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Résumé 

Le chaos dynamique généré par l'interaction entre particules chargées et ondes 
électrostatiques a été observée dans un plasma linéaire magnétisé. Un plasma de 
baryum, créé par une source "Q", garantit une bonne uniformité spatiale et un bas 
niveau de fluctuations sur une région étendue du plasma. Les caractéristiques de ce 
plasma sont étudiées à l'aide de différentes méthodes de mesure, basées 
principalement sur la fluorescence induite par laser (LIF) et le marquage optique, 
méthodes qui ont été particulièrement développés au cours de ce travail. Dans le 
cadre de l'étude du plasma "able", les phénomènes de transport de particules-test 
dans la direction normale au champ magnétique ont reçu une attention spéciale. 
Dans le plasma non perturbé, le mouvement de ions-test se révèle être diffusif, et 
apparaît supporté par des mécanismes de collision classiques, même en présence 
de pressions relativement élevées de gaz neutres non réactifs injectés dans le 
volume du plasma. 

Des ondes électrostatiques sont excitées à l'aide d'une antenne à quatre 
anneaux placés sur la périphérie et électriquement isolés de la colonne de plasma. 
Cette méthode d'excitation a été comparée à celles utilisant des grilles 
électrostatiques, des bobines inductives et une onde électronique à haute fréquence 
modulée aux fréquences ioniques. Le spectre excité par l'antenne électrostatique à 
anneaux pour une fréquence f (fCj<f<2 fCj) est caractérisé par deux modes 
propageant en parallèle au champ magnétique avec deux vitesses de phases 
différentes, à un desquels correspondent deux composantes perpendiculaires. 

Les caractéristiques des ondes excitées, la réponse diélectrique ionique et les 
mécanismes microscopiques du chauffage ont été analysés par des mesures de LIF 
résolues dans l'espace et dans le temps. Les résultats démontrent l'existence d'un 
seuil pour le chauffage. L'amplitude des ondes correspondante à ce seuil est en 
accord qualitatif avec les prévisions des théories hamiltoniennes à une particule. 
Également, la diffusion sur l'espace de vitesses associée au chauffage a lieu sur des 
temps plus courts que tout mécanisme collisionnel dans le plasma. 

Ces observations indiquent que le mécanisme du chauffage réside dans le 
chaos dans les orbites des particules, généré par l'action des ondes. Des mesures 
de révolution dynamique des particules-test révèlent une séparation exponentielle 
des orbites initialement proches sur l'espace des phases, confirmant ainsi la nature 
chaotique de la réponse des particules aux ondes pour des amplitudes au-dessus du 
seuil pour le chauffage. Comme le taux de séparation exponentielle des trajectoires 
est lié à la moyenne en phase des exposants de Lyapunov positifs du système, le 
régime dynamique du chaos a été, pour la première fois, partiellement quantifié. 
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L'observation ponctuelle dans le temps de la fonction de distribution ionique 
suggère que le piégeage des particules dans le potentiel des ondes constitue le 
mécanisme de base de l'approche au chaos dynamique. Le modèle simple de 
résonances qui se superposent sur l'espace de phases est validé par la 
reconstruction directe des trajectoires ioniques. Les orbites des ions sont révélées 
par une variante du diagnostic de marquage optique des états de spin, fournissant la 
fonction de corrélation à deux points sur l'espace de phases en différentes conditions 
d'interaction onde-particule. 

Cette méthode a été d'abord appliquée au cas d'une onde ionique acoustique 
excitée par une grille. Une distorsion des orbites des ions interagissant de manière 
résonnante avec l'onde a été mise en évidence même lorsque le comportement 
macroscopique de l'onde ne s'éloigne pas du régime linéaire. Dans le cas des deux 
ondes, des îlots, indications de la présence de particules piégées, apparaissent dans 
la reconstruction des trajectoires en correspondance des deux différentes vitesses 
de phase des ondes. 

La superposition de ces résonances engendre une transition dans la topologie 
de l'espace de phases, qui correspond au chaos dynamique sur large échelle. 
L'auto-cohérence onde-particules ne semble pas modifier l'essence de cette 
transition, mais semble modifier le comportement à long terme du système et sa 
réponse à des grandes amplitudes d'excitation: une saturation dans le processus de 
chauffage est observée pour des amplitudes bien au-dessus du seuil. De manière 
correspondante, lorsque les orbites des particules sont modifiées par les ondes, 
l'observation de la réponse diélectrique du plasma indique une variation du spectre 
des nombres d'ondes complexes excité dans le plasma. 

Les fonctions de distribution perturbées dans le régime linéaire, et les orbites 
ioniques reconstruites expérimentalement dans le cas non-linéaire, fournissent des 
informations sur la structure des champs dans le plasma. Ceux-ci peuvent donc être 
inférés à travers l'observation des trajectoires perturbées des particules sur l'espace 
de phases. 

Dans le cas linéaire, la procédure d'inversion est basée sur la non-localité de la 
réponse diélectrique ionique, et peut être opérée sur les plans parallèle et 
perpendiculaire. Dan le cas général (non-linéaire), la nature déterministe de 
l'interaction des ions avec des ondes cohérentes garantie la conservation de 
l'énergie de chaque particule dans le référentiel de l'onde. La trajectoire perturbée 
permet donc de calculer directement les variations de l'énergie cinétique des 
particules le long de leur orbites. A partir des données correspondantes à différentes 
positions, ou, de manière équivalente, à différentes phases des ondes, la forme du 
potentiel dans le plan parallèle peut ainsi être reconstruite. 
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Deterministic chaos generated by the interaction between charged particles and 
electrostatic plasma waves has been observed in a linear magnetized plasma. The 
target plasma is created by a barium Q-source, guaranteeing low fluctuation levels 
and a high degree of uniformity over an extended plasma volume. Characteristics of 
the background plasma are investigated by a variety of diagnostic techniques, 
including laser induced fluorescence (LIF) and optical tagging (OT). Particular 
tagging schemes and specific theoretical approaches to data interpretation (both for 
LIF and OT) have been developed during this work. As part of these background 
plasma studies, special attention has been devoted to an investigation of test-ion 
cross-field transport under different conditions. Test-ions are created and followed in 
their motion across the magnetic field lines via spin state tagging. In the unperturbed 
plasma this motion is found to be a diffusive process, supported by classical 
mechanisms, even in the presence of relatively high pressures of non-reactive 
neutral gases injected into the plasma volume. 

Electrostatic waves are excited using a ring antenna structure encircling the 
plasma column and electrically isolated from it. This system has been chosen on the 
basis of a comparative analysis of different ion wave launching methods, including 
the use of grids, inductive coils coupled electromagnetically to the plasma and 
modulated high frequency electron waves. Two modes propagating parallel to the 
magnetic field, one of which has two perpendicular components (ion Bernstein and 
ion acoustic-like waves), characterize the spectrum excited by the electrostatic ring 
antenna for a single frequency, f, chosen in the range fCj<f<2 fCj-

Space and time-resolved laser induced fluorescence measurements have been 
used to investigate the macroscopic wave properties, the Kinetic ion dielectric 
response and the microscopic heating mechanisms. The experiments have 
demonstrated the existence of a threshold for heating, that there is qualitative 
agreement between the corresponding value of the wave amplitude and the 
prediction of single particle hamittonian theories and that velocity space diffusion 
occurs on a fast time scale (compared to collisional processes). Such observations 
indicate wave induced dynamical chaos in ion orbits as the mechanism responsible 
for heating. Measurements of test-particle dynamical evolution reveal an exponential 
separation of initially close ion trajectories, confirming the chaotic nature of the 
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particle response to the two waves for amplitudes above the heating threshold. Since 
the rate of exponential divergence is related to the Kolmogorov-Sinai entropy (a 
phase average of the sum of the positive Lyapunov exponents of the system), the 
dynamical chaotic regime in a wave-particle system has. for the first time, been 
partially quantified. 

Time resolved observations of perturbed distributions suggest particle trapping 
in the wave potential structure as the basic mechanism in the onset of dynamical 
chaos. The simple picture of overlapping resonances in phase space is confirmed by 
the direct reconstruction of ion trajectories, lor. orbits are revealed using a particular 
scheme of optical spin state tagging, which provides the two point correlation 
function in phase space for the different wave-partide interaction regimes. This 
method has been applied to the benchmark case of a grid excited ion acoustic wave. 
Orbit distortions for those ions interacting resonantly with the wave are clearly 
observed even in the low excitation regime, when the plasma response and the 
corresponding macroscopic fields exhibit linear behavior. In the two wave case, 
islands, the signatures of trapped particle motion, appear in the reconstructed 
parallel phase space in correspondence of the two distinct wave phase velocities. 
Overlapping of the two islands triggers a transition in the phase space topology, 
corresponding to large scale chaos. Wave-particle seif-consistency does not appear 
to vary the fundamental mechanism determining the onset of stochasticity, but 
modifies the long term behavior and response at very large excitation amplitudes. In 
fact, for amplitudes well above threshold, saturation in the heating process is 
observed. Correspondingly, when particle orbits are modified by the waves, 
observations of plasma dielectric response indicate a variation in the complex wave 
number spectrum coupled to the plasma. 

Perturbed kinetic ion distributions in the linear interaction regime and 
experimentally reconstructed ion orbits in the non-linear regime, provide information 
on the wave fields in the plasma so that the latter can be inferred from the observed 
perturbed phase space particle trajectories. In the linear regime, this inversion 
procedure is based upon the non-local character of the ion dielectric response and 
can be performed both in the parallel and perpendicular directions. In the general 
(non-linear) case, the deterministic nature of the ion interaction with weakly damped 
coherent waves guarantees conservation of energy in the wave frame for the single 
particle. The perturbed particle orbits thus yield directly the variations in kinetic 
energy along the trajectories. From data corresponding to different positions or, 
equivalent^, wave phases, the form of the potential in the parallel plane can be 
reconstructed. 
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Bertrand Russell 

CHAPTER 1 

I Intrcclycticn 

1,1 generalities 

Plasma physics, the study of charged particle ensembles exhibiting collective 
behavior, has followed, since its inception as a distinct discipline, two separate 
research avenues. One such avenue has been the understanding of phenomena 
occurring in the naturally existing plasmas, such as interstellar matter or the Earth's 
magnetosphere and ionosphere. The second stemmed from the identification of the 
plasma state confined via strong magnetic fields as one of the most promising routes 
toward the attainment of controlled thermonuclear fusion reactions for the production 
of energy. The latter initiated an entirely new domain of investigation inside plasma 
physics, oriented towards the solution of physical problems related to the 
development of a thermonuclear fusion reactor, such as plasma confinement, 
transport and heating1. 

Along with these experiments came the concomitant elaboration of plasma 
theory. However, a major difficulty immediately arose: both in natural and in fusion 
oriented laboratory scenarii, the plasma conditions, the size of the observed volume, 
and a series of geometrical and technical complications often prevented a direct 
verification of the theoretical predictions. 

Such difficulties led to the development of a third domain of experimental 
research in plasma physics, the basic plasma physics approach. Relatively small 
experiments were designed and built to verify theory predictions, to demonstrate 
fundamental principles of plasma dynamics and possibly to suggest new 
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developments. Naturally, the relevance of these expérimental results must be 

carefully evaluated, since the plasma characteristics (especially in the presence of 

non-uniform magnetic fields as in a tokamak or in the Earth's magnetosphere) 

depend on several factors, including the magnetic field structure and the specific 

machine geometry. Despite these complications, a number of fundamental problems 

are evincible from the particular experimental set-up and can be addressed by 

controlled and well diagnosed smalt scale laboratory experiments. A well-known 

example of this is the classic expenmental confirmation of the existence of a non-

collisional absorption mechanism for plasma waves2, first postulated by Landau 

several years earlier3. In particular, the role of basic plasma physics research as a 
mediator between theory and actual (space or fusion) plasma applications is of 

fundamental importance in the domain of wave-particle interaction4. 

1.2 Wave-particle interaction and its applications 

Wave-particle interaction generally characterizes all non static phenomena 

affecting charged particles in the presence of fields in the plasma volume. Via their 

charge density and current distributions, plasma particles are the sources of 

Maxwell's equations for internal electromagnetic fields in the plasma. At the same 

time, their motion is influenced by the electromagnetic forces. Self-consistency is 

thus a characteristic of all actual wave-particle interaction phenomena in plasmas. In 

addition, charged particles may respond resonantly to the action of electromagnetic 

waves, this being necessarily the case when the modes propagate at velocities of the 

order of particle thermal speeds. Resonant particles generally exhibit non linear 

behavior, even for macroscopically "linear" wave amplitudes. The dual problems of 

non-linearity and self-consistency cannot be faced in general terms by the existing 

theories of wave-particle interaction and motivate simple experiments through which 

peculiar aspects of the dynamical behavior of the plasma-field system may be 

enlightened. 

Of particular interest, in connection with the research on thermonuclear 

plasmas, is the role of wave-particle interaction in the problems of non-inductive 

generation of current (current drive) in tokamaks, of ion and electron wave heating 

and of particle transport in phase space. Energy is in this case provided to the 

plasma by externally excited electromagnetic waves. Both in the current drive and 

the heating scenarii, this energy is supplied to particular (resonant) classes of 

particles and, for the process to be efficient, must be transferred quickly (compared 

with the particle confinement time) to the bulk of the plasma. 
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1.1 Deterministic chaos and plasma heating 

Deterministic chaos theory suggests a fast, non-dissipative mechanism for 
particle energisation via plasma waves, based on quasi-random diffusion of charged 
particles in velocity space. The key principle of deterministic chaos is that dynamical 
systems of low dimensionality can be characterized by stochastic-like motion without 
being subjected to random forces5. Equations as simple as that representing two 
non-linear oscillators (corresponding, for example, to a charged particle in the field of 
two monochromatic plasma waves) can yield dynamical solutions exhibiting apparent 
stochastic behavior. 

In the case of small perturbations to a completely integrable system6, theory 
predicts the appearance of stochastic layers (i.e. regions in which the orbits wander 
erratically in the energetically accessible phase space) separated by regular surfaces 
(the Kolmogorov-Arnold-Moser, KAM, tori7). For larger perturbation amplitudes, the 
regular structures progressively disappear. The width of the stochastic layers 
increases until a point at which the last KAM surface is destroyed and a transition in 
the phase space orbit topology is triggered. Subsequent merging of stochastic 
regions produces an apparently random motion which can cover large portions of 
phase space. This situation is referred to as global stochasticity, or large scale 
chaos6. In this regime, all initially dose orbits separate exponentially in time. 

The response of a system to a given perturbation can thus be defined as 
adiabatic or chaotic, depending on whether the system is stable or unstable with 
respect to small variations of the initial conditions. The threshold perturbation 
amplitude corresponding to the abrupt transition from adiabatic to chaotic response 
can be estimated in low dimension systems by considering the discrete first order 
resonances in phase space. First order refers here to the development of the 
perturbation term as a series of oscillators. A practical criterion, due to Chirikov9, 
specifies the approximate threshold perturbation amplitude as that for which the 
islands corresponding to contiguous resonances begin to overlap. 

Above threshold, one effect of dynamical chaos on the particle distributions is to 
increase their average spread both in velocity and configuration space. The former 
case corresponds macroscopically to an increase in the kinetic temperature of the 
system, which may occur on fast time scales (as compared to usual dissipative, e.g. 
collisional, processes). In the case of a magnetic confinement system, the latter can 
give rise to an enhanced particle transport. Both cases are of fundamental 
importance in both fusion and space plasma physics, where observations of rapid 
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diffusion of particles towards high energy (e.g. in the case of particle precipitation) 

remain unexplained by classical mechanisms10. 

In two species plasmas (ions and electrons), wave-particle studies focusing on 

the ion population benefit from several advantages. Firstly, the amplitudes necessary 

to produce chaotic response are lower than those for electrons and are therefore 

practically achievable in laboratory experiments. Referring once again to tokamak 

plasmas, ion heating schemes using antenna coupled radio-frequency fields (Ion 

Cyclotron Resonance Heating, ICRH) generally imply excitation amplitudes which 

exceed the expected threshold for chaos, estimated via non self-consistent 

hamiltonian models11. Even though the study of the specific heating mechanism 

exceeds the diagnostic capabilities normally associated with a fusion oriented device, 

the observed heating can be attributed to stochasticity in several experiments based 

on the excitation of ion Bernstein waves12. This justifies the widespread use of quasi-

linear theory13 to calculate the form of the velocity space diffusion operator in the 

presence of plasma oscillations. In ICRH heated plasmas, the existence of a 

modified cross-field transport in real space for resonant velocity classes is still under 

discussion14. In contrast, the wave amplitudes characteristic of electron heating 

schemes do not appear sufficient to generate large scale chaos in the electron 

dynamics15. 

Secondly, the time scales associated with the ion response are much longer 

(typically, by a factor (mj/me)
a, a>0.5) than those relevant to the electron population. 

A detailed time resolved study is therefore much easier in the ion case. Finally, the 

availability of non-perturbative, high resolution optical diagnostics (laser induced 

fluorescence, LIF, and tagging) for ions guarantees the unique possibility of exploring 

the ion response in detail16. 

Ordered (drift) and thermal speeds of laboratory plasma ions are in general far 

from the relativistic domain. The modes which can interact efficiently (via a finite 

amount of resonant particles) with the ion population are therefore characterized by 

phase velocities well below the speed of light. This allows one to deal with 

electrostatic perturbations, i.e. modes characterized by a large index of refraction, in 

which the oscillating component of the magnetic field can be neglected. 

1,4 Experimental objectives 

The main objective of the work described here is the study of plasma stochastic 

heating produced by two externally launched electrostatic ion waves. Heating via 

intrinsic (i.e. originating from deterministic equations) stochasticity appeared as one 

of the first applications of chaos theory17, proving that plasma particles can diffuse 
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stochastically in velocity space under the action of (at least) two linear waves. The 

extension in velocity space of the heated domain depends directly upon the 

difference between the phase velocities of the two modes (that is, the distance in 

velocity space between wave-particle resonances satisfying the condition 

û>wave=iSwave Vpartide)-

In a magnetic field it has been theoretically demonstrated that a single wave 

propagating at an angle to the magnetic field was sufficient to achieve chaos in 

particle orbits, due to the appearance, in the ion phase space, of several resonances 

associated with the cyclotron singularities of Larmor precession motion (co- & y_ + 

nQ=0; n=1,2,...)18. Note that in this case chaotic heating is observed in the 

laboratory" frame of reference, but that the energy is a constant of the motion in the 

wave frame, where the hamiltonian does not depend explicitly on time. 

These theoretical predictions have been validated in two "basic" experiments. 

Doveil19 first observed stochastic heating of electrons in the field of a stationary 

electron wave. Subsequently, the possibility for the heating of a magnetized plasma 

by stochastic instability induced by an oblique wave was clearly demonstrated in a 

magnetized plasma experiment20. The existence of a threshold in qualitative 

agreement with the predictions of hamiltonian theory and the observation of a fast 

time scale were the main indications of stochastic heating. In the latter experiment, 

the deterministic character of the interaction was confirmed by observing the 

conservation of constants of motion during the onset of stochastic particle diffusion in 

velocity space21. 

As a natural extension of these studies, theory moved on to treat the problem of 

the interaction of several modes with the plasma particles22. An augmentation in the 

system dimensionality was shown to imply a fundamental variation in the particle 

response. When the number of degrees of freedom is increased from 3/2 

(corresponding to a time dependent hamiltonian in a one-dimensional system) to 2 or 

more, the stochastic layers can join each other despite the presence of KAM tori 

which persist for sufficiently small perturbations6. This connected structure, called the 

stochastic web, provides a finite measure manifold over which particles can diffuse 

quasi-randomly wherever in phase space, even for perturbation amplitudes below the 

threshold for large scale chaos. This kind of diffusion, named Arnold diffusion, 

usually occurs over time scales much longer than those characterizing the stochastic 

heating mechanism above threshold and has never been observed experimentally. 

Of more practical interest for heating applications is the predicted reduction of 

the threshold for stochasticity in particle orbits in the case of two or more waves, due 

to the larger number of interconnected resonances in phase space. One objective of 

these investigations has therefore been to experimentally verify this theoretical result, 
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which was based, as in the case of one wave, on a single-particle, non self-
consistent model. In addition, the development of diagnostic tools permitting direct 
observation of particle motion in different interaction regimes, including the case of a 
chaotic particle response, suggests the possibility for further studies on some of the 
general questions left open in the field of non-linear interaction between ions and 
monochromatic electrostatic waves. In general, a full characterization of the transition 
to chaos, from linear regime to particle trapping, to local stochastic layers and 
eventually to large scale chaos in ion phase space flow, was needed. Amongst the 
problems that such a data collection can help to elucidate is the interpretation of the 
plasma dielectric response (the macroscopic aspect of the particle reaction to the 
fields) when significant amounts of particles are trapped in the wave potential and/or 
when a finite measure subset of particle trajectories possesses chaotic character. 

Directly related to the higher dimensionality is the question of how the system 
can support two modes when approaching large scale chaos. Existing theories 
cannot determine for realistic scenarii whether or not the macroscopic wave behavior 
would remain linear, or if wave-wave coupling would dominate over wave-particle 
coupling. The naturally self-consistent experiment would illustrate the interconnection 
between fields and particles as the imposed field amplitude is increased up to levels 
where no linear (and non self-consistent) theory can prove a priori its validity. 

Particle simulations, motivated (as are the actual experiments) by the need for 
self-consistent wave-particle representations, do show significant differences in the 
phase space structure with respect to the standard hamiftonian theories when 
passing into the non-linear domain in the particle response23. The applicability of 
existing one-dimensional models is naturally limited when the 2-D wave spectral 
features play an important role. Whilst a number of basic aspects of the non linear 
interaction can be revealed in the 1-D case, general conclusions in this sense will be 
possible only in the frame of (at least) 2-D particle simulations, which are under 
development. 

1.S Requirements for a non-linear wave-particle interaction experiment 

To study the details of the interaction and to evaluate quantitatively the 
stochastic heating mechanism, an experimental investigation at different levels is 
necessary. In the case of ions, the optical methods adopted in this work do indeed 
permit a multi-scale analysis, ranging from the analysis of single particle motion in 
the self-consistent fields (based on the tagging method) to the direct observation of 
averaged and local (in time and space) kinetic ion distribution functions (LIF). 
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Measurement of macroscopic quantities such as static and oscillating fields and 
charge densities is also possible. 

The mutual link between ions and plasma waves is investigated in its essence 
by looking directly at particle trajectories. Optical tagging allows reconstruction of ion 
orbits; in turn, the knowledge of the structure of phase space permits the 
reconstruction of the fields which represent the perturbation term in the particle 
dynamical equations. This twofold analysis is performed on the phase space in 
parallel with respect to the static magnetic field, in the case of two electrostatic 
waves. 

In common with the diagnostic apparatus, the target plasma and wave 
excitation schemes must satisfy specific requirements for a thorough study of the 
fundamental aspects of linear and non-linear wave-particle interaction. Simple 
geometry, uniformity and the absence of natural turbulent activity must be 
guaranteed by the chosen target plasma configuration. Finally, the wave excitation 
scheme must provide the possibility for direct control of both amplitude and 
spectrum, efficient coupling (here in the sense that high amplitude plasma waves 
must be excited without producing too strong a secular perturbation in the plasma) 
and good symmetry properties. 

1.6 Outline of the dissertation 

The parallelism between the study of physical problems and the development of 
new diagnostic schemes capable of illuminating those problems, typical of basic 
plasma physics, characterizes also this dissertation. The specific methods for the 
observation of a particular phenomenon are described along with the phenomenon 
itself. 

As a consequence, the text is structured as follows. Chapters 2 and 3 introduce 
the main characteristics of the experimental apparatus (machine and basic 
diagnostic systems, respectively), whilst Chapter 4 discusses the properties of the 
background plasma produced in the experiment. Chapter 5 is concerned with the 
(linear) features of the plasma waves produced by different launching schemes, 
studied for application to the chaos experiment. In Chapter 6 the results 
corresponding to the dynamical chaos in ion orbits induced by two electrostatic 
waves are reported and analyzed, with the phase space orbit measurements in the 
parallel plane and the subsequent reconstruction of the plasma wave fields in a self* 
consistent framework being described in Chapter 7. Finally, the Conclusions section 
summarizes the principal results obtained in the course of this study and offers some 
indications for possible future developments. 
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CHAPTER 2 

Zlhe Linear Magnetized Plasma Q-device 

The experiments reported in this thesis have been performed on the CRPP 

Linear Magnetized Plasma (LMP) device, which was designed and installed at the 

CRPP in 1982, originally for investigations on the ponderomotive force effects24. It 

was subsequently used as a noble gas discharge for diagnostic development, such 

as two photon Doppler-free spectroscopy25, and for basic plasma physics studies, 

principally in the domain of wave-particle interaction26. The potential of the LMP as a 

fully controlled and flexible plasma test-bench for both optical diagnostic methods 

and basic plasma dynamics has appeared even more convincing when, at the onset 

of the work described here, operation of the device as a Q-machine began in 1988. 

Quiescence (hence the letter O), reproducibility of plasma conditions and diagnostic 

accessibility are the main characteristics of this kind of device, which make it 

particularly suitable for experimental studies in fundamental plasma physics27'26. In 

this chapter we describe briefly the technical aspects of the LMP Q-machine, 

discussing the vacuum vessel, the magnetic field generation and finally the plasma 

production system. 

Continuous technical improvements have been progressively transforming both 

the plasma source and the diagnostic apparatus. We shall describe the present 

configuration, with some indications of the implemented modifications, when 

interesting and possibly useful per se, and when necessary for a complete 

understanding of the full series of experimental measurements. For the information of 

possible future users, we also point out the general requirements of the installation in 

terms of electrical power, cooling and security systems. Additional detailed 

information can be found in the former publications and thesis dissertations, 

extensively quoted in the text. 
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2.1 The LMP vacuum vassal and magnetic coil system 

LMP plasmas are produced in a cylindrical stainless steel vacuum vessel, 

whose length and diameter are, respectively, 9.2 m and 0.4 m. The construction 

material (AISI 316L) and special machining and welding procedures guarantee a 

global ferrite concentration lower than 1%. Built in 9 sections, the vacuum vessel is 

connected to the pumping stations by two T sections and is equipped with 62 ports 

over the whole machine length, providing access to the plasma at 88 different axial 

and azimuthal locations. The seven central sections and the corresponding flanges 

are cooled by circulating water. 

The vacuum system, based on two diffusion pump units, guarantees 

background pressures of the order of 10~6-10~8 Torr. In the case of a noble gas, this 

corresponds approximately to particle number densities of about 1012-1010 cm'3. To 

minimize their perturbation by the magnetic field, ionization gauges and a quadrupole 

mass spectrometer are installed on extension tubes. Monitoring the composition of 

the residual gas provides information both on the vacuum conditions (leaks, 

outgassing) and, indirectly, on the plasma-neutral collisional regime. 

A continuous current circulating in 44 identical copper coils (internal diameter 

«0.52m) surrounding the vessel creates the longitudinal magnetic field (B) necessary 

for plasma production and radial confinement. The coil positions have been 

optimized with respect to the magnetic field uniformity as measured on the vessel 

axis. Spatial variations of B over the plasma volume are lower than 0.3%. During 

normal operation, the solenoidal field intensity can be varied between 0.7 kG and 

2.75 kG; these values correspond to a total current of 200 A and 750 A, respectively. 

The voltage is adjusted to maintain the current and to compensate for changes in the 

coil resistivity, mainly induced by temperature variations. For this purpose, a 40kW 

power supply is connected in series with the 200kW main power supply (1000 A, 

200V maximum). The large coil circuit inductance (= 5.10*2H) filters out practically all 

AC components. 

Each coil is made of two independent, nine-layer pancakes which are 

individually water cooled. An air cooled heat exchanger capable of evacuating up to 

200 kW is used to maintain an input water temperature below 60°C. Thermal security 

switches monitoring the temperature of the water circulating through each coil 

generate security interlock signals in the case of a coil overheat, which lead to shut 

down the magnetic field and plasma source power supplies by a microprocessor 

control system. To our knowledge, the LMP is presently the largest Q-machine in the 
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world. An overaii view of the LMP machine is presented in fig.2.1. whilst details of the 
original machine design are reported in ref.29. 

ports of diagnostics and exciting antennas 

" supporting frame 

Fig.2.1 General view of the LMP device. 

22. The UIP-Q plasma source 

2J2.1 Generalities 
The Q-machine plasma is produced by contact ionization of an alkali or alkali-

earth metal vapor on a hot metal surface whose work function is close to the 
ionization potential of the metallic vapor30. Alkali metals are vaporized by small 
electrical ovens placed either outside or inside the vacuum vessel. A special 
geometry is necessary to accelerate and direct the atomic beam onto the ionizing 
surface (the so called hot plate). Thermoelectronic emission occurs in combination 
with the contact ionization on the hot plate surface. The singly ionized alkali ions and 
the thermoemitted electrons form a plasma which is radially confined by a relatively 
strong (>.5 kG) solenoidal magnetic field. In single-ended devices, such as the LMP, 
a potential drop in the proximity of the hot plate surface causes an ion sheath 
acceleration which produces a significant (often supersonic) plasma drift along the 
magnetic field lines. 

The vacuum chamber walls have to be chilled in order to condense out any 
residual neutral vapor. Several combinations of hot plate metals (tungsten, tantalum, 
rhenium) and vapors (potassium, cesium, sodium, lithium, etc.) have been used in 
the past30. We have chosen a rhenium-coated tungsten hot ionizer plate and barium 
metal vapor. Barium is used for its optical properties, in particular for the application 
of active spectroscopic methods, as discussed later. 
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Z2.2 The electron gun and the barium vaporizing assembly 
The LMP Q-source consists essentially of two parts: the electron gun which 

heats the hot plate by electron bombardment and the barium vaporizing assembly, 
which produces the metal vapors and injects them onto the hot plate31. The gun. or 
high temperature source, comprises a tantalum-tungsten ribbon filament, a 
lanthanum hexaboride (LaB6) cathode and a rhenium-plated tungsten disc. Its 
particular design was motivated by the necessity for heating the hot plate as 
uniformly as possible, in order to create a plasma with small density and temperature 
gradients in the central region of the column and to avoid damaging due to hot spots 
or arcing inside the source (fig.2.2). 

Main assembly support 

Fig.2.2 Cutaway view of the filament-cathode-hotplate assembly 

The principles of operation are as follows: 
1)A DC current (=60 A) is drawn through the filament in order to produce 
thermoelectronic emission. When the emission takes place, a DC voltage (=lkV) is 
applied between the filament and the cathode so that the emitted electrons are 
accelerated and heat the cathode. 



Chapter 2 TheLMPQ-device 13 

2)Thermoelectronic emission occurs at the cathode surface; a further voltage applied 

between the cathode and the hot plate produces strong electron bombardment and 

thus heating of the hot plate. In steady-state operation, when the current flowing to 

the hot plate exceeds a certain threshold value (~1 A), the heating power is sufficient 

to maintain the cathode emission via back radiation from the hot plate. At this stage 

the filament current can be turned off. The harmful effects of the ]xB_ Lorentz force on 

the current-carrying filament can therefore be reduced and, if the source is started up 

at tow B-field (B<1kG), practically eliminated. The power needed in the cathode-hot 

plate circuit is of the order of 3kW (1.85 A and 1.65kV are typical operating 

parameters) 

Fabricated in molybdenum, the cathode is a disc containing multiple, concentric 

circular grooves filled with LaB6 powder, using anhydrous amyl acetate as a binder. 

LaB6 is characterized by a low work function <j>w (4>w = 2.66eV), which yields an 

adequate electron emission at the characteristic operating temperatures (the emitted 

current density is about 200 A/cm2 for T=1600°C, corresponding to 3 kW in the 

filament-cathode circuit)31. 

