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Overview of ITER Project

Lina Rodriguez-Rodrigo and Carlos Alejaldre

ITER Organization
13108 St Paul lez Durance. FRANCE

ITER is the most important step on the path to developingfusnergy using magnetic confinement. For the first
time, reactor-grade plasma will be brought together wittrant technology to see whether a viable power source
can be built with the ultimate goal of demonstrating the mitiie and technological feasibility of fusion energy for
peaceful purposes. The device is designed to generate 5fWwats of fusion power for periods of 300 to 500 seconds
with a fusion power multiplication factor, Q, of at least X% 10). The device is also intended to demonstrate non-
inductive steady-state operation with a fusion power mlittation factor of 5 and, ultimately, pulse lengths of up
to several thousand seconds. In addition, the design ddesxnlude the possibility that controlled ignition can be
achieved.

ITER is based on the “tokamak” concept of plasma magnetiéimement, in which the fusion fuel is contained
in a doughnut-shaped vessel. The fuel —a mixture of deutednd tritium, two isotopes of hydrogen— is heated
to temperatures in excess of 100 million degrees, formingtgplasma. The plasma is kept away from the walls by
strong magnetic fields produced by superconducting coit®snding the vessel and an electrical current driven in
the plasma.

The main engineering challenge of ITER is therefore to biidevice on time and within budget to have a timely
decision on possible future energy sources and show the@gtdompossibilities. Since the ITER design was completed
some years ago, to the extent that a cost estimate could éechgn by the then Participants, there have been a number
of design madifications with a view to making the design aredbst estimates more realistic in practice, or actually
to cut costs. Naturally there have also been some reseatideemical developments during that period, which now
might allow better design solutions to be implemented. The$ore ITER construction went ahead, and before the
licensing documents were finalized, a detailed design wewas carried out to assess whether the solutions now
proposed still were valid, and could be accomplished in thered timescale.

The collaboration formed by China, Europe, India, JapaissiRi South Korea and United States to build the ITER
project is a powerful mix of many countries, cultures andiingons, with their different strengths and specialties
and with a common interests to develop the key technologieduision but the procurement process for many
components will as a consequence highly interdependemhif@imtegration a true challenge. Experience in the large
particle accelerator construction, other areas of sciasagell as in industry, however, shows that with a coopegativ
atmosphere between different suppliers of similar comptathere are great benefits when problems inevitably arise.
Certainly the design of ITER has inherited the experienomfa lot of fusion machines in the world, although only
two installations based on magnetic confinement have usead opw deuterium and tritium as fuel: the Tokamak
Fusion Test Reactor, TFTR in Princeton, USA and the Joinbfean Torus, JET, in Europe and only occasionally.
ITER will be the first fully nuclear fusion machine.

Actually on the 31st of January, the Director General of ITBfganization (I0) sent out the request for Authoriza-
tion of Creation (DAC files) of the ITER Nuclear Basic Insgibn (INB) and following French law, became formally a
Nuclear Operator. Consequently French Nuclear regulaiimties to all the aspects of design, construction, operati
and dismantling.

From the physics point of view ITER will follow a progressistrt-up through HH, DD and DT phases covering all
the plasma and fusion physics research. One of the main sifppthis research are the diagnostics (and spectroscopic
techniques particularly) that will allow to control, opfime and evaluate the long pulse plasmas of ITER. It will be
necessary to measure accurately and reliably a wide rangygflasma parameters as well as those that describe the
condition of the first wall and the divertor which is the compat that exhausts the flow of energy from charged
particles produced in the fusion reactions and removesiineind other impurities resulting from the reactions,
and from interaction of plasma particles with the materiallsv In addition to plasma and fusion parameters the
overall installation will be monitored by different netvksrthat include radioprotection monitoring, chemical and
electromagnetic risks detection and sampling system&ioAih ITER will not reach a very high neutron fluence,
diagnostics will work under radiation-hard environmend @a@mote handling will be use for maintenance, conditions
very important for their design.
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ITER must be viewed in the context that is the intermediaagestbetween the existing machines and those future
reactors, DEMO, to which it will provide input on plasma perhances, tritium breeding, blanket/divertor designs and
solution of engineering issues, as well as bounding actsd@rclassification of waste and general safety approach but
it must be fully understood that ITER is still a purely expeeintal installation that will allow full exploration of the
science relevant to fusion power, as well as testing keynieldigies for future power plants.

The EU, China, Japan, India, Russian Federation, Repubkmrea and United States signed on 21 November
2006, at the Palais d’Elysée in a ceremony presided over ésidant Chirac, the Joint Implementation Agreement
for constructing, operating and decommissioning the fugimject ITER. That moment ended a process that started
in 1985 and that, even from its conception as an idea, wastmttas a truly global project where, finally, more than
50% of human population are represented by the ITER Partimetisis paper, the status, challenges, difficulties and
opportunities associated to the project will be presented.
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STELLARATORS AS FUSION REACTORS: THE TJ-1I EXPERIMENT

Joaquin Sanchez
Asociacion EURATOM-CIEMAT 28040 Madrid, Spain

ABSTRACT

Magnetic confinement of hot plasmas in toroidal geometry cannot be achieved with the simple configuration based
on magnetic lines parallel along the torus. The radial gradient of magnetic field, intrinsic to the toroidal geometry,
leads to an outward drift of ions and electrons which would escape in microseconds. In order to keep the
confinement, the magnetic field lines must have a helical twist as they progress along the torus, the so called
“rotational transform”. The two main lines of development in toroidal magnetic confinement: the “tokamak” and the
“stellarator” differ basically on they way they achieve this rotational transform.

Whereas the stellarator uses coils with complex tridimensional geometry in order to provide the twisted magnetic
field configuration, the tokamak, a later development, uses a simpler coil system and generates a toroidal electrical
current in the hot plasma itself in order to complete the required twisted magnetic field. Due to its relative simplicity
of design and construction, the tokamak has developed faster than the stellarator and the largest devices, those which
are closer to ignition parameters, are tokamaks. ITER is the evident example.

Nevertheless, the coupling between the plasma and its confinement generates limitations in the flexibility and
stability of tokamak operation. The main limitation comes from the fact that the basic mechanism for current
generation in the plasma is magnetic induction, which leads to pulsed operation. On the contrary, the stellarator,
though less developed, offers the potential for stable steady state operation. In a simplifying view, we could say that
the tokamak is more suited as prototype, easy to build more difficult to operate, whereas the stellarator would be
advantageous for commercial operation: the difficulty of construction, which decreases with the number of units
produced, would be counterbalanced by the stability during operation.

The world stellarator programme is presently being carried out by three main devices, two of them are located in
Japan: LHD a large device with superconducting coils and Heliotron J, a smaller size system. The third one is the TJ-
11 experiment, slightly larger than Heliotron J, located in Madrid and currently the only stellarator in operation in
Europe. There are stellarators under development in the US (the NCSX in Princeton), and Germany, where the
largest stellarator in the world, W7X, is being constructed. W7X will start operation by 2014 and will follow the long
tradition of German stellarator research, whose last device was the W7AS device, closed down in 2003.

TJ-1I is a helical axis system, with a major radius of 1.5m, a minor radius of 0.2m and able to operate with a
magnetic field of up to 1.1 Tesla. The plasma is generated by 600 kW of radiofrequency at 53 GHz and high density
scenarios are achieved by 1 MW neutral beam injection (H,) at 40 keV, being currently upgraded to 2 MW.

The main capabilities of TJ-II are the flexibility of changes in the configuration, that can be achieved by just
varying currents in the different coils, and the potential for stability at high plasma pressure, derived from its helical
axis. Based on those properties, two of the main physics objectives of TJ-II are the dependence of the confinement
with the degree of rotational transform and the exploration of the stability limits of the plasma.

In order to achieve its objectives TJ-II is equipped with an extensive system of plasma diagnostics. Amongst those
we could mention the high resolution Thomson Scattering, based on a ruby laser, the dual color CO,/He-Ne
interferometer, the charge exchange recombination spectroscopy, passive spectroscopy in the visible and UV-VUV
for impurity survey and Doppler measurements, laser induced fluorescence, global radiation detectors and beam
based spectroscopy systems with lithium and helium.
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MODELLING AND EVALUATION OF SPECTRA IN BEAM AIDED SPECTROSCOPY

M.G. von Hellermann®, E.Delabie?, R.Jaspers®, P.Lotte®, H.P.Summers®
*FOM-Institute for Plasma Physics Rijnhuizen, Association Euratom-FOM, www.rijnhuizen.nl
Partner in ITER-NL, PO Box 1207, 3430 BE Nieuwegein, The Netherlands
® Association Euratom-CEA Cadarache, F-13108 St. Paul-lez-Durance, France
¢ Strathclyde University, Dept. Appl. Physics, 107 Rottenrow, G4 ONG Glasgow,UK

Abstract. The evaluation of active beam induced spectra requires advanced modelling of both active and passive
features. Three types of line shapes are addressed in this paper: Thermal spectra representing Maxwellian distribution
functions described by Gaussian-like line shapes, secondly broad-band fast ion spectra with energies well above local ion
temperatures, and, finally, the narrow lines shapes of the equi-spaced Motion Stark multiplet (MSE) of excited neutral
beam particles travelling through the magnetic field confining the plasma. In each case additional line shape broadening
caused by Gaussian-like instrument functions is taken into account. Further broadening effects are induced by collision
velocity dependent effective atomic rates where the observed spectral shape is the result of a convolution of emission rate
function and velocity distribution function projected into the direction of observation. In the case of Beam Emission
Spectroscopy which encompasses the Motional Stark features, line broadening is also caused by the finite angular spread
of injected neutrals and secondly by a ripple in the acceleration voltage associated with high energy neutral beams.
Keywords: Active beam spectroscopy, diagnostics of hot fusion plasmas, CXRS, MSE, BES.

INTRODUCTION

The need for quantitative evaluation of complex line emission spectra as observed in hot fusion plasmas
initiated a challenging development of sophisticated interpretation tools based on integrating advanced atomic
modelling with detailed treatment of the plasma environment. The successful merging of the two worlds has led to
routine diagnostic procedures which have contributed enormously to the understanding of underlying plasma
processes and also to a wide acceptance of spectroscopy as a reliable diagnostic method [1].

The present paper addresses spectra linked to active beam spectroscopy, that is, charge exchange
recombination spectroscopy (CXRS) and beam emission spectroscopy (BES). In this case, a spectrum is composed
of a (usually) dominating active spectrum and an underlying passive emission spectrum. Its analysis requires
modelling of both active and passive features. Examples used here are from the CXRS diagnostic at JET and
TEXTOR and more recently, predicted spectra for ITER CXRS diagnostic. They display characteristic features of
the main light impurity ions (C*¢, He'*, N/, Ne"'® and Ar™'®), as well as that of the bulk plasma ions, H", D" and T".

In the case of ion temperatures comparable, or in the same order of magnitude as the collision energy
between probing neutral beam and fully stripped plasma ion, the effective atomic emission rates [2] may change
noticeably over the Maxwellian velocity distribution function. As a result the observed spectral shape may deviate
from a simple Gaussian shape.

Synthetic line shapes need to be reconstructed from a convolution of emission rate function and the original
particle velocity distribution function projected into the direction of observation. This requires a 3-dimensional
integration in velocity space. However, for the case Vinerma<< Vieam, the resultant synthetic spectrum retains in a first
order approximation [3] its Gaussian-like shape and the observed spectra may described in terms of apparent
Doppler-width (ion temperature), apparent Doppler shift (-plasma rotation) and apparent amplitude (ion density).

A second class of non-Gaussian synthetic line shape arises in the case of passive CX line emission [4],
which represent the non-local, line-of-sight integrated, measurement of spectra induced by the interaction of neutral
hydrogen and fully stripped impurity ions. The neutral hydrogen density profile may adequately described by an
exponential decay as characterized by the mean free path. Typically, and that is the good news, the peak of the
passive CX layer is localized close to the separatrix and has a width of the order of a/10, where a is the minor plasma
radius. At JET and TEXTOR the passive CX component may therefore adequately represented by a single Gaussian
with an ion temperature and a Doppler-shift corresponding to Ti(r/a=0.9) and v..(r/a=0.9) respectively. The biggest
uncertainty in the passive CX modelling efforts is the actual neutral hydrogen density at the plasma wall. So absolute
intensities are difficult to assess, and hence amplitudes of PCX features have to remain free parameters.

Another type of synthetic active spectra is that of fast-ion-spectra, i.e. slowing-down fusion alpha particles,
fast beam ions [6] or minority ions accelerated by lon Cyclotron Resonance Heating (ICRH). In all three examples,
the range of energies of the fast ions exceeds by far the width of the CX emission rate function which typically peaks
at about 50keV/amu, and contributes at most to measurable signals for relative velocities less than 100 keV/amu. As
a result the broad slowing-down distribution function is convolved by a comparatively narrow emission rate function
and the observed spectral shape is no longer a direct mapping of the original distribution function. As an example,
we show here fast beam ion spectra as measured on TEXTOR and predicted spectra for slowing-down fusion alpha
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particles with energies in the MeV range as expected for ITER and making use of the 1 MeV D ITER heating
neutral injector as probe beam [6].

BULK ION CXRS AND BEAM EMISSION SPECTROSCOPY

In spite of the pre-dominant application of active beam spectroscopy to the measurement of low-Z impurity
ion spectra such as the CVI line at 590nm, for routine data on radial profiles of ion temperature, plasma rotation and
ion density, the most challenging ions in a fusion plasma are the bulk ions proper, that is, deuterons, or in a burning
plasma deuterons and tritons. Historically, in fact, the complex features in the case of the active Balmer-Alpha
spectrum which encompasses both the bulk ion CX feature as well as the Doppler shifted beam emission spectrum
(cf. Figs.1 and 2), have started a long chain of advanced modelling on the combined use of CXRS and BES [7],
[8],[9]. Probably the main reason which excludes the routine use of Balmer-Alpha as a tool for ion temperature
diagnostics, is on the one hand the co-existence of a very bright edge line (Ti<5eV), the occurrence of a significant
passive CX feature (Ti<lkeV) and the main CX feature whose line shape is already significantly affected even at
moderately hot plasmas of 10 keV. For ITER we expect temperatures around 20 keV. On the other hand, there is
clear evidence of a unique link between the local deuteron density and the intensity of the observed active Balmer-
Alpha spectrum [10] and potentially the active bulk ion feature can be extracted from a composite spectrum.

fie b e eneray
D o — Spectrum -3
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Figure 1. JET example of active and passive features in the Balmer-  Figure 2 Energy levels of beam induced Stark multiplet. The
Alpha spectrum. The edge lines contain H and D, where D is the Lorentz field Ei=VicamXBiow leads to a line splitting of :

dominant isotope. The Zeeman splitting of the edge lines is not /12
resolved. The complex beam spectrum encompasses 27 components A (0)_ 1 ea. 0. E
representing full, half and third energy each containing 9 Motional s "2 0 h.¢c ~Lorentz

Stark Effekt (MSE) multiplet components (cf. Fig.2).
LINE SHAPE MODELLING OF MOTIONAL STARK FEATURES

The MSE feature, which is induced by the Lorentz field Erorenz=Voeam X B €xperienced by a neutral beam travelling
through a magnetically confined plasma, is modified by the finite angular spread of the neutral beam direction cone,
which is typically of the order of 10 to 20 mrad. For each velocity direction we get a different Doppler-shift:

M, =M ,(0)-(1-5tan(B)) (1)
and also a line shift for MSE component k representing the local Lorentz-field:

_ 1.2
A/ls—k-A/ls(O)-(l-HScot(a)—E(S ) )

Where: o is the angle between velocity vector and magnetic field direction, B the angle between line of sight, and
finally & the angular deviation from the beam axis. The central values for Doppler shift and Stark split are given by:

A/ld(O)=/10-cos(ﬂ)-vbeam/c (3)
3 Ag
_ 0
MS(O)_Ee.aO'E'ELorentz “)



18 13

Integrating over the angles J, assuming a Gaussian-like beam shape, with a beam divergence 1/e-angle “w”, and a

spectral line width d composed of instrument function and voltage ripple of the DNB energy we get finally for the
line shape of each Stark component:

P Bty

ey

k - (5)
Vr| a2w? +d?

. 0 0

with: A, =k-A -cot ()~ Al tan(B) and d=w/mfipple+mfnslr (6)

Where indices k represent the 9 MSE components: T4, T3, T2, G.1, Go, O+1, Ts2, Ts3, Tig -
Applying this model of individual line widths and amplitudes to MSE spectra as observed, for example, on Tore
Supra (Fig.3), we get clearly asymmetric multiplet features. Conveniently we introduce also a factor R representing

the intensity of pi over sigma components, which is a measure of the angle , between line-of-sight and Lorentz
vector which allows therefore the deduction of the local pitch-angle, i.e. the ratio of Bpoisidar/Broroidgat -
R:ﬁ:sin2 :2'1n12+2'1nr3+2'1nr4 ™

Io 1+cos? 100+2.10i1

Note, the empirically observed deviations from inner shell populations as described in ref.[ 8] indicates the need for
an atomic revision of level populations in the case of strongly anisotropic collision between beam and plasma ions.

I /I =0.412+0.027 I _/1_,=0.325+0.047 I_J/I ,=0.811%+0.052 (8)
ol a0 2 " n3 4 " n3
Current investigations address the role of alignment [12].
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Figure 3 Predicted MSE spectrum on Tore Supra. The total Figure 4 Predicted MSE spectrum for ITER using a 100keV/amu
spectrum (green) encompasses the 3 energy components of the neutral ~ Diagnostic Neutral beam which is injected approximately radially into
beam (E, E/2 and E/3). The . group (left) is about 9% higher and  ITER. The magnetic field is 5.2T.

narrower than the 7. group. On the left the active Balmer alpha CX

feature representing bulk ion deuterons.

FAST ION SPECTRA
Fast ion transport, fast ion energy contents and fast ion loss mechanisms play an important role for present and future
fusion experiments. Active spectra associated with fast ion physics include on the one hand anisotropic slowing-
down features, as in the case of a fast ion population following the injection of high energy neutrals, or, on the other
hand, isotropic slowing-down features as expected for a thermo-nuclear plasma. The first case is linked to spectra of
beam ions or minority ions (e.g. DI, Hell) and the second case is linked to Hell spectra representing alpha particles
in the energy range between 20 keV and the birth energy of 3.5MeV. In each case we need a neutral probe beam for
the CXRS interaction and the excitation of observable spectra. The common factor of fast ion CX spectra is the
spread of energies which exceeds by far the half-width energy range of the emission rate function (c.f. [2]) .
The resulting spectrum is a convolution of emission rate function and slowing-down function (c.f. [13])
0 T 2n
f (vz)zf v'2dv’f df 'sin 6’ f g o,vho )ch(vr)é(vz—v'cosﬁ’)
0 0 0 )

obs
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where the slowing-down velocity distribution function ggow is for the fast beam ion case:
ST 1 l

S

_ (E—& 240
gslow(vié)_v3+vj \/mexpl (é éo) /4al

(10)
[1+(vC/v)3]

B2y jge e D
SR

(an
Where we have used, T, slowing-down time, v. the critical velocity, v, the birth velocity, beam energy and finally &,
the initial pitch angle between beam ion and magnetic field. The neutral beam source-rate S is derived from the local
beam attenuation factor { along the entire beam trajectory:
3
3v,m,m 2T n. _m
S:4Pbea’" 0¢ T = 6_64 > W3=3 | e S Lz2_<
eE, 0V 16Vre*z°n, nA € 4 | m ~n

beam

I I I T
+ averaged spectrum (2—>3s)

asymptotlc FP model WGF Core

C)(ron thermal |0n5

Counts

50 60
Energy along LOS [keV]

Figure 5 Measured and predicted fast ion beam spectrum on TEXTOR. The energy scale is proportional to % Note :
TEXTOR uses 2 NB injectors, one in co- and one in counter-direction. In the example above the 54.5 keV ,1.3 MW D’ co-beam
is the fast ion source and the MW D° counter-beam is the probe beam . The experimental data (blue) include thermal and non-
thermal features. The solid line (red) is the anisotropic fast ion beam spectrum (cf. [5,13,14]).
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ABSTRACT

Spectroscopy is a common and powerful method to characterize plasmas such as those confined magnetically in
thermonuclear fusion-oriented devices (both tokamaks and stellarators). This technique, based on the use of spectral
line emission (line intensities, line shapes or both), allows the deduction of one or several plasma parameters like the
ion, electron or/and neutral densities and temperatures. Recently measured lithium-like carbon lines have been used
to obtain the electron density and temperature of the emissive plasma region in the tokamak where high-electron
densities up to 10”2 m™ have been deduced near the X-point region for detached plasmas [1]. Such a high electron
density has to be confirmed by other independent methods. For that purpose, we propose to use line broadening to
diagnose the same emissive plasma. In this paper, profiles of C IV n=5-6 (. = 4658 A) and n=6-7 (), = 7726 A) lines
are computed for plasma conditions of tokamak divertors (Ne=10"-10"> m™, Te=1-10 eV) in order to be compared to
the measured spectra. Comparisons between experiments and calculations are promising [2] and encourage fitting of
various experimental data from JT-60U and other magnetic fusion devices. A study of the broadening mechanisms
affecting lines emitted by carbon at different ionization stages and a discussion concerning their use for diagnostics
purposes will be presented. Our results are based on calculations made with a modified version of the PPP line shape
code [3] using an atomic data basis built with the most accurate available data for carbon [4-5] in addition to the

Cowan’s code [6]
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ABSTRACT

Radiative properties of hot dense plasmas remain a subject of current interest [1, 2] since they play an important
role in the inertial fusion confinement (ICF) research as well as studies in stellar physics. In particular, the
understanding of ICF plasmas requires emissivities and opacities both for hydro-simulations and diagnostics [3]. The
first step on the calculation of plasma radiative properties is the computation of the required atomic data. However,
this is a complex task since the number of the atomic levels involved, and therefore the amount of atomic data to
obtain is huge and approximations must be made in order to include. Due to this fact, the calculation of plasma ion
populations and radiative properties is still an open question and continuous efforts are made to develop new models
and numerical codes that improve the currently available ones.

Recently, it has been developed at the University of Las Palmas de Gran Canaria a computation package
composed by two codes called ABAKO [4] and RAPCAL [5] that calculate atomic data and plasma level
populations (ABAKO) and radiative properties such as opacities, emisivities, intensities or radiative power losses
(RAPCAL) for optically thin and thick plasmas, both under LTE and NLTE conditions. In particular, plasmas of
elements such as carbon, aluminum, argon, iron, krypton, xenon and gold have been studied in several plasma
situations (Corona, NLTE or LTE, optically thin and thick,...) and density and temperature conditions, obtaining
accurate results. In this work ABAKO/RAPCAL code is described and some applications of this code to analyse
experimental spectra are showed.
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Line shapes and opacity studies in divertor plasmas
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Some recent investigations have been made on radiativeféraim magnetized fusion devices. In the edge of
several tokamaks, the so-called divertor region contaioslé and dense plasma in recombining regime (typically
Te <5 eV and N > 10" cm~3) which is affected by important radiation trapping at frequies near the Lyman
lines of the hydrogen isotopes. Opacity effects have beperarentally measured, in particular in Alcator C-Mod
[1] where the high gas density (up to *Pcm~3) leads to very efficient photon absorption. Such effectsadse
expected in the plasma of the ITER divertor because of itgelaizex density values [2]. The main consequence of
the opacity is that the plasma ionization-recombinationildarium is modified. The photon absorption provides an
additional source of excited atoms and thus contributesrtigzation, whereas the produced additional electronslenta
significant additional source for recombination. The dBexf opacity on the ionization-recombination equilibriane
currently studied by solving collisional-radiative maoslebupled to the radiative transfer equation [3]. This rezgui
the knowledge of detailed expressions for the line shapkighmare as accurate as possible to increase the reliability
of simulations. In this work, we consider the line shape n®ddnich are used in the transport code EIRENE [4, 5]
and we discuss the role of the main broadening mechanisntseabtsorption efficiency: Doppler, Zeeman and Stark
effects. The influence of these broadening mechanisms ésfigated in term of the photon transmission factor [6],
defined ag (a,Q) = [ dwp(w, Q) exp(—x (w, Q)a). This quantity gives a measure of the efficiency of the atizm p
process in an optically thick medium, for a pencil of radiatcovering the distanca in the directionQ: one has
T(a,f)) =1 in case of no absorption, 0 in case of a purely opaque medibmintegral is made over the frequencies
w, p(w,Q) is the normalized line shape, aydw, Q) O Ng(p(w,fz) is the extinction coefficient, proportional to the
line shape and to the densNy of the absorbers in the considered energy level g. We contsiddirst lines of Lyman
series since those are the most opaque in fusion plasmas b&tadening is described within the impact assumption
for both electrons and ions. Non-impact effects, which aqmeeted for the ions at high density [7], are retained by
using effective widths obtained with the numerical simigiatmethod. We discuss the influence of Stark effect on
the opacity. Progress on the calculations of the phototatkan rate in realistic cases with the code EIRENE will be
reported.
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Measurements of magnetic and electric fields in turbulent pdsmas
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A fundamental problem common to many studies in the field aipla physics, both in laboratory and in space,
is the interaction of pulsed magnetic fields with plasmas physics of laser-matter interaction, z-pinches, wire ex-
plosions, plasma switches, tokamaks, sunspots and flangssreova remnants, and collisionless shocks are examples
where magnetic fields play an important role in the plasmadyos and in the energy balance of the system.

A major difficulty in analyzing the interaction of plasmagthwintense, pulsed magnetic fields results from the fact
that the system usually becomes unstable (e.g., RaylagloiTinstabilities) and a dynamic, turbulent state deps)o
encompassing a wide range of scale lengths. Plasmas admiakscale lengths, which can each support a different
type of turbulence. There are also various gradients, waiehthe source of free energy of the turbulence. A very
common energy source is the density gradient in the presdrageeffective gravity, which could occur due to plasma
acceleration or magnetic-field-line curvature. Theseainitities often affect both the plasma motion and the magnet
field, and themselves become a source of fluctuating eldixhits.

The electric fields play a crucial role in the interaction loé tmagnetic field with the plasma. The electric field
transfers energy to the current-carrying plasma (the Joedging), the electric field that is generated by the space-
charge separation due to the magnetic field acceleratesiiBeand the Hall electric field may induce the magnetic
field penetration into the plasma.

While the macroscopic interaction scale, as described bypNkHgenerally observable, short wavelength MHD
turbulence or Hall-MHD turbulence (see for example, [1]hieh typically occurs on the ion skin-depth scale, are most
difficult to investigate experimentally. Indeed, while neirous theories and numerical simulations on this subjers we
published, the experimental work is usually limited to ptwenological description by imaging, without obtaining
the plasma or the magnetic field properties that are essétianderstanding the turbulence and testing the various
theories. Thus, the influence of the small-scale turbulendbe macroscopic evolution of the system is an unresolved
issue (e.g., [2]). Yet, it is thought to play a crucial roletfire conversion of the magnetic energy into plasma kinetic
energy, heat and radiation (e.qg., in z-pinch [3] and in sj4cé&]), as well as in the magnetic field penetration into
the plasma (e.qg, [6]). Any significant progress in the fieldil@aequire attacking the problem of the lack of detailed
experimental data on turbulence, and in particular on seealle turbulence.

Evidently, if the space or time scales of the turbulence a&sohd the resolving capabilities, the electromagnetic
fields may have various directions and amplitudes in theoregiewed, or the field direction and amplitude may vary
significantly during the time of observation.

Consequently, magnetic-field diagnostic methods that asedb on detecting an anisotropy in either the emitted
radiation (the Zeeman effect) or in the dispersion propsmif the medium (the Faraday rotation) are either inappli-
cable or provide ambiguous results for such [quasi-Jigotranagnetic fields. Instead, an approach for measurements
of magnetic fields, based on the comparison of the magnetit-fiduced contributions to the line shapes of different
fine-structure components of an atomic multiplet, was psegand experimentally demonstrated [7]. Contrary to the
methods based on detecting an anisotropy in either theeghmatliation or in the dispersion properties of the medium,
the present method is applicable when the field directiompléude vary significantly in the region viewed or during
the time of observation. The technique can be used even hledimeé shapes are Stark- or Doppler-dominated.

Similarly, the electric fields associated with the turbtilenturbulent-like plasma motion tend to be difficult to
measure unambiguously, since they may have no preferrectidin and have a distribution of magnitudes and a wide
frequency spectrum. Indeed, these properties make itwliffic distinguish the Stark effect of such fields from that
of the plasma microfields (produced by the thermal motionla$ma particles). We will describe a method based on
laser spectroscopy combined with plasma doping, whiclwallimr such electric-field measurements using a dipole-
forbidden emission-line shape. It was applied to a 3D-kesbinvestigation of the time evolution of electric fields in
plasmas under high-current pulses [8].
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Spectroscopic Modeling and Characterization of a Collisinally Confined
Laser-ablated Plasma Plume
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Plasma plumes produced by laser ablation are an establisbtubd for manufacturing the high quality stoichio-
metrically complex thin films used for a variety of opticahqioelectric and superconducting applications. The state
and reproducibility of the plasma close to the surface ofitreiated target play a critical role in producing high
quality thin films. Unfortunately, this dense plasma hasdnisally eluded quantifiable characterization. The diffi-
culty in modeling the plume formation arises in accountiogthe small amount of energy deposited into the target
when physical properties of these exotic target materigsat known. In this work we obtain the high density state
of the plasma plume through the use of a novel experimengatsgscopic technique and a custom spectroscopic
model[1]. Besides obtaining detailed temperature andijepsofiles, issues regarding line broadening and opacity
for spectroscopic characterization will be addressedhisrunique environment.
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Abstract

Oscillator strength is a very important atomic parameter but its experimental
measurement is usually difficult. There are only fewer experimental efforts that have
been devoted to determine the oscillator strength of lithium'. The oscillator strength
distribution in the discrete and continuous regions of the spectrum of lithium has been
determined by employing the saturation technique® in conjunction with a thermionic
diode ion detector. The photoionization cross section from the 3s *S excited state at the
ionization threshold has been determined by the direct absorption of the 614 nm laser and
also from extrapolating the photoabsorption cross sections measured for eight transitions
of the 3s %S — np ’p (n =14, 16, 18, 20, 22, 24, 26, 28) Rydberg series. The average
value of the photoionization cross section measured at the ionization threshold has been
used to extract the f-values for the 3s S — np “P Rydberg series of lithium from n = 14
to n = 56. The discrete f~values also depend on the line width and the relative intensity of
the observed spectral lines. The Rydberg series was carefully recorded to avoid stark and
power broadening of the lines. The measured f-values of the observed Rydberg series
decrease smoothly with an increase of the principal quantum number. The oscillator
strength densities in the continuum region have also been determined from the measured
values of the photoionization cross section from the 3s °S excited state at four ionizing
laser wavelengths above the first ionization threshold. Continuity has been found between
the discrete and the continuous spectrum across the ionization threshold. This technique
has been employed to determine the oscillator strength distribution in helium®.
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A portion of the 3s %S — np °P (24 < n < 56) Rydberg series of lithium
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Mathematical expression for oscillator strength measurement?

n +
f. = 4e,meS" A o(A") f,, - oscillator strength for Rydberg transitions
n 2 o+
e S" 4, O'(/T) - photoionization cross section at the threshold
df n’ £, A" - wavelength of ionizing laser corresponding to threshold
d_E = 2R A, - wavelength corresponding to nth transition of a Rydberg series
df S" - integrated ion signal intensity for the nth transition

L =911x10"6(E) cm™.(eV)!
1B o(E) (eV)
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Experimental Stark Widths and Shifts for Spectral Lines of
Neutral and Ionized Atoms

(A Critical Review of Selected Data for the Period 2001 through 2007)
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SUMMARY

A critical review of the available experimental data on Stark widths and shifts for spectral lines of non-hydrogenic
neutral atoms and positive ions has been carried out. The review covers the period from 2001 through the end of
2007 and represents a continuation of earlier critical reviews up to 2000. Data tables containing the selected
experimental Stark broadening parameters are presented with estimated accuracy. Guidelines for the accuracy
estimates, developed during the previous reviews, are summarized again. The data are arranged according to
elements and spectra, and these are presented in alphabetical and numerical order, respectively. A total of 41 spectra
are covered. Comparisons with comprehensive calculations based on semi-classical theory or on semi-empirical
method are made whenever possible, since the comparison with theory has often been a principal motivation for the
experiments.

The 2008 edition of "A Critical Review of Selected Data" continues the material already published in the Journal of
Physical and Chemical Reference Data in 2002'. The data collected for the period from 2001 through end of 2007,
has been evaluated and included in the present edition

The source of literature references has been the Aromic Spectral Line Broadening Bibliographic Database® and the
data bases “BiblioPlanet ERLWebspir” of “I'Institut de 'Information Scientifique et Technique” (INIST).

This tabulation is a continuation of a series of critical reviews and tables on experimental Stark broadening data for
spectral lines of non-hydrogenic atoms and ions which started in 1976>* and continued in 1984>°, 1990” and 2002'
Generally, we have adhered to the format of the previous reviews, and we have subjected the data again to the same
evaluation criteria as established earlier.

Our main source of literature references has been the master file* of the Data Center on Atomic Line Shapes and
Shifts at the National Institute of Standards and Technology (formerly the National Bureau of Standards), the
“Bibliography on Atomic Line Shapes and Shifts*” and the Digital Library for Physics and Astronomy9 (ADS).

That issue of the critical review has been accepted in “New Astronomy Review”. Improvements in the experimental
methods will be underlined in the present contribution, as the astrophysical interest'®'" of such Stark parameters
measurements.
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Anomalous broadening of hydrogen Balmer lines in electrichgas discharges

N. Konjevic and N. M. SiSo\i
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ABSTRACT

It is well known that in a low pressure gas discharges thetreledemperaturde is much larger than temperature
of heavy particledh, like molecules, atoms and their ions, ilg.>> Tp. This is the consequence of a small mass
of the electron and its electric charge. It was shown in 19®4vever, that excited hydrogen atoms with Doppler
temperatures exceedirig more than two orders of magnitude exist in a low-pressuréowotathode (HC) glow
discharge (GD) operated with a hydrogen or with noble gatrdtyen mixtures [1]. For the studies of this phenomenon,
apart from various types HCGD, other low-pressure eledischarges were used as well. Fast excited hydrogen
atoms moving towards and from the cathode are detectedrals@lan- parallel electrode GD, Townsend discharge
with plane parallel electrodes, plane cathode-hollow an@® with different cathode materials in hydrogen and in
hydrogen containing gas mixtures. The discharge was rumdiiiect current or in radio frequency mode. In all these
experiments high-energy excited hydrogen atoms with éegrgnging from several tens up to several hundreds eV
were detected by means of Doppler spectroscopy of the Bdinesy. Due to exceedingly large line broadening the
name anomalous, excessive or excess Doppler broadeniagdsmrelation to this phenomenon. Recently, group of
authors detected anomalous broadening of the hydrbigeline in a microwave induced discharge but the findings
of another experiment did not confirm this result. Comprashenbibliography of anomalous broadening studies of
hydrogen Balmer lines in gas discharges is reported in [2].

Similar hydrogen Balmer line shapes were detected in the eslgjon of plasma fusion devices. The reason for the
similarities between discharge and fusion edge plasmaatek that the sheath potential at the edge close to limiter
surface of fusion plasma plays the role of cathode sheatbnmegyas discharges, enabling similar collision processes
of molecular ions in matrix gas. In spite of apparent sinitilzs with tokamak or stelerator spectra, there are also
important and significant differences between gas disasaagd fusion plasmas where strong magnetic fields are
present and therefore, In addition to Doppler broadenimgZeeman splitting is superimposed as well.

According to so called "plasma sheath-collision model’5]3he explanation of an anomalously broadened part
of hydrogen line profile is related to the hydrogen atomic arudecular ions i, ng anngf) present in discharge
under the typical discharge conditions. In the cathodetbhegion the accelerated ions exchange electric charge wit
hydrogen molecules and, as a result, fast neutrals and sluseippear:

(H™)¢ + (Ha)s — Hf + (H )s
(Hy)¢ + (Hz)s — Hf +Hi 4 (Hy)s
(H3 )¢ + (H2)s — Hf + (H2) ¢ + (Hy )s

where f and s denote fast and slow particles, respectively.shown that the particlesi(",H, andH; ,H, andH)
having energies of the order of magnitude of B¥ are back scattered from cathode in the form of fast hydroge
atoms H [6]. The number and the energy of back-scatteredsattepends upon the cathode material, while their
spatial distribution is proportional to c8s where8 is the angle in respect to the axis perpendicular to the datho
surface.

The main sources of fast excited hydrogen atoms-areand H3+ ions (exhibit an asymmetrical charge-exchange
reaction in collisions witiH,), which are, as a consequence of relatively low cross-@esfior collisions, efficiently
accelerated towards cathode. On their way to cathode, sbiinese ions collide with the matrix gét, producing fast
exited neutral$i*. The rest of accelerated ions reach the cathode where thiahee, or neutralize and fragmentize.
The back-reflected particles from the cathode are fast Hatbracted back to discharge. After collisions of these fast
H atoms withH, and/or with other discharge constituents, fast exciteddyeh atoms1*, are produced also. Thus,
the fast excited hydrogen atoms moving towards and fromdfteocle are detected in different discharges by means
of Doppler spectroscopy of Balmer lines.

It should be pointed out that, apart from the anomalous keiag) other broadening mechanisms exist and the shape
of hydrogen Balmer line emitted from low pressure gas digghaxhibits multi-component behavior. The origin of
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the narrowest and medium width part of line profile is reldtethe dissociative excitation and dissociative ionizatio
with excitation, respectively. Both processes are indumyeélectron collision with hydrogen molecule.

This paper reviews research activity in the field of anomalmeadening of hydrogen Balmer lines in gas discharges

operated with hydrogen isotopes and their mixtures withtigases. The emphasis will be on recent studies of
anomalous broadening and its potential for application.
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The study of the local stochastic electric fields at neutrall@rged points in an homogeneous infinite plasma is
of interest for several domains. For instance they can bé asexternal perturbations within semiclassical models
designed to synthesize line spectra for diagnostic pusdse, 3, 4]. This work addresses the simpler problem of an
hydrogen plasma and the analysis of the local field at nepdiats.

The mass ratio between electrons and protons results is fisldlving both fast and slow fluctuations characteris-
tics. In order to analyze the statistical properties of¢feddds, a couple of components, a slow-fluctuation compionen
(S) and a fast-fluctuation component (F) is introduced,

E(t) = Ee(t) +E; (t) = Eslow(t) + Efast(t)v (1)

whereEe andE; are the fields due to the electrons and ions, respectivedy, atbitrary neutral point. Our objective is
to suggest a natural definition of the slow and fast compa®niject to the constraints 1) their sum must be the total
field, 2) they must be statistically independent and theard@he their statistical properties.

Years ago, S and F components have been defined in well kndistes(5, 6] (BMHH). The present work exploits
two component plasma molecular dynamics simulations (NID) of a partially ionized hydrogen plasma.

Different plasma conditions have been considered correfipg toa = 0.8, a = 0.6 anda = 0.4, wherear =rg/Ap
is the parameter introduced in BMHH. MD simulation providaseans of direct access to the local ion, electron and
total fields at neutral hydrogen atoms. An example is showfigome 1.

,,,,,,,, ionic field
electronic field
—— total field

-50

T T T T T
0.00E+000 1.00E-012 2.00E-012

time (second)

FIGURE 1. Example of electric field obtained by MD simulation for= 0.8
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The results presented in this work, are based on the analfygig stochastic fluctuations of sums and differences
of the ionic and electronic local fieldg;(t), E¢(t) and the time averaged electron field

1 rAt/2 -
Eelln = oy | pEelt -t @

The mean electronic fielde(t),, calculated on variable periods of timét, can be considered also as a simple
measurement device, with variable response time, avegagihon the fast fluctuation of the total field due to the
electrons. Accordingly, the slow component is defined askhely varying ion field plus the residual slowly varying
mean electron fielEga (t) = Ei(t) + Ee(t),. The fast component is the remaindgg (t) = E(t) — Egat(t) =
Ee(t) — Ee(t) -

In Fig.2 three field correlation functions have been plotiadhe same graph in units of (electronic characteristic
time), for the caser = 0.8.

time/re

FIGURE 2. Field correlation functions folr = 0.8: (Ee(0).Ee(t)), (circles); (Er at(0).EFat(t)) for At = 0.41¢ (crosses);
exponential fit (dash line)E;(0).Ee(t)), (black circles).

Clearly, in the framework of two component plasmas, thetedecfield appears inappropriate to represent the F
component as the corresponding field correlation functiamifestly shows a slow de-correlation due to electron-
ion coupling mechanisms [8, 9], implying a statistical degency between ion and electron fields. In contrast, the
correlation ofEr s (t) with At = 0.47¢ is lost over a time< Te. The definitions for the S and F components depend on
At. It will be understood that the fast and slow charactessticfields can get a more precise meaning by comparison
to an additional time connected to some physical process, e.g., the relaxatiarptafsma density fluctuation or the
relaxation of an atomic radiation due to atom emitters ingleekin the plasma.
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Kinetic Theory for Electron Dynamics Near a Positive lon

James W. Dufty and Jeffrey Wrighton
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The structure and dynamics of electrons near a positivefioharge number Z is important for both center of mass
motion (transport, stopping power) and spectroscopy (ireadening). A semi-classical description is considered
using regularized electron - ion interactions. A formalkaet kinetic theory for electron correlations near the ion
is approximated by its exact form in the short time limit. THesulting Markov kinetic equation is solved in terms
of an effective mean field single particle dynamics and dyinahscreening by in an inhomogeneous electron gas
random phase approximation with "local field correctiof¥actical applications are illustrated by calculating Zhe
dependence of the electric field autocorrelation functaond showing its dependence on bound and free electron
configurations. The results here generalize recent stytlje2] to strong electron coupling and a wide range of
correlation functions.
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Advanced X-ray Spectroscopy of Hot Dense Plasmas:
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High-resolution x-ray spectroscopy is capable of providing complex information on environmental conditions in
hot dense plasmas. Benefiting from application of modern spectroscopic methods, we report experiments aiming at
identification of different phenomena occurring in laser-produced plasma. Fine features observed in broadened
profiles of the emitted x-ray lines and their satellite structures are interpreted using two-dimensional simulations of
the plasma evolution and theoretical models predicting spectra modification under diverse experimental situations.

DIAGNOSTIC POTENTIAL OF HIGH-RESOLUTION X-RAY SPECTRA

Diagnostic applications of x-ray spectroscopy [1] provide comprehensive information on environmental conditions
and processes accompanying creation and evolution of moderately or strongly coupled plasmas. The standard
diagnostic methods profit from relatively simple atomic models describing the spectra that arise from transitions into
K-shells [2]. In addition to the widespread investigation of the macroscopic plasma parameters (density, temperature,
ion velocity and charge state distribution) based on intensity ratios and widths of the emitted resonance lines, a
diagnostic potential contained in precisely measured spectral line profiles (their frequency shifts, detailed shapes, and
accompanying satellite structure) provides complementary information on phenomena occurring in hot dense plasma.

The role of dielectronic satellites in spectroscopic diagnosis of laser produced plasmas has been analyzed, e.g., in a
review paper [3] where various plasma processes were correlated with different channels for the satellite excitation
and decay. Here we report three different experiments in which the high-resolution investigation of the satellite-rich
emission spectra was of paramount importance. To elucidate the used experimental approaches, first we provide a
brief survey of advanced spectroscopic methods and define their limits. Then we interpret precise spectroscopic data
in terms of exchange energy shifts in dense plasmas, ion collisions and trapping at laser-irradiated double-foil targets,
and appearance of electric-field-induced satellites in the x-ray line profiles.

SPECTROSCOPIC PRINCIPLES AND EXPERIMENTAL LIMITS

High-resolution x-ray spectroscopic methods of the plasma diagnosis are mostly based on crystal analyzers. We
briefly discuss the basic principles applied in a design of advanced spectroscopic schemes [4] and derive the main
characteristics of the instruments used in the reported experiments (the vertical-geometry Johann spectrometer with
the cylindrically bent crystal, the spherically bent crystal spectrometer with the out-of-Rowland circle position
providing 2D images of the plasma sources, and the toroidally bent crystal spectrometer). In the same time, we
present practical conclusions concerning the attainable spectral (/A ~ 10*-10%) and spatial (<10 pum) resolution,
collection efficiency, precision of the intensity measurements, reliability and reproducibility of the spectral records.

SELECTED APPLICATIONS

The first reported experiment concerns identification of the density- and temperature-dependent spectral line shifts
in emission of Al Hea group from constrained-flow laser produced plasma [5]. The high-dispersion time-integrated
spectra covering the resonance and intercombination lines were collected at the LULI ns-laser. The complex spectral
profiles modified by the satellite formation, line broadening, and frequency shifts were decomposed into individual
pseudo—Voigt components by using a problem—dependent genetic algorithm. We have demonstrated that the rigorous
spectra fitting must be based on anticipatory theoretical knowledge of the dielectronic satellite structure. Assuming
the aggregate plasma—induced shift of the parent lines and their satellites, the analysis of the spectral profiles
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revealed systematic red shifts of the resonance and the intercombination lines comparable with predictions of the
atomic data and spectral line shape codes. Differential shifts of these lines result in small variations of the exchange
energy (EE), i.e. the separation between the singlet and triplet energy levels. The trends in the observed density-
dependent decline of the EE agree with theoretical predictions, its magnitude is, however, by one order of magnitude
larger than predicted. Conclusive verification of this effect requires further experiments with higher-density plasmas.

The second experiment performed at the PALS laser was dedicated to the investigation of plasma clouds collisions
and ion trapping at laser-irradiated double-foil targets [6]. Colliding plasmas produced at single-side irradiated
Al/Mg targets represent a well-defined model environment for studying the plasma wall interactions. The front Al
foil burns through before the laser pulse maximum, thus the forward—accelerated Al ions are not trapped by the cold
Mg foil but collide with the Mg plasma. The complex dielectronic satellite—rich structure observed in emission
spectra of the Al Ly« group is discussed in terms of interaction of counter—propagating plasmas, in particular
trapping, deceleration and thermalization of the Al ions close to the Mg foil. The qualitative analysis of the observed
spectra is supported by the 2D hydrodynamic modelling of the expanding plasma. Prospective use of the J—satellite
line shifts in diagnosis of colliding plasmas is envisaged.

