach [2-4]. The energy shift and width of
the multiphoton resonances are calculated within an energy approach, which is based on the
Gell-Mann and Low adiabatic formalism and formalism of the relativistic Green function for
the Dirac equation [3]. The plasmas medium effects are taken into account by introducing the
Yukawa-type electron-nuclear attraction and electron-electron repulsion potentials into the
electronic Hamiltonian for N-electron atom (ion) in a plasmas [5,6]. There is studied a
plasmas with typical corresponding parameters: the Debye lengths Ap=>5a.u. (solar core:
temperature T=10"K; density 10 m™) and 25 a.u. (inertial confinement: temperature
T=10"K; density 10*® m™) . It has been quantitatively determined a variation of the multi-
photon resonance enhancement frequencies in dependence upon the plasmas parameters (the
Debye length). For example, the corresponding values for the resonance enhancement
frequencies w,1, w,» and w,s for the 1s—4f transition in the hydrogen for different Debye
lengths (Ap=5-50 a.u.) are between 0.009 and 0.023a.u. The obtained results reveal the
plasma effects on the multi-photon transition amplitudes for the plasma-imbedded atoms
(ions). The hydrogen plasma results are compared with the similar data, presented in [7].
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Sstudying the energy, spectral, radiation parameters, including the spectral lines hyperfine
structure, for heavy exotic (hadronic, kaonic, pionic) atomic systems is of a great interest for
the further development of a classical atomic and nuclear spectroscopy as quantum theory and
spectroscopy of strongly interacted fermionic systems [1-6]. This paper is devoted to studying
and computing the energy and radiative parameters, spectral line shape for hadronic (pionic)
atomic systems. It has been applied a consistent relativistic theory of spectra of the exotic
hadronic (pionic) atomic systems on the basis of the Klein-Gordon-Fock equation approach
and relativistic many-body perturbation theory (electron subsystem) [6-10]. The key feature of
the theory is simultaneous accounting for the electromagnetic and strong pion-nuclear
interactions by means of using the generalized radiation and strong pion-nuclear optical
potentials. The nuclear and radiative corrections are effectively taken into account. The
modified Uehling-Serber approximation is used to take into account for the Lamb shift
polarization part. In order to take into account the contribution of the lamb shift self-energy
part we have used the generalized non-perturbative procedure, which generalizes the Mohr
procedure and radiation model potential method by Flambaum-Ginges. There are presented
data of calculation of the energy and spectral parameters for pionic atoms of the **Nb, '*Yb,
81Ta | %7 Au, with accounting for the radiation (vacuum polarization), nuclear (finite size of a
nucleus ) and the strong pion-nuclear interaction corrections. The measured values of the
Berkley, Cern and Virginia laboratories and alternative data based on other versions of the
Klein-Gordon-Fock theories with taking into account for a finite size of the nucleus in the
model uniformly charged sphere and the standard Uehling-Serber radiation correction are
listed too.
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In this present work we present and advanced version of the relativistic energy approach
[1] to computing the radiation transition probabilities (oscillator strengths) in spectra of heavy
Rydberg neutral atoms and multicharged ions. The approach is based on the energy approach
(S-matrix Gell-Mann and Low formalism) and relativistic many-body perturbation theory
with optimized model potential zeroth approximation [1-6]. The key feature of the presented
basis theory is an implementation of the optimized one-particle representation [6] into the
frames of the S-matrix energy formalism. It provides a consistent method to minimization of
the gauge-non-invariant contributions to the radiation transition (radiation decay width)
probability and thus it makes our approach significantly more advantagable in comparison
with standard methods to calculating radiative transition parameters. The important exchange-
correlation effects are accounted with using relativistic Kohn-Sham —like density functionals.