The hot plate is a tungsten disc of 6.25 mm thickness and 5cm diameter 

electrolytically plated with rhenium, whose work function (4.74 to 5.1 eV) is the 

closest known choice for the ionization potential of barium (5.21 eV) at the hot plate 

operating temperature (2000-2500°C). Details of the in-house developed 

construction technique of the hot plate can be found in ref.32. 

Although the barium vapo.rzing assembly has been subject to several 

modifications in the course of the experiments reported herein, we will concentrate 

only on the two models which have been most extensively used. The first, which we 

will denominate "one oven source", consists of three parte: the barium oven, the 

effuser, and the neck, a tube connecting the first two (fig.2.3). In the stainless steel 

oven the barium is heated up to its melting point (=730 °C) and vaporized. In order to 

prevent solidification of the barium on its surface, the oven cover must also be 

heated. Similarly, heating wires around the neck maintain the barium flux as the 

vapors are steered from the oven output to the effuser. 

The purpose of the effuser is to provide azimuthally symmetric spray of metal 

vapor onto the hot plate. This is accomplished by internal baffles which allow barium 

vapor to leak uniformly through a thin 360° slot. Whilst the oven and intermediate 

tube are ohmically heated, the effuser is heated only by radiation from the hot plate. 
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Optimum distances (••) 
between gun elements 

Fig.2.3 3D presentation of the electron gun with the one oven vaporizing assembly 

2.2.3 Recent modifications to the vaporizing system: the two oven source 
The requirement that the plasma density be increased by a factor of 10 when 

performing specific ion-wave particle interaction studies motivated the development 
of a new vaporizing assembly33. This development has at least two additional 
consequences: modification of the plasma radial profile becomes possible and the 
production of a plasma with two atomic species is facilitated. 

As shown in fig.2.4, the most significant change in the method of heating the 
vaporizing oven is to attach it to the front of the effuser. This arrangement has the 
dual advantage of considerably shortening the neck and of exposing the oven to the 
heat radiated by the hot plate, thereby considerably improving the heating efficiency. 
A second oven (fig.2.4) was added both to increase the vapor production and to 
enable the radial density profile to be modified according to experimental 
requirements. Thermal losses through the oven cap have been reduced by two 
stainless steel thin foil reflectors welded to the oven top, thereby optimizing heat 
confinement in the useful volume of the oven. The cooling and déposition of the 
barium vapor on the internal part of the cap, a major technical problem of the one 
oven source, is considerably reduced. 
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Bayonet locks 

Oven «Meld 

Fig.2.4 The new LMP two oven-effuser assembly. The heat shields are represented 

cut away to show the bayonet locker inserted between them. 

The intensity of direct radiation from the hot plate onto the ovens is such that 

several heat shields had to be added to the effuser to facilitate control of the oven 

temperature. In this way, the heating control of the ovens is effectively provided by 

the resistive coaxial heater wire, surrounding the oven cylinder. The former is fed by 

a maximum current of 2.5A and a total power of 200W. Figure 2.5 shows the grooved 

wall of the oven into which the heating wire is wound and held in place by a 0.1 mm 

thick sheet of stainless steel. This steel retainer also acts as a heat shield and 

enhances the oven temperature by approximately 10% to 20%. Such a grooved 

configuration does not require the wire to be brazed to the stainless steel oven (as 

necessary in the previous arrangement) and thus reduces time and cost of 

construction and replacement in case of damage. 
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Ovcacmrcr 

Fig.2.5 Construction details of one vaporizing oven. 

In what follows, we will refer to this system as the "two oven source". A 
comparative description of the characteristics of the plasma obtained with both 
source models will be reported in Chapter 4. 

2.2.4 The water cooled jacket of the plasma source 
The entire source assembly is placed inside a water cooled jacket. In addition to 

the cooling efficiency, this element has proven necessary for precise (±0.5 mm) 
mechanical centering of the source with respect to the machine axis. Alignment with 
the axial magnetic field is in fact a prerequisite for good plasma performances, in 
terms of profile regularity and average densities (5n/n<5% and n>109 cm*3 for r<a, 
where a is the hot plate radius). 

The majority of non-ionized barium atoms loose energy in the source region 
and adhere to the surrounding cooled walls. All diagnostic elements which are kept 
outside the plasma therefore remain free of barium coating and avoid the surface 
oxidation in the presence of leaks or during machine shut-downs. In the central 
region of the machine, the plasma can be considered almost fully ionized with 
respect to barium atoms. This simplifies the interpretation of collision phenomena, 
since all binary particle interactions, such as charge exchange collisions, are non-
resonant. 



Cfcapfer? TheLMPCHÉevk» 17 

2J2.S The control system and the general power requirements 
A block diagram of the LMP plant electrical control system, incorporating the O 

source and the B-field power supplies, the different unit interfaces and the security 
interlocks, is shown in fig.2.6. Further details and a sketch of the logic of machine 
operation can be found in ref.31. 
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Fig.2.6 Block-diagram of the LMP electrical and control system. 

We conclude this chapter by indicating the general power and cooling 

requirements of the LMP Q-device (Table 1 ). Note that this list includes neither the 

diagnostic systems, which will be treated separately, nor the satellite installations (a 

chemistry laboratory for construction and conditioning of the Q-sources, test-benches 

of different kinds, and data acquisition facilities). 
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Circuit 

filament 

filament cathode 

cathode-hot plate 

B-field primary 

generator 

(Autola) 

B-field secondary 

generator 

vacuum pumps 

contre: circuit 

Application 

Joule-heating and 

electron emission 

electron 

bombardment, 

iststaqe 

electron 

bombardment, 

2nd stage 

feed coil DC 

current for 

magnetic field 

production 

fine regulation of 

the coil current 

vacuum 

production and 

machine 

operation control 

Power (l,V) 

372W(62A,6V) 

575W (0.5A, 

1150 V) 

3.03 kW (1.85 A, 

1650 V) 

200 kW (1000 A, 

200 V) 

40kW (1000 A, 40 

V) 

»10kW 

Supply 

4 x 25A, 

3 phase, 

380 V + 

1 x 35 A. 

3 phase, 380 V 

1 X 345 A, 3 

phase, 380 V 

1x 345 A, 3 

phase, 380 V 

35 A, 3 phase, 

380 V 

Cooling 

global for the 

source jacket: 

industrial water 

6atm,=l0l/min. 

pressure drop =• 

2atm 

heat pump, 

external 

exchanger water-

air, =»120l/min., 

pressure drop 

=5atm 

industrial water: 

6atm, «101/min. 

Table 2.1: Technical data of the LMP installation. 
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CHAPTER 3 

3.The LMP Diagnostic System 

As stated in the Introduction, the study of wave-particle interaction phenomena 

in the LMP device has been conducted in parallel with the development of specific 

optical diagnostic schemes, based on the technique of laser induced fluorescence. 

The aim is to provide a complete description of the plasma response to a wave 

perturbation via integration of the different observation levels, from the single particle 

to the kinetic (distribution functions) and macroscopic (both fields and plasma) points 

of view. These special applications cannot be separated from the particular physical 

problem they address and will be described in detail in dedicated later chapters. 

Here, we give an overall view of our diagnostic system (which comprises electrostatic 

probes, passive and active optical spectroscopy) with the emphasis on the methods 

of laser induced fluorescence and optical tagging. We include a brief description of 

the laser sources used on the LMP, the optical support systems (beam steering and 

detection optics) and the recently implemented data acquisition system. 
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3u1 Electrostatic Langmuir probes 

Langmuir probes have represented for decades the principal diagnoctic tool to 
obtain basic information from laboratory plasmas34. Electron temperature and density 
can usually be inferred from the probe voltage-current characteristic curve but, in 
contrast to the simplicity of the mechanical and electronic apparatus, data 
interpretation is often difficult, especially in the presence of magnetic or oscillatory 
fields. Particle trajectories, which are affected by electrostatic sheaths around the 
probe and by any kind of electromagnetic field in the probe region, must be correctly 
accounted for. A plethora of theoretical models, not always in full agreement with 
each other, have been developed to predict the V-l curve in terms of the plasma 
parameters35. 

In a single ended Q-machine such as the LMP, additional difficulties arise, due 
to the supra-thermal parallel flux and to the relatively low values of density (n) and 
temperature (T) (n<1010cm_3, T<0.3 eV). As a consequence, the surface of the 
probe can be rapidly covered by a layer of neutralized barium, with subsequent 
oxidization reducing (often down to zero) the conductivity, and hence the probe 
sensitivity. In addition, the collected probe current, Ipr, and its dependence on the 
polarization with respect to the plasma, Vpr> are quite weak (lpr<150 uA, 
dlpr/dVpr<300 uA/V, corresponding to a probe surface area <5 mm2). 

One way to eliminate the deposition of a barium layer is to polarize the probe at 

a relatively strong potential («50-100 V), positive or negative, thus using electron or 

ion bombardment to keep the probe clean. By making short («1ms) and repetitive 

(repetition rate =(500 ms)'1) voltage ramps and averaging the probe response over 

many sweeps, clear characteristics have been obtained. The results, in terms of Te 

and ne, are in agreement with those of other diagnostics (e.g. interferometry and 

resonance cone for the density36). 

Langmuir probes kept at a fixed bias of -60 V are permanently employed on the 

LMP to monitor the ion saturation current. This quantity, which the theories agree in 

predicting proportional to nxTe
1/2, can be used to monitor the density evolution (Te 

does not vary significantly with time in normal operation) and the plasma radial 

density profile. Calibration curves have been established on the basis of the 

interferometric results and absolute values of ne can be obtained in most plasma 

conditions. Single tip Langmuir probes are used, made of a tantalum disc welded to a 

stainless steel filament which is partially isolated by an Alumina (AI2O3) layer. The 

probe current reading is converted by a 12 bit ADC, translated into plasma density 

values via a calibration routine and included in the LMP control parameter file. 



Chapter 3 The LMP Diagnostic system 21 

The high intrinsic time resolution of the Langmuir probe for ion saturation 
current and floating potential measurements (response time <50 ns, for the probe 
design described above) permits its use also for wave measurements. In particular, 
potential and/or density fluctuations can be recorded, with a bandwidth limited de 
facto by the measurement circuit. No special care in building the circuit is necessary 
to detect the ion oscillations which are excited in the range of the ion cyclotron 
frequency, fCi (fcP20-30 kHz, for B=1.8-2.6 kG) and its first few harmonics. 

3,2 Ion sensitive probes 

Measurements of ion kinetic features via Langmuir probes are prevented in 

practice by the difficulty of collecting an ion current without collecting electrons, due 

to the small ion mobility (as compared to the electron mobility). Particle analyzers 

which are designed to reject electron currents often induce too large a perturbation in 

the plasma and are characterized by too low a temporal resolution to be really 

suitable for diagnosing wave-particle interaction phenomena. 

An alternative probe technique for measuring ion distribution functions and 

temperatures in the presence of a static magnetic field has been proposed37 and 

applied in different plasma environments, including radio-frequency discharges38 and 

tokamak scrape-off layers39. We report here the results of an application of this 

technique to the case of our single-ended barium Q-machine. 

The operation principle of the ion sensitive probe is based on the large 

difference in Larmor radius (pi»pe) between ions and electrons (typically, in the 

LMP, pj - 0.3 cm and pe= 6x10"4 cm). Consisting or a movable plate (the ion 

collector), the probe is inserted into a conducting cylindrical electron shield (named 

guard electrode, diameter between 3 and 10 mm) which is oriented perpendicularly 

to the B-field (fig.3.1). The ion collector is retracted with respect to the shield by a 

distance, h, which satisfies the condition pj>h»pe (see fig.3.1). Electrons, which, 

due to their small Larmor radius, essentially "stick" to the field lines, cannot reach the 

inner conductor and are collected by the guard electrode. In contrast, some gyro-

orbiting ions are able to jump over the external shield and impinge on the inner 

collector. In practice, to increase the ion collection efficiency, a small (= 2V) negative 

constant voltage is applied between the ion collector and the guard. As in the case of 

the standard Langmuir probe, a voltage ramp is applied between the probe (both the 

tube and the ion plate) and the plasma and the corresponding current is measured. A 

sketch of the ion sensitive probe used on the LMP is shown in fig.3.1. 

The ion current on the inner plate will depend both on h and on the applied 

potential. In order to obtain quantitative information from the probe signal, a specific 
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theoretical analysis has been developed, which accounts both for the actual probe 
geometry and the ion dynamics40. 

electron 
i A | | A | U | M A L I 

ion a 

collector 
insulation 

Fig.3.1 Sketch of the LMPion sensitive probe design. 

Let a and h be defined as in fig.3.1. Assume for the ion distribution function the 
separable form f(y)=f(vi) f(v||), where v i and v|| indicate, respectively, the velocity 

components perpendicular and parallel to the magnetic field. The current signal on 
the ion collector is then 

l=nne a2JA(Vi) f(vi) vjdvj. (3.1) 

where A(vi) is the probe acceptance function, which can be calculated by 
considering the initial conditions to be such that the ions, following unperturbed 
trajectories, can reach the collector surface. The function A is given by an integration 
over a limited region of particle phase space 

4^1 
dzn 
na 

•V5T,j 
I 

2 

cosfodfog(yo,zo,fo,vj 

(3.2) 



Chapter 3 The LMP Diagnostic system 23 

with 

«CVo,2o,^v1)=| AvtivjfaHdi-yl-z*) H(vrVlJHin) (3.3) 

where 

At = — arcsin(sin <K)+—)-40 

zi=zo+v||At (3.4) 

yi =y0 + pi[ cos ( <K) +QAt) - cos < 

v i min * Max LT;Vm(vPr-lmvll2) 

eB 
m is the ion mass, ^="m7 the ion cyclotron angular frequency, Vpr the applied 

potential andH(x) the Heaviside step function. 

The integrals appearing in eqs. (3.2) and (3.3) have to be performed 
numerically. A solution for two values of the ion perpendicular temperature is 
displayed as a function of Vpr in fig.3.2. 

In the LMP Q-machine, orbit effects and the predicted signal features can be 

hidden by the large parallel plasma drift VQ: VD>3 vthi, where vthi= (2 keTj /m)1 /2 is 

the ion thermal velocity. In fact, only very few ions in the parallel distribution will "see" 

the inner conductor, the majority of them being characterized by a helical trajectory 

with too large a pitch (the average distance covered in one cyclotron period is of the 

order of the probe dimension along fi, «0.5 cm). This prevented us from observing 

clean-cut ion probe characteristics in the standard plasma conditions. When the drift 

was artificially reduced by a factor of 10, down to =104 cm/s, through the injection of 

neutral buffer gases in the chamber41, measurements of the ion characteristics and 

comparisons with the expected signals were possible. A modified probe design, 

including an oval housing tube (ellipticity»3) with the ellipse major axis positioned 

along the magnetic field, was implemented to simultaneously achieve a relatively 
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large collection surface and a small geometrical cross-section with respect to the 
plasma flow. 

o -

-5 r 

~ -10 

< 
j [ -15 

-20 

-25 

-30 

— T - ~ I — - 1 — r — ~r t — I I " T 

(•) j 

1 

1 : 

1 

» / 
I : •... 
• * 
> : / 
> / 
.' / 
i ; i. ' 1 ' 
1 : / 
• i 

: 4..<M * * 
* ' 

* / 

' A • » L i . • i t 

— r - r f — i — j — * » I " T " i F i ~ t — r — | — i ' i i i 

* • ! 

* : : : 
* : : : 

x : \ ; 

! ! ! -

! ! ! • 

0.5 1 1.5 
Vpr<V) 

2.5 

Flg.3.2 Theoretical prediction of the ion collector current vs. the applied voltage 
(a) T±=0.2eV; (b): T±=1 eV. 

< 

50 

~> 04-

-50 •*-

-100 T 

- 6 

Vpr (V) 

I I I 

•f I j j 

i i 

I I 

i i 

I 

i , i 

Flg.3.3 Measured ion current on the inner collector of the LMP ion sensitive probe. 
B*2 kG; VD=2X104 cm/s, n= 1010 cm'3; h=5mm. The value of T\ which best fits the 
exponential part of the curve is =0.5 eV. 



Chapter 3 The LMP Diagnostic system 25 

A typical experimental curve is shown in fig.3.3. Note that, according to the 
usual convention, a negative current corresponds to an ion contribution. As the case 
of the Langmuir probe, the derivative of the current with respect to the applied 
voltage is proportional to the ion energy distribution function. The presence of a cut
off value for low perpendicular energies ( v i min) imposes a theoretical limit to the 

resolution of the measurement. In practice, better resolution is obtained if the 
differentiation is performed in an analogue fashion. To achieve this, the voltage is 
modulated at a frequency significantly higher than the sweep frequency: V=Vn + 6V 
cos cot, with 5V«Vo- The corresponding probe current is 

l=l(Vo + 6V cos tot) * l(Vo) + SV JT<VO) COS cot (3.5) 

Phase synchronous detection allows measurement of the term oscillating at the 

modulation frequency co and hence provides a direct estimation of the ion distribution 

function. 

In comparison with the LIF measurements to be reported below, this probe 

method yields ion temperatures higher by at least a factor of two. As the model 

sketched above indicates, this is a consequence of the probe being less sensitive to 

the low energy ion contributions and is thus an inherent limitation to its application. A 

broader phase space probe acceptance can be obtained by modifying the geometry, 

for example by inserting several collector plates disposed at different angles with 

respect to the magnetic field42. 

3,3 Passive optical methods 

To support the measurements obtained using the electrostatic probes, two 
passive optical methods have been employed to estimate the electron temperature: 
1) Optical pyrometry. A pyrometer views the hot plate surface to monitor its 
temperature. In fact, the ion and electron temperatures are expected to be directly 
determined by the latter. The two populations experience two independent equilibria 
with the ionizing plate, since the characteristic ion-electron collision time is too short 
(usually shorter than the total plasma time-of-flight over the machine length, »1 ms) to 
bring them to a common thermodynamic state. Typical hot plate temperatures are 
about 2200 °K (2000-2500 °K being the full achievable range), corresponding to 
kinetic plasma temperatures of =0.2 eV. 
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2) Line intensity ratio. The ratio of light intensities emitted at two different 

wavelengths by a plasma composed of electrons and incompletely ionized ions 

coincides with the ratio of the occupation numbers of the conresponding energy 

levels. When electron collisions provide the only excitation mechanism, this value is 

linked directly to the electron temperature. As with many passive methods, 

quantitative information depends on a priori assumptions. 

Let us assume the plasma to be in Local Thermodynamic Equilibrium (LTE), 

with a Boltzmann-like electron distribution: nej~neoexp(Ej/kBTe), where kB is the 

Boltzmann constant and Ej the energy associated with the state j . The flux of photons 

of energy Ej is then proportional to nej. Considering two adjacent quantum states 

and the corresponding line intensity ratio R, we have 

R = nj/nj-1 = exp((Ej-Ej-i)/kBTe), from which 

(3.6) 
kBTe = -(Ej-Ej-i)/ln(R) 

In the bariumll plasma, as we see from the energy level diagram shown in 

fig.3.4, the first two transitions accessible from the ground state involve relatively 

high electron energies (Ei=2.51 eV, E2=2.72 eV). Under normal conditions in Q-

machines, the electron thermal energy does not suffice to collisionally excite these 

transitions. This method is therefore only applicable if high energy electrons are 

created, e.g. in the case of electron cyclotron heating43. In reality, use of the latter 

leads to the presence of non-linear electron response to the wave fields and high 

energy electron tails. As a consequence, the assumption of a Boltzmann distribution 

is unlikely to be justified and only qualitative indications of temperature 

enhancements are possible. 

The line intensity ratio R is easily obtained by recording the signal levels of two 

photomultiplier tubes (PMT) in front of which are placed two interference filters with 

transmission patterns centered around h\ and \2 (Xi=hc/Ei ; ̂ 2=hc/E2, h is Planck's 

constant) and narrow enough to avoid possible overlaps (typical bandwidth =mm). 

The light is collected from the plasma and directed onto the PMT scintillator by a low 

f-number telescope36, giving a measurement which is an average over the telescope 

observation volume. 
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Fig.3.4 Bariumll electron energy level diagram. 

3.4 Laser induced fluorescence 

A quantitative understanding of the physics of wave-particle interaction in 

plasmas is strictly linked to the possibility of measuring the velocity space particle 

distribution functions in a non-perturbative way and with good spatial and temporal 

resolution. As we have observed earlier, the probe and passive optical diagnostic 

methods used on the LMP are characterized by the need of a priori hypotheses, and 

suffer severe limitations on sensitivity and resolution. The combination of progress in 

theoretical ideas and technical improvements (especially in the field of narrow band 

laser sources) has led to the development of a diagnostic technique fulfilling the 

mentioned requirements, the Laser Induced Fluorescence (LIF). In plasmas 

constituted of incompletely ionized species, LIF provides a direct measurement of the 

ion distribution function, from which the moments of different order (density, drift 

velocity, temperature, etc.) can be easily extracted. Magnetic fields can also be 
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measured via the Zeeman effect and, when their intensity is sufficiently large, electric 
fields can be estimated from the Stark effect. 

3.4.1 LIF basic principles and equations 
We consider, for simplicity, a two-level scheme, taking for instance the bariumll 

ground state (level 1, 62Si/2) and the first excited state (level 2,62Pi/2). shown in 
fig.3.4 and fig.3.5. The two levels are connected by a dipole transition with a 
wavelength Xfj=493.4 nm (fig.3.5). Photons of energy Eo=hc/A.rj (=ho)o/2jt) will 
resonantly pump the ions from the ground state to the excited state. Subsequent 
radiative decay will produce photons isotropically in space after a characteristic time 
x given by the excited state radiative lifetime. For the barium 62p-|/2 level, T is of the 
order of 10 ns. Natural line widths are of the order of the inverse of this characteristic 
time (from the Heisenberg uncertainty principle): Av = 1/(2KT) = 20 MHz. In general 
this represents a very small fraction of the Doppler width due to ion thermal motion 
and can therefore be neglected. 

level 2 
6 2 P 

p 
Laser beam 

1/2 

i level I 

Fig.3.5 Simplified bariumll two-level scheme 

For a laser beam characterized by a wave number kj and spectral intensity 
l(co)=lo <t>(co), the rate of absorption by ions moving with velocity y. in photons/s is44 

W(y ) = Q ° u° J dw <(> (co) L(co - Jsf y ) (photons/s) (3.7) 
8 711 h COQ 

where L(co - Kl -y. ) is the ion Lorentzian resonance function evaluated at the Doppler 

shifted frequency and the integral is performed over the entire real axis. The rate of 
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photon emission per unit volume and per unit solid angle along the direction defined 
by hobs in the case of weak optical pumping (W(y)«1/x), is given by 

where f(y) is the velocity distribution of the ground state ions. The condition of weak 
pumping is fully satisfied in the case of a continuous laser source with an intensity 
below 5 W/cm2. Two cases can be distinguished: 

1) The laser source bandwidth is large compared to the Doppler width of the 
line, that is 4>(w) is constant over the frequency spectral range corresponding to the 

Doppler broadened absorption spectrum (<jK<o) = " r r~ f ° r coo-Aco < to < coo+ Aco, with 

Ato> 20 vthj/ Xo). In this case W becomes independent of the particle velocity and the 

photon emission rate reads 

— ^ — - = W Jdy f(y) L(co- bobs Y.) (3.9) 
atdQQSobs) 

The convolution product on the right hand side of eq.3.9 reduces, in the limit of 

infinitely small natural line width, to the one-dimensional distribution function 

calculated at Vkobs=(œo-û>)/kobs (f(vkobs)= J<tû.f(vkobs.Yj.) , with vk0bs=(!Sobs Yj/kobs and 

Yj.=y. - VkobsKobs/kobs)- Note that the emission rate is in this case a function of the 

frequency co. Information about the ion velocity distribution can then be obtained 

using a narrow band spectrometer, capable of reconstructing the entire emission 

line45. Velocity resolution, though, would be limited by two factors. First, the 

instrumental bandwidth cannot be reduced arbitrarily, since the signal level will be 

reduced proportionally. Secondly, the finite acceptance angle of the collection optics 

would cause a natural integration over a finite set of different values of Robs and, 

consequently, of y. 

2)The laser source bandwidth is much smaller than the Doppler line width so 

that <j>(co) can be approximated by a Dirac distribution: 0(co) • 5(co-coi). In this case, 

only one ion velocity class will resonate with the laser electric field. The absorption 

rate now depends on the velocity and, for an infinitely small natural line width, the 

emission rate is independent of the emission frequency and of the direction of 

observation. 
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o*N ^ . kflo2 1 „ x / 0 4 m 

^_,^ f ,—: = dVn—— p= F(vw) (3.10) 
dtdQOsobs) enthwo^v^ x w 

where a distribution function of the general form * (ï)= Zgy2~£~ F&)> h a s D e e n 

considered, with n being the particle number density, vthj. and vjhi the normalizing 
factors representing the thermal velocity in the directions perpendicular and parallel 
to the laser beam, respective ,. The term dV denotes the observation volume and 
F(y) indicates the normalized ion distribution function. Here VM is the ion velocity 
component along the laser beam trajectory (vu= y • Ja * (an - coo) / k| ). 

In principle, no spectral discrimination is necessary at the detection side to 
reconstruct the normalized ion distribution function in the direction of the laser beam 
(F(vki) in eq.3.10). For a fixed direction, one just needs to scan the laser frequency 
across the Doppler broadened line and to record the corresponding induced 
fluorescence intensity. Particle velocity selection is performed at the absorption 
stage; both sensitivity and resolution are enhanced by several orders of magnitude 
with respect to fluorescence emission spectroscopy. Velocity resolution is, in fact, 
limited only by the source bandwidth, in the limit of infinitely narrow natural linewidth. 
Typical values for ring cavity dye lasers are less than 1 MHz, which translated into 
velocity, would give Av <. 0.5 m/s for the bariumll 493.4nm transition. Experimental 
application of this technique became possible with the introduction of single mode 
scanning lasers. Perturbations to the ion distribution46, ion dielectric response to 
externally excited waves47 and plasma rotation48 are a few examples of the basic 
plasma physics problems which can be addressed using this diagnostic method. 

For purposes of comparison, the laser induced fluorescence can be considered 
as a light scattering process, characterized by an effective cross-section, OLIF

 49- For 
transitions in the visible, OLIF is of the order of 10'1 0 cm2. This value is many orders 
of magnitude larger than the Thomson scattering cross section, a j = l 0 " 2 4 cm2; in 
contrast to the latter, no special high sensitivity detectors or high power sources are 
necessary for LIF observations. 

Spatial resolution is determined by the intersection of the laser beam with the 
viewing volume of the telescope (typically <, 5 mm3). Intrinsic temporal resolution, At, 
depends on the excited state lifetime, x (At s t £10 ns in the case of bariumll). This is 
a very small value compared with the plasma ion characteristic times (e.g. copj *1 * 
0.3 ia, Gcj *1 * 5 MS). 

In addition to basic plasma physics studies, a wide range of applications of LIF 
is being discovered and tested. These range from space in situ space plasma 
observations50 (of ions and neutral species) to industrial plasmas51. A particular 
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interest arouses the possible implementation of LIF in the tokamak edge plasma52 

(where incompletely ionized species with accessible optical transitions are present), 
since information on kinetic ion features can help in understanding local particle 
transport and recycling. 

A complete analysis of the atomic physics involved in LIF, including the solution 
of the complete state equations, can be found in ref.44. We describe in the following 
the technical solutions adopted on the LMP for the LIF measurements and discuss a 
number of effects determining the absorption line shape, which must be considered 
during data interpretation. Referring to the schematic lay-out of the LIF apparatus 
shown in fig.3.6, we will follow the photon path, from the laser source to the detection 
apparatus and associated electronic systems. 

beam steering system 

pump ion laser dye laser 
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Fig.3.6 Schematic view of the LIF diagnostic apparatus 

3.4.2 Laser sources 
In order to satisfy (he requirements imposed by the LIF theory, in particular that of 

the frequency spectral width, two dye laser systems have been employed. The dye 

used to pump the 493.4 nm bariumll line is the Coumarin 102 (Ci6 H17 NO2) for 

both lasers. Its absorption curve is shown in fig.3.7. C102 emission ranges from 460 

nm to 560 nm. For XeFI excimer pulsed excitation (306 nm), the range is reduced to 
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460-510 nm with a corresponding efficiency of 18%. Multi-line cw Ar+ pumping 

allows the full tuning range to be covered, but with a slightly lower efficiency of 12%. 
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Fig.3.7 Absorption curve for Coumarin C10253 

1)Pulsed system. The primary source for dye excitation is a Lambda Physik 
EMG 101 excimer laser. Excited dimer molecules are produced by a XeFI (+ Argon 
as a buffer) high pressure discharge giving an output wavelength of 308 nm. Typical 
parameters of operation are: 

-Pulse duration» 10 ns 

-Pulse energy <150 mJ (depending on repetition rate) 

-Repetition rate < 40 Hz (usually = 3 Hz to maintain an optimum power) 

-Shot to shot variations <30% (degrading with system aging) 

This arrangement pumps a tunable dye system, Lambda Physik FL2002E, 

incorporating an oscillator and three amplifying stages with transverse pumping, the 

dye solution being contained in quartz cuvettes. Intermediate band width mode is 

generally adopted meaning that two dispersive elements are inserted into the cavity: 

a Littrow mounted grating, generating an effective band width of about 10 GHz 

(depending on wavelength and grating order) and i n air-spaced étalon characterized 
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by a free spectral range (FSR) of 30 GHz and a finesse of 25. The combination of 

these two elements reduces the line width to about 0.9 GHz. The three amplification 

stages enhance the pulse energy by up to about 3 mJ per shot. Output spectral 

features are monitored by a confocal étalon which samples a small fraction of the 

output beam. Grating and étalon positions are synchronously controlled by a 

computerized mechanical system, capable of guaranteeing regular frequency scans 

and of providing the absolute value of the output wavelength within an uncertainty of 

<1 OGHz. Additional information and a survey of the different possible configurations 

of both the excimer and the pulsed dye lasers can be found in ref.54. 

2)CW system. An Argon ion laser (Coherent Innova 100) constitutes the 

primary light source. The simplest optical configuration is used, comprising a curved 

output mirror and a flat high reflector, with no dispersive element in the cavity. Only 

the cavity mirror coating selects the lines in the UV portion of the spectrum. 

Maximum output power is =5W, corresponding to a maximum discharge current of 60 

A. 

A dye jet inserted in a ring cavity forms the basis of the secondary laser needed 

to produce narrow band radiation tunable across the 493.4 nm Ooppler broadened 

barium line. The basic optical scheme of the ring laser cavity is shown in fig. 3.8. 

The pump beam strikes the laminar dye jet and produces fluorescence; the emitted 

light is "captured" in the ring cavity and generates the lasing effect. 
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Fig.3.8 Basic scheme of the Coherent 699-29 laser cavity 

Dye needs to flow at high speed across the pump beam to avoid the so-called 
triplet quenching effect. In fact, the dye molecule exists in two different states, singlet 
and triplet. Only the singlet state contributes to the fluorescence emission in the 
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chosen frequency domain. Build up of population in triplet states represents a loss for 

light emission, since their lifetime is very large (104 s for C102). The singlet-triplet 

transition has a characteristic time of T=10 US. Thus, the dye molecules have to be 

exposed to the pump beam for a time shorter than ?. For a spot size of 10 mm, a flow 

speed of 1 m/s is required. 