The last reported experiment bears on rather controversial topics, namely demonstration of the presence and
unambiguous interpretation of electric-field-induced satellites in x-ray lines emitted from hot dense plasmas. The
single-frequency electric fields associated with electron plasma waves (Langmuir oscillations) or externally
introduced (laser) fields may substantially modify the energy level population and result in an appearance of local
extremes (dips and peaks, so-called plasma or laser satellites) in spectral line profiles [7]. Recent experiments [8, 9]
performed with the single laser beam irradiated gas-jet and solid targets revealed line shapes with regular intensity
modulations ascribed to different parametric driven instabilities. In experiments realized at the IOQ Ti:sapphire laser
JETI (1.2 J, 800 nm, 12.5 ps), the laser beam was split into two beams: the first beam introduced to the interaction
chamber (5x10" W/cm?) was focused to a flat tip of the roof-shaped Al target thus creating the expanding plasma,
the second temporally synchronized beam (1.1x10'¢ W/cm?) was hitting the plasma transversally. The plasma
emission was observed using the toroidally bent crystal spectrometer combined with the CCD camera. The spectra
were taken in single shots, the spectral range covered was sufficient to study the full profile of the Al Hef emission.
The perturbing external electric fields modifying the plasma environment in the vicinity of radiators were varied by
changing the time delay between both beams (30-80 ps) and the distance above the target where the transversal beam
hit the plasma. The recorded spectra display distinct modulations due to the action of the perturbing beam; the line
profiles vary with the delay of both laser beams and with the distance above the irradiated target. The interpretation
of these modulations was based on extensive plasma and atomic simulations. The temporal distribution of the plasma
parameters was modeled by 1D and 2D hydrodynamic codes. The transverse electric field strength distribution was
derived from kinetic simulations using the 1D PIC code. Finally the detailed spectral line profiles were synthesized
using the nonperturbative Floquet treatment of the external oscillating field previously suggested for hydrogenic ions
[10]. Using this approach, a very good fit between the experimental results and synthetic spectra has been achieved.
Practical conclusions following from these experiments and their theoretic interpretation are discussed.
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Contour shape analysis of hollow ion x-ray emission
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Hollow ion emission (e.g. RLN — KILN-1 4+ hv,) has been of great interest for atomic physics research and
interaction experiments of ion beams with surfaces andeaisifiave been performed to provoke their x-ray emission
under low density conditions [1, 2, 3]. More than about 2 desdater, HI emission has been observed in a Mega-
Ampére Z-pinch [4] and also in a few visible and IR laser proghliplasmas [5, 6].

Although at present HI emission in dense plasmas is stilf@ohservation, their emission is of fundamental interest
because of their outstanding properties: low opacity enesuper-dense plasmas, extremely short emission (some
10 fs) to probe high density signatures only [7, 8]. Howevkeir large intensities as observed in dense laser
produced plasmas are still not explained in a satisfact@ymar and ab initio simulations show order of magnitudes
discrepancies. We begin the study of hollow ions with thdyaisof their line width and line intensities. Under real
experimental conditions, the contour shape of a certaifigamtion (e.g. RL3 — K'L2+ hvy) depends not only

on the Stark effect but also on the precision of the line aeptssition and the number of levels incorporated in
the simulations. First simulations of the hollow ion x-ragntour shapes are presented. The implications for atomic
physics research, atomic kinetics, diagnostics and deisge produced plasma experiments with free electron x-ray
lasers will be given.
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Laser Satellites:
a New Method for Diagnosing both the Laser Fields and Opacities

Eugene Oks
Physics Dept., 206 Allison Lab., Auburn University, Auburn AL 36849, USA
The topic "Laser-induced satellites" is currently experiencing a surge of interest because new, more precise
experiments are ongoing in several experimental groups. The primary challenge in the theoretical interpretation of
these experimental results is the following. There is an interplay of the laser field and of the opacity in such a way

that one and the same experimental spectrum could correspond to different pairs of the laser field and of the opacity.

We present a method to uniquely determine both the laser field and the opacity from the experimental spectrum.



40 09

Experimental characterization of the asymmetry and the dip form of the Hg-
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An experimental study on the asymmetry of the Balmer Hj profile in plasmas produced by
microwaves at atmospheric pressure is presented. The study is based on the definition of several functions
that quantify the asymmetry aspects of the profile. The study shows the experimental dependence of these
characteristics on the electron density and control parameters such as the gas flow and the hydrogen
admixture ratio. The possible use of these newly introduced profile characteristics to plasma diagnosis is
discussed.

The broadening, shifts and deformations of spectral lines emitted by plasmas have been widely
studied in the past [1-4], but since many aspects of this field of plasma spectroscopy are still not fully
understood, many investigators continue with performing experiments and/or developing computer
models of line shapes. The spectral line studied most extensively in the past is the Hj line of the hydrogen
Balmer series especially in relation with its function in plasma diagnosis. The width of the Hj line is a
rather well-known function of the electron density and only weakly depends on the electron temperature.
However, apart from the line width H; has several other features that can globally be divided in its
asymmetry and the presence of a central dip. These features have been and continue to be studied and
measured by various groups [3-5]. Most of the experimental and theoretical studies on the asymmetry of
the hydrogen spectral lines has been made up for plasmas with electron densities equal or higher than 10*
m™ [6-8] for which one expects this asymmetry to be appreciable. The objective of this work is the study
and characterization of the Stark asymmetry and dip formation of the line Hy at lower electron densities,
i.e. in the order of 10*' m?, and to investigate whether the behaviour of the asymmetry and dip-formation
follows a tendency that is consistent with the plasma characteristics. This could point towards new
possibilities for plasma diagnosis and might give guidelines for the future theory formation.

The reasons behind the asymmetry and dip formation are not well studied yet. Up to date, the
most efficient Stark-broadening models in plasmas have been developed with the help of micro-field
theories (or micro-field model methods, MMM), either by means of theoretical calculations or by means
of computer simulations. But, from the first broadening theories of spectral lines until the modern models
that include the effect of the ion dynamics, only the terms of first order in the perturbing electric field
have been taken into account. As a result the linear Stark effect, - with or without ion dynamics -, only
generates symmetric profiles without shift. Therefore, to be able to generate profiles that include the
aforementioned asymmetry as well as the central-wavelength shift, it is necessary to include terms of
higher orders in the calculations.

The mechanisms that might be capable to explain the appearance of the asymmetry and shift of
spectral lines are: the quadrupolar effect in the ion-emitter interaction that generates in-homogeneities or
gradients in the field, the quadratic Stark effect that produces the mixture or quenching of atomic levels
with different principal quantum numbers, the inclusion in the calculations of the fine structure and the
correlation effects among ions. But not all these effects have the same importance: they depend
differently on the plasma conditions and seem not to have the same influence on the shift of the line and
its asymmetry. Different measurements and theoretical calculations on the Hj line shift can be found in J
Halenka et a/ [9] and Z Mijatovic et al [10].

At present, there is no complete model available that fully describes the asymmetry in the
profiles as a function of the electron density and temperature. But it is possible to find some studies in
which calculations and partial corrections on the current theories of the Stark broadening are carried out,
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where the asymmetry for some concrete profiles is obtained. We can highlight in this sense the works of
S Djurovic et al [5], S Sorge et al [8], C Stehle ef al [11] and Halenka et al [12]. The improvement of
these models is going on at the moment and new detailed experimental data might contribute to the
further development of broadening models.

This experimental study is intended to get more detailed information on the asymmetry on the H-
beta profile and the dip formation. In that way we might give support to future theory formation. The
study will be guided by the introduction and the study of seven functions that quantify the asymmetry and
the dip-form. Three of these functions are used to study the flanks of the profile, including the wings; the
other four are constructed to study the inner part of the profile, i.e. the central valley or the upper region
where the dip is situated in between two peaks (it is normal to term the whole central valley as dip as
well). The performance of these functions will be investigated by employing them to various profiles as
obtained in several experimental conditions. These are obtained by changing the gas flux and the
hydrogen admixture ratio. It will be shown that five of the seven spectral form-functions vary smoothly
with the electron density. The two functions that describe the asymmetry of the dip show much scattering
in their dependence on the electron densities. This points to the effect of the small fluctuations caused by
the plasma turbulences and instabilities.

The asymmetry of the Hjy line has been described in several studies (a good and early example is
that of Wiese [3]) in a qualitative way, and most of the studies report that the blue peak is higher than the
red one, while the red wing is higher than the blue one. Moreover, it is generally accepted that the
asymmetry of the profile becomes higher when the electron density is increased. To make the asymmetry
in the profile quantitative, relevant definitions of line aspects have to be introduced. The FWHM is used
in this study to determine the average electron density of the observed plasma part, which is widely
accepted in plasma diagnosis.

As conclusions, this asymmetry shows a dependence on the electron density and the flux of
gases in the discharge that in general follows clear tendencies, and it has been studied with the help of
some asymmetry functions for the flanks of the profile, including the wings. It has been shown how the
asymmetry of the profiles increases with the electron density in the discharge, which is coherent with the
known behavior for the studied line. With respect to the gas flux influence, a decreasing of the asymmetry
is detected in the central part of the profile when the gas flux is lowered. At gas flux low enough, strange
or anomalous values of the asymmetry have been detected for which the red side of the profile is more
intense than the blue one, contrary to that happens habitually. For the central part of the profile, the so-
called central valley or dip, specific functions charactering its shape have been used. The spectral distance
between peaks, FWPP, and the dip depth, DD, exhibit a clear and bare increasing (quasi-linear)
dependence on the electron density, less pronounced at a higher flux of gas, which is valued as a coherent
tendency. The other two functions comparing the red and blue sides of the profile, i.e. the difference of
intensity between peaks, PID, and the spectral position of the dip, DP, are seriously affected by the
fluctuations in the plasma, although they follow some kind of decreasing dependence on the electron
density at values slightly lower when the gas flux decreases. In some cases, when the gas flux drops
enough, it can end up inverting the normal tendency of the profile asymmetry, giving rise to the so-called
anomalous asymmetry in which the blue peak of the Hj is less intense than the red one.
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Abstract. After an introduction into the specific challenges in the field of diagnostics for ITER (specifically high level of
nuclear radiation, long pulses, high fluxes of particles to plasma facing components, need for reliability and robustness), an
overview will be given of the spectroscopic diagnostics foreseen for ITER. The paper will describe both active neutral-beam
based diagnostics as well as passive spectroscopic diagnostics operating in the visible, ultra-violet and x-ray spectral regions.

Keywords: Plasma diagnostics, spectroscopy, fusion, ITER
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INTRODUCTION

The development of diagnostics for ITER is a major challenge. This is because the measurement requirements are
in general the same or more stringent than on present day devices while the environment in which the diagnostics
have to be implemented is much harsher. Moreover, in view of the key role of many measurements in the real-time
control of the plasma, a high level of reliability and robustness is required.

Implementation of existing diagnostic techniques requires substantial design and in some cases dedicated R&D.
Moreover, some plasma parameters cannot be measured by existing techniques under ITER conditions and new
techniques are required. The starting point in the development of the diagnostics for ITER is to identify and develop
the requirements and their justifications for the large range of measurements. After this, the appropriate diagnostic
techniques can be selected, and their implementation on ITER can be developed, including integration with other
machine and/or diagnostic components.[1]

In this paper a brief overview of the diagnostic challenges for ITER will be given, followed by an overview of the
spectroscopic techniques. Firstly, the use of diagnostics for machine protection and basic plasma control, advanced
plasma control and for physics evaluation will be illustrated along with the associated measurement requirements.
Secondly, the specific environmental effects in ITER will be introduced. These are amongst others related to:

e the high neutron- and gamma flux and fluences which lead to radiation induced effects in electrical and
optical components as well as to nuclear heating;

e the high particle fluxes (e.g. from recombination) on front-end diagnostic components (in particular mirrors)
which lead to erosion and re-deposition;
the long pulse lengths, which demands high reliability of the diagnostics;
the specific properties of ITER being a nuclear device, which complicates maintenance. Diagnostics should
be robust and designed to survive the full ITER life cycle;

e the limited number of diagnostic ports, which necessitates integration of multiple diagnostics in a single port

plug.

Most spectroscopic systems have the technical advantage that signals from a large number of optical observation
lines can be fed to high resolution spectrometers placed outside the biological wall by means of only a limited
number of optical components. The critical element in every optical diagnostic is the plasma facing mirror — i.e. the
mirror close to the plasma. The survival of this “first mirror” is a common critical concern for all optical
diagnostics.[2] The situation is most severe for diagnostics having channels viewing up from the divertor cassettes.
Intensive studies on reflectivity changes due to coating effects by deposition, sputtering of layers by erosion and also
active schemes including shutters and on-line calibration techniques are currently being explored.
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ACTIVE SPECTROSCOPY

ITER will be equipped with two active beam spectroscopic diagnostic.[3] The first of these: Charge Exchange
Recombination Spectroscopy (CXRS) is based on a powerful diagnostic neutral beam (H° or D°), that is sufficiently
energetic to allow penetration into the plasma centre. The diagnostic neutral beam (DNB) of 100 keV/amu and with a
power of 3.6 MW will be injected radially into the plasma.[4] Charge capture between neutral particles from the
beam and fully stripped plasma ions such as He?', C®" or Be*" will lead to excitation of charge exchange emission
lines in the visible spectral range. In ITER two observation ports are envisaged, incorporating in total three periscope
systems viewing the DNB. Each periscope features a fan of observation lines for highly localized measurements
along the outer minor radius of the ITER plasma, that will be imaged onto multi-species spectrometers tuned to
characteristic wavelength regimes covering the main ion species in the plasma.

Modeling studies (c.f. ref. [5]) have demonstrated that the CXRS diagnostic will provide a feasible solution for
ITER, promising adequate radial resolution and the means of measuring ion temperatures, plasma rotation, and the
densities of the main intrinsic impurity ions as well as the density of the bulk ions. The top priority for the CXRS
diagnostic is the direct measurement of thermal helium ash densities. lon temperatures measured by CXRS in ITER
will rely on the evaluation of the CVI charge exchange spectrum,[6] where carbon is an intrinsic impurity with
concentrations of the order of 1% of the electron density. Spectral signal-to-noise numbers in excess of 30 are
expected even close to the magnetic axis with a local electron density of 10*° m?, Feasibility and conceptual design
studies for ITER have shown that the use of high throughput optics, "vertical" observation of the beam and
optimisation of the detection system will result in typical signal to noise ratios of the order of 10 or higher for
helium, beryllium, carbon (as well as deuterium or tritium).[7]

Beam Emission Spectroscopy (BES) will be used in combination with CXRS on the DNB and enables the
deduction of absolute ion densities of the main low-Z contaminants (He, Be, C) in their fully ionized states, from
measured line-intensity ratios.[8] The measurement is based on determining the intensity ratio between lines emitted
by the plasma impurities as a result of charge exchange processes and lines emitted by the beam atoms as a result of
electron impact excitation. BES and CXRS use exactly the same in-port front-end optics, but different spectrometers
to focus on different parts of the spectrum. The ITER geometry and the concept of the combined BES/CXRS system
is presently being tested in a pilot experiment at TEXTOR. [9]

Another active spectroscopy diagnostic is the Motional Stark Effect (MSE) system, based on a measurement of
the orientation of one of the Stark components in the Balmer-alpha spectrum emitted by high-velocity neutral beam
particles passing transversely through the magnetic field. Two schemes for MSE are currently used. One is the
‘conventional’ active polarization measurement of the linearly polarised & or @ components, and the other is a
spectroscopy measurement of the full D, spectrum. Active polarization methods make use of photo-elastic
modulators followed by high étendue interference filters and fiber links. The signal evaluation at the modulation
frequency and its harmonics yields the local pitch angle of the magnetic field. In ITER, in principle both the
proposed heating neutral beams (HNB) and also the dedicated diagnostic neutral beam (DNB) can be exploited as
source for a MSE diagnostic. MSE on the HNB has the advantage of a good plasma core penetration, of passing very
close to the magnetic axis, and to be continuous, but it will only work in neutral beam heated plasmas. MSE on the
DNB is limited by a maximum duty cycle of the order 25% but is available in all plasma scenarios.

To minimize the neutron flux escaping from the ITER device via the MSE viewing periscope, it is necessary to
use at least four mirrors. Because reflections on mirrors are known to alter the initial polarization, it is necessary to
prove that MSE measurements can still be done with a high accuracy.[10]This problem is further amplified by the
presence of layers of deposits on especially the first mirror. To cope with these effects, in-situ calibrations have to be
integrated in the design of the diagnostic, and real time check-up techniques (as the simultaneous measurement of ¢

and 7 lines) are envisaged.[11]

Active spectroscopy for the divertor, in the form of Laser-induced fluorescence, has also been proposed for ITER
to measure concentrations (and temperatures) of impurities in the divertor.[12] Based on a tuneable, narrow band
laser, the system would primarily be devoted to measurement of neutral helium (but other populations such as Ar'*
are also being suggested). The approach considered in more detail so far is based on a 4-level scheme in the He I
triplet system, which would certainly be representative of the population of the metastable state 2 *S. Uncertainties
remain however about the ability to make firm deductions about the total helium population in a medium where
several local parameters will remain unknown or poorly known (e.g. densities of some neutral populations) and
where transit times of neutral atoms across a narrow plasma layer might be comparable to their lifetimes in some
metastable states.
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PASSIVE SPECTROSCOPIC TECHNIQUES

Impurities are intrinsically produced in the plasma as fusion reaction (helium) ash, they can be generated by
plasma wall interaction on the solid surfaces surrounding the discharge, or they can be injected or puffed into the
plasma for performance optimisation or diagnostic purposes. Expected impurities include a wide range of elements
with nuclear charge, Z, ranging from above 70 (as tungsten will probably be used as a constituent material of plasma
facing components) and down to 1 (as the mass-1 isotope of hydrogen is a fusion product that cannot be considered
as "fuel"). Impurities play an important role in all regions of the tokamak from the core plasma to the scrape-off layer
and the divertor plasma. Measurements of their concentration, ionisation and kinetic state in the discharge can be
performed by spectroscopy of the continuum and line radiation, in a wavelength domain ranging approximately from
0.05 to 1000 nm.

The ratio of the Z=1 contaminant, 'H, to that of deuterium and tritium in ITER will be measured at the plasma
periphery by H, spectroscopy. This diagnostic will supply local values of the influxes of the three hydrogenic
isotopes. Because these sources are asymmetric, the ITER monitoring system is proposed to have several viewing
fans with multiple lines of sight aiming at different positions at the periphery of the main plasma.[13]

The effective ion charge, Z., is usually derived from observations of visible continuum emission by filter arrays
observing in a narrow spectral range (about A =523 nm)[14] that is free from spectroscopic line emission.
Additionally, it is proposed to use a few other spectral intervals and also at least a limited number of spatial channels
featuring a good spectral resolution to confirm that the wavelength intervals used are indeed free of line emission.

Much design effort is focused on two classes of vacuum-coupled systems: vacuum ultraviolet (VUV)
spectroscopic diagnostics, mainly using gratings as dispersing elements, and arrays of X-ray crystal spectrometers.
The detection and monitoring of core impurities requires medium-resolution spectroscopy over a broad band between
about 0.1 nm and 160 nm.[15] In the VUV wavelength region, the use of vacuum windows is not practical.
Therefore, these systems will need to be themselves extensions of the plasma main chamber vacuum and be included
in the ITER tritium circuit. Shielding of detectors and matching of the spectrometer apertures with the divergence of
the light beams can be incorporated by employing focusing mirrors under a grazing angle. Beam partitioning and
multiplexing between VUV instruments in a tritium-compatible vacuum system covering different ranges and/or
with different spectral resolving power will be achieved with various kinds of reflectors, as demonstrated during
recent trace tritium experiments in JET.[16] A 6-channel system covering the spectrum between 2.3 nm and 160 nm
is proposed for impurity monitoring in the main plasma of ITER. Additionally an imaging VUV spectrometer has
been designed, to view the outer plasma from an upper port for profile reconstruction in the edge and scrape-off layer
(SOL).

X-ray crystal spectrometers, with high sensitivity and stable calibration, are used to monitor lines and the
associated continuum of the soft X-ray spectrum between 0.1 nm and 10 nm, which contains strong An=1 transitions
of all impurities with Z>4 (Be). Photon-counting, energy-resolving detectors can provide excellent signal-to-noise
ratios. Multi-channel systems exploring the plasma with several neighboring lines of sight[17] and/or imaging
systems[18,19] employing position-sensitive detectors are proposed to deliver spatially and spectrally resolved
information on line radiation from He- and/or H-like states of the various impurities. This information can be
tomographically processed to reconstruct the one-dimensionally space-resolved emission (as well as ion temperature
and toroidal velocity) profiles and hence the concentration of the emitting impurities.

The observation of the divertor with its complex geometry with absolutely calibrated spectrally resolving
instruments is a particularly challenging task. An ITER divertor impurity monitor[20] is proposed featuring many
sight lines from the upper and equatorial ports as well as from a divertor port. Filter spectrometers (with about 300
spatial channels each) are foreseen to monitor 12 emission lines, while low- and high-resolution spectrometers will
supply information on influxes, localisation (e.g. ionisation fronts) radiation, ionisation state and temperature of
impurities and of fuel components.

High-resolution x-ray crystal spectroscopy of impurities is foreseen in ITER for Doppler measurements of Ti, vior
and vy, and the line-ratio measurement of T.. Thanks to recent advances in fast, 2D x-ray solid-state[21] and gas-
filled[22] detectors, it is possible to develop space-resolving high-resolution x-ray crystal spectrometers (cf. ref.
[23]), such that radially-resolved Doppler measurements from such instruments can be expected to become routine.
The present design for ITER is based on this recent progress.[24] The plasma radial profile is viewed by several
imaging crystal spectrometers shared between an equatorial and an upper port. The plasma between ~ 0.75 < r/a <
0.9 cannot be viewed directly with the present ITER port design, and is accessed via graphite reflectors. To
maximize reliability, maintainability and upgradeability, the incorporation of any components inside the port-plugs
has been as much as possible avoided. Detector background measurements obtained during D-T experiments at JET
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indicate that solid-state gas-filled and micro-channel plate detectors can be adequately shielded from the background
radiation expected behind the port plug.[25] Detailed modeling calculations have pointed to helium-like Krypton as
the prime candidate for core Doppler spectroscopy on ITER, due to its almost ideal ionization balance and ease of
injection. The ITER system will be designed primarily for Kr, but is also able to observe Fe with better signal-to-
noise ratio. The He-like Kr and H-like Fe ionization stages are suitable for Doppler spectroscopy in the core, while
He-like Fe and H-like Ar are more suited for observing the outer plasma. The ITER measurement requirements can
broadly be met with impurity concentrations of ~10~n, corresponding to an incremental radiated powers APpq ~
500 kW.

Measurement of the ion temperature in the divertor plasma is challenging. One idea that is explored is to use a
technique similar to that on JT-60U, where ion temperatures in the divertor plasma are deduced from the Doppler
broadening of the (n=6-7) visible CIV line.[26]
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ABSTRACT

In the field of Inertial Confinement Fusion (ICF), work has beensistently progressing in the past decade toward
a more fundamental understanding of the plasma conditiol€F implosion cores. The research presented in
this talk represents a substantial evolution in the abibitgliagnose plasma temperatures and densities, along with
characteristics of mixing between fuel and ablator maleriixing is an important property to study and quantify,
since it can significantly affect implosion quality. We emmpla number of new spectroscopic technigues that allow
us to probe these important quantities in a series of intlideee ICF implosions of Ar-doped andilled plastic
capsules [1]. The first technique is an emissivity analygigch uses the emissivity ratio of the optically thin Arfy
and Ar HeB lines to spectroscopically extract temperature profilelipdved by the solution of emissivity equations
to infer density profiles. The second technique, an intgresitalysis, models the radiation transport through the
implosion core and allows us to extract spatial density andng profiles. We compare the resulting mix profiles
to two independent theoretical mix models, Youngs’ modgaftl the Haan saturation model [3], which were used to
estimate the level of Rayleigh-Taylor mixing in the expegints [4].

We have recently extended our modeling efforts to designdg¥eriments which have varying levels of mix, and
subsequently to extract information on mixing directlyrfrthe experimental data using spectroscopic techniques. Th
experimental design was accomplished using hydrodynamidations in conjunction with Haan’s saturation model,
which was used to predict the mix levels of candidate expemial configurations [5]. These theoretical predictions
were then compared to the mixing information which was ext&é from the experimental data, and it was found that
Haan’s mix model performed well in predicting the percestafithe core radius that comprises the mixing layer. With
these results, we have assessed the range of validity adittpre capability of the Haan saturation model, as well as
increased our confidence in the methods used to extract gnixiarmation from experimental data.

SPECTROSCOPIC MODELING TECHNIQUES

Spectroscopy has been used extensively in the field of &h&tnfinement Fusion (ICF) as a powerful non-intrusive
diagnostic tool. It provides a method for the characteioredf plasma conditions such as temperature and density, as
well as mixing between ablator and fuel material.

Spectroscopic methods have evolved with the goal of deténigpthe structure of implosion cores using Ar emission
as a diagnostic tool. These techniques initially focuseiti@mpreting the line spectrum comprising the ArfHand Li-
like satellites, along with the associatedfHearrow-band image [6, 7]. More recent advances in diagnestiipment
and analysis methods have made it possible to unfold théaspdbrmation contained in spatially-resolved Ar By
and He8 narrow-band images [8, 9].

This work focuses on indirect drive Ar-doped implosions inigh Ar Ly (1s— 3p), Ar Hep (18> — 1s3p), and Ar
Lya (1s— 2p) narrow-band images were recorded. Using special geaw@nisiderations, it is possible to construct
intensity and emissivity maps which can be translated enepterature and density maps of the core.

This talk will focus on the determination of temperature dedsity spatial profiles using several novel techniques
of spectroscopic modeling [1], as shown graphically in BigThe first method, an emissivity analysis, enables the
extraction of a temperature profile using the emissivityoraf the Ly and He8 lines. The second spectroscopic
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EXPERIMENTAL DATA : TEMPERATURE PROFILE ANALYSIS :
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FIGURE 1. Experimental data, in the form of B/and Hg8 narrow-band images, are Abel-inverted one column at a tone t
produce emissivity profiles. These emissivities are theal iis an emissivity analysis to extract the temperaturelprdfi(r). The
experimental emissivity and intensity, along with the temapure profile, are used to calculate the densiggr)Nand mixing,y(r),
profiles through a set of two equations with two unknowns.

technique, an intensity analysis, involves calculatirggdbnsity profiles by solving a set of nonlinear discretepant
equations which represent radiation transport througbkdhe. The equations can be solved either in the opticalty thi
approximation or including the effect of opacity. In additj a mixing term can be included in the transport equations
and can be used to extract spatial profiles of mixing betweehand ablator materials.

EXPERIMENTAL DESIGN

The ultimate goal of our recent experimental design effaswo facilitate a more complete understanding of the
mixing process by validating both experimentally- and tie¢ioally-based mix diagnostic tools. An important outeom
of the work is an assessment of our ability to predict thereod& mix in ICF experiments by using a combination of
hydrodynamic simulation post-processing and off-line mixdeling.

Theoretical mix modeling was usedpriori to design direct drive experiments with measurably diffietevels of
mix. First a number of hydro simulations were post-procésgith Haan’s saturation model to study the parameter
space, in order to determine which physical charactesistiche lasers and targets are most sensitive to mix. Next,
detailed hydro simulations of the most appealing cases penfermed to settle on a series of experimental conditions.
The chosen designs consisted of three experimental coafigns that were nominally identical except for the varying
shell thickness of the plastic capsules.

The experiments were conducted based on these designspfanchation on the mixing region was directly
extracted from the experimental data using the narrow-baade intensity analysis. The data-derived spatial mixing
profiles, shown in Fig. 2, were evaluated to determine theesponding width of the mixing region, for direct
comparison to the mix modeling results. Table 1 comparesrétieally- and experimentally-derived mix widths,
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FIGURE 2. Spatial mix profiles for the nominal, thin, and thick shellerer directly extracted from experimental data using
spectroscopic arguments.

TABLE 1.

Comparison between mix information calculated by postessing simulations with Haan’s satura-

tion model and mix data extracted from the experiments.

Shot Simulation Experiment

Core size| Mix width | % of core mixed| Core size| Mix width | % of core mixed
| Thin (47484) | 34.4um | 18.0um | 52 % | 39.1um | 1l.1um | 28 % |
| Nominal (47477)| 26.3um | 6.8um | 26 % | 43.7um | 10.0um | 23 % |
| Thick (47485) | 26.7um | 3.5um | 13 % | 39.1um | 7.1um | 18 % |

and demonstrates that the trends match for the percentdlge ofre that is mixed. These results indicate that Haan’s
saturation model provides a reasonable predictive toallésigning direct drive experiments with different amounts

of mix.
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INTRODUCTION

Pressure broadening of spectral lines is important for idgrebstics and modeling of laboratory plasmas, and for many
purposes in astrophysics, as for example opacity calonstiabundance determination and analysis and synthesis of
stellar spectra. Neutral atom broadening is more impoftartooler stars like our Sun and Stark broadening for hot
stars like A-type stars and in particular for DO and DB whiteadfs..

It is well known that argon is one of the most widely used gasesrious fields of science and technology. On
the other hand, with the development of space-borne secipy, the importance of atomic data, including line
broadening parameters for trace elements like argon [ifjcieasing. Spectral lines within the optical spectraben
are of particular interest.

In this work, different line broadening models are appliethiree Ar | spectral lines to evaluate the electron density
in a surface-wave discharge at atmospheric pressure. ®Eirsaohis useful in cases where the classical methods using
hydrogen lines for electron density diagnostic cannot lptiegb.

THEORETICAL CALCULATIONS

Under atmospheric pressure conditions, the broadeningpamésms of spectral lines are: Stark broadening (due to
collisions with charged particles), neutral atom collisteroadening (due to collisions with neutral atoms), Dopple
broadening and natural broadening. Natural broadeningeggigible in comparison with other broadenings and
broadening due to self-absorption can be avoided by a papmce of the spectral lines. For both pressure-induced
mechanisms of line broadening (Stark broadening and riedtna broadening), the impact approximation theory has
been applied.

Stark broadening
In this work, the Stark broadening has been calculated Sagl-Bréchot theory [2, 3]. Within the semi-classical

perturbation formalism, used in this theory, the full haltlth (W) of an isolated line originating from the transition
between the initial levdland the final levef is expressed as:

W = 21 /O VE(V)AVIZ) i G (V) + Z g1 O (V) + Ol 1)
wherei’ and f’ are perturbing levels)e andv are the electron density and the velocity of perturbersaesgly, and
f(v) is the Maxwellian distribution of electron velocities. Timelastic collisional cross sectiowg (v) (respectively
os+(v)) and the corresponding elastic collision contributinto theW are described in detail in [2, 3].

Neutral atom collision broadening

The line broadening by the neutral atoms has been treatad tis¢ semi-classical theory calling for the impact
approximation where the full width at half intensity maximuy is given by:
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FIGURE 1. Axial variation (z - the position on the axis) of the electron density) (obtained from different Ar | lines. Results
obtained using the theory of Sahal-Bréchot for Stark broage[2, 3] and the potential of Kaulakys [4] for neutral atampact
broadening: 1.1 - Ar 1522 nm; 1.2 - Ar 1 549 nm; 1.3 - Ar | 603 nnedRilts obtained with Stark broadening data of Griem [6] and
van der Waals potential: 2 - Ar | 549 nm. Results obtained wiéta for Stark broadening offHline from Griem [6] and Gigosos
[7]: 3.1 - HB (Griem); 3.2 - H3 (Gigosos).

y=2N < d'v>= N (2)
whereN is the perturber density’ is the effective cross section for the impact broadenindhefline andg is the
broadening coefficient. Here the symbols <...> denote therifial) average over a Maxwellian distribution of the
relative velocities of the interacting atoms. Kaulakysegoial [4] for the interaction between an emitting atom and
rare-gas atoms has been used. This potential account&fpolérization attractions between the emitter and pegturb
and for the short-range interactions between excitedrelesbf the emitter and perturber. The contributions froen th
polarization attraction of this potential are given by:

v (ﬁ,r’) —V; (ﬁ) +vce(fz,r) +ve(r—fz) JR—F >0 3)

whereR is the distance between the interacting atomis the location of the excited electron ands the distance
of the short-range interaction. The short-range intevads approximated by the Fermi pseudo-potential:

Ve (rf ﬁ) — 215 (?— ﬁ) (4)
whereL is the scattering length.
RESULTS

Results for the axial variation of the electron density aface-wave tubular discharges from the line broadening of
three argon neutral lines are presented on the same figueeexeimined argon lines Ar | 522.1, 549.6 and 603.2 nm
are from the spectral series Bul-3p4p. The results are compared with those obtained in [5] franh 349.6 nm
and with the electron density values from the Stark broadgof hydrogen line i, using Griem’s theory [6] and
using Gigosos et al. model [7]. The calculations presentedtinterest for determining the electron density of, for
example, surface-wave discharges at atmospheric praessingethe line broadening of the carrier gas itself, thewefo
avoiding the use of hydrogenic spectral lines that implytyrbing the discharge to be diagnosed.
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INTRODUCTION

In the previous works [1-3] the broadening of argon spedinak emitted from surface wave plasma at atmospheric
pressure have been studied. The purpose was to obtain thmaldensity in this type of discharge using the widths
of spectral lines of the working gas, without any impuritiesl contaminations of the plasma.

In this work we look for the shift values of the same argon sagtines. If their values are significant enough to be
measured, it is possible to use them for plasma diagnostic to

THEORETICAL CALCULATIONS

The theoretical calculations of the shifts of argon spédittas have been made using semi-classical impact theory.
Under atmospheric pressure the shifts of the spectral éiredue to: (i) the interactions between the emitters and the
charged patrticles (Stark shift) and (ii) the interactionstters - neutral atoms in a ground state.

Stark shifts

In this work, the Stark shifts have been calculated usingaBBhéchot theory [4, 5]. Within the semi-classical
perturbation formalism, the Stark shitt)(of an isolated line originating from the transition betwebe initial leveli
and the final levef is expressed as:

o Pd

dst = Ne / vi(v)dv [ 2mpdpsin2g, 1)
0 P3

wherene andv are the electron density and the velocity of perturbersaetsgely, f (v) is the Maxwellian distribution

of electron velocities, and is the impact parameter. The phase sifts due to the polarization potential The cut-off

parameteps, the Debye cut-ofpy and the symmetrization procedure are described in [4, 5].

Shift due to collisions with neutral atoms

The shift by the neutral atoms has been treated using sassichl theory in impact approximation where the shift
valuedk is given by:

dk =N<0o'v>=Nd (2)

whereN is the perturber densityg” is the effective cross section for the impact line shiftis the shift coefficienty

is the relative velocity between the radiator and the pbeumHere the symbols <...> denote the thermal average over
a Maxwellian distribution of the relative velocities of thderacting atoms. The interactions between the emittdr an
the rare-gas atoms are described using Kaulakys pote6tidt js approximated by a superposition of polarization
potentials and the Fermi pseudopotential. The polaringimentials describe the long range interactions: (i)texci
electron - perturber interaction; (ii) three body interactbetween the excited electron and perturber in the poesen
of emitter core and (iii) emitter core - perturber interanti
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FIGURE 1. Stark shift fisy) and neutral shiftdk) of the argon spectral lines versus effective quantum nurfitig.

RESULTS

Results for the shifts of nine argon spectral lines corradpay to the transitions 3pd - 3p4p forn = 4 - 7, 3p6s

- 3p°4d and 3p4p’ - 3p°4s have been obtained. Comparison of our semi-classiced Stift [2] and the theoretical
shift caused by the neutral atom impacts, have been presesavell as the dependence of the shift of spectral lines
versus the effective quantum number.
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SPECTROSCOPIC DIAGNOSTICS OF SIX ELECTRODES
PLASMA ARC AS AN EXCITATION SOURCE FOR
SPECTROCHEMICAL ANALYSIS

Z. F. Ghatass and G. D. Roston*

Institute of Graduate Studies and Research, Alexandria University, Egypt
* Department of Physics, Faculty of Science, Alexandria University, Egypt
(gamal_daniel@yahoo.com)

Abstract

A six electrodes direct current plasma arc has been developed for atomic emission spectrochemical
analysis. The background emission spectrum is recorded over wavelength range (200 — 700) nm. The
effects of the argon flow rates and different applied currents have been studied on the emission spectra lines
of Mgl and Mgll. Emission spectroscopy has been used to determine the plasma temperature by using the
line-to-continuum intensity ratio method. The electron density has been calculated. The plasma
temperatures ranged from about 5500 to 6350 K, and the electron number density varied from 9 x 10" ¢m™
to 3 x 10" cm™. Vertical profiles of the Ca(I) 422.67 nm emission along the central vertical axis of the
plasma with and without the presence of an easy ionized element are studied. The detection limits of
elements Ca, Cr, Fe, Mg and Mn have been carried out. The present technique is capable to determine the
trace element concentration in the environmental samples. Advantages of this system are simple, low cost,
stable and the ability to operate for several hours.
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The effect of time ordering on line profiles revisited

J. Rosato, D. Boland, H. Capes, Y. Marandet and R. Stamm

P1IM, CNRS-Université de Provence, centre de Saint Jér&1h8397 Marseille

A consequence of the advent, half a century ago, of compsareequantum line broadening theories [1, 2, 3], was
that the problem of an accurate calculation of Stark broaddine shapes suddenly became more severe. Obtaining
the time evolution operator of the emitter in a fluctuatingrafield asks for the solution of a general problem of
guantum dynamics which even today has no general solutietaiftng the time dependence of the electric microfield
is indeed essential for many plasma conditions for botHédtsteonic and ionic contributions. This requirement isreve
stronger today with the attempt of developing spectroscdigignostics of plasmas affected by plasma wave fields or
turbulent fluctuations [4, 5]. The dynamics of quantum systevith a time dependent interaction potential between
the emitter and the perturbers is formally solved by theofelhg Dyson expansion for the evolution operator U(t,0)
written in the interaction representation :

U(t,O)—l—i-nil(”%n/.../O<T1<M<Tn<tV(Tn)...V(Tl):Texp<%/otdrv(r)> @)

where for exampl&/ (1) is the interaction potential at timg, andT is the time ordering operator ensuring that
the potentials are arranged from left to right in order ofrdasing times. For an arbitrary atomic system with many
interacting sublevels, an exact analytic solution of thier8dinger’s equation is generally not available. A notewvpr
exception is the case of hydrogen lines using a non reltitvapproximation. This case has been used in the past for a
calculation of Balmer lines retaining time ordering for thieary electronic contribution, demonstrating that thfe&
significantly broadens the line in arc plasma conditions @8)r purpose here is to revisit the effect of time ordering
on benchmark cases. We will first try to illustrate how themuan atom responds through its dipole autocorrelation
function to a well characterized microfield. Numerical gri@ions of the Schrddinger’s equation will be performed
with and without the effect of time ordering for a comparis@fe will also present a study of time ordering effects on
Lymana in presence of an external magnetic fiéldtreating the Zeeman effect in the strong field regime. Wé wil
again compare the numerically obtained exact solution bf@tinger’s equation to an expression which neglects time
ordering effects. A discussion will be made in term of théorats/wy between the characteristic Stark and Zeeman
frequenciesws = 3eaE /handw; = eB/2me where E denotes the Holtsmark field .
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Local Electric Field Strength in a Hollow Cathode determined by Stark
Splitting of the 2S Level of Hydrogen Isotopes by
Optogalvanic Spectroscopy
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" Departamento de Fisica Tedrica, Atémica y Optica
Facultad de Ciencias, Universidad de Valladolid
47071 Valladolid (Spain)
T Departamento de Ingenieria Cartogrdfica y del Terreno
Escuela Politécnica Superior de Avila, Universidad de Salamanca
05003 Avila (Spain)

Electric field (E-field) is an important parameter to be known in low pressure plasmas such as glow, RF and
microwave discharges, plasma boundaries in tokamaks etc. Until now, many techniques have been developed for
E-field determination, among them non intrusive methods, like laser spectroscopy are preferred [1-5]. One of the
advantages of using laser spectroscopy is to perform measurements of high temporal and spatial resolution.

The principle of determining E-field is based on the well known Stark effect that produces shifting and
mixing of spectral components and variations in their intensities. Comparisons of the measured spectra with
theoretical values or with calibrated ones give the E-field. We use Doppler-free two photon excitation of the
IS - 28 transition provided by two counter propagating circularly polarized laser beams of opposite directions, at
243 nm, in accordance with the selection rule for the angular momentum AL = 0. And we determine the E-field
via Doppler-free spectra of the Stark splitting of the 2S level [6].

We started with the discharge in deuterium in order to simplify the spectra, i.e. the hyperfine structure of
deuterium does not show up in the Stark splitting under our laser spectroscopic conditions. In this work we
propose optogalvanic detection, the optogalvanic spectra are obtained by measuring the change of plasma
impedance caused by the two photon absorption as a function of the laser frequency. Even though optogalvanic
effect is well known since 1928, it was not until the introduction of the dye laser that optogalvanic spectroscopy
became a practical tool; a very exhaustive review can be found in reference [7]. However, the optogalvanic signal
created in our case is somehow different compared to optogalvanic signals measured in saturation spectroscopy.
The irradiance of about 1 GW/cm? present in the excitation region of the laser beams, causes not only two-photon
excitation but results although in subsequent photo ionization due to the absorption of a third laser photon. Hence,
the charged particles created in the overlap volume of the laser beams are accelerated by the present electric field
and the corresponding variation of the discharge impedance can be measured.

The most suitable parameters for determining the E-field from the Stark splitting in hydrogen (or isotopes)
are the frequency shifts of the red (2P"?) and blue (2P*?) Stark components. On the other hand, the two-photon
optogalvanic spectroscopic technique is fairly easy to handle, and works well in nearly all discharge regimes
(without sparking) and it could be applied therefore in a certain range of discharge parameters.

The full potential provided by the spectroscopic technique is accessible, if a pulsed UV laser radiation of
sufficient peak power and SLM spectral quality is available. In brief, the scheme for the generation of 243 nm
radiation, as required for the two photon excitation of the 1S - 28S transition, consists of a 10 Hz injection-seeded
Q-switched Nd:YAG laser and a substantially modified OPO-OPA system. This concept provides up to 10 mJ
pulse energy in 2.5 ns and 300 MHz bandwidth.

This study has been performed in a HCD, made of stainless steel with an inner cathode diameter of 10 mm, for
currents from 50 to 200 mA and pressures from 400 to 1350 Pa. The measurements exhibit clearly the variation
of the cathode fall characteristics depending on discharge pressure and current, covering the range from a linear
to a pronounced parabolic E-field dependence versus distance from the cathode. As an example of the results that
we have obtained through this experiment, in figure 1 the variation of the E-field in the cathode fall region is
plotted versus the radial distance from the cathode surface, for a fixed current (100 mA), and several pressures:
400, 600, 900 and 1350 Pa. For the 1350 Pa pressure a linear dependence is observed, while with decreasing
pressure the dependence is more parabolic, this convex shape has been observed in previous experiments [8]. At
the same time with decreasing pressure the maximum field decreases, while the cathode fall region increases.
However, this pronounced tendency nearly disappears when the pressure reduces from 600 Pa to 400 Pa. In all
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cases we have also calculated the cathode fall voltage drop from the local E-field distribution, which is compared
with the discharge voltage (measured between cathode and anode); this ratio (%) appears also in figure 1.
Obviously this ratio increases for decreasing pressure, i.e. from: 81 % for 1350 Pa to 94 % for 400 Pa. This fact
does not confirm the common understanding that the cathode fall represents nearly the entire voltage drop of the
discharge, we may suggest that the differences are probably related to the special characteristic of pure deuterium
plasma, which is known to suffer an extremely high electronic recombination due to the dominant molecular
density, and this phenomenon depends on the pressure and current of the discharge. This effect is being
investigated with hydrogen and different cathode materials. At the Conference we will show comparative results
and possible conclusions about new dependencies.

I 1350 Pa- 81%
& 900Pa-88% |
—+— 600Pa-94% |
Ao 400Pa-94%

Field Strength (kV/cm)
(O8]

21 _|
1 b _
- 100 mA i
0 L ! \)
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Distance from the cathode surface (mm)

FIGURE 1. Variation of the E-field in the cathode
fall region versus the radial distance from the
cathode surface determined for a fixed current
(100 mA) and various pressures: 400, 600, 900 and
1350 Pa. For each pressure is indicated the ratio (in
%) of the cathode fall voltage drop (calculated from
the local E-field distribution) with respect to the
discharge voltage
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Determination of Two-Photon Absorption Cross-Section of Noble Gases
for Calibration of Laser Spectroscopic Techniques

M.IL de la Rosa, C. Pérez, K. Griitzmacher and L.M. Fuentes
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INTRODUCTION

The diagnosis of plasmas far off thermodynamic equilibrium is of great importance for the understanding of plasmas
for technological application and combustion systems. In particular, diagnostics tools are demanded for quantitative
measurements of atomic ground state density for species like hydrogen, carbon, nitrogen and oxygen. Among the
different laser-diagnostic techniques, which have been applied to the study of plasmas, Laser-Induced Fluorescence
(LIF) or, in general, Multi-photon Laser-Induced Fluorescence (MP-LIF) is one of the most extended methods in order
to determine the absolute concentration of ground state atoms. At low pressure, it is a sensitive and quantitative
technique. However, with increasing pressure (p > 1 kPa) and temperature, the quantitative analysis is only possible if
the thermodynamical state of the plasma and all interaction mechanisms are well known. At atmospheric conditions,
collisions can be dominant and obtaining quantitative measurements is almost impossible. Nevertheless, several
strategies have been described in the literature in order to obtain a quantitative interpretation of the LIF signal:
calibration methods based on reference sources, for example titration methods in flow-tube reactors [1-2], use of
calibrates two-photon LIF signal in noble gases [3-4], or consistency checks based on combination of LIF with several
diagnostic and modeling techniques. The use of noble gases with two-photon resonance spectrally close to the
investigated atomic transition requires nearly no modification of the LIF set-up. Nevertheless, this kind of comparisons
need a precise knowledge of several atomic parameters like radiative lifetimes of the excited states, their quenching
coefficients for different collisions, and the relevant ratios of two-photon excitation cross sections. However, in general,
these are not known with the required precision in order to reduce the uncertainty of the density measurements.