We present the results of computing energies, radiation transition probabilities, oscillator
strengths in spectra of the heavy Li-like multicharged ions (Z>55), neutral tantalum and
thulium (in particular, transitions to the 4f137/2,5/2651/2[3/2]ns,np and 4f135/2651/2(2)nsp1/2[3/2]
states, n=15-40). We have compared the obtained results with the experimental results and
other theoretical data, obtained on the basis of the Coulomb approximation with the Coulomb
gauge of the photon propagator, the multiconfiguration Hartree-Fock and Dirac-Fock methods
(see [6] and refs. therein). We have checked that the results for oscillator strengths, obtained
within our approach in different photon propagator gauges (Coulomb, Babushkin, Landau),
are practically equal (difference ~ 0.1-0.3%).
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In the modern molecular spectroscopy a great interest attracts studying a new class of
phenomena, connected with modelling the cooperative laser-electron-y-nuclear processes. It
includes calculation of the probabilities of the mixed y-optical
transitions in molecules, intensities of the complicated y-
transitions due to the changing of the molecular excited state
population due to a laser field effect. The first qualitative
estimates of the cooperative effects parameters have been
earlier presented (e.g. [1-3] and refs. therein). We develop an
advanced computational approach to calculation of laser-
electron-y-transition  spectra  (electron-vibrational-rotational
satellites) of nucleus in diatomic and multiatomic molecules,
based on density functional (one version) and model potential

06 04 02 02 04 06

(second version) methods and energy approach [4-6]. Decay Ey 8
and excitation probability are linked with imaginary part of the  Fig.1 Emission and absorption
“nuclei - electron shells — laser field” system. spectrum of ¥ nucleus in
New data on the electron-nuclear y-transition spectra of a H27| (v4=0, J,=0)

nucleus in some molecules are presented, namely, for

diatomics, 3-atomic XY2 (Dh), 5-atomic XY4(Tqg), 7-atomic XYs(On) ones (HI, Hbr, OsOa,
UFe, alkali dimers). As example, in fig.1 the theoretical emission (solid curve) and absorption
spectrum of nucleus 21 in H'?"1 is presented.

It is shown that studying cooperative electron-gamma-nuclear processes in the cryogenic
Rydberg molecules (such as **3Cs nucleus; E©@,=81 keB; %Rb'*Cs and others) allows to
discover the cooperative effects experimentally for the first time.
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A new class of problems has been arisen and connected with modelling the cooperative laser-
electron-nuclear phenomena such as the electron shell shake-up and NEET or NEEC (nuclear
excitation by electron transition or capture) effects in heavy neutral atomic/nuclear systems
[1-5]. Though the shake-up effects in the neutral atoms (molecules) are quite weak (because
of the weak coupling of the electron and nuclear degrees of freedom), the possibilities of their
realization significantly change in a case of the multicharged ions (MCI). We present
consistent, relativistic computational approach to calculation of the probabilities of the
different cooperative laser electron-gamma-nuclear processes in the MCI (including the
characteristics of the electron satellites in gamma-spectra of nuclei of the multicharged ions
and the resonant NEET (NEEC) effects in heavy nuclei of MCI). The theory is based on the
relativistic energy approach (S-matrix formalism of Gell-Mann and Low) and relativistic
many-body perturbation theory [5-9]. Within the energy approach, decay and excitation
probability (of the electron shell shake-up process or etc) is linked with the imaginary part of
energy of the excited state for the “electron shell-nucleus-photon” system. We firstly present
new data about intensities of the electron satellites in gamma-spectra of nuclei in the neutral

(low lying transitions) and O-and F-like MCI for isotopes Fe,Cs,Yb 3 Fe, '3Cs, ''yp, which

demonstrate an existence of an new effect of the giant increasing (up 3 orders) electron
satellites intensities (electron shell shake-up probabilities) at transition from the neutral atoms
to the corresponding MCI. We develop an advanced energy approach to the NEET (NEEC)
process in the heavy MCI and list values of NEET probabilities in the nuclei of Os,Ir,U,
MtAu 05, I, 25U, S Mt , ') Auof the O-and F-like MCI. The data listed demonstrate

76
an effect of the significant changing the corresponding NEET probabilities under transition
from the neutral atomic/nuclear systems to the corresponding MCI.
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