The choice of an annular form for the cavity, as opposed to a linear design, is 

motivated by a gain of an order of magnitude in the output power in single mode 

operation. Linear cavities suffer from two limiting effects. Firstly, inside the gain 

medium (the dye jet), the standing wave electric field has nodal regions from which 

no energy is extracted, thereby reducing the laser efficiency. Secondly, these non-

utilized spots in the dye volume can develop sufficient gain for a different wave 

frequency, corresponding to a different pattern (with maxima at the nodal points) and 

thus triggering multiple frequency lasing. In the ring cavity, the stationary character of 

the electromagnetic field is removed by an optical diode, based on the combined 

effects of Faraday rotation and optical activity. The dye gain is exploited by a 

spatially uniform pattern and the deleterious effects of nodes and antinodes are 

eliminated. No effective limit in the useful pump power remains. 

Single mode lasing is obtained by mode competition induced by a series of 

selective elements mounted inside the cavity: 

-Biréfringent filter (FSR = 83 THz, bandpass (FWHM) = 1.7 THz) ; 

-Thin étalon (FSR = 225 GHz, bandpass (FWHM) = 130 GHz); 

-Thick étalon (FSR = 10 GHz, bandpass (FWHM) = 5 GHz); 

The biréfringent filter, dye jet and all intracavity beam steering components are 

mounted at the Brewster angle to select the polarization state and minimize reflection 

losses. Output spectral features are given by a convolution of the transmission 

patterns of these elements with the natural cavity modes. The bandpass of the cavity 

optics plus the dye gain profile is 100 THz; cavity mode spacing is 0.18 GHz. 

A small plate mounted at the Brewster angle close to the output coupler can be 

slightly tilted to vary the cavity optical length, whilst feed forward piezoelectric driver 

allows continuous frequency scans over variable ranges between 10 MHz and 20 

GHz. An active feedback system, based on the error signal generated in an external 

reference cavity (effective FSR = 1 GHz) and acting on the piezoelectric drivers of 

thin étalon, lower fold mirror and Brewster plate, guarantees mode locked operation. 

Typical time responses of 0.1 ms for the active frequency stabilization system (errors 

£500 kHz RMS) are obtained both in stationary and scanning modes. Fig.3.9 

illustrates the complete scheme of the optical and electronic control system. 



Chapter 3 The LUMP Diagnostic system 35 

An additional satellite device, named Autoscan, provides full control of the laser 

operation using an external microprocessor. Absolute wavelength measurements are 

also possible via a comparative analysis of the transmission patterns of a Optical 

Activity Monochromator (OAM) and of a twin étalon system (Vernier Etaion, VET). 

Fig.3.9 Scheme of the optical and electronic active control system. 

We summarize here the characteristics of the Coherent 699-29 dye laser 

system when operated in single mode (C102 pumped by a UV ion Argon laser55): 

-Output power £400 mW (for pump powers < 5 W, multi-line UV). 

-Line width <, 500 kHz 

-Continuous scan over a range: 10 MHz- 30 GHz 

-Maximum discrete scan width=l 04 GHz 

-Frequency accuracy < 400 MHz 

We point out that these specifications are attained only following very accurate 

alignment of all the optical and electronic subsystems and with a new dye charge. 

Indeed, the dye stability represented one of the major problems encountered in the 

experiment. The expected lifetime for the Coumarin (100 W hours) could not be fully 
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exploited since, below a certain power threshold value (=» 30-40 mW), mode 
instabilities prevented reliable LIF measurements. 

3.4.3 Beam steering, injection and detection optical systems 
Both of the laser systems described in the previous section are installed in a 

over pressured, temperature controlled tent around 20-30 m distant from the LMP 
machine. We review briefly the characteristics of the beam steering, injection and 
detection systems, since they have already been described in ref.36 and 56, where 
additional design information can be found. Two beam steering methods are used. 
The first is to direct the beam to the plasma via a set of quartz prisms. Beam 
divergence is controlled by a simple two lens telescope mounted in the laser tent and 
laser output polarization is maintained and easily switched from it to o by modifying 
the light path. Injection into the plasma volume is performed through quartz windows 
oriented at the Brewster angle. 

Three locations for perpendicular injection are available, one of which is 
characterized by a movable prism permitting a radial scan of the beam over the 
entire plasma cross section. For injection along the magnetic field, an externally 
adjustable prism is installed on the vacuum vessel axis. A metallic mesh acting as an 
effective plasma end plate protects this component from barium coating. A second 
Brewster window opposite the injection point and specially designed beam dumps 
eliminate parasitic multiple reflections in the chamber. Typical beam cross-sections 
at the plasma center are of the order of 5 mm2. 

The detection system associated with this injection geometry employs a fixed 
telescope with its axis disposed perpendicular to the laser beam in order to minimize 
stray light collection. A combined reflector-refractor system is used to reduce the 
effective f-number cf the system and thereby increase its detection efficiency. Since 
the velocity selection is performed at the absorption stage, the same telescope can 
be used to measure both parallel and perpendicular features. The fluorescence light 
is then imaged on a PMT, with a relatively broad band (1 nm) interference filter being 
used to eliminate parasitic light. 

The second steering method consists of injecting the laser light into an optical 
fiber. A single quartz fiber (core diameter = 200 urn) is employed, terminated at the 
plasma end by a perpendicular injector mounted on an axiatly movable optical 
carriage56. The injector consists of a collimating lens and a polarizer. Having crossed 
the plasma diameter, the light is absorbed by a beam dump. A second telescope is 
installed on the same carriage, perpendicularly to the injector axis (and to the 
magnetic field). Its output is focused onto a large bundle of glass fibers, which 
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transmit the fluorescence light to a vacuum sealed lens, whereupon it is imaged, via 
an interference filter, onto a PMT. 

Fig.3.10 summarizes the injection and detection systems adopted on the LMP. 
The three perpendicular beam injection points are indicated: the first is fixed (BW1), 
the second (BW2) and the third (carriage) can be scanned radially and axially. 
respectively. Corresponding detection is possible using the fixed telescope (at the 
same axia! location as BW2) or the carriage mounted telescope (at fixed radial 
position, but axially movable). Parallel injection can be performed at the mesh-end 
plate with the induced fluorescence being measured either at the carriage or the 
fixed telescope. 

A time dependence can be imposed on the cw laser beam intensity via a 
mechanical chopper or an Acousto-Optical modulator (AOM). The former introduces 
a square wave time variation (f =100 - 400 Hz), used for signal to noise improvement 
via synchronous detection, whilst the latter can be controlled by an arbitrary 
waveform within a band width of 100 MHz and is generally employed for specific LIF 
timing in pulsed experiments. 

Fig.3.10 Schematic of the LMP injection • detection geometric arrangements 
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3.4.4 Electronic measurement chain 
When the light signal arrives at the PMT, a current signal is generated. 

Transformation from high (1kQ-10kQ) to low (50 Q) impedance is operated by a low 
gain (1-10) buffer amplifier. In the case of pulsed measurements, fast divider bridges 
in the PMT socket and a pulse amplifier are used, the entire chain being maintained 
at 50 Q impedance. Time responses of up to «10ns are possible. 

Three typical detection chains can be defined, corresponding to the most 
common LIF measurements: 

1)time average ion distribution function (cw laser): frj(v) 
2)wave coherent distribution function (cw laser): first or second order 

perturbation of the ion distribution, f1 (v), f2(v) 
3)time resolved ion distribution (cw or pulsed laser): f(v,t) 

Adjustable band pass filters and a lock-in amplifier for synchronous detection are 
used to extract fn(v) (n=0,1,2), with a reference signal given by the chopper angular 
frequency or a waveform synchronous with the wave excitation signal (at the wave 
frequency or its first harmonic), respectively. Time resolved measurements are 
performed using a boxcar amplifier system. An arbitrarily short time aperture can be 
fixed with respect to an external timing signal (e.g. the pulsed laser trigger or the cw 
beam AOM gate); the light collected inside that window can be summed up over 
many repetitions and averaged. The number of shots determines the final signal to 
noise ratio. In the section dedicated to the wave studies (Chapter 5) these methods 
will be discussed in more detail and a scheme of the electronic chain will be shown. 

An estimation of the expected signal level from cw LIF on barium at 493.4 nm 
can be performed on the basis of eq.3.10. Considering a power flux from the cw 
single mode source of 10 mW over a cross-section of 10 mm2, an observation 
volume of 0.01 cm3 and a density of barium ions of 109 cm*3, the number of photons 
emitted per second over all directions is =3 x 1012. The overall detection system 
efficiency is about 1x10*3 for the optical carriage (OC) and 4 x10'4 for the fixed 
telescope (FT). These values are calculated by taking into account all possible 
losses in the detection chain: 

-solid angle (f number of detection optics: 1.41 and 3.3 for OC and FT, 
respectively): -3.1 % (OC), »0.6 % (FT); 

-collection fiber (OC) £ 50 % 
•various glass surfaces: >70 % 
-interference filter: 2 65 % 
-PMT (Philips XP2020Q) quantum efficiency: »15 % 
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With a PMT gain of 10^ this yields an output current for the LIF collected by the 

optical carriage of the order of 0.5 mA. Considering a parallel resistor of a k i i and a 

voltage amplifier with a gain of 10, a signal of the order of 0.5 V is recorded at the 

end of the measurement chain. For the same laser intensity in the plasma, the 

amplitude of the signal obtained using the FT optics would be a factor of 2.5 lower. 

Note that experimentally the two signals are of the same order (the FT signal 

actually being larger by a factor of about 2) due to the lower efficiency of the optical 

fiber injection system used for the optical carriage. 

3.4.5 Data acquisition 
A Macintosh-PC based acquisition system has been implemented to replace 

the analog data X-Y recorders. Basic requirements were sufficient resolution (12 bits) 

and transfer rates (>100 ksamples/s), in addition to straightforward programming and 

ease of use. Data pre-treatment is always guaranteed by analog devices, such as 

lock-in or boxcar amplifiers. We have installed a commercial integrated data 

acquisition and analysis programming environment, Labview, issued by National 

Instruments (NI): Labview is conceived to drive plug-in boards for direct data 

acquisition or for instrument control via GPIB. It also allows the transfer, recording 

and mathematical and graphical treatment of the acquired experimental data. Two 

types of boards, installed on a Mac II Ci, have been employed for the LMP 

experiment: 

1) a GPIB control board (NI NB-DMA-8-G), used to drive a fast (350 MHz) 

digital oscilloscope (LeCroy 9450) and to transfer data directly (Direct Memory 

Access, DMA) into mainframe memory without operating interrupt routines on the 

microprocessor. Throughput capability is enhanced by a First-In-First-Out (FIFO) 

buffer: 1 Mbyte/s for GPIB reads, 750kbytes/s for GPIB writes, 320 kbytes/s for GPIB 

commands. 

2) a multifunction analog, digital and timing input/output board {NI NB-MIO-16-

L-9), containing in particular a 12-bits A/D converter with 8 differential channels and a 

9 îs conversion time. The effective sampling rate is of the order of 100 ksamples/s 

and can be improved by coupling it to the DMA board via a real time system 

integration (RTSI). 

Programming in Labview consists of organizing a block diagram which contains 

different modules called Virtual Instruments (VI). A VI is essentially a graphically 

represented sub-routine comprising three parts: the front panel, the block diagram 

and the icon with the connectors. The front panel constitutes the user interface and 

contains control tools (switches, buttons, etc.) and indicators (tables, graphs, etc.). 
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An example of a front panel, created for the acquisition and the analysis of LIF 
measurements (frj(v), lock-in output to A/D board), is reported in fig. 3.11. 

Front Panel 

Fig.3.11 Example of front panel for the acquisition of LIF measured average 
distribution functions. The LIF signal is plotted here as a function of the laser 
frequency. The two peaks are generated by the Zeeman effect and represent two 
copies offofvj; temperature, density and B-field value are calculated directly by 
Labview routines. 

3.4.6 LIF data interpretation: line shape determining factors 

We discuss here the relative importance of the different mechanisms which 

may affect the LIF line shape57. The review will be limited to the case of the cw laser 

beam (the pulsed source being used only for intermediate band excitation in tagging 

experiments) pumping the 62Si/2-62P-|/2 transition and to the standard LMP 

plasma conditions: n <: 5x1010 cm"3, Tj,e <0.3 eV, B s 3kG. The theoretical 

background for this analysis relies on classical treatment for fields anc quantum 

concepts for atomic physics, with only electric dipole transitions being considered. 

For simplicity, we suppose the laser source to be infinitely narrow. 

•Natural line width: as indicated earlier (§3.3.1), the finite lifetime of the 62Pi/2 

excited state, x =7.7 ns, induces, via the uncertainty principle, a finite bandwidth for 
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the transition to the ground state 5v = t~'= 20 MHz. This has to be compared with the 
structure resulting from the finite ion kinetic temperature (Doppler broadening). 

-Doppler broadening: since the LIF signal is proportional to the ion distribution 
function evaluated at the velocity resonant with the laser frequency (0* - kj • y. =0), the 
overall line width is proportional to the ion thermal spread. For a Maxwellian 
distribution, the line FWHM is 

. 1 /8ln2kBTjv1/2 5 V D S S ^ l~~^r - J {311) 

f&vD¥ In practice, a measure of 5VQ yields the value of Tj = —^- . A temperature of 0.2 eV 

corresponds to a FWHM in frequency of =1.8 GHz, so that the natural line width is 
comparatively negligible. 

-Zeeman effect: in the presence of a magnetic field the level degeneracy is 
removed. A term proportional to J-fi appears in the hamiltonian of the system. J is 
the total angular momentum, J = L + £, with L and S angular and spin momentum, 
respectively. Each level J is split into 2J+1 sublevels. For low field intensities, the 
term J.B. can be treated as a perturbation and the modified level scheme easily 
calculated58. The Zeeman level scheme of the bariumll ground state and first 
excited state is shown in fig.3.12. The relative peak intensities are also indicated; 
observation at 90° is supposed. In the case of weak magnetic field, the Russell-
Saunders coupling scheme can be applied. 

Since Doppler broadened line overlapping is minimized, the o polarized 
transition (AMj = ± 1) is the most favorable for observation of clear LIF signals. The 

eh 
Zeeman splitting of the energy levels, AE= g MB, where M is the normalized 

4jcme 
projection of J and g is the Lande factor, produces a shift in the transition energy of 
eh 

T"— B f (gr 92) Mi - g2(M2-Mi) 1, where gi and Mi refer to the level j . Separation in 
27crr% L J 

frequency between the two o lines is thus Av [GHz]» 3.73 B, for B in kG. At typical 
values of B=1-3 kG, Av - 3.7 -11.2 GHz, almost an order of magnitude larger than 
the Doppler broadening. Use of the ground state-first excited state o line therefore 
allows a direct reconstruction of the ion distribution function; only in the case of 
strong heating (T/To £ 3) does a deconvolution procedure need to be applied. 
Observation of the Zeeman line pattern allows a direct evaluation of the B-field 
intensity along a given direction. The intrinsic fast time response and precision of this 
method suggest a wide range of applications in different plasma environments 
(including thermonuclear plasmas), e.g. via the injection of a test species 
characterized by suitable optical transitions59. 
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Fig.3.12 Zeeman splitting of the barium transition used in this work. Relative 
intensities and polarization states are indicated. 

-Isotope effect: barium in nature consists of a mixture of stable isotopes with the 
same electronic structure but different nuclear properties. 71.7 % of Ba exists as 
Ba138,11.3 % as Ba137, 7.8 % as Ba136, 6.6 % as Ba135 and 2.4 % as Ba134. 
Due to the different masses, the transition frequencies are slightly different. The 
maximum shift, Ôv * 280 MHz, occurs for Ba137 and can once again be neglected 
with respect to the Doppler and Zeeman effects. 

-Hyperfine structure: generated by the interaction between the nuclear and the 
electron magnetic moments, the hyperfine structure appears in the bariumll quantum 
levels. Only those isotopes with an odd number of nucléons (about 18 % of the total) 
have a non-zero nuclear spin and contribute to the hyperfine line modification. 
Interaction constants60 for the ground state are of the order of 4 GHz and give 
significant splitting of the Zeeman sublevels. A numerical calculation has been 
performed to evaluate the hyperfine effects on the Zeeman pattern for the LMP 
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plasma and field parameters61. These correspond to an intermediate case between 
the low field limit, where a Russell-Saunders-like coupling between nuclear spin, L 
and total electron angular momentum, J, takes place and the high field limit, where 1 
and J are independently coupled to the B-field. 

I M 

GHz 

Fig.3.13 Hyperfine structure of the 62Si/2-62Pi/2 transition. The natural barium 
isotope concentration is considered; B=2.75 kG. The experimental curve 
corresponds to an ion temperature T^O. 18eV. 



44 Chapter 3 The LMP Diagnostic system 

The estimated line structure is shown in fig.3.13 along with the corresponding 

experimental curve. We note that overlapping of adjacent lines can occur even for 

the background ion temperatures. On the other hand, the strength of the two 

principal transitions is more than 25 times larger than the satellite lines. Disregarding 

the hyperfine structure in the analysis of LIF reconstructed distribution functions is 

therefore justified, unless very fine tail characteristics are under investigation. 

-Stark effect: in the presence of an electric field, E, the quantum state energies 

are modified; the order of magnitude of this modification can be estimated for a 

hydrogen-like ion and gives an upper bound for the barium line Stark shift. The 

energy associated with an electric dipole in an electric field is Hi = E. - d; if ao is the 

Bohr radius (ao = 5x1 (T9 cm), Hi = e E ao = 5.3 x10"9 E , for Hi given in eV and E in 

V/cm. Electric fields in the central region of the LMP plasma originate principally from 

the antenna launched waves. Excitation frequencies are in the range 5-500 kHz so 

that the perturbation can be considered DC with respect to atomic physical process. 

Field intensities are generally lower than 10 V/cm. Considering the barium mass, 

Stark frequency shifts are always less than 500 kHz and can thus be neglected 

-Collision effects: binary ion-atom, ion-electron or ion-ion collisions may 

influence the line shape in two ways. Firstly, collisions can excite or de-excite the 

quantum transition, producing fluorescence light which is totally independent of the 

laser beam intensity and position. For this process to be negligible, the collisional 

excitation and de-excitation rates must be much lower than the laser-induced and 

spontaneous rates, respectively; two independent conditions can be imposed on the 

value of electron density44: 

n<2x10 1 1 T e
1 / 2 exp(2 .5 /T e ) l [cnrr3]; 

n < 2 x 1 0 1 4 T e
1 / 2 [cm'3], (3.12) 

where Te is expressed in eV and I is the laser spectral intensity in W / (Acm2). Both 

conditions are easily satisfied in the LMP barium plasma, with I < 1 W / (Acm2), Te < 

0.3 eV and n < 101^ cm"3. The second effect is a line modification via direct 

quantum level disturbance due to the collision microscopic fields. Quantitative 

estimates62 indicate very small collisional (both with charged and neutral particles) 

induced shifts and broadening (< 1 kHz), which will therefore also be neglected. 

-Power broadening: the LIF line shape can be altered by the effect of 

saturation, which occurs when the stimulated emission rate is equal to the 

absorption rate and larger than the spontaneous emission rate. The saturation power 

level can be evaluated by considering the steady-state solution of the rate equation 

for a two level quantum scheme63: lp = gG A I f(v) L (v,v) / (go +9E) (I + h). where 

IF denotes the fluorescence intensity, gG, and gE the ground and excited state 
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statistical weights, A=f1 the spontaneous decay rate and L(v,v) the power 
broadened Lorentzian line shape 

L (v.v) = 
[v-vAUkrfkp)]2*^*^ 

(3-13) 

H is defined as h = A / (go +gE) <*o . with co the maximum (with respect to the particle 
velocity) value of the cross-section. When the ratio l/li becomes larger than 1. the 
power saturation can distort the Doppler broadened line. Stated otherwise, when 
saturation occurs the distribution wings are over weighted (LIF is no longer directly 
proportional to the number of particles belonging to specific velocity classes) and the 
temperature is overestimated. If I < H the power broadening effect can be neglected. 
This translates into a condition on the laser intensity: I < A / (QG -KJE) co = 1017 

photons/s cm2 or, for 2.51 eV photons, = 50 mW/cm2. This requirement is largely 
satisfied by the LMP cw single mode laser system (with Coumarin dye) since 
maximum intensities in the plasma are about 10 mW / cm2. We note that to use the 
pulsed laser source for LIF spectroscopy, power attenuation by at least a factor of 
ten is required. 
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Fig.3.14 Experimental determination of saturation power. LIF measured temperature 
and intensity are plotted as a function of the laser intensity. The transition 5?D3/2-
6?P3/2 (585.4 nm) is pumped; fluorescence at 455.4 is observed. 
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Saturation levels can also be determined experimentally. It is sufficient to 

increase progressively the laser power up to a point where the observed temperature 

starts to increase and the fluorescence is no longer directly proportional to the laser 

intensity. This deviation point was not observed for the 493.4 nm line, due to the 

limited laser power. A typical result relative to the 52D3/2-62p3/2 , for which the laser 

power can be increased by more than a factor of 10, is shown in fig.3.14. 

Non-uniform spatial patterns have also been recognized as possible sources of 

line distortion64, due to the fact that saturation occurs only at particular locations. 

This effect can become quite critical when employing optical fibers, especially in 

spatially scanning systems, where the output pattern may vary when the fiber is 

moved or bent. On the optical carriage fiber, special care has been taken to avoid the 

presence of "hot spots" in which the power flux could reach saturation levels 

Flg.3.15 Output light (spatial) pattern at the carriage injector, as measured by a CCD 

camera. The fiber is swung during the acquisition to simulate a carriage scan. 
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-Kinetic effects65: this term refers to the effect caused by the finite particle 
transit time across the laser beam. An additional source term, expressing the particle 
flux, appears in the rate equations66 and may affect the observed line at saturation. 
The LIF may in fact depend on the particle flux and no longer on the density. For 
continuous excitation, this distortion is avoided by working at intensities lower than 
saturation thresholds (see above). In the pulsed case, the pulse duration must be 
shorter than the ion transit time across the beam. In our case ions flow along field 
lines at VD - 105 cm/s ?nd have to cross a beam extension of about 0.5 cm. Typical 
transit times (~ 5 us) are therefore much longer than pulse durations (= 10 ns). 

-Plasma optical thickness: LIF produced at the center of the plasma column 
must be able to reach the detectors without being self-absorbed by the plasma. Light 
extinction is described by the formula: lout (v, x) = l,n (v, x) exp (-k(v) x) where k(v) is 
the frequency dependent absorption coefficient and x the light path length in the 
plasma and where the product k(v)x is known as the plasma optical depth. In 
optically thick plasmas (k(v)x> 1), absorption will be maximum at frequencies 
corresponding to the resonant velocities in the distribution bulk; LIF measured f(v) 
would then be artificially broadened, causing temperature overestimation. In the 
weak pump ng limit and for a uniform plasma k(v) can be calculated on the basis of 

the LIF standard theory44 

k ( v > n — (3.14) 
8rc 9G vthi T 

where gG is the ground state multiplicity and G is a geometrical factor depending on 
polarization state and angle of incidence. A limit on the plasma density above which 
LIF becomes difficult to measure can be determined 

n s k ^ ^ ^ ^ x i o n c m - a (3.15) 
G Ar 

This numerical value, corresponding to a plasma dimension of about 3 cm, o 
polarization and 90° observation angle, is about a factor of 10 above the usual 
densities obtained in LMP, but might impose severe constraints in LIF applications to 
denser (e.g. tokamak edge) plasmas. 
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3.4.7 Optical tagging. General principles and spin state tagging 
A fundamental problem in basic plasma physics and, in particular, in wave-

particle interaction studies, is how single particle motion is translated into 

macroscopic mean fields via a natural integration over phase space. This transition, 

which depends on the topology of particle phase space trajectories, determines the 

character of the interaction with a force term (typically an electromagnetic wave), in 

addition to the nature of particle and wave non-linearities and the significance of self-

consistent effects. Since the fields are derived from the particle currents and 

densities, the particle orbits acquire a fundamental character. Experimentally, the 

requirement that information is obtained about single particle motion without 

influencing that motion is fulfilled by the method of optical tagging (OT)67, an 

extension of LIF. In fact, conventional LIF is unable to reveal the single particle 

nature of the plasma nor may be used to elucidate space-time correlations in phase 

space. 

Optical tagging is based on the creation of a test-particle distribution whose 

dynamical evolution can be followed both in configuration and velocity space. Particle 

electrodynamical properties (e.g. charge to mass ratio) must remain unchanged. Ions 

are tagged by inducing a change in their quantum state relative densities which 

persists for times longer than any characteristic time of the process studied. Also 

required are a one-to-one correspondence between this change (the effect) and the 

optical pumping (the cause) together with the absence of mechanisms modifying the 

state densities, such as turbulence or ionization-recombination effects. 

To illustrate the general principle of OT, we refer to a simple three level scheme 

(fig.3.16) in which the two lower levels are long-lived and are connected to the upper 

level by radiative (dipole) transitions. Initially, particles are supposed to populate only 

the lower levels. A first laser beam (the 'lag") pumps resonantly the transition A -» B; 

pumped ions rapidly decay back either to state A or C, where they no longer interact 

with the laser photons. The net result of optical pumping and subsequent 

redistribution is a depletion of the pumped level (A) and an enhancement in the state 

density of the unpumped level (C). Tagged particles are subsequently detected by 

observing the relative change in the fluorescence induced by a second laser beam 

(the "search"), tuned eithpr to the same transition or to the transition C -» B. The 

former case corresponds to a reduction in the LIF intensity observed at the search 

position where and when the tagged particles arrive and is named "dark scheme"; 

the same laser source can in this case be employed for both tag and search. 

Conversely, the latter corresponds to an increase in the fluorescence level and is 

named "bright scheme". In the following we will refer to the change in LIF intensity at 

the search stage as the "tag signal". 
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Different schemes and applications of optical tagging, based on the bariuml! 
metastable states, 52D3/2 and 52D5/2. have been proposed for Q-machine 
plasmas67»68. A simpler method, based on spin polarization of ground state ions 
("spin state tagging") has been subsequently developed and tested for the first time 
on the LMP Q-plasma69. 
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tagged particle 1=3less signal ! 

Fig.3.16 Illustration of the general optical tagging principles for the case of a 3 level 
system. Dark signal scheme only is considered. 
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In general, spin state tagging can be applied to ions which do not have 
convenient metastable states and to plasmas in which the ion confinement time 
exceeds the metastable lifetimes. In a magnetic field, ions which have a non-zero 
total angular momentum in the ground state can be spin polarized by optically 
pumping one of the Zeeman sub-levels. In the bariumll case the m=1/2 and m=-1/2 
sub-levels play the role of the states A and C in fig.3.16. The only additional 
requirement with respect to the general tagging principles described above, is that 
both the Doppler broadening and the laser bandwidth have to be smaller than the 
Zeeman splitting, to avoid overlapping between the source and target states; this is 
always the case in the LMP plasma for the cw laser system and for the pulsed 
system when operated in intermediate or narrow band mode. In fig.3.17 (top) we 
indicate schematically the principle of spin state tagging in which optical pumping (by 
o polarized light) of the 62Si/2 m=1/2 -• 62Pi/2 m=-1/2 transition is assumed. In this 
case tagged ions are characterized by an increased probability of having a spin down 
(i.e. m=-1/2). 

In collisionless plasmas, spin and position ionic wavefunctions are decoupled, 
guaranteeing very long test-particle lifetimes, unless magnetic turbulent activity at the 
spin-flip frequency is present. Ion-atom collisions, however, may produce efficient 
spin transfer (and consequently test-particle losses) if there is an attractive region in 
the interaction potential70. Experimental tests performed on the LMP indicate a spin 
state stability over about a meter of tag-search distance (corresponding to about 1 
ms). No significant reduction in the total tag signal (i.e. integrated over configuration 
and velocity space) has been observed over such a distance, even in the presence 
of relative high densities of neutral noble gases (p <, 10~4 Torr). A typical result, 
demonstrating the dark and bright schemes, is shown in fig.3.17(bottom). Here 
tagging is performed on the m=+1/2 ground state sub-level by a pulsed laser. A 
narrow band cw search laser is scanned across the line and the changes in the 
induced fluorescence are recorded after a time corresponding to the ion transit time 
between tag and search. Note that the dark signal is more intense than the bright 
signal, due to a finite branching ratio (0.26) from the first excited state to the 
metastable 50 state, which therefore receives a finite fraction of the pumped ions50. 

Different pieces of information can be contained in the tag signal according to 
the beam geometry and the spectral characteristics of the two lasers. Specific 
models to simulate the tag signal are necessary for quantitative data interpretation. 
Test particle transport features (spatial correlations)71*72, time of flight analysis (time 
correlations)59 and phase space orbit reconstruction (sub-Doppler velocity 
correlations, with at least one of the two lasers in single mode)73 are some 
applications which have been recently discovered and which will be discussed later. 
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Fig.3.17 Top: scheme ofbahumll spin state tagging; bottom: tag signal amplitude as 
a function of the search laser frequency (the tag laser being fixed on the LHS 
transition), showing dark and bright characteristics. The background LIF signal from 
the two o lines is also displayed (continuous line). 
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CHAPTER 4 

4.The LMP Plasma Characteristics 

In this chapter we review the basic characteristics of the LMP target plasma, 
discussing the values of the main parameters and their dependence on space 
(profiles) and time (fluctuations). Measurements comprise probe ion and electron 
saturation current profiles and the temperature, density and mean drift velocities 
observed with the LIF technique. A section dedicated to the analysis of the plasma 
transport properties, based on a special scheme of optical tagging, is included. In 
order to complete the understanding of the plasma collision mechanisms, injection of 
neutral buffer gas is considered but no external perturbations (such as antenna 
excited plasma waves) are described at this stage. 
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4.1 Lanqmuir probe observations 

A single tip Langmuir probe is scanned across the plasma diameter to measure 
the basic plasma geometrical properties. In fig.4.la the ion and electron saturation 
currents are plotted as a function of radial position, with the extension of the hot plate 
also being indicated. 

R IcmJ 

Flg.4.1 (a) Radial ion saturation current and electron saturation currents; (b) Floating 
potential profile (one oven source; B»2 kG). 
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The sharp edges in the electron saturation current curve are due both to a much 

smaller Larmor radius compared with the ions and a high electron emission rate from 

the tantalum tube holding the hot plate. The probe floating potential profile is shown 

in fig.4.1b, demonstrating an electron-rich regime characterizing the entire plasma 

volume. 

With the two oven source, a flatter profile can be obtained in the center, with 

spatial variations of less than 5 % over the hot plate diameter (fig.4.2(b)). Radial 

symmetry can also be controlled according to specific experimental requirements 

(fig. 4.2). The central value of plasma density can be varied without modifying the 

shape of the profile, simply by varying the hot plate power (fig. 4.3). 

9 
E o 

I 

-1 0 1 
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Flg.4.2 Modification of ion saturation (density) profile by unbalanced heating of the 
two ovens, (a) T (oven 1) = 390° C, T (oven 2) s 585 ° C; (b) T (oven 1) =T (oven 
2); (c) T (oven 1) = 335 °C,T (oven 2) = 620 ° C. 



56 Chapter 4 The LMP Plasma Characteristics 

-3 -2 .1 0 1 2 3 Radteicm] 

Fig.4.3 Variations of the total plasma density with hot plate power, (a) 2.69 kW; (b) 
2.74 kW; (c) 2.83 kW; (d) 2.94 kW. 

Calibration of the probe diagnostics (see chapter 3) permits estimations of the 
plasma density: central values for a hot plate power of about 2.7 kW are of the order 
of 109 cm"3 for the one oven source and 1010 cm"3 for the two oven source. 