We have established in our laboratory a different laser spectroscopic technique, i.e. high precision two-photon
polarization spectroscopy, which is not affected by quenching and allows us to measure directly the two-photon
absorption. It has been used e.g. to determine absolute atomic hydrogen density in quite different environments with an
uncertainty as low as 10% [5-7]. This precision can be by achieved by relative measurements with respect to a standard
of atomic hydrogen density. The standard was established [7] at the Physikalisch-Technische Bundesanstalt (PTB), and
it is based on the plasma generated in a stationary wall-stabilized cascade arc operated with pure hydrogen, which was
demonstrated to generate an ideal gas of atomic hydrogen for the experimental conditions. However, such a hydrogen
density standard is quite complicated to be used in other laboratories, because it needs sophisticated technical
equipment and requires some special operational experience. In order to overcome these difficulties we have
established at the same time a new reliable and easy calibration method using xenon gas at room temperature as a
transfer standard calibrated with respect to standard of atomic hydrogen density: i.e. calibrating the two-photon
polarization spectroscopic signal of xenon at the wavelength of the hydrogen 1S - 2S transition, mainly caused by the
dispersion wing of the nearby two-photon Xe transition 5p° 'Sy - 5p° 6p[1/2]o. As the comparison is done in the same
wavelength the experimental conditions i.e. overlap volume and laser irradiance are kept constant, and allow therefore
high precision measurements.

EXPERIMENT

The objective of our present work is to use two-photon polarization spectroscopy as a new calibration method for the
determination of two-photon excitation cross-sections of noble gases, like Xe and Kr, which are commonly used for
calibrations of MP-LIF techniques in other laboratories, i.e. to calibrate the two-photon excitation cross-sections with
respect to the standard of atomic hydrogen density via the xenon transfer standard. This approach is totally independent
and different with respect to all other calibration techniques used so far.

This work requires pulsed UV laser radiation of sufficient peak power and SLM spectral quality. The laser
spectrometer used so far for the generation of 243 mm radiation, as required for the two photon excitation of the
1S - 2S transition in hydrogen, consists of a 10 Hz injection-seeded Q-switched Nd:YAG laser and a substantially
modified OPO-OPA system. This concept provides up to 10 mJ pulse energy in 2.5 ns and 300 MHz bandwidth. With
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slight modifications this system can provide tuneable UV-radiation necessary for other noble gas two-photon
transitions.

Two-photon polarization spectroscopy is based on the detection of the small polarization change of a linear polarized
signal beam, due to two-photon excitation while interacting with a circularly polarized beam of high irradiance. Taking
into account the functional dependency of the polarization signal with respect to the irradiances of the pump and signal
beam, the highest precision for comparing or calibrating two-photon excitation cross-sections with quite different
frequencies, will be achieved with a fixed frequency pump beam while tuning the signal beam from one two photon
transition to another one.

To start our study we have chosen the Xe transition 5p°'S, - 5p® 7p[3/2]» at 112.72 nm (2x225.44 nm) very close to
the two-photon resonant transition of atomic oxygen at 2x225.58 nm, frequently used therefore for calibration of atomic
oxygen densities in LIF experiments. At present, we are involved in preparing the experimental set-up for doing the
first measurements. Concerning pump and signal beam the following concept will be applied: the fifth harmonic of the
Nd:YAG is used as pump beam, and for the signal beam we have to tune the OPO-OPA system from 239.42 nm for the
Xe transition to 283.19 m for the hydrogen 1S-2S resonance (non-resonance Xe calibrated signal). More details will be
explained at the Conference.
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Charge Correlation Effects in Plasma Line Broadening

Jeffrey Wrighton and James W. Dufty

Department of Physics, University of Florida, Gainesyiké 32611

The spectral line shape theory for a multi-electron chamgelitor in a two component plasma is reconsidered
for the special case of quasi-static ions [1]. All chargesde correlations in the two component plasma are treated
exactly. The coupling of the radiator monopole to the plasheatrons and ions is treated exactly, as is the coupling
of the radiator dipole to the ions. Width and shift operasmes calculated to second order in the weak coupling to the
residual bound electron distribution. With no approxiroati made in the treatment of the charge-charge correlations

the results provide the formal basis for exploring the int@ioce of such correlations for high Z radiators in hot, dense
matter.
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In this paper we present an experimental study of the spectral profile asymmetry and dip shape
of the Hy line in a microwave plasma generated with an axial injection torch (7orche a Injection Axiale or
T14). This device provides a stable discharge to obtain a two temperature (2-7) plasma at atmospheric
pressure. The study has been carried out on an Ar plasma introducing impurities of H,. The microwave
power was kept constant at 1000W, while the gas flow of Ar was varied between 1L/min and 5 L/min,
also the percentage of hydrogen impurities was varied in the range 2%-20%. The study shows the
experimental dependence of these profile features (asymmetry and dip form) on the plasma parameters,
mainly the electron density and the gas flux.

The Stark width of the Hj line is a rather well-known function of the electron density and only
weakly depends on the electron temperature. Up to date, the most efficient Stark-broadening models
developed with the help of micro-field theories only include the terms of first order in the perturbing
electric field, and as a result only generates symmetric profiles without shift [1]. Although there is no
complete model that fully describes the asymmetry in the profiles, it is possible to find some studies in
which calculations and partial corrections on the current theories of the Stark broadening are carried out
and the asymmetry for some concrete lines is obtained [2,3]. These features have been and continue to be
measured [3,4,5], but most of the experimental and theoretical studies on the asymmetry of the Hj line
have been made in plasmas with electron densities equal or higher than 10? m*. The objective of this
work is the characterization of the Stark asymmetry and dip form of the line H; at lower electron
densities, i.e. in the order of 10" m>. To characterize the line shape asymmetry the following three
functions that quantify this asymmetry for the entire line profile have been used [3]:

AT ATY
il )_Ir(A/l)+Ib(A/l) ()
MDA (1)

3 )_A/lr(l)+A/lb(I) 2)
A3(I)_A/1r<1);mb<[) 3)

where 1,(A4) and 1,(AZ) are respectively the intensities of the red and blue sides of the profile at a certain
displacement A/ with respect to the central wavelength, while AZ,(I) and Ax(I) represent the spectral
position of these red and blue sides at a given intensity /. In general, the profile follows the tendency of
the normal asymmetry, which means that the peak intensity is higher whereas the wing intensity is lower
at the blue side, and the contrary at the red side. When the average electron density is higher, the
asymmetry should grow, which would be translated to a more pronounced slopes of the functions
previously defined.

The central zone of the Hj profile has been studied introducing four specific parameters
characterizing the dip shape. These parameters will provide additional information concerning the internal
structure of the dip and its peaks as functions of the averaged electron density in the observed zone of the
discharge. These parameters have the following expressions:

FWPP (full-width peak-to-peak) A - Abp (D
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DD (dip-depth) (Imax_ldip) 'IOO/Imax (2)
PID (peak-intensity-difference) <[bp_[rp) -100/7, 3)
DP (dip-position) (A, =2,,)-100/(A =1, ) ©)

where 4,,, 4, and A4, stand respectively for the spectral positions of the blue peak, red peak and dip, while
1y, I, and I, represent the intensity of the same points (the maximum intensity, /..., has been taken as the
average of the peaks). The first two parameters are well-know as the spectral separation between peaks
(FWPP) and the dip depth (DD). The third parameter measures the relative difference of the two peak
intensities (PID), and finally the forth parameter measure the spectral dip position relative to the peaks
(DD).

In this work the electron density has been experimentally measured by the Stark broadening of
the line with the help of the computational results provided by Gigosos et al [1]. The different values of
the electron density were achieved with 1000 W of HF power by changing the concentration of hydrogen
introduced in the discharge, from 17% (lower electron density) to 2 % (higher electron density) in
plasmas generated with an Ar flow of S5L/min and 2.5L/min.
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Figure 1: A;(D) function for 5 L/min of Ar Figure 2: FWPP for 2,5L/min and 5L/min of Ar

As an example, the asymmetry function As(1) it is shown in Figure 1 for different values of the
electron density and an Ar flow of 5 L/min. It can be appreciated how the function of asymmetry is
sensitively affected by fluctuations close to the line centre (/ > 0.51,.). A similar behaviour has been
appreciated in the asymmetry functions 4,(4/) and 4-(1), but with a bigger effect of the fluctuations and
smaller sensitivity with the electron density.

In Figure 2 the dependence of the parameters characterizing the dip form, FWPP, on the electron
density for two values of the Ar flow is shown. It can be seen how this parameter follows an increasing
dependence on the electron density, which indicates how the internal components of Hy separate each
other when the electron density increases. This increasing dependence its owned not only to the increase
of the electron density but also to the increase of reduced mass, although in the present experiment is not
possible to separate these two effects. It can be seen how the effect of the fluctuations does not seem to
disperse the points, and the results fallow a tendency with a small deviation. A similar behaviour has been
observed for the DD. On the other hand, the third and forth parameters, PID and DP, have a great
dispersion and do not follow a clear tendency with the electron density.
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INTRODUCTION

The hydrogen Balmer beta line is used as a plasma diagndstit$or a long time. It is well known that the
experimental profiles of glline exhibit an asymmetry while some of most commonly usedtétical models, due to

the employed approximations, give unshifted and symnatpiofiles [1, 2]. In the present work the central part gf H
profile is reanalyzed experimentally and in terms of two te&oal approaches based correspondingly on the Standard
Theory (ST) assumptions [3] and on the electric field compsitaulation method [4, 5]. The present experimental
and theoretical results are compared with the obtaineteearperimental [6—12] and theoretical data [13].

EXPERIMENTAL

The experimental measurements were performed using tfeyelift experimental arrangements in order to span rela-
tively wide ranges for electron density and temperature.first experimental plasma source was electromagnetically
driven T-tube. The detail about experiment is given in [T4je plasma electron densities, ranging from 9.8 103

to 8.9 162 m~3, were determined from the Stark widths of line. The electron temperatures, ranging from 17000
K to 45000 K were inferred from the line-to-continuum ratar Hg line [15]. In the second experiment a pulsed
discharge lamp was used [16]. The electron densities ircdss, ranging from 1.5 2dm=—3to 7.0 162 m—3, were
obtained as in the previous case. The temperature aboud¥00@s deduced from the plasma LTE relations.

THEORY

The ST approach assumes the quasistatic broadening byridrisipact broadening by electrons [3]. It includes con-
sideration of many-body quadrupole interaction, linear quadratic Stark effects. The formalism of joint distribuat
functions allows to reduce the statistical problem to tHewudation of constrained first moments of microfield nonuni-
formity tensor and thus close the set of equations [3]. Thigr@ach was used for the interpretation of multifarious
asymmetry parameters in [14]. In the computer simulatiemtiovement of plasma perturbers is modeled numerically.
This permits to calculate the electric microfield undergoy¢he emitter. The electric microfield obtained in this way
is incorporated into differential equations that give tingiteer evolution. Details of the simulation technique can b
found in [4, 17]. For this calculation, the Hamiltonian o&tbmitter includes all the transitions among the states with
principal quantum number from n = 1 to n = 5. Then, the mainoations to quadratic Stark effect are included in
a natural way.

RESULTS AND DISCUSSION

We further consider peaks asymmetry as an example of thédooaentional characteristics of the central part of
Hp profile. The comparison of the relative difference of theebdund red peaks of Hline according to [13], the ST
calculations [3], and computer simulations done for thiskaueith the present and other experimental data [6—12] is
given in the Fig. 1.

The experimental results of all experiments show agreemedtsome general trend. There is, obviously a dis-
agreement between measured and calculated data from HSIST theoretical results [3] and computer simulation,
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FIGURE 1. Relative difference between blue and red peaks

presented in the Fig. 1 by the dashed and solid lines, desather well the general trend of experimental points. For
the higher electron densities the agreement of experirhéata is a little better with the ST approach, while for the
lower electron densities it is definitely better with comgngimulation method.
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The Standard Theory (ST) for hydrogen spectral lines asymynire dense plasmas is developed on the basis of
many-body approach with the simultaneous account of thelrgpale interaction and the quadratic Stark effect.
Conventionally for ST the plasma ions are considered asstatis and the plasma electrons as impact. The complex
multiparametric scaling and similarity dependencies efdbnventional asymmetry parameter for each separate Stark
component and the gline contour as a whole is revealed and studied in detail utégnfluence of: ionic microfield
inhomogeneity and quadratic Stark effect in ionic micrafjedlectronic collision shifts and impact widths, trivial
asymmetry sources, the Boltzmann factor and the dipolasitiescaling factor of frequency to the fourth power for
the case of emission line. The consistent inclusion of thierd&wo factors forced the redefinition of the line contour
with limiting the value of negative detunings from the lirenter. The formation of asymmetry and its evolution under
the influence of each of factors and their consecutive inmtuis followed in detail for the first time. The comparison
with the precision experiment on stabilized arc data fgrlide, important for diagnostics and obtained in the group
of Professor V. Helbig at Kiel University, is performed anthlyzed from the line center up to the far line wings. It is
demonstrated that the asymmetry of hydrogen spectral isnbe many-parametric sensitive function of broadening
mechanisms [1]. In particular it is shown for the first timattthis summary asymmetry also is the sensitive function
of plasma equilibrium [1].
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Non-equilibrium distribution functions of electron gasdaphonon gas are calculated for laser-induced plasmas
occurring solids, excited with ultrashort intense laseisgs. The excitation during femtosecond irradiation ared th
subsequent thermalization of the free electrons, as wélleadynamics of phonons are described by kinetic equations.
The microscopic collision processes, such as absorptidnugyse bremsstrahlung, electron-electron, and electron
phonon interaction are considered by complete Boltzmatiisiom integrals. We apply our kinetic approach to the
case of gold by taking the electron density of states intoaet; and compare with the case of excitation of aluminum.

The interaction of ultrashort laser pulse with materialnsraeresting topic for a broad field of both theoretical and
experimental researches. Here, strongly coupled plaspradticed when a metal surface is irradiated with an intense
fs-laser pulse. Ultrafast dynamical processes are infleabhyg the laser pulse properties, such as intensity andidarat
of radiation.

Microscopic processes in ultrashort laser pulse-indudashpas have been investigated theoretically. In this pre-
sentation the inverse bremsstrahlung absorption, ele@i®ctron collision and electron-phonon interaction@re-
sidered. The transient non-equilibrium evolution of alectdistribution function due to excitation and the subsaqu
thermalization of the free electrons is studied by solvimg ¢complete collision terms of Boltzmann equation during
and after irradiation, which describes the time resolvetbayical processes. The evolution of the energy distributio
for both electrons and phonons are given by the coupledjmeariintegro-differential equations:

of(k)  9f(k) ot (k) af (k)

ot ; ot e—e ot e—ph " ot Laser 7 (1)
og9(@) _ d9(a)

oo ot [, @

where each terms on the right hand side denotes a completentgwin collision integral. Starting with initial
condition, at room temperatuie = 300K and at timd¢ = 0, the distribution of the electron gdgk) is given by
Fermi-Dirac distribution function, while the phonon gg) is described by Bose-Einstein distribution functions.
Here,q andk are the electron and phonon wave vectors, respectively.

This system has been investigated for aluminum by Rethfeld |], here we apply it for s-band of gold. The kinetic
approach yields both temporal evolutions of the free-ebscand phonon distributions. The electron distribution
function is converted into a logarithmic functisb(k,t) = —In[f (k,t)~* — 1]. This function is a straight line in an
equilibrium system, where electrons are described by F&inaic distribution function. A deviation from equilibnin
appears immediately with starting the laser pulse, whictuples the regular distribution of the electron gas. In Eig.
the distribution is shown for gold at different times duram after irradiation. Electrons below Fermi level absore o
photon of energyv lead to increase the occupation number above Fermi leviiieagame time the occupied states
decreases below Fermi edge in the same rate. The occupatidven is increased for energies up twaf an excited
electron absorb a further photon, consequently the Ferga adpears in steps of photon energy. The excited electrons
thermalize due to electron-electron collisions, which ethes the steps toward thermal equilibrium. Furthermore,
after irradiation electron-phonon interactions inducelicwy of the electron gas by transferring energy to phonaas v
collisions. After thermalization and relaxation the eduilm restored and the linear behavior®dfcan be observed
again.

The electron transition probability is proportional to tingasistatically screened Coulomb potential. In this chse t
time-dependent screening wave numkeés calculated consistently at the current electron digtidim function [2]

,_ &me [
K e o f(k)dk, 3)

wherem is the effective mass of free electron in the conduction band
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The transient energy density within electron gas is peréativy

U = /0 ED(E)f(E,t)dE:ue(T:300K,t:o)+5ue, )

whereD(E) is the electron density of states. The internal energy ofipheduph is treated in analogy to the Eq. (4).
The sum of bot®ue andduyy, gives the total absorbed energy by the system, see Fig. Zdffstant energy absorbed
during irradiation by electrons increased linearly duenal electron heat capacity, while the phonons remain cold.
After irradiation, the system relaxes due to energy exchdaween electrons and phonons, where the electrons are
cooling down and the phonons are heating up.

In contrast to Al, the d-band electrons in Au lies within tleenduction band at about 2.5 eV below the Fermi surface

of free electrons in s-band. Therefore, secondary elestnweny be excited strongly from the d-band even for a laser
pulse with energy lower than 2.5 eV. Our kinetic approachMotby considering intraband absorption is in progress.
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The interaction of atomic systems with the external alténgdfields, in particular, laser fields has been the subject
of intensive experimental and theoretical investigatidre appearance of the powerful laser sources allowing bt
the radiation field amplitude of the order of atomic field i tide range of wavelengths results to the systematic
investigation of the nonlinear interaction of radiatiorttwatoms and molecules. Calculation of the deformation and
shifts of the atomic emission and absorption lines in a gtraser field, definition of the k-photon emission and
absorption probabilities and atomic levels shifts, stufiyaser emission quality effect on characteristics of atomi
line, dynamical stabilization and field ionization etc are most actual problems to be solved. Naturally, it is of the
great interest to study a phenomenon of the multiphotorzaiitn. In this paper we present a consistent method for
studying the interaction of atom with a realistic laser figldsed on QED and S-matrix adiabatic formalism Gell-Mann
and Low [1],[2], [3], [4]. In relativistic case the Gell-Marand Low formula expressed an energy sbitthrough the
QED scattering matrix including the interaction with as kager field as the photon vacuum field. It is more natural
to describe the interaction of atom with the realistic lafsegld by means of the radiation emission and absorption
lines. Their position and shape fully determine the spscwpy of atom in a laser field. The radiation atomic lines can
be described by moments of different ordgrs. The first order moment is directly connected with the fieldt stmd
width of the corresponding resonances. The main contdhunito i, is given by the resonant range. The valugsan
be expanded into perturbation theory (PT) series [5], thdngesonant range the PT can’t be used for the transition
probabilities. The effective lvanov-lvanova approachiflised for calculating the corresponding PT second order
sums. As examples we present the results of numerical adileglthe multi-photon resonance shift and width for
transition 6S-6F in the atom of Cs (wavelength 1059nm) irsardgulse of the Gaussian and soliton-like shapes. We
present other numerical results regarding the Ne-likenpdasulticharged ions radiation spectral lines too.

QED APPROACH TO SPECTROSCOPY OF ATOM IN A LASER FIELD

We describe the interaction of atom with laser radiation Bans the lvanov potential:

V(r,t) =V(r) [dwf(w— wp) Z cogapt + wont], (1)
N=—oo

wheren is the whole number. The potentilrepresents the infinite duration of laser pulses with knawguency
7. Here we consider the effects of interaction of an atom wWithdingle pulse. The representatibft) as the infinite
sequence of pulses is a formal moment connected with thécafiph of the stationary PT formalism. The function
f(w) is a Fourier component of the laser pulse. The conditidwf?(w)=1 normalizes potential(rt) on the definite
energy in a laser pulse. Let us consider the pulse with Lai@mshape (coherent 1-mode pulsew) = N/(w? + A?),
Gaussian shape (multi-mode chaotic laser pulsg@)) = Nexp[In2@?A?)], and soliton-like pulse of the following
shape:f(t) = N ch1[t/D].Further we will be interested by a cases of the Gaussian ditdrstike pulses. A case of
the Lorentzian shape has been considered by us earlier [1].

The further program results in the calculating an imaginmast of the energy shift Inkq (ap) for any atomic level
as a function of the laser pulse central frequency. The sparding function has the shape of resonant curve. Each
resonance is connected with the transitr- p,in which the definite number of photons is absorbed or radiate
Let us consider following situatiora — p transition with the absorption of k photoms(p-discrete levels). For the
resonance which corresponds to this transition , we cdketie following values:

ow(palk) = [rdwlmEq (w)(w — wpa/K)/N, (2)

Hm = [ 1dwIMEq (w)(w — wpa/K)™/N, (3)
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where [ /dw Im Eq is the normalizing multipliergopy is a position of the non-shifted line for atomic transition
a — p,0w(palk) is the line shift under k-photon absorption awgy = wpa + Kk x dw(pa|k). The first momentgiy,
U2 and psdetermine the atomic line center shift, its dispersion avefficient of the asymmetry. To calculgtg, we

need to get an expansionBf to PT seriesEq = 3 Eé,ZK) (aw). To get this expansion, we use method, based on the
Gell-Mann and Low adiabatic formula fée, [1], [2].

SOME RESULTS AND DISCUSSION

As example, in figure 1 we present the results of calculatiwritfe multi-photon resonance width for transition 6S-
6F in the atom of Cs (wavelength 1059nm) in dependence upofatier intensity. In general there is a physically
reasonable agreement between our theory and high-quaigxiperiment [6]. Analysis shows that the shift and width
of the multi-photon resonance line in a case of interactioancatom with the multimode laser pulse is greater than
the corresponding resonance shift and width in a case ofictien of an atom with the single-mode laser pulse. It is
corresponding to the experimental data. From physicalktmdiniew it is provided by action of the photon-correlation
effects and influence of the multimodity of the laser pulse.
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INTRODUCTION

Stark broadening and shift of Xe II lines have been the subject of many experimental [1 -3 and References
therein] and theoretical studies [4, 5].

Here, the results of Stark shift measurements for six Xe II lines are presented. All given results are here
reported for the first time. Two lines belong to 5d — 6p, two to 5d — 7p and one to 5d — 4f transition. In this
experiment pulsed arc plasma made of mixture of 95% helium and 5% xenon was used. Measured electron
densities and temperatures were in the range of (0.2 — 1.8) - 10” m™ and 18300 — 25500 K respectively.

EXPERIMENTAL

Experimental apparatus and diagnostic methods are described elsewhere [6, 7]. Excitation unit contains a
capacitor bank of 20 UF, charged up to 9.2 kV approximately. The mixture of He-Xe at a pressure of 3.0 - 10° Pa
continuously flows through the discharge lamp. Plasma electron density was determined by two-wavelength
interferometry, with an error band lower than 10%. The excitation temperature was determined by Boltzmann-
plot technique. Estimated error for temperature determination is lower than 15%.

RESULTS

Measured Stark shifts are shown in table 1. In the first two columns, configurations and Terms are given.
Next two columns present the line wavelengths and the measured shifts. The wavelengths are taken from [8].
The measurements given in table 1 correspond to temperature of 22000 K and are normalized to electron
density of 10* m™.

TABLE 1. Experimental Stark shift of some Xe II lines

dm
Configurations Terms Wa‘(ﬁ:ﬁ;‘gth (pm)
5p* (P2) 5d - 5p* CP1) 6p [3]72 - [21% 361.237 [d]<1
[4]72 - [3]%52 365.774 2.0
5p* (CP2) 5d —5p* ('Dy) 6p [0z - [17%12 373.118 | d | <1
5p* (°Po) 5d —5p* CP2) 7p [2]52 - [2]%: 314.899 -11.7
5p* CP1) 5d — 5p* (P2 4f [3172 - [2]°2 314.502 |d|<1
5p* CP1) 5d = 5p* CP2) Tp [2]52 - [2]%0 378.323 9.1

All measured lines have low intensities. Most of the measured lines have a very small shift, close to
zero and at the same time close to the limit of the measurement precision (= 1 pm). This is illustrated in figure 1.
Only for two lines, 314.899 nm and 378.323 nm, shift direction is clearly determined (see fig. 2).
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FIGURE 1. Stark shift of Xe II 361.237 nm line
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FIGURE 2. Stark shift of Xe II 314.899 nm line

For measuring the line position Lorentzian function was used. The procedure for line shift

determination is described in [9].
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INTRODUCTION

Examination of ionized xenon spectrum is of a great interest for plasma diagnostic purposes, theory
testing and different applications. In this paper, we present Stark shift data for one blue and five UV Xe III
lines. One line belongs to the 5d — 6p transition, while all other lines belong to 6s — 6p transition. Most of the
existing papers are devoted to Stark width measurements and only one paper [1] deals with shift data of the
lines studied herein.

A low-pressure pulsed arc with 95% of helium and 5% of xenon was used as a plasma source. All
measurements were performed under following plasma conditions: electron density (0.2 — 1.4) - 10® m” and
electron temperature 18000 — 23000 K.

EXPERIMENTAL

The experimental apparatus was described in detail in [2]. Plasma was created by discharging a
capacitor bank of 20 pF, charged up to 9 kV through the glass tube. Plasma electron density was determined by
two-wavelength interferometry, with an error band lower than 10%. The electron temperature was determined
by Boltzmann-plot technique using Xe II lines. Estimated error for temperature determination is lower than
15%.

RESULTS AND DISCUSSION

Measured Xe III line Stark shifts are given in table 1. In the first two columns, configurations and
Terms are given. Next two columns present the line wavelengths and the measured shifts. The wavelengths are
taken from [3]. The measurements given in table 1 correspond to temperature of 21000 K and are normalized to
electron density of 10® m~. The measured shifts are very small and experimental error was estimated to up to
40%. Some points can even deviate from the fitted linear trend for up to 100%. This is illustrated in figure 1.

TABLE 1. Experimental Stark shift of Xe III lines

dy, d
Configuration Term Wa‘(ﬁiﬁ;‘gth (pm) d—: prll])
(D)6s-CD"%p D —'P, 465778 22 018 a4
3S,° 3P, 330.680 -6.4 33
CPY6s-CPY6p  *P°- D, 377.632 36 7.1
Py — P, 363.214 -4.2 4.0
CPY)5d-CP)6p Dy =S, 353.994 22 22.6

CPY6s-(PY)6p PP, 377.253 -7.9 43
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The procedure for line shift determination is described in [4]. For measuring the line position,
Lorentzian function was used.

Only one shift result is compared with modified semi-empirical calculation [5], du (column five in
table 1). This is the only case for which the complete set of perturbing levels necessary for the calculations was
available. Concerning the experimental error, it is only the sign of the shift that is in agreement with semi-
empirical calculation.

2 T T T T T T T
7 o . :
S °
= 25 E
E )
]
[ ]
a
6 T
-8 XeIll 363.214 nm 7
-10f T
12 ! ! ! L L ! 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Electron density (10™ m)

FIGURE 1. Stark shift of Xe IIT 363.214 nm line

In the last column of the table 1 shift results from [1] are given. These data are also normalized to
electron density of 10 m?, but are given for the temperature of 10000 K, as is given in [1]. The disagreement
of present results with the results from [1] is obvious, even in the shift sign. The explanation of this
disagreement is similar to the one given in [6] for Xe III line halfwidths.

So, conclusion is that more additional measurements would be useful to clarifying these disagreements.
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INTRODUCTION

Stark widths and shifts of some Xe Il lines belonging to theesmultiplets with upper level$P;)6p were measured
using a pulsed discharge lamp. Plasma parameters, i.¢rogletensity and temperature, in this experiment were in
the range from 0.2 to 1:410?°m~2 and from 18000 to 23000 K, respectively. Lines obtained bygitions from
levels (3P;)6p show some strong intra-supermultiplet irregularitiethieir Stark widths and shifts. These results and
the measurements obtained in previous works were useddarelyse the main irregularities that can appear in the
case of Xe Il. This study may be very useful for obtaining Bfaerameters of non-measured lines, using the known
parameters of other lines belonging to similar transitidn2].

MEASUREMENTS AND RESULTS

The measurements were performed in an arc pulsed plasmand$tamportant details concerning the experimental
apparatus, plasma generation and synchronization wewéopsty published in [3, 4]. The pulse was created by
discharging a capacitor bank of 2fF charged up to 9000 V in a gas mixture of 5% of Xe and 95% of Hea Th
maximal electron density was x40?°m~3. Electron temperature was determined by a Boltzmann-phed! lines
and it was maximal at 4Qs (Te = 23000 K).

Fifteen instants of the plasma life, at which spectroscopégasurements were performed, were considered for
obtaining the Stark width and shift for each line. Fourteedtls (ws) and eighteen shifts gl were measured for
Xe |l lines obtained by transitions from levefdP;)6p. A good agreement with the most relevant works has been
obtained.

DISCUSSION

In Table 1 Stark data belonging to the lines obtained by ttians from levels(3P;)6p are shown. The measurements
correspond to temperature of 22000 K and are normalizecttdreh density of 1.210?°m~23. It can be clearly seen
that all Stark widths and shifts are very similar, with exiiep of those lines whose upper Ievel(@l)Gp[l]g/z.
Although in contradiction with the theory, some explanatomuld be given by the cIoseness(éDz)Sd[2}5/2 level
(12.5 cnm® above it). According to this assumption, this perturbagéfact would strongly affect these transitions by
producing an additional broadening and additional shith&red (due to the relative position of the perturbing [gvel
as can be seen in all four supermultiplets in Table 1.

Some irregularities in Stark shifts of Xe Il have been fouasiwell. This is not usual for other elements. It may
be due to the complex structure of Xe Il energy scheme. LSloauand jK coupling do not describe correctly some
levels themselves, and for multielectronic atoms like tme, it is usual that strong perturbations exist. All these
factors must be considered for obtaining the Xe Il Stark maters using the known parameters’ values of the lines
from similar transitions.
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TABLE 1. Stark widths and shifts of four supermultiplets involvitii; )6p[1]2,, level

3/2
Upper level J Lower level J A (nm)  wg(pm) Acc. ds(pm) Acc.
(P)6p2]° 52 (3P,)692]  5/2 332.746 21.53 <30% -5.62 <20%
3/2 356.430 -4.30 <30%
(CPp)6p[1]° 3/2 (3P,)692]  3/2 342.073 33.67 <30% 3.87 <20%
(P)6p2]° 52 (3P)6gl]  3/2 492.148 46.47 <20% -4.75 <20%
3/2 488.730 47.86 <20% >-1.5
1)0p . . <10% .
3P)6p[1°  3/2 1/2 575.103 105.0 10% 22.42
1/2 565.938  66.66 <20% -7.6
1)0P] . . <20% -5. <15%
3p1)6p[0°  1/2 3/2 543.896 44.8 20% -5.35 15%
(CP)6p2° 32 (3Py)6g0]  1/2 452421 39.1 <30% >-1.5
1)0p . . < (! .
3Py)6p[1)° 312 432.182 72.1 30% 7.87
1/2 426.984 36.75 <20% -6.09 <20%
1)9P) . -10. <30%
3p1)6p[0°  1/2 499.303 10.96 30%
(3P1)6p[2]° 52 (3P,)5d[3]  7/2 361.237 27.04 <30% <1.0
32 (3Pp)5d2]  3/2 367.257 3.07 <30%
(3P,)5d0]  1/2 577.639 57.56 <20% 4.69 <20%
(Pp)6p[1° 32 (°Pp)5d1]  3/2 526.831 115.1 <30% 3.24 <30%
1/2 (3Pp)5d0] 1/2 536.807 55.57 <30% -7.91 <20%
(®P)6p[0]° 1/2 (3P,)5d[2]  3/2 397.559 >-1.5
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INTRODUCTION

In the last few years, different trends and regularities @ffiSparameters (width and shifts of spectral lines) have
been studied. According to the semi-empirical approxiorgtthe maximal differences between the values of Stark
parameters of the lines belonging to the same multiplet@pased to be lower than 1% for Stark widths and lower
than 10% for Stark shifts [1, 2]. The conditions related veitbmic structure of the element are responsible for regular
or irregular behaviours of the Stark parameters. The alesehgery close perturbing levels make Ne Il as a good
candidate for analyse the regularities. In this work Ne drparameters have been measured and the regularities are
analyzed in théP° —* D multiplet of the transitiongP)3p— (°P)3d.

MEASUREMENTS AND RESULTS

The measurements were performed using a pulsed arc as aaptasnce. All details concerning the experimental
apparatus, plasma generation and synchronization aréopsty published in [3, 4]. Herein, we will only mention
the most important details of the present experiment. Theepaas created by discharging a capacitor bank gi 20
charged up to 8000 V, through a cylindrical tube filled witts gender a low pressure. Under these conditions Ne I
spectral lines had a lifetime of about Z&. The gas (30% Ne and 70% He) was preionized in order to assywed
reproducibility of the discharges. Spectroscopic measargs were performed in the second order of diffraction. The
dispersion of our spectrometer was 2.2 pm/channel at 300 nm.

Two wavelength interferometric method was used for electtensity determination. Two laser beams of 543.0
nm and 632.8 nm wavelengths, were passing through the plssuree in the axial direction. The maximal electron
density was 210?°m~3. Electron temperature, determined by a Botzmann-plot ofi Nees, was maximal at 30s
(Te=43000 K).

For these plasma conditions, the Stark effect is the masiaat broadening mechanism. A deconvolution procedure
was used in order to exclude other broadening mechaniskes Doppler effect and instrumental function. For
obtaining the Stark widths of spectral lines, only the intdaof the plasma life with higher values ofsNvere
considered.

In order to obtain the relative Stark shifts, centre posgiof Ne Il lines for different instants during the plasma
life were plotted versus the corresponding Wlues and a linear fit was made. To get the absolute shifesalu
the displacement was performed with assumption that shdtilsl be zero at null electron density. Spectroscopic
measurements performed at six different instants of thenmddife have been considered for obtaining the Stark shift
of each spectral line. Altogether seven widths and sevditsdiéve been measured for the lines belonging to the
multiplet*P° —#D . The final results of Stark parameters and their accuracgshown in the table 1.

DISCUSSION

In the figure 1 the profiles of seven lines belonging to the Naultiplet (3P)3p(*P°) — (°P)3d(“D) are shown. They
were previously normalized by the area. A clear coincidiatieen these profiles can be seen. The Stark parameters
measured for these lines show also clear regularities. faxiifference between the Stark widths of these lines is
lower than 10 %, and in case of Stark shifts is lower than 1 pmes€ values are very close to the uncertainties of our
experiment.

The regularities obtained within this multiplet are duette atomic energy structure of Ne Il. Levels of this element
are determined with high precision in LS coupling scheme thiede is an absence of nearby perturbing levels in
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FIGURE 1. Shape of the lines in the multipl€tP)3p(*P°) — (3P)3d(“D). All lines have been normalized by the area.

TABLE 1. Stark parameters of the lines in the multip[€P)3p(*P°) — (3P)3d(*D)

normalized at N=10?3m3.

Transition A(nm)  wg(pm) Acc.(%) ds(pm) Acc.(pm)
(3P)3p(*P°) — (°P)3d(*D)  301.733 13.36 30 2.92 1.5
302.702 14.34 20 3.18 1.5
303.446 14.74 30 3.51 1.5
303.772 14.01 30 3.66 2.0
304.556 13.68 20 3.01 2.0
304.756 14.21 20 3.77 2.0
305.468 14.33 20 3.09 2.0

the case of analyzed transitions. Therefore, clear regiggobtained in this work can be used for predicting Stark
parameters of non-measured lines in the same multiplegrsugtiplet or transition.
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Zeeman-Stark profiles of low-n hydrogen lines in near impactegime
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Zeeman-Stark profiles of hydrogen lines with low principahgtum number n are investigated when the impact
theory is almost applicable for the ions. This is, for exaempte case of the first Lyman and Balmer lines in tokamak
edge plasmas, where typically one hgsi/Tint, pw/ro < 0.5 (herepw, ro, Tint, and ey respectively denote the ion
Weisskopf radius, the average atom-perturber distaneetiriie of interest and the collision time). If the magnetic
field is sufficiently high, the Stark broadening of the Zeemmamponents can be strongly sensitive to the magnetic
field intensity. This is related to the nature of Stark effechanism, which is linear on the degenerate Zeeman
sublevels and quadratic on the nondegenerate ones. A doesequence of this result is that significant errors could
be made in the interpretation of measurements if the Zeemlle&l structure is not properly taken into account
in Stark broadening description. In this work, we invediigthe first lines of Lyman and Balmer series using both
the impact theory and the numerical simulation method wigkrdan effect. In the impact theory approach, we use a
model for the collision operator which is founded on the @riBaranger-Kolb-Oertel formalism [1]. The latter is able
to retain the quadratic Stark effect acting on the nondegga&eeman sublevels, and yields the same separation of
the collision operator into adiabatic and non-adiabatitspas such reported in the generalized theory of Derevianko
Oks [2]. In the numerical approach, we use a recently deeelmmmputer simulation method which is specialized
for low coupled magnetized plasmas such as found in the eigé@maks [3]. The electric microfield is calculated
from a quasi-particle model similar to such presented in (4]ng a cubic box with periodic boundary conditions.
The Schrédinger’s equation is solved for the evolution apmrby a first order Euler method with variable time steps.
In the case of low density values, the impact theory is founbtd in a quite good agreement with the results of
the simulation method. An important narrowing of the lat@@eman components is predicted by both the numerical
simulation method and the impact theory. We give here amgné¢ation of this result in the frame of the impact theory.
In the case of higher density, significant differences appetween the impact and simulation results on the central
Zeeman component. Discussions of these non-impacts ®Hieettentatively made in term of the ratg) / Tinc and
pw/ro. Comparisons to experiments carried out at FOM on the Pifitdevice are discussed in [5]. Applications to
opacity calculations in divertor plasmas are presentef]in [
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ABSTRACT

Modelling of Hydrogen line profiles in ITER divertor plasmatails several challenges. Because of the high density
(Ne > 10°°m~3) and low temperaturek{le < 2€V) expected in the magnetized plasma close to the wall, battk St
broadening and Zeeman splitting have to be taken into a¢dauthe line shape calculations [1]. Moreover, the
conditions are such that the ion dynamics has to be retam&tark broadening calculations, and the presence of
a high magnetic fieldg ~ 5T) introduces couplings between Stark and Zeeman effecishveian significantly alter
the profile [2, 3]. We present here Balmer lines obtained byenical simulations based on Molecular Dynamics
technique of the plasma in an external magnetic field. Dirgegration of the semi-classical evolution equation ef th
emitter, [4, 5] is performed retaining both electric miceddis and magnetic field perturbations. The simulated psofile
are compared to experimental ones obtained in Plasma 8urfteraction (PSI) experiments which are carried out
on Pilot-PSI of FOM [6, 7]. This linear plasma generator pdeg an interesting setting for checking line profile
models because its plasma conditioNg {e) are relevant to the ITER divertor, and an Optical Emissipac®roscopy
(OES) setup coupled to a Thomson scattering diagnosti@itade [8, 9]. The magnetic field on Pilot-PSl is typically
1.6 T. The currently being build Magnum-PSI will have a statiry magnetic field of 3 T. Perspectives in terms of
Stark-Zeeman spectroscopy are discussed. Comparisordresimulations and yprofiles obtained in Pilot-PSI in
experiments carried out with increasing densities is presk
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ABSTRACT

Taking advantage of well controlled molecular dynamics (MDnulations of partially ionized hydrogen plasmas, the
concept of microfield partition is revisited, [1, 2]. Stéitslly independent fast and slow fluctuation components of

the electric microfield are redefined in the following wayegging the electronic field out on tim?,e(t)m, the field
?F,At (t)=Eelt)— ?e(t)At is defined as a fast component of the total local field. The diefirof the slow component

that conserves the total field, followE s (t) = E;(t) + ?e(t)At. These definitions depend on a variable periods of
time At < 1, wherert; is the characteristic time of the ionic field. Fast and slowarelteristics of the field can get a
more precise meaning by comparison to a tigevhich is the typical relaxation time of the dipole autoctati®n
function of the line under study. The relation with neutratitogen lines radiated by coupled plasmas of proton and
electron is considered here. The implication of such sejparan a few Lyman and Balmer lines is presented for
moderately coupled plasma conditiods & 10t7cm 3, kT ~ 1eV) and discussion on impact limit is proposed.
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ABSTRACT

Hydrogen lines shapes calculations are important for pdadiagnostics for laboratory and astrophysical plasmas.

We present a method for the calculation of hydrogen spelitralshapes based on two combined approaches:
universal model [1, 2] and FFM procedure [3, 4]. We start lith analytical functions for the intensities of the Stark
components of radiative transitions n’ between highly excited atomic states with large values infgpal quantum
numbers, n’ > 1, with An = n—n’ < nfor the specific cases éf, ¢ line (An= 1) andH,,_gline (An = 2). The FFM
line shape is obtained by averaging on the electric field®Hhboper's field distribution for ion and electron perturber
dynamics and by mixing the Stark components with a jumpiegdency rates (v;) wherev = N¥/3u (N is electron
density and u is the ion or electron thermal velocity) . Hindhe total line shape is given by convolution of ion and
electron line shapes.

Hydrogen line shape calculations for Baln¢y andHg lines are compared to experimental results [5, 6] in low
density plasmaNe ~ 10 — 10'7cm3) and low electron temperature in order of 10 000K. Althouigg method is
developed for transitions withn < n, the comparison shows a good agreement between the unigppaach and
experimental results.

This method relying on analytic expressions permits falstdation ofHn_q andH,_g lines of hydrogen and could
be used in the study of the Stark broadening of radio recoatioimlines for high principal quantum number.
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INTRODUCTION

The TJ-IT is a low magnetic shear stellarator of the heliac type with an average major radius of 1.5 m and an
average minor radius of < 0.22 m [1]. Its magnetic field (Bo < 1 T) is generated by a system of poloidal, toroidal and
vertical field coils and the resultant plasma cross-section is bean shaped. Plasmas created with hydrogen are heated
(At <250 ms) using one or two gyrotrons, operated at 53.2 GHz the 2™ harmonic of the electron cyclotron resonance
frequency, which can provide up to 600 kW. For such operational regimes, central electron densities and
temperatures up tol.7 x10' m™ and 2 keV respectively are typically achieved. Recently, additional plasma heating
by the injection of accelerated neutral hydrogen atoms (up to 35 keV) from one of two neutral beam injectors being
commissioned on TJ-II has become available. Each NBI injector can provide up to 300 ms long pulses with <] MW
of heating. As a result plasmas densities above 4 x10'° m™ have been attained.

The TJ-TI vacuum vessel, which is constructed of stainless steel SS-304-LN, has a total internal volume of 6 m’
and a total inner surface area of about 75 m”. The chamber is pumped by four turbomolecular pumps with a total
effective pumping speed of about 4000 1/s. One of the characteristics of TJ-II plasmas is their strong interaction with
the region of the chamber (groove) surrounding the hard-core. See Figure 1. In fact, the last closed flux surface
(LCFS) can be defined by either the inner side of the vacuum vessel or by its two mobile graphite poloidal limiters.
Moreover, numerous diagnostics are located inside the vacuum chamber [2]. Originally, an overnight (~12 hours)
glow discharge cleaning (GDC) with helium followed by a short (~30 minutes) glow discharge with argon was
performed to remove hydrogen implanted in the walls by previous discharges and to reduce impurities in the
plasmas. Later, wall conditioning was performed using boronized walls. At present, wall conditioning is performed
with lithium coating on the inner vacuum vessel walls and a short helium glow discharge prior to operation [3]. As a
result the level of impurities in TJ-II plasmas has been reduced considerably during its operational lifetime. This has
required the identification of spectral lines suitable for performing spectroscopy studies, in particular Doppler based
spectroscopy, using both passive and active methods, for obtaining impurity ion temperatures and velocities.

Normal incidence spectrometer

A 1 m normal-incidence spectrometer, operating in the extreme-ultraviolet and ultraviolet wavelength regions (20
to 200 nm), is operated continuously in the TJ-1I [4]. The instrument was custom built by McPherson, Chelmsford,
MA, and has several unique features and accessories that are described here. It is equipped with three gratings (1200
and 3600 grooves mm™) and a back-illuminated CCD camera located at the focal plane. It is used for performing
surveys and for obtaining impurity temperatures. Indeed, this diagnostic is particularly suited to studying highly
ionized impurities emitting from the TJ-II plasma centre during NBI heating.

Impurity spectral lines

In this paper, we first compare impurity line spectra obtained under ECRH and NBI heating conditions in the TJ-
II. For this we identify the spectral lines present across a broad wavelength range (20 — 100 nm) during both
operating modes. Indeed, the main impurities identified to-date in TJ-II plasmas include lithium, boron, carbon,
nitrogen, oxygen, fluorine as well as metals such as iron and chromium. Other impurities, such as chlorine, remain
tentatively identified. However, numerous spectral lines that arise during NBI heating remain unidentified in this
wavelength range. Next, we identify suitable spectral lines for probing the hot plasma centre, e.g. in particular
emissions from He- and H-like impurity ions as well as from highly ionized metallic ions, in particular lines that
appear during the high-density, reduced electron temperature, NBI heating phase. Also, we search for spectral lines
arising from forbidden (M1) emissions as such lines are easier to study with normal incidence spectrometers due to
their longer wavelengths, i.e. compared to shorter wavelength that require grazing incidence spectrometers. Next,
having determined the instrument function using spectral lines emitted by impurity ions residing in the cooler plasma
edge, we study the evolution of the impurity ion temperature (as determined from the Doppler line width), from the
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ECRH to NBI phases. These are compared with temperatures obtained using other non-spectroscopic methods such
as neutral particle analysis. For this it is necessary to evaluate all non-thermal broadening contributions to the
spectral line shape, e.g. /-level mixing, Doppler shifts due to poloidal velocities, or possible tails due to charge
exchange processes.
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FIGURE 1. Cross-section of the TJ-II showing the vacuum vessel walls, the hard-core and surrounding groove, and nested
magnetic surfaces of the standard TJ-II configuration (100_40_63).
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An Overview of Rotation and Ion Temperature Measurements of Impurities

and Hydrogen by Passive Emission Spectroscopy in the TJ-II Stellarator
A. Baciero®, B. Zurro, D. Rapisarda’, V. Tribaldos’, D. Jiménez-Rey" and the TJ-II team®
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An overview of the spectroscopic methods and the numerical techniques to deduce plasma rotation and
impurity temperatures in the TJ-II stellarator by means of passive spectroscopy is summarized. The final
goals of these experiments are to understand the impurity and main ions rotation [1], and to estimate whether
the electric field is the main driving term for these rotations.