4.2 L1F observed ion features 

As indicated in the previous chapter, the LIF diagnostic method provides 
comprehensive information on the plasma ion features. LIF measured ion 
distributions, for parallel and perpendicular injection with respect to the static 
magnetic field, are shown in fig 4 4 Absolute values of temperatures and parallel 
drift velocity can be calculated directly: Tj. = 0.2 eV; Ty = 0.16 eV; vp = 1.4x105 cm/s. 
These values characterize standard LMP plasma operation and may only be varied 
slightly by changes in the hot plate power and oven temperature. 
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Fig.4.4 LIF measured parallel and perpendicular ion distribution functions. Different 
injection and detection apparatus efficiencies account for the difference in the 
observed intensity (one oven source; B = 2 kG; n= 10^ cm~3). 

4.2.1 Radial dependencies 
The radial dependence of the ion distribution function and its moments can be 

obtained by scanning the laser injection points across the plasma diameter. Fig.4.5 
shows the radial profiles of the parallel temperature and drift velocity, demonstrating 
that no significant variation, inducing velocity shear or temperature gradient effects, 
occurs over the diagnosed plasma cross-section. In contrast, the perpendicular 
measurements show an increase in the ion temperature at the edge, associated with 
a non-zero mean velocity (fig.4.6). A change in the sign of the perpendicular drift 
when crossing the plasma center (r=0) indicates a rotational motion for the plasma 
column. Part of the kinetic energy associated with this motion is transformed into 
perpendicular thermal energy by ion-neutral collisions at the plasma boundary48. 
Plasma rotation results from the radial potential and density gradients. Absolute 
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values and radial shear of the rotation veiooty depend on the specific hot plate and 

plasma profile conditions. Background base pressures influence the maximum edge 

temperature enhancement factor. During usual operation, both with the one oven 

and the two oven source (fig.4.6), the maximum angular rotation velocity is vrot= 

8x103 rad/s. with T i - 0.4 eV. in the central region (-1.5 cm < R < 1.5 cm), where vrot 

< 5x10^ rad/s, plasma dynamics does not appear to be affected by rotation effects. 
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Fig. 4.5 Radial profile of parallel temperature and drift velocity. Drift is evaluated with 

respect to the perpendicular distribution at the plasma center (R=0). 

Azimuthal symmetry has been verified by measuring vertical density and 

temperature profiles. No significant difference with respect to the horizontal scan has 

been observed, in the absence of external asymmetric perturbations. This allows us 

to refer equivalently to the radial, horizontal or perpendicular direction as opposed to 

the axial or parallel direction, in velocity space, however, caution must be applied in 

defining the perpendicular plane, especially in the case of tagging experiments. 

Whilst our laser beams propagate indeed at right angle with respect to the magnetic 

field (both for the vertical and the 45° carriage mounted injectors), justifying the use 

of the attribute "perpendicular" for distribution function and temperature, the selected 
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and observed velocities are not strictly speaking vj., i.e. are not constants of the 
motion in the unperturbed plasma. 
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Flg.4.6 Perpendicular temperature and mean velocity vs. radial position. By 
definition, drift is zero at R=0 (see fig.4.5). 

4.2.2 Estimation of spatially averaged electron temperature 
Plasma parameters have also been measured as a function of the axial 

position, over a distance of more than 1 m from the ionizing plate. Variations of less 
than 10 % and 5 % are typical in the central values of density and ion temperature, 
respectively. Space averaged diagnostics, based for example on wave propagation 
characteristics, can therefore provide useful information. In particular, a study of the 
linear properties of grid launched ion acoustic waves (IAW) has been conducted. At 
frequencies well below the ion plasma frequency (<opj = [4jtnZ2e2 / m, J1/2 » 3 MHz), 
phase and group velocities of these waves are predicted to coincide; in the plasma 
frame of reference and in the approximation T e»Tj , their value is74 

CO dû) ., ,n 
V<P " J T r * v 9 = Wr * l ( Y T i + Te) /m i l1 /Z= Cs 

(4-1), 
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where kr is the real part of the wave number, Y the adiabatic index and c$ the ion 
sound speed. If Tj is known, eq.4.1 can be used to estimate the electron 
temperature. Note that in the LMP plasma, the temperature ratio is not much larger 
than 1 but the values of kr corresponding to the solution of the full dispersion relation 
(eq.5.13) do not differ significantly from those given by eq.4.1. Pure one-dimensional 
(parallel) excitation of IAW is achieved through a biased grid disposed across the 
plasma column and driven at a frequency in the range 0.2-1000 kHz. Linear 
oscillations, with 5n/n < 5 %, are excited by an oscillating voltage, VAc. of about 0.2 
Vp-p. Wave number spectra and group velocity are obtained by measuring via LIF 
the density oscillations as a function of the axial position and the wave bursts time of 
flight over a fixed distance, respectively. In the first case, synchronous detection, 
described in the next chapter, allows direct interferometric observations. The 
measured wave phase and group velocities can then be compared to the linear 
theory predictions (fig.4.7). An agreement is found for an electron temperature of 
0.23 eV ± 0.05 eV. Damping parameters involve more complex modeling and will 
also be discussed in the section dedicated to the wave studies. 
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Flg.4.7 Typical measurements of phase and group velocities for IAW. The theory line 
corresponds to T\ =0.16 eV, Te =0.23 eV. The uniform plasma drift imposes a 
Doppler shift to the phase velocity observed in the laboratory frame: vçiab =vp± cs. 

In principle, a similar procedure could be applied for the case of electrostatic ion 
cyclotron waves in order to estimate Tj, but the unfolding of the results is much more 
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difficult. Not only must a numerical solution of the kinetic dispersion equation75-76 be 

performed, but assumptions are required regarding the ky spectrum, density, Te, 

collision frequency and coupling efficiency to the different propagating branches. 

The electron temperature remains essentially unchanged when switching from 

the one oven to the two oven source, although slight variations in the ion features are 

observed. The parallel drift velocity is reduced by about 25% as are the ion 

perpendicular and parallel temperatures (0.19 eV and 0.15 eV, respectively, 

compared with 0.22 eV and 0.19 eV obtained with the one oven arrangement). 

4.3 Fluctuations and collisions 

One of the advantages of a Q-source is the low level of natural plasma 

fluctuations. Probe and LIF measurements confirm this feature in the LMP case, 

indicating fluctuation levels 5n/n of less than 0.5 %, integrated over the frequency 

range 0-100 kHz, in the central region of the plasma column. A more pronounced 

activity (ôn/n up to 15%), mainly in the range of 3-12 kHz, is observed at the plasma 

edge, where gradients and associated rotational motion become effective. This 

turbulent activity has been "traditionally" attributed to the presence of drift waves30 

and it appears to be enhanced whenever strong gradients and asymmetries are 

present in the plasma density profile. Enhanced velocity space transport has been 

recently observed in a Q-machine in the presence of these gradient driven 

oscillations77. 

Q-machine plasmas are also characterized by a low degree of collisionality. 

Collision times are in fact of the order of the plasma lifetime (~ms). For n=l09 cm'3 

the ion-ion collision rate is about 500 Hz. Wave-particle phenomena, in particular 

heating via resonant and non-resonant wave absorption, are critically dependent on 

the character of the collision processes active in the plasma. A detailed study of 

these collision phenomena and the associated plasma transport mechanisms is 

therefore necessary as a basis for subsequent wave investigations; the results of this 

study are presented in the following section. 

4.4 Cross-field ion transport and diffusion in configuration space72 

The transport of charged particles across magnetic field lines represents one of 

the critical issues in characterizing the dynamical behavior of a magnetized 

plasma78. Macroscopic plasma transport is the result of the combination of a large 

number of individual particle displacements. Whether or not this constitutes a truly 

diffusive (irreversible) process, depends upon the nature of correlations in the 
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charged particle trajectories. A direct observation of the motion of a sub-set of 

plasma particles can prove that a description based on a diffusion equation 

formalism is a good approximation of the actual phenomena. 

Once the diffusive character of the cross-field motion is established, the goal is 

to understand the kinetic mechanisms responsible for the diffusion, possibly in a 

quantitative way. In fact, transport processes cannot be uniquely determined by 

macroscopic plasma bulk observations. Special methods are required. Both the 

' evelopment of these methods and the basic physical questions (e.g. the kind of 

collisions contributing to the cross-field particle fluxes) are important for magnetic 

fusion research. Of particular relevance to both laboratory and space experiments is 

the case of partially ionized plasmas, in which neutral particles can play a critical 

role. 

In this section our attention is focused on cross-field diffusivity and, in particular, 

on the effects of the injection of different species of non-reactive neutral gas, at 

different pressures. The previously described technique of spin state optical tagging 

is used to create sets of test-ions and to follow their subsequent space-time evolution 

in order to learn about the nature of particle orbits. Even though test-particle 

diffusivity does not directly correspond to bulk plasma diffusion, the collisional 

mechanisms and parameters, once identified, can then be used to describe bulk 

transport processes79. Similar methods have been previously applied to quiescent71 

and weakly turbulent plasmas80. In our case, the plasma behaves classically. The 

injection of buffer gas reduces cross-field diffusion. An explanation of this apparently 

contradictory result is proposed in terms of a modification of velocity space ion 

distributions caused by ion-neutral collisions. 

4.4.1 Experimental set-up and theoretical model for data interpretation 
The experiments are performed in the central region of the LMP plasma column 

(about 1.5 cm on both sides of the machine axis), with the one oven source 

configuration. As seen in the previous chapters, barium can be considered as fully 

ionized throughout the diagnosed volume: Resonant charge exchange is not an 

important loss mechanism81. The specific experimental arrangement is shown in 

fig.4.8a. 
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Fig. 4.8 (a)Experimental set-up for cross-field transport studies. (b)Geometry for tag 

and search beam injection. 

Both tag and search beams originate from the same laser source. The laser 

bandwidth (ACO«1 MHz) allows a sub-Doppler selection of the velocity class of the 

observed particles. The geometrical arrangement for the beam injection, with a 
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definition of the relevant cartesian coordinates, is shown in fig.4.8b. Vertical injection 

of the tag beam is performed along a chord which can be scanned across the 

plasma cross section. The fluorescence is measured at the center of the plasma 

column. Both search beam injection and detection apparatus can be scanned along 

the B-field axis. 

Quantitative information, such as the value of diffusion coefficients, can be 

extracted from the tag signal via a comparison with a theoretical simulation. At the 

tag location, those ions satisfying the tag conditions become test-particles. A tag 

acceptance function, T(xo,yo), can be approximated by the expression 

T t o . y o ) , exp (. ^ ^ W p (• ^ - 2 ) 8 ( 2 0 - rr) (4.2) 

where vi is the resonant velocity, determined by the laser frequency, a is the size of 

the tag beam and xj, zj are the beam Cartesian coordinates. 

Subsequent evolution depends naturally on plasma particle dynamics, whose 

main features, such as the presence of constants of motion, can be included in the 

conditional probability function, P(x„y,t: x.o,yo.t-x). This function represents the 

probability of finding, in the phase space volume (x+d&y+dy) at the time t, a particle 

started at time t-x in the volume (xo+dxo.yo+dyo). For diffusion generated only by 

elastic collisions, with vj_and vy constants of motion, P can be written as 

P(x, y : xo, y0, x) = — 5 (v i - v0 i) ô (o - 00 + fix) 5 (vu - von) 

exp 
( (x - XQ)2\ ( (y - yp)2\ ( (Z-ZQ + vpx)2^ 

exp i 4D±x I -~r\ 4D.LT J Q*\ 4D,|t y 

x > ) f L ' (4.3) 
"V4nDix A/4rcDiT "V4JCD||T 

where D i = Dx = Dy, Dy = Dz, x is the time along particle trajectories, Q. the ion 

cyclotron angular frequency and ô the angle of the velocity in cylindrical coordinates. 

The distribution of tagged particles arriving at the search beam location is 

ftp(2S.y,t)=f 3 3daody.o L + dxA(t - x)f0(xo.^o)P(2i^-t : xo.yo-t-t)TUo.Yo) (4.4) 

where fo is the background distribution and A(t-x) the time dependence of the tag 

beam intensity (e.g. for a "chopped" laser A=cos[o)Chop(t-x)]). 

To be detected, the tagged particles must satisfy the search beam resonance 

conditions, expressed by the search acceptance function, S 

http://4D.lt
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S U * ) , exp (- ( V l ' ( ^ V Y ) ) 2 ) e x p (- ^ > z - zs) (4.5) 

where b is the search beam width and zs its axial coordinate. Finally, the tag signal 
intensity will be proportional to 

N(t, zs-z-r. xT) = ̂  dxdyf,p(x,y,t) S(x.v) (4.6) 

Under the assumption of an unperturbed Maxwellian ion distribution, all but the time 
integral can be performed analytically. 

4.4.2 Unperturbed plasma results 
In fig.4.9 the evolution along the z-direction of the calculated tag signal is 

displayed together with the actual data. Both traces show an oscillatory behavior, 
originating from the cyclotron orbit dependence of the tag signal integral. 
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Fig. 4.9 Axia! evolution of the experimental and simulated tag signal. Az (=ZS-ZT) is 
the tag-search separation. No diffusion effect is considered in the simulation. R=0.4 
cm;B=1.5 kG; the laser frequency corresponds to vi/vjh = 0.2. 
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Of utmost concern in view of a determination of the perpendicular diffusion 
coefficient is the radial profile of the tag signal, namely the dependence of N on xj. 
In eq.4.6, the term containing the radial evolution has a gaussian form, with a full 
width at half maximum given by71 

FWHM = (2.77 (a2 + b2 + 4D±T) )1/2 (4.7) 

Due to the uniform plasma drift, the time variable can be transformed into a 
spatial variable, T=(ZS-ZT)/VD- As the tag-search distance is increased, a spreading in 
the tag profile should be observed. We show in fig.4.10 the measured tag profile at 
two different axial positions, together with the theory simulation for both cases. 

Fig. 4.10 Radial scan of the tag signal, expressed in arbitrary units (v^/v±^ = 0 ;B = 
1.5 kG). Theoretical and experimental curves for two values of the tag-search 
distance are shown on the same scale. 
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A confirmation a posteriori of the diffusive character of the radial spreading of 
test particles and a validation of the transfer function used in the simulation, can be 
obtained by recording the tag profile at several z-locations. In the case of diffusion, 
as can be seen from eqs.4.5 and 4.6, the square of the FWHM must scale linearly 
with the tag-search distance. In more general terms, this means that the particles 
undergo a cross-field random motion (Ax«Vt). In fig.4.11 we show that this is indeed 
the case up to a certain value of the distance. Only when the particles arrive at the 
plasma edge, where the motion is influenced by gradients and associated local 
instabilities, is the linear dependence no longer satisfied. In fact, plasma rotation, 
which becomes important (>1()3 rad/s) at the plasma edge, can also lead to an 
incorrect interpretation of the tag signal evolution. In the following we will refer only to 
measurements performed in the central region of the plasma column, where the 
contribution of rotation to the width of the tag profile never exceeds 10% and can 
therefore be neglected. 
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Flg.4.11 Square of the tag radial profile FWHM as a function of the tag-search 
separation &z (vi/vlths0, 6=7.5 kG; no buffer gas). A least square fit forAz<30 cm is 
also shown. 

From a series of tag profile records and independent measurements of VD, the 
value of the perpendicular diffusion coefficient for different plasma conditions can be 
obtained. Of fundamental interest is the dependence of D± on the magnitude of the 
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confining magnetic field (fig.4.12). We observe a B 2 scaling, which indicates that the 

diffusion is regulated by classical mechanisms. Stated otherwise, the basic step for 

the random motion in the cross-field direction is the particle Larmor radius, pj. This 

agrees with theoretical predictions79 and previous observations71 relevant to 

plasmas with low levels of fluctuating fields. The perpendicular diffusion coefficient is 

given by Dj_=1/2pi2veff, where ve« is an effective collision frequency. When v», the 

ion-ion Coulomb collision frequency, is used for veti, the magnitude of the observed 

test-ion diffusion coefficient is given by this expression. Bohm's prediction82 for 

anomalous diffusion would yield values larger than those measured here by almost a 

factor of two. For the observed fluctuation levels, turbulent diffusion83, on the other 

hand, would be characterized by a much (a factor of 10 or more) smaller Dj.. 

Moreover, whilst these two non-classical mechanisms for diffusion are independent 

of the plasma density, we do observe a linear dependence of the radial diffusion on 

the density, as predicted by classical theory. 

Flg.4.12 B-field scaling of the measured perpendicular diffusion coefficient (no buffer 
gas). Here, as in the successive graphs, vi/v± th=0, but the same behavior is 
observed for different velocity classes. The shaded region corresponds to the values 
calculated from Dl=1/2pi2vjj. 
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4.4.3 Effects of neutral gas injection 

When neutrals are injected, the number of possible binary collisions for the 
plasma ions is expected to increase. Not only may ions collide with each other via 
Coulomb fields, but they may also be scattered by gas atoms or molecules through 
different sorts of short range interactions. As a consequence, starting from a 
classical regime, corresponding, in a sense, to a "minimum diffusion" state for a 
given plasma configuration, perpendicular diffusivity should increase. In contrast, the 
experimental observations indicate that, for the pressure regimes explored (1(H>-10' 
4 Torr, which cover the operational range for the plasma Q-source), the cross-field 
diffusion coefficient is reduced. As shown in fig.4.13, the heavier the noble gas, the 
more important is this reduction. 

300 

250-

l 

[cm2/s] 

40 80 
Mass number 

120 

Fig. 4.13 Perpendicular diffusion coefficient vs. the mass of the injected buffer gas 
(n0*1010 cm-3, p*3x10-4 Torr, B =1.9 kG). The open circles are calculated from 
Dl=1/2p?vn(max[Tl,Tii]). For heavy gases, when VD<1X104 cm/s, Dit can also be 
estimated; its order of magnitude (105 cm2/s) agrees with the expected value, 
Dn=Ti/nv, where p. the reduced mass and v the sum of ion-ion, ion-electron, and ion-
atom collision frequencies. 

In order to understand this effect, measurements of the modified ion velocity 
distributions have been taken. As a result of momentum exchanging elastic 
collisions, neutrals modify substantially both the perpendicular and parallel 
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distributions. A partial proof that collisions are elastic comes from the total ion energy 
balance (fig.4.14) and its observed dependence on gas mass and pressure. 
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Fig. 4.14 Total ion kinetic energy, including drift, parallel and perpendicular thermal 
motions (=1/2 mf/o2 + ks (TJL+ Trf), as a function of the buffer gas mass (p^ZxtO* 
torr). The solid line corresponds to the expected losses due to ion-atom elastic 
collisions. 

In fig.4.15 the perpendicular ion temperature and the drift velocity are plotted as 
a function of buffer gas mass. A net reduction in both T i and VD is observed, whilst 
T|| (not shown) increases slightly (by <30%) for He and Ne and stays approximately 
constant for heavier gases. The reason for this is that the neutral "friction" force, 
which takes energy directly out of the distributions, at the same time can partly 
thermalize drift ordered energy and transform it into parallel temperature. 



Chapter 4 The LMP Plasma Characteristics 71 

0.2 Mzmmmmm 
' j . 0.11 

[•vi 

0.01 

\ 

\ \ 

-I I ' , ' ' ' — 1 — ' '—' I ' * ' I ' ' ' I ' ' ' I ' ' ' 

20 40 60 80 100 120 140 
Mass number 

_1 ; • • - ! 1 1 • • • \ 

20 40 60 80 100 120 140 
Mass numbsr 

Fig. 4.15 Effects of buffer gas injection on plasma characteristics: T± (top) and VQ 

(bottom) vs. gas mass number. Same parameters as in fig A. 13. 

A typical case of a modified 2-D distribution function is shown as a contour plot 

in fig.4.16. The modification of the ion distribution implies that the ion-ion collision 

frequency, which depends upon the overall ion thermal spreading, is not much 

affected and that pi is substantially reduced. The ion larmor radius tends to stay 

smaller than the mean-free-path for ion-neutral collisions and therefore to remain the 

elementary microscopic step for the cross-field particle transport process. The buffer 

gas atoms do not modify directly the diffusion mechanism, which is always classical 

(see theory points in fig.4.13), as confirmed by the observed inverse square 
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dependence of D i on the B-field intensity. The effect of ion-atom collisions is rather 

to enhance the coupling between the configuration and velocity space diffusivity, or, 

stated more formally, the significance of the off-diagonal terms of the global phase 

space diffusion operator. 
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Fig. 4.16 Effects of buffer gas injection: contour plot of f(v±,vu ) (supposing 

f(v±,vi\}=f(v±) f(vSj) with f(v±) and f(vu) independently measured) without buffer gas 

and with xenon (p = 2xW4 torr; B=1.9 kG). 

By varying the pressure, i.e. the ratio of the neutral to the ion density, the same 

response is found for the different buffer species. The effects of perpendicular 

cooling and parallel thermalization of drift motion are consistent with the observed 

reduction of cross-field particle fluxes. Over the whole pressure range the diffusive 

transport is drastically reduced even though the physical transport mechanism 

remains the same. In fig.4.17 the case of Xenon is taken as representative of the 

variation of Dx with the injection pressure. We note that for pressures larger than a 

critical value, the contribution to the cross-field flux of ion-neutral (in) collisions 

overcomes that of ion-ion (ii) collisions. At this point, the total value of the 

perpendicular coefficient begins to increase as a function of the neutral density. This 

inversion point, for which vjn=vjj, can be predicted theoretically and an agreement 
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with the data is found assuming an ion-atom transport cross section derived from 

polarization interaction: oMOfade^Ek)172, where a<j is the atom polarizabiltty and ER 

the kinetic energy of the relative motion.84 
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Fig. 4.17 Variation of the measured D± with the gas pressure, in xenon (no=lGPcnr3; 

B=1.9kG). 

4.4.4 Bulk diffusion estimation 
In order to compare the directly observed test-ion cross-field diffusion 

coefficient with the corresponding bulk plasma parameter, an analysis of the static 

density gradients at the plasma edge has been conducted. In the absence of electric 

fields, assuming that the bulk diffusion is produced only by ion-electron collisions (no 

like-particle effects) and that the recombination rate is given by a n 2 (with a 

independent of n), a balance equation for n2 can be written down85, whose solution 

for R>a (a = hot plate radius=plasma radius) reads 

n2 (R) * R-1/2 exp (-R/R0) (4.8) 

where Ro is linked to the bulk diffusion coefficient, Ro= ( Di°ulk / 2<xn)1/2. By fitting 

the edge profile to the curve described by eq.4.8 and introducing an independently 

calculated value for a86, an estimate of D i D u l k can be obtained (fig.4.18). In the 

unperturbed LMP plasma (no gas injection) DiDulM).01 cm2/s (~ me/mj D i test-ion 

as expected, with Ro= 0.3 cm and a = 10"10 cm3/s). We note that the bulk diffusion 

coefficient is not observed to vary significantly in the presence of buffer gas (which 

affects mainly the ion kinetic features), but its dependence on the B-field intensity is 

consistent with the classical mechanisms demonstrated by the test-ion observations. 
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Fig.4.18 Edge profile of n2, calculated from Langmuir probe measurements (B*2 
kG). 

4.4.5 Example of non-diffusive transport: shear flow effects87 

When neutral pressure is increased above a certain limit (= 7x10"4 torr for 
xenon), the character of the cross-field particle motion ceases to be diffusive. Radial 
tag profiles show several peaks (fig.4.19), whose structure evolves according to the 
tag-search separation. Rapid (more than an order of magnitude faster than classical 
diffusive motion) cross-field flow is indicated by the appearance of tag signal peaks 
at the plasma edge. In conjunction with this change in the tag profile shape, a shear 
in the parallel drift radial profile is observed with a shear parameter s=a/vo dvrj/dR » 
0.3, where a s 2.5 cm is the plasma (or hot plate) radius. 

Study of the conditional probability function provides information on the fields 
responsible for this particle flow. An analytic technique, based on the Lie transform 
formalism88, can be used to describe the modified particle orbits in static (in the 
plasma frame) electric and magnetic fields. 

Consistency is found with the theoretical predictions of the shear flow instability, 
which occurs when the difference in the drift between center and edge exceeds the 
ion sound speed89. Electric fields associated with the shear flow instability, which is 
characterized by a zero frequency in the plasma frame, are of the order of 10'2 

Micro, lower than macroscopically detectable values. 
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Fig.4.19 Example of non-diffusive particle cross-field motion. A multi-peak tag profile 
is obtained by injecting neutral xenon at relative high pressure (= 8x 10~4 torr). Shear 
flow instability electric fields appear to be the cause of the observed fast 
perpendicular transport (B=0.8 kG). 

4.5 Concluding remarks 

To summarize, no sigrficant electromagnetic effects other than the static fields 

related to the plasma equilibrium and confinement are naturally present in the LMP 

plasma. By acting on the transport parameters and mechanisms, neutrals affect 

significantly the plasma dynamics only at "pathologically" high densities, never 

contemplated in standard pure Q-plasma operation. The transport study has also 

highlighted one of the most powerful characteristics of the optical tagging diagnostic, 

namely the ability to probe electromagnetic field features via a detailed information 

provided about charged particle orbits. Botn the target plasma and the diagnostic 

methods therefore appear to be ideally suited to a detailed study of wave-particle 

interaction phenomena. 

We conclude this chapter by recapitulating in a tabular form the typical values 
of the main LMP plasma parameters. 



76 Chapter 4 The LMP Plasma Characteristics 

Physical quantity 

density n (nj=ne) 

electron temp. (Te) 

ion perp. temp.(Tji) 

ion par. temp. (Tin) 

par. drift vel. (VQ) 

rot. vel. (vrot)(-1.5<r<1.5) 

ion-ion coll. rate (v,j) 

el.-el. coll. rate (vee) 

perp. diff. coeff. (D_i) 

ion Larmor radius (pj) 

el. Larmor radius (pe) 

ion cyclotron freq. (Qc\) 

el. cyclotron freq. (Qce) 

ion plasma freq. (copj) 

el. plasma freq. (cope) 

Debye length (XD) 

1 oven source 

109cm~3 

0.25 eV 

0.22 eV 

0.19 eV 

1.2x105cm/s 

<103rad/s 

500 Hz 

300 kHz 

15cm2/s 

0.19 cm 

4x10*4 cm 

34 kHz 

0.93 GHz 

3.5 MHz 

1.8 GHz 

0.01 cm 

2 oven source 
1010cm-3 

0.25 eV 

0.19 eV 

0.15 eV 

0.9x105cm/s 

<103rad/s 

5 kHz 

3 MHz 

110cm2/s 

0.17 cm 

4x10"4 cm 

34 kHz 

0.93 GHz 

11 MHz 

5.6 GHz 

0.003 cm 

Table 4.1 Summary of the LMP Q-plasma parameters (B = 3 kG). 
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CHAPTER 5 

S. Ion Wave Excitation and Detection 

We review in this section the (linear) theoretical basis of the wave excitation 
problem and the experimental results corresponding to different coupling methods, 
studied in connection with the general issues of wave-particle interaction in the LMP 
plasma. In addition to its general interest for linear wave physics in magnetized 
plasmas, this investigation has been undertaken as a means of identifying the best 
scheme for the generation of non-linear chaotic particle response in the plasma. The 
comparative analysis of the different excitation methods has been based on a 
number of criteria. One requirement is that control of the wave spectrum coupled to 
the plasma be possible. In particular, that two (or more) wave-particle resonances 
not far from the ion distribution function bulk (i.e. corresponding to "detectable" 
amounts of resonant particles) be obtained. Amplitude levels sufficient for non-linear 
particle response should be achieved without generating strongly non-linear waves, 
or wave-wave coupling effects which would dominate over wave-particle coupling. 
Finally, parasitic (transient and secular) perturbation to the plasma should be 
minimized or avoided and symmetry maintained as simple as possible (i.e. 
cylindrical). The investigated techniques for wave excitation include the use of 
capacitively coupled rings and inductive coils at the plasma periphery, of grids 
immersed in the plasma, and of remote excitation by modulation of a localized 
electron resonance. 
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5.1 Theoretical considerations 

In the following we discuss ion wave excitation in the range of the ion cyclotron 
frequency and its first harmonics. Electrostatic perturbations ( V x E_ = 0 ), 
background Maxwellian distributions and uniform, non-collisional plasma are 
considered throughout. The dispersion relation for ion waves in a magnetized 
plasma, the general form of the excited potential in the plasma and the first order 
perturbation of the ion distribution function are computed. An inversion procedure 
used to infer the spatial structure of the wave potential from a local measurement of 
the perturbed distribution is also discussed. 

5.1.1 Normal mode analysis: dispersion relation 
A non-collisional plasma immersed in a uniform magnetic field (Bo) and subject 

to electrostatic perturbations can be described by the Vlasov-Poisson system of 
equations 

3f df _q . _ . df q _ at rt 

Tt+*'-àT + - m ^ x So)-a7 + m~E"a!=° 

v2<j»=-4jiZqJdy.f (5.1) 

where the unknowns are the electrostatic potential, 4> (E=-V<|>), and the particle 
distribution function, f, for the electron and ion species. The sum in 5.1 is performed 
over the different species. Setting Bo = Bo fiz, with Bo >0, we define 

l :=^( ïxBo) . - | i = - a ( v , | i . v y | i ) (5.2) 

df 
In cylindrical coordinates (vx * vicos 9; vy - visin q>; vz = vu ) I -- il ——. In a 

a <p 
uniform, electric field-free plasma, l=0 and to =fo (vi,vn); the system 5.1 can thus be 
linearized with respect to this equilibrium solution 

<LL IL nlL g.c âJo_ 
at + Y * a*""a<p s m £ a y 

V29 = _4jtlqjdy.f (5.3) 
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To preserve simplicity of notation, the variable f will denote the first order perturbed 

distribution. By Fourier and Laplace transforming in space and time, respectively, we 

obtain, for the first equation of system 5.3, the form 

^•^<-k-*>C-^k-S& 4^4-A (5.4) 

where fk(0) is the initial condition of the Fourier transformed f. Introducing according 

to Bernstein90, the function 

Go := exp ( ̂  J d (p (o) - k y ) ) = exp ( ̂  J d 9 [(co - k|| v„) - kxv±cos 9] ) (5.5) 

we note that -—^ = — (co - is • y ) Go so that — r = A Go. By integrating and 
89 Q dip 

considering separately electrons and ions, we have 

J+ 00 G 0 (<P) J+ 00 

where the + and - signs refer to the ion and electron species, respectively. 

Substituting in the Fourier-Laplace transformed Poisson equation gives 

k29k<o + 1 ^ ^ fdy f 9 d9'G(9,<p') k • %fc Oka, = 
m a J .±00 d y 

^H: = - Z ̂ f I dy [ <P d9' G (9,9'; *k (0, y') 

Setting the 9kw coefficient in (5.4) to zero and neglecting the term fk(0) yields a first 

form for the dispersion equation 

k2 + iI^o" Jdy j 9 d(p'G ( < M ° * '^ =0 (5'6) 

With 9' = Ci t + 9 , the double integral in (5.6) becomes 
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BB:= j dy f 9 d<p'G (<p,<p') k ^ = 

= -Q r ^ d v x v i f ~dv,| r ~ * J ^ d v G W l k i ^ + k x ^ c o s (Qt + *)] 

Using the well known identity 

exp (i x sin 9) = £ Jn (x) exp(i n 9), 
n = - «o 

where Jn is the n th order Bessel function, the 9 and t integrals can be performed, 
yielding 

kjyi 

BB = -2nQ Y f^dv,, f^dvxvx — ^ — N ^ + ^ - ^ f - ] 
n = -co J - "Jo cû-k|,v rnfi " * | | v± dv± i 

• 2 1 njyL \ 

(5.7) 

At this point an explicit form for the unperturbed distribution must be inserted. A two-
temperature Maxwellian, suggested by direct LIF expérimental observations, is 
considered 

fo(v) = no — exp ( - ^ ( — ) 1 * exp (- - ^ (5.8) 

Use of the identity 

f ~ H w „ I 2 / k l V l u m , V - l 2 i V^'-^2
 fl,n / k l2 v thlX2 » , , k±2Vthil2 . 

where ln is the n tn order modified Bessel function and vtnij?= - ^ , leads to 

B B = " ^ T £ «-XIn(X) (1 • zZ(z- no)) 

w Û ki2vthii2 

Vthiik||' Vthiik|| Q2 
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J_ f W j exp ( - t 2 ) 
(z-na) 

Z(z - na) := -7=1 f °° dx , '_/ (5.9) 

is the plasma dispersion function91. By introducing the Bernstein-Gordeev function 

+ 00 

BG ( 2, a, X) := £ e-*- ln (X) 2(z - na) (5.10) 
n = - 00 

and considering a single positive ton species, the dispersion relation for electrostatic 
perturbation reads 

D (Û>, k):= k2A.De2 + 1 + 2e BG( ze, <% >*) + | j j - [1 + * BG( Zj, ctj, X<) ] = 0 (5.11) 

The maximum modulus theorem applied to the complex-valued function D, 
supposed sufficiently smooth, guarantees the existence of solutions to the dispersion 
equation (5.11 ). Without additional approximations, however, these solutions must be 
found numerically, based, for example, on the Newton method for zero finding in the 
complex plane k- In practice, a value of the parallel wave number is fixed (k||=k||o) 
and the function kj.(a>, k|(o) reconstructed. The experimental procedure can in fact be 
assimilated to a boundary value problem, in which the frequency is imposed (to real) 
and the corresponding wavelength is measured. A typical solution for the LMP Q-
plasma parameters is shown in fig.5.1. 