The poloidal measurements have been carried out using a multichannel system. The analysis method [2]
and the impurity poloidal rotation behavior with plasma density have previously been reported [3]. Toroidal
measurements were carried out by an absolutely calibrated system which scans the toroidal view by a shot to
shot procedure [4]. The studied TJ-II scenarios are plasmas with different ECRH powers and electron
densities, as well as NBI-heated discharges

We will compare for selected discharges, apart from poloidal rotation between species, the kinetic profiles
of electrons, the ion temperatures and the spatial distribution of line impurity emissions. This analysis allows
us to draw a more complete picture capable of aiding in the interpretation. We plan to get physical
conclusions by discussing our observations in the context of different mechanisms which influence poloidal
rotation [5].
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The Reaction of Dissociative Recombination in a Strong Light Field
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The effect of intensive laser radiation on the dynamics of elementary atomic and molecular processes is
the fundamental problem of modern chemical physics. The principal place among such processes takes the
dissociative recombination (DR) reaction of slow electrons with positively charged molecular ions. This reaction
is responsible for the charge disappearance kinetics in the Earth’s ionosphere and upper atmosphere, in low-
temperature plasma and gas-discharge lasers. The study of this reaction in the presence of electromagnetic field
is interesting for both the theory of radiative collisions and experimentalists, who develop new laser methods of
elementary chemical process initiation and control. Because of different reaction mechanism competition the
cross sections in some spectrum regions should have the sharp dependence on the frequency of external
radiation. It can be key factor for the relative reaction product yield.

It is well known, that the cross section of low-temperature DR reaction of electrons and molecular
oxygen ions with the transition to Schumann-Runge continuum can increase for several orders of magnitude for
the certain external radiation parameter choice [1,2]. Such behaviour points out the direct possibility of laser
stimulation of this reaction. In the absence of the external field the main contribution here give only the
dissociative states with potential energy curves lying close to minimum of molecular ion potential. When the
external electromagnetic field is turned on the additional field induced states, which are populated due to
absorption or radiation of photons, are involved into the process. Since the amplitudes of population are
proportional to external field strength (which may vary from 10*to 10" a.u.), the problem can be reduced to the
search of optimal conditions for laser control for low-temperature DR reaction and preparing the
recommendations for future experiments. The different regimes of external field influence depend on incident
electron energy, the field strength and frequency and also the angle between electron and light beams.

The DR theory of slow electrons with molecular ions in strong monochromatic light field was
developed. It takes into account the interference among different reaction channels and is constructed in the
rotationally strict adiabatic basis (the approximation of fixed molecular axis). Note, that the problem of
electromagnetic field influence on the intermediate complex differs from traditional nonstationary problems on
the theory of laser radiation interaction with atoms and molecules [3]. The main difference is due to
impossibility at quantum conditions to fix the moment of intermediate complex appearance. It is difficult also to
carry out the investigation taking into account the interaction of closed channels with continua (including
coupling of autoionization with predissociation). If the laser impulse duration significantly exceeds the intrinsic
times of intermolecular complex transitions, one can use the stationary variant of the theory for DR description.
Than in the case of monochromatic radiation the energy spectrum of the compound system ‘“excited
moleculetexternal field” will contain the set of “quasienergetic states” distorted by field, which are shifted
relative to each other on the values with field frequency whole multiple factor.

The mathematical apparatus of the presented theory is based on utilization of stationary formalism of
radiation collision matrix, the poles of which correspond to quasienergetic states of compound system [2]. For
this purpose the detailed information about the potential energy curves of the states is needed with taking into
account the external electromagnetic field. The main interest represents the situation when the initial molecular
ions are in the ground vibronic states. The total number of the potential energy curves which should be taken into
account could be maintained after the detailed analysis of the all possible mechanisms of the field influence (in
the wide spectrum region from IR to UV light). These mechanisms can be proposed rely on the developed
theoretical approach and the results of ab initio calculations of molecular ion potential energy curves including
the characteristics of configuration coupling. For example, the case of oxygen molecular ion was considered.
The classification of all transitions in the presence of external electric field was done. The adiabatic potential
energy curves were calculated for both singlet and triplet states which correlate with three low-lying dissociative
limits.

This investigation was supported by Russian Foundation for Basic Researches (grant #07-03-00592).
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Rydberg atom A** in a field of neutral atom B

Golubkov G.V."? Golubkov M.G."?, Ivanov G.K.'
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Recently the upper atmosphere electromagnetic radiation effect on living organisms became the subject
of intensive investigations. This radiation is a result of solar activity and the following magnetic storms. The
microwave radiation (MR) plays the most important role here. In accordance with aerospace measurements MR
is formed at a height of one hundred kilometres from the ground surface due to excitation of Rydberg atoms and
molecules [1]. The MR spectrum differs noticeably from the spectrum calculated by Bates and Damgaart [2] in
the case of isolated highly excited particles. It can be explained by the presence of exterior neutral particles of
atmosphere. For example, the perturbation of excited atom A** states by one neutral atom B is the principal
cause of MR at a height of 100 km, where the surrounding environment density is 10 > cm™. As a result of
difference in masses among electron, A" and B particles, the processes of energy exchange during A** - B
collisions are improbable here. Therefore the potential energy surface (PES) calculations of combined system
should be done before the dynamic collision investigations. It is necessary to determine such regions of the
particle positional relationship, where the PES quasicrossings or convergings take place.

A great number of publications devoted to describing of PES features and the collision process
dynamics were reviewed in [3]. The approaches, which utilize the information about independent free-electron
scattering on the ion core or atom B, are widely used in the most publications. The asymptotic approach is the
most popular and well developed. It is correct when the internuclear distances are quite large (order to size of an
excited atom), where the general results may be represented in the simple analytical form. It is owing to the fact
that the basic wave functions and Green’s function of electron movement in the field of ion A" are known [4].

In the present report the regular construction method of PES and the corresponding electron wave
functions for perturbed system “Rydberg atom-neutral atom” in the wide internuclear distance range including
intermediate ones (order to the weakly bound electron wave-length), where the asymptotic approaches and
quasiclassical approximations are not valid [5]. The sequential procedure for determination of one-center
operators is developed for the description of the electron scattering on isolated atoms. It permits to consider P-
and higher angular momenta of weakly bounded electron relate to perturbing atom B, that differs from the well-
known zero-radius potential (ZRP) model.

This procedure is based on the finite radius potential (FRP) approach and takes into account the short-
range and long-range interaction of Rydberg electron with perturbing particles at intermediate internuclear
distances for arbitrary principle quantum numbers in a self-consistent way [6]. The detailed investigation of one-
center scattering operator structure and PES features is carried out for the A** — B system. It is shown, that
taking into account P-scattering leads to splitting of the degenerate covalent states on interaction state groups
classified by the projection of electron angular momentum on the quasi-molecular axis. The wave functions of
perturbed Rydberg and covalent states are constructed and their properties are investigated. The calculations are
carried out for Na** - He system and the comparison with ZRP model and asymptotic theory is fulfilled. It is
shown, that the well-known result of Firsov-Smirnov [7] is valid at vicinity of perturbing atom only. The
approach proposed in present work can be applied also for the solution of the problem of highly exited atom
perturbing by the system of random located medium atoms. It is necessary for describing the radiative processes
taking place in more dense atmosphere at lower heights.
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SPECTROSCOPIC PROBLEMS IN A PLASMA DIAGNOSTICS OF
ELECTRIC ARC DISCHARGES BETWEEN COPPER ELECTRODES

Babich I.L., Boretskij V.F. and Veklich A.N.
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The radial distribution of the temperature and the eleatiemsity in the plasma of free burning electric arc in air and
in air flow as well as in carbon dioxide flow between coppertetetes are studied by optical emission spectroscopy
techniques. The spectroscopic problems of such diagsaaticwidely discussed.

INTRODUCTION

As well known, a gas shielded arc is often used in electridechnology. A welding or an arc cutting processes are
usually realized in argon, carbon dioxide, nitrogen, oxyged air or mixtures of different gases. From one hand the
spatial distribution of plasma parameters are dependedflimw rate or kind of surround gas. And from another hand
the metal vapour content in arc discharge significantlyrdatee these parameters too [1]. Therefore the investigatio
of electric arc plasma with metal vapour in different shilefpgases are interesting for industry applications as agl|
for fundamental science.

EXPERIMENTAL SETUP

The arc was ignited in air between the end surfaces of theconoited copper electrodes. The diameter of the rod
electrodes was of 6 mm. The discharge gap was 8 mm and the aentwas 3.5 and 30 A. Because of the
discharge spatial and temporal instability the method ef&ihgle tomographic recording of the spectral line emissio
was used [1]. The statistical averaging of recorded spdistitibutions of radiation intensities was carried outeTh
program interface on the base of the Operation System Wia@axv/NT/XP is developed. The data acquisitions, data
approximations, statistical treatments of these data dvel ilwversions are realized in this interface. In such way we
obtain the local spectral line intensity values. Also tha4umiformity of spectral sensitivity of the experimentatsip

is taken into account. Finally, calculations of temperatetectron density and plasma composition are realizédsn t
interface too. The measurements of plasma parameters esiedcout in the average cross section of discharge gap.

RESULTS AND DISCUSSIONS
Measurements of radial profiles of the electron densigfyr N

To determine the radial profile of electron density we inggged the shape of spectral line Cul 515.3 nm broadened
by the dominating quadratic Stark effect [2]. The measurdewere carried out by techniques based on a Fabri-Perot
interferometer (FPI) [3]. Such approach realized the diamglous registration of spatial and spectral distributibn
radiation intensities. So, we measured contours of sgédictea in different spatial points of plasma volume (seerfegu
1, left and center). We calculated in such way the radial fgrofielectron density (see curve 1 in figure 1, right).

Unfortunately the width of this spectral line at arc currdri A is practically comparable with instrument function
of FPI (see figure 1, left). Therefore, to extend the meaguramge of the electron density we studied the radial
distribution of absolute intensity of a spectral line Cub4bnm [3]:

| ~ N2T ~%2exp(E; — Es) /KT] ~ N2T%/2, (1)

whereE; is the ionization potentiaks is the excitation energy of upper level of considered spéttansition. The
curve 2 in figure 1 (right) is obtained by this techniques.
According to eq. (1) it is necessary to measure the plasmpéagature for determination of the electron density.



P25 39

Measurements of radial profiles of the plasma temperatiyrg T

The radial temperature profildgr) can be determined from the ratio of local intensities of thu €pectral lines
465.1,510.5,515.3,521.8 and 578.2 nm.

The next problem in the temperature determination is thesing of appropriate spectroscopic data of these lines.
For example, in figure 2 the radial profiles of the plasma tewatpee of free burning electric arc (left) and electric
arc discharge in air flow (center) as well as in carbon diofide (right) are shown. We used spectroscopic data
derived by [4], [5] and [6]. One can see that the discrepahtyeoplasma temperature determination is about 2000 K.

Therefore, spectroscopic data must be carefully analymdahosen.

FIGURE 1. Contours of spectral line Cul 515.3 nm in different spati@hps of plasma volume of electric discharge at arc current
3.5 A (left) and 30 A (center). Radial profiles of the electdmmsity (right) at arc current 30 A (curve 1) and 3.5 A (curye 2

12000 - T! K 12000 T| K

——M4] —o—[4] 12000
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9000 - 9000 ~ 9000

6000 | 6000 - 6000 |-

FIGURE 2. Radial profiles of the temperature of free burning electric(keft), electric discharge in air flow (center) and carbon
dioxide flow (right) obtained by the ratio of local intensgiiof Cul spectral lines 465.1 and 510.5 nm. Spectroscophovare used
from [4], [5] and [6].

In conclusion, the extension of the measuring range of thetreln density is realized. The spectroscopic data in the
plasma temperature measurements must be carefully chodemproved.
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Relativistic calculating the spectral lines hyperfine stricture parameters for
the heavy atoms and laser spectral detecting the heavy isqtes

0O.Yu.Khetselius
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Relativistic calculation of the spectra hyperfine struetparameters for heavy elements is carried out. Calculation
scheme is based on gauge-invariant QED perturbation thgtityising the optimized one-quasiparticle represematio
at first in the theory of the hyperfine structure for relaticimtomic systems. [1], [2], [3], [4], [5]. Within the new
method it is carried out calculating the energies and cotstaf the hyperfine structure for valent states of cesium
133Cs, cesium-like ion Ba, isotopes of 201Hg, 223Ra, 252€fdafined. As example, in Table 1 we present the
experimental and theoretical data for magnetic dipole tzoniof the hyperfine structure A (in MHz) for the states:
7s7ptPy, 3Py, and3P; of radium23°Ra. We present the results of calculation by other methaaisiely: standard
uncorrelated Dirac-Fock (DF) method, multi-configuratidR method (MCDF) with accounting for the Breit and
QED corrections, relativistic method of configuration natetion with accounting for correlation corrections withi
the random phase approximation (RCI-RPA) [6], [9], [8]. Td¢wntribution due to inter electron correlations to the
hyperfine structure constants for considered elementsistdl20-1200 MHz for different states, contribution due to
the finite size of a nucleus and radiative contribution isZidozens MHz. Obtained data for hyperfine structure
parameters are used in further in laser photo-ionizatidedtieg the isotopes in a beam and the buffer gas for
systematic studying the short-lived isotopes and nucleamers. We propose a new approach to construction of
the optimal schemes of the laser photo-ionization methoduidher applying to problem of the nuclear reactions
products detecting. ItSs studied the reaction of spontas262Cf isotope fission on non-symmetric fragments, one of
that is the cesium nucleus. The corresponding experimedétatting the reactions products is as follows. The heavy
fragment of the Cf nucleus fission created in the ionizeti&6 electrons which are collected on the collector during
2 mks. The collector is charged negatively 40mks later afietear decay and 10mks before the laser pulse action. The
photo electrons, arisen due to the selective two-steppetbgbnization are drafted into the proportional countar f
their detecting. Usually a resonant excitation of Cs isizedl by the dye laser pulse , the spectrum of which includes
the wavelengths of two transitions 62S1/2-72P3/2 (4555/)&2S1/2-72P1/2 (4593A). This pulse also realizes non-
resonant photo-ionization of the Cs excited atoms. Theddaatages of the standard scheme are connected with
non-optimality of laser photo-ionization one, effects wipact lines broadening due to the using the buffer gas, the
isotopic shift and hyperfine structure masking etc. We psepaew laser photo-ionization scheme, which is based
on a selective resonance excitation of the Cs atoms by lad@&tion into states near ionization boundary and further
autoionization decay of excited states under action ofeatelectric field [7]. The corresponding optimal paramete
of laser and electric fields, atomic spectral lines, tréoms#, states, decay parameters etc are presented.

TABLE 1. Experimental and theoretical data on magnetic dipole eonsif
the hyperfine structure A (in MHz) for the states: 7S, 3P;, and 3P, of
radium (calculation by different methods: DF, MCDF with aooting for the
Breit and QED corrections, relativistic method of confidiga interaction with
accounting for correlation corrections within the randohage approximation
(RCI-RPA) and QED PT method) [5], [9], [8].

Method / State ip, 3p; 3p,

DF —226.59 803.97 567.22
MCDF (Breint+QED)  —330.3 1251.9 737.1
RCI-RPA —242.4 — —
QEDPT —339.1 1209 704.5

Experiment ~3445(0.9)  1201.1(0.6) 699.6 (3.3)
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Monitoring of Trace H,O in N, near Atmospheric Pressure Using Cavity Ring-
Down Spectroscopy: Comparison of Integrated Line Intensity and Peak
Intensity
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The measurement capability of a trace moisture analyzer based on cavity ring-down spectroscopy was studied using a magnetic
suspension balance/diffusion-tube humidity generator (MSB/DTG) in the range between 10 nmol/mol and 1400 nmol/mol. Good
linear relationships were observed between the integrated and peak intensities of a line and the amount-of-substance fraction of
H,0O in N, generated with the MSB/DTG.

INTRODUCTION

The measurement of trace moisture in semiconductor process gases has become increasingly important in the
recent decade, because it has been recognized that even the trace level of moisture plays a critical role in the yield
and product quality [1]. Various measuring instruments for detecting the trace moisture have been developed [2].
However, the accurate measurement of such a small amount of water in gases is still a challenging issue. A major
reason behind this is the lack of suitable humidity standards in the trace moisture region for testing and calibrating
the instruments.

Recently, we developed a magnetic suspension balance/diffusion-tube humidity generator (MSB/DTG) [3,4] to
realize a primary humidity standard down to 10 nmol/mol (10 ppb). In this work, using the MSB/DTG, we studied
the measurement capability of a trace moisture analyzer (MA) based on cavity ring-down spectroscopy (CRDS).
The near-infrared spectra of trace moisture in nitrogen gas generated using the DTG were recorded using the MA
near atmospheric pressure. The amount-of-substance fraction of the trace moisture was determined by the real-time
mass measurement of evaporating water using the MSB and the flow rate measurement of nitrogen gas using a mass
flow controller. The integrated line intensity and peak intensity of the 20,¢—3y; transition of the v,+v; band of H,O at
7181.2 cm™ measured from the spectra were compared with the amount-of-substance fraction of the trace moisture
generated in the range between 10 nmol/mol and 1400 nmol/mol.

EXPERIMENT

The experimental apparatus used in this work was essentially the same as that described in our previous paper [4].
Dry nitrogen (N,) gas was introduced into the inlet of a generation chamber and a bypass line using two thermal
mass flow controllers (Stec). Total flow rate was maintained at a set value in the range between 1.0 L/min or 20
L/min, and the flow rate for the bypass line was 0.1 L/min; the flow rates in L/min used in this paper correspond to
those measured under the standard conditions of 101.325 kPa and 0 °C. Inside the chamber, a diffusion cell [3] was
suspended from the measuring load of an MSB (Rubotherm). Water was stored in the diffusion cell, and water vapor
that evaporated through the diffusion tube was diluted with dry N, gas coming from the inlet. Humid gas generated
in this manner was taken from the outlet of the chamber. The line from the outlet was connected to the bypass line,
and the humid gas was mixed and diluted with the dry N gas. This mixed flow was divided into two: One was
introduced into a pressure regulator (PR) to control the pressure inside the chamber, which was maintained at 150
kPa. The other was led to an MA (Tiger Optics) based on cavity ring-down spectroscopy to record near-infrared
spectra of the trace moisture generated. The pressure of the sampling cell of the MA was approximately 140 kPa.
The evaporation rate of the water from the diffusion cell was measured as the mass-change rate of the diffusion cell
using the MSB. The amount-of-substance fraction of the trace moisture was determined from the evaporation rate
and flow rate of the nitrogen gas measured using the mass flow controller.
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RESULTS

Fig. 1 shows the infrared spectrum of the trace moisture in nitrogen gas with the amount-of-substance fraction of
water x,=12.1 nmol/mol. The signal-to-noise ratio of the line used for monitoring trace moisture in this work
(indicated by arrow) was approximately 35. The spectrum was analyzed with the Voigt function using a non linear
least-squares fit procedure. Fig. 2 shows integrated line intensities and peak intensities as a function of x,. The
figure shows good linear relationships between the two intensities and x,,. By a least-squares analysis with linear
functions, we obtained R*=0.99998 for the integrated line intensities and R*=0.99997 for the peak intensities.
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FIGURE 1. Near-infrared spectrum of trace H>O in N>.
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FIGURE 2. Integrated line intensities and peak intensities as a function of x,.
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Separation between Allowed and Forbidden Component of théle | 447 nm
Line in High Electron Density Plasma
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The overall complex shape of tiée | 2p3P — 4d 3D and its forbidden componenp3P — 4d3F was very often
used for Stark broadening theory testing. The sensitivitthe overall line shape parameters upon electron density
enables the use of these structure of lines for precisiogndistic purposes also. As a consequence of a very low
sensitivity upon self-absorption, the separation betwesdsidden and allowed componers,-is most frequently used
parameter for plasma diagnostic purposes. Useful empfdoaulas relating parametatwith electron densit\\e at
electron densities: 10°°m~3 were determined [1, 2], but their use at higher electronitepiasmas has to be tested.
Namely, there are indications that the dependencepaframeter upoiVe at higher densities differs from the one at
lower Ne [3]. In this paper we report results ef= f(Ne) examination aNe > 107m~3 performed theoretically by
computer simulation [4] and experimentally in a high presgulsed discharge.

Linear pulsed discharge is constructed in our laboratotgrdb]. The separation between tungsten electrodes
(placed inside quartz tube, inner diametenB) was 8cm Each electrode has®@mmdiameter openings in order to
enable interferometery and spectroscopy measurememig tle axis of plasma column. The discharge was driven
by the low inductance 1pF capacitor charged up tol6/. With 0.17Q resistor in series and by use of an ignitron
switch critically dumped current pulse (up to &8, the overall duration of 10s) is obtained. The reproducibility of
the discharge pulsing is enhanced by dc glow preionizatiothis discharge the electron densities up t¢*1H3
were obtained using continuous flow of helium with a smalcpatage of oxygen.

The electron density was determined with single waveleMjthelson interferometer at 638m Spectral lines
shapes were recorded by pulsing discharge, while advammmgpchromator in small wavelength steps. For this
purpose In monochromator (inverse linear dispersioBZBnm/mm) equipped with a cooled photomultiplier (PMT)
is used. Signals from the PMT are led to a digital storagdloscbpe triggered by the signal from the Rogowsky coil
set around main current cable. Typical interferogram aiagbeb of recorded lines are displayed in Figure 1 and Figure
2.

-3
7.00E+017 . ® N_[cm’] 7
e — Current ]
6.00E+017
¥ % ——— Interferogram
]
. .
— S00E+017 N
= LA i
o [ )
— 4.00E+017 °

= ®
(%] 4 ® .
< () ]
G 8.00E+017 - g
c “ \ A 1
: (
3] i
§ 20084017 _
w ‘ °
°
1.00E+017 J\ b ® .
|
0.00E+000 -1+ . » . - - - - -
0.0 10.0p 20.0u 30.0u 40.0p
Time [s]

FIGURE 1. The current pulse, interferogram and electron densityydeca

The s parameter dependence upon electron density evaluatedrbyuter simulation method and experimental
results are presented in Figure 3.
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As evident from Figure 3 our experimental and theoreticaliits agree reasonably well with earlier calculations by
Griem [6]. The deviation of experimental data in Figure 3oed in [3] was, most likely, caused by the self-absorption
of Helines used for electron density determination.
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On the Stark Widths and Shifts of Ar [l 472.68 nm Spectral Line

Z. Mijatovi¢, T. Gajo, B.VUJEic, S. Djurovt and R. Kobilarov
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A. INTRODUCTION AND EXPERIMENTAL

Spectral lines of ionized atoms are used for plasma diagsogiarticularly for dense plasma density determination
based on Stark broadening and shifting. Argon plasmas cdouma in a number of plasma sources. This paper
presents the preliminary results of Stark widths and shbiftar 1l 472.68 nm spectral line measurements using the
T-tube plasmas. The obtained results, as well as the regudther experiments are compared with the semi-empirical
formula [1].

The T-tube was used as the plasma source. The working gas wastiae of H, and Ar in proportion 90 %
to 10 %. This mixture was chosen to provide high enough eacttensity but also reasonable intensity of the
investigated Ar Il lines. The pressure of the gas mixturea iflowing regime, was 90 Pa. The discharge capacitor
bank of 4 uF was fired to 23 kV. The plasma was observed in the reflecte@ wha distance of 4 mm from the
reflector. Plasma radiation was focused on the entranagf 4liim monochromator equipped with 1200 g/mm grating.
A photomultiplier, placed at the exit slit, was used for gpadntensity measurements. Slit widths were aboutii@
Output signals from the photomultiplier were led to a dibitscilloscope and shot-to-shot technique was applied for
spectral intensity measurements. Plasma temperaturesdeeluced from the Doppler widths of recorded profiles
while electron densities were measured by applying lagerfarometer using He-Ne laser radiation at 632.8 nm.
Measured plasma electron density range-12.2 - 101" cm~3 while plasma temperature ranged 20000 - 43000 K.

B. RESULTS AND DISCUSSION

Stark widths of the experimental profiles were determingerafeconvoluting the Voigt function. The results of the
Stark widths obtained in this work and other experimentsiits compared to the results of semiempirical formula
[1]are presented in Fig. 1. In order to compare experimeavitiths from various experiments, the values predicted by
Dimitrijevic and Konjevic [1] were scaled to the reportedaton densities and temperatures in Refs. [2-8].

Table 1.Plasma parameters and measured widih®btained in this and other experiments.

Ne 107 (cm™3) T (K) wm (A)  Ref. Ne 107 (cm™3) T (K) wm(A) Ref.
0.69 12000 0.82 [2] 1 22000 0.393 [8]
1.2 13800 0.48 [3] 2.19 43300 0.67  This work
1 8500-16500 0.42-0.36 [4] 2.13 39000 0.615
1 16500 0.36 [5] 2.07 34900 0.59
1 12800 0.298 [6] 2.0 31400 0.55
2.03 10880 0.741 [7] 1.94 28600  0.55
1.79 11520 0.594 [7] 1.89 25760 0.536
0.74 12200 0.184 [7] 1.83 22400 0.53
1.1 13030 0.356 [7] 1.77 20260 0.516

The Stark shifts of the Ar Il 472.68 nm line at different timefsthe plasma evolution were determined from the
fitting procedure. Because of the lack of information abbatgosition of the line at null electron density (the unguft
wavelength), the relative shifts were calculated. The fiosition for the electron density of 201" cm~2 and plasma
temperature of 31400 K was taken to be the one with zero stiifle the others were compared relative to it. The
experimental shifts were then compared to theoreticalesbbtained from the semi-empirical formula [1] using the
plasma parameters determined in this work. This compafaudifferent electron densities is presented in Fig. 2.

The averag&vm/wi, for all experimental results (exluding that from Ref. 2) i9Dwith standard deviation of 0.17.
The average for this work is 1.00 with standard deviation.@fl0Conclusion is that fairly good agreement between
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semiepirical formula [1] and experimental results are thuBimilar conclusion can be drawn for shifts also. As it
is seen from Fig.2 agreement between sempirical formulaft] experimental results of this work is well inside
experimental error£0.05 A).
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Anomalous broadening of Balmer H, line in aluminum and copper hollow
cathode glow discharges

N. M. SiSovi*, G. Lj. Majstorovi! and N. Konjeve*

“Faculty of Physics, University of Belgrade, 11001 Belgrdi®. Box 368, Serbia
TMilitary Academy, 11105 Belgrade, Pavla JuriSica - Sturd®a Serbia

The presented results are concerned with the shape of Balipiea line emitted from a low pressure DC glow
discharge with aluminum (Al) and copper (Cu) hollow cath@id€) in Ar-H, gas mixture. The analysis indicates that
the line profile represents a convolution of Gaussian pofésulting from different collision excitation processes

INTRODUCTION

The present explanation of the phenomena of anomalous Bopptadening (ADB) of hydrogen Balmer lines is
based on a "sheath-collision model" [1-3]. This model, agother processes, takes into account the influence of gas
composition and cathode material on ADB.

Recently recorded Balmer line shapes along the axis of alalathode discharge and side-on from the Grimm
discharge are found to be symmetric in bF hydrogen-inert gases mixtures [4,5]. These profileskaikhiulticom-
ponent behaviour that can be analyzed using Gaussians veith grecision. The narrowest part of profile with the
Doppler temperature not exceeding 1 eV, and of the middlegbédine profile, with Doppler temperature smaller then
10 eV, are related to excited*thtoms generated in collisions of high-energy electron Witimolecule. The pedestal
of line profile is anomalous broad, indicating the preseri@mergetic H atoms, which may have energies larger than
a hundred eV.

In argon-hydrogen mixtures, the ADB Balmer line profile Isakifferent from those in pure hydrogen isotopes,
see [6] and the references therein. The line shape withgtioa wings, see below, fig. 1, is the result of dominant
role of Hj ion that is efficiently produced in Ar4imixture. The excited H atoms after fragmentation gf tén in
collision with H, or back-scattered H atoms from cathode have smaller entt {on energy is shared between
three particles) than in the case of H

EXPERIMENTAL

In this experiment, the H line shapes were observed in alumiand copper hollow cathode discharges operated in an
inert gas-hydrogen mixture (Ar + 0.8% volpHand pure hydrogen at a pressure of 2 mbar. The HC tubes wémaii0
long with 6 mm internal diameter. The discharge source isritesd in [4]. Here, we shall mention only few important
details related to the optical setup for line shape recgslifihe light along the axis of hollow cathode glow discharge
is focused by an achromat quartz lens onto the entrancef sigeztrometer (2 m focal length; reciprocal dispersion
of 0.74 nm/mm in the first order with a 651 grooves/mm reflettjoating). Spectral line shape measurements are
performed with an instrumental profile having Gaussian ehajth 0.018 nm full half-width. Signals from CCD
detector are collected and processed by PC. During theatigetoperation, cathode was air cooled while HC wall
temperature is controlled with a K-type thermocouple.

RESULTS AND DISCUSSION

Typical examples of the K line shape recording from the central region of aluminum eopper hollow cathode
operated in low-voltage glow discharge regime are givergirifi For the fitting of experimental profiles three Gaussian
(Gauss 1, 2 and 3) are usually successfully utilized. Hérghould be noticed that an exception occurs when the
extremely large contribution of the ADB part masks the middbmponent. An illustrative example is the shape of
Hg line recorded from the copper HC discharge in Ar-Hixture, see fig. 1b. The discharge conditions, relative
contributions of Gaussian components to the total line fit fafi half-widths of Gaussian components in energy unit
scale for both hollow cathode discharges are given in table 1
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FIGURE 1. The Hy profiles recorded along the axis of hollow cathode glow disgh in Ar-H, and their best fits: (a) Aluminum,
U=324V, 1=90 mA and p=2 mbar; and (b) Copper, U=326V, 1=90 nmal p=2 mbar.

TABLE 1. Experimental conditions, relative contributions/Gyq (i = 1,2,3) and
energies E(i = 2,3) of excited hydrogen atoms obtained by applying multi Garssi
fits to the Hy profiles. Discharge conditions: gas mixture Ar+0.8%pH=2 mbar; and

I=90mA.
Cathode Voltage Gi1/Giotar G2/Giota  G3/Gtotal E1 E» Es
V) (%) (%) (%) (eV) (ev) (eV)
Al 324 29.9 23.2 46.9 0.4 2 29
Cu 326 49 - 95.1 0.4 - 44

The results for energies of fast excited hydrogen atomseléfrom the width of Gauss 3, see table 1, show that the
anomalous K line broadening is present in both discharges under théestuckperimental conditions. The Gauss 3
contribution to the overall profile is considerably lower &uminum than in case of copper. In an another experiment,
this difference is detected also for pure hydrogen matrsx e latter can be explained qualitatively by lower number
reflection coefficient R of H™ ions on aluminum [7]. Here, it should be pointed out that #féection coefficients
of H and H" are of marginal importance in argon gas mixtures withwhere the dominant interacting ion with
cathode is H. Unfortunately, the reflection coefficients for the inteiae of this ion with polycrystalline metals are
not available.

The results in fig.1 indicate that the concentration andgnef fast excited hydrogen atoms depend upon cathode
material through its back scattering coefficient, which rhayelated also to the surface composition in relation to the
presence of metal hydrides at cathode surface, see [8].
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Path integral formalism for the spectral line shape in plasnas: Lyman-a with
fine structure
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We examine in this work the expression of the dipolar autedation function for an emitter in the plasma using the
path integrals formalism. The results for Lyman alpha lwéh fine structure are retrieved in a compact formula. The
expression of the dipolar autocorrelation function takes account the ions dynamics and the fine structure effects.

INTRODUCTION

In this work we have retrieved the formula of the dipolar actorelation function common in the line broadening
theory. Our derivation uses the Feynman path integral fisma1]. Since the mean time of the electron-emitter
collision is negligible compared with the ion-emitter omes shall replace the electron-emitter collision effectsaby
standard collision operator [2], whereas the ion-emittdlisions effects, via the dipole approximation, will beated

in the perturbative approach using the path integral folsmalSection 2 is concerned by the formulation of the dipolar
auto-correlation function in the formalism of the path gries and in section 3, we apply earlier results to the Lyman
alpha line with fine structure in time-dependent electricnafield. Conclusion and perspectives are given in section
4.

THE SPECTRAL LINE SHAPE IN THE PATH INTEGRALS THEORY

In this work we present a new expression of the evolution atpef2-3] using the path integral formalism based on
the quantum-mechanical Dirac representation and the aurdplconcept. The usual start of spectral line shape theory
is the general formula giving the radiation power [3]:

(@) = I—J_'[D/C(t)exp(—iwt)dt )
0
in this formula C(t) is the auto-correlation function of ttigpolar momentum of the emitter given by:
Ct)=F Y dap{(BT(t,0)|B) (a[Ta(t,0)|a’)} T g 2)
aa’ BB’

whereaa’ and 33’ are the upper and lower states respectively of the emittduding the spin states, ard..}
stands for a statistical average over the perturbers. Asrese@cerned in this work by the Lyman structure, we
have in this case that the lower st@g3’ is degenerate, and we can, after using the selection rulehanipact
approximation for the electrons, transform C(t) as:

Niw

+
5123102 15)exp(0d) 5 {(23mi[Ta|23m;)} +

W

Ct) = exp(~itey12/R). 5 ,
M +31(23] dt[13)] exp( @kt

(3)

M,

{(23m;[Ta|25m;)}

)m=

whered is the collision operatog? is the reduced matrix elemeny,; > the energy correspondingto =1, j =
1/2) and the matrix element of the evolution operator T in uppetesa is:

(o [Ta(t,0)a') = /d?d?w;(?)Ka(7,t/T’,O)(pa/(7) 4)



P31 101

whereK(73,t,/T7,t1) is the Feynman propagator describing the emitter evolutighe surrounding ion plasma .
¢q(T) are the eigen functions of the Dirac operator relative tdtbe hydrogen atom. Then, to calculate the dipolar

auto-correlation functio€(t), it is useful to evaluate the Feynman propagm&(rr ,t/7,0) as follows:

To=T"

ot

Ka(r',t;r,0) = D[T’(T)]exp{ I—ﬁ/ (L8+eT’E>(r))dr} (5)
TO=T 0

whereL§ is the Dirac Lagrangian for the free hydrogen atom, 4e§ E (1)) is the interaction between the

hydrogen atom and the surrounding plasma in the dipole appedion. It is possible to develop the propagator
Ka(r',t;r,0) as a perturbation series knowing the free propagéjaelative to the free hydrogen atom:

Ka(X) = / dry.. / Ldr / dP1..... / dPK(E1T ). (ExT)
as.. ak 1k
¢ék+l(T’)¢ak+1( k) eXpﬁsaHl( T)-$ar (T )¢2k (Tk-1)
XD Ea, (T~ 1) By (T2) 4, (T'2) XD 0, (T2 — 12) Gy (T1) 85, (T) xp L, (11— ) ©
where{ai} = {n,j,I,mj}, I =j+ % I”’=2j —1 and&; is the spectra of the free atom including the fine structure.

APPLICATION TO LYMAN-ALPHA BROADENING

Summarizing (3-4) and (6) we calculate ba®3m;|T [23m;) and (24m;| T|24m;) and use the weak coupling
approximation (E1ExE3E4) =~ (E1Ez) (EsE4)), we can write the formula (3) for the dipolar auto-correlatfanction
C(t) as:

1 3 1 i D D_
C(t) = 21|<2,§|d1|1,§>|2.eX|c(d>(1;t+ ﬁ(£2.3/2—81’1/2)t (2+ cos(—ﬂ/h t +cos(—\/h (1))
1 1 1
+§|<2,Eyd1|1,§)|2.exr(cb§t+ ﬁ(gz 12— E11/2)t 005( \/ +C05( \/ (7)
where:

t t
_ /dr/dr/ (E(E(T)},Ds = }/dT’¢2.3/27i1/2(T’)T’¢£1/2’il/2(T’) ®)
0 0

®l and ®Z are the electronic collision operators relative t@42 — 1s;5) and (21, — 1s/7) transitions
respectively, and the symbgl..} means as said earlier the statistical average over thepeniarbers.

CONCLUSION
We have applied the formalism of path integrals to the spélitie shape in plasmas providing an alternative treatment
of Stark broadening. This formalism is suitable for keeptihg ionic dynamics in the calculation of the evolution
operator and in the auto-correlation function C(t).
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In this work we review some aspects of the semiclassicalldipopact approximation for isolated ion lines in
relativistic plasma. Mainly we focuss our work on the cadlis operator for relativistic electrons. In this case, the
electron trajectory around a positive charge in the plasiffersl dragistically from those known earlier as hyperboli
The effect of this difference on the collision operator isadissed with respect the various plasma conditions. Some
theoretical and practical aspects of lines —shape calonktre discussed. Detailed calculations are performed fo
the collision operator in the semiclassical (dipole) impgaproximation.

INTRODUCTION

Our task consist to present the electronic collision opergtwhere the unbounded electrons are subjected to move
at high velocity in relativistic plasma. We have develop&edatly the collision operator for the relativistic impact
electrons in the case where the inelasticity parametens (@éthout fine structure) and in the semi-classical theory
keeping only the dipole interaction.

RESULTS

We have discussed the effect of the different plasma pasm@emperature, electronic density N, Z charge and the
principal quantum number) on the difference between Spipesator (hyperbolic trajectory of the impact electrohf)[
and our operator calculated within the unbounded relaitvédectrons. Evoking the direct tergy = ¢*(relativistic),

we have concluded that depends slowly on the principal quamumbem and on the electronic plasma density

N. Whereas the rat@[’%;)(%) is a increasing function of the electronic temperaflireThis rate reaches 60% for

T =5.93x10° °K corresponding to the case where the electronic mean wglodgieaches the light velocity
(v=1/2KTe/me). The relativistic effect increases with the energy sefiamao about 1% which is negligible effect.
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Using the Monte-Carlo simulation we calculated for somecBmeplasmas, the distribution functions of the
derivatives of the micro-field components. Some of them ampared to those calculated earlier by other authors.

INTRODUCTION

The micro-field effect plays a significant role in the broadgrof spectral line shape. This effect is represented by
the distribution function of the ionic micro-field when threéraction between the radiator and the plasma is treated in
the dipole approximation. The latter is well justified at kvdensities, where the assumption of a uniform micro-field
at the radiator is usually admitted. Conversely, at highpteratures and densities, the dipole approximation becomes
severe, and it is important to consider the effects of higitder of micro-field on spectral line shape. As the dersitie
increases, the distances between particles decreaseaanthéhmicro-field gradients (the non-uniformity) appear in
the vicinity of the radiator nucleus. Therefore it becomesassary to study the contribution of the non-uniformity on
the spectral line shape. This requires knowledge of thesstadf the field spatial derivatives in such plasmas. Is thi
work, we calculate the conditional statistic of the micreldispatial derivatives for a given value of the micro-field
and compared it to those found in the literature [1, 2, 3]icByr speaking, we have only needed two distributions
which we have calculated in this work: one is relative to teevative towards the micro-field(dE;/dz)¢ the second

is relative to the perpendicular derivati?édE,/dx),. In section (2), we outline some basic theory for the catiuta

of the constrained distribution function of the spatialidative towards the micro-field in the independent particle
model(Holtsmark model). The particles interact with thdiator via Debye potential. In section (3), using Monte-
Carlo simulation(MCs), we calculat®dE,/dz). andP(JE;/dx)s. In section (4) we present our theoretical results
(both analytical and simulation) and compare them to otfeensd in the literature. We conclude this contribution with

a discussion.

SUMMARY OF THEORETICAL APPROACH
Analytical approximation

We can write
Q(f,e) =P(0E;/02)¢ =< O(f — 0E;/02)0(¢ —E) > (1)

where the brackets <...> denote the statistical averagetbgdons with respect to the canonical ensemble. In the
model of the independent particles, the formula (1)can impldied as:

e e (o ey o 12dr.eXH —i(WIE;/ 9z + UE) —U (r) /KT) |
Q(f’g)_/_oo e dudeo.€ | JRr2drexp(—U(r)/KT)

)

where 4m3n; /3= 1, (nj = N;/V), 4nR%/3=V,U(r) is the Debye potential energy between a particle and thateli
k is the Boltzmann constant afdis the temperature of the systeN.is the total number of ions, V is the volume of
the system and is the ion sphere radius. In the case of weak coupling litné formula (2) transforms as:

400 oo T

Q(f.e) = / olma|w.e£<‘*>f+“£>[4V /r_Rerr.exp(i(waEZ/aH uE))M )

—00 —00
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A simple computation gives the distributi@¥( f, €) as a normalized gaussian form:

1 (f-(B-%2G)7
Q(f,e) = \/mexp( g ) 4)
where: 2
A=4nZen(2A +r)e B =4nZen(E(s)+€ °),C= "(Ze)zni(m,\t =0+ %) ©
and (762 1 2 1 A71(Z6)2 1 1
D= i 2E(29 re B - 2 6= T n By e H gt ©)

heres is the screening parameter definedsasri/A,A is the Debye length anH;(x) is the exponential integral
function. We can see in formula (4) that the distributiorftshtio the left when the common micro-fieldincreases.
Although, our theoretical calculation (4) is based on thdejpendent particles model, it agrees( in the sense of the
shifting to the left) with Kilcrease results (MDS) and our@¢) where the interactions between the particles are taken
into account.

MCs approach

As MCs method has given a good results for the distributiotmefelectric micro-field in the plasmas [4], we have
in this work used this method to compute the distributiontsfspatial derivatives. We have taken at all a plasma
of hydrogenic Argon(Z = 17+, T = 800V and a densityy, = 10?*cmi3 which are the Kilcrease [3] conditions for
different values of the common electric fiedd

RESULTS AND COMPARISON

As the theoretical results are done in more ideal situaiimfependent particles model and zero coupling between the
ions and the radiator), we have only reported in the figuresdhbults relative to the MC simulation, and compared them
with Kilcrease ones. We have taken the the common micro-§ietd.5 in (e/r2) unit and referred the spatial micro-
field derivative to(e/rg) where 4w3ne/3 = 1 (ne = Zny). Our distributions agree in general aspect: semi Gaussian,
decrease in height, increase in width and shift to the léfemthe common micro-fielelincreases. The little difference
between the results is possible due to the idea of model: hailhulation solves the differential equations describing
the actual movement of each particle, whereas MC treats #sestatic particles, randomly distributed in space.

DISCUSSION

In this communication, we have interested in the statigtib@spatial derivatives of the electric micro-field in piees.
We have used the MCs method to compute the distribution fomeQ( f, €) both towards the micro-field and in the
perpendicular direction.
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ABSTRACT

The paper describes the some spectrophysical characteristics of a home made three phase
plasma spectrometer and its application in analyzing airborne samples. The excitation temperature of
plasma is calculated using Boltzmann plot from the iron lines in the spectral range between 370 nm and
377 nm. The excitation temperature measurements along the central vertical axis of the plasma for iron
are plotted as function of the electric current (15A, 27A, 35A and 45A, respectively) for different
heights above the quartz tube. Under the assumption of local thermal equilibrium (LTE), the electron
number density obtained from the Saha-Eggert equation is about 5 x 10" cm™. Tonization interference
effects on Ca (IT) emission produced by an easily ionized element (EIE) are in general agreement with
inductively coupled plasma (ICP). Analytical calibration curves and detection limits data are shown for
Al, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, V, and Zn. The present technique is applied for the analysis of
airborne samples and compared with ICP.
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Diagnostic of stellar and laboratory plasmas, atomic abnnds, opacity calculations, particle densities can be
determined through knowledge of Stark broadening of isdl@pectral lines of multicharged ions in plasmas. This
broadening is due to a complex interaction between elestmod radiating ions [1, 2]. We note that Stark broadening
diagnostics generally require quite elaborate calculati€omparison of theoretical with experimental Stark gdt
measured for well determined plasmas conditions is thezefery important for the improvement of theoretical
methods and techniques.

The study of plasmas broadening of analogous spectraldiloag) isoelectronic sequences gives good opportunity
for testing the theory under conditions of gradual changmefgy levels structure of the emitter with gradual inceeas
of ionic charge. These studies also enable determinatigheofStark width dependence upon the effective charge
Z =z+1 "seen" by the optical electron, whezas the charge of the ion. This is important for the estimatibn
broadening parameters of ions with no available data.

Several methods and techniques were used for the evalwdtimadening parameters, we can cite semi-classical
[1, 2, 3, 4], modified [5, 6, 7] semi-empirical [8] and quantumechanical calculations [9, 10, 11, 12, 13, 14]. The most
theoretical efforts were directed toward elaboration eftthio first methods which showed a good accuracy for neutral
elements and low-charge ions. For the last method, it makeofitheT matrix elements or cross sections. While
this method was established a long time ago [9], such cdlonkbecome possible only when atomic collision codes
were available. Calculations are still very limited. Quantmechanical calculations cited above showed that they
underestimate the majority of experimental widths. Theyehihe greatest difference from the experimental results
compared to other types of theoretical calculations. Rcendisagreement was found for the 2s2s3p singlet and
triplet linewidths in Be-like ions: N IV, O V and Ne VII [13],r&d for 3s-3p linewidths in Li-like ions from C to Ne
[14]. Again most of the quantum-mechanical calculationdBg-like or Li-like ions) are lower than the experimental
results.

In [15], Elabidiet al. have obtained the new following quantum-mechanical exgiwascalculating electron impact
linewidth for intermediate coupling. HerBl is the electron density, the velocity of the scattered electron ahg)
the Maxwellian electron velocity distribution.