For finite k|| two branches with a propagating character (i.e. Re(ki)»lm(k±)) 

can be identified: the forward (phase and group perpendicular velocities have the 

same sign) and the backward ( £- ^ - <0), often referred to as the ion acoustic-like 

and the neutralized ion Bernstein branch (NIBW), respectively, of the electrostatic ion 
cyclotron wave (ESICW) dispersion relation. The term neutralized92 is motivated by 
the fact that, in the regime v(hi < a>/k(( < vthe , the electron population follows 
coherently the electric field oscillation in parallel to the static magnetic field, 
neutralizing in this way the wave-induced charge separation. Wave absorption, 
quantified in fig.5.1 by the imaginary part of the perpendicular wave number, is 
essentially due to cyclotron damping in the perpendicular direction and ion Landau 
damping in the parallel direction. The difference in the physical mechanisms 
supporting the forward and backward modes originates from the frequency 
dependence of the relative wave numbers (both the real and imaginary parts). Whilst 
the ion-acoustic forward wave varies weakly across the cyclotron resonances, the 

http://k2A.De2
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Bernstein backward wave shows a resonant behavior at f=nfci; separate branches of 
the NIBW do indeed exist for the discrete cyclotron bands nfa < f < (n+1 )fa (n=1,2,...). 
We note that the short wavelength perturbations associated with the NIBW mode 
generally need a high degree of coherence in particle orbits, that is low levels of 
collisions and incoherent fluctuations, in order to propagate over finite distances in 
the plasma. 

Fig.5.1 Dispersion curves in the domain fCi<f<5fCi, with kjjo= 1 cm'1; the other 
parameters correspond to typical LMP values (B= 2kG). The dotted lines correspond 
to the imaginary parts of the wave numbers (negative values characterize the 
backward branch). The roots having an evanescent character, with Re(kj.)£lm(kj_), 
are not displayed. 

A useful form for the ESICW dispersion relation under the conditions 
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co-nQ 
\——| « 1 , fpj > fa , Te > Tj , can be found analytically for ns l 9 3 

co2-**2 T« 
— — = 2 T? exp (- h) U (- *i) backward 

Q2 I I 

co2 = Q2 + kj2 cs2 forward (5-12) 

To complete this section we also give also the form of the electrostatic 

dispersion relation for pure 1-D parallel propagation (corresponding to the eq.5.11 

with kj_ = 0 ) , whose solutions will be compared to the experimental data obtained 

using the grid excitation scheme 

1 " k2v2the|I
 T < kvthe„

 ) k2v2thj||
 Z < k m * > " ° <513> 

where Z' is the derivative of the Z function (eq.5.9), for which the relation Z'(z) = - 2 [ 

zZ(z) + 1] holds. 

5.1.2 Normal mode analysis: wave coupling 
In order to cast qualitatively the wave coupling to the plasma in more general 

terms than those imposed by the dispersion equation, we consider that use of the 

antenna leads to two separate effects. Both an initial perturbation to the distribution 

function (fk (0, yj) and an external charge density pext (& t)94 may be produced. The 

plasma response in terms of the Fourier-Laplace transform of the electrostatic 

potential can then be supposed to have the form 

... . H (is, co) pext (h, to) ..... 
• (K. w) • 7T7.—T * 4 K ~^~T—T (5-14) 

DOs,©) D(E, co) 

where H (K, co) is an integral expression directly dependent on fk(0, y.). In contrast, 

the dispersion function, D (k, co) depends rather on the form of fo(y_). 

By inverting the Fourier- Laplace transforms, the actual potential in 

configuration space can be formally obtained 

0 & t) = J d3js exp (-ils • x) f+~+'C dco' exp (ico' t) <J> (Is, co') (Ce »+) (5.15) 
J-oo+jÇ 
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<o* has to be read here as a complex number. The integration contour is a straight 

line parallel to the real co" axis, passing above all the singular points of <t> (k, co'). Using 

the residue theorem leads to 

0 'x, t) = -2 7t i £ Jd3is exp (-ik • x+ i % Gs) t) Rm<t> (k. tom) (5.16) 
m 

where com (k) are the poles of the function 0 (k, co') and Rm the corresponding 

residues. 

In principle, the poles com originate either from singularities in the numerators or 

zeros in the denominator (the dispersion function) appearing in expression 5.14. The 

former case will be referred to as resonant excitation, with for example a singular 

velocity space distribution produced at one point in the flowing plasma. The latter 

may be called non-resonant and may originate from two different situations, 

according to which of the two contributions, H(k, co) or pext(is. w) is dominant. We can 

define ballistic the case in which the potential is generated due to a velocity space 

(non-resonant) perturbation and dielectric the excitation by an effective external 

charge density. The different scenarii can generally be identified through an analysis 

of the first order perturbed distribution. 

5.1.3 Linear perturbations to the ion distribution function 
Collisionless wave-particle interactions for magnetized ions in electrostatic 

waves may be described by the Vlasov-Poisson set of equations (5.1). Since the 

particle trajectories (x(t), y.(t)) are the characteristics of the differential Vlasov 

equation, we can write 

|f(x(t).Y(t).t) = 0 (5.17) 

the orbits being defined by 

d-f-«> 

Non-linearity characterizes in general both the field and the particle motion 

equations. Low order perturbations are calculated by expanding the distribution 

function in powers of the electric field and integrating the Vlasov equation along the 
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unperturbed trajectories for an assigned electric field. Second and higher order 

corrections can be estimated by reconsidering the firs* order perturbed distribution in 

the Viasov equation and iterating the procedure (this is the basic idea of quasi-linear 

theory95). Non-resonant excitation, in the sense defined in the previous section, is 

here considered. Use of the Poisson equation guarantees self-consistency between 

charged particle density perturbations and associated electric fields. 

A simpler method can be applied when information is available on the plasma 

oscillations, in which the field is given a priori and the particle dielectric response is 

calculated96. Stated otherwise, the constraint imposed by the dispersion relation is 

accounted for either via direct coupling to the Poisson equation or by imposing an ad 

hoc form for the wave field. 

For the first order ion perturbation, f1 (x., y), the general solution reads 

1 e -t d$(x(t'M') dfo(v(f)) 

'ûfcStt) = m ^ i r - - * * (5-19) 

where x (t) and y (t) are given by (5.18) and the unperturbed distribution is taken to 

be spatially uniform. Of interest for perspective comparison with the experimental 

results is the dependence of f1 upon one velocity component, say vu or v i , obtained 

by integration over the perpendicular or parallel velocity plane, respectively. 

We consider first the case of purely parallel propagation (corresponding to a 1-

D problem), which, on the experimental side, is directly related to grid excitation. 

More generally, in cylindrical symmetry, the contributions to f1 (v(|) of a finite 

perpendicular wavelength can be disregarded and the result can apply to central 

(R=0) measurements of the parallel distribution even for obliquely propagating 

waves. Using a formalism similar to that of the dispersion relation discussed in the 

previous paragraph, an explicit form for f can be obtained. In this case it is the time 

variable which is Fourier analyzed. Due to the uniform plasma parallel flow, the z-

direction is equivalent to the time axis (z = VD t) for the particle orbits, and the integral 

over particle "history" can be read as an integral over z. For an unperturbed, drifting 

Maxwellian distribution this gives 

f 1 < z ' v»> - * f<> <vll> <1 ' ^ > * e x P ( j ^ f ) " exp ( i K„ z)] (1 - - ^ - ) • g(v„) (5.20) 
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* COZ 

where g(vu)= f'(z=0. vj) exp (i — ) is the ballistic contribution, i.e. the perturbation of 
to z 

the distribution at the antenna location. Note that the exponential term exp (i — ) 

causes ballistic-like propagation in velocity space. Its contribution to the macroscopic 
field at long distances, z vanishes due to the rapid oscillations which produce 
counterbalancing terms when integrated over velocities (phase mixing). Non-
collisional clamping is accounted for by the imaginary part of the parallel wave 
number. Examples of solutions calculated using the expression 5.20 will be shown in 
the following section along with the grid antenna results. 

A more complex expression represents the dependence of the perturbed 
distribution function on a perpendicular velocity47 

v - y ' mvthjl2 

m;n = -«> 

where a= -*-* , Çn = ~ F and where the other symbols have been introduced 
Q V2kvthi,| 

earlier. The form of the potential includes space and time harmonic dependencies, 
<Kx., t) = 0o exp (ikxx + ik||Z - i cot). At a given point in space, information regarding the 
perpendicular wave number kx and the field amplitude can in principle be extracted 
from f1(i, vy, t). In the case of small absorption (|Çn|< 2 for every n), the dependence 

on the parallel wave number becomes weak. Thus, by combining the parallel and 
perpendicular observations of the perturbed ion distributions, the wave field spectrum 
can be inferred. 

5.1.4 Reconstruction of wave forms from particle orbits (linear case) 
The results of the preceding paragraph highlight the link between the (linear) 

macroscopic wave fields and the (linearly) perturbed ion orbits, suggesting that 
observation of the latter can lead to a reconstruction of the plasma wave linear 
features. A generalization of this procedure to the non-linear interaction regime will 
be discussed later, when a reconstruction of particle phase space motion via optical 
tagging will be attempted (Chapter 7). In fact, this intimate link between fields and 
particles constitutes the essence of linear and non-linear wave-particle interaction 
physics. 
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More specifically, the inversion procedure required to make the transition from 

f1(yj to E(£) involves relatively complex algebra and necessitates some hypothesis 

even in the linear regime. In the perpendicular case, the basic idea is that different 

velocity classes, charactenzed by different Larmor radii, bring to the measurement 

point information about the field at slightly different locations. The solution, given by 

expression 5.21 can be evaluated for one space variable, giving an integral equation 

relating f1 and 4>97 

f1 (x. vy) = - fo(vy) I dx' [5 (x-x') + G(vy, « X ) ] j j ^ - (5.22) 

in which the kernel G(vy, x.x*) is given by 

G = r- I exP('k*) <*k £ J m (a) ln(X/4) exp[-ik(x'- ^ ) - X/4 - im| ] Co Z (Ç2n-m) 
dn m;n 

(5.23) 

where the time dependence exp(ioot) has been disregarded. The function G(x') has a 

very shaply peaked behavior; without the term Ço Z (Ç2n-m) it would indeed reduce to 

the distribution 5(x-x'). The resulting direct correspondence between the perturbed 

distribution and the wave potential makes the inversion of the integral equation 5.22 

relatively easy, and, in practice, the wave form can be obtained from the f1 (vy) data 

via a suitable axis rescaling97. For practical purposes, we note that the Fourier 
2k 

transform on vy of the expression 5.22 is peaked around Kvy = — , where Kvy is the 

Fourier variable conjugated to vy. 

In the parallel (1-D) scenario, non-locality is guaranteed by the different velocity 

classes in the case of a limited space interval (0,L) (2=0 and z=L are the positions of 

the antenna and detection point, respectively). By neglecting ballistic contributions, 

the expression for the parallel perturbed distribution (5.20) can be rewritten as 

where v>0 (in the laboratory frame) is assumed. Note that due to the supra-thermal 

drift this condition is satisfied by the large majority of particles. Based on expression 

5.24, the perturbed distribution can be interpreted as a Fourier transform of the 

electric field. The inversion in this case will yield a discrete sum 
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_ 2îcn œ 
E(x) = £ an exp (i kn x), with kn= - j — = — and 

n 
(5.25) 

m f1(Vn)Vnexp(-i<oL/Vn) 
^ e * dfoivn) 

dv 

Due to the finite signal-to-noise ratio in the actual measurements of f1 (vn) and fo(vn). 

the zeros of 3 ^ " (calculated from the measured fo(vn)) and of f1 (vn) do not 

necessarily coincide, but may occur for different values of vn. A singularity thus 

arises, linked to the zeros of the function -Q^~ and corresponding to an ill-posed 

inversion problem (a vanishing kernel in the integral equation 5.24). Experimentally, it 
can be overcome by ad hoc signal treatments. A portion of the vn axis corresponding 
to large values of an can be cut away, or, in a more standard approach, the 
denominator can be modified by adding an arbitrary small term, e, accounting for 

experimental noise: ^ ==> ^ [ ^ ] 2 + e2 s i g n ftM y 

As it appears clearly from the sketched calculation, the wave number resolution 
achievable using this method is limited to 1/L 

A more general model is presently being studied to address the complete 
inversion problem, taking into account simultaneously the perpendicular and parallel 
wave vectors in addition to the ballistic part of the antenna perturbation. Fredholm 
equations of the 1 s t and 2 n d kind98 would appear, which necessitate numerical 
solving methods. 

5.2 Experimental observations 

Before reviewing the wave propagation characteristics and the corresponding 
linear particle response, we introduce the specific experimental methods used in 
these linear wave studies. Measurements can be divided into two classes, 
corresponding to synchronous detection and time-resolved observations. 

Synchronous detection is performed with a lock-in amplifier which demodulates 
the input signal (LIF intensity or probe current) with a phase detector in precise 
synchronization with both the phase and the frequency of a reference signal. The 
result is a dc signal of magnitude proportional to the component of the input signal 
which oscillates coherently with the reference signal. Low-pass filtering of the 
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demodulated signal increases the signal to noise ratio (S/N). By varying the phase 
relative to the reference, the in-phase, I ("rear) and quadrature, Q ("imaginary") 
components can be obtained. The reference signal in this case is simply a copy of 
the antenna driving voltage, giving a lock-in output proportional to the first order 
perturbation in the probe or LIF signal (the terms which multiply the factor exp(icot) in 
the perturbative series: n(*,t) [f(x„y.,t)] = note) [fote)] + n100 [f1 (x..v)l exp(idit) + n2(x) 
[f2(*.Y)] exp(2io)t) +....). 

As for the unperturbed distribution measurements, the beam injection geometry 
determines the actual LIF signal nature. Parallel beam injection performs a natural 
integration over perpendicular velocities giving a signal providing f1(v(|); continuous 
radial scan of the injection point gives a perpendicular interferogram, proportional to 
n^r). Similarly, when injecting the beam vertically, f1(vj.) and, via an axial scan, 
n1 (z) are obtained. By doubling the reference signal frequency, information on 
second order terms can be derived. A sketch of the measurement scheme for 
synchronous detection is shown in fig.5.2. 

Pump ion laser Dye laser 
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Flg.5.2 Scheme for LIF synchronous detection of first (and second) order ion 
response to the antenna excited ion waves. 



90 Chapter 5 Ion Wave Excitation and Detection 

The second kind of observation, resolved in time, is required when transient 
phenomena or/and features in the dynamical plasma response involving 
characteristic times shorter than the wave period, are studied. These effects would in 
fact be occulted by synchronous detection, which essentially continuously averages 
the input signal over the reference period. A boxcar amplifier is employed in this 
scheme, when S/N does not allow direct single shot oscilloscope observations. 
Basically, the boxcar amplifier provides a time window (aperture) over which the 
signal is recorded. This window is triggered by an external repetitive signal, such as 
the wave excitation starting time. An average is then performed over a number of 
repetitions of the trigger signal; this number is fixed according to the aperture 
duration (TAD), the required S/N enhancement factor and the imposed signal filtering. 
The amplifier output is proportional to this average and, assuming perfectly 
reproducible conditions from shot to shot, is representative of the local time 
dependence. Note that the aperture duration can be chosen to be either much 
shorter or much longer than the wave period. Twave When TAD « Twave. the 
observation refers to local ion response in the wave period. This permits, for 
example, discrimination between adiabatic sloshing motion in the wave potential and 
non-adiabatic response. Conversely, if TAC > TWave > a n average over the wave 
period is performed. By varying the delay with respect to the external trigger (e.g. the 
initial time of a pulsed excitation), the transient evolution of the averaged response 
can be followed. 

5.2.1 Grid excitation 
In order to excite plane waves in parallel to the magnetic field, a flat grid, feo by 

an alternating voltage signal (Vac), is placed normal to the p'-asma column axis 
across the entire plasma cross-section. Grid spacing (=3 mm) and dc bias (Vdc--3 V) 
are chosen to minimize secular density perturbations, monitored by Langmuir probes 
placed at either side of the grid. Phase velocities, wavelengths and damping lengths 
are reconstructed for the different frequencies by recording LIF axial interferograms 
(fig.5.3). The wave dispersion curve can then be reconstructed and compared to the 
linear theory predictions (fig.5.4). Good agreement is found with the solution of the 
ion acoustic wave dispersion equation (eq.5.13), especially for the real part of the 
wave number. Low excitation levels are employed, with Vac<0.2 V, implying Sn/n<5% 
(calibrated by directly measuring the perturbed ion distribution). 
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Fig.5.3 Typical LIF interferometric trace. The density perturbation Ôn-exp(ikz) is 

plotted as a function ofz and the exponential reduction in the wave amplitude, due to 

Landau damping, can be observed. Here and in the following figures the one oven 

source is used (Chapter 4). 

For amplitudes (ôn/n) up to 10%, no distortion of the interferometric trace is 

noted, which would reveal wave steepening, shock fronts and eventually soliton 

formation, in contrast with earlier predictions and observations of these non-linear 

effects in pure 1-D unmagnetized experiments for amplitudes between 5 and 10 

o/099,ioo we also note that, based on the experimentally reconstructed dispersion 

relation (fig.5.4), the grid is unable to excite the slow mode, namely the downwards 

Doppler shifted ion acoustic wave, characterized by v«p=VD-cs. In the laboratory 

frame the latter is expected to propagate in the same direction as the upwards 

shifted mode, owing to the suprathermal plasma flow. 
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Flg.5.4 Low amplitude (Sn/n<5%) IAW dispersion relation. Real and imaginary parts 

of the LIF measured parallel wave number are plotted as a function of the grid 

excitation frequency. The theory curve is calculated for 7/ =0.2 eV, Te =0.25 eV. 

The reversibility of the damping and the consequent absence of dissipative 

collisional effects, suggested by the form of f1(v||) which exhibits phase mixing as the 

distance from the grid is increased (fig.5.5), is confirmed by the appearance of a 

plasma echo, when two waves of proper frequencies are launched by identical grids 

at different positions. In fig.5.6 we show the echo interferometric measurement, along 

with the observed frequency dependence of the position of its maximum amplitude. 

Echoes produced at different frequencies are observed to follow the same dispersion 

curve as that for the first order waves. 

In fig.5.5 we also show the calculated f1 (vu) from eq.5.20, without accounting for 

explicit ballistic perturbations. At these low excitation levels good agreement is found 

with the fully "dielectric" model. When the amplitude is increased (5n/n>25%), 

however, two sorts of apparent non-linearities can occur. First, the macroscopic 

wave field can reach levels at which particle orbits are strongly perturbed and can 

modify self-consistentiy the wave characteristics. This effect may be manifest as a 

change in damping lengths and in the form of quasi-linear modifications to the zero-

order distribution. Secondly, local grid-plasma coupling mechanisms can produce 

strong ballistic contributions to the perturbed distribution, with non-dielectric 

macroscopic potentials and free-streaming particles from the grid. In theoretical 

terms, these effects are equivalent to the term g(vn) in eq.5.20 becoming dominant. 
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Fig.5.5 First-order parallel distribution functions (in-phase components) at different z 
positions (z(grid)=0, 1=43.5 kHz, X = 4.1 cm, 6n/n*5%). Shown on the right are the 
corresponding results from a linear, 1-D, Vlasov model (eq.5.20). 
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Ambiguity in data interpretation can arise since, just as for the non-linear 
dielectric wave, the effective phase velocity of the perturbation and the damping 
length can depend on the excitation amplitude. Moreover, a frequency dependence 
may occur other than that predicted by linear theory. A detailed analysis is beyond 
the scope of this work, but we report some of the experimental observations 
demonstrating the twofold nature of the fields created when the amplitudes 
characterizing the linear regime are exceeded. 

Fig. 5.6 Echo measurement. The LIF signal oscillating at the difference frequency, 
{fz-h) is shown, along with the two first order waves (f^ 40 kHz; f2 =70 kHz), which 
are damped before the appearance of the echo oscillations. L=41 cm is the distance 

h 
between the two grids. The theory line is calculated from zmax= L jfr (zmax is the 

position of the echo maximum)w\ 
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Evidence for particle trapping in the wave potential appears in the shape of the 

observed fo(v|). which shows a plateau™2 centered at the ion acoustic wave phase 

velocity (fig.5.7). The apparent width of the trapping region agrees with the 

V e<t> 
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Fig3.7 Plateau formation on fo(vn) at v= cs (VAC= 6.4V). The linear case (VAC=0. 1V) 

is also displayed for a comparison; driving frequency-43 kHz. 

Macroscopically, this should correspond to a regime in which bouncing motion of 

particles in the potential troughs dominates the linear (Landau) damping mechanism 

and the apparent damping length becomes a function of the excitation amplitude103. 

As shown in fig.5.8 (top), where the damping coefficient (lm(k)/Re(k)) is represented 

as a function of the applied potential on the grid, interferometric observations at high 

amplitude seem to confirm this hypothesis. The same kind of measurement provides 

the dependence of the phase velocity (determined by the real part of the wave 

number) on the perturbation strength. We see in fig.5.8 (bottom) that no Significant 

variation occurs for Vac<lV, until a second branch appears, with v,p scaling as 

Vac1/2. This phase velocity is also observed to vary with the frequency (v«~ fO-2). 
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Fig.5.8 Variations of observed damping lengths and phase velocities with excitation 

amplitude (non-linear dielectric and/or ballistic effects?). Top: damping coefficient vs. 

applied potential; data corresponding to different frequencies are displayed (f=45, 80, 

105, 150 kHz). Bottom: phase velocity vs. applied potential (f= 45 kHz). 

Space and time resolved observations in the kinetic plane identify the ballistic 

character of this propagating perturbation. The 3-D plot shown in fig.5.9a represents 

the measured distribution as a function of position in the spatial wave pattern, for cw 

excitation. The "beams" appearing in the distribution wings and propagating in 

velocity space are a clear indication of a dominant ballistic component. Furthermore, 

the linear dependence of velocity space location on the actual position, shown in 

fig.5.9b, confirms their nature of ballistic ion bursts accelerated by localized 

electrostatic sheaths at the grid (see eq.5.20). The decreasing slopes of these curves 

reflect the dispersion of the burst in space, due to the finite velocity spread of the 
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ions of one burst. Analogous results yields the time resolved measurement in the 
perturbation period104. 

Flg.5.9 (a) Spatial evolution of the time-resolved ion distribution, under conditions in 
which the ballistic response dominates (8n/n~1, f = 40 kHz), (b)spatial evolution of 
ballistic ion bursts as extracted from the measurements in (a). 
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These macroscopic perturbations are often referred to as pseudo-waves105, 
since they have propagating characteristics but they are not solutions of a self-
consistent dispersion relation (i.e. resulting from the coupling of Maxwell's equations 
to the plasma dynamical equations) The dependence on the specific excitation 
mechanism at the grid, probably linked to the geometric details of the launcher, limits 
the general interest of such a phenomenology. Concerning the application to the 
study of non-linear wave-particle interaction, grid based launching schemes do not 
seem to be good candidates. Leaving aside the difficulties of data interpretation, the 
high amplitudes (necessary to achieve chaotic particle response) cannot be obtained 
without producing strongly non-linear wave behavior and local ballistic effects and 
pseudo-wave generation. Different techniques need therefore to be explored, in 
which plasma contact with metallic launching structure and the associated localized 
strong electrostatic fields is minimized. 

5.2.2 Remote excitation: Double Resonance method106 

The term Double Resonance (DR) is normally ^sed to indicate a non-linear 
wave process involving a high frequency plasma (pump) wave, corresponding to one 
of the electron plasma eigenmodes, modulated in frequency or amplitude at a 
frequency close to a resonance for the ion population (typically, the ion cyclotron 
frequency in a magnetized plasma)107. In the experiment reported herein, we 
analyze primarily the mechanism of remote excitation of electrostatic ion waves by 
an electromagnetic Electron Cyclotron-Upper Hybrid (EC-UH) pump wave. In the 
context of remote excitation of low frequency waves, we study in particular the 
frequency modulated electron resonance as a kind of virtual antenna for the oblique 
(Ki. k|r* 0) electrostatic ion cyclotron waves, both the forward ( ion acoustic-like) and 
the backward (neutralized Bernstein) modes. A method for the selective excitation of 
the latter is proposed, based on an appropriate choice of the modulation parameters. 
In addition to wave-particle interaction studies in laboratory plasmas and possible 
heating applications in tokamak plasmas108 (limited, though, by a poor overall 
energetic efficiency), renewed interest in the Double Resonance as a wave 
launching scheme has recently been shown in connection with experiments on large 
scale modifications of the ionosphere by electromagnetic waves109. 

The present experiment is performed at the maximum B-field intensity for the 
LMP Q-device, B»0.3 T, corresponding to fce»8 GHz, fcp30 kHz. The RF launching 
apparatus comprises a high frequency (7-12 GHz) generator, a Traveling Wave Tube 
Amplifier (TWTA) and an open X-band waveguide facing the plasma at a distance of 
about 1 cm and arranged so as to launch the extraordinary mode (with the wave 
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electric field perpendicular to the static B-fiekJ) inside trie vacuum chamber. A second 

open waveguide is placed in front of the antenna to measure the transmitted power 

through the plasma slab. The maximum power flux to the plasma is of the order of 1 

W/cm2. In frequency modulation (FM) mode, the source field can be represented by 

the form Eooos[2jct(fo+Afcos2itfF:Mt)], where fo is the central (or "pump") frequency, 

fFM the modulation frequency and Af the modulation "excursion". A modulation 

frequency fFM<50 kHz , with an excursion between 0 and 30 MHz, can be obtained. 

A schematic view of the RF circuit is shown in fkj.5.10. 

Fig. 5.10 Block diagram of the microwave circuit. A- FM modulation signal; B- main HF 

generator (7-12 GHz); C- HF spectrum analyzer; D- TWT variable gain amplifier; E- bi

directional coupler; F- open waveguide (X-band); G- vacuum chamber; H- plasma cross-

section; I- power meter. 

We consider an electromagnetic (e.m.) wave in the upper hybrid resonance 

frequency range (fuH2=(fce2+fpe2)1/2=8 GHz). For the low density, relatively strongly 

magnetized LMP plasma, fp e«fce and fuH is very close to the electron cyclotron 

frequency, 5f=fuH-fceœ1/2 fpe2/fce=50 MHz (6f/f=0.6 %). When an e.m. wave 

propagating in the X-mode encounters the upper hybrid resonance, its electric field 

enhances in amplitude and tends to become parallel to the direction of propagation. 

The condition for matching to the electrostatic mode is then satisfied, and efficient 

conversion to the Electron Bernstein wave (EBW) can take place110. To confirm this 

picture for our particular plasma parameters, we consider the warm (i.e. first order in 

Larmor radius) plasma dispersion relation for an e.m. wave in the upper-hybrid 
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frequency range. A typical solution is shown in fig.5.11 as a function of the radial 

position on the density profile. The analytic form n(R)=no[1+ exp(aR-P)]"1 was 

considered for this calculation, with oc=5.6 c m 1 and p=10 chosen to fit the 

experimental profile. The upper hybrid layer is clearly identified (the index of 

refraction tends to infinity). At this point on the profile, the wave characteristics 

become electrostatic and almost independent of the density. 

)n—«—• A • — ' — i — 

0.0 T 0.5 1.0 1.5 
UHRes. R/a 

Fig. 5.11 Theoretical solution of the dispersion relation for electromagnetic waves in 

a warm magnetized plasma as a function of the position on the density profile 

(f/fce=1.0005; fuH(r=0)/fce= 1.025; Te=0.2 eV; kjfslxlO4 cm1; ne=1x1(F cm*). The 

density profile used for the calculation is also shown (dotted line). 

Propagation of the EBW is possible only between the electron cyclotron and the 

upper hybrid frequency. In this range, experimental evidence for the presence of an 

electrostatic oscillation at the plasma center was found. An L-tip tungsten probe 

measured an effective perpendicular wavelength of the order of 1 cm (kipe=2.2x10-
3 ) , corresponding to typical values for the electron Bernstein mode. The 

enhancement of the wave electric field at resonance, limited mostly by the presence 

of collisions111, is responsible for local electron heating. 

The situation is somewhat complicated by the presence, in the frequency band 

between fCe and fuH. of the conversion-originated EBW. The propagating EBW can 

in fact supply energy to the electrons via linear (cyclotron or Landau) damping 
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mechanisms. Moreover, for f=fce. Electron Cyclotron Resonant Heating (ECRH) can 

occur all along the plasma cross-section. Our observations, though, suggest a well 

localized plasma response, indicating that this effect does not play a predominant 

role. For these reasons, in addition to the naturally limited frequency range for 

propagation, the entire interval [fee. fUH] will be considered in the following to be the 

resonant region. Different tools are used to locate the resonance, based mostly on 

the heating effect produced by the wave in this frequency interval. 

The presence of relatively high energy electrons can be detected in the Barium 

plasma by observing the light emitted by the ions at 493.4 nm and 455.4 nm. 

Assuming a Boltzmann electron distribution, a value for the temperature (or pseudo-

temperature Te', since the dependence on the a priori assumption of the distribution 

type is essential) can be obtained by comparing the intensity of the two spectral lines 

(see chapter 3). Variations in the electron temperature can be followed using 

Langmuir probe measurements, with an enhanced spatial resolution (<3 mm) but a 

relatively slow time response. The high frequency resonance can also be localized 

by measuring the transmitted power through the plasma slab: the enhanced 

absorption of the pump wave will cause a dip in the microwave transmission signal. 

The three signals, probe ion saturation current (proportional to the product nxTe
1/2), 

plasma fluorescence at 493 nm and transmitted microwave power, are presented as 

a function of the e.m. wave frequency in fig.5.12. As expected, the width of the 

resonant region is about 50 MHz and is almost independent of the incident power. 
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Fig. 5.12 Different signals indicating the high frequency resonance: the transmitted 

power through a plasma slab (a), the fluorescence emitted by the plasma at 455 nm 

(b) and the Langmuir probe ion saturation current at the plasma center (c), are 

plotted vs. the frequency detuning of the pump wave from the center of the 

resonance region (Mo), which is 8 GHz. Pri= 1 W for the three curves. In all cases 

the vertical axis has arbitrary units. 

The scaling of Te* with the RF incident power is displayed in fig.5.ï3. A significant 

increase (Te*max/To»40) is observed , corresponding to electron heating or, in the 

case of a non-maxwellian distribution, the creation suprathermal electrons. The 

possibility of controlling the Te* value is also demonstrated, although no clear 

explanation for the 1/2 power dependence has been found. 
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Fig. 5.13 Dependence of the line intensity ratio (converted here into temperature, 
Te') on the RF input power. The observation point is a few cm upstream of the 
waveguide. The best fit line indicates a square root power dependence. 

Along with the linear conversion, non-linear parametric effects occur" 2. if t n e 

driving wave frequency is maintained at resonance, a signal around fci and its 

harmonics is seen on the low frequency fluctuation spectrum. By measuring the 

perpendicular wavelength and by testing the frequency dependence of this oscillation 

on the B-field magnitude we identify the decay product with the forward branch of the 

EICW dispersion relation (fltecay-O+Sjfci, &=0.2). Ion heating has also been observed 

to correspond with the parametric decay. The measured ion temperature and the 

amplitude of the decay product are shown in fig.5.14 as functions of the RF pump 

power. The instability threshold is situated around 20 dBm. 
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Fig. 5.14"Monochromatic" parametric decay features measured at the plasma 

center, (a) Scaling of the decay lower frequency with the B-field. The line 

corresponding to the values of fc\ is also plotted. Prr= 1 Wat resonance, 

(b) Decay amplitude and ion heating effects for several pump power values. The 

power axis is logarithmic (dBm) and the background noise level for the measurement 

of the mode amplitude is indicated (TQ=0.2 eV). 

The principal aim of this experiment is to study the effects of the modulation of 
the h.f. field, in relation to the possible excitation of ion oscillations over an extended 
frequency domain, When the e.m. wave is frequency modulated in the fci range, an 



Chapter 5 Ion Wave Excitation and Detection 105 

enhancement in the level of the low frequency oscillation (=+15 dB) with respect to 
the monochromatic case is observed for different pump powers. A reduction in the 
instability threshold can be inferred indirectly. A first indication of ion wave 
propagation can be obtained from the probe signal locked to the FM driver. This 
signal, displayed in fig.5.15a as a function of the modulation frequency (fFM) shows, 
along with low frequency (drift or "edge"113) modes around 10 kHZ, a clear response 
over a large region of the first ion cyclotron harmonic band. 
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Fig. 5.15 Probe response locked to the FM driving signal. (a)vs. the modulation 
frequency, for pump wave at resonance (*1W, R/a=0.5). (b): vs. the h.f. resonance 
detuning from the center of the resonant region (MQ) for fMsi,2fCj. 
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To prove that this signal derives effectively from the h.f. resonance, a fixed 
value of fFM=i .2ic, was chosen and the pump frequency swept. The result appears 
in fig.5.15b; the signal at fPM is present only for resonant pump frequencies (fuH-
fc«=50 MHz). The double peak structure of this curve may be attributed to the 
presence of the two distinct resonant effects (due to fee and fuH). at one point on the 
radial density profile. 

The ion wave characteristics are investigated via the LI F methods described 
earlier (§5.2). By applying these techniques to the frequency modulated upper hybrid 
wave, the dispersion relation of the launched ion wave is reconstructed 
experimentally. We show in fig.5.16 the measured perpendicular dispersion relation 
corresponding to the parameters given in the figure caption; the modulation 
excursion is maintained constant troughout the series of measurements. Points are 
shown corresponding to several experimental runs (characterized by slightly different 
values of the magnetic field and density). The horizontal error bars are linked to the 
measurement of the parallel wavelength (0.1 cnrr1< k|| <1.5 cm-1); due to the plasma 
drift, the frequency in the plasma frame is Doppler shifted: co => co ± k|( VQ. A set of 
solutions calculated using the linear electrostatic dispersion relation (eq. 5.11) for a 
relevant range of plasma and wave parameters is shown as a theoretical "band" in 
the figure. Both the forward and backward branches of the EICW dispersion relation 
can be identified. 

The two modes have comparable amplitudes (5n/n never exceeding 3 %) for 

the maximum modulation excursion, in contrast to the usual case of capacitively 

coupled antennas, which excite the fast mode much more efficiently than the IBW114. 

The usual strong damping for ion waves in Q-machines, due to a temperature ratio 

close to unity, is in this case reduced; the heating rate is in fact smaller for ions than 

for the electron population. The ratio Te/Tj increases by almost an order of magnitude 

and the Landau damping effects decrease significantly. This explains the observation 

of propagation over a portion of the harmonic band much broader than in the 

unheated case. 
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F/g. 5.16 Perpendicular dispersion relation. The experimental points correspond to 
2.5 kG< B <3 kG, 0< H/a <0.7, Prf= 0.3 W and maximum modulation excursion. The 
set of theory curves corresponds to 0.1 cnrl< % <1.5 cnr1, 0.6 eV< Te <2.5 eV, 
0.18eV<Tj<0.5eV, n= 1(Pcm3. 

In kinetic terms, the clearest signature of an ion wave propagating in a plasma 
is the presence of a perturbed ion distribution (f1(vu ,vi)). A typical measurement of 
f1(vx) is shown in fig.5.17 for fFM=i.3fcj. The velocity space oscillations are 
characterized by a certain equivalent wave number, KVJL, related to the actual wave 
number kx (Fourier conjugated to the real coordinate R): kx =27ifCjKvj/v,hj (see 
§5.1,4). Good agreement between the wave number value derived from the velocity 
space oscillations of the perturbed ion distribution and that measured 
macroscopically by interferometry has been found for several driving (i.e. modulation) 
frequencies. 
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Fig. 5.17 First order perturbed perpendicular ion distribution (in-phase component). 
Kv±vthi~2n => k±= nQCj/vthiBl7 cm-', which corresponds to the macroscopic 

measurement (for the same conditions, kl
m^ro=16±3cnr'). fM/1c,=1.3, Prt=0.3 W, 

R/a=0.5; Af=8MHz. 

No clear evidence for ballistic effects has been noted. Indeed, the possibility of 

avoiding such ballistic perturbations is one of the advantages of the DR method 

which, as an external launching scheme, does not require mechanical structures 

inside the plasma. 

We have demonstrated that the oscillating upper hybrid resonant layer plays the 

role of a "virtual" antenna localized on the perpendicular density gradient. The pump 

wave frequency modulation is translated, via the condition co=(co2
ce + <o2pe (R))1/2, 

into a radial sweep of the resonant layer. The total radial displacement, A, is simply 

determined by the modulation excursion: A=(c)fuH(R)/<)R)'1 Af. The strongest coupling 
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occurs generally at the maximum of the density gradient. At this location, a Af 

between 0 and 20 MHz gives a A ranging from 0 to the full plasma diameter. 

In experiments elsewhere, the excitation of ion modes by a modulated 

electromagnetic wave above the plasma frequency (in magnetized107 or 

unmagnetized115 plasmas) has been attributed to the ponderomotive force. A 

possible alternative interpretation of the coupling mechanism in the FM case can be 

outlined. The strong local electron heating produced by the high frequency wave 

seems to indicate that the most effective source term for the low frequency wave is 

the radial oscillation of the locally enhanced electron temperature. On the other hand, 

the observed low frequency wave features (e.g. f1(v)) suggest the use of the Vlasov 

description. Assuming quasi-neutrality and an adiabatic (or Boltzmann-like) electron 

response, one can postulate for the driving potential the expression 

*(r.t) = ̂  Te(r.t) Jdy f 1 i(r,t,y) (r=(R.e.z)) (5.26) 

with a temperature term of the form 

Te(l.t) = Te0[l +t 6(z-z0) 8(R-R0+A cos 2nfFMt)] (5.27) 

where (Rrj. ZQ) is the resonance location and t = Te
1 /Te° (Te

1 is the locally 

enhanced electron temperature). 

The potential defined in (5.26) can be inserted into the Vlasov equation for the 

ions. By linearizing, Fourier analyzing in time and space and integrating over velocity 

space, a general form of the equation for the ion density perturbation (in Fourier 

space) can be obtained 

n1 (<oJs) D(caJs) « At A |1 -D(coJj) \LmM Jm2( ^ ) Jdk/ J n 2 ( ^ ) 

x[n1 (w + ccnm fFM, k/) + n1 (o> + (3nm fFM, k/)] (5.28) 

where D(co,h) is the standard electrostatic dispersion function; a n m , pnm indicate 

linear combinations of the indices n,m. J n is the Bessel function of order n, 

k«(k_L,$,k||) and A is a constant. To solve the integral equation (5.28) is beyond the 

scope of this work; some of the physical issues, however, can be inferred by simple 

qualitative considerations. The source term on the RHS acts f»s a perturbation of the 

linear dispersion relation D(w,k.)=0. For a fixed frequency, the efficiency of the 

coupling to the ion modes is therefore determined by the amplitude of the source 

function calculated at the point in js space which satisfies the plasma dispersion 
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relation. To a first approximation, k|| can be considered as a free variable so that the 
most important parameter determining the amplitude of the various terms is therefore 
k±. In the source function, k^ appears in the product k^A, argument of the Bessel 

functions. Thp perpendicular wave numbers are thus expected to be influenced by 
the value of the resonance excursion A, fixed by the frequency modulation excursion. 

In fig.5.18 the measured perpendicular wavelengths are shown as a function of 
the radial resonance excursion, for a fixed driving frequency (fFM=1.1 i^). Only the 
stronger of the two modes is considered, the ion acoustic-like or the ion Bernstein. 
The ratio of the two amplitudes (Bernstein over ion acoustic) ranges from 0.6 for the 
maximum excursion (the case of fig.5.16) to >20 for a resonance excursion of 
A=0.3a. 
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Fig.5.18 LIF measurement of perpendicular wavelengths of the strongest mode at 
fM/fCi=1.1 vs. the radial excursion of the resonance. The line is a best fit to the 
experimental points (P^O.3 W; R/a^0.5). 

The observed linear dependence of \± on A indicates that a value of the 
product kj.A exists, for which the wave excitation efficiency is maximum. 

Consequently, control over the launched perpendicular wavelengths and selective 
excitation of the ion Bernstein mode (characterized by large values of kx) can be 
achieved experimentally. 
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In summary, a localized virtual antenna for the excitation of electrostatic waves 

is created inside the plasma by modulating a resonant e.m. wave in the upper hybrid 

frequency range. The excited waves (f~fci) have been identified as belonging to the 

two branches of the electrostatic ion cyclotron wave dispersion relation. The virtual 

antenna resulting from the radial sweep of the resonant layer (in FM) has a number 

of interesting properties. With respect to a metallic antenna inserted into the plasma, 

it has the advantage of avoiding a direct perturbations of the density and the ion 

velocity distribution: the coupling takes place primarily via collective field effects. By 

imposing a certain frequency modulation range one can fix the radial excursion of the 

resonance-antenna. A model, based on the Vlasov equation for ions and on the local 

electron temperature gradient as a source for the low frequency oscillation, indicates 

a possible selective excitation of the Bernstein wave. This prediction has been 

experimentally confirmed, demonstrating "control" of the perpendicular wavelength 

(exploiting the degree of freedom left by the relative dispersion relation) through the 

choice of the modulation excursion. 

Several applications of this wave scenario can be envisaged, in the case of 

remote wave excitation in the ionosphere, the possibility of using a frequency (as an 

alternative to amplitude) modulated ground launched wave should be explored. With 

regard to the diagnostic application of the EIC wave propagation study, which allows 

an estimation of the ion temperature from the shape of the dispersion curve (if 

Te>Tj), one might consider the external injection of a low power electromagnetic 

wave into a high temperature plasma. When frequency modulation (in the range of 

the ion cyclotron frequency) is applied, an ion oscillation is excited at that point 

satisfying the resonance condition. The subsequent measurement of the wave 

numbers corresponding to different modulation frequencies will then give an estimate 

of the ion temperature at this point. Finally, this launching method can be applied to 

the study of chaotic wave-particle interaction. The Bernstein mode, in fact, is 

particularly suitable for achieving large scale dynamical chaos, since the stochastic 

threshold in the case of a single monochromatic wave depends inversely on the ratio 

of kj./k||. For this application, though, a number of plasma parameters must be 

modified with respect to our experiment, in order to reduce the parasitic effects of the 

high frequency field (e.g. plasma rotation, the associated edge plasma heating and 

plasma non-uniformities) and to increase the amplitude of the excited low frequency 

modes. In terms of 5n/n, maximum wave amplitudes appear in fact to be limited (<5 

%) for every high frequency input power, probably due to strong non-linear effects 

both in the wave and in the particle dynamics. These amplitudes are not sufficient to 

reach stochasticity threshold even in the most favorable case with respect to the 

excited spectrum. 
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5.2.3 Remote excitation: inductive antenna 
The inductive antenna consists of a coil of axirJ extension 3 cm and diameter 7 

cm, situated around the plasma column. The coupling mechanism is based on the 

linear conversion of an elec'.romagnetic plasma wave at the "cold" (lower hybrid) 

plasma resonance into electrostatic ion modes116. Mode conversion is here linked to 

finite ion Larmor radius effects. Primary excitation occurs through an oscillating 

magnetic field parallel to the static field, generated by the oscillating current in the 

coil windings. 

Analysis of the linear mode propagation characteristics indicates that EIC waves 

are generated, with both perpendicular and parallel components. The reconstructed 

dispersion relation for this launching scheme will be shown along with the capacitive 

antenna results in the following section. By observing the ion density response (i.e. 

the LIF signal locked to the antenna driving signal) as the excitation frequency is 

slowly swept, a coupling efficiency curve can be determined. In fig.5.19 we show that 

for the inductive antenna the response is peaked in the low damping region for the 

EIC waves, slightly above the ion cyclotron frequency and its harmonics. 
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Flg.5,19 Inductive antenna: local ion response as a function of excitation frequency. 

We note that in general the coupling efficiency can be modified by adapting the 

geometrical configuration (here, for instance, we maximize the efficiency by acting on 

the coil winding spacing) but that the perpendicular and parallel wavelengths 

associated with a particular frequency are uniquely determined by the plasma. 

The amplitude of the excited waves in simple (non-tuned) cor,figurations never 
exceeds Sn/n*lO%. Larger amplitudes may possibly be achieved with a tuned (high 

Q) circuit, necessitating specially cooled feedthroughs to support the relatively high 

current circulating in the coil resonant circuit. This difficulty, in conjunction with the 
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limited spectral features (only one propagating mode in parallel), prevented a 
straightforward application of the inductive antenna to the chaos experiment and 
motivated the development of a direct capacitive coupling scheme. 

£2.4 Capacitive coupling: 4 ring antenna 
One to four rings surrounding the plasma column, in contact with the plasma 

edge, constitute the capacitive antenna. Ring spacing can be varied continuously in 
situ from 10 mm to 60 mm. the ring width being about 5 mm. To reduce direct 
electron losses in the near field region, the antenna rings have been covered by an 
insulating material (teflon). A schematic of the 4 ring antenna included in the 
corresponding LMP arrangements for these experiments is shown in fig.5.20. 

Fig.5.20 Set-up of the 4 ring antenna system in the LMP machine; the relative 
location of the LIF beams is also indicated. 

The launching circuit comprises a function generator (maximum output 10 V at 
50 Q), a +55o'B gain amplifier and a ferrite-core transformer used to partially adapt 
the 50 il amplifier output to the high antenna impedance, to impose different relative 
phases on the rings and to guarantee electrical isolation. An arbitrary dc bias can be 
applied to the antenna. Best coupling is obtained when the entire system is floating 
with respect to the plasma. The flexible antenna geometry allows an improvement in 
the excitation efficiency by matching the antenna spectrum to the solution of the full 
plasma dispersion relation. Fig.5.21 demonstrates the variation in excitation 
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efficiency and the constancy of the excited wavelength by compiling the LIF axial 
interferograms for different values of the ring spacing. In this example, the relative 
phases applied to the rings are [-it,jt,-n,7tj. 

rrrl 
10 mm < d<60 mm 

f=26kHz f = 30kHz f=34kHz 

dmin - 2 0 mm 

'max = 6 0 mn 

Flg.5.21 Demonstrating the variations in wave amplitude with different ring spacing. 
The ring distance is increased in regular steps from 20 mm to 60 mm (top to bottom 
in the graph). Data taken for three values of frequencies are displayed (f=26, 30, 34 
kHz). Note the presence of a periodic behavior, corresponding to the condition: 
d*Ln+vLn ^//n, where n is an integer and A// = A// (a) is determined by the plasma 
dispersion relation. 
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In the two oven source arrangement (see Chapter 4) the optimum coupling to 
the ion waves in the fCi frequency range is obtained for an inter-ring distance of 60 
mm and relative phases [11,-71,-71,71]. In the following we will refer to this configuration 
exclusively, unless explicitly indicated otherwise. 

The experimentally reconstructed wave dispersion relations for propagation 
perpendicular and parallel to the static magnetic field are illustrated in fig.5.22, which 
includes the points corresponding to the inductive antenna. When employing two 
separated ring antennas at two different freqencies, beat waves are excited that obey 
the conservation laws for matching parallel wave numbers and frequencies; points 
indicating the relation R(w) for beat wave excitation are also displayed in fig.5.22. 
This is an indication that a single antenna should be preferably employed since 
wave-wave non-linear coupling appears to dominate wave-particle coupling with two 
distinct structures. In fig.5.22(a) the resonant feature of the wave near the ion 
cyclotron harmonic frequencies is apparent. The theoretical solution derived for these 
plasma parameters (displayed for clarity at constant ky) allows both the forward and 
backward branches to be identified. The parallel dispersion (fig.5.22(b)) shows two 
distinct lines in the frequency interval fCj<f<4.5 fCj. Coupling between perpendicular 
and parallel dispersion is suggested by the data. 
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Flg.S.22 (a) Measured perpendicular dispersion relation. ES: 4 ring antenna. EM: 
inductive antenna. Theory curve assumes electrostatic waves, (b) Parallel dispersion 
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relation. The beat wave was excited by two axially separated electrostatic 2 ring 

antennas. 

In the range fCi<f<2 fCj. of interest to our experiment, a simple interpretation of 
the observed dispersion is possible. In the laboratory frame, a single frequency is 
placed on the four ring antenna. In the plasma frame, according to the direction of 
propagation along the magnetic field, the wave frequency is Doppler shifted either up 
or down. Waves with two parallel phase velocities are observed, corresponding to 
the two propagation directions in thP plasma frame. In addition, the upward Doppler 
shifted frequency has associated with it two perpendicular wavelengths 
corresponding to the two roots of the EICW dispersion relation (fig.5.22(a)). A typical 
measurement of f1 (v(|) is shown in fig. 5.23 (top), along with the corresponding 
theoretical prediction (fig.5.23 (bottom)), calculated using the Vlasov model, 
assuming no ballistic contributions and two independent purely parallel waves. The 
relatively good agreement indicates that ballistic effects from capacitive antenna do 
not play a fundamental role. In contrast to the grid results, the same kind of behavior 
is observed when the excitation amplitude is increased by more than a factor of ten. 
In fig.5.24 we show the wave number spectrum as inferred from the inversion 
procedure described in §5.1.4 (eq.5.25). Two peaks are readily noted, corresponding 
to the two parallel phase velocities. 
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Fig. 5.23 Top: typical measurement of the downstream fl(v]t) (in phase component) 

for the 4 ring antenna (f=25 kHz). Bottom: corresponding theoretical curve, calculated 
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from eq.5.20 for two independent modes; a ratio of .4 between slow and fast wave 

amplitude is assumed. 
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Fig.5.24 kjj spectrum of wave electric field at 25 kHz, reconstructed from the 

measured f1(vu)-

The spectral characteristics of the capacitive antenna excited modes seem thus 
appropriate for the attainment of the stochastic ion response, since several 
resonances appear in particle phase space, corresponding to the two parallel phase 
velocities and the cyclotron resonances existing for finite kj.95. Moreover, these 
phase space regions are populated by significant amounts of ions (since the phase 
velocities are of the order of the ion thermal speed), which can be accessed by LIF 
and tagging diagnostic methods. 

High excitation amplitudes are also necessary for the investigation of wave 
induced chaos. The wave effects and characteristics need therefore to be studied as 
a function of the potential applied to the antenna, in order to establish the operation 
limits inside which the wave-particle dynamics is not dominated by parasitic effects. 
At very large amplitudes (8n/n~1) we observe downstream (with respect to the 
plasma flow across the antenna) a drastic reduction in the plasma density, a pinching 
of the radial profile and an enhanced plasma rotation. Bursts of ions carrying ballistic 
perturbations upstream appear in the f1(V||) measurement (fig.5.25). 
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Fig.5.25 Example of the antenna parasitic effect: f1(v/i) measured upstream in the 

very strong (Sn/n-1) excitation regime. Ions reflected and accelerated ballistically at 

the antenna are visible on the negative (i.e. directed towards the hot plate) velocity 

axis (one oven source). 

This agrees with the results of a 1-D electrostatic particle in cell simulation117, 

which predicts particle reflection due to direct interaction with the antenna potential at 

velocities directly depending upon the oscillating potential barrier height. In fig.5.26 

we see the results of the simulation in terms of the ion phase space (top) and the 

spatial dependence of the potential in the plasma (bottom). In the simulation the 

plasma drift is accounted for by artificially imposing a drift velocity to the antenna 

(Vants0.74 105 cm/s, directed to the right in the figure). A "ballistic" beam-like 

response characterizes the particles reflected by the drifting antenna and appears on 

the upper part of the phase space plot. The spatial extension of the simulated 

antenna, i.e. the region where a potential is imposed to the plasma, is of the order of 
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the excited wavelength, X (X=1.2 10'3 in the units of the plot x-axis). Electrons are 

here described by a linearized Boltzmann distribution, with Te=0.2 eV. Periodic 

boundary conditions are imposed. 
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Flg.5.26 Example of the antenna parasitic effect: simulation results. Ion phase space 

(top) and potential, in units ofe/kBTe (bottom). The initial ion temperature is fixed to 

Tj=0.1 eV. The picture is a snapshot taken for a time t=7Tan{, where Tant is the 

antenna excitation period (by courtesy of M. Fivaz). 

An operating regime has, however, been found, in which these effects do not 

appear (or are marginal) and which is distinct from the linear case, where the ion 
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waves do not significantly affect the particle dynamics. Experimentally, this implies 
the use o* the two oven source, which enhances the plasma density by a factor of ten 
with respect to that typically attained with the one oven source (from -109 cm*3 to 
«1010 cm-3, see Chapter 4). Wave amplitudes can typically be increased up to 
ôn/n-60-70% without encountering these deleterious effects. We note that this 
limiting value depends strongly on the specific plasma and wave characteristics (e.g. 
plasma density and wave frequency) and must be estimated for each particular 
experimental scenario. The same remark holds for the amplitude calibration curve 
(fig.5.27), relating the driving voltage (at 50 Û) before amplification to the total 5n/n. 
i.e. integrated over the different modes. The observed curve linearity allows the 
external voltage axis to be used as a representation of the plasma wave amplitude, 
albeit in terms of arbitrary units. 
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Fig.5.27 Calibration curve for the 25 kHz excitation. Sn/n is estimated both from the 
integrated (over v± and v^ LIF response and the probe ion saturation current 
oscillation in the time domain. 

For the LMP Q-plasma, capacitive coupling via the 4 ring antenna therefore 
appears to be the best method with which to achieve relatively high amplitude ion 
waves with a rich and controllable spectrum. Annular geometry, moreover, maintains 
in principle the azimuthal symmetry characterizing the unperturbed plasma. Before 
focusing our attention on the non-linear ion response to waves excited by the 
capacitive antenna, we close this chapter by comparing, in tabular form, the various 
ion wave launching schemes introduced in section 5.2. 
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Launching 
system 

GRID 

DR 

EM 

ES 
(4 rings) 

Spectral 
properties 

(only one 

mode in ||) 

+ 

(1 oblique 

wave with 2 

components; 

IBW excited 

selectively) 

(1 oblique EIC 

wave, with 2 

components, 

only 1 mode 

in II) 

++ 

(21| phase 

velocities, 

withperp 

components) 

Efficiency 
(large 

amplitude 
coupling) 

++ 

(8n/n-1) 

(Ôn/n<5%) 

(8n/n<10%for 

non-tuned 

system) 

++ 

(8n/n~1) 

Ballistic 
effects 

(dominant at 

high 

amplitude, 

8n/n>50%) 

++ 

(not 

observed) 

++ 

(not 

observed) 

+ 

(dominated 

apparently by 

dielectric 

response) 

Non-linear 
wave 

behavior 

t 

(damping 

depends on 

amplitude, due 

to non-linear 

waves or/and 

jseudo-waves) 

+ 

(not observed 

on ion modes; 

em. wave 

parametric 

decay effects) 

+ 

(not observed 

due to the low 

coupling 

efficiency) 

+ 

(not observed 

when using 1 

frequency on 

1 antenna; 

dominant with 

2 separate 

systems) 

Parasitic 
effects 

++ 

(none) 

(h ». induced 

rotation, 

modif. of 

radial/axial 

profiles,...) 

+ 

(not 

observed) 

(n reduction, 

profile modif. 

at high 

amplitude 

(Sn/n>60%); 

acceptable 

for the 2 oven 

source if 

5n/n<70-80%) 

Table 5.1 Summary of the "suitability" of the different excitation methods for reaching 

chaos in wave-particle interaction. Plus and minus are attributed on the basis of the 

results obtained in the LMP experimental environment. DR*Double Resonance, EM= 

e.m. inductive antenna. All other names and symbols are self-explanatory. 
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CHAPTER 6 

6. Wave Induced Dynamical Chaos of Plasma Ions 

Observation of chaos generated by the interaction between plasma ions and 

ring antenna excited electrostatic waves is reported. Local phase space 

measurements are considered; the experimental reconstruction of ion orbits on the 

parallel phase space under conditions approaching the transition to chaos will be 

described in the Chapter 7. Average and time-resolved measurements of the ion 

distribution functions for large wave excitation amplitudes show fast non-finear 

heating in agreement with the predictions for the transition to stochasticity obtained 

using a single particle hamiltonian model. Specific apects of the parallel particle 

dynamical response are investigated, such as velocity space diffusion coefficient, 

trapping effects and modifications of dielectric response by large amplitude waves. 

Observations of test-particle dynamical evolution indicate an exponential separation 

of initially close ion trajectories. The corresponding divergence rates are estimated 

and qualitatively compared to the Lyapunov exponents calculated for the large scale 

chaotic regime. 



126 Chapters Wave Induced Dynamic* Chaos..» 

6u1 Theoretical considerations 

Hamiltonian single particle models are able to predict the transition to chaos in 
terms of wave amplitudes and spectra, based on the Chirikov overlap criterion9 and 
its recent refinements118. These results can be used as a reference, although their 
validity needs to be verified for the different experimental scenarios, since various 
kinds of collective response, such as self-consistent effects (feedback action of 
chaotic particles on the waves) or non-linear wave-wave interactions, necessarily 
neglected in the models, can play a crucial role. It has been predicted theoretically 
and demonstrated experimentally that in a magnetized plasma, a wave propagating 
obliquely with respect to the magnetic field direction can generate fast ion heating 
through chaos in particle orbits18'20»119. 

The case of two (or more) waves propagating at different phase velocities is 
predicted to be suitable for the attainment of global chaos120»121. In this case, the 
large number of resonances present in particle phase space lowers the threshold 
amplitude for the occurrence of chaos, therefore increasing the efficiency of the 
stochastic heating mechanism. Relatively low amplitude fields, associated with linear 
plasma modes, can then cause very strong non-adiabatic particle responses. 

As suggested by the wave studies reported in Chapter 5, the hamiltonian of a 
single magnetized particle in the field of these electrostatic modes can be written in 
the form 

H=pz
2/2m + tyQ + eVi cos(km z - cot+Tii) +eV*2 cos (kjg z - cot + kjj r +112) 

+ eV3 cos (k||2 z - tot + Ti3 + k J2 0 (6.1) 

where pz, z denote momentum and position along the magnetic field, r and 4> the 

radial and angular cylindrical coordinates and p$ the momentum conjugated to <J> 

(Pt»2m®P2)- ® a n d P indicate the ion cyclotron angular frequency and the ion 

Larmor radius, Vi, M2 .V3 the potentials associated with the pure acoustic wave and 

the two components of the EIC wave and ni ('=1.2,3) the initial phases. No damping 

effect is considered. Note that waves are described here as in an infinite, 

homogeneous plasma representation, disregarding possible effects of the bounded 

plasma geometry, namely perpendicular standing wave structures. 

Clearly, for Vj * 0 (i=1,2,3), no transformation exists which would render H time 

independent. The energy is not a constant of the motion. It is well known that for 

amplitudes {Vi} exceeding a certain threshold value, a transition in the topology of 
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particle orbits takes place. After a short interaction time (typically** few wave periods), 

ions are no longer trapped in the wave potential wells and wander chaotically in 

phase space. This corresponds to the breaking up of the KAM tori in the action-angle 

phase space122. Note that even for low amplitudes, a finite width stochastic layer 

between invariant KAM structures exists. In particular, in a system with N<j.o t > 2 

(Nd.o.f. being the number of degrees of freedom), the invariant tori no longer divide 

the phase space. The regions i* which the KAM surfaces are destroyed (i.e. the 

stochastic layers) can join and permeate the entire phase space. The intersecting 

network of séparatrices, with the corresponding stochastic layers, form a complex 

structure named stochastic web123. A finite measure of trajectories can therefore 

wander in phase space as in the case of large scale chaos and separate arbitrarily 

from the corresponding unperturbed orbits. This random motion along the stochastic 

web, which up to now has never been observed experimentally, is referred to as 

Arnold diffusion. The Arnold diffusion characteristic time can be roughly estimated 

as12« 

TAD = — exp (E"a) (6.2) 
woe 

where coo is the frequency of the small amplitude oscillations, e the perturbation 
2 

amplitude and a = M M, — , with Ç > 112 Na 0 f (Na 0 f -1 ). For low amplitude 
2Ç +3Nd.o.f. +14 

ed> 
perturbations (e<20%, with E= J—J- in our case), the value of TAD is large compared 
to the typical time scales of the experiments reported here (TAD > 30 

Twave. with 
TWave-2n/(0 indicating the wave period) and Arnold diffusion, which is of fundamental 
conceptual importance, can in practice be disregarded. 

In the case of a single obliquely propagating wave, the occurrence of chaos is 

linked to the non-linear interaction of multiple Doppler shifted cyclotron resonances 

(On=(o-k||VD+nQci (n=0,±1 ,±2,. ). In the present experimental scenario, the situation is 

somewhat more complicated: in the parallel plane there are two primary resonances, 
at V,J,I and v$i, and the series of harmonics associated with each one. For the LMP 
experimental parameters, however, Av̂ , ^v^ -v^ ) is such that on the parallel ion 

phase space one can consider only these primary resonances, neglecting, to a first 

approximation, the multiple island structure introduced by the non zero perpendicular 

wave numbers. In expression (6.1), this implies kn=ki2=0, and v*3=0. When the 

wave amplitude is such that the séparatrices corresponding to the two primary 

resonances touch, a chaotic regime should be attained. This effect is illustrated in 

fig.6.1. 
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K=0 5 K=1 

Flg.6.1 Illustration of the resonance overlap criterion (for a definition of K see 

below). 

Following Ref.118 we introduce the stochasticity parameter 

K = 2 ( A I ^ 2 + A21/2) (6.3) 

where Aj=eVi/m(Av$)2 is the normalized amplitude of the mode i (i=1,2) and where 

K=1 represents fhe threshold for the transition. For K>1, significant particle transport 

and acceleration should be triggered; macroscopically, fast ion heating should be 

achieved. The single particle approach is insufficient to describe this effect and we 

move to a statistical kinetic treatment by introducing a velocity space diffusion 

equation 

df 1 d _ df .. .. 
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where Dvv is the velocity space diffusion coefficient, itself generally a function of 

velocity. In the stochastic layer, however, regular phase space structures disappear 

and Dw becomes velocity independent (Dvv = <DVV>): the solution of eq.6.4 can then 

be written in the form 

<v2> a <DW> t + V()2 (6.5) 

which suggests that the average particle energy (< g- v2>) increases linearly in time. 