2

h KK, Tl

W = 7_[(a Ne z (_1)2J.+K.+K|/+Kf+Kf/+2Jf+I+I +1
JTITWKiK ¢ Ky Kgr

RIINY » 1
x[Ki,Kf,Ki,,Kf,}% {f 1}{ JiKil }{ JiKy/l }

2 KfJsl K¢ Jdil

KiJTs Kid's | [ f(v)
X{ JKe1 }{ IKpl /0 Td"{d"&i“‘%“

—Re[SC(Ap i1 KpsT ;A1 311K s
x §C(8v 3Ky sT ;A3 IK ST } )

L andSrepresent the atomic orbital angular momentum and spineofatget| andl’ are the electron orbital mo-
mentum before and after collision, the supersciigdenote the quantum numbers of the total electron+ion system
SC (A J1'Kisd ; AiJiIKis") is the scattering matrix element for the initial level, desoad, expressed in the inter-
mediate coupling approximation, the same definition astferdomplex conjugatS;'C(Af,JfI’Kf/sJT;AfJfIKfstT)
of Sfor the final level, denoted &5, Re(....) is the real part of (...),

In an earlier paper [16], Elabidit al. have applied this method for Be-like ions and good agreerbetween
experiments has been found. We have used the UCL atomic cukage SUPERSTRUCTURE/DW/JAJOM. This
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package has been used for many years and provides fine structvefunctions, energy levels, wavelengths, radiative
probability rates and electron impact collision strendttig 18, 19]. We extend the use of these codes to electron
impact linewidths calculations.

We present in this work, quantum calculations of electropdnt linewidths for five Li-like ions (C IV, NV, O VI,
F VII and Ne VIII). The Comparisons with experiment show a dagreement. We study the behavior of linewidths
versus electron temperature and ionic chatge
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INTRODUCTION

In the last years, a common characteristic of most of the technological applications of plasmas is that they are a gas
mixture. When more than one kind of gas is present in the discharge, the complexity of experimental determination
of plasma parameters by spectroscopic techniques increases. It is due to the existence of different types of perturbers
in the plasma gas, which have influence on the spectral line profiles and van der Waals broadening is a function of
the reduced mass of colliding atoms. Studies of such influences are important for the application of spectroscopic
techniques in the diagnostics of plasmas generated with gas mixtures.

In this work, the use of the van der Waals broadening of the atomic lines to determine the gas temperature in Ar-He
plasmas, taking into account both argon and helium atoms as perturbers, has been analyzed. The values of the gas
temperature inferred from this broadening have been compared with the ones obtained from the spectra emitted by the
OH molecular species in the discharges.

Theoretically, any spectral line could be used for the determination of the plasma gas temperature from its van der
Waals broadening. However, experimental studies carried out by several authors (see Refs. cited in [1]) have stated
that only a few lines can be used for this purpose. First of all, the separation of the van der Waals broadening from
the whole width of the spectral profile, needs a deconvolution process. Also, the theory does not describe equally
good the van der Waals broadening for each spectral line and for each kind of perturbers, so that the corresponding
investigations in order to find the most convenient lines for this purpose are of interest.

In a surface wave plasma generated with pure Ar, in [2] is studied the contribution of the Stark broadening to the
Lorentzian width for Ar lines belonging to the nd — 4p transitions (4 < n < 7). The procedure used to separate both
Lorentzian and Gaussian parts by these authors was the same as one used in the present work. Their results showed
that Stark broadening can be considered negligible for the 737.2 nm (n = 4) line and very small for the 603.2 nm
(n =5). Consequently, they considered that the Lorentzian width of these lines was mainly due to the van der Waals
effect and the gas temperature obtained from 603.2 nm was approximately equal to the one obtained from OH radical
band (approximately 1500 K) in this case.

In [3] is proposed a method to measure the gas temperature 7, from atomic lines whose Stark broadening is
comparable with the van der Waals one. T, was obtained from the origin ordinate corresponding to the Lorentzian width
for zero electron density which could be considered approximately equal to van de Waals line width. For this study the
best argon atomic lines for the gas temperature T, calculation in an argon microwave plasma at atmospheric pressure
were 603.2 nm, 549.6 nm and 522.1 nm. The values obtained from this method were between 1100 and 1200 K. On
the other hand, in [4] was studied the Stark broadening of the 425.9 nm line. By extrapolating the results in [4] to their
experimental conditions, Yubero ef al. [3] obtained that the van der Waals width value of the above mentioned line
was about 90% of the total Lorentzian width and the gas temperature from the van der Waals broadening of this line
was equal to 1380 K. Consequently with all these results, the use of 425.9,603.2,549.6 and 522.1 nm lines to measure
the gas temperature in plasmas generated with Ar-He mixtures was considered in the present work.

GAS TEMPERATURE DETERMINATION IN AR-HE MIXTURE DISCHARGE

The experimental procedure is described in detail in [1]. The spectra for these lines were registered in different
conditions of Ar-He mixtures, observing a significant decrease of the intensities of the Ar atomic lines when He is
added to the plasma gas. An analysis of the profiles of these lines was carried out in the more extreme condition
which corresponded, in our case, to a 30% of He in the mixture. We found that with the increase of the upper level
of the transition a high dispersion in the fit of the 549.6 nm (4p — 6d transition) and 522.1 nm (4p — 7d transition)
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line profiles to a Voigt function appears. Thus, only the 425.9 nm (4s — Sp) and 603.2 nm (4p — 5d) lines have been
considered for this study.

2400 2400
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FIGURE 1. Gas temperature calculated using the (0 — 0) 309 nm rovibrational band of the OH radical and the 603.2 nm (a) and
425.9 nm (b) atomic argon lines taking into account (hollow triangle) and neglecting (full triangle) the contribution of He to the van
der Waals broadening

The T, values obtained from the van der Waals of the 603.2 and 425.9 nm lines appear depicted in Figs.1a and 1b,
respectively. These temperature values have been calculated by using equations derived in [1]. In the case of an Ar-He
mixed gas discharge, full width at half maximum (FWHM) provoked by van der Waals broadening (wy ) is given by
the following equations

1.479 1.059
w (425.9nm) = xa, 707 + XHe 707 (1)
g g
4.217 3.019

ww (603.2nm) = x4, Tg0'7 + XHe Tg0'7 (2)
where X4, and Xg. are molar fractions of the constituting gases, argon and helium. Also, the values obtained from OH
radical band have been represented. In Fig. 1 one observes that the T, calculated from wy are a slightly higher that
those obtained from OH radical. It is also observed a bigger dispersion in T, values from wy of 425.9 nm line than
603.2 nm line because of its smaller Lorentzian width value wy, which results in higher error in the deconvolution
process.

Moreover, to point up that 7, values obtained from OH radical is lower than those obtained from the Lorentzian
width of Ar lines for He concentrations obove 5%. This can be due to a lack of sensitivity of the OH radical for
temperatures higher than 1600 — 1800 K. This result seems to indicate that for the lines used in this work and under
our experimental conditions the lorentzian width of the atomic lines can be considered almost equal to their van der
Waals broadenings without inducing large errors in 7, determination. The most important result found in this study is
the necessity to taking to account He contribution to the van der Waals broadening for lines used in Ar-He mixtures.
This allows us to conclude that the above equations may be used when the van der Waals broadening of the considered
argon lines is utilized for measuring the gas temperature in an Ar-He plasma.
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INTRODUCTION

Emission spectroscopy is a passive (non-perturbative) technique used to perform the physics diagnosis of surface wave
discharges (microwave discharges) at atmospheric pressure. The radiation emitted by plasma is collected and analyzed
to obtain information about the values of the plasma parameters and the discharge kinetics. The correct study of the
intensity distribution of the spectral lines around their central wavelength (broadenings and total intensity) allows
for the determination of plasma macroscopic parameters such as temperatures, electron density and atom and ion
populations.

At atmospheric pressure line profiles are adequately fitted by a Voigt function, which is the convolution of a Gaussian
function (Doppler and instrumental broadenings) and a Lorentzian one (natural, van der Waals and Stark broadenings).
However there are some phenomena, such as self-absorption, which affect some spectral lines emitted by plasmas
[1], which could distort their real spectral distribution. The radiation emitted by the discharge has to traverse it before
emerging outside. During its passage it is at risk of being absorbed by the atoms or molecules of the same kind as those
that cause the emission. Thus, the light observed outside the source could be less intense than the radiation originally
emitted inside it, and the profiles of the spectral lines would present an anomalous broadening (a greater decrease in
the intensity at the centre of the spectral lines) produced by this phenomenon [2]. When these self-absorbed spectral
lines are used for the plasma diagnosis they can cause erroneous results. It is well known that for high populations
of absorbing atoms and f (oscillator strength) values of the spectral line, the self-absorption and the variation of the
Voigt full width at half-maximum is higher. Each spectral line can be absorbed differently, therefore an study of the
experimental line shapes is needed in order to obtain plasma magnitudes properly. In this work a procedure is applied
to determine if self-absorption affects the spectral lines used in the determination of electron density (7,) and the gas
temperature (Tg,s) in these plasmas at atmospheric pressure, assuring that the results obtained are not perturbed by this
phenomenon.

EXPERIMENTAL PROCEDURE AND RESULTS

The plasma was generated in a quartz tube opened to the atmosphere with an inner diameter of 1 mm. A surfatron
was used as excitation device. The gas used was pure argon (99.99%) with a flow of 0.250 slm. Microwave power
(100 W) at 2.45 GHz was supplied in continuous mode by a Microtron 200 E.M.S. generator. Radiation is collected by
an optical fibre in two directions, transversal and longitudinal to the plasma tube [1] (figure 1). The radiation collected
transversally from the discharge tube (2 cm near Surfatron) can be considered to show negligible self-absorption since
that direction of observation is sufficiently small (1 mm). The spectral lines collected longitudinally, as opposed to the
plasma column, could be affected by the phenomenon of self-absorption since in this case the radiation has to pass
right through the whole length of the discharge (7.5 cm long). In this case the whole width of the Voigt line could
increase (self-absorption broadening).

The half-maximum Voigt width of Hy and Hg hydrogen lines, lines used to determine n,, are compared in
longitudinal and transversal directions and it can be confirmed that there is not an additional broadening in the
longitudinal measurements (Table 1). Therefore neither of the two lines are affected by this phenomenon in their
path along the 7.5 cm of the discharge. So for these plasma conditions, the Hy, line (more affected by this phenomenon
in the literature [3]) could be used to measure electron density in plasmas created in tubes with a bigger diameter
without being affected by self-absorption. Another line used to measured n, (549.6 nm, 6d — 4p argon transition) [4]
is not affected either, due to the low value of its f parameter and the small population in the absorbing level of this
transition, nearer the ionization threshold.
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TABLE 1. Half-maximum Voigt width for transversal and longitudinal

measurements
Ay Ay
Transversal (/ =1 mm) Longitudinal (/ = 750 mm)
HB (486 nm) 0.149+0.019 nm 0.149 £0.015 nm
Hg, (656 nm) 0.1213+0.0006 nm 0.1209 +0.0010 nm
curfatron
longitudinal
Iy ] -+
T1:r;ams versal

FIGURE 1. Positions of the optical fibre

Tyus is determined by considering it equal to the rotational temperature obtained from the ro-vibrational spectra
of the OH species, present in the plasma as impurities [5]. The results obtained from transversal and longitudinal
measurements are the same (figure 2), so these lines belonging to the OH rotational band are not affected by this
phenomenon. Other authors also use argon spectral lines (such as 603.2 nm, 5d — 4p transition) to determine T, [4],
also unaffected either by self-absorption. In the same manner these magnitude can also be measured in directions with
greater dimensions (flames or plasma columns in a tube with a diameter > 1 mm) without being distorted by this
phenomenon.
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FIGURE 2. Linear fit of the longitudinal and transversal intensity of the OH species
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Surface interactions in Matter Wave Optics:
Towards a Schlieren-type Atomic Nanoscope?

J. Grucker, M. Hamamda, V. Bocvarski, F. Perales, G. Dutier, J. Baudon and M. Ducloy

Laboratoire de Physique des Lasers (CNRS-UMR 7538), Université Paris 13, 99 Av. J.B. Clément, 93430
Villetaneuse, France
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The interaction at mean distance (z ~1-100nm) between an atom and a surface is of the van der Waals type in
1/Z° (see e.g. [1]). It has been known for sometime that surface attraction has a noteworthy influence in atom
interferometry using material gratings as beam splitters [2]. However as soon as the atom has a non-zero internal
angular momentum, such as rare-gas metastable atoms like Ar*(°P,), the surface interaction potential is not
purely scalar, but rather contains an additional quadrupolar part. This quadrupolar part breaks the atomic state
symmetry and is able to induce inelastic transitions between fine structure levels [3]. When an external magnetic
field B, the direction of which is different from that of the normal n to the surface, is applied, transitions between
Zeeman states (M—M”) are also induced [4], provided that the distance of closest approach (or impact parameter
p) is small enough (p < 2 or 3 nm). When such transitions, called “van der Waals - Zeeman” (vdW-Z)
transitions, are exo-energetic (M’-M = AM < 0), the atom experiences a repulsive deflection, by an angle Y~ | g
us B AM / Egl '2, where g is the Landé factor, pj the Bohr magneton and E, the initial kinetic energy (deflection
observed on metastable Ne*(°P,), [4]). The fact that the atom diffraction originates from a small volume located
near the surface, and occurs in a different internal state (allowing for an easy discrimination from the incident
atomic wave) reminds one of the well-known methods of Schlieren photography.

Those vdW-Z transitions act as tuneable (via B) beam splitters, usable in atomic interferometers. The
simplest configuration of such an interferometer is the atomic counterpart of the bi-prism Fresnel’s
interferometer. It consists of two opposite surfaces, e.g. the two opposite edges of a few um wide slit. Using a
nozzle beam of Ar*(°P,) atoms [2] slowed down to a velocity of a few tens of m/s by a standard Zeeman slower
[5], one easily gets transverse coherence lengths larger than the slit width. Under such conditions, a single
atomic wave packet can be inelastically scattered by both edges, generating two coherent wave packets deflected
at opposite angles. Because of the very narrow range of impact parameters where the vdW-Z transitions occur
(2-3 nm), these packets strongly spread out and overlap beyond a distance of few cm from the slit, leading to a
Young-slit interference pattern [6]. For instance, with a velocity of 56 m/s, a slit width of 10 pm, one gets at a
distance of 30 cm, a fringe spacing of 5 um. It is worthwhile to note that this device realises a textbook
measurement of coherences in the atomic beam: longitudinal coherence via the number of visible fringes,
transverse coherence via the contrast at the centre of the interference pattern. Because of the velocity spread (a
few %) the beam longitudinal coherence length is finite, and only a limited number of fringes (about 50) is
observable; but the most interesting thing here is the envelope of these fringes. Indeed this envelope is the
Fourier transform of the vdW transition-probability profile at the vicinity of the surface [6]. By this way this
profile can be explored with a sub-nanometric resolution.

The group “Interferometry and Optics with Atoms” is a member of the Institut Francilien des Atomes Froids
(TFRAF)
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Spectroscopy of alkali-helium exciplexes in condensed ham

P. Moroshkin, V. Lebedev, A. Hofer, A. Weis
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ALKALI-HELIUM EXCIPLEXES

While alkali-metal atoms and helium atoms in their grouretest strongly repel each other, an alkali-metal atom
excited to one of it$° states can exert an attractive force on nearby helium atoch$cam bound states, known as
exciplexes. The interatomic interaction in such quasicuks is dominated by the Pauli repulsion between the valenc
electron of the alkali atom and the closed electronic sHeh@®He atom. Only when the helium atom approaches the
alkali atom along a nodal line or a nodal plane of the lattelectron-density distribution, it experiences a van der
Waals attraction, which is responsible for the formatioradfound state. The structure of the quasimolecule thus is
determined by the shape of the electronic orbital of thetedcalkali atom. In the light alkalis Li, Na, K, in which
the spin-orbit interaction is negligible compared to tha @er Waals interaction, dumbbell-like orbitals lead to

an exciplex in which the He atoms form a ring around the duriblveaist. The maximal numbeX of bound He
atoms in those complexes is limited by the repulsive inteavadetween the neighboring He atoms. In the heavier
alkali atoms Rb and Cs one has to take into account the spihioteraction and consider? orbitals. In that case
mostly linear diatomic and triatomic exciplexes are formeth the He atoms located in the dimples of the apple-
shapeP;/,,M; = 3/2 orbital [1]. However, when several He atoms approach asseatnough distance, a spin-orbit
uncoupling may occur. This results in the formation of tigyrshaped exciplex with up to 7 He atoms [2].

Exciplexes are usually observed via their laser-induceatdiscence which is strongly red-shifted with respect to
the corresponding transition in the free alkali atom andcivtiias a very large spectral width. The red-shift and the
broadening are a consequence of the strongly repulsiveaciten in the ground state and increase with the number
of bound He atoms. The spectra and the exciplex structurevg@iteeproduced by a simple model [3] that assumes
that the interatomic interaction is pairwise additive anattuses theoreticdl-dependent anisotropic pair potentials
existing in the literature. It is usually assumed that trecbnic wavefunction of the alkali atom in the exciplex is
not affected by the presence of the He atoms and that thetivedieansition to the ground state has the same dipole
momentd as in the free atom. The radiative lifetimenf the exciplex, given by

1 wid?

T 3mghd (1)

is significantly longer than that of the corresponding ectistate of a free atom, due to the strong redshift of the
transition frequencyw.

EXPERIMENTS IN CONDENSED HELIUM

Alkali-helium exciplexes have been observed in liquid [d8laolid [2] He, in cold He gas [4], and in He nano-droplets
[5]. In the present contribution we concentrate on expemisia solid*He. Due to the very low temperature and the
high density of He atoms, this environment is very well sliiter studies of weakly bound short-lived complexes.
Alkali (Rb or Cs) atoms are introduced into solid He by meahiager ablation from a metallic target located at the
bottom of the experimental cell. The experiments are cduoigt at a temperature of 1.5 K and a He pressure in the
range of 25 - 40 bar. Under those conditions impurity atomnsbestrapped in the He matrix for many hours. We excite
the dopants with a tunable pulsed or cw laser and study theatsally and time-resolved fluorescence.

In gaseous helium the attachment of He atoms to the excigglexre via binary collisions, so that the formation of
a polyatomic exciplex requires a large sequence of suchsials to occur within the radiative lifetime of the excited
alkali state. It has been shown that in a doped He dropletliadi atoms are loosely bound at the droplet surface,
and the energy released by the attachment of a single He aoaflyleads to the desorption of the excimer from the
droplet. In condensed (liquid or solid) helium, on the othand, the alkali atoms reside in small spherical cavities,
called atomic bubbles. The characteristic diameter of thdbke is about 1 nm and is determined by a balance between
the repulsive alkali-helium interaction and the surfagesien at the bubble interface acting together with the bulk
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FIGURE 1. Fluorescence spectrum of Cs-doped solid He excited at3hjg 6 6P transition of Cs (a), and at th@)3MNg «—
a2, band of the Csmolecule (b). In (a) the experimental data (points) are amegbto a theoretical calculation (solid lines). The
bands are labeled as follows: A - ring-shaped CsExciplex, B - linear Cs*Hg exciplex, C - atomic 6/, — 6Py, (D1) line, D

- ()N, — Xlzg band of Cs, E - atomic &, — 6P5/, (D2) line, F - unidentified band, probably Zdey exciplex.

pressure. The laser excitation of the atom in the bubbleriseédiately followed by the exciplex formation. In that case
only fluorescence from the largest exciplex is observeds#ilaller complexes exist only as a transient products and
have no time to emit fluorescence.

The excitechP states of the light alkali elements in condensed He are aalglquenched by exciplex formation.
The stronger spin-orbit coupling makes that, in Rb and GsefttitednP, » states (=5 and 6, respectively) in liquid
He preserves their spherical shapes and form bubbles whiatgier than those of ground state atoms. When the liquid
He is pressurized, the atomic bubbles shrink and perturbréipped atoms more strongly. At He pressures above 15
bar Rb behaves as the light alkalis and only excited RisgP atoms retain their bubble-state up to the solidification
point and even in solid He. At the same time t#g, states of Rb and Cs are quenched both in liquid and solid He to
form linear and ring-shaped exciplexes. Their experinnt®dserved spectra agree well with theory (Fig. 1(a)). The
existing small discrepancy is attributed to the interatbbthe exciplex with the solid He matrix, not included in the
model.

We have studied the lifetimes of Cs*kland Cs*He exciplexes by measuring the decay times of the correspgndin
fluorescence following pulsed excitation. The comparisithe experimental results with the predictions from Eq. 1
shows that Cs*Hgis quenched by a radiationless process, most likely by atssformation into a larger exciplex.
On the other hand, the ring-shaped complex has a lifetim®& ofsd much longer than that of the excited Cs atom (36
ns). This result cannot be explained by the spectral styfttérm in Eq. 1) only. It is therefore reasonable to assume
that the transition dipole moment is significantly increshbg the strong perturbation of the Cs ground state by the
interaction with the He-ring.

DIALKALI-HELIUM EXCIPLEXES

In addition to the direct exciplex formation processes ukised above there exist other formation mechanisms
involving intermediate atomic or molecular electronicteta The laser ablation applied for the doping produces
alkali atoms, dimers, and larger clusters. The electromiecgire and spectra of the alkali-metal dimer molecules
are well known. In solid He we could identify a number of almimn bands of R Cs, and RbCs. The laser-
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induced fluorescence of all those molecules comes only ftardwest excited stat¥1, which is metastable (in
the free molecule) and which is populated by radiationlesssitions from the laser-excited states. We have also
observed the photodissociation of dimer molecules intogyoand-state and one excited atom. The latter either emits
fluorescence, or produces an exciplex. A detailed compadéthe fluorescence spectra of the dissociation products
(figure 1(b)) with those obtained under the direct laseiitation of nP; states of Rb and Cs reveals a small redshift,
which we attribute to the interaction of the excited atom fothe exciplex with the nearby ground-state alkali atom.
This observation suggests that the dissociation productetiseparate completely, but stay in close proximity in the
matrix, residing probably within the same diatomic bubble.

We have also discovered two very broad spectral featureishvdan be excited at some absorption bands of Cs
and Rb respectively and overlap with the spectra of their disdamigoroducts (Fig. 1(b)). We suggest that they come
from two new quasimolecular complexes (exciplexes), timgj of an excited Rbor Cs dimer in all state and of
several ground-state He atoms, arranged around a waise afuimbbell-likel1 orbital. The fluorescence spectrum
of such a molecular exciplex is strongly broadened and rfddhwith respect to the corresponding band of the free
molecule due to the strongly repulsive interaction of thiuine belt with theX ground state. A quantitative modeling
of such complexes will require the knowledge of the anigutralkali dimer—helium interaction potentials.
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Near-resonant femtosecond laser induced cone emission fnarubidium vapor

S. Vdovi, H. Skenderow, G. Skolnik, T. Ban, N. Vuii¢, D. Aumiler and G. Pichler

Institut za fiziku, Zagreb, Croatia

INTRODUCTION

The phenomenon known in the literature as cone or connicaséon has been widely investigated since the early
1970s. As the intense light beam interacting with a nonlimeedium has a very complex interpretation it is natural to
suspect that cone emission (CE) appears due to differestgiiynechanisms in different experimental conditions.

The CE is usually observed as a diffuse ring of light appeggairound a central laser spot emerging from a dense
metallic vapor, when the laser beam that propagates thraughpor is blue detuned with respect to the atomic
transition. In most cases, the CE spectrum is red detuned tihe resonance. This complex phenomenon provoked
researchers to propose various models of description. €the popular models is based on four-wave mixing (FWM)
of Rabi sidebands and the efects of diffractive spreadingndypropagation [1]. This model gives good results when
applied to CE from glasses or liquids, i.e. when the lasegUeacy is far from resonances. The red-detuned and
blue-detuned sidebands emerge at the cone angles acctirdigM phase matching conditions.

In measurements in which the laser beam is tuned near atesunance the situation is more complicated. The
experiment of Harter and Boyd in sodium showed that the redngel light was emitted in the cone whereas no
blue sideband was present. They argued that simultaneaitblfrWM, self-focusing occurs resulting in formation
of the stable filaments. The blue sideband remains trappdeithe filament by total internal reflection. However,
there are observations indicating that FWM and boundargectbn propagation are more complicated than predicted
by the simple model. In order to solve this inconsistencyesd other models were proposed like Cherenkov-type
process, superfluorescence and self-phase modulatiop-dépendent theory including full propagation for the tase
and frequency sidebands could not account for the highdesiebptical gain in CE. In our previous work [2], we
obtained CE with 100-fs pulses in dense Cs vapor.The lassituveed far from the Cs atomic resonance but in the
range of the cesium dimer absorption. The largest cone aragebserved at about 755 nm, far away from the closest
D2 cesium resonance line at 852 nm. We established thatrtfigsion originates from the nonlinear behavior of index
of the refraction connected with the presence of K8 molecular transition with the maximum of the absorptain
about 760 nm. This was further supported with a direct cati@h between observed cone angle and the dimer density.
We established the molecular origin of the CE with spatid}gease modulation as a dominant mechanism of the CE
generation.

In this work [4] we report the CE from the dense rubidium vagxgited by the output from the mode-locked, 100 fs
laser oscillator. The cone emission was observed only whefaser beam propagated through the high-density vapor
(N>5x10® cm~3) and for the smaller densities no CE was observed. The lasgérat wavelength was changed in the
wide interval, from the far blue wing of the D2 line to the fadrwing of the D1 line. The observed CE in the far blue
wing of the D2 line is interpreted as a consequence of thefgelfsing and self-phase modulation according to the
adiabatic following limit. The emission in the red wing oktiD2 line shows defocusing of the propagating beam.In
contrast to the CE reported so far, the bright central spstived observed in the far blue wing. In the near blue wing
the central spot appears due to the two- photon resonanc&atridi. The temporal shape of the CE, measured by
cross-correlation in the SHG crystal shows pulse breakimbextreme lengthening.

EXPERIMENTAL TECHNIQUE: FREQUENCY-RESOLVED OPTICAL GATI NG

One of the best techniques of obtaining information abotaishort (fs) pulses is probably the frequency resolved
optical gating (FROG) in some of its subvariants. We usexd drder to retrieve pulse field using the autocorrelation
and the crosscorrelation setup. The beams were intersiected nonlinear BBO crystal with 1Q0m thickness and
the second harmonic signal was collected and spectraliyvedin the computer controlled compact spectrometer. A
12 cm long all-sapphire cell containing pure rubidium wasgtalied in the specially designed oven and heated to the
desired temperatures/densities.
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FIGURE 1. Up: FROG signal for the temperature of 347 corresponding to atomic concentration of 6.75616m~2. Down:
signal spectrum at different delay times

FIGURE 2. photos of the cone emission at distance of approximately ®m the Rb cell at pulse central wavelengths of 760,
780 and 820 nm, from left to right

A typical SHG FROG measurement of the cone effect pulse i&shio fig.1 together with the signal spectrum at
different delay times. For higher densities correspontbrigger cone angles autocorrelation setup becomes unieelia
and the crosscorrelation SHG FROG was performed. UsingRiag3’ [3] software we were able to extract pulse
electric field and phase together with the pulse spectratemg@oral length.
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Importance of linewidth data for thermometry using CARS spectroscopy

P.-E. Bengtsson
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Coherent anti-Stokes Raman Spectroscopy (CARS) is a technique based on a non-linear optical process, and this
technique can be used mainly for temperature measurements in combustion but sometimes also for concentration
measurements [1,2]. In CARS normally three laser beams are focused to a common intersection point. If the
frequency difference between two of the laser beams is in resonance with a molecule (either rotational or
vibrational), an oscillating polarization will be induced. The third beam is scattered off this resonance frequency
and a CARS signal emerges as a laserlike beam in a direction given by the phase-matching condition. The signal
is after spectral isolation directed to a spectrometer, and the detected spectrum contains temperature and
concentration information mainly related to its shape and the widths of the lines. A rotational CARS setup is
shown in Fig. 1, and an experimental rotational CARS spectrum is shown in Fig. 2.

1,0 9
Nd:YAG PC
M laser 08
— 1-m CCD -
S
> 064
10% spectrometer S
>
Dye laser ND % 04
c
Measurement point ..GC..’
ps BS | -
7 =
M 0,0 +
=300 mm =500 mm 0 50 100 150 200 250

Raman shift (cm™)

Figure 1. Experimental pure rotational CARS setup. M=Mirror,  Figure 2. Experimental rotational CARS spectrum from

BS=Beam splitter, L=Lens, A=Aperture, SP=Short-pass filter, nitrogen recorded at 295 K. The lines at higher Raman

ND=Neutral density filter, CCD=CCD-camera. shifts correspond to faster molecular rotations and thereby
populations on higher rotational energy levels.

The CARS spectrum has a complex dependence on molecular structure (equilibrium distance, moment of inertia,
rotational energy levels, centrifugal distortion) and its interaction with the radiation (resonant and non-resonant
susceptibility, rotational Raman linewidths), the Boltzmann distribution, the experimental equipment (laser line
profiles), and measurement conditions (pressure, instrument function, dispersion of spectrograph).

The CARS signal strength, S, has the following dependence on different parameters, for which the

definitions can be found in [3]:
2
sin( Ak1/2)
orrre; Eq.1
Akl/2 j (Fa.l

The spectral information in Eq. 1 is attributed to yc4rs, Which is the coupling between the third power of the
applied electric fields and the induced molecular polarization. The factor yc4rzs can further be divided into a
resonant contribution from rotational or vibrational Raman resonances in the molecule, and a non-resonant term
due to electronic response, i.e.

2
Socwazs 11,15 |ZCARS| 12(

Xcars = XnrR T XR (Eq.2)

The resonant susceptibility, yz, can be expressed as

A2
Ar = — (Eq.3)
5 ; W, 0 —0O 0O, — lprJ,J+2 (T, J)/Z

The line strength factor a; ., in Eq.3 can be written as
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4 N ,,
Arj2 = E;b}] ? F(J’J+2) gezApJ,J+2 (Eq.4)

In Eq.4 the population difference factor, 4p; .., can be expressed as

Ap :&%*””{exp[_w}_exp[_w}} (Eq.5)

J,J+2 } kT kT

The spectral sensitivity to temperature is present in the population difference factor (Eq.5), and the rotational
Raman linewidths, I'y ;.»(T,J) (Eq.3). Since, however, the population distribution as a function of temperature is
known, the main uncertainty in the temperature determination is in the Raman linewidths (apart from the
experimental uncertainties). Accurate linewidth data is thus important for the accuracy of temperature
measurements. The temperature and species concentrations are evaluated by fitting of experimental spectra using
a library of theoretical spectra, which are calculated with input from molecular data and experimental parameters.

CARS was developed as a useful laser-based technique for combustion diagnostics during the 1970’s, and it has
since then been developed through fundamental laboratory studies and has the last decades been used for applied
measurements in practical devices such as internal combustion engines [4], see Fig. 3.

Figure 3.

Photo from rotational CARS
measurements of temperature inside
an optical engine.

Research on CARS spectroscopy deals with improvement of accuracy and precision in the measurements of
temperatures and concentrations by investigations of experimental approaches, evaluation strategies, and
theoretical models [5].

The invited talk will show examples of the importance of accurate linewidth models for accurate temperature
measurements using CARS spectroscopy.
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INTRODUCTION

The global carbon cycle is influenced by the anthropogenic emission of carbon dioxide with significant implications
to climate change. Uncertainties in our understanding of the global budget of atmospheric carbon dioxide are limiting our
ability to predict the changes in climate. Estimates indicate that about half of the carbon dioxide emitted anthropogenically
remains in the atmosphere. The remaining half, often called the “missing carbon” is absorbed by the oceans and the terrestrial
biosphere, the biosphere being the main sink. Without a good understanding of the fate of the “missing carbon”, predictions
of future climate change will remain suspect. The spectral parameters reported here are relevant for the mixed air conditions
of Earth’s atmosphere and could be used, for example, to validate the measurements of the OCO mission that intends to ob-
tain total column CO, measurements with a precision of ~0.3%. Future remote sensing of planetary bodies, such as Mars and
Venus that have atmospheres with a high content of CO, gas will benefit from our spectroscopic pure CO, results.

EXPERIMENTAL DETAILS

Fifteen room temperature CO,-air and eighteen pure carbon dioxide spectra [1,2] were recorded at the Steacie
Institute for Molecular Sciences at the National Research Council in Ottawa using a Bomem DA3.002 Fourier Transform
Spectrometer. The gas pressures ranged from a few Torr to one atmosphere. Thirty-two scans were co-added to each
measurement to achieve a strong signal to noise ratio at resolutions of 0.008 or 0.009 cm™. A White-type cell with a base
length of 500 cm was used to obtain pathlengths between 40.15 and 80.15 m. The output from the cell was recorded with a
germanium detector operated at room temperature. The pressure was measured with two Baratron 127 capacitance
manometers and a Wallace and Tiernan precision Bourdon tube gauge. Lakeshore PT-103 platinum resistance thermometers
and Lakshore Model 91C and Model 211 read out units were used to record temperature with an accuracy of £0.4 K. The line
positions of the recorded spectra were calibrated internally with respect to the carbon dioxide positions listed in HITRAN
2004 [3].

SPECTROSCOPIC ANALYSIS AND DISCUSSION

The individual batches of pure CO, and CO,+air spectra were analyzed using a multi-spectrum non-linear least-
square curve fitting program [4] that models the spectral lines using the line shape model of choice convolved with the
instrumental line shape function appropriate for the Bomem instrument. The program makes corrections for interferogram
truncation and field of view effects. The spectral backgrounds and zero transmission levels were appropriately modeled. The
differences between the experimental and the calculated spectra were minimized by adjusting various line parameters through
non-linear least-squares fitting. The band was analyzed on a line by line basis by selecting the same interval ranging from 1.5
to 3 cm™ within every spectrum. Voigt and Speed Dependent Voigt profiles with an asymmetric line mixing component were
used in the analysis. As shown in Fig.1, the Speed Dependent Voigt profile with line mixing reproduces best our results.

The line mixing effects have been measured directly from the spectra using our line by line fitting method and the
weak mixing expression of Rosenkranz [5]. We use the relaxation matrix formalism [6] to treat the CO, bands as a whole and
relate the band’s behavior over a range of pressures to the elements of the relaxation matrix. This formalism incorporates the
impact approximation and the approximation that the density matrix can be factored. The impact approximation assumes that
the collisions are binary and their duration is negligible compared with the time between consecutive collisions. The density
matrix is factorized by dividing the gas sample into a large number of identical cells and considering one cell as the system
while the remaining cells are referred to as thermal bath gas. Line mixing coefficients can be quantified by the off diagonal
elements of the relaxation matrix along with the dipole transition moments [6] the diagonal elements of which represent the
broadening and shift coefficients. The collisional transfer rates can be calculated using energy scaling laws that characterize
the off-diagonal matrix elements of the relaxation matrix for any rotational state using a set of fitting parameters. We have
used Exponential Power Gap (EPG) and the Energy Corrected Sudden (ECS) fitting laws to predict the line mixing
coefficients. The results are presented in Fig. 2.
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The need for high-accuracy spectroscopic data motivateanaes in experimental methods and first-principles
models required for data analysis. In order to get fundaatesptectroscopic parameters of spectral lines (such as
intensities, pressure broadening and shifting coeffisjenith an accuracy of 1% or better, one must use more
sophisticated profiles than the commonly used Voigt linegpsehdo this end, we will briefly describe well-known
mechanisms that influence the shape of spectral lines imguicke narrowing and speed-dependence of collisional
broadening and shifting.

Experimental methods which are sensitive, accurate anetas possible from instrumental distortion have to be
used to provide accurate spectroscopic data for a largetyasf molecular lines, with intensities ranging from the
relatively strong to very weak. As such a method, we presemjuiency-stabilized cavity ring-down spectroscopy
(FS-CRDS). This new technique incorporates a ring-dowrctspmeter with a stabilized and tuneable comb of
resonant frequencies and a continuous-wave externalycdicide probe laser. The FS-CRDS experimental setup
is characterized by a high frequency resolution of 50 kHz ardgh sensitivity with a noise-equivalent absorption
coefficient of 12 x 10 1%m~1Hz /2. This spectrometer provides line shape measurementsigithlso-noise ratios
in excess of a few thousand to one.

We present several experiments intended to demonstrateiitadility of the FS-CRDS technique for precise and
accurate line shape measurements. As an example, we gatestihe shapes of near-ir rovibrational absorption lines
of water vapor. We discuss the results of these tests angiieability of different models for the description of the
measured water vapor line shapes. We identify the need &tistie quantum-mechanical calculations of the speed-
dependence of the collisional broadening and shifting: ef®dhich are crucial for interpreting and analyzing line
shape measurements. Finally we discuss the potential inopagpectral line lists (such as those incorporated in the
HITRAN database) of this new experimental technique whenlioned with more refined models of line shape.
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Exact low-order classical moments in collision-induced bands
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Carbon dioxide is directly concerned with debates over the role of greenhouse gases and the opacity of
planetary atmospheres. Because of this, its collision-induced absorption (CIA) and scattering (CIS) spectra were the
subject of several experimental [1,2] and theoretical [3-5] investigations. There are two primary integrated

characteristics necessary for the quantitative interpretation of a collision-induced band, zero moment M, and the

square-rooted reduced second moment, AZ)'? = (27zec) ' \JM,/ M, , respectively. We report new exact
analytic M|” and M{” exp- ressions for classically treated linear rotor - linear rotor collisions which are applicable
for whatever type of the spectroscopy, i.e. CIA (#=1) and CIS (r=0,2). The expressions are used to CO,- CO,,
focusing on those regions of the CIA and CIS spectra that correspond to the forbidden pure-rotational and
asymmetric-stretching v; vibrational transitions, respectively. Accordingly, we here provide compelling evidence
that the quadrupole induction is sufficient for the meaningful description of the published CIA rototranslational band
characteristics of CO,- CO» [1] and so is the dipole-quadrupole interaction with respect to the ones of the v; CIS
band. This finding is manifestly opposite to the belief that, for CO,- CO,, short-range exchange interactions are
indispensable [4]. The proper account of a novel mechanism of polarization, the hitherto neglected vibrational
polarizability corrections, the anisotropy of the interaction potential, as well as a refined CO,- CO, potential energy
surface (PES) [6] were critical to the success of our enterprise.
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Figure 1. Anisotropic CIS v; band of CO,- CO..

For Au'V, conventional quadrupole induction was the only relevant mechanism of polarization, thereby
involving the CO, permanent quadrupole moment Q and the dipole-dipole polarizability tensor ¢. For 4a®, Amos,
Buckingham and Williams introduced two long-range polarization mechanisms, namely the dipole-induced
quadrupole (DIQ) interaction and a nonlinear quadrupole (NLQ) polarization [5]. The first brings into play the CO,

dipole-quadrupole polarizability tensor 4, along with the dipole-dipole polarizability tensor &,. The second

a
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involves (O, of the buffer particle along with the dipole-dipole-dipole polarizability tensor Ba of the active
molecule. However, while these authors found NLQ to contribute only little in comparison with DIQ [5] (a
conclusion also confirmed by our own computations), they missed the coupling between the dipole matrix-elements
(14a")uia of the vibrating active molecule and the dipole-dipole-quadrupole polarizability tensor f;’,, of the perturber.
The formal structure of the nonlinear dipole (NLD) term was recently revealed by us using the Feynman diagram
approach [7]. Pronounced, destructive DIQ - NLD interference was found for CIS by CO, - CO, resulting in a

spectacular decrease of the M((,z) value of the v; band (see below) and in excellent agreement with the

measurement. However, neither trustful data for the electronic polarizabilities and (tz")fia nor the exhaustive
description of the PES anisotropy were sufficient to ensure a reliable description of the CIA moments. For the latter
process, it was necessary to supplement the electronic term o = o by the vibrational correction a®™®, after which
the calculated moments fit the measurement. Besides, on strictly quantitative grounds, solely the state-of-the art
PESs obtained on the basis of ab initio calculation [6] were unambiguously compatible with the observation for both

M, and M, , and for both CIA and CIS. The theoretical values of M, and M 21/2 calculated at T=294.5 K with

the PES [6] are gathered in Table 1. Entries supplied with stars and with filled circles and crosses represent values
obtained upon turning off the PES anisotropy, the vibrational polarizabilities, and the (solely in CIS) NLD
polarization, respectively. According to Table I, zero moments are greatly affected by the PES anisotropy. By

switching it on properly, the M| value is lowered by more than 30% for CIA and to a somewhat lesser extent for

CIS. What is even more impressive, however, is the huge effect ( = 25%) of o™ on the CTA M, values and, as

anticipated above, an even huger contribution ( = 60%) of NLD to the CIS ones. Far lesser is the impact of all three
effects on the width of the bands.

TABLE 1. M,(inau) and M)”>.
Measurements: (a) CIA [1], (b) CIS , this study

M, (e’ay) CIA M, (em™)
12.4*% 6.8° 9.9% 40.0*
8.5 434
Exper. “: 10£2 Exper. “: 40+4
MO (ag) CIS le/l (cm_l)
730.4* 54.8 68.6* 31.2*% 329 31.2%
24.6 324

Exper. : 24.642
Exper. % 32+4
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INTRODUCTION

Remote sensing detection of molecular species is widelg teatmospheric or chemical studies. This technique
is based on the analysis of observed line shapes and, inadttitinformation about absorption line frequencies, it
requires preliminary studies of molecular relaxation.

With the advent of quite sensitive spectrometers, it is n@i nown that actual line shapes exhibit clear deviations
from the time-honored Voigt profile [1]. More recently, subdviations have also been observed on some atmospheric
spectra. These departures, generally denoted as "linewiags", are characteristic of line shapes which are higher
and narrower than expected from the Voigt model. They résarit the approximated nature of the Voigt model which
neglects the correlations induced by molecular displaceésiteetween the collisional processes and the Doppletteffec

1. On the one hand, relaxation rates depend on the relateedspf absorbing and perturbing molecules. Fast
molecules relax more rapidly than slow molecules that adea longer time with the electromagnetic field. Thus,
line shapes get higher and narrower than expected from tigeviodel. They are modeled by the so-called Speed
Dependent Voigt (SDV) profiles.

2. On the other hand, molecular collisions induce velocitsrges of absorbing molecules. This process leads to
a diffusion process, that is to a reduction of mean moleorglocities. This effect, generally referred to "Dicke
effect” or optical diffusion, entails a reduction of the [udgr contribution and then a line narrowing. In this
context, widely used models are Galatry and Rautian prdfiies consider soft and hard collision processes,
respectively.

Of course, these effects have very different physical nsigind can occur simultaneously. However, they both
lead to similar line shapes that are narrower than predigyethe Voigt model. Thus, an important problem is the
interpretation of observed departures from the Voigt pepfiemely: is it possible to obtain from experimental ressult
a clear discrimination between these two processes?

Although the speed dependence of relaxation rates wasdsyesi theoretically by Voigt as far back as 1912, first
experimental evidences of departures from the Voigt prefédee performed on by Herzberg in 1950 and clearly
attributed to the Dicke effect.

Since the 1980s, a lot of experimental works performed oremdér species of atmospheric interest - such as
OCS, HCN, NO, GH,, CO, CQ, Og, ... - have clearly shown that departures from the Voigt jgafre a general
phenomenon, more pronounced as perturbing molecules aeemassive than absorbing ones. Without going into the
details, the Dicke effect was generally retained for theripitetation of experiments involving a large Doppler gffas
the infrared domain, whereas the speed dependence oftielaxates was rather considered in the millimeter range.
However in the late 1990s, strong difficulties were repolig@onsideration of the Dicke narrowing, namely optical
diffusion rates that evolve non linearly with the gas pressund get larger than kinetic diffusion rates.

EXPERIMENTAL RESULTS

Since several years, numerous experiments have beenmedan Lille for the determination of line broadening
parameters of atmospheric molecules and a great attenisrgiven to line shape analysis. These experiments were
performed mainly on isolated lines, either by a time domaimerent transient technique in the millimeter range [2, 3]
or by frequency domain steady state experiments in thematier range [4, 5] or in the infrared range [6].

As a general result, observed line shapes are narrower #patted from the Voigt profile, discrepancies being
larger as mass ratios of perturber and absorber are larigar. &ymmetries were also observed with molecular pairs
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FIGURE 1. Recorded shape of the 172 GHz line of B in collision with Np. The signal (a) was observed by a frequency
modulation technique and fitted by using a Voigt profile (b@sRua (obs.-calc.): Voigt (c, enlarged by a factor of 1@laBy (d,
factor 50), SD-Voigt (e, factor 50). HEN pressure (enriched sample): 0.2 mTors, Nessure: 100 mTorr, temperature: 296 K.

involving large pressure induced frequency line shifts Bhally, these departures are clearer by using a frequency
modulation technique [5].

For the purpose of comparison of optical diffusion and spéegendence effects, two basic profiles have been
considered [1]:

1. The Galatry profile which considers a relaxation fatelated to the line broadening and a diffusion fatelated
to velocity changing collisions.

2. The speed dependent Voigt profile: a well known model admrsithe relaxation rate follows a power law versus

the relative speed;, such ad (v;) O (v )¥, wherepu is a parameter. An other model considers a quadratic
dependence of the relaxation rate on the absorber spd2d

Va 2 3
(i) ‘z] @

whererl g is the mean relaxation rate over molecular speEgds rate describing speed dependence effects and
Va0 the most probable absorber speed. The main advantage skttosd model is that speed dependent effects
are described by a pressure dependentlratehich has a role similar to that of the Galatry diffusion rétén
linefits.

As a matter of fact, these two profiles generally lead to sindgreement for the fitting of a line shape obtained at a
given pressure (see Fig. 1, taken from [5]). However, a bitsgght for the discrimination of these profiles is obtalne
from the analysis of the pressure dependence of narrowiagaton rates. Three different regimes are observed (see
Fig. 2, taken from [5]):

1. At low pressureij.e.in the Doppler regime, both diffusion rafeand speed dependence ratebehave linearly
versus the pressure wifh~ 3.

2. For higher pressures, the diffusion rtebehaves non linearly versus the pressure, in contradigtiinthe
binary collisional regime approximation. MoreovBrgets much larger than than the kinetic diffusion parameter
B«in Which can be deduced from the Lennard-Jones potential asekle description of collisional trajectories.

3. For still higher pressures, tifevalue diverges and not fit can be performed by using the Gatawfile. Let us
note that quite similar results are obtained from the Raugrafile. On the other hand, the speed dependent Voigt
profile remains appropriate with a linear pressure deperedefithel , rate.