Naturally, after a certain time, saturation of the phenomenon is expected, 

corresponding, in the two resonance case, to the limits imposed by the outermost 

KAM surfaces (the séparatrices corresponding to |v|>|v9| in the plasma frame, see 

fig.6.1). 

Through an application of the quasi-linear formalism, an evaluation of <DW> for 

the two wave case can be obtained125 

<DVV> ô - ^ - (6.6) 

where Aw is the difference in angular frequency between the two modes in the 

plasma frame and Eo is the wave electric field, supposed of the same intensity for the 

two modes. 

We observe finally that for a single oblique wave (Vi = 0 in eq.6.1 ), the stochastic 

threshold is significantly higher in the wave amplitude. In particular, a numerical 

integration of eq.6.1 shows that it corresponds to a regime (5n/n>60-80%) in which 

parasitic antenna effects, such as density reduction and strongly enhanced plasma 

rotation, dominate and prevent relevant observations downstream with respect to the 

launching structure. 

6.2 Basic experimental observations 

Downstream measurements of perpendicular and parallel distribution functions 

via LIF indicate a significant heating effect for large wave amplitudes in the frequency 

range corresponding to two modes propagating in parallel (see fig.5.22). The most 

efficient heating (i.e. the maximum enhancement in Tj for a given wave amplitude) 

takes place at f«25 kHz (f «1.15fCi), for which the difference between the two parallel 

phase velocities is Av<ps|v<p2-v<pil*2-3 vthi=5-7.5:104 cm/s (fig.6.2). The wave 
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amplitude is maintained approximately constant for this measurement by varying the 
actual antenna voltage according to the coupling efficiency. In the following, unless 
indicated otherwise, the excitation frequency is fixed at 25 kHz for all measurements. 

: 

. 

\ 

I 

. 1 . L 

l 
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Fig.6.2 Heating of the parallel distribution at different excitation frequencies (8n/n~50 
% for all points). Here and for the following figures of this chapter, the data are taken 
a few cm downstream with respect to the antenna in a plasma created by the two 
oven source. 

In fig 6.3 we show the raw data corresponding to the heated (averaged over a 

time T»Tw a v e ) distribution functions for different wave amplitudes. We note that the 

observed shapes of both f(v)() and f(v±) do not deviate much from Maxwellian, 

allowing a gaussian fitting for the quantitative determination of the zero, first and 

second order moments of these distributions. 
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Flg.6.3 Example of heated distributions at different wave amplitudes. 

Top: perpendicular distribution; bottom: parallel distribution. 
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As mentioned in Chapter 5, a density reduction is observed downstream when 

an oscillating potential at any frequency is applied to the antenna. Plasma depletion 

occurs progressively throughout the amplitude range (e.g. at amplitudes 

corresponding to the data of fig.6.2, n(downstream)* 1/4 n(upstream)), independently 

of the wave-particle interaction regime (chaotic or non-chaotic). As such, it can be 

considered as a parasitic antenna effect, distinct from wave dynamical effects. In 

contrast, the parallel drift velocity varies significant^ only above a certain critical 

value of the excitation amplitude (fig.6.4a). An interpretation of this variation of VD will 

be given in connection with the relevant time resolved observations. No significant 

changes have been noted in the first moment of the perpendicular distribution. 

The extracted temperatures are plotted in fig.6.4 ((b) and (c)) as a function of 

the excitation amplitude. There is a clear threshold value, above which a significant 

heating occurs. A calibration of the wave amplitude based on the ion dielectric 

response allows us to compare the observed threshold with the theoretical prediction 

for the experimental wave parameters. K=1 corresponds to the shaded area on the 

amplitude axis of the graph. We see that there is good agreement concerning the 

threshold field for chaos, the main uncertainty being introduced by the measurement 

of the wave amplitudes. No significant variations in the wave f.squency spectrum are 

noted when the excitation amplitude is increased above threshold. In particular, the 

activity at twice the excitation frequency cannot be distinguished from the thermal 

noise. This excludes possible contributions to the heating deriving from a 

macroscopic non-linear behavior of the antenna-plasma wave system. 
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Fig.6.4 (a)Parallel drift velocity vs. wave excitation amplitude. U2S kHz. 
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Flg.6.4 (b)Parallel and (c)perpendicular ion temperatures vs. wave excitation 
amplitude. f=25 kHz. The shaded area corresponds to K=1 (see eq.6.3). 
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The same heating is observed during high time-resolution (aperture duration, 

TAD=2U.S, i.e. =1/20 T*ave) measurements which are synchronized with the wave 

frequency so as to eliminate broadening of the observed distribution due to the 

reversible motion. A typical result for T|j is shown in fig.6.5, for an amplitude above 

the threshold appearing in fig.6.4. 
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Fig.6.5 Time resolved measurement of parallel distribution heating (f=25 kHz); T/ is 

plotted as a function of the phase in the wave period. The amplitude exceeds the 

heating threshold (TAD=2^S). 

To demonstrate how an adiabatic response can lead to incorrect interpretation 

of heating when integrated over the wave period, we report in fig.6.6 a series of time 

resolved measurements of f(v(|) at f=15 kHz (at higher amplitude than the data of 

fig.6.2). On the basis of this series of measurements heating effects can be 

excluded, whilst average observations would indicate a temperature enhancement of 

more than a factor of 3. 

I 

^ 
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* (V||) 

V - v_ 

Fig.6.6 Time resolved unheated parallel distribution for f=15 kHz at different phases 

inside the wave period. 

By gating the wave launching generator and observing the time resolved ion 

distribution from the excitation start time, t=0, an accurate estimate of the heating 

time is possible. The signal timing arrangement for this kind of measurement is 

shown in fig.6.7. Note that in this case the time window can be chosen to be of the 

order of the wave period, to reduce the number of shots (i.e. the integration time) 

needed to recover a clean signal. 
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Fig.6.7 Signal timing for the measurement of heating time scale. 
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Flg.6.8 Evolution of the local time resolved (TAD=2^S) parallel distribution as a 

function of the interaction time with the two waves, expressed in units of wave 

periods. Amplitude is fixed just above threshold. 
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In fig.6.8 we give an example of the data records, showing the time evolution of 

the paraitel distribution. By plotting the increase in the mean square ion velocity as a 

function of time, an estimate of the velocity space diffusion coefficient averaged over 

all velocity classes can be obtained if the dependence is linear. This is shown in fig. 

6.9, for a wave amplitude just above the threshold for chaos. The resulting velocity 

space diffusion coefficient (DV||V||=1.1x1013 cm2/s3) is one order of magnitude larger 

than the collisional coefficient (DV | |Vpl012 cm^/s3)77. The mechanism responsible 

for the heating is therefore observationally distinct from collisional processes and is 

consistent with the operation of dynamical chaos. 
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Fig.6.9 Evaluation of the average parallel velocity-space diffusion coefficient. <v2>\\ 
is the second order moment of the parallel distribution function (TAD=50HS); 

<v2o>n-<v2>n(t=0). From the slope of the linear fit Dvnvn=1. 1X1013 cm2/s3. The 
collisional diffusion coefficient for the same experimental parameters (n=109 cm'3) 
would be DvjjvfolL IQ12 Cm2/s3 
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Along with the temperature, the average drift velocity parallel to the static 
magnetic field is modified by the two wave action on plasma ions (see above, 
fig.6.4a). The time evolution of VD for a fixed amplitude above threshold is shown in 
fig.6.10. The fast drift increase (i.e. occurring on the same time scale as the bulk 
heating) at large amplitude may be attributed to the "unbalanced" velocity space flow 
due to the difference in amplitude between the two parallel modes. Non-linear wave-
particle interaction would in this case produce a direct momentum transfer between 
the plasma modes and the ions. A unambiguous interpretation, however, is 
prevented by the fact that 3-dimensional wave features, namely, the effects of the 
plasma boundaries on the wave propagation, cannot be excluded a priori. 
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Flg.6.10 Variation of the parallel drift velocity under the action of two e.s. waves as a 
function of the time from the starting of the perturbation (amplitude just above 
threshold). 

In terms of the dynamical evolution of the particle distribution, the simple picture 
of the two resonances interacting on particle parallel phase space implies a trapping 
in the two potential islands before the chaos appears. For wave amplitudes slightly 
lower than the stochastic threshold, particles are trapped even in steady-state. 
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Evidence for particle trapping associated with the two (linear) resonances is obtained 

in the time resolved (TAD=2HS), gated measurements, at an amplitude close to 

threshold both before and after the chaos occurs (fig.6.11, 6.12). Use of the terms 

"before" and "after" is justified here by the limited time interval during which the 

interaction of the particles with the two waves takes place. 

As shown in fig.6.12, the measurements taken after the onset of chaos, based 

on a trapezoidal amplitude modulation, are consistent with the deterministic 

(therefore reversible) nature of the wave induced stochasticity. As soon as the wave 

amplitude is reduced below the stochastic threshold, particles tend to fall back down 

into the potential troughs of the two waves, forming two distinct ion sub-distributions 

(the "fast" and the "slow" on the figure). 

The "chaotic" initial conditions favors the trapping effect since particles have 

been set free to diffuse over large portions of the phase space. In fact, the 

distribution function shows an almost 100% efficiency of the trapping process few 

wave periods after the onset of chaos (fig.6.11, bottom). The peak amplitude of the 

trapped particle distribution depends directly on the number of trapped particles and 

therefore on the mode intensity. It is interesting to note that the fast wave lakes" the 

majority of particles into the amplitude range corresponding to the trapping regime. 

"Detrappir.g" of the particles takes place naturally, first for the slow wave and then for 

the fast wave, when the amplitude is further diminished. 
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Flg.6.11 Two wave trapping effects. Example of time resolved parallel ion 

distributions before (top) and after (bottom) stochastic heating ((top):t = 5Twave; 

(bottom): t <* 10.5Twave • The unperturbed parallel distribution is included in the figure 

for reference purposes (not to scale on the vertical axis); wave amplitude =30% 

larger than threshold value). The wave excitation begins at t=0 and is turned off at 

ts8Twave-
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Flg.6.12 Trapping evolution when "chaotic" initial conditions are imposed. A 

trapezoidal amplitude modulation is applied to the excitation signal (c). Variations in 

the central velocity with respect to the unperturbed drift (a) and peak amplitude (b) of 

the two trapped particle distributions are plotted as a function of time. 
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For time intervals exceeding the axis limit in fig.6.9 (160 u.s), the heating effect 

is observed to saturate. A unambiguous interpretation of this observation is 

prevented by the convolution of wave-particle features and convective effects due to 

the plasma drift across the antenna. The same kind of behavior, though, is found in a 

(self-consistent) particle-in-cell (PIC) simulation (1-D electrostatic) including the 

antenna and the suprathermal plasma flow126. 

6.3 Test-particle transport in the chaotic regime 

Definite confirmation of the data interpretation in terms of dynamical chaos, 

together with a rough estimate of the degree of chaos, can be obtained via an 

analysis of test particle phase space transport. The particular scheme of optical 

tagging used for cross-field transport studies (see §4.4) has been applied to the case 

of wave-particle interaction. 

In the unperturbed LMP plasma the radial transport is due to purely classical 

mechanisms (Chapter 4). By progressively increasing the wave amplitude from zero 

to values above the threshold for chaos, variations in diffusivity can be sought. For a 

tag beam location a few cm upstream of the antenna (as shown in fig.5.20), the tag 

profile width both upstream and downstream with respect to the latter are recorded 

in order to illustrate the action of different wave amplitudes on the two point cross-

field diffusion coefficient. 

An example of one such measurement is shown in fig.6.13, for two frequencies: 

25 kHz, corresponding to non-linear heating and 15 kHz, for which no heating is 

observed. This allows to discriminate between the possible parasitic effects linked 

both to the antenna structure and the potential applied to the rings and the wave 

effects related to the stochastic heating. We note that no significant change occurs 

in the wave linear regime, but that in the range corresponding to the threshold for 

heating an abrupt transition in the test particle transport characteristics appears in 

the 25 kHz data. 
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Fig.6.13 Two point diffusion coefficient at 25kHz and 15 kHz as a function of the 

excitation amplitude. The horizontal axis corresponds tc fig.6.4. 

A more profound investigation is then necessary in order to establish the 

character of the enhanced transport. Measurements at different locations 

downstream indicate that the square of the width of the tagged particle profile no 

longer evolves linearly in time as in the case of diffusion (i.e. of a classical random 

walk), but that it grows exponentially (fig.6.14, top). The z-axis can again be 

transformed into a time-axis via the relation t=z/vo. An exponential decay is also 

observed for the integral of the tag profile along the radial coordinate x j , constant 

over the short distance spanned by the detection system in the low amplitude regime 

(fig.6.14, bottom). 
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Flg.6.14 (Top): Variation with axial position of the square of the width of the tag 
signal radial profile, obtained by a radial scan of the tag injection point. Note that, due 
to the uniform plasma parallel drift, the horizontal axis corresponds uniquely to the 
time axis in the plasma frame. (Bottom): Total number of tagged particles (line 
integral of the tag signal radial profile) vs. position. The best fit to an exponential 
curve, shown on the graphs, gives ai = 0.8 cm'1, a2=1.3 cm'1. 
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It is important to observe that the two exponential rates are of the same order 
of magnitude (~ 1 cm"1). Stated otherwise, the correlation decay length in real space 
is of the same order as that in velocity space. In fact, performing a tag measurement 
corresponds to fixing an initial small volume in a subset cf the particle phase space 
(in this case initial position and velocity in the perpendicular plane) and looking for it 
after a certain time. Here, different final positions are explored, but only one 
perpendicular velocity is considered. Fig.6.15 illustrates in schematic form the 
principles behind this phase space measurement. 
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Flg.6.15 Sketch of the principle of the narrow band tagging measurement in 

phase space. The divergence of coarse-grain volumes in phase space manifests 

itself both as an increase in the configuration space extension of the tag signal and 

as a reduction in the spatially integrated signal corresponding to a single velocity 

class. Note that in (at least) one of the 6 dimensions of the actual phase space a 

convergent flow must exist to guarantee consistency with (divergence-free) 

hamiltonian dynamics; this sketch and the measurements shown in fig.6.14 refer to 

the perpendicular phase space. 

Exponential broadening in space in conjunction with an exponential decay of 
the line-integrated signal is a signature of divergence of small volumes in phase 
space. Chaos, that is local instability of orbits with respect to initial conditions, is 
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therefore clearly indicated. As expected, the rate of divergence is also observed to 
increase as the wave amplitude is increased (fig.6.16). 
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Fig.6.16 Dependence of the exponential divergence rate on the wave amplitude 
above threshold. Here the average of the rates ai and 02 (which are always of the 
same order) is considered. 

These observations can be interpreted on the basis of a general ergodic 
model127. Small regions of phase space are predicted to evolve according to 

Ar = Moexp(ht) (6.7) 

where Ar is the volume occupied (in a coarse-grain sense) at time t by particles 
which were in volume AH) at time t-0 and h is the so-called Kolmogorov-Sinai 
entropy, defined as the ensemble average of the sum of positive Lyapunov 
exponents 

h = < 1AJ>0 XJ > (̂ i • Lyapunov exponents) (6.8) 

In the stochastic layer, h is constant and is characterized by the same order of 
magnitude as the inverse of the correlation decay time te: h * TC"1 . In the case of the 
two wave induced chaos it is possible to derive an analytic estimate for tc125 

TC = [v2Ak||lnK]-1 (6.9) 
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For the parameters corresponding to the measurements reported in fig.6.14, 

expression (6.9) gives a correlation decay length of about 1 cm. This value agrees 

with the observed divergence rate of test ion phase space volume. Thus, whilst more 

specific tagging measurements are necessary to directly reconstruct the ion orbits 

(see next chapter), a first indication regarding the degree of stochasticity of the wave 

driven chaotic system has been obtained. 

6.4 Saturation of heating and self-consistent effects 

By further increasing the wave amplitude to values well above threshold, a 

different interaction regime can be explored and the question of the saturation of the 

particle energization mechanisms can be addressed. In fig.6.17 we show the 

dependence of the velocity space diffusion coefficient upon the excitation amplitude, 

as deduced from the initial slope of the temperature versus time curve in a gated 

measurement scheme. The data exhibits the quadratic dependence for "moderate" 

amplitudes (< Vc, i.e. 5n/n<60% in this case) above threshold expected from quasi-

linear arguments128, but shows saturation at higher amplitudes. 
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Fig.6.17 Variation of the measured velocity space diffusion coefficient with the 

excitation amplitude. A critical value, Vc=18a.u., can be defined, at which saturation 

begins. 
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As we have seen, the parallel temperature at a single spatial location is 
observed to saturate after a certain time. The maximum, or saturation temperature 
varies quadraticaily with the wave amplitude until it in turn saturates in a similar 
manner to the velocity space diffusion coefficient (fig.6.18a). Consistency of the data 

<Av2> Tmax « 
with the quasi-linear expressions 6.5 and 6.6 (from which t= -Q— ^"2" ) IS 

demonstrated in fig.6.18b, which shows the time required to reach the maximum 
temperature as a function of the excitation amplitude. Since Tmax appears to scale as 
Eo2. t does not vary significantly for the observed range of excitation amplitudes. 

(•) 

200 250 300 350 400 450 500 

Wave Energy (a.u.) 

400 

(b) 

200 250 450 500 300 350 400 

Wava Energy (a.u.) 

Flg.6.18 (a) Saturation temperature from the time resolved measurements of the 
parallel ion distribution as a function of the wave energy (square of the excitation 
amplitude), (b) Time to reach the temperature saturation value. 

Observations of wave propagation at amplitudes close to the threshold for 
chaos seem to indicate the presence of self-consistent effects, which tend to modify 
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the wave spectrum. In fact, since ion orbits undergo a transition from regular to 
chaotic, the plasma wave fields, derived from the integration of charged particle 
trajectories, are necessarily altered. A clue as to how the wave properties are 
modified under the feed-back action of wave accelerated particles can be obtained 
from a study of the linear ion dielectric response and its progressive variations as the 
wave amplitude is increased. We illustrate one example of such a measurement in 
fig.6.19, where the first order perturbed parallel distribution is plotted for different 
amplitudes. 

Fig.6.19 Changes in the in-phase component of the perturbed ion distribution, f1(vn), 

with increasing wave amplitude. 

We note that the fine structure evident for low amplitudes which is associated 
with the two linear waves described in §5.2.3, disappears progressively as the 
stochastic threshold is approached. Above threshold, f1 shows a simple structure 
which can be accounted for by a single mode with characteristics similar to those of 
the fast mode present in the linear regime. Increased damping of the slow mode, due 
to the modification of the distribution by the wave, loss of correlation properties in 
velocity space due to stochastic trajectories (which would act similarly to collisions), 
effects of the radial finite plasma boundary or more generally, a different dispersion 
relation in a plasma whose particles follow chaotic trajectories may account for this 
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effect. A self-consistently modified spectrum can thus be partially responsible for 

alterations in the particle energization efficiency and therefore for the observed 

saturation. 

6.S Concluding remarks 

In summary, chaos in ion dynamics originating from the interaction between 

particles and electrostatic plasma waves has been observed in a magnetized 

plasma. Optical measurements at different scales, from the single particle to the 

macroscopic level, have permitted a determination of the kinetic ion response and 

the plasma heating mechanism. Local transport analysis of test particles has 

indicated an exponential separation of initially close ion trajectories. At frequencies 

for which only one phase velocity along the magnetic field exists, no heating is 

observed below those amplitudes for which secular perturbations of the antenna and 

intrinsic non-linearities become effective. In fact, the threshold for one oblique wave 

is expected to be higher than for waves with two parallel components. On the other 

hand, in the case of one purely parallel mode, the wave-particle dynamical system is 

integrable. The case of two waves is then experimentally shown to be more favorable 

for the achievement of chaos and stochastic heating. 

Saturation of stoc'iastic heating has been observed well above threshold; chaos 

appears to be self-limited. Modifications of the wave spectrum in conjunction with the 

transition to the chaotic regime are suggested by observations of the ion dielectric 

response at different excitation amplitudes. The limited applicability of this analysis, 

which is based on a comparison with linear theory, motivated further investigations 

and led to the development of a method for directly reconstructing the ion orbits on 

the parallel phase space, which avoids the macroscopic scale expansion of the 

plasma response in terms of the perturbation amplitude and which constitutes the 

subject of the following chapter. 
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CHAPTER 7 

7. Direct Measurement of Ion Phase Space Orbits In 
Electrostatic Fields: Linear and Non-linear 
IntereçtlQn 

In addition to the observation of various local quantities such as time and space 

resolved particle distributions, a complete description of wave-particle interaction 

phenomenology necessitates the reconstruction of correlations and trajectories in the 

charged particle phase space. In fact, particle orbits play the fundamental role of 

sources for the macroscopic field Maxwell equations and, since fields affect particle 

trajectories, the problem is entirely self-consistent. In order to investigate particle 

orbits, the main diagnostic task is then to find a correlation between successive 

points (p,q) in ion or electron phase space, i.e. to reconstruct the individual orbits by 

experimentally integrating the equation of motion. By evaluating the number density 

versus time or, independently, the space or velocity variables, previous experimental 

efforts have led to the observation of cuts or projection of the electron129 or ion130 

phase space. 

In this Chapter we present, for the first time, phase space trajectory 

measurements for spectroscopically active ions in electrostatic fields. A technique by 

which the average velocity of a class of particles along an arbitrary portion of an orbit 

can be correlated with their final velocity is demonstrated and applied to the 

measurement of the ion orbit distortion due to grid launched ion-acoustic (IA) waves. 

The same method is subsequently employed in the case of two wave induced ion 

stochasticity. Perturbed trajectories, islands and stochastic layers can be seen on the 

experimentally reconstructed parallel phase space structure. 

Conversely, based on the law of conservation of energy, the field structure can 

be inferred from the particle perturbed orbits. The self-consistent link between 

particle and fields, already investigated in the linear case, can be enlightened in the 

general non-linear interaction regime without any assumption a priori as to the 

character of the plasma response to the wave perturbation. 
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7.1 Experimental technique (pulsed parallel optical tagging)73 

The first step in the investigation of ion orbits is to initiate a set of test particles 
at a certain position, in such a way that the background density remains unperturbed 
and so as to leave the particle dynamical features, such as charge and mass, 
unaltered. We meet these requirements for the creation of test particles by 
employing the optical spin-state tagging principle, described in §3.4.7. 

The spin sublevel of the ion ground state is optically pumped to a sublevel of 
the first excited state via resonant interaction between a pulsed (x=10 ns, E=5 mj) 
dye laser beam and the 62Si/2-»62Pi/2 barium quantum transition. No particular 
care is taken to avoid power broadening effects, since the laser spectral width is 
such that no velocity selection is operated at the tagging stage. In addition, the beam 
is conveyed to the plasma through a cylindrical lens, so that the optical pumping 
affects all the particles located in a vertical section of the plasma column. The pump 
pulse duration is short enough to avoid saturation effects due to finite particle transit-
time across the beam65. We use the dark scheme, in which both optical pumping and 
LIF searching are performed on the same Zeeman line. 

The search beam is injected into the plasma column via a prism located behind 
a fine mesh acting as an end plate and propagates parallel to the B field. Since the 
search laser band width (<50 MHz) is much smaller than the thermal width of the 
chosen Zeeman line, the Doppler effect permits velocity selection inside the parallel 
distribution function. The axially scanning optical carriage used to detect the 
fluorescence signal defines the z coordinate of the test particles at observation. In 
this way we select a "final" point on a certain ion orbit (p<, qi), the initial position qo 
being determined by the tag beam location. Note that, since the diagnostic technique 
employed here is relevant exclusively to the parallel ion dynamics, all dynamical 
variables appearing in this chapter refer to the parallel plane, unless stated 
otherwise. 

In fig.7.1 we show the specific LMP arrangement used for this experiment, 
including the disposition of the injection and detection beams and the antenna 
position (grid or electrostatic rings, which replace the grid in the two wave 
experiment). 
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Fig. 7.1 LMP arrangement for the parallel phase space reconstruction experiment. 

The tag-search distance can be varied from 0 to 150 cm. (Mag=ksearch=493.4 nm, 

Psearch~50 mW). Grid excitation has been performed in plasma produced using the 

one oven source, whilst the ring antenna wave studies correspond to the conditions 

described in the previous chapter, with the two oven source. 

The last physical quantity required to establish a correlation between the two 

phase space points (po, qo) and (pf, qt) is the initial momentum, pn. This information 

can be obtained indirectly if the average momentum over the measured portion of 

orbit, <p>, is known: po s 2<p> - pf. By subsequently iterating over a series of orbit 

subsegments one can work back towards qo and improve the accuracy of the po 

linear estimate. For a fixed tag-search distance, this corresponds to the observation 

of the tagged particles' time-of-flight spectrum, i.e. the temporal structure of the tag-

induced change in the fluorescence signal. The first and the square root of the 

second moment (that is the average and the FWHM) of the time-of-flight spectrum 

will be referred to as tt0f and Att0f, respectively. Evidently, the average velocity over 

the orbit portion will be <v>=Az/tt0|. For typical experimental conditions (Az = 10cm), 

the signal corresponding to the velocity class V||=VD is characterized by ttof * 80ns 
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and Attof » a few u.s (an example of a time-of-flight spectrum is shown later in 
fig.7.6). 

In order to record these spectra, from which ttof and Attof of the selected final 
velocity class can be extracted, a time resolved detection technique is applied using 
a boxcar integrator to average over several (N > 15) pulses of the tag laser. A special 
double gate arrangement for the search laser and the wave signal is required both to 
avoid depletion of the ion target state before the tag pulse is on, and to keep 
constant track of the wave phase. This timing arrangement is depicted schematically 
in fig.7.2. 

tag laser pulse 

search laser gate 
search PMT signal 

RF signal gate 
RF signal pulse 

boxcar gates 

100 ns 
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Fig.7.2 Timing arrangement for the phase space measurement. 

Using an acousto-optical modulator with a rise time <10 ns, the cw laser signal 
is gated twice for every pulse of the tag laser. The first gate is positioned in such a 
way that its delay with respect to the tag pulse is of the order of the ion time-of-flight 
between the two positions, whilst the second occurs much later (delay>100ms), 
when virtually no tagged particles arrive. Assuming that the plasma parameters, in 
particular the density, do not vary in this lapse of time, the difference between the 
two fluorescence signals yields the tag signal. Formally, if sn is the search 
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fluorescence signal corresponding to the nth g a t e (n=l corresponds to the first tag 
laser pulse), the tag signal is given by 

1 2N 

<s>= N EH)"5" P.1) 
This operation was performed in the first experimental campaign (one oven source) 
by analog circuitry and in the second (two oven source) via software. 
For the acquisition system, two equivalent schemes can be applied: either the final 
velocity is fixed by picking one laser mode frequency, observing the corresponding 
time-of-flight spectrum, or a certain ttof is chosen (by "holding" the boxcar time 
window) and the laser frequency scanned, looking for the ion class which had that 
particular average velocity along its orbit. The former method has been preferred in 
these experiments in order to minimize the problems linked to the laser stability and 
to reduce the total data acquisition time. 

7.2 Velocity space transport in the unperturbed plasma 

In relatively high density plasma regimes (n > 1010 cm"3), the effects of 
Coulomb collisions on velocity space are expected to influence the tag signal (via 
convection and diffusion in velocity space) since the mean-free-path for small angle 
scattering becomes comparable with the tag-search axial separation (see Chapter 
4). Convection and diffusion can be included in a one-dimensional Fokker-Planck 
equation for ion-ion collisions in a fully ionized plasma77 

I Icon = ^ ° v f < v - «) + \ h ° w i , <(v. t) (7-2) 

5v 1 d Sv6v _ Sv8v 
St 2 dv 5t 

of thermodynamic equilibrium131 

C V - - < " T _ > + Ô Â 7 < ~^— > a n d D w = < ~~7T~ > have been estimated for the case 5t £-9* ot 5» 

2*e4 n InA 1 8 erf(x) 
C v " * m(2 v t h 2dx< x ) <7-3> 

frte^nlnA 1 d erf(xV . . . . 
D w = -~^^~4^â* ( > > {7A) 

where InA is the Coulomb logarithm, x=v/vth, and erf(x) is the standard error function. 
Convection will act on the first moment of the time-of-flight spectrum, modifying the 
relation between <v> and vfjnai (average and final parallel velocities, respectively) for 
the different velocity classes. An example of the distortion of the <v>=Vf inai line 
without external perturbations due to convection effects is shown in fig.7.3 (top). The 
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data agree weii with the theoretical prediction, presented in fig.7.3 (bottom) and 
computed using expression 7.3 under the assumption that Cv= Cv(<v>)= constant. 
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F/p. 7.3 Top: <v> vs. vunai curve without any external perturbations, in the high 

density regime (n = 2x1010 cm'3, two oven source), solid line, and in the low density 

regime (n = 3x109 cm'3, one oven source), dotted line. Velocities are taken in the 

drifting plasma frame and normalized to the ion thermal speed. Bottom: theoretical 

<v> vs. Vfinat curve calculated from eq. 7.3 for the same plasma parameters. 
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To estimate the importance of convection effects as a function of the density, 

we take the velocity class v=vth, for which the convective change in velocity between 

the tag and search positions is 

Avconv = Cv ttof = Cv AZ/VQ = n x 104 cm/s (7.5) 

where fi is the density expressed in units of 1010 cm"3. For n >1, such a change 

represents a significant fraction of the ion thermal velocity and does affect tagging 

measurements. Conversely, when n < 3x10^ cm"3, which is always the case for the 

one oven source and is true for the two oven source when the ion waves are excited 

by the ring antenna, the induced change Avconv becomes less than 10% of the 

(unheated) thermal velocity. In this low density regime fig.7.3 shows that no distortion 

of the phase space orbit segment <v>-vfjnai occurs and convection can therefore be 

neglected. 

A similar estimate can be made for the diffusion term (eq.7.4). In this case the 

spread in velocity due to Coulomb collisions between the tag and search positions is 

approximately given by 

VD w ttof » V 7 vth Cv AZ/VD * 2 Vfi x 104 cm/s (7.6) 

which translates into a spread in the time-of-flight spectrum of order Attofdi,f = Vn710 

us. In fig.7.4 we report the values of the time-of-flight spread measured for different 

final velocity classes, corresponding to the data of fig.7.3. 
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Fig.7.4 Spread in the time-of-flight (At\0i) as a function of the final velocity. The data 

are the same as those used to produce the curve of fig. 7.3 (high density). 

The observed order of magnitude agrees with the theoretical predictions from 
eq.7.6, even though the spread in the signal originates from the convolution of 
velocity space diffusion with a finite search laser bandwidth and finite tag laser beam 
size effects. The former leads to a dispersion in the observed average velocities, 
AvSearch bw = Av&w 493.4x104 < 2x103 cm/s, corresponding to Att0i

search bw < 5 us, 

whilst the latter, Aztagbeam, produces a spread AW8*»8"*- AZ|a|beam tt0f - 5 \is . 

These two values pose a lower limit for Attof below which instrumental effects 
become dominant. Specific studies of collision induced velocity space diffusion 
necessitate different experimental arrangements to overcome these limitations, such 
as two distinct narrow band lasers for tag and search and co-linear parallel 
injection77. 