Such observations have been done with molecules of atmosphierest such as HCN, XD, CO or Q, but similar
difficulties were previously reported in literature fosldy, CO,, CHzF or CO. In any cases, these features are more
pronounced as colliding molecules are more massive andea@tion rates are larger. Finally, they are well explained
by a mathematical analysis of the correlation existing leetwGalatry and speed dependent Voigt profiles [6].
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FIGURE 2. Relaxation of the 172 GHz line of HEN in collision with N,. For different considered line profiles, relaxation rates
are displayed versus the total pressure and the straigistdire derived from weighted least squaresfit89t (o), FSPV (o), 3rsbV

(x), B3 (e). No fit is possible by using the Galatry profile for pressuaeger than 180 mTorr.

As a consequence of these experimental results, it can &eedfthat:

- The Galatry profile must be disregarded for a realistic miadeif observed line shapes. This means that velocity
changing collisions have nearly a negligible role on the Bhape.

- The speed dependent \Voigt profile could be used for the wirelespre range explored.

SPEED DEPENDENCE AND OPTICAL DIFFUSION EFFECTS

From a theoretical point of view, speed dependence effesisdbe modeled from a simple extension of Anderson-
type collision theories. Thus, calculations performechwite Robert-Bonamy formalism allow accurate predictions
of speed dependent Voigt profile parameters that are in ggaement with observed ones.

However, a remaining problem is: why do velocity changinjsions play nearly a negligible role on observed line
shapes? To our knowledge, no theoretical predictions obphieal diffusion rateB,pt Seem presently available but it
can be argued that optical diffusion is a consequence abiaiks which alter molecular velocities while preserving
molecular coherences [7]. Such a condition requires thiatcitg changing collisions be sufficiently soft from the
point of view of relaxation, which means that impact parargeteading to significant velocity changes are much
larger than those leading to collisional dephasing. Thiglies that the collisional relaxation rafgy must be small
enough by comparison with the kinetic diffusion rg,.

For aforementioned molecules in collision with B O,, relaxation rateEg are at least 3-4 times larger than kinetic
diffusion rateg3in. Thus, velocity changes should have a negligible role andimapes actually observed. For the sake
of completeness, tentative determinations of opticalditin rateg,,c have been made. By using a speed dependent
Galatry profile [1, 8] and the theoretical results obtaimadspeed dependence relaxation rates, optical diffusies ra
Bopt are estimated smaller than kinetic diffusion ofigs by at least a factor 3-4. Then, observed failures of the Galat
profile are easily understood from such results and it caridimed that line shapes are actually mainly governed by
speed dependence effects.

However, previous results are rather specific to moleciias éxhibit relaxation rates much larger than kinetic
diffusion rates. The situation is completely different$ome molecules such as Br HF that present small relaxation
rates as well as large pressure induced frequency linssAgtdiscussed in details in the literature [1], the DicKedf
is then the leading process and is accompanied by stronghisyge asymmetries.
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CONCLUSION

From the experimental studies that have been performedIlaihithe millimeter and infrared domains, using either
steady state or transient experiments, following conohssican be given, at least for molecules involving relaxatio
rates clearly larger than kinetic diffusion rates:

. Line shapes present clear departures from the Voigt prdiken if these departures are weak, an accurate
determination of line broadening parameters requiresrecomodeling of actual line shapes.

« Two main process are simultaneously involved:
— The speed dependence of relaxation rates: as it resultsdroobvious generalization of any collisional
theory, it must be included in any line shape model, whichéwe pressure is.

— The optical diffusion due to velocity changing collisiotisis effect cannot be considered alone but occur in
addition to relaxation speed dependence effects. As tfestdb tightly connected to the Doppler effect, it
is occurs only in the low pressure regime.

« From an experimental point of view, a careful analysis offitessure dependence of relaxation rates is required
in order to check the appropriateness of considered profiilekis way:
— A clear failure of the Galatry profile has been demonstrates pehavior of the retrieved diffusion rgbe
being in contradiction with the binary collisional approtion. This allows to claim that the Dicke effect is
not the main process involved and the Galatry profile caneatded, even as an effective line shape model.

— The speed dependent Voigt profile looks as appropriate,wdidenonstrates the predominant influence of
speed dependence effects on observed line shapes. Tlsymdfiie could be safely used as an effective line
shape model.

« Velocity changing collisions can lead to effective consates on line shapes only if molecular coherences are
preserved during the collisional process, that is if thdigsiohal relaxation rate is small enough by comparison
with the kinetic diffusion rate.

These conclusions should apply to a number of moleculesndsitheric interest and could be considered for the
extension of data bases to line shape properties. Howénsr,do not apply to some particular cases, such #3,H
for which some very narrow infrared lines have been obsefeaeding to a clear Dicke effect. Finally, whereas speed
dependence effects can be accurately modeledhviaitio or semi-classical calculations, further theoretical vecatke
still required for the modeling of optical diffusion effect
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INTRODUCTION

The work reports on the radiative characteristics of the one-electron quasi-molecules Z1eZ2 (Z1, Z2 are for the
nuclear charges), such as dipole optical transition moments and spectral profiles produced by interacting states.
Although the problem has been discussed earlier mostly for neutral species, e.g., [1-3] there are three reasons to
revert to the discussion of the influence of the interaction on the radiative characteristics:

e New general properties of the dipole moments of arbitrary interacting states [4], that had not been taken into
account in earlier works, were obtained recently;

e The energy terms and the dipole moments for the Z1eZ2 quasi-molecules can be calculated exactly on the
basis of the Schrodinger equation depending on the distance between nucleus;

e Potential applications to current experimental data in hot plasma physics and astrophysics are in progress.

DIPOLE MOMENTS OF INTERACTING STATES

The input data for spectral profile calculations include potential energy surfaces (energy terms) of the initial and
final states and dipole transition moments. In contrast to potential energy surfaces, very little appears to be known
about the general features of the dipole moments. Of particular interest are the roots (or zeros) of dipole transition
moments, which can lead to the formation of dips in the far wing spectral profiles [5]. Generally, the prediction of
the position of such a root does not appear to be possible a priori. But it is well known, especially from atomic
collision theory, that the two-state approximation can be applied in many situations to describe quasi-molecules in
excited states. For this last case, the question of roots can be solved directly under rather general assumptions. It has
been shown that the intersection of the diabatic transition energy terms is neither a necessary nor a sufficient
condition for the occurrence of an adiabatic dipole moment root. For example, counter-intuitively, the existence of a
root for non-intersecting diabatic terms is possible. The underlying reason for the occurrence of a root is rather
fundamental and related to the orthogonality of the adiabatic states. The conclusions obtained are confirmed by
specific calculations of dipole moments.
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ADIABATIC CASE

In order to reveal the physical picture, two limiting cases in the situation known as avoided crossings of quasi-
molecular terms are discussed. In the first adiabatic case, particles follow mainly adiabatic terms. In terms of Z1eZ2
quasi-molecules, this case is typical for the region of small distances where quasi-molecular wave functions are
transformed into ones of the combined ions. The occurrence of a root produces inevitably a distinctive structure in
the spectral profile which can be described qualitatively as a sum of a maximum and a dip broken up by the term
splitting. The qualitative discussion is supported by analytical considerations and computations of the spectral
structures.

DIABATIC CASE AND CHARGE EXCHANGE

In the second limiting case the particles follow mainly diabatic terms. This case is typical for the region of large
distances where the wave functions of separated ions are transformed into quasi-molecular ones. Special attention is
given to the case of slightly different Z1,Z2 that is called “swapping” in the physics of collision with inner-shell
vacancy production [6]. The qualitative discussion confirmed by computational results leads to the conclusion that
the dipole moments of the quasi-molecular states, the optical transitions of which are forbidden for large distances,
will undergo a strong changing in the vicinity of the interionic distances about V' /AF ( V is the splitting of terms,

AF is the force difference between diabatic terms). According to the discussion in [1] the interaction between
quasi-molecular states produces not only spectral structures but leads to non-adiabatic transitions, governed by the
same Massey parameter. In the case of ZleZ2 quasi-molecules it leads to the connection between the spectral
features and the cross sections of charge exchange. The specific results for spectral profiles and cross-sections are
discussed in the context of recent experimental results [7].

ACKNWOLEDGEMENTS

This work was supported by INTAS under grant 06-1000017-9041.

REFERENCES

—

A.Z.Devdariani and Yu.N.Sebyakin, Sov.Phys. JETP 1127-1133 (1989).

2. Rebentrost, “Thermally averaged coupled-channels calculations of collisional redistribution”, in Spectral Line Shapes,
5,249-274 (1989).

3. A.Gallagher, “Line Shapes and Radiation Transfer” in Atomic, Molecular, & Optical Physics Handbook, edited by

G.W.F.Drake, Springer, 2006, pp. 220-232.

4. A.Devdariani and E.Dalimier (to be published).

5. A.Devdariani, T. M. Kereselidze, I. L. Noselidze, E.Dalimier, P.Sauvan, P.Angelo, and R.Schot, Phys.Rev.4, 71,
022512 (2005).

6. R. Anholt, Rev. Mod. Phys. 57, 995 (1985).

7.  E.Dalimier , E.Oks, O.Renner, and R.Schott, J.Phys.B : At. Mol. Opt. Phys. 40, 909-919 (2007).



136 012

A Statistical Model for Scalar Collision—Sequence Interfeence

John Courtenay Lewfsand Roger M. Hermah

*Department of Physics and Physical Oceanography
Memorial University of Newfoundland
St. John’s NL
Canada A1B 3X7
7104 Davey Laboratory
Department of Physics
Pennsylvania State University
University Park, PA 16802
U.S.A.

Scalar collision—sequence interference has receivedderable theoretical and experimental attention, for Whic
refs. [1, 2, 3] and references therein may be consulted.

The present work is a continuation of ref. [4], in which a slag statistical-mechanical models for collision-
sequence interference is studied. The key features of thedels are:

1. the collisions are treated as instantaneous, as is ajgfor the study of collision—sequence interferencectff
at low densities;

2. for vector interference the dipole momantt) induced in a single particle (molecule) is followed, as aetim
series; for scalar interference the scalar modulati¢t) of the dipole moment is followed;

3. the dipole moment is taken to be proportional to the folmmce the integrated induced dipole mompapt
induced in a collisiork of a collision sequence is proportional to the impufgeimparted to the molecule in
that collision; for scalar interference the integratedacenodulationyy of the dipole moment is taken to be
proportional to the impulsé for collisionk;

4. the velocity of the particle is Maxwellian and is complgteandomised in each collision: the persistence of
velocity is zero.

In addition, in [4] the times between successive collisirese all equal. This allowed the use of discrete Fourier
transforms. Because of the close relationship betweemtpalse and the velocity the various quantities which enter
the final expressions for the spectra can be expressed aggaist@ver Gaussians and, in most instances, can be
evaluated analytically. This analytical tractability isianportant feature of the models.

These models were first introduced in [5]. Their purpose isfoondetailed comparison with experiment, which
indeed is not attempted, but rather to gain insight into tteeg@sses underlying the collision—sequence interference
effects.

In ref. [4] a previously unknown correlation among inducéplote amplitudes present in the scalar interference
effect was identified.

In the present work the final assumption of ref. [4], that ofi@gntervals between collisions, is replaced by the
much more realistic assumption that the collision timesnfarPoisson process. In a real gas the collision times are
not exactly Poisson—distributed [6] but deviations fromoésBon process are small.

We find that assumptions 1 to 4 above, with Poisson—dis#&baoollision times, lead (as for the simpler models of
ref. [4]) to expressions for the parameters are expresagistegrals over Gaussians.

A principal result is that the correlation described abmaels to a Lorentzian line shape wilwHH equal to the
collision frequency.

The inclusion of a line shifting mechanism in the model imalgscussed.
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INTRODUCTORY REMARKS

The report that is to be presented at the Conference refaectmt results in the work devoted to theoretical and
numerical analyses of the so-called collision-induceddmfayleigh scattering (CHRS) of light by media composed
of supermolecular systems of atoms interacting with limeatecules. The project is a step forward towards more
complex geometries then those previously considered invotk, i.e. atomic noble gas pairs [1].

BRIEF OUTLINE OF THE RESEARCH
The Phenomenon

The effect studied within the framewaork of the project préed is a nonlinear process in which a gaseous molecular
system is excited with two photons of laser frequengynd spontaneously emits another one at a frequency of
about 2o. The main quantity which makes this possible is the first hyplarizability described by;;x tensor (or
its spherical counterpart). The number of its non-zerodependent components chiefly depends upon the geometry
of the scattering system: for molecules with a center of sgtnyrithey all vanish identically and no hyper-Rayleigh
scattering is possible unless, due to the interaction betwlgem, the symmetry is broken and CHRS may occur. The
simplest supermolecule where it becomes possible comdisig unlike atoms for which there are two independent
spherical components of teng®ywhereas for the situation of interest in this study theimber grows to six.

The mechanism considered can be a source of a rather weakl sigmuch lower intensity then these of non-
collisional HRS (not even mentioning much more powerfuluweences of the linear light scattering) [5]. Hopefully
though, in view of the tremendous development of experialentethods of molecular spectroscopy, measurements
subtle enough to detect it can be supposedly available ifdteseeable future— an incentive for theoretical and
numerical work [6].

The method

As far as the theoretical approach is concerned, the probietmoosing a method by means of which the molecular
properties needed are obtained is a key question. Fortyredeances in numerical procedures in quantum chemistry
of recent decades have provided us with proper tools. Insthidy the hyperpolarizability tensor dependence on the
intermolecular distance R between Ar atoms anddttained by Maroulis and coworkers, was used. The caloulat
of the data sets were based on the well-tested Boys-Beraudierpoise method [2]. Subsequently these values were
applied in order to calculate significant spherical compsi®f 3; there are in fact two of thenB; ('dipolar’, of
rank 1) andBsz (‘octopolar’), each additionally expanded in terms of melementary, 'symmetry allowed’ tensorial
quantities 3, [3]. As a consequence, there are two types of translatiara¢iation functions defining the resulting
intensity of CHRS. They were numerically determined by nseaiitwo methods of computation, whose results are
then compared: the former was based on solving the equaifonstion of the system classically, whereas the latter
treated the problem quantum-mechanically by having ressotar the Schrddinger equation [4]. The rotational part of
the spectra was obtained by means of an independent precsdltinat the two parts could be convoluted into actual
intensities.
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FIGURE 1. Dipolar part of the hyper-Rayleigh spectrum. Intensityg(in.) versus wavenumber (in cif). From top to bottom at
zero frequency: total intensity (solid lin€)1-contribution (long-dashed line21-contribution (short-dashed lined3-contribution
(thin solid line),45-contribution (thin dashed line).

A result

The resulting profiles for different components of the dgpgart of the hyperpolarizability tens¢#, | (AL= 01,21,
23 and 45, respectively) are presented in Fig. 1 as an example, asasdt enable an assessment of their relative
contribution in shaping the total spectrum. It is notewpftiat the characteristic rotational 'multi-peak’ struetwf
the features in the figure is typical of all the lines excepttf@ purely translationa)1 contribution. Moreover, the
very low value of45 relative to other parts indicates satisfactory convergerithe series applied even for relatively
small number of the the terms.
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The Keilson and Storer 3-dimensional (KS-3D) line shape maal : application
to optical diagnostic in combustion media
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High-resolution infrared [1] and Raman [2] spectroscopespiire refine spectral line shape model to account for
all observed features. For instance, for gaseous mixturéght molecules with heavy perturbers, drastic changes
arise particularly in the collision regime [3, 4], resugiifrom the inhomogeneous effects due to the radiator speed-
dependence of the collisional line broadening and lingtiglgifparameters. High temperature enhances such spectral
lineshape changes, so that a specific interest lies in ttugly $or diagnostics in combusting media [5].

Efficient models based on the hard collision approximatianehbeen proposed to fit accurately such inhomoge-
neous profiles. In these models, the crucial parameter isghaency of speed-changing collisions which governs the
speed class exchanges. This parameter has been found faidaglyyone order of magnitude lower than the velocity
changing collision frequency for Hn heavy perturbers mixtures [3, 4]. This was recently coméid by molecular
dynamics calculations [6, 7]. In order to understand thesptay mechanism underlying such a drastic change from
the velocity- to the speed-changing collision frequendyingtic model based on a realistic speed memory function
characterized by a unique parametdras been already studied [8]. It has been demonstratechibatimetic model
well accounts for the observed speed inhomogeneous speffeets in the collision regime (i.e. in the absence of
confinement narrowing [9]). It allows one to calculate theegh dependent spectral lineshapes at high density from
the hard (H) collision approximation (i.e. when each callisthermalizes the radiator speed) up to the opposite soft
(S) collision one (i.e. when a significant speed change requai large number of collisions).

This work is devoted to generalize this kinetic model to logensities [10], when the Doppler contribution, and
the concomitant collisional confinement narrowing, can bdamger neglected. Such an intermediate density range
between the pure Doppler and the collision regimes is reldiest many applications, not only in combustion but also
in atmospheric sciences where the existing models aredreatyunot enough accurate. The main objective is thus the
rigorous study of both the collisional confinement narraywhthe Doppler distribution and the inhomogeneous effects
due to the radiator speed-dependence of the collisionalWidih and shift on the lineshape, within the framework
of the impact kinetic equation using the Keilson-Storer YleSpression [11] for the translational velocity-memory
function.

We present then applications of this new model called KS4i8B shape model concerning optical diagnostics,
particularly for H-N, mixtures with high pressure and high temperature [12]. Tifeces of collisional relaxation
on the spectral line shapes are discussed and the detaomin&tollisional parameters using recent development of
femtosecond time resolved spectroscopy are presentety the KS-3D line shape model, we present consequences
for optical diagnostic of temperature and concentratiormbustion media.
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STUDIES OF NEW DIFFUSION SIGNATURES IN THE IR COLLISION-INDUCED
SPECTRA OF MOLECULAR HYDROGENS IN LIQUID NEON
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The first spectroscopic observation of the relative (solute-solute) diffusion in a fluid environment is
reported. New, unusually sharp Q‘f (/) lines developing against the diffuse background in the collision-induced
fundamental IR bands of hydrogen isotopomers (H>, D, and HD) dissolved in liquid Ne ( T = 25 K) are studied as
functions of the solute concentration x (Fig. 1). In all cases, the Q] intensity parabolically scales with x
accompanied by a stri-king narrowing of the line shapes (Fig. 2). Accurate fittings of the para-H: solution band
shapes allowed to separate the single Q‘f(O) line into the guest-host and guest-guest components. The observed

narrowing is due to a faster growth of the sharper guest-guest line with x. The latter as well as other observed guest-
guest lines are strongly narrowed by fast velocity de-correlations and are signatures of microscopic-scale diffusion.
Also, a first observation of the U,(J) transitions (with J = 4) induced by the guest-host interactions is reported.
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ABSTRACT

In this work we present a theoretical and experimental stiddye acetylene - hydrogen system. &lminitio potential
surface has been obtained &l initio quantum chemistry methods. This 4-dimensional potergifliither used to
compute pressure broadening coefficients gfiCisotropic Raman Q lines on a large scale of temperaturesrwith
both the close-clouping approach and the coupled-stapgs@mation. Experimental data for the acetyleadRaman
lines broadened by molecular hydrogen are obtained usmglsited Raman spectroscopy. Comparisons of theoretical
values with experimental data measured at 143 K are progisin

EXPERIMENT

The stimulated Raman spectra recorded and analyzed fowtiis have been obtained with the spectrometer of
Instituto de Estructura de la Materia, already describegravious works [1, 2]. The samples consisted of diluted
mixtures of'2C,H» (5% in volume) in B at different pressures (20, 40, 60, 80 and 100 mb approxig)aRaman
spectra of the Q-branch of the band of12C,H, at 143 K have been recorded upijte= 17 for all pressures. The
spectral lines have been analyzed by fitting them to Voidfileio The Gaussian part of the Voigt profile, resulting from
the convolution of the Gaussian Doppler width at 143 K andGlagssian apparatus function, can be pre-calculated
and fixed during the fit of the profiles. In this way the Loreatzcontribution to the Voigt profile of each spectral line
can be extracted, and from its variation with sample presaarexperimental value of the broadening coefficient for
each line has been obtained. Other details can be found.in [3]

INTERMOLECULAR POTENTIAL

To perform the calculations, we have used the Molpro packegjeh proposes a large variety ab initio levels.
We choose the coupled cluster method at a level of single antld excitations with the triple excitations included
perturbatively, i.e. CCSD(T), and performed a few addgiocalculations with the symmetry adapted perturbation
method based on monomer orbitals built up with the densibctional theory (DFT-SAPT). We have conducted
potential energy calculations for specific conformatidRsda, s, @) of the GH»-H, dimer where R, 6, 6g, @) are
the four angular Jacobi coordinates which describe théivelarientation of the two monomers (the “A "index refers
to GH, while “B "refers to H,). Computations are performed for a large number of geopwloicated on &R, Oa,

6s, @) grid. The product grid includes 20 values®from R=5. to 20 bohr, 9 values dly and 8z between 0 and 90
degrees and 17 values @between 0 and 180 degrees resulting in 27540 geometriesdén  perform the quantum
dynamical study of the collision the interaction potenigalieveloped onto 30 bispherical harmonics [4]:

V(R 6a,68,0) = Vialel (RIAL, Lg.L (6a,68,9), 1)
La,Le,L
with
2L+1
41

12
ApleL (6a 68,0 =on—@B) = ( ) > (LamLem/LO)Y{} (6a, ¢n) Y™ (65, @) )
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CALCULATIONS OF PRESSURE BROADENING CROSS SECTIONS

The way of performing the calculations with the MOLSCAT pagk is very similar to the one used for ous-N»
study [4] and thus details are not given here. For isotrogimBn lines, pressure broadening (PB) cross sections are
derived from rotational 2-state to 2-state cross sectiopfining [4] a partial PB cross section as:

0 (jas B, Exin) = z o <jAjB — j:AjIB;Ekin) 3)
inis
with j’A # ja, and using the Maxwell Boltzmann thermal average based®Rittetic energies, the PB cross section
at temperatur@ of aQ(ja) line is a sum of two contributions due to the para and orthaisgef H:

. 1 . 3 _
O-(JAvT): ZUpHg(JAaT)+ZO-OH2(JA7T) (4)
with
Gsz (JA?T) = Z ijU(jAa jB;T) (5)
jB €ven
and
GOHz(jAaT)_ Z ijO-(jAajBaT)' (6)
iB odd
Finally, the PB coefficient is given by _
. N,V .
V(i) = 520 (ia.T). )

This quantity can be compared with measurements perfortreedisen temperatur€ with natural B and GH,.

RESULTS

Details of the calculations [3] show that: i) the partial PB®ss sections fojg = 0 are the smallest, ii) at rooff

and above cross sections fiyy > 0 are very close to each other, and iii) at higlit is not useful to compute both
ortho and para cross sections but simplyggt, = don,. This allows to save CPU time. Experimental and theoretical
PB coefficients of isotropic Raman lines, at 143 K are dispthiyn Fig. 1. Taken into account the experimental error
bars, a good agreement between the current experimergahddtour calculations is observed. Moreover, there is no
substantial disagreement even using eq. (7) without peifay the thermal average over the relative kinetic energies
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FIGURE 1. HWHM of acetylene lines broadened by H
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Molecular Dynamics Simulations of Collision—Induced Absopion in
Lennard—Jonesium at High Densities

John Courtenay Lewis

Department of Physics and Physical Oceanography
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We have previously reported[1, 2] on simulations of cadlistinduced absorption in Lennard—Jonesium. These
simulations described a mixture of two specdesB, where the intermolecular potential was a pairwise adelgym

of Lennard-Jones terms of the form
o\ 12 o\ 6
U“*"’E)“‘E{(?) ‘(?)]

with different ranges foAA, AB, andBB pairs. In these simulations particles of speddsad the mass of fHwhile
eachB particle had the mass of an Ar atom. Furthermore the raoggsoag, andogs were approximately those of
H, — Hy, Ho—Ar, and Ar—Ar. However, all interactions were spherically symmetric.

Furthermore, the total induced dipole moment was pairwidditize over AB pairs, with each pair dipole
u (r; Oy ,eu) being parallel to the pair force and of magnitude

7}
H(ri o gu) = =50 U (riou, ) -

Hence each pair dipole moment is of the form of a Lennard-slémee. However, the range, of the dipole
moment is, in these simulations, treated as a free paransatdreffects of its variation have been studied for
0.90< O'“/O'AB <1.3.

The effects of varyingy,, and varying concentration and temperature, were studietzdively low densities [1, 2],
with one set of studies [2] near the critical point for pée

In the present work we will discuss the simulations at highsitees and approximately room temperature. The
essential feature is that the simulation line shapes aikeunbserved line shapes at high densities. Furthermaeg th
is little tendency for the interference dip to fill in, which éxpected on the basis of an argument quoted by Birnbaum
and Mountain.

The differences between simulation and observation areusii®d in the light of the known behaviour of the
irreducible three—body induced dipole moment[3, 4, 5], alsd the Deryagin approximation[6] for taking into account
irreducible contributions of all orders.
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Data on atomic properties are relevant not only to speadms@s these values are also of interest in a variety of
other fields in physics and technology. The presence of Plm Iséllar spectra has been reported in a few different
type of stars. As an example the Pb IV resonance lines hasdsteoted in Far Ultraviolet Spectroscopic Explorer
(FUSE) spectra of hot subdwarf B (sdB) stars [1] and [2].

In this work we present oscillator strengths for lines afigrom of 5d°s ( n=6,7,8), 58np ( n=6,7), 5d°nsd

( n=6,7,8), 5d68° and 5d6s6p configurations of Pb IV and some level radiative lifetinof Pb IV. We have
obtained theoretical values of oscillator strenths inrimiediate coupling (IC) ad using ab initio relativistic Haxt-
Fock(HFR)calculations.

For the IC calculations we used the standard method of Bepsire fitting of experimental energy levels by means of
computer codes from Cowan (1981)[3]. In this way we obtaitedLS composition of each level and the degree of
configuration mixing, when we consider their interactioor #he HFR calculations the Cowan computer code provide
with us the radial parts for determination of transition kpabilities and initial estimated of the parameters for Ge |
fittings. The radial integrals for calculations of tranmitiprobabilities were obtained from the HFR wavefunctions.
The system considered is complex, since at high Z both vidtit and correlation effects are important. In this case
east square fitting of experimental energy levels partatigounts for correlations effects not explicitly calcatain

this work. A most detailed description of this method candsnsin others works of these authors [4], [5], [6] and [7].
Several of the values calculated in this work are the firstgmeed in the bibliography. Levels no designed by Moore
(1958) have been assigned.

In Table 1 we present as example the results obtained foritetories orresponding to resonance lines of Pb IV of
high astrophysical interest . There is a good agreementdegtwur results and the experimental values.

TABLE 1. Radiative lifetimes of Pb IV levels

Lifetimes (ns)

Transition levels ~ Wavelength (nmy This wort Other expt.

652S,/,-6p2Py 2 131.3 0.95 1.1% 0.10

652S;/,~6p?P3), 102.9 0.48 0.52- 0.04
* Moore 1958

T Ansbacher et al 1988
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The presence of Thallium, Bismuth and Germanium in stepf@csa has been reported in a few different type of
stars. (see e. g. [1], [2], [3] and [4]). Data on atomic prdiesrare relevant not only to spectroscopy, as these values
are also of interest in a variety of other fields in physics atinology.

Calculations of oscillator strength for different traimits in Thallium, Bismuth and Germanium has been the subject
of numerous theoretical studies see e. g. [5], [6], [7], & §]).

In this work a complete study of atomic parameters of difiéspecies of these elements has been made. We have
obtained theoretical values of oscillator strenths inrimiediate coupling (IC) ad using ab initio relativistic Haxt-
Fock(HFR)calculations. The system considered is complagg at high Z both relativistic and correlation effeces ar
important. In this case east square fitting of experimemtat@y levels partially accounts for correlations effeais n
explicitly calculated in this work.

For the IC calculations we used the standard method of kxpsdre fitting of experimental energy levels by means
of computer codes from Cowan (1981) [10]. In this way we aigdithe LS composition of each level and the degree
of configuration mixing, when we consider their interaction

For the HFR calculations the Cowan computer code providie ustthe radial parts for determination of transition
probabilities and initial estimated of the parameterstfierlC fittings. The radial integrals for calculations of dion
probabilities were obtained from the HFR wavefunctions.

To provide level energy for our calculation we have used tiad&s of Moore [13].

Also in this work we present experimental values for sevimak corresponding to different transitions of Tl I, Tl
Il, Ge |, Ge Il, Bi | and Bi ll. Relative values have been obg&drifrom measures of emission line intensities in hollow
cathode lamp discharges operating with a tipically curoéid0 mA.

The wavelengths of the measured transitions are the U\bNMisind IR. The infrared spectra was obtained using a
Czerny-Turner monochromator (Digikrom CVI). A IHR55 Jodbon monochromator was used to obtain the visible
and UV spectrum. We used in both cases a CCD to detected tioalopgnal.

We have used two different methods in order to place data oabanlute scale.We have use the experimental
lifetimes present in the bibliography and usiung linesstyth sum rules applied to our relativistic calculations.

Our results have been compared with the values presents iiterature. As exampfile there is a relatively good
agreement between our results and the values by the Tl | fdL[E2]
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With the advances in a laser cooling and trapping techniques important perspectives for studying Rydberg
atoms have been opening. When cooled to very low tempegtiie core motion can be neglected for timescales
of Rydberg excitation. One could wait for realization of theusual effects, such as the spontaneous formation and
recombination of ultracold plasma, spectral broadeningxeftation induced by long-range interactions in a cold gas
of Rydberg atoms etc. Here we present new precise theorgdhasthe relativistic perturbation theory [1], [2], [3],
[51, [4], [6],[7]) to calculating the spectral broadeningdasuppression of excitation induced by ultralong- ran@® (1
Bohr radii) interactions in a cold gas of Rb atoms, hyperfinecture, collision shift. Precise ab initio van-der-Waal
interaction potential is used. The theory describes thsitledependence of these effects for S-,P,-D Rydberg states
with main quantum numbers n=60-80 in an excellent agreemigntthe precise Freiburg (K. Singer, M.R. Lamour,

T. Amthor, et al, 2004) experiment.
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We propose a new relativistic approach to calculation ofitier atomic potentials, spectra, hyperfine structure
(hfs) collision shift for heavy atoms in atmosphere of irgases and diatomic quasi molecules. Am approach is based
on the gauge-invariant perturbation theory [1],[2], [2]] fvith using the optimized relativistic wave functions s
generated in the perturbation theory zeroth order. We haweed out the detailed studying and calculation of therinte
atomic potentials, collision shifts of the hyperfine trdiasi lines for Tl atom in atmosphere of the inert gases (for
systems Tl-He, TI-Ar etc.).

METHOD OF CALCULATION

To calculate the spectral lines hyperfine structure coltishift we have used the following known expression from
kinetical theory of spectral lines form:

fo=D/p= (4mwo/KT)- / dw(R) exp—U (R)/KT]REdR, 1)

whereU (R) is an effective potential of the inter atomic interactiomieh has a central symmetry in a case of the
systemd'| —B (B=He Ar); T is temperatureyy is a frequency of the hyperfine transition in the isolated/actom;
dw(R) = Dw(R)/wp is the relative local shift of the hyperfine structure linedjch is arisen due to the disposition
of atoms of the Tl and B on a distance R. To calculate an effegidtential of the inter atomic interaction we used a
method of the exchange perturbation theory [4]. To calewdabcal shift one uses a method of exchange perturbation
theory (we use versioBL — HAV). With exactness to second order terms on potential of Gollimteraction of the
valent electrons and atomic cores one can write as follows:

dw(R) = [So/(1— S)] + Q1+ Q2 — [Co/R®)[2/Ea+ 1/ (Ea+ Ep)], )

whereCg is the van der Waals constant for interactinr B (for exampleT | — He); & is the overlapping integral;
Q; and(Q; are the non-exchange and exchange non-perturbation suttne fifst order. The valug,, is defined as
follows:

Ea,b = (la,b + Ela,b)/z (3)

wherel and Ej,p are the ionization potential and excitation energy on thst fievel for atoms of A and B
correspondingly. For atom of Tl authors [6] have used thatirgstic Dirac-Fock wave functions (first variant). Aneth
variant is using relativistic functions, solutions of thed2 equations with the Green model potential. Let us naé th
these basis’s are not optimized. We have used the gaugéainvaptimized basis of relativistic functions, generated
by the QED perturbation theory method [1], [7], [8].

RESULTS AND DISCUSSION

We present the results of calculations (in atomic unitsjiferlocaldw(R) and observed, shifts for systemsT | —He,
T1—Ar and others. The experimental (observed) and calculateesalf thef (Gz/Torr) shifts for systerit | —Heare
presented in table 1 (see table 1) and compared with calmulisgsults [6], which are obtained within the non-gauge-
invariant perturbation theory with Hartree-Fock like dabbasis’s. The important feature of our scheme is a correct
account of the correlation and polarization effects witingspecial effective potentials from [4]. Analysis shoWwatt

our data for systent | — He are in good agreement with the known experimental data bydth&cheps-Galakher
and theoretical data [6]. For oth&t — Ne Ar, Kr, X esystems there are no quite precise data. It is provided fiedt o
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TABLE 1. Observed and calculatet}, (Gz/Torr)
shifts for the systeni | —He

T Theory Theory
(K° Ourdata Ref.[6] Experiment

1 700 139 155 13630

2 750 137 153 -
3 800 135 151 -
4 850 133 149 -
5 900 131 - -
6 950 129 - -
7 1000 126 - -

by worse description of these systems within exchange fition theory. The mistake of data, that are available in
the literature, is about 70-80 percents for observed ahifp&ir T1 — Kr and 40-50 percents for systefis— Xe

REFERENCES

A. V. Glushkov, and L. N. lvanowhys. Letterd\170, 33—38 (1992).

L.-N. Ivanov et al.Phys. Rev. A8, 4365-4380 (1993).

A. V. Glushkov et al.Int. Journ. Quant. Chen1.04, 512-522 (2005).

A. Glushkov, E. Gurnitskaya, and A. Loboda ‘Advanced duenmechanical calculation of superheavy ions: energyldeve
Radiation and Finite Nuclear size effects,”iEAP’05 edited by D. Grzonka et al., AIP Conference Proceedings 796
American Institute of Physics, New York, 2005, pp. 211-215.

5. A. Glushkov et al., “QED calculation of heavy multichadgens with account for the correlation, radiative and nacle
effects,” inRecent Advances in Theor. Phys. and Chem. Syseetited by J. Maruani et al., Springer, Paris, 2006, Volpb,
285-320.

V.-V. Batygin, and I. M. SokolovDptics Spectt55, 30—38 (1983).

E. P. Ivanova, L. N. Ivanov, A. V. Glushkov, and A. E. Kramj&hys. Scripte82, 513-524 (1985).

A. V. Glushkov, and E. P. lvanovd, Quant. Spectr. Rad. Transfa6, 125-148 (1986).

pPoONE

o No



152 P43

Unification of the Impact and One-Perturber Theories of Line Shapes
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ABSTRACT

It has long been known that in the far wings of a spectral Iresitnpact approximation can be related to one-perturber
theory by replacing the full wave functions for the initialcafinal states of the emitter+perturber system by their
asymptotic forms, see for example [1]. It is shown here tinatperturber theory can be rewritten into a form in which
the quantity that should directly correspond to the widthhefline as calculated from the impact approximation can
be extracted explicitly. This theory has been developeaigdly for a full quantum mechanical description of the
emitter-perturber system in which coupled equations agd ts describe the details of the collision, see [2] and [3].
Previous fully quantum-mechanical calculations of linelths and shifts have been extended to consider the line-
wing profiles where impact theory is no longer valid. Loréatzline widths of the lithium, sodium and potassium
resonance lines broadened by helium have been calculated bsth impact and one-perturber theory for the
temperature range A T < 300(K. Initial results have been previously reported by PeachBAtellent agreement
between these two approximations is obtained, demongjrétiat full gquantum-mechanical calculations of the line
profiles can be made that are accurate over the whole rangegqpfeéncies from the line centre to the line wings.
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Influence of temperature on line shape parameters of the self-broadened
748,8 nm Ne line
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Shapes of the self-broadened 748.8 nm neon line emitted from a glow discharge in the pressure range between 1.5
and 80 Torr in pure neon have been measured using a pressure-scanned Fabry-Perot interferometer. Our first goal in
the present study was to verify theoretical prediction [1] that speed-dependent effects may be important for relatively
cold atoms. Our second goal was to verify whether pressure broadening, asymmetry and shift coefficients depend on
temperature. Similarly as in Ref. [2] we have used emission lamp which was equipped with three independent
heaters which allowed us to work for temperatures equal to 300, 400, 500 and 600 K. We also used another lamp
which allowed the line shapes measurements in liquid nitrogen temperature (77 K).

As was shown in previous paper [3] when the mass ratio of the perturbing and emitting atoms is close to one, the
correlation between the Doppler and collisional broadening plays an important role. In this case when we fit ordinary
Voigt profile (VP) to experimental profiles, the values of the Doppler half-width decrease with neon pressure. This
effect was observed for each temperature. As the next step a speed-dependent Voigt profile (SDVP) was fitted to our
experimental data. As a result we found the Doppler widths practically independent of the neon pressure. We also
used theoretical line-shapes expressions for asymmetric Voigt profile (AVP) and speed-dependent asymmetric Voigt
profile (SDAVP) to analyze the influence of temperature on collision-time asymmetry and asymmetry resulting from
correlation effects.
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Line Shape Study of the 326.1 nm '"*Cd line perturbed by Ar and Xe
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We report results of measurements of the shapes of two hyperfine-structure components (F’=1/2—F"=1/2 and
F'=3/2-F’=1/2) of the intercombination 326,1 nm line corresponding to the 5'Sy—5°P; transition for the even-odd
3Cd isotope perturbed by Xe and Ar. Experiments were performed using a laser-induced fluorescence method and
the values of the pressure broadening, shift and asymmetry coefficients were determined. In the course of the present
study we employed a recently verified isotope structure of the 326.1 nm line [1].

Using the verified data of the isotope structure we re-analysed our previous experimental results for the '*Cd-Ar
system [2]. The corrected values of the broadening, shift and asymmetry coefficient for ''*Cd-Ar as well as those for
3Cd-Xe system are reported. Both for '*Cd—Xe (the emitter to perturber mass ratio 1.15) and '*Cd-Ar (the mass
ratio 0.35) the effects due to correlation between pressure and Doppler broadening of the 326.1 nm line were
observed.

Our analysis was performed using a Speed Dependent Asymmetric Voigt Profile (SDAVP). Functions describing
speed-dependence of collisional broadening and shifting, incorporated in SDAVP, depend on assumed interaction
potential for given emitter-perturber systems. In order to increase the accuracy of line-shape parameters there is a
need for more realistic interaction potentials.
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High resolution measurements of spectral line shapes require the konwledge of frequencies determing the
positions of all isotope components of a line under investigation. In the course of this work the influence of the
isotope structure of the 326.1 nm (5'Sy — 5°P;) cadmium line on the fitted line shape parameters describing the
pressure broadening, shift and collision—time asymmetry was carefully studied.

Measurements for the '*Cd line perturbed by Ne at low pressure (below 2 Torr) were inspired by results of our
experimental studies for the '"*Cd and '"*Cd isotopes perturbed by Ar and Xe at pressures up to 250 Torr [1]. Using
these data we were able to determine the hyperfine splitting for '**Cd 326.1 nm line with uncertainity below 10°
3 cm. Relatively small splitting between hyperfine components of the line caused difficulties in data analysis,
especially for higher pressures, which are also presented.
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There are many applications of molecular spectroscopy which require low relative uncertainty (less than 0.5%)
and SI traceability in line parameters such as intensity, transition frequency, pressure-induced frequency shifts and
broadening, and other quantities related to line shape and line mixing effects. Notable examples include remote
sensing technologies to study the Earth’s climate which probe atmospheric gases from ground- and satellite-based
instruments. These measurements are rapidly evolving and rely on well-defined line lists that enable highly
predictive models of atmospheric spectra valid over a wide range of temperature and pressure. Typically, reference-
grade line parameters are derived from laboratory Fourier-transform spectroscopy (FTS) measurements, where the
spectrometer instrument function is convolved with relatively simple line shapes (such as the Voigt profile) to model
the observed spectra. However, we have recently demonstrated that frequency-stabilized cavity ring-down
spectroscopy (FS-CRDS) can provide higher spectral resolution and sensitivity than the FTS, yielding line
parameters for relatively weak transitions with lower uncertainty.

To illustrate these capabilities of FS-CRDS, we present line position data for 32 P-branch transitions of the O, A-
band. Absolute positions were calibrated in terms of hyperfine components of *K D, (12985.19 ¢m™) and D,
(13042.90 cm™) atomic transitions. A continuous-wave external cavity diode laser synchronously probed the ring-
down cavity and ¥K absorption cell. The latter system was arranged in a double-pass configuration and yielded
Doppler-free saturation spectra of *?K with a resolution of 300 kHz. Using this calibration, the ring-down cavity’s
free-spectral range (used for interpolation and extrapolation from the *K transition reference points) was determined
to within 80 Hz. The combined uncertainty in the O, 4-band transition frequencies was < 1 MHz, which is more
than 20 times lower than previously reported uncertainties for the O, 4-band. Finally, we measured eight O, 4-band
transitions measured over the pressure range 20 — 700 torr in order to investigate line shape effects. We conclude
that the Voigt profile can not model the data with accuracy at the sub-1% level or better. Moreover, we see evidence
of Dicke narrowing and speed-dependence of collisional broadening and shifting, indicating that relatively
sophisticated line shape models must be used to minimize systematic biases in fit-derived line parameters.
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ABSTRACT

Radiative properties of hot dense plasmas remain a subject of current interest [1, 2] since they play an important

role in the inertial fusion confinement (ICF) research as well as studies in stellar physics. In particular, the
understanding of ICF plasmas requires emissivities and opacities both for hydro-simulations and diagnostics [3]. The
first step on the calculation of plasma radiative properties is the computation of the required atomic data. However,
this is a complex task since the number of the atomic levels involved, and therefore the amount of atomic data to
obtain is huge and approximations must be made in order to include. Due to this fact, the calculation of plasma ion
populations and radiative properties is still an open question and continuous efforts are made to develop new models
and numerical codes that improve the currently available ones.
Recently, it has been developed at the University of Las Palmas de Gran Canaria a computation package composed
by two codes called ABAKO [4] and RAPCAL [5] that calculate atomic data and plasma level populations
(ABAKO) and radiative properties such as opacities, emisivities, intensities or radiative power losses (RAPCAL) for
optically thin and thick plasmas, both under LTE and NLTE conditions. In particular, plasmas of elements such as
carbon, aluminum, argon, iron, krypton, xenon and gold have been studied in several plasma situations (Corona,
NLTE or LTE, optically thin and thick,...) and density and temperature conditions, obtaining accurate results.

In this work both codes are used to analyse the spectrally resolved intensities of ultra-dense and hot aluminum
plasma experimentally obtained at the 80J LULI laser facility. In these experiments, the 600 ps laser operating with a
quadrupled frequency have been focalized onto the edge of a 30-80 um thickness aluminum foils. The emission
spectra of the plasma have been analysed with a progressivly curved KAP spectrograph in the range of 3.8 to 8.7
Angstroms. The spatial resolution of the spectrograph along the laser axis allows to access regions of the plasma with
different conditions of density and temperature.
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On "Averaged" Diffusion of Radiation in Spectral Lines intr a Interjacent
Plasma - Gas Layer

A.V. Demura and G.V. Demchenko

HEPTI, RRC "Kurchatov institute". Kurchatov Square 1. Mn8d 23182, Russia

The modeling of gas divertors for ITER and other tokamak cevrequests to perform large scale computations of
atomic kinetics with radiation transfer for rather high digyy nonuniform and nonequilibrium peripheral interjate
plasma - gas layer [1]. In these systems the influence oftradiansfer on plasma equilibrium and atomic kinetics is
quite essential, and thus its correct description playsfsognt role although represents itself quite a complidéask.

In these conditions the spectral lines of the main specesererely trapped due to the surrounding plasma peripheral
layer of relatively dense neutral gas [1]. In this work wegamt a model of "averaged" diffusion of radiation in spdctra
lines applied for the approximate description of radiatiamsfer in [1] that enables to decrease substantially coenp
time consumption and at the same time to preserve affor@dablgracy for such type of problems with important role
of the radiation transfer processes. In this model the ¢éis$spectral interval of each line is divided into two regg

of strong and weak absorption (compare with [2]). The latdgrion corresponds to the wings, where photons easily
escape the medium [2]. So, in the case of strongly trappertrsppénes we reduce the radiation transfer equations in
the center to the diffusion-like equations and introduee"gffective photons" by averaging over frequency [1]. Thus
the present model of "averaged" radiation diffusion déssithe radiation transfer in terms of the "effective pheton
The description of radiation transfer in the line wings, wehrmally the diffusion-like equations are not valid, act
could be achieved in the frames of the same equations bydimttion of corresponding sink terms [1], that could be
evidently expressed through escape factors.
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Spectral Line Calculation Model in no Optically Thin Plasma
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INTRODUCTION

Plasma produced by Laser generally involves temperatudadansity gradients. It is useful to study the thick
plasma in which the radiation transport becomes imporféné total broadening of optically thick lines will be
affected by a combination of opacity effects and broademeghanisms inherent to the plasma (Stark and Doppler).
Klisnick et al [1] studied the experimental radiation triamsand showed from their experimental results how the
plasma radiative transfer investigation can be used indftexXsrays, for the diagnostic of population inversions and
for the related amplification of spontaneous emission. IrKlsnick et al experiment, the plasma is produced by
focusing a powerful laser pulse into a dense medium with taré@®mbination stage appears at the end of the pulse.

THEORETICAL MODEL

This work present opacity calculations performed on highsitg and thick plasma. A simplified transfer equation
can be written as [2]:

12 100 = Ko (0o () +30 () W

whereJ,j(x), Kyj(x) are the emissivity and opacity of the plasma respectively.sitMdy a plasma of aluminium
lithium-like with electronic densityNe, of temperaturd’, and of a length(thicknes$) We consider that the plasma
consists of several elementary layers of thickrapssWe treat the transfer equation taking, as hypothesis chet
layer emit and absorb a photon. The emitted photon is reabdday the next nearest neighboring layers. It results that
the radiation emitted by the thick (thickndsk is the sum of the radiation emitted and absorbed by theakegers
of plasma.