7.3 Application of the orbit reconstruction method to the case of ion acoustic 

waves 

In order to have a non-trivial structure to investigate on the ion phase space 
and to deal with a 1-D propagation scheme (no k i component), an ion-acoustic wave 
is excited by a grid with 3mm spacing. The characteristics of the grid excited IAW 
have been extensively analyzed in Chapter 5. We simply note that the form of the 
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zero and first order parallel distribution functions (f°'1(vn)) confirms the linear 
character of the wave for the excitation parameters used here (f=43.5 kHz; 
-5V<Vdc<8V, Vac<1V). The wave amplitude in terms of 5n/n is maintained below 
10%. We also recall that the reversible (non-collisional) character of the damping is 
clearly indicated both by the first order perturbed distribution recorded at increasing 
distances from the antenna and by the appearance of a plasma echo, when two 
waves are excited at two different locations (Chapter 5). 

The characteristics of the experimental scenario, with respect both to the 
diagnostics and the wave launching scheme, allow us to use a simple one-
dimensional, one-particle hamiltonian model to describe the IA wave-particle 
interaction. Considering an ion in the damped potential of an electrostatic wave, we 
can write the Hamiltonian in the wave frame as 

D2 

H = ^- + e-(z+fTot)/asin(2nz+v) (7.7) 

where p is normalized to (me<j>o)1/2 (<t>o is the wave amplitude at z=0, y an arbitrary 
phase term), z = zreai/^ and a = d/X is the ratio of the damping length to the 

wavelength. Normalizing the time to TO = (mdX/e0o)1/2 = \ a XB , where I B is the 
bounce time in the potential well, we get the following equation of motion 

z = e ' (z+ f T o t)/a [sin (27cz+y) - 2m cos (2nz+y)] (7.8) 

whose solutions for a set of initial conditions are shown in fig. 7.5, in addition to the 
spatial form of the electrostatic wave that motivated the choice of the potential 
energy in (7.7). Despite the simplicity of the model, several physical features of the 
interactions can be extracted, concerning the quantitative (in terms of the RF induced 
difference in average velocities or times of flight) distortion of the orbits as a function 
of different experimental parameters. 
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Fig.7.5 Theoretical phase space ion orbits, calculated in the wave frame from 
equation (7.8). e$/kT=0.05 at z=2X. For purposes of comparison, the zero-order ion 
distribution is also displayed on the normalizedp2 axis,. The lower curve represents 
the corresponding optically measured interferometric pattern (Vçjc=-4 V, Vac=0.8 V, 
f=43.5 kHz, 1=4.2 cm). 
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An example of raw data showing the time-of-flight spectrum of two different 

velocity classes in the unperturbed plasma and in presence of the IAW is reported in 

fig.7.6. Note that the signal amplitude is proportional to the parallel distribution 

function calculated at the search-selected velocity. For a fixed search laser 

frequency, an increase in ttof with respect to the unperturbed case (in which particles 

free stream between tag and search) indicates an acceleration occurred between tag 

and search, and vice versa a decrease in ttof >s a signature of a deceleration. 

( D 

Fig.7.6 Example of time-of-flight spectrum, obtained by scanning the boxcar amplifier 
aperture, for two fixed values of the search wave length. The relative position on the 
parallel distribution is indicated on the graph. 

The wave induced change in ttof, AT, on the drifting ions for a series of search 

frequencies is shown in fig.7.7a; the resonant feature of the wave-particle energy 

exchange is indicated by the form of the AT vs. Vfjnai curve, which shows a narrow 

peak around the vfjnai value corresponding to the wave phase velocity. In fig.7.7b, 

the time-of-flight results on the plane <v>-vfjnai are compared with the theoretical 

predictions. A distortion of the straight line orbits is clearly demonstrated by a 

modification of the one-to-one ratio <v>/vfjna|. 
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Flg.7.7 a): IAW induced change in ttof for different velocity classes. The wave 

parameters are the same as in fig.7.5. b): correlation between the average velocity 

along an orbit segment and the final velocity of the ions interacting with the linear 

wave. A discontinuity near the phase velocity is seen, as predicted by the one-

particle hamiltonian model (dashed curve). 
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Both the inherent kinetic character of the interaction and the dynamical 
"sensitivity" of the experiment, issue from the measurements shown in fig.7.8, where 
the RF induced change in the time-of-flight is plotted versus the temporal phase (y) 
of the wave, for two velocities in the resonant interaction region. A shift in the initial 
wave phase, which corresponds qualitatively to a z shift in the curve of fig.7.5, 
implies a periodic change of AT, both in magnitude and sign. 

RF phase ( °) : laboratory frame 
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— i — 

200 300 400 100 200 300 400 
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- & 

(v„-vD)/v t = 0.93 

0 100 ' 200 300 400 ' 500 

Corrected RF phase ( °) : particle frame 

Fig.7.8 IAW induced AT as a function of the wave phase, for two velocity classes 

close to the phase velocity. 

Fig.7.9 shows the scaling of the RF induced AT values as a function of the 
wave amplitude, for resonant particles, is shown in fig. 7.9. The observed 
dependence on the square root of the grid potential (VAC1/2) is predicted both by the 
numerical solution of the hamiltonian model and by qualitative considerations based 
on the 01/2 scaling of the resonant velocity region width. 
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ln(AT)0-

0 
m (vQC) 

hig.7.9 Dependence of the wave induced AT on the exciting grid voltage. (VDC=~4 

V; f=43 kHZ; Az/X=2.9). The final velocity is fixed so as to be nearly at the wave 
phase velocity. The log-log representation highlights the V1/2 dependence 
(continuous line). 

In summary, a complete non-perturbative reconstruction of ion orbits in phase 
space has been performed using a variation of the spin state tagging technique. 
Distortion of ion orbits near the phase velocity of an IA wave has been observed 
even in the parameter range where neither fn(V||) (n=0,1) nor the interferometric wave 
patterns indicate any deviation from the linear regime (see Chapter 5). More 
generally, the power of this method lies in the fact that the macroscopic scale 
expansion of the plasma response in terms of the perturbation amplitude is in a way 
by-passed by looking directly at the particle trajectories. The complete solution of the 
wave-particle problem is naturally taken into account. In the following we apply this 
diagnostic scheme to the two wave-particle interaction case, in which a topological 
transition in particle phase space occurs, as a result of the chaotic breaking up of 
particle orbits close to the separatrix when more than one resonance is produced in 
the plasma. 
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7.4 Application of the orbit reconstruction method to the two wave-particle 
Interactipn 

The methods and principles exposed above have been applied to the case of 
the two-wave induced transition to stochasticity in particle orbits. The wave scenario 
adopted in this section corresponds to the results presented in Chapter 6 , with the 
two ring antenna excited modes producing ion dynamical chaos and associated fast 
heating. The parallel dynamics is exclusively considered here; as a consequence, 
the problem can be treated as 1-D, although since the hamiltonian of the system 
depends explicitly on the time variable, it is customary to denote the dimensionality 
as "one and a half". With this definition, the phase space can then be considered as 
three dimensional (z, vpv.t). 

A preliminary experimental indication of how the tag signal time-of-flight 
spectrum is affected by the two waves can be obtained by fixing one final velocity 
class, e.g. V=VD (the ion distribution bulk) and varying the wave amplitude from the 
linear regime to above threshold for stochastic heating. Fig.7.10 presents the results, 
in terms of the average time-of-flight and the time dispersion of the signal. In this 
case the data have been taken using a cw excitation, not synchronized with the tag 
and search laser pulses (the timing configuration is the same as that in fig.7.2 with 
the exception that the wave excitation pulsed trigger is not applied). Results are 
therefore naturally averaged over the wave phase, since a relatively large number 
(>20) of tag beam pulses has been considered. 
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10 15 20 

Excitation amplitude (a.u.) 

5 10 15 20 

Excitation amplitude (a.u.) 

Flg.7.10ttof (top) and Attof (bottom) as a function of the excitation amplitude for the 

case ofcw antenna driving. The search laser frequency corresponds to the center of 

the parallel distribution function. 

H is important to note that the tag signal width in time decreases abruptly when 

the wave amplitude exceeds the threshold for chaos (which for these conditions lies 

between 15 and 18 a.u.), whilst ttot does not vary significantly. As shown on the 

sketch of fig.7.11, a divergence in the phase space flow would manifest as a 

reduction of the signal FWHM with respect to the free-streaming case, against 

intuition. We remind that in this tag measurement scheme it is the final phase space 

volume Tfjn which is fixed and what is observed through the parameter Attof is the 

dispersion in the corresponding average velocities. 
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Flg.7.11 Effect of a (velocity space) divergent phase space flow on the observed 
dispersion in the average velocities, A<v> (corresponding to a dispersion in time-of-

flights, Attof ' 
Az 

A<v>), in the tag measurement scheme adopted for the orbit 

reconstruction experiment. 

A reduction by a factor of three is observed in the data of fig.7.10, suggesting a 

change of an order of magnitude in the velocity space diffusion coefficient (see 

eq.7.6), in agreement with the observations of the characteristic heating time and 

bulk velocity space diffusion reported in Chapter 6. A direct quantitative estimate of 

the diffusion coefficient is prevented by instrumental limitations, as stated in §7.2. 

Phase space volume expansion in the parallel phase space is however suggested 

for the bulk of the ion distribution. 

Following these preliminary observations, the next step is to record the time-of-

flight spectra for different velocity classes and different wave amplitudes, in order to 

reconstruct the relationship between final and average velocity, any possible 
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changes in the time dispersion of the tag signal (corresponding to velocity dependent 

wave induced transport properties) and. eventually, the phase space ion trajectories 

in the different wave-particle interaction regimes. In the case of correlations between 

final and average velocity over a portion of parallel phase flow, the data are 

compared with the results of numerical integration of the equations of motion 

resulting from the hamiltonian reported in expression 6.1. To perform the integration, 

we use a numerical method based on a predictor-corrector routine ("Lobatto")132 

taking the position z as independent variable; the singularity at v=0 is removed in our 

case by the suprathermal plasma flow. We note that the single particle nature of 

such a hamiltonian model necessarily excludes a priori ail self consistent effects of 

ions on plasma waves and vice versa. 

In fig.7.12 we show a set of tag data corresponding to a relatively low amplitude 

for the two waves, well below threshold for chaos. Average velocity and Att0f are 

displayed as a function of the final velocity, fixed by the search laser frequency, 

together with the theory curve for the same wave and plasma parameters. Theory 

and experiment are in good agreement and both indicate perturbations of the line 

<v>=viinai due to the action of the two waves on the resonant (v=Vq>) velocity classes. 

At the location corresponding to the phase velocity of two waves, the tag signal 

spread is reduced (fig.7.12b). We interpret this as an enhanced velocity space flow 

divergence for the resonant particles. 
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Fig.7.12 (a) Correlation measurements between average and final velocity for 
tagged particles. Wave amplitude = 10 a.u.. The tag signal intensity (dotted line) is 
also plotted for purposes of reference; (b) spread (FWHM) in the observed time-of-
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flight spectrum from the same data set as in (a); (c) theoretical simulation of curve (a) 
based on a single particle hamiltonian model (eq.6.1). The imposed wave 
parameters are: eVi/T~ 3 eV&T=9 eVyr= 0.35; k^/k^ = kn/kv = 0.1 kjjtfktf =2. 

Data corresponding to high (that is above threshold for chaos) wave amplitudes 
are displayed in fig.7.13 and show a notable change in the curve characteristics with 
respect to the low amplitude case of fig.7.12. The experimental points no longer lie 
close to the <v>=vfjnai line. Average and final velocities seem to become 
uncorrected over large portions of the velocity space. The same qualitative feature 
appears in the theoretical (non self-consistent) simulation (7.13c). 

Moreover, the values of Att0f are lower than the unperturbed case for most of 
the selected velocity classes. Stated otherwise, the stochastic layer on the phase 
space has been enlarged by increasing the wave amplitude and, above threshold, it 
appears to cover most of the investigated regions. The observations of Chapter 6 
and their interpretation in terms of chaos in ion orbits are therefore confirmed and 
complemented by the correlation measurements over the parallel phase space. 



Chapter 7 Direct Measurement of Ion Phase Space Orbits.... 171 

2 -

€ 1 -

-a 
* o -
A 
> 
V w - 1 -

- 2 -

l 
- 2 

1 
- 1 

*i 

i 
0 

(WVoWm 

. ^ # 

I 
1 

. < 

i 
2 

Flg.7.13 Same representations as in fig. 7.12 (for (a), (b) and (c)), but for an 
amplitude of 20 a.u., above stochastic threshold (curve (c) is calculated for the same 
amplitude and wave number ratios as in fig. 7.11, with eVi/T = 0.8). 
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By repeating the measurements described in fig.7.12 and 7.13 for different 
wave phases applied on the antenna, a direct representation of the ion phase space 
orbits can be obtained. As previously mentioned, since the hamiltonian in the general 
case of two waves of arbitrary amplitude depends explicitly on time, the phase space 
for parallel dynamics is a three dimensional manifold. We recall here the form of the 
hamiltonian for an ion in the field of two electrostatic waves (which coincides with 
eq.6.1 in which the perpendicular components have been disregarded) 

H=pz
2/2m + eVi cos(k|t1 z - oot+Tii) + ev*2 cos (k||2 z - cot +112) (7.9) 

To represent ion orbits on a plane, we consider the two wave perturbations as 
independently affecting two "barms": v>0 (in the plasma frame) for wave "1" , which is 
characterized by v«pi = VD + cs and v<0 for the wave "2", with v9; = VD - cs- In these 
two separate regions the hamiltonian can be recast into a form which is time 
independent and the system becomes integrable. Orbits can then be seen as frozen 
at a particular time and the picture as a phase space "flow chart". Velocity in the 
plasma frame and phase (the argument of the wave sinusoidal function, kyj z - cot+Hj, 
j=1,2), are taken as conjugated variables for the hamiltonian 7.9. The mapped space 
is therefore the projection of a cylindrical surface. 

The initial phase of the two modes is fixed externally by the antenna driving 
signal and, based on experimental data regarding the wave spatial structure close to 
the antenna, can be considered identical for both modes (m='n2='no)- The initial 
velocity (vo) is extrapolated linearly from the measured average velocity: vo = 2<v> -
Vfinai- This value correctly approximates the actual value when orbit distortion is 
limited, namely, when the time-of-flight (ttof) »s significantly lower than the ion bounce 

time in the wave potential troughs (xb=^~72T • 4*is *ne w a v e potential). However, 

the tag -search distance cannot be arbitrarily reduced in order to reduce ttof, since 
the sensitivity of the method depends directly on the interaction time during which the 
ions "feel" the wave fields. These considerations, along with technical constraints 
such as the physical disturbance of the tag laser beam propagation due to the 
antennas, prevent large variations of the experimentally fixed tag-search distance 
(«10-15 cm, i.e. a few wavelengths for the IAW at 25 kHz). A limit in the wave 
amplitude below which this reconstruction makes sense is therefore imposed both by 
the linear extrapolation of vo and by the assumption of the two separate regions for 
the two waves. In fact, the aim of such a representation is more to clarify the process 
of transition to the chaotic regime, rather than the chaotic regime itself. As a result, 
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only amplitudes below (but possibly close to) the threshold for chaos will be 
investigated. 

In practice, the segments joining the points (vo, no) to (Vfjnai, niinai=ilo - caz ( — -
Vçj 

-— )), where j=1,2 for <v> > 0, <v> < 0 respectively, are plotted for the different 

initial phases and final velocity data. To avoid ambiguity in the representation, the 
segments crossing the axis <v>=0 are eliminated from the plot. The result of this 
procedure for a relatively low wave amplitude (12.5 a.u., far from threshold) is 
reported in fig.7.14, where the two halves (v>0,v<0) of the phase space are 
juxtaposed for convenience. A slight distortion of the straight line orbits is visible in 
the vicinity of the two wave phase velocities (v9i =-v<p2 =1.5 vth) and particle trapping 
is suggested by the symmetry of the particle trajectory modification. Localized 
perturbations of the straight line phase flow appearing above the v=0 axis may be 
attributed to second (or higher) order resonances of the two wave system, or to the 
effects of the finite perpendicular wavelength associated with one of the two parallel 
modes. 

phase (rad) 

Flg.7.14 Experimentally reconstructed parallel phase space in the presence of two 
waves launched by the ring antenna. Excitation amplitude is kept well below 
stochastic threshold (12.5 a.u.). 
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A clearer departure from straight lines appears on the wave " 1 " side, in 
agreement with previous observations (see Chapter 5 and 6) which indicated an 
amplitude ratio between wave "1" and wave "2" usually larger than 3. Fig.7.15 shows 
the same representation for a higher excitation amplitude (16.5 au.), close to the 
stochastic threshold (heating begins to appear on the kinetic distribution function). 

Flg.7.15 Experimentally reconstructed parallel phase space in the presence of two 
waves launched by the ring antenna. Excitation amplitude in proximity of the 
stochastic threshold (16.5 a.u.). 

In this case, a stronger evidence of particle trapping appears, especially for the 
fast mode. The trapping half width in velocity (Avtrap) and bounce time can be directly 
estimated from the figure so that the wave amplitude can be inferred. For the fast 
mode (wave "1 "), Avtrap * 0.5 vm, corresponding to an amplitude of e0/T * 25 % and 

to t j r * 60 us. This value is of the order of the ion flight time between tag and 
kAvtrap 

search positions, indicating that the applied wave amplitude is already at the upper 
limit of validity range for this phase space representation. 
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A first possibility of obtaining information on wave characteristics from particle 

orbits without a priori assumptions on linear wave-particle behavior is therefore 

demonstrated. 

7.5 Reconstruction of wave forms from particle orbits (general case) 

In the previous section we reported a first example of the generalization of the 

linear method for reconstructing wave features from perturbed particle orbits, 

exposed in the section dedicated to the linear wave features (Chapter 5). At this 

point we wish to construct a more specific procedure with which to extract from the 

experimentally reconstructed particle phase space, the main characteristics of the 

plasma waves which have modified the observed trajectories. This procedure is 

based on the idea that the total energy of the individual particles in the wave frame is 

nearly conserved in the motion, in particular between tag (initial) and search (final) 

positions. As above, we consider the phase space as divided into two separate 

regions, interacting independently with the two waves. In the wave frame, the energy 

conservation equation, with the phase r\ taken as the configuration space variable, 

reads 

e«t>(ilfinal)- e<>(Tlo) = 2 m< [(Vfinal " v<pj)2 - (v0 - Vy)2]:= AK (j=1.2) (7.10) 

The problem is then to find the form of ty(r\) from the knowledge of the pairs (vo, no) -

(vf.nai. Tifjnai). In particular, if 0(TI) behaves sinusoidally, the reversibility of wave-

particle interaction dynamics is proven and the amplitude of the oscillations as a 

function of n corresponds to the actual wave amplitude in the plasma. 

Based on eq.7.10, a linear system of equations can be written for the wave 

potential 

A<(> = AK (7.11) 

where 0 is the (unknown) vector of the potential values for different values of the 

phases and AK is the vector defined in eq.7.10, whose dimension (M) is determined 

by the number of data sets (typically, M=20-30). The matrix A is constructed in the 

following way133: the phase axis (the same as in fig.7.14 and 7.15) is divided into a 

number of bins Norn, and the matrix A is taken to be MxNbin- Each of the M rows will 

have two non-zero values, -1 [-«-1], according to which bin of the phase axis the initial 

[final] phase (TIO ftfinai]) falls into. The system 7.11 can be either under or over 
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determined, depending on the arbitrary choice of the number N în and the data point 
distribution over the phase axis. In practice, Ntm is taken to be larger (by few units) 
than M, so that the system is "slightly" over determined. A is subsequently factorized 
by applying the Householder orthogonalization with column pivoting; the factors are 
then used to solve the over determined system in a least squares sense134. Note 
that the solution <> will have, at most, k=rank(A) non-zero elements. 

Before turning our attention to the experimental results, we remind explicitly the 
assumptions necessary for this field reconstruction method. The same hypothesis 
admitted for the phase space reconstruction needs to hold: in particular, the 
extrapolation of the initial value of the velocity has to be a good approximation of 
reality. Moreover, the wave energy has to remain constant between tag and search. 
This latter hypothesis seems quite restrictive, since both linearly estimated and 
measured damping coefficients are significant. On the other hand, in the regime of 
particle trapping, the wave energy is expected to vary over a time scale of the order 
of the particle bounce time in the wave potential96. That is, to require that the wave 
energy stay approximately constant corresponds to imposing an ion time-of-flight 
lower than the bounce time, as is required to support the conjecture that vo = 2 <v> -
Vftnal- As above, this defines a limitation on the wave amplitude that can sensibly be 
investigated using this technique. A way in which the interpretation of the potential 
wave form can be simplified is to consider separately the potential at the tag and 
search positions. The matrix A is in this case split into two sub-matrices referring to 
initial and final velocities. 

A value of the wave phase velocity must be specified in the calculation of 
kinetic energy in the wave frame. An Initial" guess is obtained from the wave (linear) 
studies and from the (general) structure of particle phase space, based on the orbit 
distortion "symmetry" center. The estimation of v<p can subsequently be improved in 
the process of building the potential structure: the actual value of Vq> will give the best 
solution in terms of periodicity as a function of the phase variable. It is important to 
note that in estimating the phase velocity of the two modes for the different data sets 
at different amplitudes, good agreement is found with the standard results. 

Reconstruction of the fast and the slow wave is undertaken separately at the 
tag and search positions. In fig.7.16 (top) and 7.16 (bottom) we present the 
reconstructed potentials of the fast wave (relevant to the plane v>0) and the slow 
wave (relevant to the plane v<0), respectively, at the tag (initial) position, for an 
amplitude close to the stochastic threshold (16.5 a.u.). 
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Fig.7.16 Reconstruction of electrostatic potential structure from measured perturbed 
ion orbits. Wave amplitude=16.5 a.u. (just below the threshold for chaos), 
corresponding to the data of fig. 7.15. Phases and energies at the tâQ_location are 
considered. Top: v>0 ==> wave "1". Bottom: v<0 ==> wave "2". 
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In both cases, periodic behavior is evident, indicating coherence of the model with 
the sources of orbit perturbation. The mode amplitude can be inferred from the 
vertical excursion and appears to be in agreement with the extrapolation of linear 
methods (see Chapter 5). As expected, the fast wave is characterized by a higher 
amplitude than the slow wave. 

In fig.7.17 we show similar curves for the search (final) position. Sinusoidal 
behavior is also evident in this case and the absolute value of the potential appears 
indeed to be lower than at the tag location, suggesting a spatial damping effect in 
between. 

We note that a kind of self-consistency is naturally included in this method so 
that the inferred wave amplitude represents the true value in the plasma, namely that 
which determines the actual wave-particle interaction dynamics. 

7.6 Concluding remarks 

In summary, the parallel pulsed tag data have been used both for the 
experimental reconstruction of phase space ion trajectories and, via a matrix 
inversion method, for obtaining different pieces of information about the wave fields. 
The self-consistent, intimate relationship between fields and particles has thus been 
shown to be experimentally accessible in a non-linear interaction case. 

Improvements of this method of field reconstruction from particle orbits can be 
suggested. One could include wave absorption by introducing an additional degree 
of freedom into the linear system of 7.10 and solving for the free parameter 
representing the damping factor between tag and search locations. In addition, one 
could insert the first guess for the plasma wave potential into the Hamilton equations 
of motion for the system and compute the resulting phase space structure (with orbit 
segments average velocities). Subsequent comparison with the experimentally 
observed values in an iterative process should eventually permit convergence to a 
more precise estimation of the actual self-consistent plasma wave fields. 
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Fig.7.17 Reconstruction of electrostatic potential structure from measured perturbed 
ion orbits. Wave amplitude* 16.5 a.u. (just below the threshold for chaos), 
corresponding to the data of fig. 7.15. Phases and energies at the search location are 
considered. Top: v>0 ==> wave "1". Bottom: v<0 ==> wave "2". 
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CHAPTER 8 

8. Conclusions 

Deterministic dynamical chaos induced by two electrostatic waves propagating 
in a magnetized plasma has been experimentally demonstrated for the first time. 
Following the earlier observations of stochastic plasma heating produced by the field 
of a standing electron wave19 and of an oblique ion wave in a magnetized plasma20, 
this study has completed the correspondence between theory and experiment in the 
domain of wave induced deterministic chaos. 

A reduction in the threshold amplitude for chaos in the presence of two oblique 
waves (with respect to a single oblique mode), predicted by non self-consistent 
hamiltonian models, has been verified experimentally. More generally, the interaction 
of two ring antenna excited electrostatic modes with a magnetized plasma, has been 
fully characterized from the linear to the large scale chaotic regime. Using a variety of 
diagnostic techniques, the onset of chaos has been followed both locally in space-
time and along phase space flows (test-ion transport in phase space). Such 
observations have identified particle trapping in the wave potential as the 
fundamental step in the "route" to dynamical chaos. In addition, the essential feature 
of the latter, namely local instability with respect to initial conditions, generating 
coarse-grain volume expansion in phase space, has been directly observed for the 
first time. A quantitative estimate of the degree of chaos in terms of dynamical 
(Kolmogorov-Sinai) entropy has been obtained from experimental data on test-ion 
cross-field transport, thus linking phase quantities and dynamical properties. This 
connection must, however, be carefully considered, since it embodies the main 
concepts of statistical mechanics applied to the wave-particle system. Boltzmann's 
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ergodic theorem, based on the hypothesis that the orbits in chaotic systems can 
"visit" all energetically accessible points in phase space, states that average phase 
quantities coincide with time average quantities. Stated otherwise, by knowing the 
complete phase space of a system at a given instant, one should be able to infer its 
time asymptotic behavior for all times. Poincaré sections taken as t tends to infinity 
for one representative point or, equivalent^ (according to Boltzmann), for many 
representations of the system at a single time, should provide information on the 
character of the motion subject to a given type of perturbation (in our case the 
plasma waves). 

In addition to the mathematical difficulties of Boltzmann's hypothesis, this 
approach does not correspond to actual scenarii, in real applications of wave-particle 
interaction physics. The problem is not simply to establish the long term behavior of 
the system, but rather to determine its dynamical evolution under the action of the 
perturbatiun. Once the character of the motion, say adiabatic or chaotic, has been 
identified, the progress of the response in time must be discerned. In wave-particle 
systems the route to chaos is "dynamical": it occurs via orbit modifications resulting 
from finite amplitude perturbations. This stochastic feature must be quantified (for 
example, in terms of diffusion coefficients in phase space) if the system response is 
to be characterized. In fact, the phenomena occur as transients in most practical 
realizations of non-linear and chaotic wave-particle interaction in plasmas, with finite 
configuration and velocity space transport coefficients acting over finite times. The 
experimental investigations presented in this thesis, from the bulk heating (due to 
velocity space diffusion) to the reconstruction of ion trajectories in the perpendicular-
parallel pulsed tag experiment, highlight (and refer to) this dynamical character of the 
non-linear ion response. 

The inverse problem, namely the reconstruction of self-consistent plasma fields 
from the observed ion orbit perturbations, has also been studied, both in the linear 
and non-linear interaction regimes. The form of the reconstructed fields when 
approaching the conditions for large scale chaos confirms the picture based on 
discrete islands in phase space whose superposition generates stochastic motion. A 
comparison with a one-dimensional particle simulation demonstrates that stochastic 
heating induced by two propagating electrostatic waves is possible, with a threshold 
and a fast, but finite, time scale, in a self-consistent wave-particle system, although 
the phase space structure differs substantially from the "standard" results of single 
particle hamiltonian models23. 

Indications of self-consistent effects emerge from experimental data, which 
show saturation of stochastic heating well above threshold, along with modifications 
to the wave number spectrum of the excited plasma modes. Perturbed particle orbits 
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in turn affect the wave fields, eventually saturating the energy transfer mechanism. 

Chaos appears to be self-limited. 

Further studies can be suggested to expand on the (self-consistent) 

characterization of the wave-particle system in the presence of dynamical chaos. In 

particular, a full 2-D (or 3-D) reconstruction of ion orbits would provide additional 

information on the complete phase space structure of the actual system. Two narrow 

band lasers, in a specific geometric and timing arrangement, would be necessary for 

such an experiment. As emphasized during the discussion of the tag results, only a 

direct comparison with theoretically calculated signals guarantees a correct 

interpretation of the data. The 2-D case, and a fortiori the 3-D case, therefore 

necessitate a significant theoretical effort in order to evaluate the tag-search transfer 

function in the different regimes of plasma dynamical response to the wave 

perturbation. 

It is also the case, however, that one of the characteristics of the LMP 

experiment is the limited interaction time, due to the short plasma flight time across 

the single ended Q-machine. Longer plasma lifetimes, achievable, for example, in a 

double-ended configuration, could open new diagnostic possibilities for ions 

interacting with two (or more) electrostatic waves. In particular, the time asymptotic 

behavior of the wave-particle system and slow non-linear phenomena of general 

interest such as Arnold diffusion over the stochastic web, could be investigated. 

Naturally, for longer interaction times, collisional phenomena may significantly affect 

the results. In this case, preventive measures, such as reduction in density, would be 

required, but more generally, Coulomb binary interactions would have to be fully 

accounted for in the models for data interpretation. 

From the perspective of diagnostic development, the multi-scale analysis 

possible with the implemented LIF and optical tagging configurations could be of 

fundamental interest to space or fusion oriented experiments. In both cases, the 

application of LIF is presently being studied. In the case of space plasmas, the low 

density and the technical difficulties associated with the installation of laser sources 

and detectors on satellites and space vessels constitute the main obstacles. 

For fusion applications and specifically in tokamak plasmas, two basic problems 

arise. First, laser induced fluorescence can be applied only to incompletely ionized 

ion species, possessing accessible optical transitions. Use of LIF is therefore limited 

to the edge region (or scrape-off layer) of the discharge in which plasma flows on 

open field lines and is characterized by much lower temperatures and densities than 

those of the confinement zone. Secondly, the LIF signal may be severely affected by 

the plethora of atomic physics phenomena occurring at the plasma edge under 

normal discharge conditions (e.g. ionization-recombination, different sorts of 
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collisions, etc.). Careful choice of the laser pumped optical line may reduce, but not 
comp'etely eliminate, this complication. Different steps of increasing complexity, in 
terms of experiment and data interpretation, can be envisaged for a tokamak 
application. 

Neutral or ionized impurities, released as a consequence of plasma-wall 
interactions, could constitute the first target species. Of direct relevance to plasma 
edge physics is the time-resolved measurement of impurity densities, fluxes and 
temperatures under different plasma conditions, particularly in the divertor target 
area. Such measurements could constitute the first step diagnostic objective. In a 
later development, charged particle velocity space distributions could be used to 
obtain information, via an extension of the models used for the LMP case (Chapters 
3 and 5), regarding the static and oscillating local magnetic and electric fields. 
Naturally, the charged particle orbits in the complex magnetic field topology of the 
tokamak would be much more difficult to evaluate in simulating the signal and would 
necessitate simplifying hypotheses. In diverted tokamaks, injection of light, optically 
active impurities (such as Lithium beams) in the divertor chamber could provide LIF 
target ions for measurements of local phase space transport properties. 

The ultimate goal of an LIF tokamak experimental effort could be the 
implementation of optical tagging. Measurement of ion phase space orbits would be 
possible if a metastable (or in general a long-lived) quantum state is found, which is 
sufficiently "robust" to the various kinds of atomic and ionic perturbations occurring in 
the divertor plasma. In particular, the method of spin state tagging appears to be a 
good candidate for creating test-ions in tokamak edge plasmas, since spin 
depolarization takes place only in the presence of collisions with high energy 
electrons, or under the action of magnetic fields oscillating resonantly at the spin-flip 
frequency69. In turn, the destruction of the spin state polarization may provide 
information both on magnetic fluctuations and on fluxes of high energy electrons 
escaping from the plasma core and reaching the plasma edge. 
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