A pencil of radiation of intensity,, enters on face; the radiation in the outgoing pencil of isigh, + dl, leaves.
We get the transfert equation as:

d /I
2 w\ _
nf&(n?) =Jow—Kolw 2)
wich n; is the refractive indexJ,, andK,, are the emission and the absorption coefficient [3]. For andgeneous
medium the solution of the equation gives the radiance as:

lofL) = 10(0) (exp—Kol) + 22 (1~ exp-KoL) 3)

wherel,(0) is the incident intensity of the radiance (at x=0) on the @ptrof volume. This equation is applied for
every radiative transition and the final profil is the sum drcases.

DISCUSSION AND RESULTS

We present results corresponding to a plasma ot %t densityNe = 4.4.10%cm 3, temperaturd = 75eV and
lengthL = 8mm We have used the populations proposed by Klisnick et allli¢ profiles used in expressionskf
andKy, are the profiles calculated by a model where medium is coresideptically thin. In these cases we have used
calculation of PPP model [4].

The comparison between the experimental results [1] andhadiel shows that for the 2s-3p line that in a medium
optically thin the FWHM of the line is A4A° whereas our model gives a broadenlilg= 0.25A°. The experimental
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width isAA = 0.25A°, it means that our model is quite close to the experimensallte For the 2p-3d line, we find a
good agreement in FWHM between our model and the experidige+ 0.29A°, Adexp = 0.34A°). The comparison
of ratio between the pickR shows a good agreement with experimental results.

We have calculated the Ly spectral line shape of A% for plasma of different thickness. The choosen conditions
areT = 3.10°K° andNe = 10?*cm 3. The lines show that the absorption of the radiation depend$i® length of
plasma and also depends on the properties of the medium.
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Experimental Stark widths for Zn Il
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In the present work, we have studied experimentally thekStadths from several lines of Zn 1, some of them not
measured before. For doing this, the LIBS technique has bsed on an Cd-Zn alloy with a lower content of Zinc
in a controlled atmosphere. The final results are comparédtive ones already published. A study of the plasma
conditions has been also made.

INTRODUCTION

In the present work, we have studied experimentally thekStédths from several lines of Zn Il, some of them not
measured before. The interest in Zn |l resides not only oktloavledge of its atomic structure to check the adequacy
of theoretical models, but also on its astrophysical imgoare because the observations of trace metals like Nickel or
Zinc provide an opportunity to study the chemical and dustwgion of galaxies [1]. Besides, the Stark parameters
are useful for the determination of plasma characterif®ics

For the case of Zn I, there are scarce publications relatede broadening parameters. In addition, there is also
a difference between the experimental and theoreticaltsgsublished to the date related to Stark parameters, so the
aim of this work is to try to throw some light on that.

THE EXPERIMENT

The plasma source of Zn Il spectrum was produced by laseti@blan an Cd-Zn alloy with a lower content of Zinc
in order to avoid the effects of self-absorption. The ndw@tam and other higher ions from Zinc and Cadmium were
presentin the plasma. The experimental work was performtukifacility provided by UCM and employed the Laser
Induced Breakdown Spectroscopy (LIBS) technique.

A Nd:YAG laser beam, the characteristics of which are 200 oidgs of 7 ns of duration at a frequency of 20 Hz
and 10640 A wavelength, was focused on the surface of thettargrder to generate the plasma in a controlled Argon
atmosphere. The necessary measurements and verificatiaigetking the homogeneity of the plasma as well as the
satisfaction of the Local Thermodynamic Equilibrium cdiah were done.

In order to avoid spectral blending, the same experimentsylth pure Cd and Zn as targets and using Ne as buffer
gas were also made.

The light emitted by the laser-produced plasma was focusetth® input slit of a grating monochromator (1-m
Czerny-Turner, 0.32 A resolution in first order), which wasipled with a time-resolved optical multichannel analyzer
system (OMA Ill, EG&G). The spectra were stored in a compiertheir further analysis by a software which is
able to do the convolution for Voigt profiles, the ones tha&t ased to fit the lines, as well as the subtraction of the
background.

The experimental plasma conditions (plasma temperatlgetrenic density, composition) were obtained from a
Boltzmann plot of the temperature, the available resultgife Stark broadening of some Cd Il lines [3] and by means
of the Saha equation. Experimental branching ratios améair published data for transition probabilities were used
for this purpose too [4].

RESULTS

The experimental results obtained in this work will be preésd during the Conference as well as their comparison
with previous theoretical [3, 5] and experimental [5, 6]ulésavailable in the literature.

The lines of singly ionised Zinc that have been studied apselin 202518, 206200, 206423, 209994, 250199
and 25575 A. These lines arise from thg44d and 5 electron configurations of Zn Il.
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For the sake of comparison, the contribution from other teméng mechanisms than Stark have been taken into
account. In this way, an estimation of the quasistatic iam ¥er Waals, natural and resonance broadenings has been
calculated.
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AXMon (HD 45910) kinematical parameters in the Fe Il spectrdlines as a
function of the excitation potential
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INTRODUCTION

AX Monocerotis (HD 45910=BD+5 1267=SA0 13974, a*®7™ 52, 5=+5°, 54,1 (1950), V=6,59-6,88 mag) is a
binary system [1], consisting of a B2e Ill star and a some \daater KO Il star, with an orbital period of 232.5 days
[2, 3] and a variable spectrum [4, 5].

Danezis et al. [6, 7, 8] studied the UV spectrum of the systephase 0.568 and detected the existence of two
satellite components at the violet side and one at the reddsdithe main absorption lines, indicating that the envelope
consists of four independent layers of matter. In the Fediarthey found three levels of values of radial velocities.
The first level has values about -10 km/s, the second leveVélags about -72 km/s and the third level has values
about -250 km/s.

Danezis et al. [9, 10] proposed the so called Gaussian-Boté{ GR) model. By applying this model we calculate
the apparent rotational and radial velocities, the randetnoities of the ions, as well as the Full Width at Half
Maximum (FWHM) and the column density of the independensitgmegions of matter which produce the main and
the satellite components of the studied spectral lines.

In this paper we apply the above mentioned model and catcthatradial, rotational and random velocities for a
group of Fe Il lines with values of excitation potential beem 0.35to 3.75 eV.

RESULTS AND DISCUSSION

In Figure 1, we give as an example the fit of h&607.086 A Fe Il spectral line. We can see that the observeqblex
structure can be explained with SACs phenomenon.

In Figure 2 we present the variation of the radial, rotati@mal the random velocities of the studied group of Fe Il
lines as a function of the excitation potential. As we canweeletected three levels of radial velocities (up-left)eTh
first level has values about -260 km/s (circle), the secorahas values about -125 km/s (open square) and the third
one has values about -18 km/s (triangle). These values agré@ement with the respective values found by Danezis
et al. [8]. The values of the rotational velocities (Figurag2right) for all SAC are between 20 and 60 km/s. Finally
we detected three levels of the random velocities of the (Bigaire 2 down). The first level has values about 115 km/s
(open circle), the second one has values about 70 km/s gcpradl the third one has values of 35 km/s (triangle).
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FIGURE 1. Best fit of theA 2607.086 A Fe Il spectral line. We can explain the complencstire of these lines as a DACs or
SACs phenomenon. Below the fit one can see the analysis (GRljrafdhe observed profile to its SACs.
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function of the excitation potential.
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A study of the structure of different ionization potential r egions in the
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INTRODUCTION

AX Monocerotis (HD 45910) is a binary system [1], consistofga B2e Ill star and a some what fainter KO Ill star,
with an orbital period of 232.5 days [2, 3] and a variable spsu [4, 5].

Danezis et al. [6] presented a study of the variation of tadibocities and of the blue edge width. In this paper,
using the Gaussian-Rotational (GR) model [7, 8] we caleutla¢ radial, rotational and random velocities in the Al 1l
(A 1670.81A), Al lll (A A 1854.722,1867.782 A), Mg INA 2795.523, 2802.698 A), Fe IA(2586.876 A), C 11 p A
1334.515, 1335.684 A) and Si IMQ 1393.73, 1402.73 A) spectral lines of AX Mon, as a functiothaf ionization
potential.

RESULTS AND DISCUSSION

In Figure 1 using the GR model we can see that the complextsteuof theAA 1854.722, 1862.782 A Al Il (left)
andAA 2795.523, 2802.698 A absorption and emission Mg |l (rigagonance spectral lines can be explained with
SACs and DACs phenomenon.

In Figure 2 we present the variation of the radial, rotatiema the random velocities in the Al IN(1670.81 A),

Al lll (AA) 1854.722, 1867.782 A), Mg IINA 2795.523, 2802.698 A), Fe IN(2586.876 A) C Il A 1334.515,
1335.684 A) and Si IVAA 1393.73, 1402.73 A) spectral lines as a function of the @tidn potential.

As we can see, we detected four levels of radial velocitipslétt). The first level has values about -260 km/s and
corresponds to ionization potential larger than 20 eV. Téwnad level has values about -140 km/s, the third one has
values about -35 km/s and the fourth one has values abouti/9 All these values correspond to ionization potential
with values between 0 and 10 eV. The values of the rotatioglalcities (Figure 2 up-right) are between 150 and 450
km/s and correspond to ionization potential larger than\LOrée low values of the rotational velocities (10-50 km/s)
correspond to ionization potential with values betweendXheV. Finally, we also detected four levels of the random
velocities of the ions (Figure 2 down). The first level hasrealabout 108 km/s and corresponds to ionization potential
larger than 18 eV. The second level has values about 80 kin@'shird one has values about 47 km/s and the fourth
one has values about 22 km/s. All these values correspoldization potential with values between 0 and 10 eV.
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INTRODUCTION

In a number of quasars (about 10-20% ), blue-shifted, brbadration lines (BALS) are observed in the ultraviolet
spectra. These lines are formed in partially ionized ouslavith velocities up to 0.1 c. The outflow is likely driven
by intensive radiation of the quasar probably along the iz directions to the extension at least larger than the
broad emission line region (BLR). Disk wind and materialpwating from the putative dust torus are two plausible
scenarios for the origin of the gas. In order to understaadc#ture of outflow in quasars, we need to explore many
properties of the outflow such as the global covering fact®AL region, the column density and velocity fields.

Here we investigate the physical properties of Broad AbsamLine Regions (BALRS) of quasar PG 1254+047
using a model (previously developed for stellar absorgtimmodelling) proposed by Danezis et al. [1] (GR model).
With this model one can accurately fit the observed compleflps of both emission and absorption spectral lines.
With this model we can calculate the apparent rotationalradéal velocities, the random velocities of the ions, as
well as the Full Width at Half Maximum (FWHM), the column déysf the independent density regions of matter
which produce the main and the satellite components of tidiesd spectral lines and the respective absorbed or
emitted energy. We are able to explain the observed pequiidiles of the BALs using the DACs/SACs theory, i.e.
the complex profiles of the BALs are composed by a number of ®D&CSACs which are created in different regions
[2, 3].

In this paper we apply the GR model on the spectrum of the BAD@® 1254+047 (Z=1.024), taken with HST
(FOS/G160L,G270H), on February 17, 1993. We study the Q1 A\V1548.187, 1550.772 A, Si IMA 1393.755,
1402.77 A, N VA 1238.821, 1242.804 A and byA 1215.68 A lines.

RESULTS AND DISCUSSION

The best fit of the UV spectra with the model is shown in Figurdd one can see from Figure 1 there are several
absorption components. In Table 1 we presented only theridatieal parameters of the absorption components, i.e.
the random velocities of the studied ions as well as theiostat and radial velocities of the BALRS.

As one can see in table 1, the values of the rotational vésaire too large (from 800 km/s to 1500 km/s) indicating
that the region of origin of the components is close to thesmasblack hole. Such large rotational and random
velocities are expected near the massive black hole, ierdifice the large widths observed in stellar spectra (see
[4, 5]).
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TABLE 1. Random Y;anq), Rotational ¥ot)
and Radial \;aq) Vvelocities (in km/s) of the
studied absorption regions.

Random Rotational Radial
lon Velocity Velocity Velocity

Lya 1162 1500 1973
1598 1500 -14303

1598 1500 -19235

201 800 14895

2912 800 1726

201 800 20098

201 800 22688

201 800 25154

NV 484 800 2658
Silv 1768 1200 10442
707 1000 5960

581 1200 3002

505 1000 -3645

505 1000 -7719

CIv 1596 1000 -5804

N
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DACs and SACs in the UV spectrum of the quasar PG 0946+301

Lyratzi, E*'T, Danezis, B, Popove, L., C.**, Dimitrijevi¢, M., S** and Antoniou, A*

*University of Athens, Faculty of Physics Department ofdgiysics, Astronomy and Mechanics,
Panepistimioupoli, Zographou 157 84, Athens, Greece
TEugenides Foundation, 387 Sygrou Av., 17564, Athens, Ereec
**Astronomical Observatory of Belgrade, Volgina 7, 1116@Bale, Serbia

INTRODUCTION

In the spectra of many quasars we observe complex profilesoaidabsorption lines, mainly in the case of high
ionization ions (e.g. C IV, Si IV, N V). These complex profilee composed of a number of DACs or SACs which are
created in the Broad Absorption Line Regions (BALR) thaufefom dynamical processes such as accretion, jets,
ejection of matter etc.

By applying the model proposed by Danezis et al. [1] (GR mpdel can accurately fit the observed complex
profiles of both emission and absorption spectral linesh\Wiis model we can calculate the apparent rotational and
radial velocities, the random velocities of the ions, ad aelthe Full Width at Half Maximum (FWHM), the column
density of the independent density regions of matter whicdpce the main and the satellite components of the
studied spectral lines and the respective absorbed orezhetiergy. We are able to explain the observed peculiar
profiles using the DACs/SACs theory, i.e. the complex prefiee composed by a number of DACs or SACs which
are created in different regions [2, 3].

In this paper we apply the GR model on the spectrum of the BAD@% 0946+301 (Z=1.216), taken with HST
(FOS/G400,G570), on February 16, 1992. We study the @ AV1548.187, 1550.772 A, and Si I¥A 1393.755,
1402.77 A lines. We point out that the C IV doublet of this BAGQ is one of the very few lines that present clearly
the DACs phenomenon.

RESULTS

With GR model we were able to fit accurately the studied spétitres (see Figure 1). Here we present only the
kinematical parameters of the absorption componentsthieerandom velocities of the studied ions as well as the
rotational and radial velocities of the BALRSs that create EPACs or SACs of the studied lines. The calculated values
are given in table 1. As one can see in table 1, some compoaottis C IV and Si IV resonance lines, present much
larger radial velocities (large shifts). These absorptiomponents are discrete (DACs) and appear on the left side of
the main absorption features. On the other hand, the mairiien features are composed by a number of SACs
(Figure 1).
TABLE 1. Random VY;ang), Rotational Yrot)

and Radial {;aq) velocities (in km/s) of the
studied regions

Random Rotational Radial
lon Velocity Velocity ~ Velocity

Silv 505 400 -7611
204 400 -9005

204 400 -5617

204 400 -12071

CIlv 615 3000 -5998
615 1800 -10835

228 600 -10061

2 700 -6385

As one can see in table 1, the values of the rotational védsaitf the first two C IV components are too large. In
order to explain this large broadening, we propose a new tolesed on the theory of SACs phenomenon [4, 5, 6].
The observed very large width is due to the existence of mampw absorption lines which are created due to micro-



170 P55

|

1250 1300 1350 1400 1450 1500 1450 1480 1am 1480 1a30 1500 1510 1520 1530 1540 1550

2 2
PG 0946+301 PG 0946+301

il
i}
il
J"(ll |
Silv 1393755 ‘
10277 |
l4
! | 1548167 A |
L \‘le. b Dt ‘ DACs CV 1ss072 A “
T

Intensity

A |
l“\‘m "\ rﬁu i

H‘ | d b | !“

o ‘\ i M,.-‘T‘ i

I3k
sl
Wy

Intensity

[T

il
T A
1

Wavelength Wavelength

A

FIGURE 1. Best fit of the Si IV and C IV, resonance lines. We can explagabmplex structure of these lines as a DACs or
SACs phenomenon. Below the fit one can see the analysis obdeed profile to its DACs/SACs.

turbulence effects. This means that around the main deregjitgn where the main spectral line is created, there may
exist some micro-turbulent movements that give rise to soareow absorption components with different shifts,
around the main spectral line. If these lines are many and kaall differences in their radial velocities, they blend
among themselves (SACs phenomenon) and the result may by dread absorption line. Thus, the very broad
absorption line might result from the composition of manyraa absorption lines that are created by micro-turbulent
effects.
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Multiple perturber effects in the far red wing of Lyman a line
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ABSTRACT

An accurate determination of the line broadening of the Lyrearies of atomic hydrogen has been shown to be
fundamental in the interpretation of UV and FUV spectra of dAite dwarfs. The pseudocontinuum due to the
b3z — a3z triplet transition which contributes to the red wing of thgmana line perturbed by neutral hydrogen
was recently investigated by Kowalski (2006) [1] and Kowa& Saumon (2006) [2] to improve previous calculations
of atmosphere models of white dwarfs.

We will first point out the range of validity of the one-peter approximation widely used to calculate the line
wing. Secondly we will study the relative contribution oéttwo main transitions which contribute to the far wing of
the Lymana line profile according to the effective temperature andysber density.

In cool white dwarfs the perturber density is so high thatdhe perturber approximation breaks down and the
collisional effects must be treated by using the autocati@t formalism in order to take account the simultaneous
collisions with more than one perturbing atom.

We will show that at the low temperature of cool white dwatie tontribution of the singletxlzg — BlZf
transition cannot be neglected in the calculation of Lyraaprofile perturbed by neutral hydrogen. The comparison
with experimental spectra shows that indeed multiple Hywbers occurred in the far wing.

A reliable determination of the line profiles in physical dittons of cool white dwarfs requires a unified theory
which takes into account both the singlet and triplet tiéms$ contributing to Lymarr using accurate interaction
potentials and radiative dipole transition moments. Nidtperturber effects have to be considered using the autoco
relation formalism.
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Collisional line widths of autoperturbed N»: measurements and quantum
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ABSTRACT

In this work we present new experimental and theoreticalesfor the line broadening coefficients of the Q-branch
Raman lines of autoperturbedN-or the experimental determination of the coefficientghtriesolution stimulated
Raman loss spectra of the Q-branch efadil different pressures were obtained at 77, 194 and 298 Kul&ineously,

we carried out Close-Coupling calculations at 77, 113, 194drii Coupled-states calculations at 298 K rendering a set
of theoretical line broadening coefficients that could lreatly compared to those obtained from our measurements
and from available data in the literature. We observe a ggoekement between theoretical and experimental values.

EXPERIMENT

The experimental setup used for our measurements hasyhbead described in a previous paper [1], so only some
details will be given here. 0.4 cn are approximately recorded in 18 minutes, averaging 10 kissts and sampling
the spectrum every second. We have tested that under treseauditions distortion of the line profile is negligible.
We have measured the spectra at several pressures (5 - 126) fdyaeach considered temperature and for each
studied line. The collisional linewidth has been retriefredn Voigt profile fitted to the lineshape (the gaussian part o
which is due to the Doppler effect and the apparatus funjtion

CALCULATIONS OF PRESSURE BROADENING CROSS SECTIONS

Theoretical pressure broadening (PB) cross sections akeddrom binary scatterin§matrix elements provided by
the MOLSCAT quantum dynamical code. Therefore the impapt@gmation is assumed. For our calculations we
have used the NN, potential energy surface of Ref. [2]. The particular caselisd is natural B, a 2:1 mixture of
ortho-nitrogen (oN) and para-nitrogen (pN with even and odgs, respectively. We have considered the two colliding
molecules as distinguishable [3]. Pressure broadenirgs@ections are given by weighted sums of partial pressure
broadening cross sections. The latters, depending on tietikienergy, &n, are obtained as the sum of two-body
rotational state to state cross sections for the specifie @bisotropic Raman lines in the rigid rotor approximation:

o(jajB.BEin)= ) 0 (jAjB — JAjB;Ekin>- (1)
iaiads
Due to the fact that natural nitrogen is composed of two nendonverting species we can speed up our calculations
by dealing with these two species separetly. One can caredédininstance, an ortho PB cross sections as:

O-ONz(jAvT) = z ijO-(jAva7T)7 (2)

ig‘€ven

and a similar quantity for odgs’s. The line broadening parameter of g £)(s obained as follows:

. nsz .
SRLCAPTING &
y(ia) o o(jaT), )
where
. 2 . 1 .
0(jaT) = 00N, (ja, T) + 50pN, (jA, T) 4)

3 3
and a temperature dependant quantity is obtained throbghhéermal average over the kinetic energies.
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RESULTS

Table 1 provides contributions of calculated ortho-orthpand ortho-para cross sections (if)Ao the total pressure
broadening cross sections (4). We see that it is not usefohliulate both set of partial PB cross sections. Such
a result has been also found for PB cross sections,éf,G H; [4]. Figure 1 allows a comparison between our
calculated HWHM with measured values. The agreement ieraibod.

TABLE 1. ortho and para pressure broaden-
ing contributions to the total PB cross section.

TIK ja 0-0/A2 o0-p/A2 total /A2
77 0 96.46 100.08 97.62
77 2 65.80 65.62 65.71
77 4 64.11 64.28 64.14
77 6 69.59 68.75 69.28
77 8 67.58 67.14 67.41
113 6 66.25 66.16 66.21
194 6 56.86 56.17 56.63
298 0 67.71 67.12 67.36
6

45.17 44.80 45.05
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\ —v— exp. 194K
\ —=— exp. 298K
\ O CCcalc. 77K

13
R
E: 1

& ii:i\}{/{?ii\;{i‘
ittt ies s NNy
E

0 5 10 15
i

v CCcalc. 194K
o CS cale. 298K
*  exp.113Kref.5
©  CCcalc. 113K

(103 em ™ atm™)

FIGURE 1. Self-broadening parameters o N
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Theoretical Infrared Line shapes of H-bonds Within The Strong Anharmonic
Coupling Theory.
Fermi Resonances Effects.

Noureddine Issaotij Najeh Rekik, Brahim Ouijid and Marek J. W/
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TLaboratory of Molecular Spectroscopy, Faculty of Chenyislagiellonian University, Ingardena 3, 30-060
Krakow, Poland.

The IR bandshape of the high frequency stretching mode obhtdbd complexes involving combined effects of
Fermi resonances and intrinsic anharmonicities of thedadtthe slow modes is studied within the linear response
theory. We propose a generalisation of a previous modeliRatkal. J. Mol. Struct (Theochem) 821 (2007) 9] by
introducing Fermi resonances by the aid of an anharmoniglcgubetween the fast mode and one or several harmonic
bending modes. The quadratic modulation of both the andrélguency and the equilibrium position of the- H...Y
stretching mode on the intermonon¥ér— H...Y motions is taken into account within the strong anharmouimpting
theory. The direct damping of the fast and bending modegrisdnced by assuming that the autocorrelation function
disappears exponentially in time as in the fundamental trefd@dsch and Ratner. The IR spectral density is obtained
by Fourier transform of the autocorrelation function of ttensition dipole moment operator of thie— H bond. The
numerical calculation shows that Fermi resonances gengeayy complicated profiles with multi-substructure and
also provide a direct evidence of Fermi resonances whick wexdicted to be a major feature of H-bonds.

Keywords: Hydrogen bond; anharmonicity; Morse potential; Fermi reswes ; Infrared line shape; Temperature
and isotopic effects, Direct relaxation; Linear respohs®ty; Autocorrelation function.
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Najeh Rekik, Houcine Ghall4, Mohamed Baazaoti Anna Michtd, Brahim Ouijid and Henryk T. Flaku§

*Laboratoire de Physique Quantique, Faculté des Sciencééaastir, 5000 route de Kairouan, Tunisia.
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You can follow this template to prepare the abstract of yauntbutions for the 19 International Conference on
Spectral Line Shapes.

ABSTRACT

A more general quantum theoretical approach ofuthen IR lineshape of cyclic dimers of weakly H-bonded species
is proposed. We have extended a previous approach [Rekik &rem. Phys. (submitted) ] by accounting for the
Fermi resonances in order to reproduce the unpolarizedredrline shapes of some centrosymmetric cyclic acid
dimers and their O-D derivative at 77 K and 300 K. In this apyig the adiabatic approximation is performed for each
separate H-bond Bridge of the dimer and a strong nonad@adatiection is introduced into the model via the resonant
exchange between the fast mode excited states of the twdiesoid/orking within the strong anharmonic coupling
theory, according to which thé — H...Y high-frequency mode is anharmonically coupled to the Hebmridge, this
model incorporated the Davydov coupling between the edatates of the two moieties, multiple Fermi resonances
between the first harmonics of some bending modes and thexXuited state of the symmetric combination of the two
Ux_y modes, the quantum direct and indirect dampings and therewaimicity for the H-bond bridge. The spectral
density is obtained within the linear response theory byrieotransform of the damped autocorrelation function® Th
evaluated spectra are in fairly good agreement with theraxpatal ones by using a minimum number of independent
parameters. The effect of deuteration has been well repeatioy reducing simply the angular frequency of the fast
mode and the anharmonic coupling parameter. It is foundftRatrmi resonances derived in this work do not improve
the accuracy of the line shape for some acids, it is not sotf@racids.

Keywords: H-bond; Infrared line shape; centrosymmetric cyclic adidet; Davydov effect; Fermi resonance; Temperature artdjgoeffects;
Quantum direct and indirect damping; Morse potential.
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THE VAN DER WAALS POTENTIAL COEFFICIENTS DIFFERENCES
AC¢" AND ACs' OF THE INTERCOMBINATION CD LINE 326.1 NM FOR
PURE CD AND CD - INERT GAS SYSTEMS

G. D. Roston and M. S. Helm
Department of physics , Faculty of Science - Alexandria University, Alexandria - Egypt

ABSTRACT

The absorption profiles of the Cd 326.1 nm line for pure Cd and Cd - inert gases (Xe, Kr, Ar, Ne and
He) have been carefully studied from the line center to 700 cm-1 in the red wing using a high resolution double
beam spectrometer. The density of Cd was about 5.108 x 1018 atoms cm-3.The temperature dependences of the
red wings of these profiles were analysed in the frame work of the unified Frank Condon (UFC) treatment of
pressure broadening of spectral lines developed by Szudy and Baylis. The van der Waals potential coefficient
differences AC60 and AC61 between the ground 10+ state and the two exited states 30+ and 31 were
obtained using Kuhn's law . The values of AC60 and AC61 are presented in the table.

.Keywords: Waals Potential coefficients, pressure broadening, spectral line profile, potential curves
PACS : 32.70.Jz

TABLE . The van der Waals coefficients for
the Cd - inert gases systems in eV A°

Molecule ACY AC,°

Cd-Cd — 1068+ 2.3
Cd-Xe 4303 860 * 4
Cd-Kr 378 = 5 535 % 3
Cd-Ar 997+ 5 480 * 4
Cd - Ne 235 + 2 39343
Cd - He 148 = 2 285+ 3
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The non Markovian Q-branch of polar diatomic molecules in nan polar
liquids.

A. Padilla and J. Pérez
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38205 La Laguna. Tenerife Spain

The apparition, together with the usual P and R branchesciassd to the vibration rotation spectra of the
isolated diatomic, of a central Q branch on the infrared gitgmn bands of heteronuclear diatomics diluted in inert
dense solvents has been a problem lengthy studied but nqtletaly resolved yet. Although this Q branch has
been associated to the persistence of long lived spatiatlations between the solute and solvent molecules, the
characterization of the time scales in which such cormgpiersist remains an open problem.

In this work this problem has been analyzed for the fundaaiatisorption band diCl diluted inAr at the liquid-
vapor coexistence state of temperafiire 115K. The spectra was calculated by means of a quantum non-Maikovi
spectral theory [1] which depends of the two time correlafinction of the anisotropic interaction potential of the
diatomic and the solvent, and where the correspondingsstati parameters were calculated by using molecular
dynamics simulation.

In the comparison with available experimental data [2] weehi@und that the theoretical spectra reproduces the
central Q branch with a reasonable agreement with the erpatal spectral bands. Two remarkable facts were found.
At first the interaction correlation times obtained with gimulations are larger than those calculated with a cellehod
previously reported. At second we have found that the Q brémabsent in the corresponding Markovian spectral
profile so we can associate it to a memory or non Markoviarceffe

In generals terms it has been also shown how the non-Mark@ffacts produce a redistribution of the spectral
intensity with a decreasing near to the maxima of the P andaRdbres, and increasing in the PR inter-branch region,
where the Q-branch is located. Together with the Q branchnbmory effects also produce a narrowing of the
rotational resonances in the P and R branches. The effettg afterference between the P and R branches and the
lines which gives significant contributions to the risingloé Q branch was also analyzed.

REFERENCES

1. A Padilla, J. Pérez and A. Calvo Hernandez, J. Chem. RAyls11015 (1999).
2. J. Pérez, A. Padilla, W. A. Herrebout, B. J. Van der VekenCAlvo Herndndez and M. O. Bulanin, J. Chem. PHy@2
194507 (2005).



178 P62

Satellites of Atomic Transitions Induced by IR Active
Vibrational Modes in Molecules.
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Spectroscopy of Xe/CF4 mixtures in the Vac UV region was recently studied at the synchrotron radiation
facility BESSY II in Berlin. These higher resolution experiments revealed numerous spectrally narrow bands (Av
~ 10 cm™) coinciding with energies of the np- and nd-states of the Xe atom increased by the energy of one v;
quantum of CF,4 (v;=1281 cm’” )[1]. The observed photoprocess may be written as follows

Xe(GS)..CF4 (vi=0) + hv — Xe (DFS)..CF, (v=1),

where GS and DFS denote respectively the ground and dipole-forbidden states of the Xe atom. The effect has been
confirmed for C,F¢ perturber molecules [1]. Also, it has been shown that only the IR-active vibrational modes of CF,
and C,F¢ induce satellites.

A striking feature of these vibrationally induced transitions is their intensity. Satellites are several orders of
magnitude stronger than their parent transitions

Xe(GS)..CF, (vi=0) + hv — Xe (DFS)..CF. (vs=0),

appearing due to collision-induced breakdown of the optical selection rules. Furthermore, the spectral width of the
satellites is almost two orders of magnitude less than the width of the pressure-broadened resonance bands. The
strength of these bands combined with their small width implies that the transitions occur predominantly at relatively
large Xe—CF, distances where the GSS and DFS potentials of the complex are nearly parallel. The most intense
satellites were observed on the wings of pressure broadened resonance transitions, i.e. when the energy between the
resonance state (RS) and the lower lying DFS is close to the energy of vibrational transition in molecula, E(RS)-
E(DFS)~ hvir. Another factor is the optical coupling between RS and DFS. Satellite is intence when DFS and RS
states are coupled by a strong dipole-allowed transition in the IR region.

Along with the satellites of forbidden transitions, satellites on the far blue wings of the pressure broadened
resonance transitions were studied as well. These bands were observed in early studies of Xe/CF4 and Kr/CF,
absorption spectra in the region of Rg( *P; < 'S, ) resonance transition [2]. In contrast to the satellites of forbidden
transitions, these satellite are spectrally broad bands closely resembling in shape the pressure broadened resonance
bands (Fig.1) and can be unambiguously assigned to the photoprocess

Xe(GS)CF4 (V}ZO) +hv —> Xe (RS)CF4 (ngl)

The intensity of resonance transition satellites is orders of magnitude weaker in comparison with the strongest
satellites of dipole forbidden transitions implying completely different intensity borrowing mechanisms in two cases.
Their large spectral width suggests that transitions take place at small internuclear distances where the upper and
lower potentials are not parallel.

The vibrational satellite effect was confirmed in studies of LIF spectra of Na /CF, mixtures (Fig.2) [3]. It
appears very likely that similar transitions may be observed in many other mixtures of atomic and molecular gases.
The same mechanism which induces satellite in absorption spectra may induce new emission bands in collisions of
metastable state atoms with vibrationally excited molecules. This may be of applied interest. Further experiments
may be performed with many atomic gas/molecular gas mixtures, including those which are of interest for
astrophysics and atmospheric spectroscopy.
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FIGURE 1
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Figure 1. Transitions to @ — Xe 65 (°P1) (ve=68045.7 cm™), b — Xe 7s (°P;) (ns=85440.5 cm™ ) resonance states of
the Xe atom in mixture with CF4 (right) and their vibrational satellites (left).
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Figure 2. Excitation spectra of Na(3p — 3s) fluorescence: a — Na/CF, b — Na/Ar. T=350C, [Na] ~2 10" cm?,
[CF4]=[Ar]~2.5 10" ¢m™, ¢ —Na vapor, T=275C. Vertical line indicates the energy of Na(3d) increased by the
energy of CFs v; -quanta (1281 cm™). The diagram on the right schematically shows energies of Na, CF, and
Na..CF, collision complex.
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Perfluoromethane is one of the very few polyatomic molecgeeses which are transparent in the region of Xe and
Kr resonance transitions in the Vac UV. The first studies afoaption spectra of Rg/GFmixtures were performed
with use of a low spectral resolution experimental setupREcently Rg/CE mixtures have been investigated at high
resolution and spectra were recorded up to the LiF cutoffelemgth atA ~ 105 nm. In this contribution we report
experimental spectra 68y —3P; and'Sy —P; transitions in Xe and Kr atoms perturbed by collisions wiffy@nd
potentials for Rg-CEsystems.

EXPERIMENTAL

The experiments were conducted at the synchrotron radifdmlity BESSY Il in Berlin with use of a 10-m normal
incidence monochromator [2] installed at the quasi-peéciathdulator. Typical concentrations of Rg and/0R a
static gas cell were- 106 and 13° cm~2 respectively. For comparison a set of spectra under the saperimental
conditions (concentrations, spectral resolution, ete) ieen recorded for Rg/He mixtures as well. Both absorption
and fluorescence excitation spectra were collected. Uadisd Vac UV fluorescence of the resonance state atoms and
Rg; dimers was recorded with use of a solar blind photomultiplibe. Except a narrow region near the line core, the
shapes of fluorescence excitation and absorption speetraearly identical.

POTENTIAL ENERGY SURFACES

The total potential energy describing the R¢P)-CF, systemsMq, is expressed following the atom-bond pairwise
additive formalism [3] as,

4
VtOt(R7 e) = zivl (rv 6) (1)

whereVi(r, 8) are the atom-bond (Rg-CF) terms, described by

| - 6 rm(O)\" " n(r,0) [rm(6)\®
V'(r’e)_g(e)lmne)w( r > _n<r79>—6< ' ) i

For Rg-CF specific interactions r is the distance from Rg ¢éocinter of the ellipsoid of polarizability placed on the
CF bond and is the angle formed by thevector and the CF bon® and® describe the position of the Rg atomin a
reference system centered on the center of mass of thenGfecule. The relevant parameterandr,, are predicted
accordingly to the bond polarizability tensor componelrit€B, and the polarizability of the rare gas atom, both in
the ground and in the excited electronic state [3]. The egpbaf the repulsive part of the interaction in equation (2)
is defined as,

2
r
nre)=+4( —-=—= 3
w0 =p+4(; i) ©

where is an adjustable parameter within a limited range [3]. In phesent cas@=9 for the ground state Rg
and =7 for the excited Rg atoms. Some features of the Rg-iGteraction for the main complex configurations are
summarized in the Table. Ab-initio results [4] are given argnthesis for comparison.
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TABLE 1. Main features of the interaction potentials (V=vertex, 8ge, F=face)

system rol A Do/ meV system ro/A Do/ meV
Kr(1S)-CR, V 4.67(4.85) 13.2(14.3) Kr4S)-CR, V 6.29 5.51
E 4.19(4.25) 20.8(20.8) E 6.01 6.53
F  3.99(3.90) 25.0(27.7) F 588 7.05
Xe(S)-CRy, V 4.83(5.05) 15.1(16.9) Xe®S)-CR, V 6.43 5.24
E 4.38(4.45) 22.8(23.8) E 6.17 6.14
F 4.19(4.10) 27.1(31.2) F  6.04 6.59

Kr(P,) v=80917.6 cm™
0.8

~~~~~ Xe (°P,) 68045.7 cm’”
---Xe(P) 771856cm”

o
IS
1

absorption coefficient, 10 cm™®

o
=)

, cm’

DISCUSSION

The figure shows absorption spectra of Rg/@fixtures in the region ofSy —3Py, 1P; resonance transitions. The
spectra for Kr/Ck are nearly identical and onl§P; is shown. The extended absorption on the blue side of the
resonance implies that the difference potential is pasitithe region of internuclear separations accessibleatihl
energies of RdSy)-CF; collisions. In contrast to Kr, the spectra of X& —3P; and XelSy —!P; transitions
differ significantly in shape and intensity. This effect Bdeen noted in spectra of Xe/Rg’ mixtures. Test line shape
simulations showed that the blue wing absorption is mainlky @ strong repulsion in the upper RgP;)-CF; state of

the transition. At internuclear separations less tfgdn the lower state, the model overestimates repulsion i piper
state and absorption in calculated spectra extends 1o thges > 500 cm ! region. The intensity modulations in the
100 - 300 cm! region is not an interference effect due to contributionsfdifferent Rg-CF collision geometries.
Experimental studies of Rg#€s spectra revealed similar structure on the blue wings ofrasce lines. Further work

on potentials and line shape modeling for bothy@Rd GFg gases is currently in progress and results will be reported
elsewhere.
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Comparative study of RF and DC discharge based Laser Optogalvanic
Spectroscopy of Helium Rydberg states
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Abstract
A detailed optogalvanic spectroscopic study of the characteristics of the 1s2s 'S, — np

'P, Rydberg series of atomic helium using three different discharges, an inductively
coupled RF discharge cell operating at 4 MHz, a DC discharge cell and a commercial
see-through hollow cathode lamp. We have observed the 2s 'S, — np 'P; Rydberg series
up to n = 52 for the first time in RF discharge. In the dc discharge, the series termination
of the 1snp 'P, Rydberg series has been studied as a function of applied voltage at a
constant gas pressure, as a function of gas pressure at a constant applied voltage and as a
function of radial distance from the electrode centers. The series termination is dependent
on the magnitude of the net electric field, which arises from the combination of the
isotropic microfield, ambipolar field (radial) and the axial electric field. The contribution
of these three types of fields to the net field varies in different regions of the discharge.
This net electric field produces shift and broadens the spectral lines especially in the high
lying Rydberg transitions. The electric field has been determined from the series
termination and also from the observed energy shift. A comparison of the electric field
distribution in the three different discharges is presented based on the series termination,

Stark shift, line broadening, and relative intensities of the observed spectral lines.
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2s 'S — np 'P (19 < < limit) Rydberg series of helium, in the same
energy range, using three types of discharges.
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Line shift, line broadening and relative intensity using three discharges
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Nonadiabatic Electron Dynamics by Direct Excitation
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The potential interactions in collisional systems are reflected in the observed spectral line shapes. Optical
collisions corresponding to laser excitaion of a collision pairs are the underlying events in the wing of a
spectral transition. The study of optical collisions in a molecular beam setup has provided new insights
in the collisional process [1]. Excitation of collision pairs with polarized light gives access to the collision
geometry (”collision photography”) [2, 3]. Control of the collisional process has also been achieved [4].
Accurate tests of the interatomic potentials have been performed using the oscillatory structure seen in the
differential cross sections [5]. A direct observation of nonadiabatic transitions in the exit channel of optical
collisions is possible by selectively exciting an electronic state and measuring the final populations of e.g.
the different fine-structure levels after the collision [6]. We here report on nonadiabatic optical collisions of
Na atoms with the molecules Ny, CO, CoHso, and COs. The theoretical analysis of the nonadiabatic electron
dynamics on the excited potential surfaces is made within the classical-path formalism using new ab initio
potential surfaces. The differences between the different collisional systems will be related to the presence
and system-specific locations of conical intersections and avoided-crossing seams in the excited potential
surfaces.
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QED approach to modelling spectra of the multicharged ionsn a laser
plasma: Electron-ion collision strengths and rate coeffi@nts

A.V.Glushkov"'T, 0O.Yu.Khetseliu§, A.V.Lobodd', A.V.lgnatenkd and A.A.Svinarenkd

*Odessa University, P.O.Box 24, Odessa-9, South-East%&00aine
TInstitute for Spectroscopy of Russian Academy of Sciefiastsk, Moscow reg., 142090, Russia

Calculation of emission spectra of the plasma ions basedymprecision quantum-electrodynamics (QED) tech-
niques is practical tool, which may be used instead of vepgasgive sophisticated experiments. Given systematic data
about intensities of spectral lines and respective ging,aam establish basic rules of plasma motion in phase space.
An important application of the theory of atomic spectralaspa is search of the optimum plasma excitation condi-
tion for lasing and discovery of new pumping approachesdtitean, these investigations are important to understand
the plasma processes themselves. Different atomic leke|sogoulated in laboratory plasma by different physical pro
cesses. This results in a different dependence of eachlieedity on the plasma parameters. In recent years the X-ray
laser problem has stimulated a great number of papers detmthe development of theoretical methods for mod-
elling the elementary processes in collisionally pumpedipla. There is a hope to find lasing effects on the transitions
of Li-, Ne-, Ni-like ions. Preliminary investigations of p#lary spark discharge were made, which show the possibil-
ity of their use as effective plasma sources for the germratf a soft-X-ray or extreme UV amplified spontaneous
emission. Two principal theoretical problems must be sbimeorder to develop a special code adequate to predict the
plasma parameters needed to generate a soft-X-ray or extrraviolet amplified spontaneous emission: i). accurate
calculation of electron-collisional excitation crosstiens, strengths and rate coefficients for elementarygqases
in the plasma that are responsible for the formation of domsnes spectra; ii). kinetics calculations to determine
level populations, inversions, line intensities and gaiefficients at definite plasma parameters. Under steady-sta
plasma conditions two dominating elementary processaddhe included: i). electron-collisional excitation areld
excitation; ii). radiative relaxation of excited states.this paper we present the uniform energy approach, foymall
based on the QED theory with using gauge invariant schemeraration of the optimal one-electron representation,
for the description of spectra of the multicharged ions iasel plasma, calculation of electron-ion collision stteag
cross-sections and rate coefficients. The electron amlliskcitation cross-sections, strengths and rate coefticfer
some Ne-, Ar-like plasma ions are calculated.

When studying the Stark effect, scattering tasks, the relegtositron pair production in nuclear collisions and
elementary processes responsible for emission-linesdiiomin plasmas, the energy approach has been generalized
to cover the problems of scattering theory [1], [2], [3]..[E], [6], [7]-

Here we briefly outline the main idea using, as an examplectiksional de-excitation of the Ne-like ion:
((Zjiv)‘13jie[JiMi],sin) — (Do, &sc). Hered,, is the state of the ion with closed shells (ground state ofNbdike
ion); J; is the total angular moment of the initial target state; éegiv, ie are related to the initial states of vacancy and
electron; indicesj, andegc are the incident and scattered energies, respectivelgtmtident and scattered electrons.
Further it is convenient to use the second quantizatioresggmtation. In particular, the initial state of the sysatom

plus free electrofi can be written as
J.M;
=an 5 acau®eCizn, (1)
Vsiiie
HereCﬂ‘{e'\f',inv is the Clebsh-Gordan coefficient. Final state is:

|F) = ad®o, )
where|l) represents three-quasiparticle (3QP) state,|Bhdepresents the one-quasiparticle (1QP) state. The justifi-
cation of the energy approach in the scattering problemdeiails described in refs. [1], [2], [3], [5], [6]. For thease
(1) the scattered part of energy shiftAfs appears first in the second order of the atomic perturbatieory (fourth
order of the QED perturbation theory) in the form of integreé¢r the scattered electron enesgy:

/dfscG(eiw Eie, &in, Esc) / (Esc— Eiv — Eie — &in — 10) (3)

with
IMAE = niG(&jv, Eie, &in, Esc) - “)
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TABLE 1. Comparison of measured and calculated electron-colkiercitation cross-sections
(o) for Ne-like barium for two values of incident electron egye5.69 keV and 8.20 keV (Units are

1021 cm?).
Level J Measured Calculated Calculated Calculated Calculated
Marrsetal. Ivanov et al. Zhang etal. Reed present
paper
Eel = 5.69 keV
Sum 0=0) 2.50t0.35 2.48 2.58 2.60 2.51
2p3/23d5/2 1 3.98:0.56 3.20 3.44 3.56 3.25
2p1/23d3/2 1 2.12+0.30 1.78 2.42 2.00 1.84
Eel = 8.20 keV
Sum ¢=0) 2.270.32 1.83 1.89 1.94 1.86
2p3/23d5/2 1 3.30:0.46 2.87 2.99 3.23 2.93
2p1/23d3/2 1 1.82£0.25 1.64 2.10 1.82 1.64

HereG is a definite squired combination of the two-electron magtements (2). The value
o = —-2ImAE (5)

represents the collisional cross-section if the incidéedteon eigen-function is normalized by the unit flow coruatit
and the scattered electron eigen-function is normalizetth®gnergyd function.
The collisional strengt (I — F) is connected with the collisional cross sectmiy expression:

o(l —F) = Q(l — F)r/ (23 + Len ((aZ)%6n +2)) - )

Here and below the Coulomb units are used; 127.0542 eV, for energy; 1 C.u 0.529-10-8/Z cm, for length;
1 C.u~ 2.419-10~17/72 sec for time.

We applied our approach to estimate of the electron cofiaiexcitation cross-sections, strengths and rate coeffi-
cients for electron-collisional excitation for Ne-and ke ions. To test our theory we compare our calculations on
collisional cross-sections for Ne-like iron with known calations (c.f. [3], [4], [5]). As example, In table we prase
measured electron-collisional excitation cross-sestion Ne-like barium for two values of incident electron eper
5.69 keV and 8.20 keV. First of all, no obvious discrepanfieshe considered states are found. Our results are at the
lower margin of experimental error as the corresponding déth one exception: for the state 2p3=23d5=2(J = 1) our
cross-section at collisional energy 5.69 keV is a few pdrimever. But one must understand that extraction of the cross
section from the experiment is the most ambiguous for thislldt is important to note that inclusion into consid-
eration of Rydberg and autoionization Rydberg states of afrthe previous ionization stage will definitely increase
collisional cross-sections. We are calculating the speatiplasma, containing Ne- and Na-Like lons, with consis-
tent account for Rydberg and autoionizing Rydberg serighérbalance equations. The inclusion of Na-like states,
accounting for diffusion-like processes, can increasegtipulation inversion for the ‘lasing candidates’ by at tesas
factor of two for a wide range of plasma conditions. This iportant for the ionization equilibrium too. Besides, we
are calculating the functions, which describe the popatadiistribution within each Rydberg series dependent on the
Rydberg electron energy. These functions bear diagnegtcnation.
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INTRODUCTION

Methane, like CQ, is present in the terrestrial atmosphere in trace amobutsthese two greenhouse gases are
thought to be major drivers of climate change and global vimgnTo understand these processes and predict the future
condition of the atmosphere, scientists utilize globahelie models, for which the concentrations of the greenhouse
gases are part of the input. In this work the focus is on methtor which the vibration-rotation bands between 9
and 1.6um are commonly used to monitor concentrations. A major camepbin the error budget of atmospheric
retrievals for methane in the lower troposphere arise fioepor accuracies of the pressure-broadening coefficients
The main source of spectroscopic line parameters for metimthe HITRAN database. The 2004 HITRAN
database contains some 251 440 methane transitions. @dngidibration-rotation bands dfCH,; between 9 and
1.6 um with the sum of line intensities greater tham #®cm~1/(molecule cm?) yields a list of over one hundred
thousand transitions. While it is not practical to measureabculate the line parameters for all transitions, da¢a ar
needed for at least the strong vibrational bands. Here, wgsfon the region 2726 to 3200 cf which still contains
over twenty five thousand transitions flfCH,4. The dominant band in this region is tre band centered at 3018
cmL. This work presents calculations for 41@2@transitions in this region.

THEORY AND CALCULATIONS

The complex implimenentation of the Robert-Bonamy forsral{1] has been used to determine the pressure broad-
ened half-width and line shift for methane transitions.€8alimportant features have been incorporated in the ptese
CRB formalism; (i) the imaginary components have beenmeti(ii) the elimination of the cut-off procedure, (iii)
and the better modeling of close collisions. The currentudations use the mean relative thermal velocity approx-
imation (MRTV) to the CRB formalism. In the present work itf@und that convergence of the atom-atom part of
the intermolecular potential is obtained at 12th order fansitions involving A- and F-symmetries. However, for
E-symmetry transitions the results show that the calaatare not converged even at 14th order of expansion. Since
it is the current limit of the codes, results for E-symmetantitions are not reported here. From the remaining A-
and F-symmetry transitions we were able to make calculafion524 A-symmetry transitions and 3596 F-symmetry
transitions with J less than 29 broadened byadd G. The calculations are done at 225 and 296 K in order to de-
termine the temperature dependence of the half-widthbfoadened half-widths of CHare determined from the N

and G values.

RESULTS AND DISCUSSION

Therse calculations show that the oxygen-broadened Hdthware similar to the nitrogen-broadened half-widths, i
fact the minimum G-broadening value is greater than the minimugaliMoadening value. This fact has also been noted
in measurements, for example see D&val. [2]. Here the half-widths range from small values of 0.017 ératm 1

to roughly 0.065 cm® atm 1. There is not a great amount of variation in the magnitudeehilf-width as a function

of the perturbing molecules studied here. The large diffeeen the quadrupole moments of Bnd G suggests that
the CH;-N, and CH;-O» collision systems are not dominated by the electrostaticgidhe intermolecular potential.
This fact was proved by Neshyleaal.[3] in a theoretical study of transitions in thvg band of methane broadened by
N>. In their work they showed that the atom-atom part of therintdecular potential is dominant, giving results an
order of magnitude larger that the electrostatic potentdulation.
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The data were analyzed for structure with respect to quesititescribing the transitions. The rotational states of
methane are described by the rotational quantum numbee Sytnmetry, and the counting (order) index, N. The
results indicate that there does not seem to be a greatafifferin the half-widths as a function of branch or as a
function of the symmetry of the transition. As J increasesrtmber of states increases allowing more transitions for
a given J. The spread in the values of the half-width for amgivencreases dramatically with J greater than about 10.

Because of the large number of methane transitions, ssieniiten must attempt to predict half-widths for
transitions from half-widths of lines with different syming perturbing species, quantum numbers, etc. Is it pessib
to predict half-widths for A-/Fspecies transitions fromiA=species transitions with the same quantum numbers? To
address this question the calculated data for N2-broadevene taken and ratios of A-symmetry transition divided by
the corresponding F-symmetry transition were calculafée. pairs of lines are chosen such that the upper and lower
rotational quantum numbers are the same, thasyinmetry is paired with the;Fsymmetry and the Asymmetry is
paired with the i symmetry, the lower order index values are the same. Bet¢hasdlowed order index for A- and
F-symmetry states are quite different, the pairs were edefiom the minimum N’ and for the maximum N’ of each
symmetry species. For example the line NAmin < J"A2N” is paired with RN’ min < J'FoN". The ratios were
calculated and for J” less than 10 the ratios are close to otab spread increases as J” increases. The values range
from 0.44 to 2.1, thus one should be cautious applying sudhigorithm, especially to intermediate to high J lines.
Other approaches were tried with similar results.

The CRB results for the half-widths compared with the measents of Pine [4], [5] give reasonable percent
differences and standard deviations. However, Mondedaial. [6] have demonstrated that retreivals of methane
volume mixing rations from balloon spectra made using $hgtifferent line shape parameters show noticeable
effects. Some researchers are dismayed at the state ofmedih@adening parameters with the HITRAN database
having measurements for a few thousand transitions and &tadates (about 20 percent) for the remaining 480
000 transitions. Thus our calculations are not yet at thelldesired by all researchers for terrestrial atmospheric
applications but certainly an improvement of the estimatddes. The accuracies needed for Titan remote sensing are
less stringent (5-10 percent) and the ZNb calculations presented here meet that criterion.
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Effects of Nonlocality in Time of an Interaction Governing the Dynamics of an
Atom on Its Spectral Line Profiles

Renat Kh. Gainudinov, Aigul A. Mutygullina

Department of Physics, Kazan State University, 18 Krerkbgres St, Kazan 420008, Russia

In this talk we will discuss the effects of nonlocality in #nof interaction which governs the time evolution of an
atom on the broadening of its spectral lines. The effectiteraction of an atom with its surroundings whose degrees of
freedom are integrated out in describing the evolution efdystem is generally nonlocal. The problem consists in the
fact that this interaction is nonlocal not only in space bsib én time, and hence the dynamics of an atomic system is not
governed by the Schrédinger equation with an effective Htamian. This is because this equation is local in time, and
the interaction Hamiltonian describes an instantaneaesdation. We will present a novel approach to the theory of
the spectral line broadening based on the generalized dgabeguation (GDE) derived in Ref. [1] as a consequence
of the first principles of quantum physics. Being equivakenthe Schrodinger equation in the case of instantaneous
interactions, this equation allows one to extend quantunadhycs to the case of nonlocal in time interaction. As has
been demonstrated in Ref. [2], the effects of such a noritgaat the broadening of spectral lines of atoms may be
very significant: in some cases nonlocality in time of thefattion of an atom with its surroundings can give rise to
a spectral line splitting. We will also discuss the effedtaanlocality of the fundamental electrodynamics intei@act
on the natural broadening of spectral line profiles of atoMswill show that these effects may be significant in the
case of atoms subject to an intensive laser field due to théhfag in contrast to the bare atoms, some states of laser-
dressed atoms with the same values of the total angular ntameénits projectionJ,, and parity may overlap. We will
present an equation which determines the natural broagefgpectral line profiles corresponding to transition from
overlapping laser-dressed sates. The analysis of theagiten of an atom in such states with its own radiation field
gives rise to the surprising finding that in describing thertapping laser-dressed states QED faces the problem of
unrenormalizable ultraviolet divergences. This may bexguigt manifestation of nonlocality of the electromagiaet
interaction which in other cases is hidden in the reguléinaand renormalization procedures. Finally, we will diss
an experimental scheme to measure spectral observabldgdh the nonlocality of electromagnetic interaction may
manifest itself.
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Xe-broadened CO line shapes in the fundamental band at 349 K
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INTRODUCTION

We present a lineshape analysis on the P(2) and P(7) transitions of CO broadened by Xe in the fundamental band.
The spectra were recorded at 349 K using a difference frequency laser spectrometer. We obtained information on the influ-
ence of Dicke narrowing and line mixing effects . Several models for implementation of speed-dependent effects are dis-
cussed. We have tested the validity of calculating the narrowing parameters using the mass-diffusion or the optical diffusion
constants and compared them with experimental narrowing parameters. The line broadening coefficients are modeled using a
semiclassical formalism involving successively the atom-atom Lennard-Jones model for the intermolecular potential and a

three-term expansion of Legendre polynomials with four adjustable parameters.

EXPERIMENTAL DETAILS

The CO-Xe spectra used in this study were recorded at University of Toronto using a difference-frequency laser
spectrometer previously described in [1] and references therein. The tunable infrared radiation was obtained by overlapping
and mixing on a nonlinear LilO; crystal the visible radiation from an Argon ion laser with tunable radiation from a Coherent
699-29, R6G dye laser. A germanium wedged beamsplitter was used to direct about a third of the infrared power to an InSb
reference detector used to normalize the signal and minimize possible problems due to fluctuations in the optical power. The
remaining two thirds of infrared power were sent through a 107.1 cm long, heatable absorption cell and then to a second InSb
detector. The layout and design of the system allowed is to record spectra with 2 MHz resolution and a signal-to-noise ratio
in excess of 1500:1. In our computations the values of self-broadening coefficients were taken from the HITRAN 2004
database [2]. We checked the gas temperature spectroscopically using ratios of intensities at our set temperature and at room
temperature (taken from [2]).

SPECTROSCOPIC ANALYSIS

Laser spectrometers such as the one used in this study allow accurate width and shift measurements to be made and
can unveil more subtle features of spectral profiles. If we consider the case of isolated spectral lines, these include Dicke
narrowing [3] and speed-dependent effects [see for example 4]. For bands of closely spaced spectral lines, line mixing has
also been examined and quantified. If collisions cause transitions between the states associated with two different lines, the
two lines may interfere such that the intensity in the region between the two lines increases, and it decreases in the outer
wings of the two lines. The spectra were fitted successfully using the Rosenkranz [5] first order theory of line mixing.
Translational effects were fitted successfully using the hard collision model modified to include an asymmetry component
due to line mixing. The spectral profiles were analyzed using a multi-spectrum non-linear least-square curve fitting program
[6] that models the spectral lines using several line shape models (Voigt, Galatry, hard collision, speed-dependent Voigt).

Dicke narrowing occurs when the mean free path of the active molecule becomes less than or of the same order of
magnitude as the wavelength of absorbed radiation. In this regime the mean translational motion of the active molecules is
reduced and the free streaming motion of the molecules becomes diffusive. In the soft collision model (Galatry) [7], the
diffusion motion of a molecule is interpreted as consisting of many infinitesimally small (soft) collisions, which eventually
result in completely losing the correlation of the molecule’s motion with itself. The narrowing parameter is given in this
model by ﬁ:i FT

2n cmD
the Boltzmann constant and the temperature in K. Since D varies inversely proportional to the pressure, £ is in principle
proportional to it. An alternative treatment that takes into account the effect of collisions on the translational motion is the
hard collision model [8,9]. This model assumes that the velocity of the active molecule after the collision is independent of
its velocity before the collision. As shown in Fig.2, the beta parameters were found to be strongly non-linear with pressure.
Moreover, no fit was possible with these line shape models for pressure larger than 0.14 atm. Thus, the appropriateness of
Dicke effect is questionable.

where D represents the diffusion constant, m is the mass of the active molecule and k3 and T are
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The influence of the velocity of the absorber molecules on the collisional Lorentz half width was investigated in the
formalisms developed by Pickett [10], Ward et al. [11] and D’Eu et al. [12] effects known as “speed-dependent effects”. As
expected, the line profiles are better reproduced when the speed-dependent Voigt profiles are considered.

Xe-broadening coefficients of CO lines in the fundamental band at 297 and 349 K are calculated from a
semiclassical formalism involving successively for the intermolecular potential the atom-atom Lennard-Jones model and a
second-order expansion of Legendre polynomials with four adjustable parameters. The theoretical results at room
temperature are mainly compared to measurements performed by one of the authors nearly forty years ago [13]. The first
potential without adjustable parameters leads to underestimated broadening coefficients for low J transitions (J < 7) and a
reasonable agreement for the other transitions while the second potential gives improved results, in overall agreement with
the available experimental data.
e\ —] Figure 1. a) Eighteen overlaid spectra for the P(7)

= r N\ | (727 transition. b) Fit using the Speed Dependent Voigt profile

with an asymmetric line mixing component.
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Mode-locked lasers create short optical pulses with a fixed phase relationship between the laser modes. By
transforming a single femtosecond pulse from the time domain into the frequency domain, a broadband continuum is
created. But, transforming a modelocked train of femtosecond pulses into the frequency domain one can find
dramatically different effect. The repetitive pulses become an optical frequency comb, a set of very sharp and narrow
frequency spikes uniformly spaced across the spectral bandwidth of the light source. The comb peaks are continuous-
wave, extremely narrow, and separated by the pulse repetition rate. The constant spacing between the frequency
peaks makes the comb a natural optical ruler for optical measurements. The higher the repetition frequency, the
wider the spacing of comb lines, which in general makes measurements easier. The frequency f, of each n-th mode
can be written as f, = fo+n'f, where n is the mode number, f; is the repetition rate (the spacing between modes), and f;
s a carrier-envelope offset frequency at a frequency between zero and the repetition rate. The offset is proportional to
the phase shift between the wave envelopes in successive pulses, which arises because the carrier wave moves at the
phase velocity of the pulses but the envelope moves at the group velocity.

The main problem in studying of two-photon transitions is in maximization of the excitation efficiency of the
desired state. Frequency comb spectroscopy can be very useful for two-photon transitions. In the context of two-
photon transitions, there are two general cases: those with an intermediate resonance and those in which the pulse
spectrum is far detuned from an intermediate resonance. In the case where one mode is resonant with the
intermediate state, the system can often be understood by considering only two modes. However, when there is no
intermediate resonance in the spectrum it should be noted that if one pair of comb modes is two-photon resonant,
then all modes will form a resonant pair due to the equal spacing of modes. Here we present the two-photon
frequency comb excitation of the rubidium atoms at the room temperature as a result of our previous work on
modified direct frequency comb spectroscopy (DFCS) [1,2,3]

Two-photon transitions on cold ¥Rb atoms were presented in [4,5]. There, the absolute transition frequencies of
several hyperfine levels in the 5D and 7S manifolds were measured, via resonant enhanced transitions through an
intermediate 5P hyperfine level. The population of the 5D or 7S states was determined by monitoring the
fluorescence at 420 nm resulting from the cascade decay of the 6P state to the 5S state.

In present experiment we investigate the 55-5D two-photon transitions in ®Rb and ¥Rb atoms as a result of the
interaction of the femtosecond frequency comb with atomic levels of both rubidium isotopes. A set of two-photon
transitions from the ground-state 5S,, to the excited 5Ds;,, enhanced by the 5P, intermediate state have been
examined. The experiment is preformed with an optical frequency comb emitted from a 200 fs, 80.53 MHz repetition
rate, mode-locked femtosecond fiber laser (FFL) centered at 778 nm with a full width at half maximum bandwidth of
about 3 nm (1.2 THz). There is ~ 2.4 uW of power in each of the comb lines resonant with the 5S-5P and 5P-5D
transitions. The excited 5D state population is determined from the SD-6P-5S radiative cascades: the atoms relax to
the 6P state and then decay down to the ground state, emitting photons at 420 nm. These blue photons are detected
with a photomultiplier tube (PMT) (Hamamatsu DM0016), with spectral response range from 280 nm to 630 nm,
centered at 350 nm and counted with a multi-channel photon counter. In order to investigate the dependence of the
two-photon fluorescence signal as a result of interaction of frequency comb with perturbed energy-level pattern due
to the interaction with magnetic field an external magnetic field was applied. Magnetic field was generated by a pair
of Helmholtz coils. By scanning the current through the coils from 0 A up to 1.3 A the homogeneous magnetic field
from 0-150 Gauss was created. In an external magnetic field the Rb ground- and excited-state levels are not
characterized any more by the total angular momentum quantum numbers Fg and Fe, but they are a mixture of these
states created by the external field. The magnetic sublevel energies are dependent on the external magnetic field
strength. For very low field strengths each hyperfine level experiences a linear Zeeman effect. As the field strength
increases, the Zeeman energy comes close to the hyperfine splitting energy and the energy level pattern becomes
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more complex. In our experimental geometry the optical transitions between hyperfine ground- and excited-state
levels follow the M= +1 or M= -1 selection rule. The results for the linear and circular polarizations of the laser

beam, as well as for the different mutual orientation of of the% and B vectors (parallel and antiparallel
configurations). Experimental results are shown in Figure 1.
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FIGURE 1. Change of two-photon fluorescence signal for different polarization of femtosecond laser
beam as a result of interaction with the external magnetic field.

It can be seen that in the absence of magnetic field (B=0 Gauss) we observe maximum signal which decreases as
magnetic field increases. This reduction of two-photon fluorescence signal in magnetic field comes as a result of the
additionally energy-level splitting due to the Zeeman effect. For the field strength, which leads to favorable energy-
level splitting (the frequency separation of different transitions is a multiple of 80 MHz), one would expect
amplification of fluorescence signal. We expect that the fluorescence signal should be significantly increased in the
condition when the 55, atomic Larmor frequency is equal to or a multiple of the pulse repetition rate [6]. We
calculated that the first-order ground-state Zeeman coherence is about 110 Gauss. This amplification of fluorescence
signal for ~110 Gauss can be observed from our experimental results. Discussion of the present results and future
prospects will be given in detailed.
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Radio Recombination Lines as Tools for Astronomers and Physists
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GENERAL

Described by simple Bohr theory developed in 1914 [1], gpédines in the radio range arising from transitions
between large principal quantum numbers of atoms have grimvbe powerful tools for astronomers. Called radio
recombination lines, they are usually easy to observe, gihigue information about astronomical objects, and
facilitate the study of physical effects in environmentttbannot be created in terrestrial laboratories.

NOMENCLATURE AND FREQUENCIES

Transitions between principal quantum numbers1 andn are calledna lines; betweem+ 2 andn, ng3, and so
on. Line frequencies vary according to atomic weight (redlimass of the nucleus) and are designated as é1110
[4.874 GHZz] for hydrogen lines, Hel611.562 GHz] for helium lines, and so forth.

For “radio” recombination lines (RRLs) at frequencies lgsm 100 GHz, principal guantum numbers are large, and
simple Bohr hydrogenic models give accurate rest freqsnéior ama line, the rest frequency is

1 1
Vni1on = RcZ [W - (nT)Z} , 10MHz< v < 100GHz (1)

whereR is the Rydberg constant for reduced mass of the nucletlse speed of light, and the multiple of the
electronic charge of the nucleus. But, at small principamum numbers where< 40 involving frequencies greater
than 100 GHz, the frequencies produced by the classical Balulel develop small errors because the asymmetric
fine-structure components are no longer thermalized amdezpuently, shift the monolithic Bohr frequency given by
Eqg. (1). Here astronomers use a weighted mean of these freggagemponents to calculate an effective rest frequency.

DETECTION RANGE

First detected in 1964 essentially simultaneously at Lebdehysical Institute and at Pulkovo Observatory in the
Soviet Union, RRLs have now been now detected by astronooverswavelengths from = 20.5m (14.6 MHz) to
52.6um (5.7 THz)— a range of 5 orders of magnitude.

ASTRONOMICAL RESULTS

The mere detection of RRLs identifies an astronomical olgecthermal,” that is, as being an object comprised of
ionized gas described by a Maxwell-Boltzmann distributihe line profiles give the radial velocity of the object,
the approximate kinetic temperature of the ionized gas,afiodmation as to the velocity turbulence along the line of
sight through the gas.

Observations soon showed the radiation transfer to be noon@licated than expected. Often the level populations
are out of thermodynamic equilibrium, thereby requiring talculation of level populations by the statistical eitpil
rium of all the populating rates associated with a princtqpantum level rather than by the detailed balancing of each
type of population rate. At some wavelengths the result jgaatial maser” effect in which the intensities of RRLs are
slightly amplified; at other wavelengths, the lines are vesekd by an under-population of their upper quantum levels.

While detection of RRLs from the hydrogen and helium commsief hot ionized gas within emission nebulae are
common, there are also detections of carbon recombinaties from much cooler ionized regions of the interstellar
medium.

One patrticularly interesting discovery [2] was the exisiof strongly masering, double-peaked RRLs from a
peculiar emission star, MWC349A, whose intensities varyabiactor of two on a time-scale of months. The line
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profiles imply the lines to arise from a rotating circumstetlisk viewed edge-on. Moreover, a monotonic shift in the
central radial velocities of RRLs with frequency suggestaecelerating gas outflow from the star that could be due
to photo evaporation of the disk material [3].

RRLs have also been detected from nearby spiral gaseoudegadand from the Sun.

PHYSICS

Initially surprising, Stark pressure broadening devetbf@ astronomical optical spectra greatly overestimaked t
line broadening expected for RRLs in the radio range. In, fametny astronomers argued in the early years of radio
astronomy that Stark broadening would wash out the RRLsatdlkey could not be detected.

Griem [4] showed that, in the radio range and unlike the aptiange, inelastic electron impacts perturb both
upper and lower principal quantum levels in the same enargyes thereby significantly reducing the effects of Stark
broadening on the line widths. Subsequent observatioroffjrmed these calculations.

In the ultra-low densities of the interstellar medium, fmam] atoms can exist in states with very high principal
quantum numbers, that is, with principal quantum numberabafutn = 1,000 that correspond to classical Bohr
atoms with diameters up to 0.1 mm—a dimension comparablegdhtickness of this page. Stepkin et al. [6] have
recently observed the C1086ine in absorption against the supernova remnant, Cassiépe

CONCLUSION
Astronomical observations of RRLs not only provide infotioa about thermal objects in the universe but show the

Cosmos to be a wonderful laboratory for the study of basismsyphenomena in an environment difficult to create in
terrestrial laboratories.

SUPPLEMENTAL READING
A book available in English and in Russian [7, 8] gives thedrisof the initial detections, derives the detailed phgsic
of RRLs from first principles, develops the transfer proogsthe emission from source to telescope, and reviews

observations through the year 2002. Springer-Verlag wibase an updated version in 2008 in both paperback and
Ebook formats.
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ABSTRACT

The spectrum emitted by a star is determined by the atmosptiegre the photons last scatter. It carries a signature
of the presence of atomic species, and of the effects of atoatlisions and motions, on the radiative process. To the
astronomer interested in the star, these spectra offes ttuigss composition, temperature, surface gravity, magnet
field, rotation and line-of-sight motion. To the atomic pityst, stellar spectra are a probe for collision processes
under conditions that are difficult to reproduce in a labamatindeed, an understanding of the underpinning line
shape physics is key to exploring a wide range of interegiimignomena — answering questions about the color and
composition of brown dwarfs, the temperature, size and &gehide dwarfs, and the detection of planets and their
atmospheres.

The theory of spectral line shapes, especially the unifigitagrh we have developed, makes possible accurate
models of stellar spectra that account both for the cenfespextral lines and their extreme wings in one consistent
treatment. Under some circumstances it is possible to hestine shape theories in the laboratory, if not under
conditions exactly the same as those in stars, at least whokly similar conditions. For brown dwarf stars, for
example, with an atmosphere of molecular hydrogen and tkedi ahetals, conventional absorption spectroscopy
can be used to examine the line wing, to measure the broaglehthe line center, and to determine shifts of lines
due to collisions. A comparison with theoretical profiletabtishes the accuracy of the interaction potentials, lwvhic
are difficult to computea priori. At the other extreme of temperature, a shock wave in a lasetuced plasma
produces for a few nanoseconds the temperature and dehaitytote dwarf star. We will compare unified line shape
calculations with recent experiments to determine the winfghe sodium and potassium resonance lines broadened
by hydrogen and helium, and to measure the shift of Balmdue to electrons at high density.
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NONEQUILIBRIUM KINETICS OF RYDBERG ATOMIC STATES

L. A. Bureyeva, M. B. Kadomtsev, M. G. Levashova, and V. S. Lisitsa

“Kurchatov Institute” Russian Research Center, pl. Kurchatova 1, Moscow, 123182 Russia

Broadening of highly excited (Rydberg) hydrogen atomic states is of interest for astrophysical plasmas. The most
of the calculations deals with thermodynamically equilibrium populations of atomic states [1-5]. The goal of the
present paper is to estimate the non-equilibrium effects in population of hydrogen Rydberg atomic states in
astrophysical plasmas.

We developed a two-dimensional quasi-classical model of the radiative-collisional cascade for hydrogen-like
systems in plasmas. The structure of the quantum kinetic equation for the radiative-collisional cascade and its
iterative solution is as following:

L+ L| f(nl)+q(nl)=0: L .f(n])=A(nl)f (n])+q,=0, (1)
4= Z Z fk—1(”';l')A("':1’—>”J) )

n'=n+11=l+1

where LC is the collisional transition operator, L;I , is the radiative transition operator, [ ( nl ) is the population

distribution function in the two-dimensional space of principal, », and orbital, /, atomic quantum numbers, and g(nl)
is the source of atomic state population, 4(n,/) is the radiative decay rate. The distribution f'is presented in the form
of aseries f=fo+ fi +f,+ ... + fi + ..., that corresponds to a successive emission of quanta. Each term f; of this series
can be determined from the Eqgs.(1, 2) using f; ; calculated at the previous step, while f; can be found from them with
the original source.

The collisional diffusion coefficients in the space of action variables Al © » namely, principal and orbital quantum

numbers transfered during a classical collision of the atomic electron with charged plasma particles.
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where N,, T are the electron density and temperature, L is the Coulomb logarithm.

We took account of the three-body and photorecombination sources of population in astrophysical plasmas (T= 1
eV and N, = 10°-10%cm™). Our calculations reveal a noticeable nonequilibrium in the population in orbital quantum
number /. Comparison was made with one-dimensional calculations by averaging over the quantum numbers /. The
difference in 1D and 2D population models is clear from the equations for atomic states populations N(n):

nl),  (q(nl),
N =, Tty ) @
The difference between N (n) and N (n) is illustrated in Fig.1.
0?4 | | --—37 7]
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0.2 i
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0 4I0 SIU 150 160 200

n

Figure. 1. Populations b(n) (in unit of equilibrium Boltzman population) of atomic levels directly populated by the
photorecombination source in astrophysical plasmas (N, = 2.5 x 10* cm™ and 7= 1 €V): 1, averaged two-dimensional calculations
without collisions; 2, one-dimensional calculations without collisions; 3, one-dimensional calculations with collisions; 4, averaged
two-dimensional calculations with collisions.
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It is seen that the difference disappeared when the collisional rates dominate over the radiative ones.

The same comparison of 1D and 2D models was made in general case corresponding to both the radiative and the
collisional (3 body recombination sources). This comparison reveals a characteristic population minimum
attributable to the competition between the collisional and radiative state populations. This minimum in the two-
dimensional model is appreciably deeper than that in the one-dimensional models (Fig.2).

Based on the populations found, we calculated the intensities of spectral lines in the range of transition
frequencies corresponding to a certain spectral interval of observations (Fig.3). The results allow us to judge the
degree of nonequilibrium of the populations of Rydberg atoms in astrophysical plasmas.
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n
Figure 2. Total (including the photorecombination and three-body sources of population) one- dimensional distribution function
obtained by integrating the two-dimensional function over the variablel:at T= 1 eV and N, =2.5x10° (1), 10° (2), and 10" (3) cm™.
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Figure 3. Rydberg line intensities for the transitions from the n = 50-100 levels at fixed observation frequency w = (1/n"% - 1/n?)
= 8 x 10 at. units corresponding to the transition with An = 1 between the 50 and 49 levels (the population minimum in Fig. 6) at
N,=2.5x10°cm™ and 7= 1 eV; the arrows indicate the positions of some Rydberg lines.

It follows from the consideration above that the nonequilibrium conditions in astrophysical plasma can be
realized for principle quantum numbers less then n=100. The 2D kinetics developed can be applied to multicharged
ions as well by scaling with Coulomb units.
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INTRODUCTION

Spectroscopic techniques have the potential to increase our understanding of Earth and planetary atmospheres
through spectroscopic studies that will enable more accurate modelling of infrared radiative transfer in the Earth atmosphere
and other planetary bodies. There is a need in atmospheric research to accurately model absorption profiles over a wide range
of pressures and temperatures. Using a correct understanding of the physics of spectral formation, data may be reliably extra-
polated from the laboratory case to the atmosphere. In practice, a full understanding of the physics is hard to obtain, particu-
larly when the numbers of parameters are considered.

This talk will addresses the following objectives: i) experimental studies of line shapes and molecular collisional dy-
namics in molecules of planetary interest, ii) theoretical modelling of line mixing effects and broadening parameters.

SELECTED SPECTROSCOPIC STUDIES

At the foundation of all remote sensing activities is basic spectroscopy from laboratory studies. Limitations in the
spectroscopic information in turn limit our ability to probe and understand our atmosphere [1] and planetary atmospheres.
Recent studies in atmospheric research have focused on areas such as terrestrial carbon cycle and ecosystems, climate change
and the composition of planetary atmospheres. 1For spectroscopic remote sensing, the HITRAN database [2] is the most
comprehensive and widely used collection of the line parameters needed to characterize atmospheric spectra.

The formation of a spectral line shape is not completely understood. Although Gaussian, Lorentzian and Voigt
models have earned their places in the common knowledge of this field, the physics they contain is not enough to explain the
details revealed by high-resolution experiments. Complex theories that include line mixing (the effect of collision-induced
line interference), speed dependent profiles and statistical correlation between the relaxation of the internal motion and the
translational motion of the molecules are needed [3-5]. The main signature of line mixing is the collapse of a multi-line
spectrum into a single line at high enough pressures. Thus, the best insight into the physical interactions governing the
collisional processes is gained in the weak mixing regime, when the lines are weakly overlapped. If the desired atmospheric
measurements are at pressures near 1 bar the subtle effects of non-Voigt line shapes and line mixing are essential for the
interpretation of tropospheric spectra, especially near the boundary layer. For this reason, the format of the 2004 edition of
HITRAN [2] was expanded so that the line mixing coefficients could be included for CO,. Such parameters are expected to
be included in future updates of the database for CH4, CO, H,O, CO,. Currently, there are satellite instruments that can
achieve precisions as high as 1.5 % to 0.3% [6-9]. Such requirements are very challenging for spectroscopists. There are
many theoretical and experimental studies of line-mixing effects in the infrared spectral range [for example 10-16 and
references therein]. The theoretical models included empirical approaches [16], first principle calculations starting from the
intermolecular potential [17], semi-classical models [18], and the use of fitting [19] and scaling laws [16,20,21]. The line
shape modelling based on the Energy Corrected Sudden approximation (ECS) has been used successfully in numerous
studies [for example 15-16, 22-23 and references therein].

To understand and separate the contributions of each of line shape effects and ultimately to develop new theoretical
models, we have studied the spectral signatures of several molecules over a wide range of pressures and temperatures.
Typical values of line mixing effects are no more than few tenths of a percent of the peak absorption value of a line and so
signal-to-noise ratios in excess of 1500:1 are needed if one looks for an experimental line-mixing signature in a spectrum,
with a minimum degree of accuracy. The spacing between spectral lines in crowded Q-branches in CO, or N>O is less than
the best resolution that can be offered by a Fourier Transform spectrometer and hence they often cannot be fully resolved in
FTIR spectra. Collisional narrowing effects occur at low pressures and they can be studied only with an instrument that offers
a resolution below the natural width of the line, a requirement met by laser spectrometers. Remote sensing of trace species is
needed to understand the chemistry and composition of planetary atmospheres and interpret the processes therein. This
requires accurate determination of small concentrations which in turn requires fundamental understanding of the line
broadening and line shifts in the presence of different foreign gases on different planets. For the Earth, we need information
on nitrogen and oxygen broadening data. It has been shown that when different line shape models are used, it is difficult to
predict the temperature dependence of the broadening coefficients over the range of atmospheric temperatures.

Laboratory spectroscopy of mono-deuterated methane
Monodeuterated methane (CH;D) is a constituent trace species in planetary atmospheres, and its spectrum is often used to
determine the H/D ratios. Its infrared spectrum is continually investigated in order to obtain improved spectroscopic line
parameters needed to interpret remote sensing observations. Accurate representation of the positions and intensities of this
molecule requires extensive laboratory work. Using a multispectrum fitting technique we have measured for the first time the
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line parameters of self-, N»-, O,- and air-broadened CH;D in the v, band. The broadening and shift parameters were modeled
using semi-classical theory.

Methane line shapes in the octad spectral range
Methane plays an important role in atmospheric chemistry, and knowledge of the column distribution taken with dynamical
data will lead to a better quantitative understanding of its biogeochemical cycles. Methane is increasing in the atmosphere at
a rate of 1% per year, but the source of this increase is not certain. Improved knowledge of the source strengths and
distributions will help resolve this uncertainty. The objective of this study was to enhance our spectroscopic knowledge of
methane in the octad spectral range. This spectral interval contains eight interacting overtone and combination bands.

Near-infrared spectroscopic study of carbon dioxide
We have performed a line profile study of self- and air-broadened carbon dioxide transitions in the 30012+00001 and
30013«-00001 vibrational bands. The broadening, shift, and line mixing coefficients were derived using the Voigt and Speed
Dependent Voigt line shape models. The results obtained are consistent with other studies in addition to the theoretically cal-
culated values. Two types of scaling laws were used to calculate the broadening and line mixing parameters.

Spectroscopic Line shape Study of the Oxygen A-Band

An adequate knowledge of the physics behind molecular spectral line shapes is necessary to calculate the heating and cooling
rates used in climate models. Spectroscopic measurements of transitions in the oxygen A-band are performed by the NASA
SAGE III, Orbiting Carbon Observatory (OCO) and ACE-MAESTRO satellite instruments where this band is used to derive
atmospheric temperature, pressure, and for the retrieval of aerosol and cloud optical properties using remote sensing tech-
niques. In this study we obtained accurate values for spectral line parameters retrieved from high-quality laboratory Fourier
Transform spectra. This is a major step toward a better understanding of self-broadening and self-line mixing mechanisms for
transitions in the oxygen A-band. We were able to measure for the first time the line mixing coefficients in self-broadened
oxygen. The intensities, self-broadening and self-line mixing coefficients were also modeled and compared with experiment-
al results.

Laboratory Spectroscopy of the v,band of "CH,and "CH,
This is a collaborative project with researchers from the College of William and Mary and NASA Langley Research Center.
Self- and air-broadening, pressure-induced shifts, and line mixing have been quantitatively examined in laboratory infrared
absorption spectra of methane in the 7-9 pm region for temperatures from 210 to 314 K.

ACKNWOLEDGEMENTS
The research presented here was funded by the Strategic and Discovery Grant programs of the Natural Sciences and Engin-
eering Research Council of Canada (NSERC) and by the University of Lethbridge research Fund.

REFERENCES

1. L.D.Kaplan, J. Opt. Soc. Am. 49 1004-1007 (1959).

2. L.S. Rothman, D. Jacquemart, A. Barbe, D.C. Benner, M. Birk, L.R.Brown, M.R. Carleer, C. Chackerian Jr., K. Chance,
V. Dana, V.M.Devi, J.-M. Flaud, R.R. Gamache, J.-M. Hartmann, K.W. Jucks, et al., J. Quant. Spectrosc. Radiat. Transfer
96, 139-204 (2005).

3. R.Ciurylo R, J. Szudy, J. Quant. Spectrosc. Rad. Transfer 57 411-423 (1997).

4. D. Mondelain, S. Payan, C. Camy-Peyret, D. Hurtmans et al., J. Mol. Spectrosc. 244 130-137 (2007).

C.D. Boone, K.A. Walker and P.F. Bernath, J. Quant. Spectrosc. Rad. Transfer 105 525-532 (2007).

J.P. Burrows, H. Bovensmann, G. Bergametti, J.M. Flaud et al., Adv. Space Res. 34 682-6 (2004).

A. Chedin, R. Saunders, A. Hollingsworth et al., J. Geo. Res. Atm. 108 art. no. 4064 (2003).

C.E. Miller, D. Crisp, P.L. DeCola, S.C. Olsen et al. J. Geo. Res. Atmos. 112 art. no. D10314 (2007).

J.M. Flaud, J. Orphal, G. Bergametti, C. Deniel et al. , Adv. Space Res. 34 688-699 (2004).

. A.S. Pine, T. Gabard, J. Mol. Spectrosc. 217 105-114 (2003).

11. A. Predoi-Cross, A.V. Unni, H. Heung, V.M. Devi et al., et al., J. Mol. Spectrosc. 246 65-76 (2007).
12. A. Predoi-Cross, J.P. Bouanich, D.C. Benner, A.D. May et al., J. Chem. Phys. 113 158-168 (2000).
13. L.R. Brown, D.C. Benner, V. Malathy Devi, R.A. Toth et al., J. Mol. Struct. 742 111-122, (2005).
14. V. M. Devi, D.C. Benner, L.R. Brown, C.E. Miller, R.A. Toth, J. Mol. Spectrosc. 245 52-80 (2007).
15. D. Pieroni, J.M. Hartmann, P. Jeseck et al., J. Quant. Spectrosc. Rad. Transfer 68 117-133 (2001).
16. A. Predoi-Cross, W. Liu, C. Holladay, A.V. Unni et al., J. Mol. Spectrosc. 246 98-112 (2007).

17. S. Green, J. Chem. Phys. 90 3603-3614 (1989).

18. M.V. Tonkov, J. Boissoles et al., J. Quant. Spectrosc. Radiat. Transfer 55 321-334 (1996).

19. B. Gentry and L.L. Strow, J. Chem. Phys. 86 5722-5730 (1987).

20. L. Bonamy, J. Bonamy, S. Temkin et al., J. Chem. Phys. 98 3747-3753 (1993).

21. L. Bonamy and F. Emond, Phys. Rev. A 51 1235-1240 (1995).

22.J.-P. Bouanich, , J.M. Hartmann, Gh. Blanquet et al., J. Chem. Phys. 109 6684-6690 (1998).

23. S. Hadded, F. Thibault, P.M. Flaud et al., J. Chem. Phys. 116 7544-7557 (2002).

—_ W
o P X



204 122

Diatom-diatom interactions with light:
Applications and line shape theoretical aspects

Magnus Gustafsson

Department of Chemistry, University of Gothenburg, SE 44 &6thenburg, Sweden.

Dipoles which are induced when molecules interact with edbhr give rise to collision-induced absorption. Since
the collisions are of short duration they yield quasi-comtius spectral features (due to Heisenberg's uncertainty
principle) and for pure rotation and translation transitidhey are located in the far infrared. The importance af thi
absorption in astrophysics has been recognized since &bgudars. In particular it enhances the trapping of infrared
radiation in the atmospheres of Jovian planets [1] and ¢oetmetallicity stars [2]. The absorption coefficients may
be measured in laboratories. However, the measuremestsrefjuire high gas pressures which introduce unwanted
effects due to three body interactions which do not occuhédnvironments of interest to astronomers. Also, they
can only be carried out for certain temperatures, e.g.digitrogen temperature (77 K). Theoretical calculatioms, o
the other hand, can be carried out at arbitrary temperatungsre usually limited to binary collisions.

Simulations of interaction-induced radiative processeslive molecular scattering calculations, which are tgfbjc
carried out using time-independent quantum dynamics. &leakculations require the knowledge of the potential
energy surface. The spectral intensities are then obtawitad-ermi’'s golden rule which also requires that the dipole
surface is known. | will cover aspects of these computatimspresent a few research directions involving hydrogen
and nitrogen in which we are currently working.

H,—H, ABSORPTION

The atmospheres of the Jovian planets have 80-96/dst of the remainder is helium and there are only traces
of infrared active molecules. Thus much of the infrared glson in those atmospheres is generated by interacting
pairs of molecules. The infrared active trace species dfsotahe spectra but in certain spectral windows the-H
collision-induced absorption dominates as is indicatefign 1.

Uranus: We have computed #+H, collision-induced absorption [3] on a dense frequency fod 0.1 to 2400
cm~1 and for temperatures from 40 to 400 K. Figure 1 shows a corspauvith a previous simulation. The calculated
absorption is altered above 800 tand our work resulted in an improved understanding of theoaptheres of
Uranus and Neptune. Previously astronomers had to makaoedinary assumptions regarding the composition of
those atmospheres to explain the observed spectra. It ihwaeentioning that (k). dimer features around the
rotationalS lines have been carefully investigated before [4]. Howgethegir contribution to the total absorption is
small and has been neglected here. | will argue below thastiould be different for the nitrogen case.

White Dwarfs:Stars that have run out of fuel explode in supernovae and whenemaining material is pulled
together by gravity a white dwarf may be formed. These haviision reactions as source of energy and will slowly
cool off until they become black. No black dwarf are thoughéxkist simply because the universe is not old enough.
Astronomers are interested in modeling the radiative fearie white dwarf atmospheres since that could provide
a cosmic clock for determination of the age of the universali€on-induced absorption is important for certain
categories of white dwarfs [2]. To compute spectra at thedsaf Kelvins we need thegHH, potential and collision-
induced dipole for large Flvibrations and these are currently being developed.

N>—N; ABSORPTION: TITAN

Saturn’s largest satellite, Titan, has an atmosphere vith% N, and 1.6% CH. Collision-induced opacity due to
nitrogen pairs is of great importance. A calculation in tha&tiopic potential approximation [7] is inconsistent wath
measured spectrum at 78 K [8]. To resolve this we proposetode photodissociation of dimers, using more accurate
dimer states [9] than those used in the previous theory ierdodobtain a more realistic spectrum. Thefdindamental
band collision-induced absorption spectrum has been wsethflysis of these dimer states before [10].
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FIGURE 1. The absorption coefficienty, for equilibrium hydrogen normalized by the square of gassdg, p, (in units of
amagat) as function of frequency at 77 K. The measuremenirbp&um [5] is shown with dots. The solid line representstttal
calculated absorption [3]. The result of Ref. [6] is alsowhdor comparison (dash-dot).

Ho—H; RAMAN SCATTERING

Induced enhancement or depletion of polarizability alsouos when molecules interact [11] and depolarized light
scattering is observed even in compressed rare gases. Afdakepolarized Raman spectrum in hydrogen has two
components: the (allowed)spectrum and the (collision-induced}+H, spectrum. Rotational level mixing gives
rise to interference of the sharp, allowed spectral linesthe quasi-continuous, collision-induced bands. In otder
account for the anisotropy of the potential we have modédiedpectrum with a close-coupling scattering calculation
[12] and found agreement with a measurement taken at 50 KTh&]calculation confirms the destructive interference
around a Stokes shift of 250 crhwhich was derived before [14]. This effect has much in commuith the Fano line
shapes observed in the infrared spectrum of compressed BI[L§h Those have also been attributed to rotational
level mixing and interference between permanent and amilimduced dipoles [16].
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INTRODUCTION

The spectra of Hot Emission Stars and AGNs present peculadilgs that result from dynamical processes such
as accretion and/or ejection of matter from these objentshé UV spectra of hot emission stars and AGNs the
absorption lines have DACs or SACs that are shifted to the.bfuthe case of hot emission stars, DACs or SACs arise
from spherical density regions around the star, or from ieregions far away from the star that present spherical (or
apparent spherical) symmetry around their own center [3].2,

Similar phenomena can be detected in the spectra of AGNg {jéis, ejection of matter etc.), BLR (Broad Line
Regions) and NLR (Narrow Line Regions) are, probably, thesdg regions that construct these profiles of the spectral
lines [3]. In order to study the observed peculiar profilethimspectra of hot emission stars and AGNs, we use the GR
model [4]. With this model we can reproduce the spectraklicemplex profiles.

In this paper we indicate that DACs and SACs phenomena, qaaiaxhe spectral lines peculiarity in Hot Emission
Stars and AGNs [5, 6]. We also try to connect the physical @riigs of absorption regions around stars and quasars.

RESULTS AND DISCUSSION

Here we applied the GR model [2, 4] in order to fit stellar andsgr absorption lines (see Figures 1-3). In both
cases we can find blue-shifted components, which are indgcah outflow (wind) in both objects. Difference is in
the velocities, i.e. naturally the outflow velocities in gaes are higher< several 1000 km/s). But, the line profiles
(as e.g. P-Cyg profile) in both objects are similar, indiogtihat natural phenomena are similar, but with different
physical properties.

As we can see in Figure 2 (right) we can detect the DACs phenomi the spectra of some AGNs constructing
complex profiles.

The presence of DACs phenomenon in the spectra of some AGNsiketo search also for SACs in these spectra.

In Figure 3 (right) using the GR model we can see that the cextucture of many AGNs spectral lines can be

explained with SACs phenomenon.
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ASTROPHYSICAL CONTEXT

Late-type brown dwarfs have atmospheres composed prinedimiholecular hydrogen and helium. In earlier phases of
the evolution of the brown dwarf, most refractory metalséhewndensed to grains, which have settled below their now
fully radiative photosphere. The alkali elements bind keasily to molecules or grains, and their resonance transiti
remain the last sources of optical opacity. The absence taular opacities causes theirs to be transparent enough
for alkali line broadening to define the “continuum”. Theiopt spectra of L and T-type dwarfs exhibit a continuum
dominated by the far wings of the absorption profiles of the38&8p and K 4s-4p doublet perturbed by molecular
hydrogen and helium.

THEORETICAL CALCULATIONS

In previous work Allard et al [1] have presented absorptioofiies of Na and K resonance lines perturbed by He
and H calculated in a unified line shape semi-classical theoryf2hg molecular potentials of [3] to describe the
alkali-He interaction and of [4] for the alkali-Hnteraction. Kirby et al [5] have reportegb initio calculations of
the potentials of K-H (together with KHe). Babb et al [6] have reported full quantinechanical calculations in the
binary approximation of Na and K perturbed by helium.

We report on our work on new calculations of line profiles ofawa K perturbed by He for the conditions prevailing
in brown dwarf atmospheres and very cool white dwarfs. Inateth white dwarfs with a helium dominated
atmosphere, the perturber density is so high that the ortarper approximation breaks down, and the collisional
effects must be treated by using the autocorrelation fasmmain order to take into account simultaneous collisions
with more than one perturbing atom. These calculationshespatentials of Theodora et al [7] for Na-He and of Kirby
et al [5] for K-He. The calculations take into account thenspibit coupling as described by Allard and Spiegelman

(8.
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